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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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Pedersen, J.-M. Lehn and D.J. Cram in the 1960-1970 decade
[1-5]. The concepts and language of this chemical discipline,
which were in part borrowed from biology and coordination
chemistry, can be at a large extent attributed to the scientific
creativity of Lehn [6-8]. Recognition, translocation, catalysis
and self-organization are considered as the four corner stones of
supramolecular chemistry. Recognition does not only contem-
plate the well-known transition metals (classical coordination
chemistry) but also spherical metal ions, organic cations,
neutral and anionic species. Anions have a great relevance from
a biological point of view since over 70% of all cofactors and
substrates involved in biology are of anionic nature. Anion
coordination chemistry came up as a scientific topic also
with the conceptual development of supramolecular chemistry
[8-10].

Interestingly enough, the birth of the first recognized syn-
thetic halide receptors occurred practically at the same time than
the discovery by Charles Pedersen of the crown ethers. While
C. Pedersen submitted to JACS its first paper on crown ethers
on April 1967 entitled “Cyclic Polyamines and their Complexes
with Metal Salts” [1], Park and Simmons, which were work-
ing in the same company than Pedersen, submitted their paper
on the complexes formed by bicyclic diammonium receptors
with chloride entitled “Macrobicyclic Amines. Ill. Encapsula-
tion of Halide ions by in, in-1, (k + 2)-diazabicyclo[k.l.m]alkane-
ammonium ions” also to JACS in November of the same year
[11]. These cage-type receptors were called katapinands taking
after the Greek term describing the swallowing up of the anionic
species towards the interior of the cavity. However, while the
investigations on crown ethers rapidly evolved and many of these
compounds were prepared and its chemistry widely explored, the
studies on anion coordination chemistry remained at this initial
stage and were not further developed until J.-M. Lehn and his co-
workers retook this point in the late 1970s and beginning of the
1980s [12-18]. These efforts were then followed by a reduced
number of groups [19-21]. Nowadays, the number of research
groups and scientific papers dealing with anions is very high
[22-28] and has become a very lively topic within supramolec-
ular chemistry as is reflected by the different reviews included
in this issue.

The work we are going to summarize dates back to the early
1980s when some of us started our work on anion coordination
analyzing the interaction of metallocyanide anions with syn-
thetic polyammonium receptors in pure water (see Section 2).
Although the review will start precisely with this work, it does
not follow a chronological order. The receptors studied will be
saturated polyammonium compounds either of cyclic or open-
chain nature and cyclophane or heterocyclophane compounds.
We will analyze their interaction with different anions either as
free-receptors or in the form of metal complexes. It has to be
emphasized that all the results included in the review refer to
pure water as a solvent.

1.1. Anion properties

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

are large when compared with metal ions. For instance, F~ which
is the smallest anion displays an ionic radius (rp- = 135 pm)
close to potassium (rg+ = 133 pm) which can be considered as
a middle-sized cation. The second aspect concerns the variety
of shapes that anions have covering spherical (F~, CI™, etc.),
triangular (NO3~, HCO3™, etc.), tetrahedral (SO4%—, phos-
phate, ReO4 ™), square planar (PdCl4>~, [Pt(CN)4]%7), octahe-
dral (PFg—, [Fe(CN)6]4_) or even the more complex shapes that
many biologically relevant adopt like polyacarboxylates (cit-
rate, malonate, succinate, etc.), nucleotides (AMP, ADP and
ATP) and dinucleotides (NAD", NADH). In this sense, it is
interesting to recall the anionic nature of the biologic poly-
mers DNA and RNA that are recognized or self-recognized
in key steps of life. The third particularity of anions regards
their high hydration energies in comparison with metal ions
of similar charge density. This characteristic, which is related
to their hydrogen bonding ability, makes more energetically
demanding its complexation in water in relation to spherical
metal ions. It is important to remark that water is the solvent
of life and provides an environment with which leaving sys-
tems are continuously exchanging nutrients and raw materials.
Another very obvious but frequently ignored anion character-
istic is the limited pH range of existence of many anions. If
anions are conjugated bases of protic acids, they will bear pro-
tonation processes and their negative charge will depend on their
basicity constants. A very simple example is provided by phos-
phate which presents in water stepwise constants of 11.5, 7.7
and 2.1 for its first, second and third protonation steps, respec-
tively [29]. Therefore, phosphate will only exist as a trivalent
anion in a very basic pH range while at neutral pH will be as
a mixture of the monovalent and divalent forms. This prop-
erty can be advantageously used for discriminating between
anions of different basicity. A final characteristic of interest
when designing receptors for anions is the fact that anions are
coordinatively saturated species. Thus, only charge to charge or
more or less weak intermolecular forces like hydrogen-bonding,
m—m-stacking or hydrophobic effects can be used for their recog-
nition. However, since anions are Lewis bases appropriately,
designed Lewis acids can also be used for interacting with them.
Different, boron, tin or silica-based receptors have been used
for this purpose. Recently, metalloreceptors in which the metal
ions constitute corners of different structures have also been
employed as anion receptors [30,31]. Finally, classical coordi-
nation complexes are potential anion receptors provided they
have coordinatively unsaturated sites. This point links anion
coordination with metal coordination chemistry through ternary
metal complex formation and is the mechanism of choice for
many enzymes dealing with the activation of small molecules
or anions. Carbonic anhydrase or phosphatases are examples of
this behavior.

1.2. Considerations on the basicity and conformation of the
receptors

The feature distinguishing anions from all other guest species
is their negative charge. Therefore, charge is the prime prop-
erty to be addressed when building anion receptors [10,32]. One
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Fig. 1. Stick representation of the H,(0B232)?* cation showing intramolecular
hydrogen-bonding [36].

way to do this is through oppositely charged receptors having
an appropriate disposition of charged centers. In the biological
world the side chains of basic amino acids like lysine and argi-
nine play this role, the first one offering an amino group which
is protonated at neutral pH while the second one provides a per-
manently charged site. Lysine residues also participate in the
binding of CO; to the surface of haemoglobin forming elusive
carbamate groups and facilitating its transport from the tissues
to the lungs and its expulsion.

In charged synthetic macrocycles it is important to know
not only which is the actual protonation degree at a given pH
value, but also which is the distribution of the charged cen-
ters [33]. Upon protonation polyammomium receptors stiffen
achieving more organized or rigid structures. One well-known
example comes from the crystal structure of the diprotonated
or tetraprotonated forms of the cyclic tetraamine 1,4,8,11-
tetraazacyclotetradecane (cyclam). In Hz(cyclam)2+ the amine
groups all show the in-in conformation favoring the for-
mation of intramolecular hydrogen bonds between adjacent
non-protonated and protonated amine groups, whereas in
Hycyclam** all the ammonium groups display an out confor-
mation so that the positive charges are as far away as possible
between them [34,35]. Similar structural features to those of
Ha(cyclam)?* are found in the crystals structure of Hy(0B232)%*
(2,5,9,12-tetraaza[ 14]orthocyclophane) in which intramolecu-
lar hydrogen bonding between adjacent non-protonated and
protonated hydrogen bonds is also observed (see Fig. 1) [36].

These characteristics can be extended to the so-called large
polyazacycloalkanes. The adjective large was coined to describe
macrocyclic polyamines containing more than six amine groups
[37]. Protonation introduces rigidity into the receptor since pos-
itive charges placed in adjacent nitrogens will tend to adopt
anti conformations in order to minimize electrostatic repulsions
becoming the macrocyclic shape more circular. The degree of
rigidity depends also on the length of the hydrocarbon chains
between the amine groups. The amount of electrostatic repul-
sion between ammonium groups separated by propylenic chains
is markedly lower than when the separation is by ethylenic

N —R3 Ri=R,=R;=H  TAL
{ H H H H Ry=R,=R; = N3TAL
N/\/ SO ISR,

: R1=Rz=HiR3= ATAL

H H
N N
\/\/ ¥R1

Chart 1.

chains. The next section includes further discussion on this cru-
cial aspect.

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

Again in these receptors the protonation state should define
the conformation adopted by the ligand being much more open
when the amine groups in the arms are protonated.

The dichotomy rigid versus foldable or flexible ligands is
an interesting point to be considered when designing receptors
for anions [10,46]. Rigid hosts having complementary disposed
anchoring groups for a given anion should provide the high-
est affinity and selectivity. The energetic cost for adapting to
the anionic species has already been paid in the synthetic work.
More flexible or foldable receptors which can adapt to the stere-
ochemical requirements of a given anion along the complexation
event should however pay the energetic cost for such reorgani-
zation (Fig. 2).

Nevertheless, the more flexible a receptor is the more self-
adaptive will be and consequently the energetic cost to be paid
for matching the stereochemical and electronic features of the
target species will be lower. Therefore, in the design of a receptor
one has also to take into account the purpose or function that
wants to achieve. For instance, in order to have high rates and
turnovers in catalytic processes, flexible self-adaptive receptors
which do not bind too strongly to the target species are often
preferred.

NH3+

+NH, %
+H3N +H3N

Fig. 2. Schematic representation of the open-conformation of hexaprotonated
polyamine TAL.
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2. Interaction with anionic complexes: supercomplex
formation

The interaction of the series of large polyazacycloalkanes
[21]aneN7, [24]aneNsg, [27]aneNg, [30]aneN1g, [33]aneN{; and
[36]aneN|, (Chart 2) in their protonated forms with a series of
metallocyanides and other anionic metal complexes was exam-
ined by different techniques [47-54]. The resulting supramolec-
ular species formed are called supercomplexes or complexes of
second coordination sphere in which the polyammonium species
is placed in the second coordination sphere interacting electro-
statically and through hydrogen bonding and other weak forces
with the complex anion.

The use of metallocyanides as substrates for the interac-
tion with ammonium receptor is not casual. These anions offer
very simple ways of analyzing the influence on host—guest
affinity of negative charge increases while other factors like
shape and geometry are kept essentially constant. Apart from
solvation effects, the only noticeable change when moving
from [Fe(CN)g]>~ to [Fe(CN)6]4_ is the different net charge
of both anions. In the same way, exchanging [Fe(CN)s]3~ by
[Co(CN)g]3~ should be non-significant from a recognition point
of view; both anions are octahedral and have a very close size.

On the other hand, the [Fe(CN)g]>~/[Fe(CN)]*~ redox cou-
ple is very useful due to its quasi-reversible behavior [15,18].
This simple electrochemical behavior permits to derive stability
constants by an alternative method to pH-metric titration, which
is the most widely used technique in this area. It is always advis-
able to use more than one independent technique in order to have
reliable descriptions of the anion—receptor systems.

Fig. 3 gathers a representation of the logarithms of the step-
wise stability constants against the number of protons (p) for the
equilibria  M(CN)s" = + H,L"* = [M(CN)g](H,L) " +7 =6
(n=metal ion charge) for the interaction of [Fe(CN)g]*~ and

NH HN

NH HN

NH HN
H
N
n

H H H
\H/\/N\/(/\N/\)?/N\/\N/\/N\/\NH

35 3 330
nmnnn

3 3 33335

2955
24]aneN
87 24] = Me_pentaen
71 [21]aneN, [; _e Mehexaen
6
v 54 [21]aneN,
g: 4 [24]aneN,
3
21 Me,hexaen
17 Me_pentaen
0 T T T T T T T T T
3 4 5 6 7
no. protons

Fig. 3. Plot of the logarithms of the stability constants for the equilibria
M(CN)® =9 + H,LP* = [M(CN)6](H,L)"+7 =9 (n = metal ion charge) vs. the
number (p) of positive charges in the receptor for the interaction of [Fe(CN)g]*~
(diamonds) and [Co(CN)¢]>~ (squares) with the polyammonium receptors
[21]aneN7, [24]aneNg, Me,hexaen and Mesheptaen [53]. Reproduced by per-
mission of The Royal Society of Chemistry.

[Co(CN)6]3_ with the polyammonium receptors [21]aneN7,
[24]aneNg and its open-chain counterparts Meyhexaen and
Mejsheptaen (Chart 2). The open-chain counterparts were
selected so that they had the same number of carbon and
nitrogen atoms and same class of amine groups than their cyclic
counterparts [55].

Such a plot shows that: (i) the stepwise constants for a given
receptor increase as it does the protonation degree (positive
charge) of the receptor, (ii) for a given protonation degree of
the receptor the highest stability is displayed by the recep-
tor with the highest charge density; smaller ligands show
higher constants than the larger ones and cyclic ligands show
higher constants than the corresponding open-chain counter-
parts: [21]aneN7 >[24]aneNg > Me,hexaen >Mesheptaen and
(iii) the stability constants of the adducts species formed by
[Fe(CN)g]*~ are higher than those formed by [Co(CN)g]>~; the

[21]aneN;
[24]aneNg
[27]aneNg
[30]aneN4q
[33]aneN11
[36]aneN12

NOBAWN-=

\

1 Meshexaen
2 Mejheptaen
3 Meyoctaen
4 Mesynonaen

Chart 2.
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[21]aneN, [24]aneN, [27]aneN, [30]aneN,, [33]aneN,; [36]aneN,,

Fig. 4. Plot of the variation of the constants for the equilibria [Co(CN) ]~
+Hp([3klaneN '+ = [Co(CN)(,](Hp([3k]aneNk))(3‘”) [52]. Reprinted with
permission from Ref. [52]. Copyright 1992 American Chemical Society.

slopes of the lines joining the different protonation degrees in
every system are higher for the [Fe(CN)¢]*~ complexes than for
the [Co(CN)g]>~ ones and also the systems with macrocyclic
receptors show higher slopes than those with open-chain lig-
ands.

All these data confirm that the main driving force in
metallocyanide-polyammonium receptor interactions are
charge—charge interactions, makes it difficult to modulate the
selective discrimination of one guest over another. However, a
representation of the constants for the equilibria [Co(CN)g >~
+H,([3k]aneN )" = [Co(CN)g](Hp([3k]aneNy))® =7 shows
that typically the constants for a given protonation degree
p steadily decrease when going from a macrocycle to the
next one in size until [30]aneN;q is reached. From thereon
an increase in stability is observed (Fig. 4). This change
in the pattern could be attributed to an inclusion of the
anion within the macrocyclic cavity favoring thus shorter
charge—charge interactions and formation of stronger hydrogen
bonds.

Inclusion of the macrocycle inside the cavity of the macrocy-
cle was also postulated by early work performed by the groups of
Lehn in Strasbourgh and Balzani in Bolonia on the interaction of
[Co(CN)6]3’ with the polyammonium receptors [32]aneNg and
[24]aneNg containing all propylenic chains between the nitrogen
atoms [56,57]. These authors observed that the quantum yield of
the light-induced aquation reaction of [Co(CN)g ]~ was reduced
to one-third of the initial value in the presence of the octapro-
tonated receptor Hg([32]aneNg)3* suggesting that inclusion of
[Co(CN)6]3’ into the macrocycle through the equatorial plane
had occurred.

[Co(CN)6]>~ 4+ H30T — [Co(CN)s(H,0)]*~ + HCN

The four CN™ groups in the enclosed equatorial plane would be
hydrogen bonded to the ammonium groups of the macrocycle
and would not be exchanged by water molecules upon light
excitation (Fig. 5).

These analyses have permitted to draw structural conclusions
for a number of systems [58]. Reduction by 1/2 of the quan-
tum yield would stand for an interaction of the polyammonium
host and the metallocyanide through one of its triangular faces
while reduction by 1/3 would imply interaction through one of

Z
I
"+
p4

=Z
I
+

x
+
P4
3
o 9
Z= 0Ol Z =)
7 N\
o 0
£/ 2
+
X
=

\

Ny

Z
I
+

z

NH>+ +H>N

Fig. 5. Schematic drawing of the inclusion of the equatorial plane of octahedral
metallocyanides in the macrocyclic hole of Hg([32]aneNg)8* [56,57].

its edges. Such studies have allowed, for instance, to assume
that the interaction between [Co(CN)6]3’ and the tetraproto-
nated cyclophane 2,6,9,13-tetraza[ 14]paracyclophane (pB323,
Chart 3) or hexaprotonated Hg([24]aneNg)°" involves one face
of the octahedron.

Similar results were obtained for the interaction of [Co-
(CN)s]*>~ with the open-chain terminally dibenzylated recep-
tor B2222B (Chart 3) containing five amine groups between the
aryl moieties [59].

On the other hand, photochemical studies can provide val-
ues of the stability constants for the formation of the adduct
species. Interaction of pB323 or of the dibenzylated ligands
B2B-B2222B (Chart 3) with [Co(CN)g]*~ leads to a quenching
of the emission of the aromatic moiety which has a static nature
[54]. In this case, the association constants can be obtained by
means of the equation:

N
(o — ])EPH L

as —

110] 8HpL 0
i n=1B2B
HN n=2B228B
n =3 B222B
n =4 B2222B
B323
NH N N N N NH,

T
T

(I

N22222

Chart 3.



E. Garcia-Espaiia et al. / Coordination Chemistry Reviews 250 (2006) 2952—-2986 2957

E%v

(A) R

L 80
<
=
70
60
02 00 02 04 06 08
(B) Vsce.

Fig. 6. (A) Typical effects of the addition of a polyammonium receptor (H,L”*) on the cyclic voltammogram of [Fe(CN)]*~. R is the mole ratio recep-
tor:metallocyanide [53]. Reproduced by permission of The Royal Society of Chemistry. (B) Representation of the variation of peak potential (continuous line)
and peak current (dashed line) vs. R for a system polyammonium receptor H,L”*—[Fe(CN)¢]*~. Reprinted with permission from Ref. [49]. Copyright 1987 American

Chemical Society.

where 8]&; and e?" - Qy are, respectively, the molar absorptiv-
ities of the emissive species and of the adducts formed between
the emissive species and the quencher, / the fluorescence-
emission intensity for a given amount of quencher and Iy is
the fluorescence maximum intensity. Interestingly enough, the
values of the constants obtained for the interaction of tetrapro-
tonated Hy(pB323)** with [Co(CN)g]3~ either by means of
pH-metric titrations or steady-state fluorescence measurements
are in good agreement and are higher than those obtained for
the large azacycloalkanes with the same protonation degrees
[49,60].

When dealing with receptors in which naphthylmethyl units
were bound to the ends of a polyamine chain (see receptor
N22222 in Chart 3) it was possible to carry out the photoex-
citation of hexacyanocobaltate by direct irradiation of the naph-
thalene unit. Therefore, this system might be considered as a
molecular photoreactor, the host acting as an antenna which
photosensitizes the aquation reaction in the guest species [61].

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

Addition of the receptor to an aqueous solution of
[Fe(CN)g]*~ yields an anodic shift of the voltammogram until
a certain mole ratio R =receptor: [Fe(CN)6]4’, normally 1 is
reached (Fig. 6B). From a plot of the variations of the peak
potentials versus R it is possible to deduce the stoichiometry of
the formed supercomplex. Contrarily, the effect of supercom-
plex formation is a decrease on the peak intensity due to the
formation of the higher molecular weight adducts species [53].

Distribution diagrams of the species existing in equilibria cal-
culated from the stability constants determined pH-metrically
coupled with plots of the variation of anodic peak currents and
formal potentials show plateaus in the values of the latter two
variables in the zones where single species predominate in solu-
tion (Fig. 7).

Application of classical voltammetric and polarographic
methods permits to calculate the stability constants for the for-
mation of [Fe(CN)g]?~ adducts. Similar determinations are not

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

Table 1 shows that, as it could be expected for anions display-
ing same charge, geometry and size, the values of the stability
constants for the systems [Fe(CN)g]3~—polyammonium recep-
tors are very close to those obtained by pH-metry for the systems
[CO(CN)6]3_—polyamm0nium receptors.

Another point of interest regards the monomeric or polymeric
nature of the adducts formed in aqueous solution. Application of
the molar ratio method [62] to the electrochemical data indicated
that the adduct species [Fe(CN)6]4’:HpLer formed in aqueous
solution had always a monomeric character and 2:2 or higher
aggregates were not observed [63]. This discrete nature of the
species formed in solution has not a necessary correspondence
in the solid state. One of the first supercomplex structures deter-
mined by single crystal X-ray diffraction corresponded to a solid
of chemical formula [Hg([30]aneN;g)][Co(CN)g]>Clz-10H,O
which evolved from slow evaporation of aqueous solutions of

100

. S
b bl
. \ [HsL-Fe(CN)g]*
3 ! 0.3
.g \‘\. g
40
§ 601 [H.L-Fe(CN)g2*
o , 6 6. g
g x
g 40 \oo & B4-09 =
S [H,L-Fe(CN),J3* 30
* 20 0.2
O —
45 55 6.5 75 8.5 95

pH

Fig. 7. Distribution diagram in the species existing in equilibria in the sys-
tem [Fe(CN)6]4‘:Mezheptaen and anodic peak currents (dashed lines, open
circles) and formal potentials (continuous lines, solid circles) of the couple
[Fe(CN)(,]3_—[Fe(CN)6]4_ [53]. Reproduced by permission of The Royal Soci-
ety of Chemistry.
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Table 1
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Logarithms of the equilibrium constants for the supercomplex formation between [Fe(CN)g]>~ and the polyamines [21]aneN7 and [24]aneNg calculated from cyclic

voltammetry data

Reaction® [21]aneNy [24]aneNg

[Fe(CN)s1*~ [Co(CN)s]*~ [Fe(CN)s1*~ [Co(CN)1*~
A+H3;LSH3LA 2.8 2.7
A+H4LSH4LA 34 35 2.9 2.9
A+HsLSHsLA 3.8 3.7 3.8 3.5
A+HgL S HgLA 44 39

The corresponding values for [Co(CN)s ]3>~ calculated by pH-metric techniques are included by means of comparison [53].

2 Charges omitted.

K3[Co(CN)g] and [30]aneN;o-10HCI (Fig. 8) [48]. The crys-
tal structure consisted of octaprotonated macrocycles and two
types of hexacyanocobaltate anions placed outside the macro-
cyclic hole. One of the hexacyanocobaltate anions is hydrogen
bonded through four of its six cyanide groups with consecutive
macrocycles forming a sort of chain-like structure. The second
type of hexacyanocobaltate anions are interconnecting macrocy-
cles of different chains by means of two long hydrogen bonds.
The macrocycle adopts an elongated elliptical shape which is
mainly due to repulsions between the positively charged ammo-
nium groups. Interestingly enough, if this structure were kept in
solution the metallocyanides along a single chain would provide
also a diminution of 2/3 in the quantum yield of the photoexcited
aquation reaction, four out of the six cyanide groups would be
stabilized by hydrogen bonds.

In order to get further insight into the characteristics of these
interactions and into the inclusive nature of the supercomplexes
formed, the studies were extended to other kinds of anion com-
plexes [48]. The interaction of hexachloroplatinate(IV) anions
PtC162_and the macrocycle [30]aneN g was studied in solution

S

by means of '>>Pt NMR spectroscopy. The pH of study was
very acidic (HCI 0.1 M) in order to prevent the migration of
the polyazamacrocycle from the second to the first coordination
sphere of platinum. The presence of the polycharged receptor
causes an upfield shift of the !> Pt NMR signal with respect to
the signal of solvated PtClg>~.

The shift in the %Pt signal reaches a constant value (Fig. 9)
for molar ratios R = [H;o([30]aneN ()% 1/[PtClg2~]> 1 due to
the formation of 1:1 metal complexes. However, another inflec-
tion is observed for R =0.5 suggesting formation of supercom-
plexes of 2:1 anion:receptor stoichiometry.

The crystal structure of [Hjo([30]aneNi()][PtCle)]>Clg-
2H,O (Fig. 10) consists of a complex hydrogen bond net-
work which implies the hydrogens of the protonated nitrogen
atoms of the receptor, PtClGZ’ anions, chloride anions and
water molecules. One of the chloride anions is placed over
the macrocyclic hole forming trifurcated hydrogen bonds with
three adjacent ammonium groups. The overall shape of the
macrocycle is more circular than that previously mentioned
for the octaprotonated form. Again it is interesting to empha-

Fig. 8. Portion of the crystal structure of [Hg([30]aneN()][Co(CN)e)]2Cl,-10H2 O showing the two types of hexacyanocobaltate(III) anions [48].
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Fig. 9. Plot of the variation in the Pt NMR chemicals shifts of PtCls>~
upon addition of increasing amounts of [H10([30]aneN19)]'%*. R =[H;0([30]-
aneN10) !0 )/[PtClg]*>~. Reprinted with permission from Ref. [52]. Copyright
1987 American Chemical Society.

size that the complex anions are placed outside the macrocyclic
hole.

One can imagine that the octahedral shape and the size of
PtClg>~ could hinder its inclusion into the macrocycle. How-
ever, at least in the solid state, inclusion was also not detected
for the square planar anion [Pt(CN)4]2_ even if all calcula-
tions and models suggested that there was enough free room
for this process to occur. The crystal structure of the solid
[Hio([30]aneNo)][Pt(CN)4)5]-2H,0O showed again an array of
hydrogen bonds involving the protonated macrocycle and the
metallocyanide anions whose cyanide groups point directly
towards the macrocyclic cavity (Fig. 11).

Due to the stronger and more inert character of the Pt—-CN
bond, it was possible to study these systems by means of pH-
metric techniques detecting the formation of 1:1 adduct species.
A noticeable increase in stability was observed in going from
[30]aneNj to the larger [33]aneN; suggesting possible inclu-
sion of the anion within the macrocyclic hole.

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

0

Fig. 11. Detail of the crystal structure of [H;o([30]aneN1o)][Pt(CN)4]5-2H,0
showing the anions involved in hydrogen bonding with the protonated receptor
[52].

in D, O failed to give information about the formation of adduct
species of higher nuclearity due to precipitation of the polyam-
monium salts.

A closer relationship between the events coming up in
solution and in the solid state occurs, however, in the sys-
tem PdC142_—H10([30]aneN10)10". The solution studies for the
different Hk([?;k]'cmeNk)k+ systems were carried out by batch
microcalorimetry in 0.1 M HCIl aqueous medium (Table 2).
The measurements had equilibration times within the time-
scale of the experiment for He([18]aneN)®*, H7([21]aneN7)7*
and Hg([24]aneNg)8+ becoming, however, much slower for
the next two terms of the series Hl()([30]aneN10)10+ and
Hi1([33]aneN ;). Although all the reactions show slightly

Fig. 10. Detail of the crystal structure of [H;o([30]aneNo)[PtCls]oCle-2H,O showing the outer location of the PtClg2~ anions. Red dots are water molecules and
green are chloride anions [52]. (For interpretation of the references to color in this figure 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]aneN; macrocycles and PdCl42~ determined in 0.1 M HCI in a BATCH
microcalorimeter [50,51]

Reaction —AH° (kcal mol~!) Time (min)
Hg([18]aneNg)®* + PdCl, %~ 1.5(1) 20
H7([21]aneN7)™* + PdCl42~ 1.5(1) 20
Hg([24]aneNg)®* + PdCl, %~ 1.6(1) 20
Ho([27]aneNg)** + PdCl42~ 2.9(1) 120
Ho([30]aneN1()'%* + PdC142~ 3.9(1) 110
Hi1([33]aneN; ;) 1+ + PdCl42~ 3.1(1) 50

exothermic enthalpy terms, the values for (H10[3O]aneN10)10+
and Hy([33]aneN7;)!!* doubled the other ones. These experi-
mental evidences suggest that Hio([30]aneN1o)'%* was the first
term of the series for which inclusion of the PdCl42~ within
the macrocyclic cavity occurred. The slower equilibration time
should account for conformational reorganizations following
host—guest interaction.

The crystal structure of [(PdCls)(H1¢[30]aneN1¢)](PdCls),-
Cly (Fig. 12) shows that one of the PdCl42~ is included into the
ellipsoidal cavity of the decaprotonated macrocycle along the
shorter axes [50,51]. The chlorine atoms stand out of the macro-
cyclic framework forming hydrogen bonds with the closest nitro-
gens of the macrocycle. The outer PACI4>~ anions participate
also in hydrogen bonding with the several ammonium groups
of the receptors. Although, as previously mentioned, the shape
of the macrocycle is greatly defined by coulombic repulsions
between protonated nitrogens, attractive charge—charge interac-
tions with the anions and hydrogen bonding do play also their
role in determining the conformation of the protonated receptor.
As a matter of fact, the conformations found in all the discussed
structures are somewhat different. Thus, it can be stated that the
coarse fitting of the macrocyclic conformation is performed by

Fig. 12. Drawing of the cation [(PACl4)(H 0[30]aneN;()]8*. Hydrogen bonding
is indicated with blue-dotted lines. Hydrogens not shown [50,51]. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

TSNt Nt NH HN
e

/N+/ \N+\ NH HN

— L/

Meg[12]aneN 4+ H,[120]aneN,4+

Chart 4.

the charge while hydrogen bonding should be playing a sort of
fine tuning.

Although electrostatic attraction is the main driving force
for adduct formation, sometimes the supplemental contri-
bution of hydrogen bonding seems to play a key role
in the effective formation of the adducts. A very illus-
trative case was reported by Bianchi et al. for macrocy-
cles Meg[12]aneN4*" and H4([20]aneN4)** (see Chart 4)
[64,65]. Nitrogen quaternization in Meg[12]aneNy* pre-
vents hydrogen bonding and no appreciable interaction with
anions such as ATP*~ or [Co(CN)s]*~ was detected for
this macrocycle. On the other hand, Hy([20]aneN)** dis-
playing a lower charge density but with possibility of form-
ing hydrogen bonds interacts in water with [Co(CN)6]?—,
[Fe(CN)g]*~ or ATP*~ with logKs values for the reaction
[H4([20]aneNy)]** + A"~ < [Ha([20]aneN4)A] 4~ of 2.38,
3.62 and 3.81, respectively.

3. Carboxylate anions

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

Our first approach to this topic was to consider the interac-
tion of the macrocycle [21]aneN7 (see Chart 2) in its protonated
forms with two benzenetricarboxylic acid isomers, with Kemp’s
acid cis,cis-1,3,5-trimethyl-1,3,5-cyclohexanetricarboxylic acid
(¢,c-TMCT) and with its isomer cis,trans-1,3,5-trimethyl-1,3,5-
cyclohexanetricarboxylic (c,;~-TMCT) (Chart 5) [76,77]. Car-
boxylates derived from benzenetricarboxylic acids can be con-
sidered as ideal models for rigid anionic substrates having well-
defined shapes in terms of charge density and hydrogen bonding.

Kemp’s triacids also display relatively rigid structures due
to its very simple conformational equilibrium which brings
the carboxylate groups from equatorial to axial position when
first protonation occurs. For comparison the less-rigid citric
tricarboxylic acid and 1,2-benzenedicarboxylic (1,2-BDC) and
1,3-benzenedicarboxylic acids (1,3-BDC) were also studied
(Chart 5).
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CO,H CO,H CO,H CO,H
CO,H CO,H
CO,H HO,C CO,H CO,H
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HO,C CH, COH HO,C ES3H CH, HO,C—CH,
CO,H 2 o HO,C —C —OH
CHs 2 HO,C =CH,
CH;
c,c-TMCT ct-TMCT CIT
Chart 5.
Table 3
Protonation constants for the tricarboxylic acids 1,2,3-BTC, 1,3,5-BTC, ¢,c-TMCTC, ¢,-~-TMCTC and CIT (0.15M NaClOy, 298.1 K) [76,77]
Reaction® 1,2,3-BTC 1,3,5-BTC ¢,c-TMCT ¢,t-TMCT Cit
A+HSHA 5.401(2) 4.382(2) 7.289(5) 6.921(5) 5.401(2)
H+HA S HA 3.90(1) 3.66(1) 6.20(1) 4.72(1) 3.90(1)
H+H;A S H3A 2.65(2) 2.97(12) 3.59(3) 3.82(3) 2.65(3)

Charges omitted for clarity.

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

However, as citrate and 1,2,3-benzenetricarboxylate (1,2,3-
BTC) have practically the same protonation constants, in this
case the interaction constants can be directly compared and show
aclear preference of the aromatic tricarboxylate over citrate in all
the pH range of complexation. The constants for 1,2,3-BTC are
three orders of magnitude greater than those of citrate. The dis-
tribution diagrams in Fig. 13 clearly reflect this situation; while
for 1,2,3-BTC the adduct species predominate over all the pH
range, for citrate the prevailing species are the free carboxylate
trianion and its protonated forms.

Owing to their different protonation constants the compar-
isons for the other acids are not so straightforward. Therefore, it
seemed opportune to establish a criterion taking into account this
fact that provided a clear picture of selectivity patterns [77,78].
An appropriate way was to calculate the distribution diagram for
the mixed systems Anion A—Anion B-[21]aneN7 and represent
their overall percentage of formation. This method permits to
establish selectivity ratios at any pH and does not require any
assumption on the location of protons in the interacting species,
which is required to transform cumulative association constants
into stepwise ones and is a common source of erroneous inter-
pretation of selectivity. Fig. 14 shows such a diagram for the
mixed system [21]aneN7-c,c-TMTCC-c,t-TMCT.

This plot indicates that in a 1:1:1 mixture of the two isomers
and of the receptor, the cis,cis-isomer will be selected at a larger
extent by the receptor.

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
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Fig. 13. Distributions diagram for the systems: (A) [21]aneN7 (L)-citrate (A)
and (B) [21]aneN7 (L)-1,2,3-BTC (A) [77].
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Fig. 14. Calculated overall percentages of complexation in the mixed system
[21]aneN7-c¢,c-TMCT-¢,--TMCT. Concentrations of all reagents 1073 M [77].

(Fig. 15) [79].

Keon = > [HjLA]
N STHL] x SU[HAA]

This way of treating the data provides, for all the pH range
of study, equilibrium constants comparable to those obtained
by other techniques at fixed pH values. On the other hand ther-
modynamic selectivity can be calculated at any pH value by
just dividing the apparent constants. The selectivity of proto-
nated [21]aneN7 for ¢,c-TMCT over ¢,t-TMCT would be 15 at
pH 7.4, 46 at pH 6.0 and 100 at pH 4.0. The polyammonium
host compound behaves as a rather flat charge surface that will
match all three carboxylate groups of the cis,cis-isomer while it
would match only two groups in the cis,trans-isomer as shown
in the models (Fig. 16). Since neither the carboxylic/carboxylate
substrates nor the polyammonium guest have a suitable electro-
chemical behavior, competition experiments between the car-
boxylate anions and hexacyanoferrate(Il) were set up in order
to check the interactions by an alternative way. These experi-
mental evidences help to confirm the magnitude of the stability
constants as well as the stoichiometries and monomer nature of
the host—guest adducts formed [77].

The same reasoning explains why 1,2-BDC interacts stronger
with [21]aneN7 than the triacid ¢,--TMCT by (Fig. 17).

Other recent examples of shape-selectivity in the selective
recognition of tricarboxylic acid isomers are provided by the
macrocycle R,R-Tris-pB2CH (see Chart 6) which contains three
trans(1R,2R)-diaminocyclohexane units connected by p-xylene
spacers [80] and the two tripodal ligands Tris-cyclen and Tris-

T (e
6 1 [21]aneN;-c.c-TMCT
5 -
[-%
Rl
5
23
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pH

Fig. 15. Logarithms of the apparent stability constants for the systems
[21]aneN7-c,c-TMCT and systems [21]aneN7-c,t~-TMCT.

Fig. 16. CPK models showing the matching between protonated [21]aneN7 and
¢,c-TMCT (top) and ¢,--TMCT (bottom) [76,77].

isocyclam containing, respectively, three cyclen and three iso-
cyclam hanging moieties [81].

Potentiometric and NMR analysis on the interaction of R,R-
Tris-pB2CH with the 1,3,5-BTC, 1,2,4-BTC and 1,2,3-BTC
acids and their relevant anions show that the interaction is high-
est for the isomer 1,3,5-BTC which perfectly fits within the
macrocyclic cavity of the host species (Fig. 18). The studies have
been extended to the triacid 1,3,5-benzenetriacetic (1,3,5-BTA)
observing in this case the effect of a size mismatch between host
and guest species (Fig. 18).
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Fig. 17. Plot of the logarithm of apparent stability constants vs. pH for the
systems [21]aneN7-1,2-BDE and [21]aneN7-c,c-TMCT.
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Recognition of 1,3,5-BTC over 1,2,4-BTC and 1,2,3-BTC
was also achieved by means of the two tripodal ligands Tris-
cyclen and Tris-isocyclam [81]. The binding properties of these
ligands were studied by means of potentiometric, NMR and
microcalorimetric measurements showing that both ligands form
stable 1:1 complexes with all three substrates, the complex
stability depending on the protonation state of receptors and sub-
strates. As shown by molecular dynamic calculations all three
anions are encapsulated into the bowl-shaped receptor cavity
giving rise to charge—charge and hydrogen bond attractive inter-
actions. 1,3,5-BTC, which displays the same ternary symmetry
of Tris-cyclen and Tris-isocyclam, shows the best complemen-
tarity with these receptors with which it forms a close network
of six salt bridges reinforced by hydrogen bonds involving
the six carboxylate oxygens. The lowest energy conformer of
[H7Tris-cyclen(1,3,5-BTC)]** is reported in Fig. 19. Such com-
plementary matching between substrate and receptor is at the
origin of the marked recognition of 1,3,5-BTC over 1,2,4-BTC
and 1,2,3-BTC.

The calorimetric study pointed out that the complexes with
these tricarboxylate substrates are in general stabilized by favor-
able entropic contributions when the substrates are completely
deprotonated and by favorable enthalpic contributions for pro-
tonated substrates.

Fig. 18. Ball and stick and CPK molecular models for the system H3;L3* and the tricarboxylate anions derived from 1,3,5-BTC (A and B) and from 1,3,5-BTA (C
and D). Reprinted with permission from Ref. [80]. Copyright 2005 American Chemical Society.
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Fig. 19. Lowest energy conformer of the [H7Tris—cyclen(l,3,5-BTC)]4+ com
plex. Dashed lines represent hydrogen bonds. Reprinted with permission from
Ref. [81]. Copyright 2005 American Chemical Society.

4. Sulfate, phosphate, pyrophosphate and triphosphate

Among anionic substrates, phosphate anions are of spe-
cial interest due to their widespread participation in biological
systems. Phosphate recognition by proteins has been recently
illustrated by a crystal structure of the phosphate binding pro-
tein (PBP), which is a periplasmatic protein that transports
orthophosphate in bacteria once the anion has crossed the outer
membrane cell. In this protein, HPO42~ is buried in a fully
dehydrated form in a crevice 8 A below the protein surface
forming 12 hydrogen bonds contacts with the protein [82,83].
Eleven of these hydrogen bonds involve oxygen atoms of the
anion and hydrogen bond donor groups of the protein while in
only one the anion OH™ group behaves as a hydrogen bond
donor.

In its turn the sulfate binding protein (SBP), which has a
similar anion transport role in bacteria, binds sulfate through
a seven hydrogen bond network between the oxygen atoms of
sulfate and NH groups of the protein backbone, being a tryp-
tophane and a serine residue participating also in the binding
[83-85]. The lack of hydrogen bond acceptors in the binding
site explains the poor affinity of this protein for phosphate and
the sulfate—phosphate discrimination.

Different examples of phosphate and sulfate complexation by
synthetic polyammonium receptors in water have been reported
in the literature [14,66,68,86—105]. Here we are going to discuss
examples of phosphates and sulfate interaction with polyam-
monium receptors in water for which, in addition to binding
constants, also the enthalpy and entropy terms are available
[103—-105]. In particular, only reliable enthalpy terms measured
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by means of microcalorimetric titrations will be considered. This
kind of data is very important to interpret which is the major con-
tribution affecting the stability of anion complexes in water and
which is the role, if any, played by hydrogen bonds.

A complete thermodynamic characterization of the anion
complexes formed by phosphate and pyrophosphate with the
polyammonium cations deriving from the macrocyclic and
acyclic polyamine ligands shown in Chart 7 was performed by
means of potentiometric and microcalorimetric measurements,
which furnished equilibrium data for complexes in many differ-
ent protonation states [103].

In spite of their different sizes, molecular architectures and
number of binding groups, these ligands form only complexes
of 1:1 anion/receptor stoichiometry in solution with both anions.

'H and '*C NMR spectra performed with solutions of these
ligands at various pH values show that the formation of phos-
phate and pyrophosphate complexes does not alter the proto-
nation patterns and the topology of the charged groups in the
ligands and does not modify significantly the overall conforma-
tion of the protonated receptors, with the exception of PhoMegNg
which experience some conformational changes. Only a mod-
est general displacement of NMR signals corresponding to the
increase of ligand basicity, brought about by anion complex-
ation, is generally observed. These observations are strongly
indicative of the fact that in the formation of such anion com-
plexes the interacting partners maintain their identity and no
significant redistribution of protons occurs, that is, under our
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experimental conditions, hydrogen bonded ion pairs are favor-
ably formed.

In contrast with the general trend of increasing stability with
increasing charge of receptors and anions previously observed
for the complexes of these ligands with other inorganic anions
like [Fe(CN)s]*~, [Co(CN)¢]?~ and [Pt(CN)4]3~ [49,52,53],
the stability trends of phosphate and pyrophosphate complexes
are not strictly determined by electrostatic contributions. For
instance, the stability of the complexes formed by HPO42~ with
the mono-, di- and tri-protonated forms of B343 decreases with
increasing charge on the ligand, while the stability of the com-
plexes formed by Hy(PhoMegNg)** with HP,073~, HyP207%2~
and H3P;O7™ increases with decreasing charge on the anion.
Such unprecedented behavior was ascribed, as later discussed
on, to the particular ability of phosphate species in behaving as
acceptors and donors of hydrogen bonds.

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

Many of these complexation reactions are almost athermic
or endothermic and promoted by favorable entropic contri-
butions (7T AS°>0), in agreement with the ideal electrostatic
model, although there is also a considerable number of reac-
tions promoted by large favorable enthalpy changes (AH® <0)
and accompanied by evident entropy loss. Phosphate, pyrophos-
phate anions and polyammonium receptors can be involved in
the formation of many hydrogen bonds in which both the anions
and the receptors can act as acceptors or donors. Hydrogen bond-
ing is largely determined by electrostatic attraction, although
significant contribution is also furnished by charge-transfer, dis-
persive and covalent forces. In particular, when hydrogen bonds
take place between chemical species characterized by marked
acid/base properties like the present ones, contributions from
proton transfer (charge-transfer) from the donor to the accep-
tor groups may be of considerable importance. There are five
possible modes (1)—(5) of hydrogen bonding involving amine
or ammonium groups and phosphate, or protonated phosphate
anions.

—N-H"...O— AH° > 0,TAS° > 0 (D)
—N-H"...OH-  AH° > 0,TAS° ~ 0 2)
~N-H---O— AH° > 0,TAS° ~ 0 3)
~N-H.--OH- AH° > 0,TAS° <0 4)
—N|---H-O—  AH° < 0,TAS° <0 5)

Taking into account that deprotonation of an amine group is a
strongly endothermic reaction while protonation of phosphate
anions is almost athermic, the partial amine-to-anion proton
transfer processes involved in the four hydrogen bonding modes
(1)—(4) are expected to give unfavorable enthalpic contributions

(AH°® >0), while the partial proton transfer process of the bond-
ing mode (5), occurring from the anion to the amine group, is the
unique one furnishing favorable enthalpy changes (AH® <0).

Nevertheless, the type of hydrogen bond occurring between
anion and receptor is strictly connected with the extent of proton
transfer from the donor to the acceptor, which depends on the
N—-O separation. For instance, the difference between hydrogen
bond in the ion pair (1) and in the neutral complex (2) vanishes
for short separations. In the case of phosphate and pyrophosphate
complexes with polyammonium ligands the strong electrostatic
attraction brings the anion and the receptor in contact with each
other. Under these conditions both types of hydrogen bonds can
be formed depending on the complex structure and the pro-
tonation degree of the reacting species, as observed in crystal
structures of HyP,072~ complexes with polyammonium recep-
tors [94,103].

By adopting a similar reasoning, the unusual stability trends
observed for the formation of phosphate and pyrophosphate
complexes can be explained by assuming the formation of dif-
ferent hydrogen bonds whose contribution is decisive even in
a competitive solvent like water which is a good donor and
acceptor of hydrogen bonds. Actually, the stability decrease
previously highlighted for the complexes formed by HPO4>~
with the mono-, di- and tri-protonated forms of B343 can be
interpreted in term of increasing hydrogen bond donor prop-
erties (type (1) bonds) of the receptors, leading to unfavorable
enthalpic contributions, while the stability increase of the com-
plexes formed by pyrophosphate and Hy(PhyMegNg)**, as the
charge on the anion decreases from HP,073~ to H3P>O7 ™, can
be attributed to the greater donor ability of more protonated
anions (type (5) bonds) determining more favorable enthalpic
and less favorable entropic contributions.

In a successive work the binding constants, as well as
the enthalpy and entropy terms, for the formation of sul-
fate complexes with protonated forms of [18]aneNg, Me,[18]-
aneNg, Mey[18]aneNg, [21]aneN7, Me3[21]aneN7, PhoMegNg,
Me;pentaen, Meshexaexen (see Chart 7) and other polyamines
reported in Chart 8 were determined by means of the same poten-
tiometric and microcalorimetric methods [104].

Also in the case of sulfate only complexes with 1:1 anion/
receptor stoichiometry are formed in solution but, in contrast to
phosphate complexes, the equilibrium constants for the binding
of SO4%~ increase with increasing positive charge on the pro-
tonated receptors indicating that electrostatic attraction is the
principal force determining the stability of these anion com-
plexes, although also hydrogen bonding is expected to give
a favorable contribution. In this case, however, no protonated
forms of SO42’ exist in the studied pH range and, then, SO42’
can only act as hydrogen bond acceptor preventing the formation
of type (5) hydrogen bonds in the complexes, which give rise to
the peculiar stability trends found for phosphate complexes.

Both nitrogen methylation and the presence of aromatic
groups in the ligand increase the stability of the sulfate com-
plexes with respect to aliphatic not methylated ligands, by reduc-
ing the overall solvation of the receptors; less solvated receptors
give rise to less energetically expensive desolvation processes,
upon complexation, contributing to enhance the complex sta-
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bility. Only the two ligands containing the large phenanthroline
groups (Chart 8) form weaker complexes, most likely as a result
of repulsive interactions between the negative charge of the anion
and the extended electronic m cloud of the aromatic moieties.
For methylated polyamines a considerable contribution to
the enhancement of complex stability has to be ascribed to the
marked localization of positive charges produced in the ligands
by the higher basicity of secondary amine groups in water with
respect to tertiary (methylated) ones leading to stronger interac-
tions with the anion. As a matter of fact, for a given charge of the
receptor, the complex stability is higher for [18]aneNg than for
the larger [21]aneN7, in agreement with the electrostatic nature
of the interaction, but when methylated ligands are considered,
different trends can be found. For instance, the equilibrium con-
stants for SO42~ binding with Me;[18]aneNg, Me4[18]aneNg
and Me3[21]aneN7 are equal, within the experimental errors,
for all diprotonated forms, and the same applies for the tripro-
tonated ones. On the other hand, the tetraprotonated forms of
Me;[18]aneNg and Mes[18]aneNg interact with SO42~ more
strongly that the tetraprotonated form of Me3[21]aneN7, while
an opposite trend is observed when considering the pentaproto-
nated species formed by Mes[18]aneNg and Me3[21]aneNy.
As shown by the microcalorimetric study, the reactions of
S042- binding are endothermic, or almost athermic, and pro-
moted by invariably favorable entropic contributions (TAS° > 0),
in agreement with the ideal electrostatic model, and in contrast to
the previous results for phosphate binding. Since SO42~ does not
form protonated species under the investigation conditions, only
hydrogen bonds of types (1) and (3) may occur in the formation
of the sulfate complexes justifying the endothermic, or almost
athermic character of the binding reactions. Furthermore, pro-
tonation of sulfate anion is endothermic and consequently the
partial proton transfer processes occurring with the formation
of types (1) and (3) hydrogen bonds act in the same direction
enhancing the endothermic character of the binding reactions.
Hence, the stability of these sulfate complexes in solution is
mostly determined by largely predominant entropic terms pro-
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Fig. 20. Calculated overall percentages of complexation in the mixed system
PO43~/S04%~/[21]aneN7. Concentrations of all reagents 10~3 M [104]. Repro-
duced by permission of The Royal Society of Chemistry.

duced by the desolvation of the interacting species occurring
upon charge neutralization accompanying the pairing processes.

A comparative analysis of the binding ability of these lig-
ands towards sulfate and phosphate, performed by means of
calculated selectivity diagrams, furnishes an interesting exam-
ple of selectivity pattern for [18]aneNg. As shown in Fig. 20,
in alkaline solution (pH > 8.5) sulfate is selectively recognized
over phosphate, but a selectivity inversion occurs on lowering
the solution pH, when the phosphate complexes become largely
predominant. Hence, selective recognition of phosphate over
sulfate takes place along with increasing phosphate protonation
mimicking the function accomplished in living systems by phos-
phate binding proteins.

The desolvation process occurring upon complexation can be
the driving force for anion binding with polyammonium recep-
tors even in the case of phosphate type anions in water. The
ligand Bisby, for example (see Chart 9) is folded by the propy-
lenic bridge forming a deep cleft where many water solvent
molecules can be hosted, in particular when it is protonated
[105].

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-

S N N N

AN
| H Heo
N N
Z N N Xy
AN AN
bisby
Chart 9.
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Fig. 21. Proposed model for the interaction of protonated forms of Bisby with
triphosphate [105].

lar pocket of the protonated receptor causes the exclusion of
many water molecules from the cavity which is expected to
be accompanied by a favorable entropic effect. Actually, the
thermodynamic parameters determined for the complexation
of phosphate, pyrophosphate and triphosphate with Bisby in
water are invariably promoted by largely favorable entropic con-
tributions while the enthalpic ones are invariably unfavorable
even if enthalpically favorable type (5) hydrogen bonds can be
formed. In general, the stability of these complexes increases
with increasing receptor charge, in agreement with the ideal
electrostatic model of ions pairing, but for a given charge of
the receptor, anion protonation can produce a stability enhance-
ment, indicating that the formation of type (5) hydrogen bonds
are actually acting at some extent.

In conclusion, as shown by the different behaviors illus-
trated here for the binding of sulfate and phosphates anions
with polyammonium receptors in aqueous solution, the forma-
tion of hydrogen bonds between anion and receptor can be of
considerable importance in such competitive solvent, in par-
ticular when protonated forms of the anion are involved. The
binding properties of the receptors are determined by the num-
ber and localization of the positive charges as well as by the
ligand conformation and the presence of hydrophobic aromatic
groups.

5. Mononucleotide anions

Polyammonium macrocycles have proved to be interesting
synthetic mimics of a variety of phosphoryl transfer enzymes.
One of the first ligands to be examined under this point of
view was the 24-membered dioxahexazamacrocycle 1,13-dioxa-
4,7,10,16,19,23-hexaazacyclotetracosane ([24]aneNgO7) also
known as O-bisdien which was found to exhibit both ATPase
and kinase activity [106-115].

12 1 (laneNy
10 [30]82&'\]10

[27]aneNg

logKapp

pH

Fig. 22. Plot of the logarithms of the apparent stability constant vs. pH for the
system [3k]aneNy-ATP (k=7-11) [91].

Following this line of research, the ATP binding and activa-
tion capabilities of the series of large [3k]aneN; macrocycles
was examined (see Chart 2) [91]. In order to have a more com-
plete picture of the situation, we also analyzed the interaction of
these receptors with AMP and ADP and with the anions phos-
phate and pyrophosphate. The formation constants for all the
detected adduct species were calculated by means of potentio-
metric techniques at constant ionic strength of 0.15 M NaClOy.
Re-examination of those constants under the criterion discussed
in the latter section indicates that [21]aneN7 is one of the recep-
tors interacting weakest with ATP at any protonation degree
while the maximum interaction would occur for the system ATP-
[30]aneNj (Fig. 22).

Notwithstanding this fact, HPLC and 3lp NMR measure-
ments recorded at pH’s 3.0 and 7.0 proved that [21]aneN7 was
the macrocycle producing the largest rate enhancement of the
hydrolytic cleavage of ATP into ADP and the so-called inor-
ganic phosphate. It is interesting to remark that the interaction
of anyone of these receptors with ATP is much higher than with
ADP, AMP or phosphate. Therefore, ATP hydrolysis induced
by [3k]aneNj polyazacycloalkanes is free, for the major part,
of inhibiting agents generated by its own hydrolysis. The only
anion that competes in binding strength with ATP and that might
exert a real inhibiting effect is pyrophosphate but it was not
formed under the experimental condition used in the experi-
ments.

The rates of dephosphorylation were dependent on ATP con-
centration and pH. At pH 3 the rate of ATP hydrolysis in the
presence of [21]aneN7 was k=0.029 min~! at 20 °C for an initial
ATP concentration 107 M. At higher temperatures and/or con-
centrations the rates for this macrocycle were too fast to be mon-
itored using HPLC and NMR techniques. All the other macrocy-
cles showed considerable lower rates being [24]aneNg the fastest
one with k=0.0045 min~! (I'=40°C, [ATP]o = 10~ M). Either
the four larger macrocycles [27]aneNo, [30]aneNjg, [33]aneNy
and [36]aneN; or the smaller [ 18]aneNg were clearly slower. At
pH 7 all macrocycles showed slower rates than at pH 3. This can
be attributed to a lessened participation of general acid catalysis.

The highest efficient of [21]aneNy, particularly at lower pH
values, can be attributed to several factors. First, the magnitude
of the interaction does not seem to be a key point since the
larger macrocycles show less efficiency. Second, if the mech-
anism 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 (A)  Minor axis (A)
H,([18]aneNg)** 7.682 6.212
Hy([21]aneN7)** 7.653 6.725
Hg([24]aneNgO,)01* 10.005 6.714
[Hg([30]aneN1()][Co(CN)s]Cl-10H,O  15.486 6.873

phosphoramidate species, the nucleophilicity of the macrocyclic
amines should be critical. In the case of the fastest [21]aneN7
macrocycle, evidences of formation of such covalent intermedi-
ate were provided by a 3! P NMR signal appearing at ca. 10 ppm
which was coincident with that displayed by a synthetically pre-
pared phoshoramidate. Factors which favor nucleophilicity are:
(i) reduced overall positive charge at a given protonation, (ii)
hydrophobicity of the environment where the reaction occurs,
(iii) electron donor substituents. As at a given pH [21]aneN7 is
less charged than the larger ligands, this should favor a nucle-
ophilic attack. However, the same reasoning should drive to a
higher efficiency of the smaller [18]aneNg and this was not the
case.

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

Table 4 collects the minor and major axes defining the ellip-
tical shapes of various macrocycles whose structure have deter-
mined by X-ray diffraction analysis.

As seen in Table 4, the macrocycles showing highest efficien-
cies have very close dimensions of the minor axis. Modeling
studies indicated that ATP would be located along this common
minor axis. Later we will discuss further this size effect.

Methylation of the nitrogen atoms is a way of increasing
the nucleophilicity of the amine groups and in this respect sev-
eral methylated [3k]aneNj receptors were prepared (Chart 7)
[92,97,116].

The effects of methylation on the rate of ATP cleavage
are, however, not uniform since apart from the electron donor
properties there are other factors also operating. With respect
to the stability of the interaction ATP-macrocycle for the
adducts formed between ATP and the 18-membered macro-
cycles, Me;[18]aneNg is the receptor forming the most stable
adducts, while for the ATP adducts of the 21-membered macro-
cycles the non-methylated [21]aneN7 forms more stable com-
plexes than Mes[21]aneN7. Methylation, apart from providing
electron density to the nitrogen atoms, modifies the size and con-
formation of the macrocycles. These facts can yield on balance
stabilizing or non-stabilizing contribution to the formed adducts.
Another case in which there is an increase of the stability of the
ATP adducts upon permethylation of the nitrogen atoms refers
to macrocycles pB323 and B323Me4 (Chart 10) [102].

The same happens for the kinetic rates of the dephosphoryla-
tion processes. Mey4[18]aneNg produces a greater rate enhance-

Me,Py,[18]aneN,

Chart 11.

ment than [18]aneNg. At pH 3 and 80 °C for [ATP]p=0.01 M,
Me4[18]aneNg produces a 20-fold rate acceleration with respect
to free ATP while [18]aneNg just yields a five-fold rate enhance-
ment. However, in the case of the 21-membered macrocycles,
methylation of [21]aneN7 to give Me3[21]aneN; modifies its
optimal size and leads to a much poorer hydrolytic rate.

Insertion of two pyridylmethyl hanging groups on Me4[18]-
aneNg (PysMey[18]aneNg, Chart 11) leads to enhanced bind-
ing ability towards ATP at acidic pH [117]. Unfortunately, data
regarding the effect on ATP hydrolytic cleavage are not available
for the new ligand.

Besides the previous effects, permethylation of amine ligands
gives rise to polyammonium receptors with highly reduced abil-
ity in forming hydrogen bonds with the substrates. This may lead
to unexpected binding selectivity. An interesting case regards
the formation of ADP and ATP complexes with polyammonium
receptors derived from the cyclophanes PhoMegNg (Chart 7)
and PhoPippMe4Ng (Chart 12) [118].

These two ligands present a similar molecular architecture
composed of two polyamine subunits linked by aromatic spac-
ers. The presence of aromatic moieties, the short ethylenic
chains connecting the amine groups, nitrogen methylation and,
in PhyPipoMe4Ng, the piperazine rings, give rise to rigid macro-
cyclic frameworks. The protonation patterns of these ligands,
determined by means of potentiometric and NMR studies

C{'|3

C ‘N
(—N N
H3C—N

N C N—
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Ph,Pip,Me,N,

N—CH3

Chart 12.
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Fig. 23. Charge disposition in Hy(Ph,MegNg)** and Hs(Ph,Pip;MeyNg)>*
macrocycles [118]. Reproduced by permission of The Royal Society of
Chemistry.

showed that, despite the different number of nitrogen atoms
in the molecules, similar arrangements of positive charges are
achieved in the polyprotonated species [118,119]. For instance,
both in Hy4(PhyMegNg)** and in Hs(PhyPipyMe4Ng)>*, four
acidic protons are located on the benzylic nitrogens forming
rectangular arrangements of positive charges of very similar
dimensions (Fig. 23). Of course, an additional positive charge
is present in Hs(PhyPip,MesNg)>*.

Such similarity in the spatial distribution of charge in the
two polyammonium cations leads one to suppose that a sim-
ilar charge—charge matching between the phosphate chains of
ATP or ADP and the receptors can be achieved. Moreover,
it seems reasonable to expect that Ph,PippMesNg is a bet-
ter receptor than PhyMegNg since the former, owing to its
higher number of amine groups, forms more charged species
than the latter under similar conditions. Rather surprisingly,
however, while the two nucleotides form stable complexes
with various protonated forms of PhoMegNg, no interaction
with PhyPipoMesNg was detected by means of potentiomet-
ric and NMR measurements over the whole pH range. A
reasonable interpretation of such behavior can be drawn by
considering the crystal structures of the H4(Ph2M66N6)4+ and
Hs(PhoPip;MegNg)>* cations (Fig. 24). In Hy(PhyMegNg)* the
four N-H* groups are convergent allowing the receptor to form
four hydrogen bonded salt bridges with the phosphate chain of
the nucleotides. On the other hand, in Hs(Ph,Pip»MesNg)>*
the five N-H* groups are divergent, preventing the simulta-
neous interaction with the nucleotides and the formation of
complexes. Hence charge—charge attraction, although is the
driving force for most ion pairing processes in water, not
always produces enough energy to stabilize anion complexes
with polyammonium receptors. As shown in this case, as well
as in previous cases, the formation of salt bridges reinforced
by hydrogen bonds can be the key to achieve efficient anion
binding.

Complexation induced 'H chemical shifts of the adenine
protons of ATP and ADP evidenced that a modest m-stacking
interaction between the nucleobase and the aromatic groups of

Fig. 24. Lateral and top views of the crystal structure of H4(PhyMegNg)** (a) and H5(Ph2Pip2Me4Ng)5+ (b). The orientation of N-H* groups is indicated by the

arrows [119].
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the receptors furnishes some stabilization to the nucleotide com-
plexes of PhoMegNg.

,m-Stacking is one of the forces that can be used to com-
plement coulombic interactions and hydrogen bonding forces
in nucleotide recognition. While the phosphate chain of the
nucleotide represents a good electrostatic binding point, the
nucleoside part may operate as an adequate site for ar,m-
stacking interactions with appropriate functionalities of the
ligand. One of the first types of synthetic ligands able to
behave as multifunctional receptors for nucleotide anions were
reported in 1988 by Lehn and his co-workers [120,121].
The receptors consisted of the well-known polyazamacrocy-
cle bisdien that had been functionalized with acridine subunits.
Schneider and co-workers presented a multifunctional anion
receptor combining hydrophobic and electrostatic interactions
[122].

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

Using the intermolecular "H NMR cross-peaks for establish-
ing the initial host—guest docking, molecular dynamic studies
performed for the system L-ADP show m-stacking in all the low-
est energy conformers [125]. These studies suggested the pos-
sibility that hydrogen bonds between the ammonium groups of
the receptors and the phosphate groups of ADP could be formed
through water molecules placed between them. So, mB33233
displays the right topology and size to recognize the polyphos-
phate chains of the nucleotides through electrostatic, hydrogen
bonding and r-stacking forces.

In order to better understand the influence of the sub-
stitution of the aromatic ring in nucleotide interaction, the
ortho- and para-analogs of mB33233 were also prepared (see
Chart 13). The stability order found followed the sequence
0B33233>mB33233 >pB33233. All of them presented higher
stability of the adduct complexes than those formed by their
open-chain hexaamine counterpart L33233 (Chart 13).
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Interestingly, none of these receptors presented significant
rate-enhancements of the hydrolytic cleavage of ATP. As it has
been discussed previously, the polyammonium catalysts giving
the best performance needed to have a determined cavity size
which was defined by 21- or 24-membered macrocyclic rings.
Accordingly, a new cyclophane receptor having a 21-membered
ring was prepared (mB22222, Chart 14) [126].

'H NMR studies also proved the participation of m-stacking
interactions in the stabilization of the system ATP-mB22222.
3P NMR studies revealed that mB22222 produced rate enhance-
ments comparable to those of O-bisdien and slightly lower than
those of [21]aneN7 confirming the critical role of size in this
catalytic processes (Fig. 25). Interestingly enough, the reaction
using mB22222 as a catalyst is not only efficient but also very
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-
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Fig. 25. Time evolution for 3'P NMR spectra of solutions containing ATP and
mB22222 in 1072 M at 40°C and pH 5.2 (a) Pg (ATP); (b) Py (ATP); (c) Py
(ATP); (d) Pi; (e) Py (ADP); (f) Pg (ADP) [126]. Reproduced by permission of
The Royal Society of Chemistry.
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membered cavities (0B22222 and pB22222, Chart 14) yield
much poorer enhancements [127]. This lack of activity is par-
ticularly noticeable in the case of the ortho-derivative.

Molecular dynamics studies suggest that the optimal size is
that for which just y-phosphate of ATP perfectly resides at the
macrocyclic cavity. The macrocyclic hole of mB22222 is too
small for permitting the phosphate group to go through it. Fig. 26
shows the perfect fitting between the phosphate group and the
macrocyclic cavity of mB22222.

Another macrocycle which presented a 21-membered size
was mPh22222 (Chart 14), in which the meta-benzene spacer
had been substituted by a meta-phenolic one. Although not as
high as in the mB22222-ATP system, relevant rate accelerations
were also found for mPh22222 from acidic pH to pH values
ca. 7.5. At these pH values, the reaction slows down in con-
cordance with the deprotonation of the phenolic group, which
corresponds to the passage from the H4(Ph22222)** species to
H3(Ph22222)3* species. Deprotonation of the phenolic group,
apart from introducing a negative charge that will somewhat
repel the phosphate chain of ATP, yields intramolecular hydro-
gen bonding between the phenolate group and the protonated
benzylic ammonium groups that at this pH are still protonated.
This hydrogen bonding leads to a significant size reduction as
illustrated in Fig. 27, which does not permit any more the fitting
with the phosphate group.

Polyamine ligands, both macrocyclic and acyclic, contain-
ing phenanthroline and dipyridine groups were also used for
nucleotide binding [99,105,128]. These studies evidenced the
importance of w-stacking interactions between the adenine
group of ATP and ADP with aromatic moieties of the recep-

Fig. 26. Comparison between the size of the macrocyclic cavity of mB22222
and the y-phosphate of ATP. The rest of ATP has been obscured for clarity.

tors in determining the stability of nucleotide complexes. For
instance, in the case of the acyclic receptors Neo-open and Bipy-
open (Chart 15), for the same negative charge of the anions and,
respectively, of the receptors, the stability of ATP complexes

Fig. 27. Model showing the dimensions of Hy(mPh2222)* and H3(mPh2222)** in which phenolate is deprotonated, in comparison to the y-phosphate of ATP. The

remaining of the ATP molecule has been obscured.
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is higher than the stability of the analogous complexes with
triphosphate, the stability enhancement being ascribable to the
anion—receptor m-stacking interaction observed by means of 'H
NMR spectra [99]. In particular, larger complexation-induced
chemical shifts of the 'H NMR spectra were found for the recep-
tor Bipy-open containing a larger aromatic moiety.

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

As already said in the previous section, this receptor forms
a molecular cleft where large anions can be hosted. Molecular
modeling showed that in the ATP complex the triphosphate chain
of the nucleotide is partially included into such ligand pocket
while the adenine moiety remains outside the cavity forming -
stacking interaction with a dipyridine group (Fig. 28). 'H spectra
of the complex in solution provide an unambiguous evidence
of the formation of such m-stacking interaction, denoted by a
significant upfield displacement of the signals of both adenine
and dipyridine protons.

A similar host—guest interaction is expected to produce
a strong desolvation of both reactants and, in particular, of
the receptor, whose cavity can host several water molecules.
Accordingly, the complexation reactions are accompanied by
a largely favorable entropic terms while the enthalpic ones are

Table 5
Thermodynamic parameters for the formation of ATP complexes with the ligand
Bisby (L) determined in 0.1 mol dm~3 Me4NClI at 298.1 K [105]

Reaction logK AH° TAS°®
(kcal/mol) (kcal/mol)
HyL* + HyATP?~ <5 (HgLATP)** 5.43 8.6 16.0
HsL>* + H,ATP?~ < (H7LATP)** 5.54 12.1 19.7
HsL3* + H3ATP~ < (HgLATP)** 5.29 7.4 14.6

invariably unfavorable (Table 5). It is interesting to note that the
complex stability constants are not very sensitive to variations
of ATP and receptor charge due to some compensation between
enthalpic and entropic contributions.

Another important aspect in nucleotide recognition regards
the sensing in water of these important biomolecules
[106,129-138]. In order to achieve this goal an approach would
be to use molecules that do not alter the nature of the nucleotides
and that incorporate signaling units. In this sense, open-chain
polyammonium receptors containing aromatic moieties are ade-
quate receptors since they can interact with the anionic guest
through their positively charged ammonium groups, through
hydrogen bonding by their ammonium and amine groups, as well
as through hydrophobic and stacking interactions with adenine,
provided the aromatic fragments they incorporate are in the cor-
rect orientation [121,123,124,139]. In addition, the condensed
aromatic rings present in the receptors may serve as luminescent
probes for detecting and quantifying the interaction. Indeed, flu-
orescence emission is one of the most useful signaling properties
since its magnitude is highly sensitive to the binding of the guest
species. Within this framework, we have studied the possibilities
as sensors for anions in water of a series of compounds contain-
ing one or two anthryl or naphthyl groups attached to the ends
of different polyamine chains (Chart 16) [79,140-143].

With respect to the stability of the ATP adducts, for the
receptors sharing a given polyamine chain, those containing one
anthrylmethyl fragment interact much more strongly with ATP
than those with just one naphthalene. However, they present

Fig. 28. Proposed model for the interaction of protonated forms of Bisby with ATP [105].
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comparable stability constant values to those containing naph-
thalene at both ends. NMR studies show that m—m stacking is
present throughout all the pH range where interaction occurs.
NOE experiments confirm the proximity of the aromatic rings
of the receptors and ATP and have allowed for proposing pre-
liminary models for the interaction (see Fig. 29).

Steady-state fluorescence measurements on these systems
showed the existence at acidic pH of a quenching effect of the
emission of the fluorophores following the protonation of the
adenine ring. The analysis of the data made it possible to attribute
this quenching to an electron transfer from the naphthalene or
anthracene moieties to the protonated adenine ring, this process
being more favorable for naphthalene. Time correlated single
photon counting showed that even in the presence of ATP, there
is an important energy transfer from naphthalene to anthracene
in the bis(chromophoric) receptor N222A (Chart 16).

Fig. 29. Molecular model for the interaction of N22222 with ATP showing the
stacking between the aromatic fragments [142].

6. NAD*, NADP*, DNA and RNA

Studies on the interaction of the ubiquitous dinucleotides
NAD™" and NADP* with polyammonium receptors are relatively
scarce [124,144]. Some years ago we advanced a potentiom-
etry, NMR, cyclovoltamperommetric and molecular dynamics
study on the interaction of protonated [21]aneN7; with NAD*
and NADP* [145]. The stability constants for the 1:1 adducts
formed clearly and the plots of the apparent constants clearly
indicate that NADP™ is selective recognized over NAD* by the
polyammonium receptor over a wide pH range. 3'P NMR spec-
tra suggested that the clue of the selective recognition is the
participation of the phosphate group estirified to the 2’-hydroxy
group of the AMP moiety of NADP" in the interaction with
the receptor. Such participation is also supported by molecular
dynamics studies on the interaction of tetraprotonated [21]aneNy
with NADP™. This phosphate would interact strongly with the
two ammonium groups placed adjacent within the tetraproto-
nated macrocycle (Fig. 30).

On the other hand, formation of receptor-nicotinamide ade-
nine nucleotide adducts alters the electrochemical reduction of
NAD* and NADP™ at carbon electrodes, favoring the formation
of dihydronicotinamide species rather than that of the dimer
species.

The development of new ligands able to interact with nucleic
acids is a topic of great interest within chemistry and biochem-
istry [146—151]. Cyclophane-type, cyclic polyamines containing
phenanthroline moieties, polyaza-polyoxa-macrocycles, open-
chain and tripodal polyamines containing condensed aromatic
rings or small macrocyclic hanging rings can interact with
nucleic acids through salt bridges, hydrogen bonding and
stacking interactions. The behavior of the cyclophane-type
macrocycles mB323 (Chart 8), mB33233, pB33233 (Chart 13)
and pB323 (Chart 3) [45,152,153], of the polyamines con-
taining phenanthroline groups Neo22, Neo222, Neo2222 and
Neo333 (Chart 8), of the polyaza-polyoza-macrocycle NgOg4
and NgO4OH (Chart 17) [154], of the open-chain polyamines
containing one naphthylmethyl group (N22-N2222), two
methylnaphthyl groups (N2N-N22222N), the derivatives with
anthracene A22222 and A22222A (Chart 16) and the tripodal
polyamines TAL, N3TAL, ATAL (Chart 1) [44,45], Tris-cyclen
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Fig. 30. NADP*.
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and Tris-N3O (Chart 6) [155] were examined for their inter-
action with double-stranded polyA.polyU as RNA model and
poly(dA).poly(dT) as DNA model [156,157]. The effects of the
cyclophane receptors mB323, mB33233, pB33233 and of the
polyoxa-polyaza-macrocycles NgO4 and NgO4OH (Chart 17)
on the melting behavior of double stranded DNA favor RNA over
DNA. Preliminary fluorescence assays with ethidium bromide
show similar values for mB33233 and pB33233 and a slightly
higher value for mB323, particularly with RNA that is the
usual behavior observed also for aliphatic polyamines. On the
contrary, the macrocyclic polyamines containing phenanthro-
line moieties Neo22, Neo222 and Neo2222 display a reversed
ability producing larger stabilization of the DNA sequence,
while Neo333 produces similar stabilization with both nuclei
acids. Neo222 shows more affinity towards both DNA and
RNA [155] than the open-chain amine counterpart diethylen-
etriamine) [45], which suggest that the phenanthroline moiety
is indeed intercalating between pairs of DNA bases. Ne0222
and Neo02222 show more affinity for DNA then their linear
counterparts, while Neo333 does not display significant differ-
ences. On the other hand Neo0222, Ne02222 and Neo333 lead to
smaller affinity towards RNA. Thus, the phenanthroline-based
macrocycles are promising ligands for double-stranded DNA.

The preference for RNA over DNA is particularly remark-
able for the tripodal polyamine TAL with AAT=40°C, which
shows the strongest preference for RNA from all the hitherto
known polyamines [158-160]. This behavior, although not so
significant, can be also extended to the other tripodal polyamines
ATAL, N3TAL, Tris-cyclen and Tris-N3O.

The introduction of terminal aryl moieties in the open-chain
polyamine chains leads to dramatic changes; with the exception
of N22222N all compounds show the reversed larger stabiliza-
tion of the DNA sequence. This reversal is more noticeable for
the ligands in which the chain length allows bis-intercalation
particularly N2222N. For this ligand the introduction of the
naphthyl groups produces a strong increase in affinity in
comparison with the counter-part polyamine without aryl
groups (2222) (AATM=22.5°C) for ligand to nucleic acid
base pair ratio of 0.1.

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

7. Metal complexes as anion receptors

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

This is the strategy of choice of many metalloenzymes deal-
ing with the fixation and activation of substrates. A classical
example is the family of enzymes called carbonic anhydrases
[161-163]. Carbonic anhydrases are ubiquitous enzymes which
catalyze the hydration reaction of carbon dioxide and play roles
in processes such as photosynthesis, respiration, calcification
and decalcification and pH buffering of fluids. Human carbonic
anhydrase II (HCA 1I) is located in the erythrocytes and is the
fastest isoenzyme accelerating CO, hydrolysis by a factor of
107. Therefore, it is considered to be a perfectly evolved system
being its speed controlled just by diffusion. The active site of
HCA 11 is formed by a Zn** cation coordinated to three nitrogen
atoms from histidine residues and by a water molecule which is
hydrogen bonded to a threonine residue and to a “relais” of water
molecules which interconnects the coordination with histidine
64 (Fig. 31). The pK, of the coordinated water molecule in this
environment is ca. 7 so that at this pH 50% is as hydroxylated as
Zn—OH™ generating thus a nucleophile which will attack CO,
to give the hydrated HCO3 ™~ form.

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

Another example is phosphatases which are the enzymes in
charge of the hydrolysis of phosphate monoesters. Metallo phos-
phatases contain either Zn or Fe or both of them as metal ions
being one of their characteristics the presence of at least two
metal ions in the active site. Escherichia coli alkaline phos-
phatase contains two Zn2* and one Mg?* metal ions in the
active center. In the first step of the catalytic mechanism the
phosphate group of the substrate interacts as a bridging m,n'-
bis(monodentate) ligand through two of its oxygen atoms with

OHO

Q) NHis119
His-94 N Q

Q N His-94

Fig. 31. Metal site of HCA II showing the tetrahedral arrangement of three
histidine residues and a water molecule.
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the two Zn>* ions while its other two oxygen atoms form hydro-
gen bonds with an arginine residue rightly disposed in the
polypeptide chain (Fig. 32).

A last example that we would like to recall regards ribulose-
1,5-bisphosphate carboxylase/oxygenase (rubisco) which is the
most abundant enzyme in Nature. Rubisco is a magnesium pro-
tein which is present in all the photosynthetic organisms partic-
ipating in the first stage of the Calvin cycle. A lysine residue
interacts with CO; forming an elusive carbamate bond which
is stabilized by interaction with the Mg?* ion and by hydrogen
network with other groups of the polypeptidic chain (Fig. 33).
The formed ternary complex interacts with the substrate which
is subsequently carboxylated.

In the next paragraphs we will give some examples of abiotic
polyammonium receptors mimicking features of these sites.

7.1. Interaction with carbon dioxide and carbonate anions

Metal complexes of cyclophane macrocycles like pB323 can
match some of the required features for binding and activating
anionic species. The crystal structure of the Hg>* complex of the
durene-containing macrocycle Du323 (Chart 18), containing a
durene spacer, shows as the coordination of one of the Hg2+
involves the benzylic nitrogen atoms and the amino groups at
the centre of the chain [165]. Geometric reasons prevent the
other benzylic nitrogen atom from participating in the binding
of the same metal ion. Calorimetric and other solution studies
confirmed similar features for the mononuclear Cu(IT) and Zn(II)
complexes of the macrocycles mB323 and pB323. Therefore, in
these compounds one of the benzylic nitrogen atoms would be

fosfate

I Asp-369 0 @) .

@ wis3ro N

Fig. 32. Active site of alkaline phosphatases. Adapted from Ref. [164].

also not involved in the coordination to the metal ion, presenting
the metal ions unsaturated coordination sites [166—-169].

Based on these antecedents we checked the ability of these
metal centers for binding additional guests. One of our interests
was to analyze the interactions with carbon dioxide and carbon-
ate anions. For doing so we carried out potentiometric titrations
in which solutions containing Cu>* and Zn>* metal complexes
of mB323 and pB323 at basic pH were titrated with perchloric

Glu-204

/

@oHe

Mg?*

@ ono

.0 HO

Lys-201

Fig. 33. Active site of the enzyme rubisco. Adapted from Ref. [164].
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Chart 18.

acid [167]. It was possible to follow the measurements in the
pH range 7-11. Below this pH range, CO, evolution prevented
from obtaining stable readings. The measurements were also
performed for the binary system receptor-carbonate. Compari-
son between the two systems evidenced, particularly in the case
of the Zn?*, clear increases of the percentages of complexed
carbonate in the presence of the metal ions (Fig. 34).

An interesting example of CO, uptake by a synthetic metal
complex mimicking the mechanism of carbonic anhydrase (CA)
is given by the ligand N3O, (Chart 18) [170].

Both Zn** and Cu?* complexes with N3O, readily adsorb
atmospheric CO, in water at alkaline pH, giving rise to
{IM(N302)]3(1£3-CO3)}-(C104)4 (M =Zn>*, Cu*) complexes.
The complexes are isomorphous and their molecular structures
show the 13-CO3%~ anion bridging the three metal ions through
the three oxygen atoms of the carbonate group (Fig. 35).

The CO; uptake by these M—N3O, complexes is very fast
in comparison with other metal complexes which can fix CO,
from the air. The fixation is due to the presence in solution
of [M(N30,)OH]* species, which act as nucleophiles towards
CO,, giving rise to [M(N30,)HCO3]* complexes. Further reac-
tion with [M(N3O,)OH]* species forms the trinuclear com-
plexes, which can be isolated in very high yields.

In the case of the Zn?>* complex, the first step, namely the
reversible formation of a hydrogen carbonate adduct, which
equilibrates with an aquo-Zn>* complex and HCO3 ™~ (Fig. 36),
resembles the mechanism currently accepted for hydration of
CO, by CA. Furthermore, the constant for the equilibrium
[Zn(N302)]?* + HCO3~ < [Zn(N302)(HCO3)]*  (log K=2.2)
is similar to that found for CA.

In order to achieve atmospheric CO, fixation at neutral
pH, we turned our attention to the active site of rubisco. Key
features for the recognition and activation of carbon dioxide

100 q
90 1
80 1

Zn2+-mB323

Cu2+mB323

mB323

% complexed carbonate

pH

Fig. 34. Percentage of carbonate bound to free mB323 and to the Cu?* and Zn>*
solutions [167].

Fig. 35. Crystal structure of the {[Zn(N302)]3(p3-CO3)}** cation. Similar
structures were also obtained for the complexes {[Cu(N30)]3(p3-CO3)}**
and {[CuZn,(N30,)3](n3-CO3) }**. Reprinted with permission from Ref. [170].
Copyright 2005 American Chemical Society.

[Zn(NgO,)OHI* + CO, _
pK, = 8.81\

Fig. 36. CO; hydration promoted by [Zn(N30,)]%+.

[Zn(N30O,)(HCO,)I*

/ LogK=2.2

[Zn(N30,)]2+ + HCO4

where the assistance of the metal ion as Lewis acid, the pres-
ence of the basic lysine residue for forming the carbamate
bond as well as the presence of other groups able to par-
ticipate in a hydrogen bond network with the fixed carbon
dioxide. Therefore, we prepared a new macrocycles contain-
ing the coordinating spacer 2,2":6',2"-terpyridine connected at
its 5,5” positions through methylene groups to the highly basic
polyamine bridge 1,5,8,11,15-pentaazapentadecane (macrocy-
cle Terpy3223, Chart 19) [171].

Interestingly enough, dilute aqueous solutions of this ligand
and Cu(CIOy4); in 1:1 molar ratio at pH 9 exposed to an open-air
atmosphere yielded after a few minutes acidification down to
pH 6.8 and formation of a crystalline material suitable for X-
ray analysis. The crystals contained carbamate groups bound to

7 NH HN
¢ »
i\‘ NH HN

A
Ne03223 Terpy3223 Py3223
Chart 19.
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Fig. 37. Schematic representation of the cation [CuH,(H_; Terpy3223)(carba-
mate)]>* cation [171].

the Cu®* metal ion and further stabilized by an intramolecular
hydrogen bond network that involved amino and ammonium
groups of the bridge and the water molecule coordinated to the
metal ion (Fig. 37).

When the Cu?*:Terpy3223 molar ratio was 2:1 instead of
1:1, carbon dioxide reacted with the binuclear centre as a n,r'-
bridging ligand. Potentiometric studies proved that the species
precipitating at neutral pH were among those existing in aqueous
solution at this pH. Interestingly enough, this behavior was not
reproduced when terpyridine was either removed from the lig-
and or replaced by a pyridine unit (Py32223, Chart 19). When
phenanthroline (Neo3223, Chart 19) was used instead of ter-
pyridine (indications of carbamate formations were detected
although the behavior was not as remarkable as in the case of
Terpy3223. The assistance of the metal can also be provided
by other metal ions. Potentiometric, NMR and UV-vis spectro-
scopic studies have proved that Zn>* plays a similar role to Cu*
[172].

7.2. Phosphatase mimics

Binuclear Zn** complexes with synthetic ligands can be used
as simple model systems for hydrolytic enzymes such as alka-
line phosphatases, phospholipase C and the Klenow fragment
of DNA polymerase I, since the bridging coordination of the
phosphate groups gives a fundamental contribution to substrate
activation. To this purpose, we analyzed the ability of the bin-
uclear Zn>* complex of the polyoxa-polyaza-macrocycle NgOy
to promote the hydrolysis of phosphate esters and compared it
with the ability of the mononuclear complex with the N3O, lig-
and, in order to evidence the cooperative effect of the two metal
centers in close proximity [173].

Indeed, the hydroxo complexes [an(N604)(OH)2]2+ and
[Zny(N30,)OH]* promote the hydrolysis of bis(p-nitrophenyl)
phosphate (BNP), the binuclear complex giving rise to a 10-
fold enhancement of the rate of hydrolysis with respect to the
mononuclear one. Although potentiometric measurements evi-
denced that BNP does not form stable complexes with any of
the two metallo-receptor species, the crystal structure of the
complex [Znz(NegOg4)(-PP)2(MeOH),](ClO4) containing the
anion diphenyl-phosphate (PP) (Fig. 38), analogous to BNP,

PQQP .

O‘“t) O ob

Fig. 38. Crystal structure of the complex cation [Znz(NgOgs)(u-PP);-
(MeOH),]** containing two diphenyl phosphate (PP~) anions. Reprinted with
permission from Ref. [173]. Copyright 2005 American Chemical Society.

suggested that two Zn®* ions in [Zna(NgO4)(OH),]** work
cooperatively in the hydrolytic mechanism (Fig. 39) through
a bridging interaction of the phosphate group to the two elec-
trophilic metal centers and a simultaneous nucleophilic attack
of a Zn—OH function to the substrate.

A similar study was also performed with the two related lig-
ands N70O4 and NgOy, containing, respectively, one and two
additional amine groups with respect to NgO4 (Chart 20) [174].
Also in this case the dihydroxo complexes [an(L)(OH)2]2+
(L=N704 and NgO4) are active in promoting the hydrolysis
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

/"-
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OH &7 \‘o
/ \
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<
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Fig. 39. Suggested mechanism for the hydrolysis of BNP anion by [Zn;(NgO4)-
(OH),]%*. Reprinted with permission from Ref. [ 173]. Copyright 2005 American
Chemical Society.
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associating with the two metal centers through bridging coordi-
nation was proposed also for N70O4 and NgOy.

Potentiometric measurements showed that the mono(p-
nitrophenyl) phosphate produced in the hydrolytic pro-
cesses forms weak complexes with [an(N6O4)(OH)2]2+ and
[Zn2(N704)(OH)>1**, but not with [Zny(NgO4)(OH), 1>+ [174].

Insertion of aromatic groups into the skeleton of large macro-
cyclic ligands leads to the formation of binuclear Zn** with
enhanced ability in BNP hydrolysis due to a more efficient asso-
ciation of the complex with the anionic substrate via m-stacking
interactions. This is the case of the zinc(II) complexes of the lig-
ands bipy2222 and 2bipy22,22 (Chart 21) [175]. In contrast to
the previous polyoxa-polyaza-macrocycles, ternary complexes
of bipy2222, and respectively, of 2bipy22,22, with Zn(II) and
BNP, of 1:2:1 and 1:2:2 ligand/Zn(I1)/BNP stoichiometry, are
enough stable to be observed in solution.

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

However, the ability to form w-stacking interactions showed
by such ligands leads also to the formation of stable com-
plexes with the products of BNP hydrolysis, in particular with
mono(p-nitrophenyl) phosphate (MNP) dianion, which displays
stronger association with the complexes than the less charged
BNP monoanion. Consequently, the binding of MNP inhibits
the catalytic properties of the complexes.

Similar results were obtained with the mononuclear Zn(II)
complex of the small macrocycle bipy22 (Chart 21) in com-
parison to the analogous complexes with ligand not containing
aromatic groups [175].

oQ

HN NH HN NH 2
(W H W & ) H3CgN Nj CH3
ST T
bipy22 H d] b
bipy2222
2bipy22,22
Chart 21.

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

Another interesting example showing the influence of aro-
matic groups, inserted in the ligand structure, in promoting
BNP hydrolysis was recently obtained by comparing the prop-
erties of the three ligands 1.33233, mB33233 (Chart 13) and
Neo03223 (Chart 19) [176]. Such ligands present similar bind-
ing properties towards Zn?*, giving rise to the formation of
mono- and binuclear complexes, in aqueous solution, which
form mono- and di-hydroxo species. These hydroxo complexes
promote BNP hydrolysis. Despite their similarity, these com-
plexes display quite different ability in the activation of BMP.
While the binuclear Zn** complexes with open 133233 and
mB33233 (Chart 13) show hydrolytic activity similar to those
of complexes with aliphatic ligands, the binuclear complex with
Neo03223, containing a large hydrophobic heteroaromatic moi-
ety, gives rise to a remarkably higher rate enhancement being
one of the most active synthetic dizinc complexes in BNP
hydrolysis. Also in this case a synergistic role in BNP bind-
ing of phenanthroline, which can favor the association with the
substrate via m-stacking interaction and hydrophobic effects,
and of the metal centers, which act cooperatively in substrate
binding, has been suggested to rationalize the high activation
of BNP.

7.3. Interaction with dicarboxylate anions

The ditopic macrocyclic receptor PhyPipsMe;N1g forms din-
uclear Cu?* complexes with coordinatively unsaturated sites
(Chart 22). Due to the presence of the reinforcing piperazine
rings PhoPipsMes>Nyg is a quite rigid receptor that will have
a fixed distance between the coordination centers. This char-
acteristic was used for discriminating between long and short
a,m-dicarboxylates [177].

The five carbon long hydrocarbon chain of pimelic acid
seemed to be appropriate for permitting a non-stressed bridging
coordination of the dianion between both metal sites as shown
by the crystal structure collected in Fig. 41.
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In this system a clear switch from supramolecular interaction
mode (mode A in Fig. 42) of the carboxylate with the extensively
protonated demetallated macrocycle to coordinative interactions
(mode C in Fig. 42) with the dinuclear metal complex going
through a mixed supramolecular/coordinative mode (mode B in
Fig. 42) in which both situations are present when the mononu-
clear species prevailed in solution, occurred on increasing
the pH.

7.4. Interaction with amino acid species

Recently some of us have reported on several pyrazole con-
taining macrocycles (Chart 23) that exhibited a significant inter-
action for L-glutamate and L-aspartate in pure water with some
selectivity for L-glutamate over L-aspartate at the physiologi-

Fig. 42. Sketch of the interactions modes operating as a function of pH in the
system Cu?*—Ph,PipsMe;Ng-pim [177].

cal pH value of 7.4 [178]. In particular, the macrocycle having
benzylated the central nitrogen of the chain shows a remarkable
interaction with L-glutamate.

NMR studies supported the participation of m-cation interac-
tions in this particular interaction. This was consistent with the
higher interaction observed for bnypz;Ng with respect to pzyNe.
However, the introduction of two metal ions in the ditopic lig-
and was not effective for coordinating amino acid species. The
reason seems to be that there are enough donor atoms in the
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Fig. 41. Ball and stick representation of the crystal structure of the Phe,pzoNg

[Cuz(thPip4MezN10)(H20)(pim)]2+ cation. Reprinted with permission from
Ref. [177]. Copyright 2005 American Chemical Society. Chart 23.
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macrocycle for fulfilling the coordination spheres of the metal
ions and therefore the affinity for the amino acids is rather low.
Formation of ternary complexes was however observed in the
case of the neurotransmitter dopamine. The catechol moiety
competes effectively with the nitrogen atoms of the macrocy-
cle and can remove those at the axial positions which are the
ones forming the weaker bonds [179].

Therefore, Cu?* complexes with lower coordination num-
bers are required for being effective amino acid receptors. The
binuclear Cu®* complex of the polyamine Py33233 (Chart 24)
seems to be a good candidate since it has only seven nitrogens
for coordinating the two metal ions.

Potentiometric studies carried out on the binary systems L-
Glu-Py33233 and L-Asp-Py33233 show a moderate degree of
interaction between the charged receptor and the amino acid
species although there is no discrimination between the two
amino acids [180]. When the receptor is the dinuclear Cu?t
complex there is a much larger interaction with both amino
acids which is accompanied by a clear selectivity for L-Glu over
L-Asp as shown by the percentages of amino acid complexa-
tion (Fig. 43). Paramagnetic NMR studies have indicated that
L-glutamate coordinates both metal ions as a bridging ligand
through its carboxylate groups.

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

7.5. Interaction of metal complexes with nucleotides and
nucleic acids

The last paragraph in this section will concern interaction of
polyamine metal complexes with nucleotides and nucleic acids.
The potentiometric studies of the ternary systems M—polyamine
(L)-nucleotide (A) require from a previous knowledge of the
binary systems involved. First, the protonation constants of the
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Fig. 43. Plot of the percentages of complexed glutamate and aspartate by
Py33233 as free receptor and as Cu>* complex [180]. Reproduced by permission
of The Royal Society of Chemistry.

polyamine and of the nucleotides should be known. Secondly
the species forming in the binary system M-L, M—A and L-A
should be established and their stability constants determined
under the same experimental conditions than the ones used for
the study of the ternary systems. As an example we will con-
sider the system Cu?*-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
species [Hq(L3223)(AMP)](‘1 —2* with protonation degrees
varying from g=3 to 8 were observed. On the other hand,
32223 forms with Cu?* complexes of 1:1 and 2:1 metal lig-
and stoichiometries are formed. The insertion of all these data,
together with the protonation constants of the polyamine, AMP
and the formation constants of Cu>*-AMP as known param-
eters in the titrations performed for the ternary systems in
which different Cu?*-L32223-AMP molar ratios were used
gave as a result the formation of mixed species of stoichiome-
tries [CuH,L(AMP)]"* with r varying from 4 to 0 and binu-
clear ones [CusH,L(AMP)]?*+"* with r between +1 and —1.
Distribution diagrams for this system showed the prevalence
of the ternary complexes throughout the whole pH range of
study.

Some of us have recently shown that the presence of a not-
coordinated metal ion can play a decisive role in the activation
of ATP cleavage in the presence of metal complexes forming
ternary complexes with the nucleotide [181]. This is the case
of the protonated mononucler Zn>* complexes with the lig-
and Terpy2222 (Chart 26) [182]. This ligand forms both mono-
and binuclear Zn>* complexes depending on the metal-to-ligand
molar ratio and the solution pH. The first Zn>* ion interact-
ing with the ligand binds to the terpyridine moiety while the
second one occupies the polyamine chain. Both mono- and bin-
uclear complexes form stable ternary complexes with ATP but

HZN/\/\N/\/N\/\N/\/N\/\/N“Z

L32223

Chart 25.
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do not show any significant ability in ATP hydrolysis. Only the
tetraprotonated [ZnH4(Terpy2222)(ATP)]2+ species in presence
of not-coordinated Zn>* ions gives rise to fast ATP cleavage to
produce ADP and phosphate. The analysis of the time depen-
dence of the 3'P NMR spectra recorded at different pH’s clearly
showed that only the tetraprotonated species is able to activate
ATP hydrolysis, while both three- and penta-protonated ones are
completely inactive. The hydrolytic process proceeds through
the formation of a phosphoramidate (PN) intermediate which is
then fast hydrolyzed to hydrogen-phosphate. The hydrolysis rate
(kops =3.2 x 1072 min~! at pH 4 is among the highest observed
for ATP dephosphorylation promoted by polyammonium recep-
tors.

The fact that ATP cleavage takes place only in the presence
of a “second” Zn(II) ion with second order kinetic suggests that
the transition state could be stabilized by this metal ion, prob-
ably through coordination of the metal to unprotonated amine
groups of the macrocycle and to the y-phosphate of ATP, lead-
ing to a higher activation of the y-phosphorus to the nucleophilic
attack. At the same time, the PN intermediate could be stabilized
via coordination to the metal, accounting for the observed rela-
tively high percentage of PN accumulating during the cleavage
process.

The present system, therefore, represents a unique case of
ATP dephosphorylation promoted by the simultaneous action of
a metal complex, which is used essentially to anchor the anionic
substrate, and of a second metal, which acts as cofactor, assist-
ing the phosphoryl transfer from ATP to an amine group of the
receptor.

Sometimes, although formation of binuclear complexes is
not observed in the binary Cu?*-L systems it can be induced
by the presence of the second ligand. For instance, in the case
of the polyamine N2222N, with each of its two ends func-
tionalized with a naphthylmethyl fragment (Chart 16), melting
point measurements showed that addition of a second Cu®* ion
had a dramatic influence on the interaction with nucleic acids
[153]. In this case N2222N alone does not form binuclear Cu?*
complexes however, the presence of AMP as secondary ligand
will help the formation of the mixed binuclear species. This
will explain the large allosteric effect observed in the inter-
action of nucleic acids upon addition of the second mole of
metal.

We have reported above that ligands Neo22, Neo222,
Neo02222 (Chart 8), Tris-cyclen and Tris-N3O (Chart 6) lead to
strong stabilization of double-stranded nucleic acids, with pref-
erence for DNA over RNA. Similar stabilization effects were

N N H
e >
o) N

[Ru(bpy) 2(bpyNs)]**

Chart 27.

also found for Cu?* complexes of these ligands, but with reversed
trend in favor of RNA [154,155]. The trinuclear complexes of
Tris-cyclen and Tris-N3O gives rise to stronger stabilization
with respect to complexes of the other three ligands, account-
ing for the interaction of all three metal centers with the nuclei
acid. Nevertheless, as far as the nuclease activity of these metal
complexes is considered we observed that the complexes with
Tris-cyclen and Tris-N3O have low efficiency in promoting
DNA cleavage in contrast to the effective action of displayed
by the complexes with the ligands containing phenanthroline
moieties and, in particular, by the mononuclear complex with
Neo02222.

7.6. A photocatalytic system

The anion binding ability of the protonated forms of
[Ru(bpy)2(bpyNs)]** coupled with the photoinduced energy
and electron transfer properties of the [Ru(bpy)3]** complex
core make [Ru(bpy)z(bpyNs)]2+ (Chart 27) a potential catalyst
for many light-induced reactions involving anionic substrates
hosted into the receptor cavity.

For instance [Ru(bpy)2(bpyNs)]** is effective in promoting
the photocatalytic oxidation of iodide to iodine by O, pro-
moted by light absorption [183]. The absorption spectra of
solutions containing [Ru(bpy)2(bpyNs)]** and I~ are the sum-
mation of the spectra of both components, and thus there is no
evidence for the formation of ion-pair charge transfer. However,
the fluorescence emission of compound [Ru(bpy)g(bpyN5)]2+
is partially quenched in the presence of I”. When air equi-
librated solutions of [Ru(bpy)2(bpyNs)]?* in the presence of
I, at pH 4.3, are irradiated at 436 nm, formation of I3~ is
immediately observed by the increasing of its characteristic
absorption band centered at 350nm, while saturation of the
solutions with dioxygen increases the quantum yield by ca.
five-fold. It is interesting to note that no catalytic activity was
detected for the parent compound [Ru(bpy)3]** irradiated in the
presence of I™.

These results can be accounted for by the processes displayed
in Fig. 44. Excitation of compound [Ru(bpy)>(bpyNs)]>* in
the MLCT band allows the transfer of one electron from I~
to the Ru(Il) complex, leading to the formation of an iodine
radical and to a Ru(Il) complex with a reduced dipyridine
radical anion. The iodine radical gives I3~ as a final prod-
uct by a sequence of well-known reactions [184—186]. The
cycle is completed by reoxidation of the dipyridine radical by
dioxygen.
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In the case of H4L6+, the net reaction can be accounted for
by the equations

2[Ru'!(bpy), (HsbpyNs)1®T + 31~

2% 2[R (bpy~)(bpy)(Ha(bpyNs)I” " + I3~

which is thermodynamically favorable by 0.3 eV.

As demonstrated by the inertness of the parent [Ru(bpy)s]**
compound, the existence of the positively charged macrocyclic
receptor moiety is an indispensable requirement to fix the iodine
in a position close to the metal, in order to allow the electron
transfer process.

8. Influences of anions in crystalline growth

We would like to conclude this review with an example of the
role played by anionic species in determining the arrangement
of crystal structures. Recently, some of us studied the capacity
of the ditopic cyclophane receptor 2320B0232 (L) (Chart 28)
to interact with Cu(Il) and Zn(II) in aqueous solution [187].
Along the course of that study, three new crystal structures
were produced which correspond with the stoichiometric formu-
lae [H4L](ZnCl4)2-2H50 (1), [Cuza LC12](C104)2-6H20 (2) and
[ZnyLCI2](CF3503),-0.6H,0 (3). In Fig. 44 are plotted views
of the crystal packings of all three structures. The analysis of

2H+ +1/12 O,

H,O
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NA N N HIN
H WH
H _/WH
NH N Z N HN
u
2320B0232
Chart 28.

the crystallographic data of the three crystal structures clearly
shows that the overall architectures of the crystals are controlled
by the anions present in the moiety, m—m-stacking interactions
between the aromatic rings and hydrogen bonding interactions
involving the anions and the water used as the solvent (Fig. 45).

Tetrahedral anions like ZnCl42_ in (1) or ClIO4~ in (2) are
encapsulated in the macrocyclic cleft of the butterfly-shaped
macrocycle neutralizing the excess of charge and favoring a
boat-conformation. This boat conformation favors on the other
hand, m—-stacking interaction between the aromatic rings of
different macrocyclic units. On the contrary, large triflate anions,
which have less charge density and cannot be included in the cav-
ity, favor a chair disposition of the ditopic macrocycle so that the
charged metal centers are disposed as far away as possible. In the
case of crystal structure (2), a very particular 3D hydrogen bond
network of pentamer and rhomboid units involving the coordi-

hv

2 [Ru'(bpy)a(HabpyNs))* + 317 =

2 [Ru"(bpy ) (bpy) (Ha(bpyNs))I** + 15~

2 [Ru"(bpy )(bpy)(Ha(bpyNs))I** + %02 + 2H"  — 2 [Ru"(bpy)2(HabpyNs))I** + H20
ar+ %0, + 2H Wy 1+ 10

Fig. 44. Photocatalytic cycle for the oxidation of iodide to iodine by dioxygen promoted by [Ru(bpy)z(bpyNs)]**. Reprinted with permission from Ref. [183].

Copyright 2005 American Chemical Society.
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Fig. 45. Details of the crystal packing of structures (1) (A), (2) (B) and (3) (C) showing the effects of anions on the crystal arrangements. Dots stand for water

molecule [187].

nated and free water molecules, coordinated chloride anions and
perchlorate counter-anions was observed. The water molecules
are placed in the channels formed between the macrocyclic units.

9. Conclusion and outlook

Although polyammonium cations were among the earliest
class of compounds being explored as anion binders, their chem-
ical versatility and their easy derivatization make them still to be
one of the kinds of anion receptors most widely employed in the
supramolecular chemistry of anions. In polyamines having high
degrees of conformational freedom, rigidity and preorganization
can be gained as a result of the own protonation process of the

polyamine. Positive charges tend to locate far away from each
other thereby influencing and reinforcing the receptor conforma-
tion. Precisely, the attraction between oppositely charged part-
ners is the main driving force in anion coordination by polyam-
monium receptors. Such prime binding force can be modulated
and tuned by weaker contributions among which hydrogen bond-
ing plays an important role. Inclusion of aromatic moieties in
the polyamine structure switches on new weaker forces such
as m—m stacking between electron deficient and electron rich
electronic clouds. Interaction can lead to supramolecular catal-
ysis and activation. With the present review focusing on work
mainly performed in our laboratories in the last years we have
shown several examples concerning metallocyanide anions, car-



2984 E. Garcia-Espaiia et al. / Coordination Chemistry Reviews 250 (2006) 2952-2986

boxylate, phosphate as well as nucleotide and oligonucleotide
interaction and activation. All this examples refer to pure water.
Finally, gaining inspiration from the biological world we have
shown the strong interrelation between classical coordination
and anion coordination chemistry. Many metalloenzymes recog-
nize and/or activates anionic species forming ternary complexes
in which the target anionic species bind to a coordinatively
unsaturated metal center. We have provided examples of abiotic
systems reminiscent of enzyme centers with interesting anion
recognition and catalytic behaviors.

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