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Phosphate binding by a novel Zn(i) complex
featuring a trans-1,2-diaminocyclohexane ligand.
Effective anion recognition in watery

Oscar Francesconi,® Matteo Gentili,? Francesco Bartoli,® Andrea Bencini,*®
Luca Conti,? Claudia Giorgi® and Stefano Roelens*®

In this work we have investigated the binding properties of a new synthetic receptor for phosphate anions
that combines metal ion coordination with electrostatic and H-bonding interactions. The described
receptor is obtained by assembling an iminodiacetic (IDA) fragment, as a Zn(i) binding site, with a poly-
amine macrocyclic portion containing two trans-1,2-diaminocyclohexane (DAC) units and a pyrrole ring,
as a cationic binding site, into an adaptive structure appropriately spanning the length of di- and tridentate
phosphates. Potentiometric measurements together with *H and **P NMR investigation showed that, in a
wide pH range including values of physiological interest, the Zn(i) complex of the receptor binds di- and
triphosphates, such as ADP, ATP, pyrophosphate (PP) and triphosphate (TP), far better than monophos-
phate (MP), and that TP is poorly bound by methyliminodiacetate (MIDA) as a model for the Zn(i) binding
site. Besides the excellent selectivity over other phosphates, the affinity for TP is the largest reported to
date for Zn(i1) complexes in water.

Introduction

There is intense interest in the development of molecular
systems capable of binding phosphate anions, due to their
relevance in areas as diverse as biology, medicine, catalysis
and environment." For many applications, particularly in the
areas of biology and medicine, artificial receptors must be able
to strongly bind anions in aqueous media. When compared to
metal ions, anionic species, including inorganic nucleotide
phosphates, show larger sizes, a variety of shapes, higher
hydration energies, a wide scale of hydrophobicity and, in
some cases, a limited pH range of existence, due to their pro-
pensity to undergo protonation processes in water. All these
features complicate enormously the design of abiotic receptors
for the selective recognition of anionic species.* ™ So far, two
main approaches have been followed to obtain effective recep-
tors for phosphate binding in water: (i) development of
metal-free polyammonium cations interacting with phosphate
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anions vie multiple charge-charge and H-bonding inter-
actions; (ii) synthesis of metal complexes, mostly transition
metal complexes, in which the metal ion is the anchoring
point for anionic species. In the first strategy, the binding
ability must rely upon weak intermolecular forces like
H-bonding, n-stacking interactions, electrostatic interactions,
and hydrophobic effects, cooperatively competing with water;
in most cases, the selectivity is determined mainly by
charge-charge and H-bonding interactions via topological
complementarity.*'® The second strategy for anion recog-
nition takes advantage of coordination to one or two metal
ions bearing vacant coordination sites for anionic guest
binding. While a number of different metal ions have been
used, including main group, transition, and lanthanide metal
ions, one of the most commonly employed for this purpose is
Zn(u), particularly when the investigated guests are anions of
biological relevance, such as phosphate anions.*>'%*® This
receptor design is inspired by metalloenzymes, for which
phosphates act as substrates or inhibitors by reversibly coordi-
nating to one or more Zn(u) ions in the enzymatic pocket.'
Although these strategies have been widely exploited in recent
literature, a synergetic combination of the two approaches is
still largely unexplored.

In this context, we have synthesized receptor 1 featuring an
iminodiacetate (IDA) moiety appended to a polyamine macro-
cycle containing two trans-1,2-diaminocyclohaexane (DAC)
units and a pyrrole ring. Apart from a H-bonding pyrrole unit,

This journal is © The Royal Society of Chemistry 2015


www.rsc.org/obc
http://crossmark.crossref.org/dialog/?doi=10.1039/c4ob02321h&domain=pdf&date_stamp=2015-01-27
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c4ob02321h
https://pubs.rsc.org/en/journals/journal/OB
https://pubs.rsc.org/en/journals/journal/OB?issueid=OB013006

Open Access Article. Published on 03 décembre 2014. Downloaded on 08/12/2025 20:37:37.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

this receptor features two potential binding sites for metal
cations, the IDA subunit and the DAC-based macrocyclic
moiety. Both IDA and DAC are indeed well known chelating
agents for metal cations.?® Because DAC is also strongly basic,
due to its ability to “chelate” the proton between the two
amine groups,®®*° it is expected that the macrocyclic unit will
be protonated in a wide pH range, in which coordination of
amine to Zn(u) would be inhibited. These characteristics could
make receptor 1 capable of binding Zn(u) ions to one or both
binding sites depending on the pH of the solution. Even in the
presence of the protonated macrocycle, however, Zn(n)
mediated bridging of the two binding sites of the receptor by
phosphate anions may occur through electrostatic and
H-bonding interactions with ammonium ions and coopera-
tively enhance recognition in a wide range of pH. With this in
mind, we have investigated the protonation and Zn(u) binding
properties of 1, as well as the binding ability of the resulting
Zn(un) complexes toward both inorganic phosphate anions
(monophosphate, pyrophosphate and triphosphate, hereafter
indicated as MP, PP and TP, respectively, independently from
their protonation state) and the ATP and ADP nucleotides.
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Results and discussion
Synthesis of the receptor

In the course of our molecular recognition studies we have
recently described a new family of tripodal aminopyrrolic
receptors based on a benzenic scaffold that show significant
binding affinity for monosaccharides, and in particular for
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mannosides, in competitive organic solvents.*"*> This class of
synthetic receptors is characterized by three binding arms con-
taining DAC and pyrrole units. With the aim of obtaining a
synthetic receptor freely soluble in water, we have appended an
IDA group as a third binding arm to the cyclic structure of the
two remaining arms of the parent architecture, leading to
receptor 1. While testing the binding properties towards carbo-
hydrates in water is still in progress, receptor 1 displays the
features of a ditopic receptor for metal cations, through both
the IDA moiety and the polyamino macrocycle. The synthesis
of receptor 1 is reported in Scheme 1. The dialdehyde 2, pre-
pared according to literature procedures,”” was condensed
with neopentylglycol to obtain the acetal-protected compound
3. Reduction of the azido group afforded the amine 4, which
was dialkylated to 5 with ethylbromoacetate to introduce the
IDA moiety. Acetal deprotection, followed by condensation
with mono-BOC-protected (R,R)-trans-1,2-diaminocyclohexane
and in situ reduction of the resulting imine, afforded the BOC-
protected compound 6. Deprotection with TFA led to the
aminic intermediate 7, which was cyclized with 2,5-pyrroledi-
carbaldehyde and the resulting imine was reduced to the
corresponding amine. Finally, alkaline hydrolysis of ethyl
esters afforded the desired receptor 1.

Binding measurements

Receptor protonation and Zn(u) binding. To analyze the
binding properties of the receptor and of its Zn(u) complex
toward phosphate anions, we carried out a preliminary study
on protonation and Zn(u) binding of 1 (hereafter indicated as
L*7) by means of potentiometric measurements in aqueous
solution. The species formed and the corresponding protona-
tion and Zn(u) binding constants are reported in Table 1;
Fig. 1 shows the species distribution diagrams in the presence
and in the absence of Zn(u). Due to the scarce solubility of the
Zn(u) complex at acidic pH values, all measurements were
carried out at 308 K. Under these conditions, no precipitation
is observed in the pH range (2-10.5) used in the potentio-
metric titrations. For comparison purposes, we also deter-
mined the protonation and the Zn(n) binding constants of
N-methyliminodiacetate (MIDA) as a model for the IDA moiety
of the receptor (ESLt Table S1 and Fig. S1 and S2), whereas
measurements on the model for the DAC moiety could not be
carried out because of a much too limited range of solubility
of the corresponding macrocyclic model structure.

Concerning protonation of 1, L>~ and HL™ anionic species
are present in the alkaline pH region, as expected for poly-
amine carboxylate ligands (Fig. 1a).>* The corresponding pro-
tonation constants are unusually high, suggesting that the two
DAC moieties of the macrocyclic subunit of the receptor are
involved in the first two steps. Indeed, the basicity of DAC
(log K = 9.96) is higher than that of MIDA (logK = 8.49).>>*
The third protonation step most likely occurs on the tertiary
amine of the IDA subunit because the second protonation con-
stant of DAC is significantly smaller (log K = 6.47).*>** Finally,
the last protonation step at acidic pH values can occur either
on the DAC unit or on a carboxylate moiety.

Org. Biomol. Chem., 2015, 13, 18601868 | 1861


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c4ob02321h

Open Access Article. Published on 03 décembre 2014. Downloaded on 08/12/2025 20:37:37.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Organic & Biomolecular Chemistry
0 0.0 o._0 0.0
COOEt
a b c
—_— e e
Ox o) (0] (@) N._-COOEt
N 7&0 N3 7&0 NH» 7&0
2 3 4 5
ld, e
N/\H@ NH, NHBOC
a+ oo % EtOO % Et0O
“00 C} Et00G_ C} NH2 Et00 NHBOC
g, h f N NH
NH - NH NH
’ \ / \ / \

1

6

Scheme 1 Synthesis of receptor 1. Reagents and conditions: (a) neopentylglycol, p-TsOH cat., toluene, reflux, overnight, 87%; (b) LiAlH4, THF, r.t.,
2.5 h, 92%; (c) ethyl bromoacetate, KHCO3, DMF, r.t. overnight, 83%; (d) HCl 1 M, THF, overnight; (e) N-BOC-(1R, 2R)-1,2-trans-diaminocyclohexane,
CHCls, reflux, overnight, then NaBH,4 suspension in MeOH, r.t,, 1 h, 62%; (f) TFA, CH,Cl,, r.t., 2 h, 79%; (g) pyrrole-2,5-dicarbaldehyde, CHCls, r.t.,
then NaBH,4 suspension in MeOH, r.t., 1 h, 70%; (h) NaOH, H,O/EtOH 1:1, r.t., overnight, 81%.

Table 1 Protonation and Zn(i) binding constants of receptor 1 (L>7)?

Equilibrium Log K

H"+L* =HL~ 10.67(5)
H'+HL™ = H,L 9.60(6)
H" + H,L=H,L" 8.15(1)
H' + HyL" = H,L* 3.37(1)
Zn** + 1> =[znL] 11.53(3)
[ZnL]+H' [ZnLH]+ 8.50 (3)
[znLH]" + H" = [ZnLH,]* 8.24(3)
[ZnLH,*" + H =[ZnLH;** 6.52(3)
[znLH;]*" + H' = [znLH,]"" 3.51(8)
[znL] + OH™ = [ZnL(OH)|~ 5.45(2)
[znL(OH)]” + OH™ = [ZnL(OH),]*~ 3.61(3)

“Measured at 308 K in 0.1 M NMe,Cl.

Focusing on Zn(u) coordination, despite the presence of
two potential binding sites for metal cations, the formation of
dinuclear metal complexes was never observed, even in the
presence of an excess of Zn(u). Rather, several mononuclear
Zn(u) complexes are formed through a number of protonation-
deprotonation steps occurring on the ligand or on the metal,
respectively (Table 1 and Fig. 1b). Because DAC*® and the fully
deprotonated MIDA (Table S2t) form strong complexes with
Zn(n), ((Zn(DAC)I*, log K = 7.74; [Zn(MIDA)], log K = 8.64), one
would expect that receptor 1, featuring both binding groups in
the structure, would form an exceptionally strong complex.
Counterintuitively this is not observed, as the log K value of
11.53 for the formation of the [ZnL] complex is smaller than
that could be intuitively anticipated, and even smaller than the
values reported for linear or cyclic tetraamines.*® On a closer
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Fig. 1 Distribution diagrams of (a) the protonated species, and (b) the
Zn(1) complexes formed by receptor 1 (L>~, NMe,Cl, 0.1 M, 308 K).

inspection, however, this result may not be anomalous, when
considering that conformational restrictions may hinder
coordination of the metal ion to the macrocycle and that com-
petition between the two binding sites for the same ligand

This journal is © The Royal Society of Chemistry 2015
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may weaken the individual group interactions. As a conse-
quence, the metal ion likely features a low coordination
number in the complex and, therefore, its coordination sphere
is not fulfilled by receptor donors, leaving ‘free’ binding sites
available for exogenous substrate anchoring. This conclusion
is confirmed by the formation of hydroxo-complexes
((ZnL(OH)]” and [ZnL(OH),]*") at high pH values, showing
that the [ZnL] complex can accept additional ligands in its
coordination sphere.

The most interesting finding that can be inferred from
Table 1 is the marked protonation tendency of the [ZnL]
complex, giving [ZnLH,[*" species, where the first two protona-
tion constants are notably large (log K = 8.50 and 8.24, respecti-
vely). The consequence of this tendency, which can be
appreciated from the distribution plot of Fig. 1b, is that the
species largely prevalent at physiological pH, where binding of
phosphate is relevant, is the diprotonated complex [ZnLH,]*",
suggesting that under these conditions the DAC moieties
would give little or no contribution to metal ion binding. In
other words, at physiological pH, Zn(u) would essentially bind
to the MIDA moiety and would therefore be available for
binding to phosphate.

To test this hypothesis, "H NMR spectra of the receptor
were recorded, in the presence and in the absence of Zn(u), at
a pH value such that the 1>~ and [ZnL] species, or the H,L and
[ZnLH,]** species, were the prevalent species in solution, i.e. at
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Fig. 2 Plots of the chemical shift differences (CSDs) between receptor
1 in the presence and in the absence of Zn(i), at 500 MHz in D,O at T =
298 K. The signals of the macrocyclic moiety are reported in plots: (a)
diprotonated; (b) unprotonated. For the numbering scheme, see the
chart.
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pH 12, 8.9, 9, and 6.6, respectively. Because the fast-exchange
regime on the NMR spectroscopy timescale was consistently
observed in NMR experiments, the chemical shift variations of
the single set of signals were monitored. In Fig. 2 are reported
the chemical shift differences (CSD) observed in the above
spectra for the protonated and the unprotonated species. It
can be easily appreciated that negligible random CSDs are
exhibited by the protonated species upon addition of Zn(u),
whereas marked downfield CSDs are induced by the metal ion
on the macrocycle signals for the unprotonated species. This
evidence strongly supports binding of Zn(u) to the DAC moi-
eties of the macrocycle in the unprotonated species, which is
substantially inhibited when the DAC moieties are protonated,
in agreement with the above hypothesis.

Phosphate anion binding. Binding of MP, PP, TP, ADP and
ATP to 1 and its Zn(u) complexes was investigated through
potentiometric, 'H and *'P NMR measurements in aqueous
solutions at 308 K. In the potentiometric measurements, the
anion-to-receptor molar ratios were varied from 0.5 to 4, in
order to ascertain the stoichiometry of the adducts. In all
cases, data elaboration evidenced only 1:1 adducts between
the metal-free receptor or the Zn(u) complex and the phos-
phate anions, with no evidence of adducts of higher stoichio-
metry, in agreement with polyamine-based receptors.**

Potentiometric measurements showed that free receptor 1
can hardly bind to phosphate anions. MP is not bound at any
pH value, whereas, with the other anions, only the H;L" form
of the receptor gave adducts of modest affinity. The corres-
ponding association constants are reported in Table 2. The low
affinities observed can be understood considering that only
the monocharged (H;L"), weakly interacting, form is populated
above pH 4, whereas below pH 4, where the discharged form
(H,L*") is present, anionic guests are protonated as well. The
observed behavior is in sharp contrast to that of polyamine
receptors, which give highly charged, strongly binding poly-
ammonium cations®'? at neutral or slightly acidic pH values.

The presence of Zn(u) coordinated to the receptor dramati-
cally enhanced the binding affinity for all the investigated
anions, giving rise to several adducts with the Zn complex in
different protonation states. The results of potentiometric
measurements are reported in Table 3, where the addition

Table 2 Stability constants of complexes formed by the protonated
form of receptor 1 (HsL*) and PP, TP, ADP and ATP @

Equilibrium Log K

H;L" + P,0,"” = [H;LP,0,]*~ 3.21(3)
H;L" + HP,0,’” = [H,LP,0,]>~ 3.05(3)
H;L" + P3040~ = [H3LP;040]" 3.48(2)
H;L" + HP;040"” = [H,LP;04,]*~ 3.18(3)
H;L" + ADP®” = [H;LADP>~ 3.04(2)
H;L" + HADP?*™ = [H4LADPl_ 3.12(2)
H;L" + HATP®~ = [H,LATP]*~ 3.41(1)
H;L" + H,ATP®™ = [H;LATP]” 3.35(1)

“Measured at 308 K in 0.1 M NMe,Cl.

Org. Biomol. Chem., 2015, 13, 18601868 | 1863
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Table 3 Addition constants of the phosphate anions to the Zn(i) com-
plexes of receptor 1 (ZnL) and MIDA (Zn(MIDA))?

Equilibrium Log K

ZnL + HPO,>~ = [ZnLHPO,]*~ 3.55(7)
ZnLH' + HPO,>” = [ZnLH,PO,]~ 3.98(7)
ZnLH,>" + HPO,>~ = [ZnLH;PO,] 4.05(8)
ZnLH;*" + HPO,>™ = [ZnLH4PO,]" 4.15(8)
ZnL + P,0,"” = [ZnLP,0,]*" 4.75(5)
ZnL + HP,0,*~ = [ZnLHP,0,]*~ 4.45(5)
ZnLH' + HP,0,°~ = [ZnLH,P,0,]*~ 5.54(5)
ZnLH,>" + HP,0,*” = [ZnLH;P,0,]” 6.23(8)
ZnLH,”>" + H,P,0,”” = [ZnLH,P,0;] 6.08(8)
ZnLH;*" + H,P,0,%” = [ZnLH5P,0,]" 6.20(8)
ZnL + P;04,°” = [ZnLP;O04,]*~ 5.53(4)
ZnLH' + P30,0°" = [ZnLHP;0,,]*" 6.84(4)
ZnLH,>" + P3040°" = [ZNLH,P;040]>~ 8.02(5)
ZnLH,>" + HP;04,"" = [ZNLH3P;0;0)*~ 7.77(6)
ZnLH;*" + HP;04,"" = [ZNnLH,P;0,0]” 7.92(6)
ZnL + ADP*” = [ZnLADP]*~ 4.09(6)
ZnL + HADP?” = [ZnLHADP]*~ 3.98(6)
ZnLH" + HADP®~ = [ZnLH,ADP]~ 4.52(6)
ZnLH,>" + HADP”~ = [ZnLH;ADP] 5.15(8)
ZnLH;*" + HADP®™ = [ZnLH,ADP]|" 5.75(8)
ZnL + ATP*™ = [ZnLATP]*~ 5.2(1)

ZnLH' + ATP*~ = [ZnLHATP]*~ 6.1(1)

ZnLH,>" + ATP*™ = [ZnLH,ATP]*~ 6.84(8)
ZnLH,”>" + HATP®™ = [ZnLH,ATP]~ 6.93(7)
ZnLH;*" + HATP®™ = [ZnLH,ATP] 7.04(7)
Zn(MIDA) + P;04,°~ = [Zn(MIDA)P;04,]’~ 4.45(2)
Zn(MIDA) + HP;04,"~ = [Zn(MIDA)HP;04,]"~ 4.35(3)
Zn(MIDA) + H,P;0,,°~ = [Zn(MIDA)H,P;0,,]*~ 4.07(4)

“Measured at 308 K in 0.1 M NMe,Cl.

constants of TP to the Zn(u) complex of MIDA are also reported
for comparison.

Because the exclusive formation of 1:1 adducts was
revealed in all cases by data treatment, an independent confir-
mation was sought by recording *'P NMR spectra of anionic
substrates by addition of increasing amounts of the Zn(u)
complex at pH 7. As in proton spectra, the fast-exchange
regime on the NMR spectroscopy timescale was consistently
observed in *'P NMR spectra, so that the chemical shift vari-
ations of the averaged signals were monitored. As shown in
Fig. 3 for TP, the addition induced an upfield shift of both *'P
resonances of the anion, which increased linearly up to 0.9:1
anion/complex mole ratio and reached a plateau above 1.1:1
ratio. Analogous behavior was found for the other anionic sub-
strates (ESI,T Fig. S3-5S6).

Comparison of Tables 2 and 3 clearly shows that the
anionic substrates form much more stable adducts with the
Zn(u) complexes than with the zinc-free polyammonium
cations of the same charge. For example, the addition constant
of P;0,,°” to the [ZnLH]" complex is ca. 3 orders of magnitude
larger than that for the addition to the H;L" cation. Analogous
enhancements have been observed for PP, ATP and ADP.
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Fig. 3 Plot of the chemical shifts of the terminal (Ps) and central (P,)
phosphorous nuclei of TP in the presence of an increasing amount of
the Zn(i) complex of 1 at 162 MHz, pH 7 and 308 K.

The higher binding affinity for phosphate anions displayed
by the protonated Zn(un) complexes with respect to the unproto-
nated Zn(u) complexes can be ascribed to the presence of the
metal center, which can behave as the anchoring point for the
phosphate unit(s), and to the protonated DAC units, which
provide electrostatic interactions with the anion charge, poss-
ibly reinforced by H-bonding to the pyrrolic ring. Bridging of
the two binding sites by phosphate would therefore enhance
the affinity for the anionic guest in a synergetic fashion. This
effect is particularly evident in the case of TP, for which the
addition constants of TP in its fully deprotonated form
(P;01,°7) to the ZnL, [ZnLH]" and [ZnLH,]*" species are 5.35,
6.84 and 8.02 log units, respectively, with an increase larger
than 2.5 log units from the [ZnL] to the [ZnLH,]*" complex.
Likewise, the addition constants of HP,0,°~ and ATP*" to the
[ZnLH,]** complex are ca. 1.8 and 1.6 log units, respectively,
larger than those found for the addition to [ZnL]. Clearly, the
above differences are too large to be ascribed exclusively to the
increased charge of the receptor. As a matter of fact, with the
exception of MP, the anions are so strongly bound that their
adducts represent the major species in the pH range 4-9.5, as
shown by the distribution diagrams of the complexes formed
by PP, TP and ATP in Fig. 4 (Fig. S7 and S87 for the distri-
bution diagrams of the adducts formed by MP, ADP and
Fig. S9t for that of the adducts formed by TP with the Zn(u)
complex of MIDA).

At pH > 9.5, the formation of the hydroxo-complexes [ZnL-
(OH), )™ (x = 1, 2) effectively competes with phosphate anion
binding, while at pH < 4 the formation of ternary adducts is
inhibited by the presence of protonated anions, and/or metal
decomplexation. As a support to our hypothesis, in agreement
with the view that the affinity enhancement is due to the con-
comitant bridging of binding sites, the monodentate MP,
which is incapable of binding to both sites, shows weak

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Distribution diagrams of the adducts formed by (a) PP, (b) TP,
and (c) ATP with the Zn(1) complexes of receptor 1. Conditions: [1] =
[Zn?*] = [PP] = [TP] = [ATP] = 1 x 107> M, NMe,C1 0.1 M, 308 K.

binding scarcely dependent on protonation (Fig. S7t). Like-
wise, binding of TP to the Zn(un) complex of MIDA, which lacks
the protonated macrocycle site, clearly shows modest affinities
compared to those observed for receptor 1.

At first glance, the data in Table 3 seem to indicate that TP
forms the most stable complexes. However, the interpretation
of the stability constants is complicated by the different acid-
base characteristics of the substrates as well as by the presence
of multiple simultaneous equilibria, which make it difficult to
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compare the binding ability of the receptor at a given pH and
to evaluate selectivity patterns. This issue can be addressed by
considering a competitive system containing the receptor and
equimolecular amounts of each anionic substrate, and calcu-
lating the percentages of the complexed anions over a wide pH
range.”* Fig. 5 displays the plot obtained for a competitive
system containing the Zn(u) complex of 1 and five phosphate
anions.

Fig. 5 clearly shows that the Zn(u) receptor preferentially
binds to TP over all other nucleotide and inorganic phosphate
anions in the pH range of 3 to 10. At neutral pH, TP, ATP and
PP are complexed in 80%, 13% and 7%, respectively. The
ternary adduct with ADP is present in only minor amounts
(<5%) at alkaline pH values, whereas the adduct with MP is
not formed at any pH. The selectivity for TP over both PP and
ATP is somewhat unexpected, because TP and PP show a
similar binding ability for Zn(u) and its complexes with poly-
amine ligands.>® Furthermore, in most cases nucleotide
anions, in particular ATP, form more stable complexes than in-
organic phosphates, due to the interaction with positively
charged hosts not only through the triphosphate chain, but
also through the nucleobase, which shows H-bonding and/or
n-stacking interactions with the receptor.

To elucidate the binding mode of inorganic and nucleotide
anions to the Zn(n) receptor, we recorded 'H and *'P NMR
spectra as a function of pH on solutions containing the Zn(u)
complex of 1 and the nucleotides in 1:1 molar ratio. Fig. 6
shows the chemical shifts of the *'P signals of TP, ATP, PP and
ADP, in the presence and in the absence of the metal complex
(for the MP plot, see Fig. S107).

In all cases, a strong dependence of chemical shifts on pH
and on binding to the Zn(u) receptor can be easily appreciated.
The latter induced a marked and systematic downfield shift of
the *'P signals with respect to the uncomplexed phosphate.
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Fig. 6 pH dependence of the 3!P NMR signals (162 MHz) of (a) TP, (b) ATP, (c) PP, and (d) ADP in the presence (filled symbols) and in the absence

(empty symbols) of the Zn(i) complex of 1. Conditions: [1] = [Zn?*] = [TP] =

Notably, the CSD between the free and the complexed phos-
phates tends to peak in the pH range between 6 and 7, that is
in the range where the receptor shows the largest binding
ability and in which the protonated complex is predominant.
It is also worth noting that the stronger the binding the larger
the shift, suggesting that the proximity of phosphate to the Zn
ion, as detected by the *'P NMR chemical shift, follows the
same trend of the binding affinity for the five anions under
scrutiny, because stronger binding provides larger amounts of
phosphate complexes in the weighted average of species under
the *'P signal. Interestingly, the chemical shifts of the P, of
both ATP and ADP are essentially insensitive to metal coordi-
nation, indicating that the phosphorous adjacent to the adeno-
sine moiety is not involved in binding, most likely because of
the hindrance of the adenosine moiety against the macrocyclic
portion of the receptor, as observed for polyammonium
hosts.>* Furthermore, the Py signal of ATP shows a maximum
CSD of 3.8 ppm at pH 6, whereas the P, and the Py of ADP
exhibit a much shallower CS trend between pH 9 and 5. This
evidence suggests that the terminal phosphates P, of ATP and
Py of ADP bind to the metal ion all through this pH range,
whereas the Py of ATP comes into play on interaction with the
doubly protonated macrocycle. This explains not only the larger
binding ability of ATP with respect to ADP, but also the larger
stability of the TP adduct, which does not suffer from the steric

1866 | Org. Biomol. Chem., 2015, 13, 1860-1868

[PP] = [ADP] = [ATP] = 5 x 107> M, 308 K.

hindrance between the macrocycle and the adenosine moiety,
thus showing the analogous trend of both *'P signals.

The contribution to binding of the nucleoside portion of
ATP and ADP is revealed by the "H NMR spectra as a function
of pH. In Fig. 7, the plot of the anomeric H1' and the adenine
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Fig. 7 pH dependence of the *H NMR signals (400 MHz) of the H8 (top)
and H2 (middle) adenine protons and of the anomeric H1' (bottom)
proton of the sugar moiety of ATP in the presence (filled symbols) and in
the absence (empty symbols) of the Zn(i) complex of 1. Conditions: [1] =
[Zn?*] = [ATP] = 5 x 10~ M, 308 K.
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Fig. 8 Sketch of the ternary complex [ZnLH3P,0;]” featuring the Zn(u)-
mediated PP bridging the two binding sites of diprotonated receptor 1.

H2 and H8 protons is reported for ATP binding to the free and
the Zn(u) complexed receptor (see Fig S117 for ADP). As can be
seen, the corresponding CSDs are essentially null, indicating
that little or no contribution to binding comes from the
nucleoside residue, in contrast to the active role in stabiliz-
ation often observed with positively charged hosts,*'® in par-
ticular polyammonium cations, through H-bonding, n-stacking
and hydrophobic interactions.

Finally, although experimental data do not allow a direct
assessment, the pyrrolic group of the macrocyclic portion of
the receptor may likely contribute to reinforce the binding
interaction through H-bonding to the oxygen atoms of the
phosphate anions.

All the experimental evidence seems to demonstrate that
concerted phosphate binding to the Zn(u) ion and to the proto-
nated DAC macrocycle significantly enhances the binding
ability of receptor 1 toward di- and triphosphates in the pH
range of physiological interest. A sketch of the proposed
receptor-Zn(u)-phosphate adduct of the ternary complex
[ZnLH;P,0,]7, in agreement with experimental data, is
depicted in Fig. 8. To the best of our knowledge, the present
Zn(u)-containing receptor, in its protonated form, shows the
highest binding affinity for TP in water among the Zn(u) com-
plexes reported to date.

Conclusions

In this work we have shown that combination of the two main
approaches usually exploited for phosphate binding, that is (i)
development of metal-free polyammonium receptors interact-
ing with phosphate anions via multiple charge-charge and
H-bonding interactions, and (ii) synthesis of metal complexes,
in which the metal ion is the anchoring point for anionic
species, into a single ditopic receptor is an effective strategy

This journal is © The Royal Society of Chemistry 2015
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that can lead to a synergetic boosting of the di- and tripho-
sphate recognition ability. The key to the binding enhance-
ment lies in the ability of the di- or triphosphate anions to
concertedly bridge both the metal ion site and the polyammo-
nium macrocyclic site, with the possible participation in H-
bonding of the pyrrole ring, whenever the correct geometry is
allowed by the receptor architecture. The adaptive nature of
receptor 1 may play a crucial role in this respect. To the best of
our knowledge, the receptor described in this work features
the highest binding affinity for triphosphates reported to date
for Zn(u1) complexes in water.
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