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Abstract

The behavior of polyamines as receptors of selected families of anions in water is explored. First metallocyanide interaction with saturated
polyammonium hosts is analyzed both in solution and in the solid state. The utility of potentiometry, multinuclear NMR, microcalorimetry
and cyclic voltammetry to describe solution features of this chemistry is described for selected systems. Sulfate, phosphate, polyphosphate and
nucleotide interactions with large polyammonium receptors are then reviewed. Hydrogen bond formation is discussed from a thermodynamic
point of view. The influence of the presence of aromatic fragments within the structure on the binding strength is discussed. Factors affecting ATP
hydrolytic cleavage by macrocyclic polyammonium receptors is revisited. Metal complexes are analyzed as anion receptors through formation of

mixed complexes. Finally, an example of the influence of anion in crystal growing is provided.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

Supramolecular chemistry, the chemistry beyond the
olecule, gained its entity with the pioneering work of C.
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edersen, J.-M. Lehn and D.J. Cram in the 1960–1970 decade
1–5]. The concepts and language of this chemical discipline,
hich were in part borrowed from biology and coordination

hemistry, can be at a large extent attributed to the scientific
reativity of Lehn [6–8]. Recognition, translocation, catalysis
nd self-organization are considered as the four corner stones of
upramolecular chemistry. Recognition does not only contem-
late the well-known transition metals (classical coordination
hemistry) but also spherical metal ions, organic cations,
eutral and anionic species. Anions have a great relevance from
biological point of view since over 70% of all cofactors and

ubstrates involved in biology are of anionic nature. Anion
oordination chemistry came up as a scientific topic also
ith the conceptual development of supramolecular chemistry

8–10].
Interestingly enough, the birth of the first recognized syn-

hetic halide receptors occurred practically at the same time than
he discovery by Charles Pedersen of the crown ethers. While
. Pedersen submitted to JACS its first paper on crown ethers
n April 1967 entitled “Cyclic Polyamines and their Complexes
ith Metal Salts” [1], Park and Simmons, which were work-

ng in the same company than Pedersen, submitted their paper
n the complexes formed by bicyclic diammonium receptors
ith chloride entitled “Macrobicyclic Amines. III. Encapsula-

ion of Halide ions by in, in-1, (k + 2)-diazabicyclo[k.l.m]alkane-
mmonium ions” also to JACS in November of the same year
11]. These cage-type receptors were called katapinands taking
fter the Greek term describing the swallowing up of the anionic
pecies towards the interior of the cavity. However, while the
nvestigations on crown ethers rapidly evolved and many of these
ompounds were prepared and its chemistry widely explored, the
tudies on anion coordination chemistry remained at this initial
tage and were not further developed until J.-M. Lehn and his co-
orkers retook this point in the late 1970s and beginning of the
980s [12–18]. These efforts were then followed by a reduced
umber of groups [19–21]. Nowadays, the number of research
roups and scientific papers dealing with anions is very high
22–28] and has become a very lively topic within supramolec-
lar chemistry as is reflected by the different reviews included
n this issue.

The work we are going to summarize dates back to the early
980s when some of us started our work on anion coordination
nalyzing the interaction of metallocyanide anions with syn-
hetic polyammonium receptors in pure water (see Section 2).
lthough the review will start precisely with this work, it does
ot follow a chronological order. The receptors studied will be
aturated polyammonium compounds either of cyclic or open-
hain nature and cyclophane or heterocyclophane compounds.
e will analyze their interaction with different anions either as

ree-receptors or in the form of metal complexes. It has to be
mphasized that all the results included in the review refer to
ure water as a solvent.
.1. Anion properties

Anions present characteristic properties that have to be taken
nto account in order to prepare adequate receptors. First, anions

i
e

istry Reviews 250 (2006) 2952–2986 2953

re large when compared with metal ions. For instance, F− which
s the smallest anion displays an ionic radius (rF− = 135 pm)
lose to potassium (rK+ = 133 pm) which can be considered as
middle-sized cation. The second aspect concerns the variety

f shapes that anions have covering spherical (F−, Cl−, etc.),
riangular (NO3

−, HCO3
−, etc.), tetrahedral (SO4

2−, phos-
hate, ReO4

−), square planar (PdCl42−, [Pt(CN)4]2−), octahe-
ral (PF6

−, [Fe(CN)6]4−) or even the more complex shapes that
any biologically relevant adopt like polyacarboxylates (cit-

ate, malonate, succinate, etc.), nucleotides (AMP, ADP and
TP) and dinucleotides (NAD+, NADH). In this sense, it is

nteresting to recall the anionic nature of the biologic poly-
ers DNA and RNA that are recognized or self-recognized

n key steps of life. The third particularity of anions regards
heir high hydration energies in comparison with metal ions
f similar charge density. This characteristic, which is related
o their hydrogen bonding ability, makes more energetically
emanding its complexation in water in relation to spherical
etal ions. It is important to remark that water is the solvent

f life and provides an environment with which leaving sys-
ems are continuously exchanging nutrients and raw materials.
nother very obvious but frequently ignored anion character-

stic is the limited pH range of existence of many anions. If
nions are conjugated bases of protic acids, they will bear pro-
onation processes and their negative charge will depend on their
asicity constants. A very simple example is provided by phos-
hate which presents in water stepwise constants of 11.5, 7.7
nd 2.1 for its first, second and third protonation steps, respec-
ively [29]. Therefore, phosphate will only exist as a trivalent
nion in a very basic pH range while at neutral pH will be as
mixture of the monovalent and divalent forms. This prop-

rty can be advantageously used for discriminating between
nions of different basicity. A final characteristic of interest
hen designing receptors for anions is the fact that anions are

oordinatively saturated species. Thus, only charge to charge or
ore or less weak intermolecular forces like hydrogen-bonding,
–�-stacking or hydrophobic effects can be used for their recog-
ition. However, since anions are Lewis bases appropriately,
esigned Lewis acids can also be used for interacting with them.
ifferent, boron, tin or silica-based receptors have been used

or this purpose. Recently, metalloreceptors in which the metal
ons constitute corners of different structures have also been
mployed as anion receptors [30,31]. Finally, classical coordi-
ation complexes are potential anion receptors provided they
ave coordinatively unsaturated sites. This point links anion
oordination with metal coordination chemistry through ternary
etal complex formation and is the mechanism of choice for
any enzymes dealing with the activation of small molecules

r anions. Carbonic anhydrase or phosphatases are examples of
his behavior.

.2. Considerations on the basicity and conformation of the
eceptors
The feature distinguishing anions from all other guest species
s their negative charge. Therefore, charge is the prime prop-
rty to be addressed when building anion receptors [10,32]. One
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turnovers in catalytic processes, flexible self-adaptive receptors
which do not bind too strongly to the target species are often
preferred.
ig. 1. Stick representation of the H2(oB232)2+ cation showing intramolecular
ydrogen-bonding [36].

ay to do this is through oppositely charged receptors having
n appropriate disposition of charged centers. In the biological
orld the side chains of basic amino acids like lysine and argi-
ine play this role, the first one offering an amino group which
s protonated at neutral pH while the second one provides a per-

anently charged site. Lysine residues also participate in the
inding of CO2 to the surface of haemoglobin forming elusive
arbamate groups and facilitating its transport from the tissues
o the lungs and its expulsion.

In charged synthetic macrocycles it is important to know
ot only which is the actual protonation degree at a given pH
alue, but also which is the distribution of the charged cen-
ers [33]. Upon protonation polyammomium receptors stiffen
chieving more organized or rigid structures. One well-known
xample comes from the crystal structure of the diprotonated
r tetraprotonated forms of the cyclic tetraamine 1,4,8,11-
etraazacyclotetradecane (cyclam). In H2(cyclam)2+ the amine
roups all show the in-in conformation favoring the for-
ation of intramolecular hydrogen bonds between adjacent

on-protonated and protonated amine groups, whereas in
4cyclam4+ all the ammonium groups display an out confor-
ation so that the positive charges are as far away as possible

etween them [34,35]. Similar structural features to those of
2(cyclam)2+ are found in the crystals structure of H2(oB232)2+

2,5,9,12-tetraaza[14]orthocyclophane) in which intramolecu-
ar hydrogen bonding between adjacent non-protonated and
rotonated hydrogen bonds is also observed (see Fig. 1) [36].

These characteristics can be extended to the so-called large
olyazacycloalkanes. The adjective large was coined to describe
acrocyclic polyamines containing more than six amine groups

37]. Protonation introduces rigidity into the receptor since pos-
tive charges placed in adjacent nitrogens will tend to adopt
nti conformations in order to minimize electrostatic repulsions
ecoming the macrocyclic shape more circular. The degree of
igidity depends also on the length of the hydrocarbon chains

etween the amine groups. The amount of electrostatic repul-
ion between ammonium groups separated by propylenic chains
s markedly lower than when the separation is by ethylenic

F
p

Chart 1.

hains. The next section includes further discussion on this cru-
ial aspect.

Tripodal ligands have proved to be interesting receptors
or anions [38–43]. Recently, we have prepared receptors of
his class in which the three arms of the classical tripodal
olyamine tris(aminoethyl)amine(tren) has been enlarged with
ropylamino bridges and different fluorophoric groups (recep-
ors TAL, N3TAL and ATAL in Chart 1) [44,45].

Again in these receptors the protonation state should define
he conformation adopted by the ligand being much more open
hen the amine groups in the arms are protonated.
The dichotomy rigid versus foldable or flexible ligands is

n interesting point to be considered when designing receptors
or anions [10,46]. Rigid hosts having complementary disposed
nchoring groups for a given anion should provide the high-
st affinity and selectivity. The energetic cost for adapting to
he anionic species has already been paid in the synthetic work.

ore flexible or foldable receptors which can adapt to the stere-
chemical requirements of a given anion along the complexation
vent should however pay the energetic cost for such reorgani-
ation (Fig. 2).

Nevertheless, the more flexible a receptor is the more self-
daptive will be and consequently the energetic cost to be paid
or matching the stereochemical and electronic features of the
arget species will be lower. Therefore, in the design of a receptor
ne has also to take into account the purpose or function that
ants to achieve. For instance, in order to have high rates and
ig. 2. Schematic representation of the open-conformation of hexaprotonated
olyamine TAL.
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. Interaction with anionic complexes: supercomplex
ormation

The interaction of the series of large polyazacycloalkanes
21]aneN7, [24]aneN8, [27]aneN9, [30]aneN10, [33]aneN11 and
36]aneN12 (Chart 2) in their protonated forms with a series of
etallocyanides and other anionic metal complexes was exam-

ned by different techniques [47–54]. The resulting supramolec-
lar species formed are called supercomplexes or complexes of
econd coordination sphere in which the polyammonium species
s placed in the second coordination sphere interacting electro-
tatically and through hydrogen bonding and other weak forces
ith the complex anion.
The use of metallocyanides as substrates for the interac-

ion with ammonium receptor is not casual. These anions offer
ery simple ways of analyzing the influence on host–guest
ffinity of negative charge increases while other factors like
hape and geometry are kept essentially constant. Apart from
olvation effects, the only noticeable change when moving
rom [Fe(CN)6]3− to [Fe(CN)6]4− is the different net charge
f both anions. In the same way, exchanging [Fe(CN)6]3− by
Co(CN)6]3− should be non-significant from a recognition point
f view; both anions are octahedral and have a very close size.

On the other hand, the [Fe(CN)6]3−/[Fe(CN)6]4− redox cou-
le is very useful due to its quasi-reversible behavior [15,18].
his simple electrochemical behavior permits to derive stability
onstants by an alternative method to pH-metric titration, which
s the most widely used technique in this area. It is always advis-
ble to use more than one independent technique in order to have
eliable descriptions of the anion–receptor systems.
Fig. 3 gathers a representation of the logarithms of the step-
ise stability constants against the number of protons (p) for the

quilibria M(CN)6
(n − 6) + HpLp+ � [M(CN)6](HpL)(n + p − 6)

n = metal ion charge) for the interaction of [Fe(CN)6]4− and

h
p
(
[

Chart 2.
21]aneN7, [24]aneN8, Me2hexaen and Me2heptaen [53]. Reproduced by per-
ission of The Royal Society of Chemistry.

Co(CN)6]3− with the polyammonium receptors [21]aneN7,
24]aneN8 and its open-chain counterparts Me2hexaen and

e2heptaen (Chart 2). The open-chain counterparts were
elected so that they had the same number of carbon and
itrogen atoms and same class of amine groups than their cyclic
ounterparts [55].

Such a plot shows that: (i) the stepwise constants for a given
eceptor increase as it does the protonation degree (positive
harge) of the receptor, (ii) for a given protonation degree of
he receptor the highest stability is displayed by the recep-
or with the highest charge density; smaller ligands show
igher constants than the larger ones and cyclic ligands show

igher constants than the corresponding open-chain counter-
arts: [21]aneN7 > [24]aneN8 > Me2hexaen > Me2heptaen and
iii) the stability constants of the adducts species formed by
Fe(CN)6]4− are higher than those formed by [Co(CN)6]3−; the
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ig. 4. Plot of the variation of the constants for the equilibria [Co(CN)6]3−
Hp([3k]aneNk)p+ � [Co(CN)6](Hp([3k]aneNk))(3 − p) [52]. Reprinted with
ermission from Ref. [52]. Copyright 1992 American Chemical Society.

lopes of the lines joining the different protonation degrees in
very system are higher for the [Fe(CN)6]4− complexes than for
he [Co(CN)6]3− ones and also the systems with macrocyclic
eceptors show higher slopes than those with open-chain lig-
nds.

All these data confirm that the main driving force in
etallocyanide-polyammonium receptor interactions are

harge–charge interactions, makes it difficult to modulate the
elective discrimination of one guest over another. However, a
epresentation of the constants for the equilibria [Co(CN)6]3−
Hp([3k]aneNk)p+ � [Co(CN)6](Hp([3k]aneNk))(3 − p) shows

hat typically the constants for a given protonation degree
steadily decrease when going from a macrocycle to the

ext one in size until [30]aneN10 is reached. From thereon
n increase in stability is observed (Fig. 4). This change
n the pattern could be attributed to an inclusion of the
nion within the macrocyclic cavity favoring thus shorter
harge–charge interactions and formation of stronger hydrogen
onds.

Inclusion of the macrocycle inside the cavity of the macrocy-
le was also postulated by early work performed by the groups of
ehn in Strasbourgh and Balzani in Bolonia on the interaction of

Co(CN)6]3− with the polyammonium receptors [32]aneN8 and
24]aneN6 containing all propylenic chains between the nitrogen
toms [56,57]. These authors observed that the quantum yield of
he light-induced aquation reaction of [Co(CN)6]3− was reduced
o one-third of the initial value in the presence of the octapro-
onated receptor H8([32]aneN8)8+ suggesting that inclusion of
Co(CN)6]3− into the macrocycle through the equatorial plane
ad occurred.

Co(CN)6]3− + H3O+ → [Co(CN)5(H2O)]2− + HCN

he four CN− groups in the enclosed equatorial plane would be
ydrogen bonded to the ammonium groups of the macrocycle
nd would not be exchanged by water molecules upon light
xcitation (Fig. 5).

These analyses have permitted to draw structural conclusions

or a number of systems [58]. Reduction by 1/2 of the quan-
um yield would stand for an interaction of the polyammonium
ost and the metallocyanide through one of its triangular faces
hile reduction by 1/3 would imply interaction through one of
ig. 5. Schematic drawing of the inclusion of the equatorial plane of octahedral
etallocyanides in the macrocyclic hole of H8([32]aneN8)8+ [56,57].

ts edges. Such studies have allowed, for instance, to assume
hat the interaction between [Co(CN)6]3− and the tetraproto-
ated cyclophane 2,6,9,13-tetraza[14]paracyclophane (pB323,
hart 3) or hexaprotonated H6([24]aneN6)6+ involves one face
f the octahedron.

Similar results were obtained for the interaction of [Co-
CN)6]3− with the open-chain terminally dibenzylated recep-
or B2222B (Chart 3) containing five amine groups between the
ryl moieties [59].

On the other hand, photochemical studies can provide val-
es of the stability constants for the formation of the adduct
pecies. Interaction of pB323 or of the dibenzylated ligands
2B-B2222B (Chart 3) with [Co(CN)6]3− leads to a quenching
f the emission of the aromatic moiety which has a static nature
54]. In this case, the association constants can be obtained by
eans of the equation:
Chart 3.
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Fig. 6. (A) Typical effects of the addition of a polyammonium receptor (HpLp+) on the cyclic voltammogram of [Fe(CN)6]4−. R is the mole ratio recep-
t Chem
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mined by single crystal X-ray diffraction corresponded to a solid
of chemical formula [H8([30]aneN10)][Co(CN)6]2Cl2·10H2O
which evolved from slow evaporation of aqueous solutions of
or:metallocyanide [53]. Reproduced by permission of The Royal Society of
nd peak current (dashed line) vs. R for a system polyammonium receptor HpLp+

hemical Society.

here ε
p+
HpL and εp+ · Qb are, respectively, the molar absorptiv-

ties of the emissive species and of the adducts formed between
he emissive species and the quencher, I the fluorescence-
mission intensity for a given amount of quencher and I0 is
he fluorescence maximum intensity. Interestingly enough, the
alues of the constants obtained for the interaction of tetrapro-
onated H4(pB323)4+ with [Co(CN)6]3− either by means of
H-metric titrations or steady-state fluorescence measurements
re in good agreement and are higher than those obtained for
he large azacycloalkanes with the same protonation degrees
49,60].

When dealing with receptors in which naphthylmethyl units
ere bound to the ends of a polyamine chain (see receptor
22222 in Chart 3) it was possible to carry out the photoex-

itation of hexacyanocobaltate by direct irradiation of the naph-
halene unit. Therefore, this system might be considered as a

olecular photoreactor, the host acting as an antenna which
hotosensitizes the aquation reaction in the guest species [61].

As above noted, the use of [Fe(CN)6]4− permits to analyze
he systems by cyclic voltamperometry. Fig. 6 shows the typical
ehavior of these systems.

Addition of the receptor to an aqueous solution of
Fe(CN)6]4− yields an anodic shift of the voltammogram until
certain mole ratio R = receptor: [Fe(CN)6]4−, normally 1 is

eached (Fig. 6B). From a plot of the variations of the peak
otentials versus R it is possible to deduce the stoichiometry of
he formed supercomplex. Contrarily, the effect of supercom-
lex formation is a decrease on the peak intensity due to the
ormation of the higher molecular weight adducts species [53].

Distribution diagrams of the species existing in equilibria cal-
ulated from the stability constants determined pH-metrically
oupled with plots of the variation of anodic peak currents and
ormal potentials show plateaus in the values of the latter two
ariables in the zones where single species predominate in solu-

ion (Fig. 7).

Application of classical voltammetric and polarographic
ethods permits to calculate the stability constants for the for-
ation of [Fe(CN)6]3− adducts. Similar determinations are not

F
t
c
[
e

istry. (B) Representation of the variation of peak potential (continuous line)
CN)6]4−. Reprinted with permission from Ref. [49]. Copyright 1987 American

ossible by means of pH-metric methods due to the very rapid
quation process of the oxidized anion.

Table 1 shows that, as it could be expected for anions display-
ng same charge, geometry and size, the values of the stability
onstants for the systems [Fe(CN)6]3−–polyammonium recep-
ors are very close to those obtained by pH-metry for the systems
Co(CN)6]3−–polyammonium receptors.

Another point of interest regards the monomeric or polymeric
ature of the adducts formed in aqueous solution. Application of
he molar ratio method [62] to the electrochemical data indicated
hat the adduct species [Fe(CN)6]4−:HpLp+ formed in aqueous
olution had always a monomeric character and 2:2 or higher
ggregates were not observed [63]. This discrete nature of the
pecies formed in solution has not a necessary correspondence
n the solid state. One of the first supercomplex structures deter-
ig. 7. Distribution diagram in the species existing in equilibria in the sys-
em [Fe(CN)6]4−:Me2heptaen and anodic peak currents (dashed lines, open
ircles) and formal potentials (continuous lines, solid circles) of the couple
Fe(CN)6]3−–[Fe(CN)6]4− [53]. Reproduced by permission of The Royal Soci-
ty of Chemistry.
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Table 1
Logarithms of the equilibrium constants for the supercomplex formation between [Fe(CN)6]3− and the polyamines [21]aneN7 and [24]aneN8 calculated from cyclic
voltammetry data

Reactiona [21]aneN7 [24]aneN8

[Fe(CN)6]3− [Co(CN)6]3− [Fe(CN)6]3− [Co(CN)6]3−

A + H3L�H3LA 2.8 2.7
A + H4L�H4LA 3.4 3.5 2.9 2.9
A + H5L�H5LA 3.8 3.7 3.8 3.5
A

T are in
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+ H6L�H6LA

he corresponding values for [Co(CN)6]3− calculated by pH-metric techniques
a Charges omitted.

3[Co(CN)6] and [30]aneN10·10HCl (Fig. 8) [48]. The crys-
al structure consisted of octaprotonated macrocycles and two
ypes of hexacyanocobaltate anions placed outside the macro-
yclic hole. One of the hexacyanocobaltate anions is hydrogen
onded through four of its six cyanide groups with consecutive
acrocycles forming a sort of chain-like structure. The second

ype of hexacyanocobaltate anions are interconnecting macrocy-
les of different chains by means of two long hydrogen bonds.
he macrocycle adopts an elongated elliptical shape which is
ainly due to repulsions between the positively charged ammo-

ium groups. Interestingly enough, if this structure were kept in
olution the metallocyanides along a single chain would provide
lso a diminution of 2/3 in the quantum yield of the photoexcited
quation reaction, four out of the six cyanide groups would be
tabilized by hydrogen bonds.

In order to get further insight into the characteristics of these

nteractions and into the inclusive nature of the supercomplexes
ormed, the studies were extended to other kinds of anion com-
lexes [48]. The interaction of hexachloroplatinate(IV) anions
tCl62−and the macrocycle [30]aneN10 was studied in solution

t
t
m
f

Fig. 8. Portion of the crystal structure of [H8([30]aneN10)][Co(CN)6)]2Cl2·
4.4 3.9

cluded by means of comparison [53].

y means of 195Pt NMR spectroscopy. The pH of study was
ery acidic (HCl 0.1 M) in order to prevent the migration of
he polyazamacrocycle from the second to the first coordination
phere of platinum. The presence of the polycharged receptor
auses an upfield shift of the 195Pt NMR signal with respect to
he signal of solvated PtCl62−.

The shift in the 195Pt signal reaches a constant value (Fig. 9)
or molar ratios R = [H10([30]aneN10)10+]/[PtCl62−] > 1 due to
he formation of 1:1 metal complexes. However, another inflec-
ion is observed for R = 0.5 suggesting formation of supercom-
lexes of 2:1 anion:receptor stoichiometry.

The crystal structure of [H10([30]aneN10)][PtCl6)]2Cl6·
H2O (Fig. 10) consists of a complex hydrogen bond net-
ork which implies the hydrogens of the protonated nitrogen

toms of the receptor, PtCl62− anions, chloride anions and
ater molecules. One of the chloride anions is placed over
he macrocyclic hole forming trifurcated hydrogen bonds with
hree adjacent ammonium groups. The overall shape of the

acrocycle is more circular than that previously mentioned
or the octaprotonated form. Again it is interesting to empha-

10H2O showing the two types of hexacyanocobaltate(III) anions [48].
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Fig. 9. Plot of the variation in the 195Pt NMR chemicals shifts of PtCl62−
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pon addition of increasing amounts of [H10([30]aneN10)]10+. R = [H10([30]-
neN10)10+]/[PtCl6]2−. Reprinted with permission from Ref. [52]. Copyright
987 American Chemical Society.

ize that the complex anions are placed outside the macrocyclic
ole.

One can imagine that the octahedral shape and the size of
tCl62− could hinder its inclusion into the macrocycle. How-
ver, at least in the solid state, inclusion was also not detected
or the square planar anion [Pt(CN)4]2− even if all calcula-
ions and models suggested that there was enough free room
or this process to occur. The crystal structure of the solid
H10([30]aneN10)][Pt(CN)4)5]·2H2O showed again an array of
ydrogen bonds involving the protonated macrocycle and the
etallocyanide anions whose cyanide groups point directly

owards the macrocyclic cavity (Fig. 11).
Due to the stronger and more inert character of the Pt–CN

ond, it was possible to study these systems by means of pH-
etric techniques detecting the formation of 1:1 adduct species.
noticeable increase in stability was observed in going from
30]aneN10 to the larger [33]aneN11 suggesting possible inclu-
ion of the anion within the macrocyclic hole.

As it can be noticed, there is not agreement between the stoi-
hiometries in the solid state and in solution. 195Pt NMR studies

s
a
t
H

ig. 10. Detail of the crystal structure of [H10([30]aneN10)[PtCl6]2Cl6·2H2O showi
reen are chloride anions [52]. (For interpretation of the references to color in this fig
ig. 11. Detail of the crystal structure of [H10([30]aneN10)][Pt(CN)4]5·2H2O
howing the anions involved in hydrogen bonding with the protonated receptor
52].

n D2O failed to give information about the formation of adduct
pecies of higher nuclearity due to precipitation of the polyam-
onium salts.
A closer relationship between the events coming up in

olution and in the solid state occurs, however, in the sys-
em PdCl42−–H10([30]aneN10)10+. The solution studies for the
ifferent Hk([3k]aneNk)k+ systems were carried out by batch
icrocalorimetry in 0.1 M HCl aqueous medium (Table 2).
he measurements had equilibration times within the time-
cale of the experiment for H ([18]aneN )6+, H ([21]aneN )7+
6 6 7 7
nd H8([24]aneN8)8+ becoming, however, much slower for
he next two terms of the series H10([30]aneN10)10+ and

11([33]aneN11)11+. Although all the reactions show slightly

ng the outer location of the PtCl62− anions. Red dots are water molecules and
ure legend, the reader is referred to the web version of the article.)
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Table 2
Enthalpy terms and equilibration times for the reactions of fully protonated
[3k]aneNk macrocycles and PdCl42− determined in 0.1 M HCl in a BATCH
microcalorimeter [50,51]

Reaction −�H◦ (kcal mol−1) Time (min)

H6([18]aneN6)6+ + PdCl42− 1.5(1) 20
H7([21]aneN7)7+ + PdCl42− 1.5(1) 20
H8([24]aneN8)8+ + PdCl42− 1.6(1) 20
H9([27]aneN9)9+ + PdCl42− 2.9(1) 120
H
H
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10([30]aneN10)10+ + PdCl42− 3.9(1) 110

11([33]aneN11)11+ + PdCl42− 3.1(1) 50

xothermic enthalpy terms, the values for (H10[30]aneN10)10+

nd H11([33]aneN11)11+ doubled the other ones. These experi-
ental evidences suggest that H10([30]aneN10)10+ was the first

erm of the series for which inclusion of the PdCl42− within
he macrocyclic cavity occurred. The slower equilibration time
hould account for conformational reorganizations following
ost–guest interaction.

The crystal structure of [(PdCl4)(H10[30]aneN10)](PdCl4)2-
l4 (Fig. 12) shows that one of the PdCl42− is included into the
llipsoidal cavity of the decaprotonated macrocycle along the
horter axes [50,51]. The chlorine atoms stand out of the macro-
yclic framework forming hydrogen bonds with the closest nitro-
ens of the macrocycle. The outer PdCl42− anions participate
lso in hydrogen bonding with the several ammonium groups
f the receptors. Although, as previously mentioned, the shape
f the macrocycle is greatly defined by coulombic repulsions
etween protonated nitrogens, attractive charge–charge interac-
ions with the anions and hydrogen bonding do play also their

ole in determining the conformation of the protonated receptor.
s a matter of fact, the conformations found in all the discussed

tructures are somewhat different. Thus, it can be stated that the
oarse fitting of the macrocyclic conformation is performed by

ig. 12. Drawing of the cation [(PdCl4)(H10[30]aneN10)]8+. Hydrogen bonding
s indicated with blue-dotted lines. Hydrogens not shown [50,51]. (For interpre-
ation of the references to color in this figure legend, the reader is referred to the
eb version of the article.)
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Chart 4.

he charge while hydrogen bonding should be playing a sort of
ne tuning.

Although electrostatic attraction is the main driving force
or adduct formation, sometimes the supplemental contri-
ution of hydrogen bonding seems to play a key role
n the effective formation of the adducts. A very illus-
rative case was reported by Bianchi et al. for macrocy-
les Me8[12]aneN4

4+ and H4([20]aneN4)4+ (see Chart 4)
64,65]. Nitrogen quaternization in Me8[12]aneN4

4+ pre-
ents hydrogen bonding and no appreciable interaction with
nions such as ATP4− or [Co(CN)6]3− was detected for
his macrocycle. On the other hand, H4([20]aneN4)4+ dis-
laying a lower charge density but with possibility of form-
ng hydrogen bonds interacts in water with [Co(CN)6]3−,
Fe(CN)6]4− or ATP4− with log Ks values for the reaction
H4([20]aneN4)]4+ + An− � [H4([20]aneN4)A](4 − n) of 2.38,
.62 and 3.81, respectively.

. Carboxylate anions

Interaction of carboxylate anions with polyammonium recep-
ors was reported in the very beginning of anion coordination
hemistry due to the fundamental biological roles of these anions
14,16,20,66–68]. Since then, the selective targeting of dicar-
oxylate and polycarboxylate anions has constituted a preferen-
ial goal in host–guest chemistry and even nowadays still persists
69–75].

Our first approach to this topic was to consider the interac-
ion of the macrocycle [21]aneN7 (see Chart 2) in its protonated
orms with two benzenetricarboxylic acid isomers, with Kemp’s
cid cis,cis-1,3,5-trimethyl-1,3,5-cyclohexanetricarboxylic acid
c,c-TMCT) and with its isomer cis,trans-1,3,5-trimethyl-1,3,5-
yclohexanetricarboxylic (c,t-TMCT) (Chart 5) [76,77]. Car-
oxylates derived from benzenetricarboxylic acids can be con-
idered as ideal models for rigid anionic substrates having well-
efined shapes in terms of charge density and hydrogen bonding.

Kemp’s triacids also display relatively rigid structures due
o its very simple conformational equilibrium which brings
he carboxylate groups from equatorial to axial position when

rst protonation occurs. For comparison the less-rigid citric

ricarboxylic acid and 1,2-benzenedicarboxylic (1,2-BDC) and
,3-benzenedicarboxylic acids (1,3-BDC) were also studied
Chart 5).
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Chart 5.

Table 3
Protonation constants for the tricarboxylic acids 1,2,3-BTC, 1,3,5-BTC, c,c-TMCTC, c,t-TMCTC and CIT (0.15 M NaClO4, 298.1 K) [76,77]

Reactiona 1,2,3-BTC 1,3,5-BTC c,c-TMCT c,t-TMCT Cit

A + H�HA 5.401(2) 4.382(2) 7.289(5) 6.921(5) 5.401(2)
H
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A further way to describe these systems is to consider
the analytical apparent constants which are calculated, for
every pH value, as the quotient between the summation of
the complexed species and the summation of the free reagents
+ HA�H2A 3.90(1) 3.66(1)
+ H2A�H3A 2.65(2) 2.97(2)

harges omitted for clarity.

This kind of anions introduces an additional problem in the
nalysis of the stability constants of the systems since they are
rotic species that will bear proton transfer reaction in the usual
H range of study. Table 3 collects the protonation constants for
he tricarboxylic guests. Therefore, a proper comparison of the
quilibrium data for these systems has to take into account the
ctual protonation degrees of host and guest species.

However, as citrate and 1,2,3-benzenetricarboxylate (1,2,3-
TC) have practically the same protonation constants, in this
ase the interaction constants can be directly compared and show
clear preference of the aromatic tricarboxylate over citrate in all

he pH range of complexation. The constants for 1,2,3-BTC are
hree orders of magnitude greater than those of citrate. The dis-
ribution diagrams in Fig. 13 clearly reflect this situation; while
or 1,2,3-BTC the adduct species predominate over all the pH
ange, for citrate the prevailing species are the free carboxylate
rianion and its protonated forms.

Owing to their different protonation constants the compar-
sons for the other acids are not so straightforward. Therefore, it
eemed opportune to establish a criterion taking into account this
act that provided a clear picture of selectivity patterns [77,78].
n appropriate way was to calculate the distribution diagram for

he mixed systems Anion A–Anion B–[21]aneN7 and represent
heir overall percentage of formation. This method permits to
stablish selectivity ratios at any pH and does not require any
ssumption on the location of protons in the interacting species,
hich is required to transform cumulative association constants

nto stepwise ones and is a common source of erroneous inter-
retation of selectivity. Fig. 14 shows such a diagram for the

ixed system [21]aneN7-c,c-TMTCC-c,t-TMCT.
This plot indicates that in a 1:1:1 mixture of the two isomers

nd of the receptor, the cis,cis-isomer will be selected at a larger
xtent by the receptor.

F
a

6.20(1) 4.72(1) 3.90(1)
3.59(3) 3.82(3) 2.65(3)
ig. 13. Distributions diagram for the systems: (A) [21]aneN7 (l)-citrate (A)
nd (B) [21]aneN7 (L)-1,2,3-BTC (A) [77].
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ig. 14. Calculated overall percentages of complexation in the mixed system
21]aneN7-c,c-TMCT-c,t-TMCT. Concentrations of all reagents 10−3 M [77].

Fig. 15) [79].

cond =
∑

[Hj+iLA]
∑

[HjL] × ∑
[HiA]

This way of treating the data provides, for all the pH range
f study, equilibrium constants comparable to those obtained
y other techniques at fixed pH values. On the other hand ther-
odynamic selectivity can be calculated at any pH value by

ust dividing the apparent constants. The selectivity of proto-
ated [21]aneN7 for c,c-TMCT over c,t-TMCT would be 15 at
H 7.4, 46 at pH 6.0 and 100 at pH 4.0. The polyammonium
ost compound behaves as a rather flat charge surface that will
atch all three carboxylate groups of the cis,cis-isomer while it
ould match only two groups in the cis,trans-isomer as shown

n the models (Fig. 16). Since neither the carboxylic/carboxylate
ubstrates nor the polyammonium guest have a suitable electro-
hemical behavior, competition experiments between the car-
oxylate anions and hexacyanoferrate(II) were set up in order
o check the interactions by an alternative way. These experi-

ental evidences help to confirm the magnitude of the stability
onstants as well as the stoichiometries and monomer nature of
he host–guest adducts formed [77].

The same reasoning explains why 1,2-BDC interacts stronger
ith [21]aneN7 than the triacid c,t-TMCT by (Fig. 17).
Other recent examples of shape-selectivity in the selective
ecognition of tricarboxylic acid isomers are provided by the
acrocycle R,R-Tris-pB2CH (see Chart 6) which contains three

rans(1R,2R)-diaminocyclohexane units connected by p-xylene
pacers [80] and the two tripodal ligands Tris-cyclen and Tris-

ig. 15. Logarithms of the apparent stability constants for the systems
21]aneN7-c,c-TMCT and systems [21]aneN7-c,t-TMCT.
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ig. 16. CPK models showing the matching between protonated [21]aneN7 and
,c-TMCT (top) and c,t-TMCT (bottom) [76,77].

socyclam containing, respectively, three cyclen and three iso-
yclam hanging moieties [81].

Potentiometric and NMR analysis on the interaction of R,R-
ris-pB2CH with the 1,3,5-BTC, 1,2,4-BTC and 1,2,3-BTC
cids and their relevant anions show that the interaction is high-
st for the isomer 1,3,5-BTC which perfectly fits within the

acrocyclic cavity of the host species (Fig. 18). The studies have

een extended to the triacid 1,3,5-benzenetriacetic (1,3,5-BTA)
bserving in this case the effect of a size mismatch between host
nd guest species (Fig. 18).

ig. 17. Plot of the logarithm of apparent stability constants vs. pH for the
ystems [21]aneN7-1,2-BDE and [21]aneN7-c,c-TMCT.



E. Garcı́a-España et al. / Coordination Chem

Chart 6.
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Fig. 18. Ball and stick and CPK molecular models for the system H3L3+ and the tric
and D). Reprinted with permission from Ref. [80]. Copyright 2005 American Chemi
istry Reviews 250 (2006) 2952–2986 2963

Recognition of 1,3,5-BTC over 1,2,4-BTC and 1,2,3-BTC
as also achieved by means of the two tripodal ligands Tris-

yclen and Tris-isocyclam [81]. The binding properties of these
igands were studied by means of potentiometric, NMR and

icrocalorimetric measurements showing that both ligands form
table 1:1 complexes with all three substrates, the complex
tability depending on the protonation state of receptors and sub-
trates. As shown by molecular dynamic calculations all three
nions are encapsulated into the bowl-shaped receptor cavity
iving rise to charge–charge and hydrogen bond attractive inter-
ctions. 1,3,5-BTC, which displays the same ternary symmetry
f Tris-cyclen and Tris-isocyclam, shows the best complemen-
arity with these receptors with which it forms a close network
f six salt bridges reinforced by hydrogen bonds involving
he six carboxylate oxygens. The lowest energy conformer of
H7Tris-cyclen(1,3,5-BTC)]4+ is reported in Fig. 19. Such com-
lementary matching between substrate and receptor is at the
rigin of the marked recognition of 1,3,5-BTC over 1,2,4-BTC
nd 1,2,3-BTC.

The calorimetric study pointed out that the complexes with
hese tricarboxylate substrates are in general stabilized by favor-

ble entropic contributions when the substrates are completely
eprotonated and by favorable enthalpic contributions for pro-
onated substrates.

arboxylate anions derived from 1,3,5-BTC (A and B) and from 1,3,5-BTA (C
cal Society.
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ation, is generally observed. These observations are strongly
ig. 19. Lowest energy conformer of the [H7Tris-cyclen(1,3,5-BTC)] com-
lex. Dashed lines represent hydrogen bonds. Reprinted with permission from
ef. [81]. Copyright 2005 American Chemical Society.

. Sulfate, phosphate, pyrophosphate and triphosphate

Among anionic substrates, phosphate anions are of spe-
ial interest due to their widespread participation in biological
ystems. Phosphate recognition by proteins has been recently
llustrated by a crystal structure of the phosphate binding pro-
ein (PBP), which is a periplasmatic protein that transports
rthophosphate in bacteria once the anion has crossed the outer
embrane cell. In this protein, HPO4

2− is buried in a fully
ehydrated form in a crevice 8 Å below the protein surface
orming 12 hydrogen bonds contacts with the protein [82,83].
leven of these hydrogen bonds involve oxygen atoms of the
nion and hydrogen bond donor groups of the protein while in
nly one the anion OH− group behaves as a hydrogen bond
onor.

In its turn the sulfate binding protein (SBP), which has a
imilar anion transport role in bacteria, binds sulfate through
seven hydrogen bond network between the oxygen atoms of

ulfate and NH groups of the protein backbone, being a tryp-
ophane and a serine residue participating also in the binding
83–85]. The lack of hydrogen bond acceptors in the binding
ite explains the poor affinity of this protein for phosphate and
he sulfate–phosphate discrimination.

Different examples of phosphate and sulfate complexation by
ynthetic polyammonium receptors in water have been reported
n the literature [14,66,68,86–105]. Here we are going to discuss
xamples of phosphates and sulfate interaction with polyam-

onium receptors in water for which, in addition to binding

onstants, also the enthalpy and entropy terms are available
103–105]. In particular, only reliable enthalpy terms measured

i
p
s

Chart 7.

y means of microcalorimetric titrations will be considered. This
ind of data is very important to interpret which is the major con-
ribution affecting the stability of anion complexes in water and
hich is the role, if any, played by hydrogen bonds.
A complete thermodynamic characterization of the anion

omplexes formed by phosphate and pyrophosphate with the
olyammonium cations deriving from the macrocyclic and
cyclic polyamine ligands shown in Chart 7 was performed by
eans of potentiometric and microcalorimetric measurements,
hich furnished equilibrium data for complexes in many differ-

nt protonation states [103].
In spite of their different sizes, molecular architectures and

umber of binding groups, these ligands form only complexes
f 1:1 anion/receptor stoichiometry in solution with both anions.

1H and 13C NMR spectra performed with solutions of these
igands at various pH values show that the formation of phos-
hate and pyrophosphate complexes does not alter the proto-
ation patterns and the topology of the charged groups in the
igands and does not modify significantly the overall conforma-
ion of the protonated receptors, with the exception of Ph2Me6N6
hich experience some conformational changes. Only a mod-

st general displacement of NMR signals corresponding to the
ncrease of ligand basicity, brought about by anion complex-
ndicative of the fact that in the formation of such anion com-
lexes the interacting partners maintain their identity and no
ignificant redistribution of protons occurs, that is, under our
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xperimental conditions, hydrogen bonded ion pairs are favor-
bly formed.

In contrast with the general trend of increasing stability with
ncreasing charge of receptors and anions previously observed
or the complexes of these ligands with other inorganic anions
ike [Fe(CN)6]4−, [Co(CN)6]3− and [Pt(CN)4]2− [49,52,53],
he stability trends of phosphate and pyrophosphate complexes
re not strictly determined by electrostatic contributions. For
nstance, the stability of the complexes formed by HPO4

2− with
he mono-, di- and tri-protonated forms of B343 decreases with
ncreasing charge on the ligand, while the stability of the com-
lexes formed by H4(Ph2Me6N6)4+ with HP2O7

3−, H2P2O7
2−

nd H3P2O7
− increases with decreasing charge on the anion.

uch unprecedented behavior was ascribed, as later discussed
n, to the particular ability of phosphate species in behaving as
cceptors and donors of hydrogen bonds.

Considering the stability of the complexes formed by phos-
hate and pyrophosphate, in a given protonation degree with the
ame receptor, it can be observed that also in this case no strict
rends are found and, in contrast to electrostatic expectations, the
ess charged anion can form more stable complexes. However,
n a general sense, pyrophosphate displays a greater propensity
o form complexes, in particular with greater ligands in high
rotonation degrees and especially with open-chain ligands.

Many of these complexation reactions are almost athermic
r endothermic and promoted by favorable entropic contri-
utions (T �S◦ > 0), in agreement with the ideal electrostatic
odel, although there is also a considerable number of reac-

ions promoted by large favorable enthalpy changes (�H◦ < 0)
nd accompanied by evident entropy loss. Phosphate, pyrophos-
hate anions and polyammonium receptors can be involved in
he formation of many hydrogen bonds in which both the anions
nd the receptors can act as acceptors or donors. Hydrogen bond-
ng is largely determined by electrostatic attraction, although
ignificant contribution is also furnished by charge-transfer, dis-
ersive and covalent forces. In particular, when hydrogen bonds
ake place between chemical species characterized by marked
cid/base properties like the present ones, contributions from
roton transfer (charge-transfer) from the donor to the accep-
or groups may be of considerable importance. There are five
ossible modes (1)–(5) of hydrogen bonding involving amine
r ammonium groups and phosphate, or protonated phosphate
nions.

N H+· · ·O �H◦ > 0, T ΔS◦ > 0 (1)

N H+· · ·OH ΔH◦ > 0, T ΔS◦ ≈ 0 (2)

N H· · ·O ΔH◦ > 0, T ΔS◦ ≈ 0 (3)

N H· · ·OH ΔH◦ > 0, T ΔS◦ < 0 (4)

N|· · ·H O ΔH◦ < 0, T ΔS◦ < 0 (5)

aking into account that deprotonation of an amine group is a

trongly endothermic reaction while protonation of phosphate
nions is almost athermic, the partial amine-to-anion proton
ransfer processes involved in the four hydrogen bonding modes
1)–(4) are expected to give unfavorable enthalpic contributions

p
i
g
u

istry Reviews 250 (2006) 2952–2986 2965

�H◦ > 0), while the partial proton transfer process of the bond-
ng mode (5), occurring from the anion to the amine group, is the
nique one furnishing favorable enthalpy changes (�H◦ < 0).

Nevertheless, the type of hydrogen bond occurring between
nion and receptor is strictly connected with the extent of proton
ransfer from the donor to the acceptor, which depends on the

O separation. For instance, the difference between hydrogen
ond in the ion pair (1) and in the neutral complex (2) vanishes
or short separations. In the case of phosphate and pyrophosphate
omplexes with polyammonium ligands the strong electrostatic
ttraction brings the anion and the receptor in contact with each
ther. Under these conditions both types of hydrogen bonds can
e formed depending on the complex structure and the pro-
onation degree of the reacting species, as observed in crystal
tructures of H2P2O7

2− complexes with polyammonium recep-
ors [94,103].

By adopting a similar reasoning, the unusual stability trends
bserved for the formation of phosphate and pyrophosphate
omplexes can be explained by assuming the formation of dif-
erent hydrogen bonds whose contribution is decisive even in

competitive solvent like water which is a good donor and
cceptor of hydrogen bonds. Actually, the stability decrease
reviously highlighted for the complexes formed by HPO4

2−
ith the mono-, di- and tri-protonated forms of B343 can be

nterpreted in term of increasing hydrogen bond donor prop-
rties (type (1) bonds) of the receptors, leading to unfavorable
nthalpic contributions, while the stability increase of the com-
lexes formed by pyrophosphate and H4(Ph2Me6N6)4+, as the
harge on the anion decreases from HP2O7

3− to H3P2O7
−, can

e attributed to the greater donor ability of more protonated
nions (type (5) bonds) determining more favorable enthalpic
nd less favorable entropic contributions.

In a successive work the binding constants, as well as
he enthalpy and entropy terms, for the formation of sul-
ate complexes with protonated forms of [18]aneN6, Me2[18]-
neN6, Me4[18]aneN6, [21]aneN7, Me3[21]aneN7, Ph2Me6N6,
e2pentaen, Me2hexaexen (see Chart 7) and other polyamines

eported in Chart 8 were determined by means of the same poten-
iometric and microcalorimetric methods [104].

Also in the case of sulfate only complexes with 1:1 anion/
eceptor stoichiometry are formed in solution but, in contrast to
hosphate complexes, the equilibrium constants for the binding
f SO4

2− increase with increasing positive charge on the pro-
onated receptors indicating that electrostatic attraction is the
rincipal force determining the stability of these anion com-
lexes, although also hydrogen bonding is expected to give
favorable contribution. In this case, however, no protonated

orms of SO4
2− exist in the studied pH range and, then, SO4

2−
an only act as hydrogen bond acceptor preventing the formation
f type (5) hydrogen bonds in the complexes, which give rise to
he peculiar stability trends found for phosphate complexes.

Both nitrogen methylation and the presence of aromatic
roups in the ligand increase the stability of the sulfate com-

lexes with respect to aliphatic not methylated ligands, by reduc-
ng the overall solvation of the receptors; less solvated receptors
ive rise to less energetically expensive desolvation processes,
pon complexation, contributing to enhance the complex sta-
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The cavity of this receptor is also a suitable lodging for
large anions, such as phosphate, pyrophosphate and triphos-
phate (Fig. 21). Inclusion of similar anions into the molecu-
Chart 8.

ility. Only the two ligands containing the large phenanthroline
roups (Chart 8) form weaker complexes, most likely as a result
f repulsive interactions between the negative charge of the anion
nd the extended electronic � cloud of the aromatic moieties.

For methylated polyamines a considerable contribution to
he enhancement of complex stability has to be ascribed to the
arked localization of positive charges produced in the ligands

y the higher basicity of secondary amine groups in water with
espect to tertiary (methylated) ones leading to stronger interac-
ions with the anion. As a matter of fact, for a given charge of the
eceptor, the complex stability is higher for [18]aneN6 than for
he larger [21]aneN7, in agreement with the electrostatic nature
f the interaction, but when methylated ligands are considered,
ifferent trends can be found. For instance, the equilibrium con-
tants for SO4

2− binding with Me2[18]aneN6, Me4[18]aneN6
nd Me3[21]aneN7 are equal, within the experimental errors,
or all diprotonated forms, and the same applies for the tripro-
onated ones. On the other hand, the tetraprotonated forms of

e2[18]aneN6 and Me4[18]aneN6 interact with SO4
2− more

trongly that the tetraprotonated form of Me3[21]aneN7, while
n opposite trend is observed when considering the pentaproto-
ated species formed by Me4[18]aneN6 and Me3[21]aneN7.

As shown by the microcalorimetric study, the reactions of
O4

2− binding are endothermic, or almost athermic, and pro-
oted by invariably favorable entropic contributions (T�S◦ > 0),

n agreement with the ideal electrostatic model, and in contrast to
he previous results for phosphate binding. Since SO4

2− does not
orm protonated species under the investigation conditions, only
ydrogen bonds of types (1) and (3) may occur in the formation
f the sulfate complexes justifying the endothermic, or almost
thermic character of the binding reactions. Furthermore, pro-
onation of sulfate anion is endothermic and consequently the
artial proton transfer processes occurring with the formation

f types (1) and (3) hydrogen bonds act in the same direction
nhancing the endothermic character of the binding reactions.

Hence, the stability of these sulfate complexes in solution is
ostly determined by largely predominant entropic terms pro-
ig. 20. Calculated overall percentages of complexation in the mixed system
O4

3−/SO4
2−/[21]aneN7. Concentrations of all reagents 10−3 M [104]. Repro-

uced by permission of The Royal Society of Chemistry.

uced by the desolvation of the interacting species occurring
pon charge neutralization accompanying the pairing processes.

A comparative analysis of the binding ability of these lig-
nds towards sulfate and phosphate, performed by means of
alculated selectivity diagrams, furnishes an interesting exam-
le of selectivity pattern for [18]aneN6. As shown in Fig. 20,
n alkaline solution (pH > 8.5) sulfate is selectively recognized
ver phosphate, but a selectivity inversion occurs on lowering
he solution pH, when the phosphate complexes become largely
redominant. Hence, selective recognition of phosphate over
ulfate takes place along with increasing phosphate protonation
imicking the function accomplished in living systems by phos-

hate binding proteins.
The desolvation process occurring upon complexation can be

he driving force for anion binding with polyammonium recep-
ors even in the case of phosphate type anions in water. The
igand Bisby, for example (see Chart 9) is folded by the propy-
enic bridge forming a deep cleft where many water solvent

olecules can be hosted, in particular when it is protonated
105].
Chart 9.
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ig. 21. Proposed model for the interaction of protonated forms of Bisby with
riphosphate [105].

ar pocket of the protonated receptor causes the exclusion of
any water molecules from the cavity which is expected to

e accompanied by a favorable entropic effect. Actually, the
hermodynamic parameters determined for the complexation
f phosphate, pyrophosphate and triphosphate with Bisby in
ater are invariably promoted by largely favorable entropic con-

ributions while the enthalpic ones are invariably unfavorable
ven if enthalpically favorable type (5) hydrogen bonds can be
ormed. In general, the stability of these complexes increases
ith increasing receptor charge, in agreement with the ideal

lectrostatic model of ions pairing, but for a given charge of
he receptor, anion protonation can produce a stability enhance-

ent, indicating that the formation of type (5) hydrogen bonds
re actually acting at some extent.

In conclusion, as shown by the different behaviors illus-
rated here for the binding of sulfate and phosphates anions
ith polyammonium receptors in aqueous solution, the forma-

ion of hydrogen bonds between anion and receptor can be of
onsiderable importance in such competitive solvent, in par-
icular when protonated forms of the anion are involved. The
inding properties of the receptors are determined by the num-
er and localization of the positive charges as well as by the
igand conformation and the presence of hydrophobic aromatic
roups.

. Mononucleotide anions

Polyammonium macrocycles have proved to be interesting
ynthetic mimics of a variety of phosphoryl transfer enzymes.
ne of the first ligands to be examined under this point of

iew was the 24-membered dioxahexazamacrocycle 1,13-dioxa-
,7,10,16,19,23-hexaazacyclotetracosane ([24]aneN6O2) also
nown as O-bisdien which was found to exhibit both ATPase
nd kinase activity [106–115].

v
o
l
a

ig. 22. Plot of the logarithms of the apparent stability constant vs. pH for the
ystem [3k]aneNk-ATP (k = 7–11) [91].

Following this line of research, the ATP binding and activa-
ion capabilities of the series of large [3k]aneNk macrocycles
as examined (see Chart 2) [91]. In order to have a more com-
lete picture of the situation, we also analyzed the interaction of
hese receptors with AMP and ADP and with the anions phos-
hate and pyrophosphate. The formation constants for all the
etected adduct species were calculated by means of potentio-
etric techniques at constant ionic strength of 0.15 M NaClO4.
e-examination of those constants under the criterion discussed

n the latter section indicates that [21]aneN7 is one of the recep-
ors interacting weakest with ATP at any protonation degree
hile the maximum interaction would occur for the system ATP-

30]aneN10 (Fig. 22).
Notwithstanding this fact, HPLC and 31P NMR measure-

ents recorded at pH’s 3.0 and 7.0 proved that [21]aneN7 was
he macrocycle producing the largest rate enhancement of the
ydrolytic cleavage of ATP into ADP and the so-called inor-
anic phosphate. It is interesting to remark that the interaction
f anyone of these receptors with ATP is much higher than with
DP, AMP or phosphate. Therefore, ATP hydrolysis induced
y [3k]aneNk polyazacycloalkanes is free, for the major part,
f inhibiting agents generated by its own hydrolysis. The only
nion that competes in binding strength with ATP and that might
xert a real inhibiting effect is pyrophosphate but it was not
ormed under the experimental condition used in the experi-
ents.
The rates of dephosphorylation were dependent on ATP con-

entration and pH. At pH 3 the rate of ATP hydrolysis in the
resence of [21]aneN7 was k = 0.029 min−1 at 20 ◦C for an initial
TP concentration 10−5 M. At higher temperatures and/or con-
entrations the rates for this macrocycle were too fast to be mon-
tored using HPLC and NMR techniques. All the other macrocy-
les showed considerable lower rates being [24]aneN8 the fastest
ne with k = 0.0045 min−1 (T = 40 ◦C, [ATP]0 = 10−5 M). Either
he four larger macrocycles [27]aneN9, [30]aneN10, [33]aneN11
nd [36]aneN12 or the smaller [18]aneN6 were clearly slower. At
H 7 all macrocycles showed slower rates than at pH 3. This can
e attributed to a lessened participation of general acid catalysis.

The highest efficient of [21]aneN7, particularly at lower pH

alues, can be attributed to several factors. First, the magnitude
f the interaction does not seem to be a key point since the
arger macrocycles show less efficiency. Second, if the mech-
nism proceeds through formation of a covalent intermediate
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Table 4
Major and minor axes for the average ellipsoid of polyammonium macrocycles
[54]

Macrocycle Major axis (Å) Minor axis (Å)

H4([18]aneN6)4+ 7.682 6.212
H4([21]aneN7)4+ 7.653 6.725
H 61+
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in Ph2Pip2Me4N8, the piperazine rings, give rise to rigid macro-
cyclic frameworks. The protonation patterns of these ligands,
determined by means of potentiometric and NMR studies
6([24]aneN6O2) 10.005 6.714
H8([30]aneN10)][Co(CN)6]2Cl2·10H2O 15.486 6.873

hosphoramidate species, the nucleophilicity of the macrocyclic
mines should be critical. In the case of the fastest [21]aneN7
acrocycle, evidences of formation of such covalent intermedi-

te were provided by a 31P NMR signal appearing at ca. 10 ppm
hich was coincident with that displayed by a synthetically pre-
ared phoshoramidate. Factors which favor nucleophilicity are:
i) reduced overall positive charge at a given protonation, (ii)
ydrophobicity of the environment where the reaction occurs,
iii) electron donor substituents. As at a given pH [21]aneN7 is
ess charged than the larger ligands, this should favor a nucle-
philic attack. However, the same reasoning should drive to a
igher efficiency of the smaller [18]aneN6 and this was not the
ase.

Therefore, other factors affecting the electronic and stereo-
hemical matching between receptor and substrate have to play a
ey role in this activity. [24]aneN6O2 (O-bisdien), that produces
lso a very significant rate enhancement which is persistent from
cidic to neutral pH, shares with [24]aneN8 the feature of having
he same number of atoms in the macrocyclic ring.

Table 4 collects the minor and major axes defining the ellip-
ical shapes of various macrocycles whose structure have deter-

ined by X-ray diffraction analysis.
As seen in Table 4, the macrocycles showing highest efficien-

ies have very close dimensions of the minor axis. Modeling
tudies indicated that ATP would be located along this common
inor axis. Later we will discuss further this size effect.
Methylation of the nitrogen atoms is a way of increasing

he nucleophilicity of the amine groups and in this respect sev-
ral methylated [3k]aneNk receptors were prepared (Chart 7)
92,97,116].

The effects of methylation on the rate of ATP cleavage
re, however, not uniform since apart from the electron donor
roperties there are other factors also operating. With respect
o the stability of the interaction ATP-macrocycle for the
dducts formed between ATP and the 18-membered macro-
ycles, Me2[18]aneN6 is the receptor forming the most stable
dducts, while for the ATP adducts of the 21-membered macro-
ycles the non-methylated [21]aneN7 forms more stable com-
lexes than Me3[21]aneN7. Methylation, apart from providing
lectron density to the nitrogen atoms, modifies the size and con-
ormation of the macrocycles. These facts can yield on balance
tabilizing or non-stabilizing contribution to the formed adducts.
nother case in which there is an increase of the stability of the

TP adducts upon permethylation of the nitrogen atoms refers

o macrocycles pB323 and B323Me4 (Chart 10) [102].
The same happens for the kinetic rates of the dephosphoryla-

ion processes. Me4[18]aneN6 produces a greater rate enhance-
Chart 11.

ent than [18]aneN6. At pH 3 and 80 ◦C for [ATP]0 = 0.01 M,
e4[18]aneN6 produces a 20-fold rate acceleration with respect

o free ATP while [18]aneN6 just yields a five-fold rate enhance-
ent. However, in the case of the 21-membered macrocycles,
ethylation of [21]aneN7 to give Me3[21]aneN7 modifies its

ptimal size and leads to a much poorer hydrolytic rate.
Insertion of two pyridylmethyl hanging groups on Me4[18]-

neN6 (Py2Me4[18]aneN6, Chart 11) leads to enhanced bind-
ng ability towards ATP at acidic pH [117]. Unfortunately, data
egarding the effect on ATP hydrolytic cleavage are not available
or the new ligand.

Besides the previous effects, permethylation of amine ligands
ives rise to polyammonium receptors with highly reduced abil-
ty in forming hydrogen bonds with the substrates. This may lead
o unexpected binding selectivity. An interesting case regards
he formation of ADP and ATP complexes with polyammonium
eceptors derived from the cyclophanes Ph2Me6N6 (Chart 7)
nd Ph2Pip2Me4N8 (Chart 12) [118].

These two ligands present a similar molecular architecture
omposed of two polyamine subunits linked by aromatic spac-
rs. The presence of aromatic moieties, the short ethylenic
hains connecting the amine groups, nitrogen methylation and,
Chart 12.
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ig. 23. Charge disposition in H4(Ph2Me6N6) and H5(Ph2Pip2Me4N8)
acrocycles [118]. Reproduced by permission of The Royal Society of
hemistry.

howed that, despite the different number of nitrogen atoms
n the molecules, similar arrangements of positive charges are
chieved in the polyprotonated species [118,119]. For instance,
oth in H4(Ph2Me6N6)4+ and in H5(Ph2Pip2Me4N8)5+, four

cidic protons are located on the benzylic nitrogens forming
ectangular arrangements of positive charges of very similar
imensions (Fig. 23). Of course, an additional positive charge
s present in H5(Ph2Pip2Me4N8)5+.

b

p
i

ig. 24. Lateral and top views of the crystal structure of H4(Ph2Me6N6)4+ (a) and H
rrows [119].
istry Reviews 250 (2006) 2952–2986 2969

Such similarity in the spatial distribution of charge in the
wo polyammonium cations leads one to suppose that a sim-
lar charge–charge matching between the phosphate chains of
TP or ADP and the receptors can be achieved. Moreover,

t seems reasonable to expect that Ph2Pip2Me4N8 is a bet-
er receptor than Ph2Me6N6 since the former, owing to its
igher number of amine groups, forms more charged species
han the latter under similar conditions. Rather surprisingly,
owever, while the two nucleotides form stable complexes
ith various protonated forms of Ph2Me6N6, no interaction
ith Ph2Pip2Me4N8 was detected by means of potentiomet-

ic and NMR measurements over the whole pH range. A
easonable interpretation of such behavior can be drawn by
onsidering the crystal structures of the H4(Ph2Me6N6)4+ and
5(Ph2Pip2Me4N8)5+ cations (Fig. 24). In H4(Ph2Me6N6)4+ the

our N–H+ groups are convergent allowing the receptor to form
our hydrogen bonded salt bridges with the phosphate chain of
he nucleotides. On the other hand, in H5(Ph2Pip2Me4N8)5+

he five N–H+ groups are divergent, preventing the simulta-
eous interaction with the nucleotides and the formation of
omplexes. Hence charge–charge attraction, although is the
riving force for most ion pairing processes in water, not
lways produces enough energy to stabilize anion complexes
ith polyammonium receptors. As shown in this case, as well

s in previous cases, the formation of salt bridges reinforced
y hydrogen bonds can be the key to achieve efficient anion

inding.

Complexation induced 1H chemical shifts of the adenine
rotons of ATP and ADP evidenced that a modest �-stacking
nteraction between the nucleobase and the aromatic groups of

5(Ph2Pip2Me4N8)5+ (b). The orientation of N–H+ groups is indicated by the



2 Chemistry Reviews 250 (2006) 2952–2986

t
p

p
i
n
n
s
l
b
r
T
c
S
r
[

l
m
P
A
h
�
A
s

i
p
e
s
t
t
d
p
b

s
o
C
o
s
o

r
b
t
w
A
r

i
3

m
t
c
u
specific since it stops in the formation of ADP and does not
proceed significantly further.

The critical size required is manifested in the fact that either
the ortho or para-isomers of mB22222, containing 20- and 22-
970 E. Garcı́a-España et al. / Coordination

he receptors furnishes some stabilization to the nucleotide com-
lexes of Ph2Me6N6.

�,�-Stacking is one of the forces that can be used to com-
lement coulombic interactions and hydrogen bonding forces
n nucleotide recognition. While the phosphate chain of the
ucleotide represents a good electrostatic binding point, the
ucleoside part may operate as an adequate site for �,�-
tacking interactions with appropriate functionalities of the
igand. One of the first types of synthetic ligands able to
ehave as multifunctional receptors for nucleotide anions were
eported in 1988 by Lehn and his co-workers [120,121].
he receptors consisted of the well-known polyazamacrocy-
le bisdien that had been functionalized with acridine subunits.
chneider and co-workers presented a multifunctional anion
eceptor combining hydrophobic and electrostatic interactions
122].

Within this context, a receptor for nucleotides formed by a
ong hexaamine chain attached through methylene groups to a
-xylil spacer was developed (mB33233, Chart 13) [123,124].
otentiometric studies showed that mB33233 interacts with ATP,
DP and AMP in the order ATP > ADP > AMP. On the other
and, NMR studies unambiguously proved the participation of
-stacking forces between the nucleoside part of ATP, ADP and
MP and the benzene ring in the stabilization of the adduct

pecies.
Using the intermolecular 1H NMR cross-peaks for establish-

ng the initial host–guest docking, molecular dynamic studies
erformed for the system L-ADP show �-stacking in all the low-
st energy conformers [125]. These studies suggested the pos-
ibility that hydrogen bonds between the ammonium groups of
he receptors and the phosphate groups of ADP could be formed
hrough water molecules placed between them. So, mB33233
isplays the right topology and size to recognize the polyphos-
hate chains of the nucleotides through electrostatic, hydrogen
onding and �-stacking forces.

In order to better understand the influence of the sub-
titution of the aromatic ring in nucleotide interaction, the
rtho- and para-analogs of mB33233 were also prepared (see

hart 13). The stability order found followed the sequence
B33233 > mB33233 > pB33233. All of them presented higher
tability of the adduct complexes than those formed by their
pen-chain hexaamine counterpart L33233 (Chart 13).

Chart 13.

F
m
(
T

Chart 14.

Interestingly, none of these receptors presented significant
ate-enhancements of the hydrolytic cleavage of ATP. As it has
een discussed previously, the polyammonium catalysts giving
he best performance needed to have a determined cavity size
hich was defined by 21- or 24-membered macrocyclic rings.
ccordingly, a new cyclophane receptor having a 21-membered

ing was prepared (mB22222, Chart 14) [126].
1H NMR studies also proved the participation of �-stacking

nteractions in the stabilization of the system ATP-mB22222.
1P NMR studies revealed that mB22222 produced rate enhance-
ents comparable to those of O-bisdien and slightly lower than

hose of [21]aneN7 confirming the critical role of size in this
atalytic processes (Fig. 25). Interestingly enough, the reaction
sing mB22222 as a catalyst is not only efficient but also very
ig. 25. Time evolution for 31P NMR spectra of solutions containing ATP and
B22222 in 10−2 M at 40 ◦C and pH 5.2 (a) P� (ATP); (b) P� (ATP); (c) P�

ATP); (d) Pi; (e) P� (ADP); (f) P� (ADP) [126]. Reproduced by permission of
he Royal Society of Chemistry.
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embered cavities (oB22222 and pB22222, Chart 14) yield
uch poorer enhancements [127]. This lack of activity is par-

icularly noticeable in the case of the ortho-derivative.
Molecular dynamics studies suggest that the optimal size is

hat for which just �-phosphate of ATP perfectly resides at the
acrocyclic cavity. The macrocyclic hole of mB22222 is too

mall for permitting the phosphate group to go through it. Fig. 26
hows the perfect fitting between the phosphate group and the
acrocyclic cavity of mB22222.
Another macrocycle which presented a 21-membered size

as mPh22222 (Chart 14), in which the meta-benzene spacer
ad been substituted by a meta-phenolic one. Although not as
igh as in the mB22222-ATP system, relevant rate accelerations
ere also found for mPh22222 from acidic pH to pH values

a. 7.5. At these pH values, the reaction slows down in con-
ordance with the deprotonation of the phenolic group, which
orresponds to the passage from the H4(Ph22222)4+ species to
3(Ph22222)3+ species. Deprotonation of the phenolic group,

part from introducing a negative charge that will somewhat
epel the phosphate chain of ATP, yields intramolecular hydro-
en bonding between the phenolate group and the protonated
enzylic ammonium groups that at this pH are still protonated.
his hydrogen bonding leads to a significant size reduction as

llustrated in Fig. 27, which does not permit any more the fitting
ith the phosphate group.
Polyamine ligands, both macrocyclic and acyclic, contain-
ng phenanthroline and dipyridine groups were also used for
ucleotide binding [99,105,128]. These studies evidenced the
mportance of �-stacking interactions between the adenine
roup of ATP and ADP with aromatic moieties of the recep-

t
i
o
r

ig. 27. Model showing the dimensions of H4(mPh2222)4+ and H3(mPh2222)3+ in w
emaining of the ATP molecule has been obscured.
ig. 26. Comparison between the size of the macrocyclic cavity of mB22222
nd the �-phosphate of ATP. The rest of ATP has been obscured for clarity.
ors in determining the stability of nucleotide complexes. For
nstance, in the case of the acyclic receptors Neo-open and Bipy-
pen (Chart 15), for the same negative charge of the anions and,
espectively, of the receptors, the stability of ATP complexes

hich phenolate is deprotonated, in comparison to the �-phosphate of ATP. The
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Table 5
Thermodynamic parameters for the formation of ATP complexes with the ligand
Bisby (L) determined in 0.1 mol dm−3 Me4NCl at 298.1 K [105]

Reaction log K �H◦
(kcal/mol)

T �S◦
(kcal/mol)

H4L4+ + H2ATP2− � (H6LATP)2+ 5.43 8.6 16.0
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Chart 15.

s higher than the stability of the analogous complexes with
riphosphate, the stability enhancement being ascribable to the
nion–receptor �-stacking interaction observed by means of 1H
MR spectra [99]. In particular, larger complexation-induced

hemical shifts of the 1H NMR spectra were found for the recep-
or Bipy-open containing a larger aromatic moiety.

A complete thermodynamic study including the determi-
ation of stability constants, enthalpy changes and derived
ntropic terms was performed by means of potentiometric
nd microcalorimetric measurements on the system ATP/Bisby
Chart 9) in order to get further information on the nature of the
nteraction of nucleotides with polyammonium receptors [105].

As already said in the previous section, this receptor forms
molecular cleft where large anions can be hosted. Molecular
odeling showed that in the ATP complex the triphosphate chain

f the nucleotide is partially included into such ligand pocket
hile the adenine moiety remains outside the cavity forming �-

tacking interaction with a dipyridine group (Fig. 28). 1H spectra
f the complex in solution provide an unambiguous evidence
f the formation of such �-stacking interaction, denoted by a
ignificant upfield displacement of the signals of both adenine
nd dipyridine protons.

A similar host–guest interaction is expected to produce

strong desolvation of both reactants and, in particular, of

he receptor, whose cavity can host several water molecules.
ccordingly, the complexation reactions are accompanied by
largely favorable entropic terms while the enthalpic ones are

r
a
t

Fig. 28. Proposed model for the interaction of p
5L5+ + H2ATP2− � (H7LATP)3+ 5.54 12.1 19.7

5L5+ + H3ATP− � (H8LATP)4+ 5.29 7.4 14.6

nvariably unfavorable (Table 5). It is interesting to note that the
omplex stability constants are not very sensitive to variations
f ATP and receptor charge due to some compensation between
nthalpic and entropic contributions.

Another important aspect in nucleotide recognition regards
he sensing in water of these important biomolecules
106,129–138]. In order to achieve this goal an approach would
e to use molecules that do not alter the nature of the nucleotides
nd that incorporate signaling units. In this sense, open-chain
olyammonium receptors containing aromatic moieties are ade-
uate receptors since they can interact with the anionic guest
hrough their positively charged ammonium groups, through
ydrogen bonding by their ammonium and amine groups, as well
s through hydrophobic and stacking interactions with adenine,
rovided the aromatic fragments they incorporate are in the cor-
ect orientation [121,123,124,139]. In addition, the condensed
romatic rings present in the receptors may serve as luminescent
robes for detecting and quantifying the interaction. Indeed, flu-
rescence emission is one of the most useful signaling properties
ince its magnitude is highly sensitive to the binding of the guest
pecies. Within this framework, we have studied the possibilities
s sensors for anions in water of a series of compounds contain-
ng one or two anthryl or naphthyl groups attached to the ends
f different polyamine chains (Chart 16) [79,140–143].
With respect to the stability of the ATP adducts, for the
eceptors sharing a given polyamine chain, those containing one
nthrylmethyl fragment interact much more strongly with ATP
han those with just one naphthalene. However, they present

rotonated forms of Bisby with ATP [105].
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Chart 16.

omparable stability constant values to those containing naph-
halene at both ends. NMR studies show that �–� stacking is
resent throughout all the pH range where interaction occurs.
OE experiments confirm the proximity of the aromatic rings
f the receptors and ATP and have allowed for proposing pre-
iminary models for the interaction (see Fig. 29).

Steady-state fluorescence measurements on these systems
howed the existence at acidic pH of a quenching effect of the
mission of the fluorophores following the protonation of the
denine ring. The analysis of the data made it possible to attribute
his quenching to an electron transfer from the naphthalene or
nthracene moieties to the protonated adenine ring, this process
eing more favorable for naphthalene. Time correlated single

hoton counting showed that even in the presence of ATP, there
s an important energy transfer from naphthalene to anthracene
n the bis(chromophoric) receptor N222A (Chart 16).

ig. 29. Molecular model for the interaction of N22222 with ATP showing the
tacking between the aromatic fragments [142].
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. NAD+, NADP+, DNA and RNA

Studies on the interaction of the ubiquitous dinucleotides
AD+ and NADP+ with polyammonium receptors are relatively

carce [124,144]. Some years ago we advanced a potentiom-
try, NMR, cyclovoltamperommetric and molecular dynamics
tudy on the interaction of protonated [21]aneN7 with NAD+

nd NADP+ [145]. The stability constants for the 1:1 adducts
ormed clearly and the plots of the apparent constants clearly
ndicate that NADP+ is selective recognized over NAD+ by the
olyammonium receptor over a wide pH range. 31P NMR spec-
ra suggested that the clue of the selective recognition is the
articipation of the phosphate group estirified to the 2′-hydroxy
roup of the AMP moiety of NADP+ in the interaction with
he receptor. Such participation is also supported by molecular
ynamics studies on the interaction of tetraprotonated [21]aneN7
ith NADP+. This phosphate would interact strongly with the

wo ammonium groups placed adjacent within the tetraproto-
ated macrocycle (Fig. 30).

On the other hand, formation of receptor-nicotinamide ade-
ine nucleotide adducts alters the electrochemical reduction of
AD+ and NADP+ at carbon electrodes, favoring the formation
f dihydronicotinamide species rather than that of the dimer
pecies.

The development of new ligands able to interact with nucleic
cids is a topic of great interest within chemistry and biochem-
stry [146–151]. Cyclophane-type, cyclic polyamines containing
henanthroline moieties, polyaza-polyoxa-macrocycles, open-
hain and tripodal polyamines containing condensed aromatic
ings or small macrocyclic hanging rings can interact with
ucleic acids through salt bridges, hydrogen bonding and
tacking interactions. The behavior of the cyclophane-type
acrocycles mB323 (Chart 8), mB33233, pB33233 (Chart 13)

nd pB323 (Chart 3) [45,152,153], of the polyamines con-
aining phenanthroline groups Neo22, Neo222, Neo2222 and
eo333 (Chart 8), of the polyaza-polyoza-macrocycle N6O4

nd N6O4OH (Chart 17) [154], of the open-chain polyamines

ontaining one naphthylmethyl group (N22-N2222), two
ethylnaphthyl groups (N2N-N22222N), the derivatives with

nthracene A22222 and A22222A (Chart 16) and the tripodal
olyamines TAL, N3TAL, ATAL (Chart 1) [44,45], Tris-cyclen

Fig. 30. NADP+.
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phatase contains two Zn2+ and one Mg2+ metal ions in the
active center. In the first step of the catalytic mechanism the
phosphate group of the substrate interacts as a bridging �,�′-
bis(monodentate) ligand through two of its oxygen atoms with
Chart 17.

nd Tris-N3O (Chart 6) [155] were examined for their inter-
ction with double-stranded polyA.polyU as RNA model and
oly(dA).poly(dT) as DNA model [156,157]. The effects of the
yclophane receptors mB323, mB33233, pB33233 and of the
olyoxa-polyaza-macrocycles N6O4 and N6O4OH (Chart 17)
n the melting behavior of double stranded DNA favor RNA over
NA. Preliminary fluorescence assays with ethidium bromide

how similar values for mB33233 and pB33233 and a slightly
igher value for mB323, particularly with RNA that is the
sual behavior observed also for aliphatic polyamines. On the
ontrary, the macrocyclic polyamines containing phenanthro-
ine moieties Neo22, Neo222 and Neo2222 display a reversed
bility producing larger stabilization of the DNA sequence,
hile Neo333 produces similar stabilization with both nuclei

cids. Neo222 shows more affinity towards both DNA and
NA [155] than the open-chain amine counterpart diethylen-
triamine) [45], which suggest that the phenanthroline moiety
s indeed intercalating between pairs of DNA bases. Neo222
nd Neo2222 show more affinity for DNA then their linear
ounterparts, while Neo333 does not display significant differ-
nces. On the other hand Neo222, Neo2222 and Neo333 lead to
maller affinity towards RNA. Thus, the phenanthroline-based
acrocycles are promising ligands for double-stranded DNA.
The preference for RNA over DNA is particularly remark-

ble for the tripodal polyamine TAL with ��T = 40 ◦C, which
hows the strongest preference for RNA from all the hitherto
nown polyamines [158–160]. This behavior, although not so
ignificant, can be also extended to the other tripodal polyamines
TAL, N3TAL, Tris-cyclen and Tris-N3O.

The introduction of terminal aryl moieties in the open-chain
olyamine chains leads to dramatic changes; with the exception
f N22222N all compounds show the reversed larger stabiliza-
ion of the DNA sequence. This reversal is more noticeable for
he ligands in which the chain length allows bis-intercalation
articularly N2222N. For this ligand the introduction of the
aphthyl groups produces a strong increase in affinity in
omparison with the counter-part polyamine without aryl
roups (2222) (��TM = 22.5 ◦C) for ligand to nucleic acid

ase pair ratio of 0.1.

The coordination of these polyamines to metal ions intro-
uces distinctive features that will be discussed in the next
ection.

F
h

istry Reviews 250 (2006) 2952–2986

. Metal complexes as anion receptors

Complexed metal ions can express their Lewis acid charac-
eristics if they are coordinatively unsaturated or if they have
oordination positions occupied by labile ligands that can be
asily replaced. If this occurs metal complexes are well suited
or interacting with additional Lewis bases which very often are
f anionic nature.

This is the strategy of choice of many metalloenzymes deal-
ng with the fixation and activation of substrates. A classical
xample is the family of enzymes called carbonic anhydrases
161–163]. Carbonic anhydrases are ubiquitous enzymes which
atalyze the hydration reaction of carbon dioxide and play roles
n processes such as photosynthesis, respiration, calcification
nd decalcification and pH buffering of fluids. Human carbonic
nhydrase II (HCA II) is located in the erythrocytes and is the
astest isoenzyme accelerating CO2 hydrolysis by a factor of
07. Therefore, it is considered to be a perfectly evolved system
eing its speed controlled just by diffusion. The active site of
CA II is formed by a Zn2+ cation coordinated to three nitrogen

toms from histidine residues and by a water molecule which is
ydrogen bonded to a threonine residue and to a “relais” of water
olecules which interconnects the coordination with histidine

4 (Fig. 31). The pKa of the coordinated water molecule in this
nvironment is ca. 7 so that at this pH 50% is as hydroxylated as
n–OH− generating thus a nucleophile which will attack CO2

o give the hydrated HCO3
− form.

The rate determining step is precisely the deprotonation of
he coordinated water molecule and the transfer of the proton
hrough the chain of water molecules to His-64 which is assisting
he process.

Another example is phosphatases which are the enzymes in
harge of the hydrolysis of phosphate monoesters. Metallo phos-
hatases contain either Zn or Fe or both of them as metal ions
eing one of their characteristics the presence of at least two
etal ions in the active site. Escherichia coli alkaline phos-
ig. 31. Metal site of HCA II showing the tetrahedral arrangement of three
istidine residues and a water molecule.
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was to analyze the interactions with carbon dioxide and carbon-
ate anions. For doing so we carried out potentiometric titrations
in which solutions containing Cu2+ and Zn2+ metal complexes
of mB323 and pB323 at basic pH were titrated with perchloric
Fig. 32. Active site of alkaline ph

he two Zn2+ ions while its other two oxygen atoms form hydro-
en bonds with an arginine residue rightly disposed in the
olypeptide chain (Fig. 32).

A last example that we would like to recall regards ribulose-
,5-bisphosphate carboxylase/oxygenase (rubisco) which is the
ost abundant enzyme in Nature. Rubisco is a magnesium pro-

ein which is present in all the photosynthetic organisms partic-
pating in the first stage of the Calvin cycle. A lysine residue
nteracts with CO2 forming an elusive carbamate bond which
s stabilized by interaction with the Mg2+ ion and by hydrogen
etwork with other groups of the polypeptidic chain (Fig. 33).
he formed ternary complex interacts with the substrate which

s subsequently carboxylated.
In the next paragraphs we will give some examples of abiotic

olyammonium receptors mimicking features of these sites.

.1. Interaction with carbon dioxide and carbonate anions

Metal complexes of cyclophane macrocycles like pB323 can
atch some of the required features for binding and activating

nionic species. The crystal structure of the Hg2+ complex of the
urene-containing macrocycle Du323 (Chart 18), containing a
urene spacer, shows as the coordination of one of the Hg2+

nvolves the benzylic nitrogen atoms and the amino groups at
he centre of the chain [165]. Geometric reasons prevent the
ther benzylic nitrogen atom from participating in the binding

f the same metal ion. Calorimetric and other solution studies
onfirmed similar features for the mononuclear Cu(II) and Zn(II)
omplexes of the macrocycles mB323 and pB323. Therefore, in
hese compounds one of the benzylic nitrogen atoms would be
tases. Adapted from Ref. [164].

lso not involved in the coordination to the metal ion, presenting
he metal ions unsaturated coordination sites [166–169].

Based on these antecedents we checked the ability of these
etal centers for binding additional guests. One of our interests
Fig. 33. Active site of the enzyme rubisco. Adapted from Ref. [164].
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Fig. 35. Crystal structure of the {[Zn(N3O2)]3(�3-CO3)}4+ cation. Similar
structures were also obtained for the complexes {[Cu(N3O2)]3(�3-CO3)}4+

and{[CuZn2(N3O2)3](�3-CO3)}4+. Reprinted with permission from Ref. [170].
Copyright 2005 American Chemical Society.
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Chart 18.

cid [167]. It was possible to follow the measurements in the
H range 7–11. Below this pH range, CO2 evolution prevented
rom obtaining stable readings. The measurements were also
erformed for the binary system receptor-carbonate. Compari-
on between the two systems evidenced, particularly in the case
f the Zn2+, clear increases of the percentages of complexed
arbonate in the presence of the metal ions (Fig. 34).

An interesting example of CO2 uptake by a synthetic metal
omplex mimicking the mechanism of carbonic anhydrase (CA)
s given by the ligand N3O2 (Chart 18) [170].

Both Zn2+ and Cu2+ complexes with N3O2 readily adsorb
tmospheric CO2 in water at alkaline pH, giving rise to
[M(N3O2)]3(μ3-CO3)}·(ClO4)4 (M = Zn2+, Cu2+) complexes.
he complexes are isomorphous and their molecular structures
how the μ3-CO3

2− anion bridging the three metal ions through
he three oxygen atoms of the carbonate group (Fig. 35).

The CO2 uptake by these M–N3O2 complexes is very fast
n comparison with other metal complexes which can fix CO2
rom the air. The fixation is due to the presence in solution
f [M(N3O2)OH]+ species, which act as nucleophiles towards
O2, giving rise to [M(N3O2)HCO3]+ complexes. Further reac-

ion with [M(N3O2)OH]+ species forms the trinuclear com-
lexes, which can be isolated in very high yields.

In the case of the Zn2+ complex, the first step, namely the
eversible formation of a hydrogen carbonate adduct, which
quilibrates with an aquo-Zn2+ complex and HCO3

− (Fig. 36),
esembles the mechanism currently accepted for hydration of
O2 by CA. Furthermore, the constant for the equilibrium

Zn(N3O2)]2+ + HCO3
− � [Zn(N3O2)(HCO3)]+ (log K = 2.2)
s similar to that found for CA.
In order to achieve atmospheric CO2 fixation at neutral

H, we turned our attention to the active site of rubisco. Key
eatures for the recognition and activation of carbon dioxide

ig. 34. Percentage of carbonate bound to free mB323 and to the Cu2+ and Zn2+

olutions [167].

c

a
a
p
r

Fig. 36. CO2 hydration promoted by [Zn(N3O2)]2+.

here the assistance of the metal ion as Lewis acid, the pres-
nce of the basic lysine residue for forming the carbamate
ond as well as the presence of other groups able to par-
icipate in a hydrogen bond network with the fixed carbon
ioxide. Therefore, we prepared a new macrocycles contain-
ng the coordinating spacer 2,2′:6′,2′′-terpyridine connected at
ts 5,5′′ positions through methylene groups to the highly basic
olyamine bridge 1,5,8,11,15-pentaazapentadecane (macrocy-
le Terpy3223, Chart 19) [171].

Interestingly enough, dilute aqueous solutions of this ligand

nd Cu(ClO4)2 in 1:1 molar ratio at pH 9 exposed to an open-air
tmosphere yielded after a few minutes acidification down to
H 6.8 and formation of a crystalline material suitable for X-
ay analysis. The crystals contained carbamate groups bound to

Chart 19.
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of BNP but the rate of the process decreases as the size of the
macrocycle and the number of amine groups increase. An asso-
ciative mechanism in which the anionic substrate approaches
the binuclear dihydroxo complex and the phosphate group start
ig. 37. Schematic representation of the cation [CuH2(H−1Terpy3223)(carba-
ate)]3+ cation [171].

he Cu2+ metal ion and further stabilized by an intramolecular
ydrogen bond network that involved amino and ammonium
roups of the bridge and the water molecule coordinated to the
etal ion (Fig. 37).
When the Cu2+:Terpy3223 molar ratio was 2:1 instead of

:1, carbon dioxide reacted with the binuclear centre as a �,�′-
ridging ligand. Potentiometric studies proved that the species
recipitating at neutral pH were among those existing in aqueous
olution at this pH. Interestingly enough, this behavior was not
eproduced when terpyridine was either removed from the lig-
nd or replaced by a pyridine unit (Py32223, Chart 19). When
henanthroline (Neo3223, Chart 19) was used instead of ter-
yridine (indications of carbamate formations were detected
lthough the behavior was not as remarkable as in the case of
erpy3223. The assistance of the metal can also be provided
y other metal ions. Potentiometric, NMR and UV–vis spectro-
copic studies have proved that Zn2+ plays a similar role to Cu2+

172].

.2. Phosphatase mimics

Binuclear Zn2+ complexes with synthetic ligands can be used
s simple model systems for hydrolytic enzymes such as alka-
ine phosphatases, phospholipase C and the Klenow fragment
f DNA polymerase I, since the bridging coordination of the
hosphate groups gives a fundamental contribution to substrate
ctivation. To this purpose, we analyzed the ability of the bin-
clear Zn2+ complex of the polyoxa-polyaza-macrocycle N6O4
o promote the hydrolysis of phosphate esters and compared it
ith the ability of the mononuclear complex with the N3O2 lig-

nd, in order to evidence the cooperative effect of the two metal
enters in close proximity [173].

Indeed, the hydroxo complexes [Zn2(N6O4)(OH)2]2+ and
Zn2(N3O2)OH]+ promote the hydrolysis of bis(p-nitrophenyl)
hosphate (BNP), the binuclear complex giving rise to a 10-
old enhancement of the rate of hydrolysis with respect to the
ononuclear one. Although potentiometric measurements evi-
enced that BNP does not form stable complexes with any of
he two metallo-receptor species, the crystal structure of the
omplex [Zn2(N6O4)(�-PP)2(MeOH)2](ClO4)2 containing the
nion diphenyl-phosphate (PP) (Fig. 38), analogous to BNP,

F
(
C

ig. 38. Crystal structure of the complex cation [Zn2(N6O4)(�-PP)2-
MeOH)2]2+ containing two diphenyl phosphate (PP−) anions. Reprinted with
ermission from Ref. [173]. Copyright 2005 American Chemical Society.

uggested that two Zn2+ ions in [Zn2(N6O4)(OH)2]2+ work
ooperatively in the hydrolytic mechanism (Fig. 39) through
bridging interaction of the phosphate group to the two elec-

rophilic metal centers and a simultaneous nucleophilic attack
f a Zn–OH function to the substrate.

A similar study was also performed with the two related lig-
nds N7O4 and N8O4, containing, respectively, one and two
dditional amine groups with respect to N6O4 (Chart 20) [174].
lso in this case the dihydroxo complexes [Zn2(L)(OH)2]2+

L = N7O4 and N8O4) are active in promoting the hydrolysis
ig. 39. Suggested mechanism for the hydrolysis of BNP anion by [Zn2(N6O4)-
OH)2]2+. Reprinted with permission from Ref. [173]. Copyright 2005 American
hemical Society.
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Chart 20.

ssociating with the two metal centers through bridging coordi-
ation was proposed also for N7O4 and N8O4.

Potentiometric measurements showed that the mono(p-
itrophenyl) phosphate produced in the hydrolytic pro-
esses forms weak complexes with [Zn2(N6O4)(OH)2]2+ and
Zn2(N7O4)(OH)2]2+, but not with [Zn2(N8O4)(OH)2]2+ [174].

Insertion of aromatic groups into the skeleton of large macro-
yclic ligands leads to the formation of binuclear Zn2+ with
nhanced ability in BNP hydrolysis due to a more efficient asso-
iation of the complex with the anionic substrate via �-stacking
nteractions. This is the case of the zinc(II) complexes of the lig-
nds bipy2222 and 2bipy22,22 (Chart 21) [175]. In contrast to
he previous polyoxa-polyaza-macrocycles, ternary complexes
f bipy2222, and respectively, of 2bipy22,22, with Zn(II) and
NP, of 1:2:1 and 1:2:2 ligand/Zn(II)/BNP stoichiometry, are
nough stable to be observed in solution.

The formation of �-stacking interactions between the anionic
ubstrate and the metallo-receptor is nicely visualized by
he crystal structure of the [Zn2(2bipy22,22)(BNP)2]2+ cation
Fig. 40) showing the face-to-face pairing between a nitrophenyl
roup of BNP and an aromatic group of a dipyridine moiety.

However, the ability to form �-stacking interactions showed
y such ligands leads also to the formation of stable com-
lexes with the products of BNP hydrolysis, in particular with
ono(p-nitrophenyl) phosphate (MNP) dianion, which displays

tronger association with the complexes than the less charged
NP monoanion. Consequently, the binding of MNP inhibits

he catalytic properties of the complexes.
Similar results were obtained with the mononuclear Zn(II)
omplex of the small macrocycle bipy22 (Chart 21) in com-
arison to the analogous complexes with ligand not containing
romatic groups [175].

Chart 21.
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ig. 40. Crystal structure of the [Zn2(2bipy22,22)(BNP)2]2+ cation containing
wo bis(p-nitrophenyl) phosphate (BNP) coordinated anions [175].

Another interesting example showing the influence of aro-
atic groups, inserted in the ligand structure, in promoting
NP hydrolysis was recently obtained by comparing the prop-
rties of the three ligands L33233, mB33233 (Chart 13) and
eo3223 (Chart 19) [176]. Such ligands present similar bind-

ng properties towards Zn2+, giving rise to the formation of
ono- and binuclear complexes, in aqueous solution, which

orm mono- and di-hydroxo species. These hydroxo complexes
romote BNP hydrolysis. Despite their similarity, these com-
lexes display quite different ability in the activation of BMP.
hile the binuclear Zn2+ complexes with open L33233 and
B33233 (Chart 13) show hydrolytic activity similar to those
f complexes with aliphatic ligands, the binuclear complex with
eo3223, containing a large hydrophobic heteroaromatic moi-

ty, gives rise to a remarkably higher rate enhancement being
ne of the most active synthetic dizinc complexes in BNP
ydrolysis. Also in this case a synergistic role in BNP bind-
ng of phenanthroline, which can favor the association with the
ubstrate via �-stacking interaction and hydrophobic effects,
nd of the metal centers, which act cooperatively in substrate
inding, has been suggested to rationalize the high activation
f BNP.

.3. Interaction with dicarboxylate anions

The ditopic macrocyclic receptor Ph2Pip4Me2N10 forms din-
clear Cu2+ complexes with coordinatively unsaturated sites
Chart 22). Due to the presence of the reinforcing piperazine
ings Ph2Pip4Me2N10 is a quite rigid receptor that will have
fixed distance between the coordination centers. This char-

cteristic was used for discriminating between long and short
,�-dicarboxylates [177].
The five carbon long hydrocarbon chain of pimelic acid
eemed to be appropriate for permitting a non-stressed bridging
oordination of the dianion between both metal sites as shown
y the crystal structure collected in Fig. 41.
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Chart 22.

In this system a clear switch from supramolecular interaction
ode (mode A in Fig. 42) of the carboxylate with the extensively

rotonated demetallated macrocycle to coordinative interactions
mode C in Fig. 42) with the dinuclear metal complex going
hrough a mixed supramolecular/coordinative mode (mode B in
ig. 42) in which both situations are present when the mononu-
lear species prevailed in solution, occurred on increasing
he pH.

.4. Interaction with amino acid species
Recently some of us have reported on several pyrazole con-
aining macrocycles (Chart 23) that exhibited a significant inter-
ction for l-glutamate and l-aspartate in pure water with some
electivity for l-glutamate over l-aspartate at the physiologi-

ig. 41. Ball and stick representation of the crystal structure of the
Cu2(Ph2Pip4Me2N10)(H2O)(pim)]2+ cation. Reprinted with permission from
ef. [177]. Copyright 2005 American Chemical Society.
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ig. 42. Sketch of the interactions modes operating as a function of pH in the
ystem Cu2+–Ph2Pip4Me2N10-pim [177].

al pH value of 7.4 [178]. In particular, the macrocycle having
enzylated the central nitrogen of the chain shows a remarkable
nteraction with l-glutamate.

NMR studies supported the participation of �-cation interac-
ions in this particular interaction. This was consistent with the

igher interaction observed for bn2pz2N6 with respect to pz2N6.
owever, the introduction of two metal ions in the ditopic lig-

nd was not effective for coordinating amino acid species. The
eason seems to be that there are enough donor atoms in the

Chart 23.
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Chart 24.

acrocycle for fulfilling the coordination spheres of the metal
ons and therefore the affinity for the amino acids is rather low.
ormation of ternary complexes was however observed in the
ase of the neurotransmitter dopamine. The catechol moiety
ompetes effectively with the nitrogen atoms of the macrocy-
le and can remove those at the axial positions which are the
nes forming the weaker bonds [179].

Therefore, Cu2+ complexes with lower coordination num-
ers are required for being effective amino acid receptors. The
inuclear Cu2+ complex of the polyamine Py33233 (Chart 24)
eems to be a good candidate since it has only seven nitrogens
or coordinating the two metal ions.

Potentiometric studies carried out on the binary systems l-
lu-Py33233 and l-Asp-Py33233 show a moderate degree of

nteraction between the charged receptor and the amino acid
pecies although there is no discrimination between the two
mino acids [180]. When the receptor is the dinuclear Cu2+

omplex there is a much larger interaction with both amino
cids which is accompanied by a clear selectivity for l-Glu over
-Asp as shown by the percentages of amino acid complexa-
ion (Fig. 43). Paramagnetic NMR studies have indicated that
-glutamate coordinates both metal ions as a bridging ligand
hrough its carboxylate groups.

This selective discrimination has been used for building up a
odified electrode able to selectively detect l-glutamate.

.5. Interaction of metal complexes with nucleotides and
ucleic acids

The last paragraph in this section will concern interaction of

olyamine metal complexes with nucleotides and nucleic acids.
he potentiometric studies of the ternary systems M–polyamine

L)–nucleotide (A) require from a previous knowledge of the
inary systems involved. First, the protonation constants of the

m
i
s
u

Chart 25
ig. 43. Plot of the percentages of complexed glutamate and aspartate by
y33233 as free receptor and as Cu2+ complex [180]. Reproduced by permission
f The Royal Society of Chemistry.

olyamine and of the nucleotides should be known. Secondly
he species forming in the binary system M–L, M–A and L–A
hould be established and their stability constants determined
nder the same experimental conditions than the ones used for
he study of the ternary systems. As an example we will con-
ider the system Cu2+-4,7,10,13-tetrazatridecane-1,16-diamine
L32223)-AMP (A) (see Chart 25) [181].

In the binary systems L32223(L)-AMP (A) formation of
pecies [Hq(L3223)(AMP)](q − 2)+ with protonation degrees
arying from q = 3 to 8 were observed. On the other hand,
2223 forms with Cu2+ complexes of 1:1 and 2:1 metal lig-
nd stoichiometries are formed. The insertion of all these data,
ogether with the protonation constants of the polyamine, AMP
nd the formation constants of Cu2+-AMP as known param-
ters in the titrations performed for the ternary systems in
hich different Cu2+-L32223-AMP molar ratios were used
ave as a result the formation of mixed species of stoichiome-
ries [CuHrL(AMP)]r+ with r varying from 4 to 0 and binu-
lear ones [Cu2HrL(AMP)](2 + r)+ with r between +1 and −1.
istribution diagrams for this system showed the prevalence
f the ternary complexes throughout the whole pH range of
tudy.

Some of us have recently shown that the presence of a not-
oordinated metal ion can play a decisive role in the activation
f ATP cleavage in the presence of metal complexes forming
ernary complexes with the nucleotide [181]. This is the case
f the protonated mononucler Zn2+ complexes with the lig-
nd Terpy2222 (Chart 26) [182]. This ligand forms both mono-
nd binuclear Zn2+ complexes depending on the metal-to-ligand

2+
olar ratio and the solution pH. The first Zn ion interact-
ng with the ligand binds to the terpyridine moiety while the
econd one occupies the polyamine chain. Both mono- and bin-
clear complexes form stable ternary complexes with ATP but

.
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Chart 26.

o not show any significant ability in ATP hydrolysis. Only the
etraprotonated [ZnH4(Terpy2222)(ATP)]2+ species in presence
f not-coordinated Zn2+ ions gives rise to fast ATP cleavage to
roduce ADP and phosphate. The analysis of the time depen-
ence of the 31P NMR spectra recorded at different pH’s clearly
howed that only the tetraprotonated species is able to activate
TP hydrolysis, while both three- and penta-protonated ones are
ompletely inactive. The hydrolytic process proceeds through
he formation of a phosphoramidate (PN) intermediate which is
hen fast hydrolyzed to hydrogen-phosphate. The hydrolysis rate
kOBS = 3.2 × 10−2 min−1 at pH 4 is among the highest observed
or ATP dephosphorylation promoted by polyammonium recep-
ors.

The fact that ATP cleavage takes place only in the presence
f a “second” Zn(II) ion with second order kinetic suggests that
he transition state could be stabilized by this metal ion, prob-
bly through coordination of the metal to unprotonated amine
roups of the macrocycle and to the �-phosphate of ATP, lead-
ng to a higher activation of the �-phosphorus to the nucleophilic
ttack. At the same time, the PN intermediate could be stabilized
ia coordination to the metal, accounting for the observed rela-
ively high percentage of PN accumulating during the cleavage
rocess.

The present system, therefore, represents a unique case of
TP dephosphorylation promoted by the simultaneous action of
metal complex, which is used essentially to anchor the anionic

ubstrate, and of a second metal, which acts as cofactor, assist-
ng the phosphoryl transfer from ATP to an amine group of the
eceptor.

Sometimes, although formation of binuclear complexes is
ot observed in the binary Cu2+–L systems it can be induced
y the presence of the second ligand. For instance, in the case
f the polyamine N2222N, with each of its two ends func-
ionalized with a naphthylmethyl fragment (Chart 16), melting
oint measurements showed that addition of a second Cu2+ ion
ad a dramatic influence on the interaction with nucleic acids
153]. In this case N2222N alone does not form binuclear Cu2+

omplexes however, the presence of AMP as secondary ligand
ill help the formation of the mixed binuclear species. This
ill explain the large allosteric effect observed in the inter-

ction of nucleic acids upon addition of the second mole of
etal.

We have reported above that ligands Neo22, Neo222,

eo2222 (Chart 8), Tris-cyclen and Tris-N3O (Chart 6) lead to
trong stabilization of double-stranded nucleic acids, with pref-
rence for DNA over RNA. Similar stabilization effects were

r
u
c
d

Chart 27.

lso found for Cu2+ complexes of these ligands, but with reversed
rend in favor of RNA [154,155]. The trinuclear complexes of
ris-cyclen and Tris-N3O gives rise to stronger stabilization
ith respect to complexes of the other three ligands, account-

ng for the interaction of all three metal centers with the nuclei
cid. Nevertheless, as far as the nuclease activity of these metal
omplexes is considered we observed that the complexes with
ris-cyclen and Tris-N3O have low efficiency in promoting
NA cleavage in contrast to the effective action of displayed
y the complexes with the ligands containing phenanthroline
oieties and, in particular, by the mononuclear complex with
eo2222.

.6. A photocatalytic system

The anion binding ability of the protonated forms of
Ru(bpy)2(bpyN5)]2+ coupled with the photoinduced energy
nd electron transfer properties of the [Ru(bpy)3]2+ complex
ore make [Ru(bpy)2(bpyN5)]2+ (Chart 27) a potential catalyst
or many light-induced reactions involving anionic substrates
osted into the receptor cavity.

For instance [Ru(bpy)2(bpyN5)]2+ is effective in promoting
he photocatalytic oxidation of iodide to iodine by O2 pro-

oted by light absorption [183]. The absorption spectra of
olutions containing [Ru(bpy)2(bpyN5)]2+ and I− are the sum-
ation of the spectra of both components, and thus there is no

vidence for the formation of ion-pair charge transfer. However,
he fluorescence emission of compound [Ru(bpy)2(bpyN5)]2+

s partially quenched in the presence of I−. When air equi-
ibrated solutions of [Ru(bpy)2(bpyN5)]2+ in the presence of
−, at pH 4.3, are irradiated at 436 nm, formation of I3

− is
mmediately observed by the increasing of its characteristic
bsorption band centered at 350 nm, while saturation of the
olutions with dioxygen increases the quantum yield by ca.
ve-fold. It is interesting to note that no catalytic activity was
etected for the parent compound [Ru(bpy)3]2+ irradiated in the
resence of I−.

These results can be accounted for by the processes displayed
n Fig. 44. Excitation of compound [Ru(bpy)2(bpyN5)]2+ in
he MLCT band allows the transfer of one electron from I−
o the Ru(II) complex, leading to the formation of an iodine
adical and to a Ru(II) complex with a reduced dipyridine

adical anion. The iodine radical gives I3 as a final prod-
ct by a sequence of well-known reactions [184–186]. The
ycle is completed by reoxidation of the dipyridine radical by
ioxygen.
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In the case of H4L6+, the net reaction can be accounted for
y the equations

[RuII(bpy)2(H4bpyN5))]6+ + 3I−

hν−→2[RuII(bpy−)(bpy)(H4(bpyN5))]
5+ + I3

−

hich is thermodynamically favorable by 0.3 eV.
As demonstrated by the inertness of the parent [Ru(bpy)3]2+

ompound, the existence of the positively charged macrocyclic
eceptor moiety is an indispensable requirement to fix the iodine
n a position close to the metal, in order to allow the electron
ransfer process.

. Influences of anions in crystalline growth

We would like to conclude this review with an example of the
ole played by anionic species in determining the arrangement
f crystal structures. Recently, some of us studied the capacity
f the ditopic cyclophane receptor 232oBo232 (L) (Chart 28)
o interact with Cu(II) and Zn(II) in aqueous solution [187].
long the course of that study, three new crystal structures

ere produced which correspond with the stoichiometric formu-

ae [H4L](ZnCl4)2·2H2O (1), [Cu2LCl2](ClO4)2·6H2O (2) and
Zn2LCl2](CF3SO3)2·0.6H2O (3). In Fig. 44 are plotted views
f the crystal packings of all three structures. The analysis of

i
c
c
n

ig. 44. Photocatalytic cycle for the oxidation of iodide to iodine by dioxygen pro
opyright 2005 American Chemical Society.
Chart 28.

he crystallographic data of the three crystal structures clearly
hows that the overall architectures of the crystals are controlled
y the anions present in the moiety, �–�-stacking interactions
etween the aromatic rings and hydrogen bonding interactions
nvolving the anions and the water used as the solvent (Fig. 45).

Tetrahedral anions like ZnCl42− in (1) or ClO4
− in (2) are

ncapsulated in the macrocyclic cleft of the butterfly-shaped
acrocycle neutralizing the excess of charge and favoring a

oat-conformation. This boat conformation favors on the other
and, �–�-stacking interaction between the aromatic rings of
ifferent macrocyclic units. On the contrary, large triflate anions,
hich have less charge density and cannot be included in the cav-
ty, favor a chair disposition of the ditopic macrocycle so that the
harged metal centers are disposed as far away as possible. In the
ase of crystal structure (2), a very particular 3D hydrogen bond
etwork of pentamer and rhomboid units involving the coordi-

moted by [Ru(bpy)2(bpyN5)]2+. Reprinted with permission from Ref. [183].
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ig. 45. Details of the crystal packing of structures (1) (A), (2) (B) and (3) (C
olecule [187].

ated and free water molecules, coordinated chloride anions and
erchlorate counter-anions was observed. The water molecules
re placed in the channels formed between the macrocyclic units.

. Conclusion and outlook

Although polyammonium cations were among the earliest
lass of compounds being explored as anion binders, their chem-
cal versatility and their easy derivatization make them still to be

ne of the kinds of anion receptors most widely employed in the
upramolecular chemistry of anions. In polyamines having high
egrees of conformational freedom, rigidity and preorganization
an be gained as a result of the own protonation process of the

e
y
m
s

wing the effects of anions on the crystal arrangements. Dots stand for water

olyamine. Positive charges tend to locate far away from each
ther thereby influencing and reinforcing the receptor conforma-
ion. Precisely, the attraction between oppositely charged part-
ers is the main driving force in anion coordination by polyam-
onium receptors. Such prime binding force can be modulated

nd tuned by weaker contributions among which hydrogen bond-
ng plays an important role. Inclusion of aromatic moieties in
he polyamine structure switches on new weaker forces such
s �–� stacking between electron deficient and electron rich

lectronic clouds. Interaction can lead to supramolecular catal-
sis and activation. With the present review focusing on work
ainly performed in our laboratories in the last years we have

hown several examples concerning metallocyanide anions, car-
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oxylate, phosphate as well as nucleotide and oligonucleotide
nteraction and activation. All this examples refer to pure water.
inally, gaining inspiration from the biological world we have
hown the strong interrelation between classical coordination
nd anion coordination chemistry. Many metalloenzymes recog-
ize and/or activates anionic species forming ternary complexes
n which the target anionic species bind to a coordinatively
nsaturated metal center. We have provided examples of abiotic
ystems reminiscent of enzyme centers with interesting anion
ecognition and catalytic behaviors.

Polyammonium receptors will continue to be at the core of
nion recognition in the coming years and due to their tremen-
ous chemical versatility will continue to offer new challenges
o the scientists in the field. Many of these systems will make use
f the chemical possibilities offered by the ensemble of metal
ons and polyamine ligands.
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