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Abstract

Anions can be recognized by either positively charged or neutral artificial receptors. Positive charges within receptor’s cavity can be provided
by transition metal ions (e.g. Cu'l), which offer a binding site to one donor atom of the envisaged anion. Dicopper(I) bistren cryptates are ideal
receptors for ambidentate anions, capable to bridge the two Cu™ centres: the size of the ellipsoidal cavity and consequent inclusion selectivity can
be modulated by varying the length of the spacers linking the two tren subunits. Examples are discussed of the selective recognition of halides,
polyatomic anions, aromatic and aliphatic dicarboxylates. Among neutral receptors, attention is centred to systems containing the urea subunit.
Urea behaves as a bifurcate H-bond donor towards oxoanions. On the basis of equilibrium studies in aprotic solvents (mainly MeCN and DMSO),
it is shown that the energy of the hydrogen bonding interaction and selectivity are solely related to the acidic tendencies of the receptor and to the
basic properties of the anion. In particular, the H-bond interaction can be conveniently viewed as a more or less advanced (and ‘frozen’) proton
transfer from the —N—H fragment of urea and the oxygen atom of the anion. Addition of excess fluoride may induce deprotonation of the —NH
fragment, essentially due to the unique stability of the [HF,]~ self-complex which forms.
© 2006 Elsevier B.V. All rights reserved.
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There exists a general interest in the design of molecular
systems (receptors) capable to selectively interact with anions
and possibly to signal to the operator the occurrence of the
recognition process (sensors). Lehn and co-workers [1] and
Schmidtchen [2] pioneered the field, developing sophisticated
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Fig. 1. Prototypes of concave positively charged receptors suitable for anion inclusion. Selectivity is determined by the matching of anion size and cavity dimensions.
The receptor—anion interaction is typically electrostatic. Corresponding crystal structures: a, ref. [3]; b, ref. [4].

positively charged concave receptors, capable of including inor-
ganic anions. Pertinent examples of receptor—anion complexes
are shownin Fig. 1. In both cases, the receptor contains positively
charged groups (a: six ammonium groups, the rod-like azide
anion is included in the ellipsoidal cavity [3]; b: four tetraalky-
lammonium groups, the spherical iodide anion is included within
the spherical cavity [4]), strategically positioned within the inter-
nal framework. Selectivity derives from the matching of the
geometrical features (shape, size) of receptor’s cavity and of
the anion.

Since then, a new branch of chemistry developed, which has
been defined anion coordination chemistry [5]. In fact, it is for-
mally similar to the classical coordination chemistry of metals,
in the sense that it is based on non-covalent interactions and
that the object to be coordinated (anion, metal ion) establishes
multi-point interactions with the ligating system (receptor, lig-
and). Very interestingly, some concepts and paradigms of metal
coordination chemistry (e.g. the chelate effect, the macrocyclic
effect) apply well to anion coordination chemistry. Receptors
can be positively charged, not only for the presence of ammo-
nium/tetraalkylammonium fragments, but also due to incorpo-
rated metal ions. Receptors can be neutral, too: in that case,
they should interact with the anion through hydrogen bond-
ing and should contain H-bond donor groups, essentially N—H
fragments from amides and ureas. The classification of anion
receptors on the basis of the nature of the interaction is summa-
rized in Scheme 1.

nature of the
interaction

electrostatic
ammonium, guanidinium,

positively pyridinium
charged
metal-ligand
recaptor transition metals
neutral —— H-bond

N-H fragments from
amides, ureas,
pyrroles

Scheme 1. Electrical state of anion receptors and nature of the receptor—anion
interaction.

In the past decade, we have considered the design of a vari-
ety of receptors for anions, both inorganic and organic, and
for some ionizable analytes, in particular amino acids, by tak-
ing profit from the varying types of interaction illustrated in
Scheme 1. The development of this chapter follows the tem-
poral progress of our research efforts, from receptors operating
through metal-ligand interactions (an approach reflecting our
cultural background in transition metal coordination chemistry),
to neutral, purely organic receptors, in particular: ureas.

Excellent reviews have been published during the last years
which have clearly outlined the principles of anion recognition
[6-16], and new observations on the same topic are being cur-
rently reported by numerous Laboratories. The present article is
not aimed to update and comment specific literature, but to pro-
vide an account of our own work in the field and to express some
general considerations which originated from it and which we
would like to share with the wider community of people inter-
ested on anion chemistry.

2. Anion recognition based on the metal-ligand
interaction

2.1. Bistren cryptates: halide recognition

Anions typically form complexes with metal ions, whose sta-
bility may vary depending upon the electronic features of the
ligand and of the metal centre and can be interpreted on the
basis of traditional classifications (e.g. hard and soft theory).
However, selectivity cannot be merely founded on metal-ligand
affinity. Rather, the metal should simply provide a single binding
site, whereas selectivity could be associated to the geometri-
cal and steric characteristics of the receptor (ligand), in which
the metal is incorporated. The tetraamine tren provides a suit-
able coordinative environment: it imposes a trigonal bipyramidal
geometry to most metal ions, leaving an axial site available for
anion (or solvent) binding. In order to increase steric constraints
and enhance selectivity, two tren subunits can be linked together
through three spacers [17], to give a cage (3). The bistren
cage 3 can incorporate two metal ions (e.g. Cu'l), to give the
homodimetallic complex 4. Then, an ambidentate anion X~ can
bridge the two metal centres, thus forming the ternary inclusion
complex 5. The so-called cascade process is illustrated in Fig. 2.
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Fig. 2. A cascade process for the inclusion of an anion X~ into a bistren homodimetallic cage. The anion must be ambidentate, e.g. C1~,
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and should bridge the two metal centres. The inclusion selectivity derives from the matching of the anion dimensions and the size of bistren cavity, which is ultimately

related to the length of the spacers.

Following the nomenclature introduced by Lehn [18], the
bistren cage 3 can be defined as a crypfand, and complex
4 a cryptate. Thus, the supramolecular complex 5 should be
classified as a supercryptate. We have considered a variety of
cryptands, differing in the nature of the spacers and suitable for
the inclusion of ambidentate anions of varying type and length.
In most cases, anion inclusion has been definitively demon-
strated by X-ray structures on isolated supercryptates [19]. Most
interestingly, selective affinity towards anions has been assessed
in aqueous solution, by titrating a solution of the cryptate with
a standard solution of the envisaged anion [20].
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The dicopper(Il) cryptate 6 forms stable inclusion complexes
with halides. Fig. 3 shows the structure of the bromide complex:
[Cuzn(ﬁ)(Br)]3+ [21]. The halide anion is encapsulated within
the cage and bridges the two metal centres. Both metal ions
exhibit a compressed trigonal bipyramidal stereochemistry and
are slightly displaced from the equatorial plane of the three sec-
ondary amine nitrogen atoms of each tren subunit, towards the
halide ion. The Cu—Cu distance is 4.86 A and the Cu—Br—Cu
angle is 179.4°.

Before assessing selective affinities toward anions, one must
first define the state of the receptor in the chosen medium.
In this sense, the formation of the cryptate complex in aque-
ous solution was investigated through potentiometric titration
[21]. In a typical experiment, a solution containing 6, 2 equiv.
of Cull(CF3S803), plus excess acid was titrated with standard
base. On non-linear least-squares treatment of titration data, the
equilibrium constants pertinent to the species present at the equi-

librium were evaluated and their distribution diagram, over the
investigated range of pH, was drawn (see Fig. 4).

Two major metal complex species are present, along the
investigated range of pH: [CupL]*, which reaches its maxi-
mum concentration (90%) at pH 5, and [Cu, L(OH)P?*, almost
100%, at pH 8-9. It is suggested that in the [Cu,L]** cryptate a
water molecule is axially coordinated to each Cul! centre, com-
pleting the trigonal bipyramidal polyhedron. On the other hand,
the [CuzL(OH)]3+ complex has been characterized in its crys-
talline form: the oxygen atom of the hydroxide ion bridges the
two Cull centres [22].

Yaals
N HN

Fig. 3. The structure of the [Cu,''(6)(Br)?* supercryptate. The bromide ion
bridges the two Cul! centres. Each Cul! ion experiences an axially compressed
trigonal bipyramidal geometry, typically observed in tren and bistren complexes.



1454 V. Amendola et al. / Coordination Chemistry Reviews 250 (2006) 1451-1470

100 F
/’--‘-."\
v »
[/ [CuLOHI Y
80 / ‘\
[} \ L
i v
Y% \
3 e0 (W
G / v/
\
E \% A
e |
a ] !
® ] A
2 40 [CuLH, 5*; i\
! L
! \
I
L \
20
0
v
4 5 6 7 8 9 10
pH

Fig. 4. %Concentration of the species present at the equilibrium for the
system 6/Cu'! (ligand-to-metal ratio 1:2), in an aqueous solution 0.1M in
NaClOy, at 25°C. Triangles indicate the absorbance of the band centred at
410 nm, measured in presence of a 10-fold excess of C1~ (pertinent to the yel-
low [Cu,'(6)(C1)I** supercryptate; arbitrary values; limiting value of molar
absorbance is 12,600 M ™! cmfl).

We considered that the [Cu,"L]** complex, with its ‘empty’
cavity, could represent the ideal receptor to evaluate binding ten-
dencies of halide ions in water. Thus, a solution was buffered to
pH 5.2, the pH at which the [Cu,'L]** cryptate was present at
the highest concentration, and was titrated with sodium halides.
For instance, on addition of chloride, the pale blue solution of the
[Cur"L]* complex became bright yellow, while a very intense
band developed at 410 nm. The family of spectra that devel-
oped over the course of the titration is shown in Fig. 5. The
titration profile shown in the inset (absorbance at 410 nm versus
equiv. of C17) indicated the formation of a 1:1 cryptate/chloride
supercomplex. Non-linear least-squares treatment of the data of
the spectrophotometric titration experiment gave a log K value
of 3.98 + 0.02. Similar behaviour was observed when the pale
blue solution of the ‘empty cavity’ complex, [Cup'L]**, was
titrated with standard bromide and iodide solutions: a bright yel-
low colour formed and an intense band developed above 400 nm
(Br™: Amax =430nm, £=10,800M ' em™1; I7: Amax =440 nm,
£=950M~'em™!). logK values for the 1:1 cryptate/halide
supercomplex were 3.01 £ 0.01 for bromide and 2.39 £ 0.02 for
iodide. Titration with NaF did not cause any development of
the yellow colour. However, this did not exclude the formation
of the inclusion complex of fluoride. In fact, the rather strong
absorption band observed for CI™, Br~ and I has a halide-
to-metal charge transfer (CT) character, and its energy must
increase with the increasing electronegativity of the halogen
atom. Thus, the CT transition for the [Cux'l(6)(F)]** complex,
due to the high electronegativity of fluorine, should be shifted
to the UV portion of the spectrum, where it may be obscured by
the strong amine-to-metal CT transitions. However, significant
spectroscopic modifications in the UV region were observed
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Fig. 5. Titration with CI~ of a solution containing the [Cu,"'(4)]** cryptate
complex, adjusted to pH 5.25 (0.05 MES buffer). The increasing band centred at
410 nm corresponds to the formation of the [Cus(6)(CDH?* inclusion complex.
Non-linear least-squares treatment of the titration profile in inset gave a log K
value of 3.98 = 0.02 for the equilibrium: [Cu, "' (6)]** + C1~ = [Cu, 1 (6)(CD]*.

when titrating with NaF the cryptate solution buffered at pH
5.2; in particular, a saturation 1:1 profile was obtained and the
value of log K could be determined: 3.20 & 0.02.

If log K values are plotted versus halide ion radius, a defined
selectivity pattern in favour of chloride is observed (see Fig. 6).
Notice that the anion size effect is rather moderate, ranging
within an interval of 1.2 log units. It is possible that it is not
determined by steric factors, but simply reflects the coordinat-
ing tendencies of halide ions towards transition metals (i.e. their
position in the spectrochemical series: C1~ >F~ >Br™ >17).
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Fig. 6. Selectivity pattern for the inclusion equilibrium: [Cuxl(6)]* +
X~ =[Cu,(6)(X)1** equilibrium (X~ =halide anion, aqueous solution,
buffered at pH 5.2).
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Fig. 7. The ‘bite length’ of ambidentate anions (i.e. the distance between two consecutive donor atoms). In rod-like anions like N3~ the bite coincides with the length

of the anion.

Notably, the cryptate [Cu2H(6)]4Jr is able to include also
non-spherical anions, like the rod-like triatomic anions N3~
(log K=4.70£0.06) and NCS™ (log K=4.28 +0.03), which
require an ellipsoidal cavity. Notice that on addition of OH™
to [Cuy'(6)]*, i.e. simply moving from pH 5.2 to pH 8, the
emerald green complex [Cuzn((S)(OH)]3+ forms, in which the
oxygen atom of the hydroxide ion bridges the two Cu!! cen-
tres. The Cu—Cu distance in the hydroxide complex, evalu-
ated from the crystal structure [22], is 3.90 10\, to be compared
with the distance observed in the [Cu'1(6)(Br)]?* supercryptate
(4.86 A). The intermetallic distance must be remarkably larger
in the corresponding azide and thiocyanate inclusion complexes
(but no X-ray structures are available). Thus, it appears that
the [Cu,''(6)]** complex displays an extreme versatility, being
capable of reducing and expanding its cavity in order to include
anions of variable size and shape, from the small hydroxide to
the large thiocyanate. However, flexibility and versatility may
enrich anion coordination chemistry, but surely contrast selec-
tivity in anion recognition.

2.2. Bistren cryptates: recognition of polyatomic anions

Well-defined steric effects are observed in the case of the
dicopper(Il) complex of cryptand 7, in which the two tren sub-
units are linked by 1,3-xylyl spacers [23]. Anion inclusion stud-
ies were carried out in an aqueous solution buffered at pH 7,
where the cryptate exists mainly as [Cu2H(7)OH]3+, as found
from pH titration experiments. In the pale blue complex, the
two available axial positions are occupied by an hydroxide ion
on one metal centre and by a water molecule on the other. The
rigidity of the cryptand framework, imparted by the 1,3-xylyl
spacers, prevents the shrinking of the cavity and the bridging
of the two Cu'! ions by the hydroxide ion, as observed in the
[Cuy'(6)OH]** cryptate. In any case, both OH™ and H,O are
not firmly bound to the Cu'! centres and can be easily replaced by
an ambidentate anion. In fact, inclusion is observed with a variety
of polyatomic anions of varying geometry: linear (N3, NCO™,
NCS™), triangular (NO3 ™), Y-shaped (HCO3~, CH3COO™) and
tetrahedral (SO4%7). Apparent constants of the inclusion equi-
librium (at pH 7.0) span two orders of magnitude, from N3~
(highest affinity) to NCS™ (lowest affinity). Neither shape nor
size of the anion determines inclusion selectivity. The key geo-
metrical parameter is the bite length, i.e. the distance between

two consecutive donor atoms of the anion. Bite length is visually
defined in Fig. 7.

In particular, if log K values are plotted versus bite length
(see Fig. 8), a sharp peak selectivity pattern is observed: the
linear N3~ and NCO™ ions and the Y-shaped HCO3;™ anion
show the highest affinity because their bite fits well the dis-
tance between the available axial sites of the two Cull centres,
within the cryptate relaxed to its more stable conformational
arrangement. Inclusion of anions of larger or smaller bite length
induces an endoergonic rearrangement of the cryptand’s frame-
work, which is reflected in a decrease of the binding constant.
Geometrical effects overcome factors related to anion coordi-
native tendencies. Just to make an example, in the absence of
steric constraints, NCS™ typically shows higher binding tenden-
cies towards copper(Il) tetraamine complexes than N3 ™.

Anion recognition by the dimetallic cryptate at pH 7 is sig-
nalled by a colour change, from the pale blue [Cu,(7)OH]**
species to the blue-green inclusion complex [Cup™(7)X]**:
colour results from a rather intense LMCT band at ca. 400 nm.
However, anion recognition can be more sensitively signalled
by a change of the fluorescent emission, by taking profit of

5.5 —

5.0 —

4.5 —

logK

4.0 —

a5 | NO3z~

220 240 260 280
bite length, pm

Fig. 8. Peak selectivity in the inclusion of polyatomic anions by the [Cu,! (DI
cryptate. The dimetallic receptor does not recognise the shape of the anion, but
its bite, i.e. the distance between two consecutive donor atoms.
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the indicator displacement paradigm [24-27] According to this
approach, a receptor R interacts with a fluorescent indicator I,
to give a fairly stable adduct [R-I], in which the emission of I is
quenched through an intra-complex process (of either electron
transfer, eT, or energy transfer, ET, nature). Then, the envisaged
analyte X is added, and this displaces I and forms a more stable
complex with R: when released to the solution, I can display
its fluorescent emission, thus signalling the recognition of X by
R. The overall process is described by the following equilibria
(superscript (%) indicates fluorescence):

R+1* 5 [R1] K (D
[RT+X S5 [RX] +1* K4 (2
R+ X S [RX] Kx=Kgx Kj (3)

In a preliminary experiment, I* is titrated with R and, from
the titration profile (quenching of fluorescence), K7 is calculated.
Then a solution containing R and I (which is present at a much
lower concentration, just as an indicator) is titrated with X and,
from the titration profile (revival of fluorescence), Ky is deter-
mined. Then, Kx can be calculated: Kx = Kq X Kj.

The paradigm described above has been successfully used for
the fluorimetric detection of carbonate in mineral waters, using
[Cuy'(7)OH]?* as a receptor R [16].

0750

As a fluorescent indicator we chose coumarine 343 (9, C™),
which possesses a carboxylate function capable of bridging
the two Cull centres of receptor [Cu2H(7)]4+. Coumarine 343
is strongly fluorescent also in its anionic form, which is the
dominating species in an aqueous solution adjusted to pH 7.
Complete quenching of the coumarine emission was observed
(Aexc =424 nm, Aem =487 nm), on titrating a degassed solution
of 9 (10~7 M), buffered to pH 7, with a standard solution of the
receptor: a value of log K1=4.8 0.1 was calculated from the
spectrofluorimetric titration profile. Such a value is indicated as
a horizontal dashed line in Fig. 8. Quenching has to be ascribed
to the occurrence of an eT or ET process between the copper(Il)
centre(s) and the excited fluorophore. Thus, in a titration exper-
iment in which the anion X~ is added to a solution containing
[Cqu(7)]4+ and the indicator C™, only anions whose log K is
above the dashed line (NCO~, N3—, HCO3™) will be able to
displace the indicator from receptor’s cavity, an event which is
signalled by the revival of coumarine emission. Anions whose

500 —
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Fig. 9. Titration of an aqueous solution containing [Cu1(7)]*, 2 x 1074 M,
and coumarine 343, 9, 10~7 M, buffered to pH 7, with standard solutions of
selected anions. Only HCO3 ™ (triangles down) is able to displace the indicator
from the cryptate receptor, making coumarine fluorescence revive. Other anions,
e.g. phosphate (triangles up), acetate (circles) and sulphate (diamonds) do not
compete successfully and induce only a slight fluorescence enhancement.

0% 0P
11

log K lies below the dashed line will be discriminated. Fig. 9
shows how, following this protocol, HCO3™ can be discrimi-
nated from other common anions.

Moreover, on the basis of a calibration curve, a substantial
range of carbonate concentrations could be explored, cover-
ing all the commercially available mineral waters [23]. Such
a methodology is easier and more selective than that currently
used, which is based on the volumetric titration of the alkalin-
ity with standard hydrochloric or sulphuric acid; in particular,
the latter procedure cannot distinguish HCO3 ™ ions from other
basic solutes present in solution.

2.3. Bistren cryptates with long spacers: recognition of
dicarboxylates, including glutamate

Bistren cryptand 8, containing ditolyl spacers, offers a much
longer ellipsoidal cavity and is suitable for the inclusion of
anions whose negatively charged groups are distinctly sepa-
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Fig. 10. The crystal structure of the [Cur'(8)(H20),1(NO3 4 cryptate salt. No
nitrate ion is included within the cryptate cavity, which contains two water
molecules coordinated to the Cu'l centres.

rated (e.g. dicarboxylates). The dicopper(Il) cryptate of 8 was
isolated as a tetranitrate salt and crystallographically character-
ized [28]: quite interestingly, the cavity does not contain any
nitrate ion, but two water molecules, each one coordinated to
a Cull centre, to complete five-coordination (according to a
compressed trigonal bipyramidal geometry, see the structure in
Fig. 10).

We investigated cryptate [CuzII(S)(H20)2]4+ as a receptor
for a variety of dicarboxylates, both aromatic and aliphatic. It is
assumed that the structure of the [Cu2H(8)(H20)2]4+ complex
reflects the most relaxed and minimum energy conformation of
the cryptate. Thus, in the ideal dicarboxylate for inclusion, two
oxygen atoms of the two carboxylate groups should exhibit the
same distance as that between the oxygen atoms of the two water
molecules in the [Cu,(8)(H,0),]** cryptate: 7.36 A. This con-
dition would allow anion inclusion without any endoergonic
rearrangement of the cryptate backbone.

The interaction of [Cu,(8)(H,0),]** with dicarboxylates
was investigated in water, at pH 7, using the fluorescent indicator
displacement paradigm. Such an approach was adopted in view
of the rather low solubility of the cryptate complex (<107> M):
in particular, the use of a powerful fluorescent probe would allow
monitoring of anion inclusion even at rather low concentration
levels. As a fluorescent indicator, we chose a rhodamine based
indicator (10), which contains a 1,4-benzene-dicarboxylate moi-
ety, suitable for bridging the two Cull centres within receptor’s
cavity. Rhodamine, when excited at 496 nm (isosbestic point),
emits at 571 nm (orange fluorescence). On titrating an aqueous
solution 2.5 x 10~7 M in 10 and buffered to pH 7 with HEPES
with a standard solution of the cryptate complex, a progressive
decrease of the fluorescence intensity I/r of 10 was observed,
until complete quenching (see Fig. 11). From non-linear fitting
of the titration profile (shown in Fig. 11, inset), an inclusion con-
stant log K of 7.0 = 0.2 was calculated. The rather high value of
the constant suggests that the two —COO™ groups of the indica-
tor coordinate the two Cull centres, which quench the proximate
fluorophore through either an eT or an ET process.

Then, a solution containing the cryptate complex [Cu X (8)1*
(2.5 x 107 M) and the indicator 10 (2.5 x 10~7 M) was titrated
with a selection of dicarboxylates.

coo®
coo®
coo®
coo® coo® coo®
12 13 14
phthalate isophthalate terephthalate

First, it is interesting to consider the behaviour of the posi-
tional isomers of phthalate (1,2: phthalate, 12; 1,3: isophthalate,
13; 1,4: terephthalate, 14). Corresponding titration profiles are
shown in Fig. 12.

Only the 1,4-derivative (terephthalate) is capable of displac-
ing the rhodamine indicator from the cavity of the cryptate,
whereas the other two isomers do not compete successfully.
Such a discriminating behaviour can be fully explained on the
basis of geometrical and structural reasons. In fact, the distance
between two opposite oxygen atoms in the terephthalate ion,
as observed in the X-ray determined structure of an ammo-
nium salt, is 7.39 A, which fits quite well the distance between
water oxygen atoms in the cryptate complex (7.36 A). Thus, it
appears that the terephthalate ion has an almost ideal O- - -O bite
to bridge the two Cu'! centres without inducing any endoergonic
rearrangement of the cage framework. In contrast, serious rear-
rangement must occur with the inclusion of isophthalate and
phthalate ions, whose O- - -O distances, as observed in the X-
ray determined structures of the ammonium salts, are distinctly
smaller (4.98 and 3.16 A, respectively). Notice that rhodamine
itself possesses the benzene-1,4-dicarboxylate fragment, which
ensures the most favourable fit. However, its inclusion constant
is one order of magnitude lower than that for terephthalate,
probably due to repulsive effects exerted by the bulky fluo-
rogenic fragment (of steric nature) and by the positive charge

500

1000

T

500

fluorescence intensity, a.u.

540 550 560 570 580 590 600
wavelength, nm

Fig. 11. Titration of an aqueous solution of rhodamine, 10, 2.5 x 1077 M,
buffered to pH 7, with a standard solution of [Cu,"(8)]**. The dicopper(Il)
cryptate includes the dicarboxylate moiety of the indicator and quenches
the fluorophore. From the titration profile in the inset, an inclusion constant
log K=7.0£0.2 was calculated.
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Fig. 12. Titration of a solution 2.5 x 1079 M in [Cu,"'(8)]** and 2.5 x 10~7 M
in 10 with 1,n-benzene-dicarboxylates in an aqueous solution buffered at pH 7.
Triangles: n=4; diamonds: n = 3; squares: n=2. In the bar diagram in the inset,
the inclusion constants for the three dicarboxylates are reported. The dashed
line corresponds to the log K value for the inclusion into the cryptate of the
rhodamine indicator 10, and defines recognition selectivity.

on the fluorophore (electrostatic). The corresponding inclusion
constants were calculated through non-linear least-squares anal-
ysis of titration experiments and their values are reported as
a bar diagram in the inset of Fig. 12. The diagram illustrates
well the efficiency of the indicator displacement paradigm: the
log K of the indicator is lower than that of the analyte of interest
(terephthalate), but distinctly higher than those of the interfer-
ents (isophthalate and phthalate).
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A further class of difunctional anions to be considered
was that of aliphatic dicarboxylates, of general formula
~OO0C(CH»),COO0™ (n=0-5). Fig. 13 shows the spectroflu-
orimetric profiles obtained on titrating a solution 2.5 x 107°M
in [Cux™(8)]*" and 2.5 x 10~7 M in 10, buffered to pH 7, with
standard solutions of aliphatic carboxylates (15-20).

Sharp selectivity is displayed by glutarate (n=3) and adi-
pate (n=4), which definitively displace the indicator from the
receptor, inducing full revival of fluorescence. On the other
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Fig. 13. Titration of a solution 2.5 x 107° M in [Cu,'(8)]** and 2.5 x 10~"M
in 10 with aliphatic dicarboxylates of formula ~“OOC(CH,),,COO~ (n=0-5),
in an aqueous solution buffered at pH 7.

hand, dicarboxylates with a shorter (succinate, n=2) or longer
(pimelate, n=15) carbon chain are not capable of displacing the
indicator from the dicopper(Il) cryptate, so that the fluorescence
of the solution is kept almost quenched.

The inclusion constants for all the dicarboxylates were
calculated through non-linear fitting of titration profiles
shown in Fig. 13. First, we note that the smaller dicar-
boxylates oxalate and malonate undergo double stepwise
inclusion (oxalate: log K1 =6.1 £0.3, log K» =3.2 £0.3; mal-
onate: logK;=4.8+0.3, logK>=3.2+0.3). This behaviour
is ascribed to the relatively small size of the two anions,
which cannot encompass the distance between the two metal

D

0
17 ©

n = 2, succinate

e
(@]
90 0 o eO (@]
0 O@ 0 (e} Oe
19 @

20
n =5, pimelate

centres and prefer individual coordination to each Cull ion.
Inclusion of a single anion is observed with longer dicarboxy-
lates (n=2-5) and corresponding equilibrium constants are
reported in Table 1.

Glutarate (n=3) and adipate (n=4) exhibit inclusion con-
stants similar to that of rhodamine: however, they compete suc-
cessfully for the receptor because they are present in a 10-fold
higher concentration than the indicator. Succinate (n=2) and
pimelate (n=35) exhibit inclusion constants definitively lower
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than that of the indicator and, even if present in 10-fold excess,
cannot displace rthodamine from the cryptate. Noticeably, the
highest affinity for the receptor is exhibited by glutarate and
adipate whose crystallographically determined O- - -O distances,
(d(O- - -0), see values in Table 1), are the closest to the ideal
value of 7.36 A. Dicarboxylates whose O- - -O distances devi-
ate remarkably from the ideal value (succinate, n =2; pimelate,

H,N H

22
L-glutamate

25
L-aspartate

n=135) give much less stable inclusion complexes. In particular,
the inclusion constants correlate well with Ad(O- - -0), i.e. the
difference between d(O- - -O) and 7.36 A.

21

Recognition of dicarboxylates by a bistren cage had been
previously investigated by Lehn et al., by taking profit from
electrostatic interactions [29]. In particular, a solution of the
octaamine cryptand 21 in D,O, adjusted to pH 6, was titrated
with standard solutions of aliphatic dicarboxylates of formula
~0O0C—(CH3),—COO™, with n=2-7. At that pH value, the cage
is in the form of a hexammonium cation, with the six secondary
amine groups protonated. Constants for the inclusion equilib-
rium (LHg%" +A ~ A%~ < [LHg-A ~ A]**) are plotted versus n,
the number of carbon atoms of the aliphatic chain linking the
two carboxylate groups in the diagram in Fig. 14.

No pronounced selectively is observed for the inclusion of
dicarboxylate whose carbon chain varies to a substantial extent.

Y-aminobutanoate

This behaviour is contrasting with the peak selectivity observed
for the cryptate receptor [Cu,'l(8)]**, whose log K value are
plotted in the diagram for comparative purposes.

Such a striking difference may be due to: (i) the higher flexi-
bility of the spacers present in cryptand 21 (an sp> carbon atom
interfaces the two phenyl rings); (ii) the adirectional nature of
electrostatic interactions (compared to the strongly directional
metal-ligand interactions).

H,N H
23 24
glycine L-alanine
© ©
0 O
\/\/< ®/\/\/<
o g 0
26 27

8-aminopentanoate
(GABA)

A biologically relevant dicarboxylate which could be con-
veniently determined through the spectrofluorimetric procedure
described above is L-glutamate (which possesses the same car-
bon skeleton as glutarate). In fact, L-glutamate is a major exci-
tatory transmitter in the central nervous system and its selective
determination in presence of other neurotransmitters is strongly
required by neurophysiologists. In particular, they need to deter-
mine L-glutamate concentration in real time and real space, using
a fluorescence microscope.

The interaction of L-glutamate with [Cu2H(8)]4+ in aque-
ous solution, at pH 7, was investigated spectrofluorimetrically,
using the described procedure [30]: pertinent titration profile is
plotted in Fig. 15 and compared with those obtained for other
anionic neurotransmitters and related amino acids. L-Glutamate
is able to displace the indicator from the cryptate in the same
way as glutarate. In particular, its inclusion constant is the same
as observed for glutarate (log K=6.9 +0.2). Good discrimina-

Table 1
Constants of the inclusion equilibrium of a dicarboxylate anion ~“OOC(CHy),
COO~ into the [Cu,"(8)]** cryptate

n logK d(0---0) (A) Ad(O---0) (A)
3 4.1 6.04 —1.32
4 6.9 7.20 —0.16
5 7.0 7.83 0.37
6 4.8 9.67 2.31

d(O- - -O) indicates the most convenient distance of the oxygen atoms of the two
carboxylate groups, as obtained from crystal structures of the ammonium salts.
Ad(O- - -0) is the difference between d(O- - -O) and 7.36 A.
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Fig. 14. Inclusion constants of aliphatic dicarboxylates (TOOC—(CHj),—
COO™) into the dicopper(Il) cryptate [Cu,''(8)]** (pH 7, diamonds) and into
the hexaprotonated cryptand 21 (pH 6, circles).

tion is observed with respect to other anionic neurotransmitters
and related amino acids. L-Aspartate (25) possesses two car-
boxylate groups like L-glutamate, but, due to the rather short
distance between opposite oxygen atoms, forces the cryptate to
an endoergonic rearrangement. y-Amino butyrrate (GABA) and
8-amino pentanoate have only one carboxylate group: the amine
group can act as a donor towards Cu', but its deprotonation is an
energetically costly process. It may seem paradoxical that the 3-
amino acid glycine (23) displays some competitive behaviour:
however, curve fitting studies indicated that two molecules of
glycine are included within the cryptate. Double inclusion is not
allowed to the y- and 8-amino acids 26 and 27, and also to the
B-amino acid alanine (24), due to the increased steric hindrance
(with respect to glycine).
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Fig. 15. Titration of a solution 2.5 x 10-® M in [Cu,"(8)]** and 2.5 x 10~" M
in 10 with glutamate and other neurotransmitters, in an aqueous solution buffered
at pH 7. Triangles down: L-glutamate; half-filled squares: L-aspartate; squares:
glycine; circles: 8-aminopentanoate; diamonds: y-aminobutyrrate; triangles up:
L-alanine. The fluorescence intensity of the indicator 10 is plotted vs. the loga-
rithm of anion concentration.

2.4. A receptor containing three metallocyclam subunits,
suitable for citrate recognition

A receptor for a tricarboxylate would require the presence
within the cavity of three unsaturated transition metal centres.
In this sense, we have appended three cyclam rings to the 1,3,5-
trimethylbenzene platform, to give molecule 28 [31].

NHﬁ

HN
N
-
NH
NH
N
NH
N
iz HN
NH

28

Cyclam typically incorporates transition metal ions to give
very stable complexes from both a thermodynamic and a kinetic
point of view [32]. Inertness is an important feature, when
designing a metal containing receptor, as it prevents demetalla-
tion by the anionic substrate when present in excess. We prepared
the tricopper(Il) complex of 28 and we investigated its binding
tendencies towards tricarboxylates and some competing anions
in aqueous neutral solution [31].

The investigation was carried out following the indicator
displacement paradigm. As a fluorescent indicator we chose
5-carboxy-fluorescein (11), which possesses two carboxylate
groups and a phenolate oxygen atom, capable of interacting with
the Cull centres of the trimetallic receptor [Cuz!'(28)]6*. 11 is
strongly fluorescent in its anionic form, which is the dominating
species in an aqueous solution adjusted to pH 7. When titrating a
degassed solution of the indicator (5 x 10~7 M), buffered to pH
7 (HEPES 0.01 M), with a standard solution of [Cus'(28)]1%*,
complete quenching of the 5-carboxy-fluorescein emission was
observed (Aexc =450 nm, Aem =517 nm). From the spectrofluo-
rimetric titration profile, a binding constant of 5.78 £0.01 log
units was calculated. Quenching is attributed to the occurrence
of an intra-molecular electron or energy transfer process involv-
ing the photoexcited fluorescein subunit and the paramagnetic
Cu!' centres of the receptor.
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Then, an aqueous solution 2 x 1073 M in [CU3H(28)]6+ and
5 x 1077 M in 11, buffered to pH 7, was titrated with standard
solutions of some selected polycarboxylates. Titration profiles
are shown in Fig. 16.

The anion 1,3,5-benzenetricarboxylate (29, [CgH3
(CO0)31P) fully displaces the indicator from the trimetallic
receptor, giving rise to a rather steep profile, from which a
log K=5.81 =4 0.01 was calculated (equilibrium: [Cu3"(28)]5* +
[CeH3(CO0);313~ < [Cusl(28)(CsH3(CO0)31**). Such a high
value of the binding constant reflects the geometrical com-
plementariety of the [Cu3''(28)]" receptor and of the
[C6H3(COO)3]3_ anion, both possessing a C3y symmetry.
In particular, the negatively charged oxygen atom of each
carboxylate group should establish a coordinative interaction
with the Cul! centre of each metallocyclam subunit, which
reaches five-coordination. The tendency of Cu!l complexes
with cyclam derivatives (especially if having alkyl substituents
on amine nitrogen atoms) is well known. A tentative sketch of
the geometrical arrangement of the [Cu3H(28)(C6H3(COO)3]3+
supercomplex is illustrated in Fig. 17.
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Fig. 16. Profiles obtained on titration of an aqueous solution 2 x 107> M in
[Cu''3(28)]1%* and 5 x 10~7 M in 11, and buffered to pH 7 with HEPES (0.01 M)
with selected polycarboxylates.

Noticeably, the bidentate anion 1,3-benzenedicarboxylate
(isophthalate, 13) and the monodentate benzoate (30) show
smoother titration profiles (see Fig. 16), to which much smaller
values of log K correspond (<3). The other tricarboxylate anion
cis,cis-1,3,5-cyclohexanetricarboxylate (31), which possesses a
C3y symmetry, too, forms with [Cus! (28)]6Jr arather stable com-
plex (log K=5.00£0.01), but less stable than the aromatic tri-
carboxylate 29 (notice the less steep titration profile in Fig. 16).
The higher affinity displayed by 29 can be ascribed to the occur-
rence of an additional m— interaction between the aromatic ring
of the receptor platform and that of the anion 29. Most interest-
ingly, for analytical purposes, receptor [Cuz''(28)]®* forms a
very stable 1:1 supercomplex with the tricationic anion citrate
(32, log K=5.594+0.01), whose three carboxylate groups can
coordinate the three Cul! centres, in a similar way as 29. Deter-
mination of citrate is important in the analytical control of bever-
ages. In particular, receptor [Cuz'(28)]%* shows a neatly lower
affinity with competing analytes like maleate (log K=4.5 +0.1),
tartrate (log K=4.1+£0.1), succinate (log K=3.8 £0.1), which
all contain two carboxylate groups and cannot span the three Cul!
centres. Notably, the 1,3,5-trialkylbenzene scaffold had been
previously functionalized with three arms containing guani-
dinium groups, to generate a tricationic receptor, which formed
complex with the citrate anion in water with log K=3.8 [32].
Affinity toward citrate has been recently increased by append-
ing to the same 1,3,5-trialkylbenzene platform three side chains
containing the guanidiumcarbonyl pyrrole functionality, to give
log K=4.9 at pH 7 [33]. The higher stability of the citrate com-
plex with the sexicationic receptor [Cus!(28)10*, in an aqueous
solution buffered at neutral pH (log K=5.59 £0.01) confirms
the higher efficiency of metal containing systems as anion recep-
tors in aqueous solution.

3. Anion recognition based on hydrogen bonding
3.1. Urea as a neutral receptor for anions
Most ligands of classical coordination chemistry are neutral

(beginning from the first molecule deliberately used as a ligand:
ammonia [34]). On the other hand, anion coordination chem-
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owners.

istry developed with the design of multi-point positively charged
receptors, as mentioned in the Introduction [1,2]. Later, neutral
receptors for anions came. The interaction a neutral receptor
can establish with an anion is hydrogen bonding. In particu-
lar, the receptor must act as an H-bond donor and the anion as
an H-bond acceptor. Suitable fragments for H-bond donation
are —OH and —NH. Due to the higher electronegativity of oxy-
gen, the O—H bond is more polarized, from which results that
—OH is a more powerful H-bond donor than —NH. The unfortu-
nate consequence is that water cannot be used as a medium for
recognition studies based on hydrogen bonding. Thus, artificial
neutral receptors typically contain one or more —NH fragments
and their interactions with anions must be investigated in aprotic
solvents like CHCl3, MeCN, DMSO.

One of the most classical and first investigated —NH contain-
ing receptors was urea [13]. Urea and its derivatives are able
to donate two hydrogen bonds to Y~ shaped anions such as
acetate, to give an H-bond complex, whose hypothesized struc-
ture is shown in Scheme 2.

After the pioneering papers by Wilcox and co-workers [35],
and Hamilton and co-workers [36], a variety of receptors con-

0
R )L R
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H

34:

H

35: Ry =

taining one or more urea subunits have been designed and tested
for anion recognition and sensing over the past decade. Recently,
the crystal and molecular structure of complex 34 has been
reported (see Fig. 18), which emphasizes the directionality of
the bifurcate hydrogen bonding interaction with the acetate ion
[37].

Acetate establishes two directional H-bonds with the two
—-NH fragments of the urea subunit. The N(urea)-O(acetate)
distances (2.69 and 2.77 A) position the interaction among ‘mod-
erate’ hydrogen bonds, whose nature is mainly electrostatic [38].
The interaction of receptor 3¢ with CH3COO™ was investigated
in the aprotic solvent MeCN, through spectrophotometric titra-
tion experiments [37]. Fig. 19 shows the family of spectra taken
over the course of the titration.

On addition of CH3COO™, the band at 345 nm progressively
decreases, while a new band at 370 nm forms and develops. The
well defined red-shift of the charge transfer band is ascribed
to the fact that, on interaction with the acetate ion, electron
density is transferred on the urea moiety, which makes the
intensity of the dipole increase and shifts the charge trans-
fer band to a longer wavelength. The presence of two sharp

NOQ R2

NO,

Scheme 2. The H-bond complex between a urea based receptor and acetate. The structure emphasises the directionality of the hydrogen bonding interaction.
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Fig. 18. The molecular structure of the H-bond complex of the urea based recep-
tor 34 with acetate. The countercation tetrabutylammonium has been omitted
for clarity.

isosbestic points indicates that only two species co-exist accord-
ing to the equilibrium: L + CH3COO™ < [L- - -CH3COO] ™, in
which [L- - -CH3COO]™ represents the receptor—anion complex,
whose structural features are illustrated in Scheme 2 and in
Fig. 18. On non-linear fitting of titration profile, the binding
constant was calculated: log K=6.61 +0.01.

Analogous investigations were carried out with a variety of
oxoanions (HPO4~, NO3—, NO,~, HSO4—, C¢HsCOO™). In
all cases, anew absorption band at ca. 370 nm developed on titra-
tion and sharp isosbestic points were observed in the recorded
family of spectra. log K values for all investigated oxoanions are
reported in Table 2.
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Fig. 19. Spectra taken over the course of the titration of a solution 2.6 x 1075 M
in 34 with a standard solution of [BusN]JCH3COO, at 25 °C. Inset: Titration pro-
file for a solution 1.0 x 10~° M in 34, from which the association constant was
determined, log K=6.61 £ 0.09. During the titration, the colour of the solution
turns from pale yellow to bright yellow.

Table 2
Constants of the complex formation equilibrium, in an MeCN solution at 25 °C:
34 +anion™ = [34- - -anion]

anion log K

CH3COO~ 6.61 £ 0.01
CgH5sCOO~ 6.42 + 0.01
HyPO4~ 5.37 £ 0.01
NO,™ 433 £0.01
HSO4~ 426 £ 0.01
NO;~ 3.65 £ 0.05

The sequence of the logK values (CH3COO™ >CgHj
COO™ >HyP0O4~ >NO;™ >HSO4~ >NO37) seems to reflect
the decreasing intrinsic basicity of the anion. In particular, a
reasonably linear correlation was observed between log K and
the average negative charge on the oxygen atoms of each oxoan-
ion, as calculated through an ab initio method (see Fig. 20).

The higher the negative charge, the higher the H-bond accep-
tor tendencies of the anion. It has been recently pointed out that:
“all hydrogen bonds can be considered as incipient proton trans-
fer reactions, and for strong hydrogen bonds, this reaction can
be in a very advanced state” [39].

The linear relationship in Fig. 20 provides a nice experimen-
tal evidence of the above statement. In fact, the partial negative
charge on oxygen atoms gives a direct measure of the intrinsic
basicity of the oxoanion. The stronger the basicity, the more pro-
nounced the transfer of the —NH hydrogen toward the oxygen.
The situation is pictorially illustrated in Fig. 21.

Following the interaction with the oxoanion, the urea H atom
moves toward the oxygen atom of the anion along the N to O
straight-line. The higher the partial negative charge on the oxy-
gen atom (i.e, the higher anion basicity), the more pronounced
the displacement of the H atom along each N to O line and the
higher the energy of the hydrogen bonding interaction.
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Fig. 20. A linear relationship between the log K value of the complexation equi-
librium: 34 + X~ < [34- - -X]~ in MeCN and the average partial negative charge
on the oxygen atom of the oxoanion X ™. Partial charges were calculated through
an ab initio method.
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Fig. 21. The hydrogen bonding interaction viewed as the transfer of the pro-
tons from urea nitrogen atoms to the oxygen atoms of the oxoanion. The higher
the partial negative charge on the oxygen atoms, the more pronounced the dis-

placement of the hydrogen atoms from N to O and the higher the energy of the
hydrogen bonding interaction.
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3.2. The nature of urea—fluoride interaction

On these premises, one should anticipate that in a limiting
situation, i.e. in the presence of a particularly basic anion X,
a neat and definitive proton transfer process should take place,
with deprotonation of one —N—H fragment of the urea subunit
and formation of HX (according to a classic Brgnsted acid—base
equilibrium). Such a circumstance is not hypothetical, but has
been observed in the case of fluoride.

Fig. 22 shows the complete family of spectra obtained dur-
ing the titration of an MeCN solution 1.0 x 10~ M in 34 with
[BugN]F [37]. In the first part of the titration, the behaviour
is similar to that observed for acetate and other investigated
oxoanions: the colour of the solution changes from pale yellow
to intense yellow, while, in the absorption spectrum, the band at
345 nm decreases and a band at 370 nm forms and develops. In
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Fig. 22. Spectra taken over the course of the titration of an MeCN solution
1.0 x 107° M in 34 with a standard solution of [BugN]F, at 25 °C. Inset a: Titra-
tion profiles of the band at 345 nm, which monitor the formation the H-bond
complex [34°F] ™. Inset b: Titration of the band at 475 nm, which monitors the
formation of deprotonated form of 34.

particular, the band at 370 nm reaches its limiting value after the
addition of 1 equiv. of fluoride. However, something new occurs
on addition of the second equivalent of fluoride: the solution
takes a red colour and a new band forms at a much higher wave-
length: 475 nm, to reach a limiting value after the addition of
5equiv. of F~. The titration profiles shown in the insets (a and
b) clearly indicate the presence of two well distinct steps.

It is suggested that, in the first step, the formation of the H-
bond complex takes place, as described by Eq. (4), in which LH
represents the urea derivative 34 and X =F.

LH + X~ < [LH-X]™ 4)
[LH-X]”"+X~ S L™+ [HX,]™ 3)

Then, on further addition of F~, one HF molecule is removed
from the complex to form the hydrogendifluoride ion, [HF>]™,
while the urea receptor remains deprotonated, see Eq. (5). The
following stepwise constants were calculated for the two consec-
utive equilibria: log K1 =7.38 £0.09 and log K» =6.37 £ 0.12.
Thus, the band at 475 nm must correspond to the deprotonated
urea.

On the other hand, on titration of an MeCN solution of 34 with
[BusN]Cl, an absorption band developed at 370 nm, as observed
for previously mentioned oxoanions. No band development at
higher wavelengths was detected also on addition of a large
excess of chloride. Thus, in the case of chloride, the typical H-
bond complex [34---Cl]™ is formed, whose binding constant
was calculated from the titration profile: log K=4.55+0.01.

Thus, the fluoride ion displays a distinctive behaviour, induc-
ing deprotonation of one of the -NH fragments. This seems to be
due to the unique stability of the [HF,] ™ self-complex, for which
the highest hydrogen bond energy in the gas phase has been cal-
culated (39 kcal mol—1) [40]. Thus, if one F~ ionisa fairly strong
base in an MeCN solution, as documented by its ability to form
with 34 a stable H-bond complex, two F~ ions represent a very
strong base, being capable to induce deprotonation of urea. The
acidity of the urea moiety has been strongly enhanced due to the
presence of two electron-withdrawing nitro substituents on the
covalently linked phenyl rings. Fluoride induced deprotonation
of one —-NH fragment has been unambiguously demonstrated
also through "H NMR titration experiments [37].

However, the most convincing evidence of the formation of a
new and unexpected species typically comes from its crystal and
molecular structure. This was not observed with receptor 34, but
with the similar system 35, in which a nitrophenyl substituent
has been replaced by a nitrobenzofurazan subunit [41]. Also in
the present case, on fluoride addition, the pale yellow solution of
35 in MeCN became intensely red, and titration data indicated
the occurrence of the two consecutive equilibria: (i) formation
of a genuine H-bond complex, and (ii) —N—H deprotonation
and formation of the [HF;]~ self-complex. Most interestingly,
on diffusion of diethylether on an MeCN solution containing
35 (LH) and excess of tetrabutylammonium fluoride, crystals
of a salt of formula [BusN]L were obtained, suitable for X-ray
diffraction studies. Fig. 23 reports the molecular structure of the
salt [41].
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Fig.23. The molecular structure of the [BuyN]L salt (L = 35). The —-NH fragment
close to the more electron-withdrawing nitrobenzofurazan moiety underwent
deprotonation.

Deprotonation has taken place at the -N—H fragment close
to the more electron-withdrawing nitrobenzofurazan subunit.
Deprotonation induces significant structural modifications in the
framework of the urea derivative 35. The 1,3-diphenyl substi-
tuted urea molecules, e.g. that present in the H-bond complex
shown in Fig. 18, are almost completely flat, the two phenyl rings
and the —HN(CO)NH— fragment lying in the same plane, in the
absence of steric effects between adjacent molecules. In contrast,
inthe L™ anion shown in Fig. 23, the benzofurazan group forms a
dihedral angle of 42.4°, with the plane containing the nitrophenyl
urea subunit. It is suggested that, following —NH deprotonation,
a significant electronic rearrangement takes places, as illustrated
by the m-resonance representation in Scheme 3.

In fact, the distance between the deprotonated nitrogen and
the carbon atom of the nitrobenzo-furazan subunit (1.317 A) is
noticeably shorter than that between the other nitrogen atom
and the carbon atom of the nitrophenyl substituent (1.393 A).
Moreover, significant differences are observed also in the two
nitro groups: that linked to the benzofurazan moiety present
a shorter C—N distance (1.38 A) and a longer N—O distance
(1.25 A), than that linked to the phenyl ring (1.39 and 1.21 A,
respectively). This suggests the occurrence, on deprotonation, of
a delocalization of the negative charge of nitrogen towards the
nitrobenzofurazan moiety and that the deprotonated system L™
is better represented by the resonance formula b in Scheme 3.
Thus, on deprotonation, the phenyl ring of the nitrobenzofurazan

subunit loses in part its aromaticity and is therefore excluded
from the extended m-system responsible for diphenylurea copla-
narity. As a consequence, the benzofuran moiety can undergo a
rotation of 42.4°, probably in order to minimise steric repulsions
with the carbonyl oxygen atom.

3.3. Urea versus thiourea

‘We have pointed out that (i) the hydrogen bonding interaction
can be conveniently considered as an incipient and ‘frozen’
proton transfer from the donor B—H (e.g. urea) to the acceptor
A~ (e.g. an anion), along an ideal B---H---A straight-line;
(ii) the more pronounced the proton transfer, the stronger the
hydrogen bonding interaction (and the higher the solution
stability of the H-bond complex that forms). Then, in the realm
of anion recognition, the most stable H-bonded complexes will
be formed by more basic anions (along the series: CH;COO™ >
CeH5COO™ >HyPO4~ >NO,™ >HSO4~>NO3~) and by
more acidic receptors. The latter feature explains why most
urea based receptors contain electron-withdrawing substituents
(e.g. 4-nitrophenyl), which, as push—pull chromophores, also
provide a useful signalling mechanism.

0
\\N/

There exists another way to increase the acidity of the recep-
tor: replacing the urea fragment with a thiourea fragment. In fact,
in a DMSO solution, thiourea (pKa =21.1) is a much stronger
Brgnsted acid than urea (pKa =26.9) [42]. In order to verify such
an effect, we considered molecules 36 and 37 as anion receptors
in DMSO solution [43]. In the two derivatives, a phthalimide
substituent, a classical chromophore, has been appended at one
nitrogen atom of the urea/thiourea subunit, in order to provide
an optical signal for reporting on the receptor—anion interaction.

The urea derivative 36 showed the same behaviour observed
with 34 and 35: CH3COO~, C¢H5COO~, H,PO4~ and CI™
formed 1:1 H-bond complexes, as represented by Eq. (4), whose
equilibrium constants are reported in Table 3. On the other hand,
F~ formed a genuine H-bond complex, Eq. (4) which, on fur-
ther anion addition, underwent HF release with formation of the

e S]

3 i ?
® ® ®
NS N N N
0 0 /@/ =0 Oo~ 0 /O/ X0
N7 NT N N7 Sy N
e H b—N H
b

Scheme 3. A resonance representation of the deprotonated form of 35.
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Table 3

log K values for the interaction of receptors 36 (urea based) and 37 (thiourea based) with anions in DMSO solution at 25 °C

LH Equilibrium F~ CH3COO~ CgH5COO~ HyPO4~ Cl~

32 LH+X™ S[LH---X]™ 3.86 = 0.05 4.63+0.03 4.18+0.01 4.47+0.01 4.38+0.01
[LH---X]™ +X~ S L™ +[HX;]™ 1.83 £ 0.11 - - - -

33 LH+X™ S |[LH---X]™ 5.7 £0.01 6.02+0.05 5.77+0.05 5.4440.06 4.88+0.01
[LH---X]™+X~ S L™ +[HX;]™ 55+£03 3.2340.10 3.36+0.10 0.55+0.11 -

[HF;]~ self-complex and of the deprotonated receptor L™, see
Eq. (5).

Equally, the thiourea containing receptor 37 forms 1:1
authentic H-bonded complexes with all the anions investigated.
However, all complexes, except that with chloride, on excess
addition of anion, release an HX molecule, to give L™ and
the self-complex [HX;]~. As an example, the proposed struc-
ture of the [HX5] ™, in the case of X~ =CH3COO™ is sketched
below:

EN
C—CHgy
iy’
HSC—C\<
(@]

In order to explain the different behaviour of the two recep-
tors, it is convenient to consider equilibrium (6), which results
from the sum of Egs. (4) and (5):

LH + 2X™ S L™ +[HX,]™ 6)

The constant of Eq. (6) is B2=Ka(LH) x B([HX2]7),
where Ka=[L7]x [H*)/[LH] and B(HX,] )=[HX3]"/
[H*] x [X 1. Receptor 36, which contains the less acidic urea
subunit, undergoes deprotonation and HF release only in the
presence of F~, in view of the extremely high stability of [HF,]~
and high value of the formation constant S([HX3] ™). In the case
of the thiourea containing receptor 37, in view of its remarkably
higher acidity (high value of K ), deprotonation can take place
in the presence of a greater number of anions. In particular, the
value of B, decreases with the decreasing stability of the self-
complex [HX,]™: F~ >CH3COO™ ~C¢H5COO™ >H,PO,4~.
In the case of dihydrogenphosphate, due to the rather low
stability of the [(HoPOy)- - -(H3PO4)]™ self-complex, signifi-
cant —N—H deprotonation is observed only after the addition
of several equivalents of [BusNJH;POy4. Fig. 24 displays the
family of spectra obtained over the course of the titration. The
shoulder at 410 nm, pertinent to the deprotonated receptor L™,
begins to develop after the addition of the second equivalent
of the anion. The inset of Fig. 24 shows how the relative
concentration of uncomplexed receptor LH, the H-bonded
complex [LH---H,PO4]~ and the deprotonated form L™ vary
over the course of the titration. The [LH- - -H,PO4]™ complex
reaches its maximum concentration with the addition of 1 equiv.
of dihydrogen phosphate. Then, on further anion addition,
the complex begins to release H3POy4, which interacts with

H,PO4~ to give the self-complex [H3POys- - -HyPO4]™. After
the addition of 4 equiv., the deprotonated form has reached the
relative concentration of only 30%.

Among the anions investigated, only chloride fails to induce
the deprotonation of receptor 37. In particular, the H-bond com-
plex that forms, [LH- - -Cl]~, definitively resists the addition of a
large excess of chloride, due to the poor stability of the [HCl, ]~
self-complex.

The different behaviour of the two receptors is visually illus-
trated by the diagram reported in Fig. 25, in which the scale of
pKa(LH) and that of log S([HX;] ™) are tentatively juxtaposed.
The diagram emphasises the concurrent contribution of (i) the
intrinsic acidity of LH and (ii) the stability of [HX>]™ in induc-
ing deprotonation: the receptor LH, either 36 or 37, undergoes
deprotonation in presence of those anions whose log B([HX2] ™)
values are placed above the pertinent horizontal line: solid for
36, dashed for 37.

3.4. Metal induced enhancement of H-bond donor
tendencies of urea

Metal ions, in the appropriate geometrical circumstances,
can improve the affinity of urea/thiourea based receptors toward
anions. We have observed this effect on investigating system 38,
in which an NS0, crown has been covalently linked to a urea
subunit. On the other side, a nitrophenyl group was appended,
as a chromogenic reporter [44].

_—y
o

LH [LH=X]

o

(=]

~

1 2 3

molar absorbance, x 103 M-'cm™!
nN
T

| .
350 400 450 500
wavelength, nm

Fig. 24. Spectra taken over the course of the titration of a DMSO solution of
37 (5 x 107° M) with a standard solution of [BugsN]H,POy. Inser: Change of
the relative concentration of the species at equilibrium on phosphate addition
(LH=37, X~ =HyPO47).
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NO,

38

The crown ligand, due to the presence of the two thioethe-
real sulphur atoms, is expected to form stable complexes with
d'% metal centres (soft). In particular, the complex of Cd!' with
the NO» S, macrocycle has been crystallographically character-
ized and showed full coordination of all the five donor atoms
to the metal [45]. In our study, we considered a monopositively
charged cation, in order to match the negative charge of the
anion supposed to interact with the urea moiety, and we chose
silver(I). Thus, titration experiments were carried out on adding
the tetrabutylammonium salt of the envisaged anion on an MeCN
solution of the receptor containing or not 1 equiv. of AgNO3.
Fig. 26 shows the spectra taken over the course of the titration
with [BusN]JCH3COO of a solution of the urea based receptor
38, in absence (Fig. 26a) and in presence of AgNOj3 (Fig. 26b).

In both experiments, on acetate addition, the charge trans-
fer band of the receptor underwent a distinct red-shift. How-
ever, the titration profiles, shown in the inset, are remarkably
different, whether in absence or in the presence of AgNOs.
The profile obtained in absence of metal (inset of Fig. 26a),
shows a smooth curvature, to which an association constant of
log K=4.49 £ 0.01 corresponds. On the other hand, the titration
profile in presence of equimolar Ag (inset of Fig. 26b) is much
steeper and indicates that the association constant, in the circum-
stances investigated, must be higher than 10°. Thus, the metal
centre increases the anion affinity of the urea subunit more than
30 times.

The enhancement of anion affinity of the urea fragment is
ascribed to the process pictorially illustrated in Scheme 4: inter-
action with acetate induces a transfer of negative charge to the
oxygen atom of the carbonyl group, which therefore increases
its donor tendencies and, following the movement of the pendant
arm, goes to coordinate the proximate Ag' centre. Metal binding
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Fig. 25. Empirical juxtaposition of the acidity scale of the receptor LH (36 and
37, left vertical line) and of the stability scale of [HX,]™ (right vertical line).
Each receptor deprotonates in presence of excess of anions whose log S([HX,]7)
values lie above the pertinent horizontal line: solid for 36, dashed for 37.

increases the polarization of the —N—H fragments and ultimately
causes an increase of the hydrogen bonding interaction. Simi-
lar spectroscopic patterns were observed on performing titra-
tion experiments with HoPO4~ and HSO4 ™. In both cases, an
enhancement of anion affinity was observed, by a factor of 10
and 4, respectively (see values in Table 4).

However, the constants reported in Table 4 do not express
the real affinity of the oxoanion toward the urea fragment of the
Ag'/38 complex. In fact, titration experiments were carried out
by using AgNO3 as source of silver(I): thus, the nitrate ion was
present in equimolar amount with respect to 38 and NO3z ~ shows
a definite affinity toward the Ag!/38 complex. This was demon-
strated by the fact that, on titration with [BusN]NO3 of a solution
containing both 38 and Ag(CF3S03), a distinct red-shift of the
charge transfer band was observed and the corresponding asso-
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Fig. 26. Spectra taken over the course of the titration: (a) of an MeCN solution 1.0 x 10~* M in 38 with a standard solution of [BuyNJCH3COO; (b) of an MeCN
solution 1.0 x 10~* M both in 38 and in AgNOs3 with a standard solution of [BuyN]JCH3COO. Inset: Titration profiles at selected wavelengths.
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o5
CL,Of ,S\) N\H

Scheme 4. Enhanced affinity of the urea subunit toward acetate, through coordination of the carbonyl oxygen atom to the proximate Ag' centre.

Table 4
Equilibrium constants for the interaction of 38, in the absence or in the presence
of AgNOs3, with anions, in an MeCN solution, at 25 °C

Anion 38 38+ AgNO3

log K log K log K>
CH3COO~ 4.49 £ 0.01 >6 -
H,PO4~ 3.72 + 0.01 4.71+0.01 -
HSO4~ 3.18 £ 0.01 3.58£0.01 -
F~ 405 £1 >6 >6
logK; refers to the formation of a genuine H-bond complex

LH+X™ S[LH---X]7; logK> refers to the deprotonation equilibrium:
[LH---X]”™+X™ SL™ +HX,™ (LH=38; X~ =anion).

ciation constant (log K=2.91 £ 0.01) was calculated. Thus, the
constants reported in Table 4 do not correspond to an authen-
tic association equilibrium, but rather to a process in which a
nitrate ion is displaced from the receptor by the investigated
anion. Absolute association constants are obtained by adding
2.9 to the log K values of Table 4. However, the presence of
nitrate was essential in order to obtain smooth titration profiles
and computable log K values. In fact, on using Ag(CF3S03) as
silver(I) source, one would obtain profiles with a sharp bending
at the equivalent point, on titration with any anion, thus being in
the position to assess only the lower limit of 6 for log K values.
Notice also that, in the absence of AgI, nitrate addition, even
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in large excess, did not induce any modification of the charge
transfer band, indicating poor or nil affinity of NO3 ™ toward the
metal-free urea subunit, in the conditions investigated.

Quite predictably fluoride displayed unusual behaviour.
Fig. 27a shows the spectra taken during the titration of an MeCN
solution of 38 (10~* M) with [BusN]F. The typical red-shift of
the charge transfer band was observed and the titration profile
(see the diagram in the inset) indicated the formation of a stable
H-bond, with an association constant log K=4.01 £ 0.01. How-
ever, on titration of the solution containing equimolar AgNO3,
something more was observed (see Fig. 27b). The typical red-
shift of the band at 332 nm and the steep titration profile (filled
triangles in the inset) clearly indicate the formation of a very
stable H-bond complex of 1:1 stoichiometry, with log K> 6.
However, anew band formed at 450 nm, which reached a plateau
after the addition of 2 equiv. of fluoride (open circles in the inset).
Appearance of the band at long wavelengths reveals the occur-
rence of the anion-induced deprotonation of one of the —N—H
fragments of the urea subunit. Thus, the following two stepwise
equilibria take place over the course of the titration with fluoride:

[Ag"ILH + F~ <= [AgT][LH---F]~ (7
[AgT][LH---F]” +F S [Agt]L™ + [HF,]~ (8)
- 15
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Fig. 27. Spectra taken during the titration: (a) of an MeCN solution 1.0 x 10~* M in 38 with a standard solution of [BusN]F; (b) of an MeCN solution 1.0 x 10~* M
in 38 and in AgNOs3 with a standard solution of [BusN]F. Inset: Titration profiles at selected wavelengths (inset in (b): left vertical axis: molar absorbance of the
band at 356 nm x 1073; right vertical axis: molar absorbance of the band at 450 nm x 1073,
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Scheme 5. Fluoride induced deprotonation of the urea subunit in the Ag'/38 complex.

where LH=38. In particular, the second F~ ion removes an
HF molecule from [Ag*][LH---F]~ to give the H-bond self-
complex [HF;]™. Such a process is favoured by the extreme
stability of the [HF,]™ self-complex, as outlined in previous
sections. However, -N—H deprotonation does not take place
with the metal-free receptor 38. The role of Ag! is essential, as,
on interaction with the coordinating carbonyl oxygen atom, it
strongly enhances the acidity of the -N—H groups.

The process is sketched in Scheme 5. In the Scheme, it is
considered that, following —N—H deprotonation, electron den-
sity is transferred, through a 7 conjugative mechanism, from the
nitrogen atom to the oxygen atom, which changes from an sp>
to an sp> hybridization, and finally to the metal centre (which
reduces its electrical charge from 1+ to 0).

System 38 can be rightfully considered an ion-pair receptor,
i.e. a ditopic ligand capable of simultaneous complexation of a
metal ion and an anion [46]. Binding of the two ions can occur
independently, or, more interestingly, can profit from coopera-
tive effects. For instance, Smith has recently designed polycyclic
receptors containing amide —N—H fragments, capable of acco-
modating a cation (e.g. K*) and an anion (e.g. C17) in close
contact [47]: in the presence of K*, the receptor’s affinity toward
Cl7,inaDMSO solution, was 13-fold enhanced, due to a cooper-
ative electrostatic effect. In system 38, a dramatically favourable
cooperative effect, of more complicated nature, is observed; for
instance, affinity of the urea subunit toward CH3;COO™, in the
presence of Ag!, increases by more than four orders of magni-
tude.

4. Moral of the story

We have reviewed some work on anion recognition and sens-
ing carried out in this Laboratory during the past years and we
would like to comment on the general principles for the design
of ideal receptors for chosen anions. Metal-ligand interactions
are relatively strong and in most cases more than compensate the
endoergonic terms associated to anion desolvation. As a conse-
quence, receptors containing transition metal ions ensure selec-
tive anion recognition in pure water, at pH 7. Copper(Il) is partic-
ularly recommended as a metal centre, because, among 3d diva-
lent metal ions, it establishes the strongest coordination bonds
with most donor atoms. Moreover, its intrinsic kinetic lability

allows fast exchange of ligands, including anions, thus providing
the basis for sensing activity. The Cu'l ion must preliminarily and
firmly interact with a tetramine donor set and will tend to reach
the preferred five-coordination through the interaction with a
further ligand, possibly the investigated anion. The most often
used tetramine platform is that of tren, which favours the for-
mation of a complex of trigonal bipyramidal geometry (usually
compressed), in which one axial position is reserved to the donor
atom of the anion. A further platform is provided by the cyclic
tetramine cyclam, whose Cu'l complex is naturally predisposed
to five-coordination, according to a square pyramidal geometry
(in which the donor atom of the anion goes to occupy the apical
position). The metallocyclam scaffold provides an extra bonus,
as the Cul! centre, due to inertness imposed by the 14-membered
cyclic tetramine (the kinetic macrocyclic effect) cannot be
removed from the receptor, even in the presence of a large excess
of anion. On the other hand, the lability of the apical position is
maintained, which ensures fast and reversible sensing activity.
However, in spite of these relevant qualities, metal contain-
ing receptors are quite rare, and the attention of researchers in
anion chemistry has been and is currently mainly devoted to
purely organic receptors, in most cases neutral. Indeed, very
sophisticated neutral receptors have been synthesized, whose
cavity has been designed for the selective inclusion of anions of
varying shape and size. The limit of neutral systems is that inter-
actions they provide, e.g. hydrogen bonding, are not very strong
and that, in any case, even the most efficient H-bond donating
receptor cannot compete with water. This confines investiga-
tions to aprotic media, possibly not too polar. However, the
receptor—anion interaction based on hydrogen bonding interac-
tion is per se interesting, and this prompted us to investigate (or
re-investigate) the behaviour of some simple systems based on
one of the most classic H-bond donors: urea. We observed that
the receptor—anion interaction can be conveniently viewed as a
more or less advanced (and ‘frozen’) transfer of a proton from
the —N—H fragment of urea to the binding atom of the anion.
Thus, the selectivity is solely associated with the basic tenden-
cies of the anion, whereas geometric features do not matter at
all. For instance, modeling shows that the NO3 ™~ ion has its oxy-
gen atoms at a proper distance to match the hydrogen atoms of
urea derivatives. However, NO3 ™~ forms with urea based recep-
tors much less stable complexes than H,PO4 ™, which exhibits
too large an O—O distance, but is distinctly more basic. Fluo-



1470 V. Amendola et al. / Coordination Chemistry Reviews 250 (2006) 1451-1470

ride is special as it forces the intra-complex proton transfer to
the extreme limit: —N—H deprotonation. This is not due to the
high basicity of F~ in aprotic solvent (which is lower than that
of CH3COO™, for instance), but to the unique stability of the
[HF,]~ self-complex. It is probably for this reason that most
of the reported neutral anion receptors (having urea and amide
binding sites) are proposed as selective sensors for fluoride. Most
interestingly, recognition of fluoride is often signalled through
the appearance of beautiful colours [48-59]. It should be now
clear that colour development and drastic spectroscopic changes
are associated with one-step, and sometimes two-step depro-
tonation of urea [60], which, more than as an H-bond donor,
behaves as a Brgnsted acid. In conclusion, urea based recep-
tors can display geometrical rather than acid-base selectivity,
only if the H-bond donor subunits are incorporated in a concave
framework (possibly cyclic or polycyclic), providing strict steric
constraints that overcome effects related to intrinsic acid—base
properties.
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