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ABSTRACT: Ligands L1 and L2 contain two ethylenediamine chains linked to the 2,9 and 6,6’ positions of
phenanthroline and bipyridyl, respectively. Their molecular architecture defines a coordinative ‘cleft,” a potential
binding site for metals and anionic species. Their coordination properties toward Zn(II), Cd(II) and Pb(Il) were
studied by means of potentiometric, microcalorimetric and UV—vis spectrophotometric measurements. In the [ML]**
complexes (L =L1 or L2), the metal is enveloped inside the ligand cleft, as shown by the crystal structure of the
[ZnL2)*" cation. On the other hand, the analysis of the thermodynamic data for metal complexation reveals that in the
[ML]*" complexes some nitrogen donors are weakly bound, or not bound, to the metal, owing to the presence of a
rigid heteroaromatic unit, which leads to a stiffening of the ligands. Both L1 and L2, in their protonated forms, behave
as multifunctional receptors for the nucleotide anions at neutral or slightly acidic pH, giving 1:1 complexes. Binding
of diphosphate, triphosphate, ATP and ADP was studied by means of potentiometry and 'H and *'P NMR
spectroscopy. Charge—charge and hydrogen bonding interactions take place between the polyphosphate chain of
nucleotides and the polyammonium groups of L1 and L2, whereas the adenine moiety shows charge—dipole
interactions with the ammonium groups and m-stacking with the heteroaromatic units of the receptors. Copyright ©
2001 John Wiley & Sons, Ltd.
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chemistry; molecular recognition

INTRODUCTION

In the last few years there has been considerable interest
in the development of new polyamine receptors.'
Open-chain and macrocyclic polyamine ligands, contain-
ing appropriate binding sites and/or cavities of suitable
size and shape, may be designed to form selective
inclusion complexes. Special attention has been devoted
to the design and synthesis of polyamine receptors able to
coordinate metal ions, with the aim of studying their
behavior as selective complexing agents and iono-
phores.' ™ Furthermore, even without the involvement
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of metal cations, polyamine ligands may undergo
extensive protonation in aqueous solution, forming highly
charged polyammonium cations, able to coordinate
anionic species, through charge—charge and hydrogen
bond interactions.'*** Structural factors have been
shown to play significant roles in determining the strength
of the interactions between the polyaza receptor and the
guest species. Aromatic subunits are often introduced as
integral parts of the host molecules. In particular, several
macrocycles containing 2,2'-bipyridyl or 1,10-phenan-
throline moieties have recently been synthesized.”’26
These units are rigid and provide two aromatic nitrogens
whose unshared electron pairs may act cooperatively in
cation binding. At the same time, these heteroaromatic
units may offer an optimal binding site for the coordina-
tion of nucleotide anions or nucleobases, through -
stacking and hydrophobic interactions.

Recently, we reported the synthesis of a new series of
cyclic and acyclic polyamine ligands, such as L1, L2%
and L3,%° containing a phenanthroline or a dipyridine
unit.
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Scheme 1

A previous investigation on the metal coordination
properties of phenanthroline-containing macrocycles,
such as L3, revealed that the phenanthroline unit acts
as binding site for metal cations.?**’ On the other hand,
the insertion of this large and rigid heteroaromatic unit
within a macrocyclic framework leads to stiffening of the
macrocyclic backbone and precludes the simultaneous
participation of the heteroaromatic donors and the
benzylic amine groups, adjacent to the phenanthroline
unit in metal binding.ze”27 At the same time, these
macrocycles present, in their protonated species, a
molecular organization which allows multipoint binding
with anionic forms of nucleotides, through the formation
of salt bridges between the ammonium groups and the
phosphate chains and =-stacking and hydrophobic
interactions between the phenanthroline unit and the
adenine moiety of substrates.?**

We have now extended this study to the open-chain
ligands L1 and L2, which contain two ethylenediamine

Copyright © 2001 John Wiley & Sons, Ltd.

chains linked to the 2,9 and 6,6 positions of phenanthro-
line and dipyridine, respectively. The particular molecu-
lar architecture of these two ligands defines a
coordinative ‘cleft’ in which both metal ions and anions
can be lodged. In this paper we report on the binding
features of these ligands toward metal cations with
different size and stereochemical requirements, such as
Zn(II), Cd(II) and Pb(II), and toward inorganic phosphate
anions and nucleotide anions (ATP and ADP).

RESULTS AND DISCUSSION
Ligand proton transfer properties

Table 1 lists the thermodynamic parameters experimen-
tally determined for the protonation reactions involving
L1 and L2. The distribution of the protonated species
formed at different pH values by L2 is illustrated in Fig.
1. The protonation constants and the enthalpic and
entropic contributions of I.1 and L.2 are similar for each
step of protonation and follow the trend found for the
analogous polyamine ligands containing only secondary
amine groups, characterized by decreasing protonation
constants as the protonation degree, i, increases, and by
largely favourable (AH;° <0, i = 1-4, Table 1) enthalpic
contributions to ligand protonation.”® In particular the
enthalpy changes (—AH;°) found in each protonation step
are significantly higher than the analogous values
reported for protonation of 1,10-phenanthroline and
6,6'-dipyridine (—AH°=20 and 17 kJmol ', respec-
tively),” which can be considered the most appropriate

Table 1. Thermodynamic parameters for L1 and L2
protonation 0.1 M, (NMe,Cl 298.1 K)

Log K

L1 L2
L+H"=HL" 9.62(1) 9.98(1)
HL+2+ H"=H L“3 9.30(1) 9.43(1)
H2L3+ +H" = HgLf 5.96(1) 6.08(1)
H,L*T +H"=H,L*" 4.63(2) 5.32(1)

—AH (kJ mol™})

L1 L2
L+H"=HL" 41.38(8) 40.67(5)
HL' + H" =H,L>" 43.05(7) 42.85(3)
H,L** + HY =H,L>* 33.44(8) 29.89(5)
H;L** +HY=H, L4+ 38.0(1) 37.28(4)

TAS (kJ mol™!)

L1 L2
L+H"=HL" 13.4(1) 16.3(1)
HL" + H = H,L>" 10.0(1) 11.2(1)

H,L*" + HY =H,L3* 0.5(1) 4.8(1)
H; R +H"=H, e —11.7(2) —6.9(1)
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Figure 1. Distribution diagram of the protonated forms of
L2. 0.1 M NMe,Cl, 298.1 K

reference compounds for the heteroaromatic moieties of
L1 and L2, indicating that such moieties are not directly
involved in the protonation processes.

For both L1 and L2, the entropic contributions to each
protonation step decrease with increasing degree of
protonation, as expected considering the electrostriction
effect due to higher solvation of the more protonated
receptors.

UV spectra recorded on solutions containing L1 or L2
at various pH values do not show significant variations
in the pH range 3-11 (Apax=271nm, £=40500
dm’mol 'em™'  and  Ape=290nm, e =12400
dm?® mol™' em™", at pH 7, for L1 and L2, respectively)
confirming that the aromatic nitrogens are not involved in
protonation. In the case of L2, however, a slight red shift
of the absorption band is observed at strongly acidic pH
(Amax =296 nm, € = 13 300 dm’ mol ' cm™" at pH 1.5),
suggesting that protonation of the dipyridine unit takes
place only at strongly acidic pH values. These data
suggest that the first four protonation steps of L1 and L2
take place on the four aliphatic amine groups.

To obtain further information on the protonation
pattern of L1 and L2, we also analyzed the variations
with pH of their "H NMR spectra. Figure 2 reports the 'H
NMR chemical shifts of the protons of L2 as a function of
pH. The 'H NMR spectrum of L2 at pH 12 shows a
singlet at 2.10 ppm (integrating six protons and attributed
to the hydrogen atoms of the methyl groups, HB1), two
triplets at 2.45 and 2.57 (4H each, hydrogen atoms HB2
and HB3, respectively), a singlet at 4.77 (4H, B4), a
triplet at 8.13 ppm and two doublets at 7.65 and 8.34 ppm
for the aromatic protons HB6, HB5 and HB7. These
spectral features indicate a C,, time-averaged symmetry.
This symmetry is preserved throughout all the pH range
investigated.

In the pH range 11-8, where the first two protons bind
to the ligand (Fig. 1), the signal of the hydrogen atoms
HB1 and HB2 in the o-position with respect to N1
exhibits a downfield shift, whereas the other signals do
not shift appreciably. This suggests that the first two
protonation steps involve the terminal nitrogens N1 and
N1'. This higher proton affinity of the nitrogen atoms N1

Copyright © 2001 John Wiley & Sons, Ltd.

and N1’ in comparison with N2 and N2’ can be ascribed
to the inductive effect of the heteroaromatic moiety on
the adjacent N2 and N2’ amine groups. In the pH range 7—
4 the macrocycle binds two further protons, giving the
[H,L2]*" species (Fig. 1). The formation of this
tetraprotonated form markedly affects the pattern of the
'"H NMR spectra. In particular, the signals of HB3 and
HB4 bear a remarkable downfield shift (Fig. 2). In
contrast, the signals of HB1 and HB2 do not shift
appreciably in this pH range. These spectral features
indicate that the third and fourth protonation step takes
place on the benzylic nitrogens N2 and N2'.

It is interesting that the signals of the aromatic protons
HB5-HB7 do not display significant shifts in the pH
range 11-3, indicating that the heteroaromatic nitrogens
are not involved in proton binding. A slight downfield
shift is observed for HB5 and HB7 only below pH 3,
probably due to the formation of small amounts of
pentaprotonated [HsL2]" species, which is formed at
too low pH values to be detected by means of
potentiometric measurements. The pH dependence of
the "H NMR spectra of L1 is almost equal to that found
for L2, indicating that a similar protonation mechanism
occurs in aqueous solution.

Metal binding

Crystal structure of [ZnL2](ClO,),-0.5H,0. The mol-
ecular structure consists of complexed cations [ZnL2)*",
perchlorate anions and water solvent molecules. The
asymmetric unit contains two independent molecules.
The ORTEP>® drawings of the [ZnL2]2+ cations in the
two molecules (herein denoted A and B) are shown in
Fig. 3(a) and (b), respectively. Table 2 lists selected bond
distances and angles for the coordination sphere of
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Figure 2. Experimental 'H chemical shifts of L2 as a function
of pH
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Figure 3. ORTEP drawings of the [ZnL2]?* cation in the (@) A
and (b) B molecules (see text)

Zn(Il). The Zn(Il) ions in A and B display slightly
different coordination geometries, although in both cases
the coordination environments can be best described as
distorted octahedral.

In complex A the metal is hexacoordinated by the
dipyridine nitrogens N3 and N4 and by the amine groups
N1, N2, N5 and N6; N2, N3, N4 and N5 deﬁnoe the
equatorial plane [maximum deviation=0.17(1) A for
N5] and N1 and N6 the apical positions of the distorted
octahedron. The Zn—N1 and Zn—N6 bonds [Zn—NI
2.120(8) A; Zn—N6 2.127(8) A] form angles of 20.1(3)°
and 13.0(3)°, respectively, with the normal to the basal
plane. The metal ion lies 0.063(2) A above the basal
plane, shifted toward N1. It should be noted that both the
benzylic amine groups N2 and NS5 are coordinated at
longer distances [Zn—N2 2.315(9) A; Zn—NS5 2.362(9)
A] than the other nitrogen donors (Table 2). As already
found for other phenanthroline- and dipyridine-contain-
ing polyamine ligands,?®*’ the rigidity of the heteroaro-
matic moiety does not allow the simultaneous optimal
coordination of both heteroaromatic and benzylic nitro-

Copyright © 2001 John Wiley & Sons, Ltd.

gen donors to the metal. As a consequence, the benzylic
nitrogen atoms are usually not bound***” or, as in the
present case, are weakly bound to the metal.

In complex B the basal plane of the octahedron is
defined by the N83 N9, N10 and N11 donors [maximum
deviation 0.08(1) A for N9] while N7 and N12 occupy the
apical positions. The Zn—N7 and Zn—N12 bonds form
angles of 12.7(3)° and 11.7(3)° with the normal to the
basal plane. The metal ion lies in this plane. As in the A
complex, the two benzylic nitrogens NI11 and N8 are
coordinated at longer distances [Zn2—NI11 2.275(9) A;
Zn2—N8 2.294(9) A] than the other nitrogen donors (see
Table 2).

Considering the ligand conformation, in both A and B
complexes the two aromatic rings of the dipyridine
moiety are almost coplanar, forming dihedral angles of
6.8(4)° and 7.0(4)° in the A and B complexes,
respectively. In both complexes the two aliphatic diamine
chains lie on opposite sides with respect to the mean
plane defined by the dipyridine unit. The most significant
difference between the ligand conformation in the A and
B complexes concerns the C—N—C—C and N—C—
C—N torsional angles of the two aliphatic side chains. In
complex A, the two aliphatic moieties N1—N2 and N5—
N6 show different sequences of torsional angles (g g — 7 g
and r g —t g, respectively), whereas in complex B, both
the N7—N8 and NI11—N12 chains show the same
sequence (—tg g — 8).

In both the A and B complexes, however, the resulting
screw conformation allows the ligand to ‘wrap’ around
the metal cation, which is, in consequence, enveloped
inside the ligand cleft.

Inspection of the crystal packing reveals that the two
conformers are associated through a hydrogen bond
interaction involving a bridging perchlorate anion. In
particular, the O14 oxygen of this anion gives rise to a
hydrogen bond with the NS5 nitrogen of complex A
[N5---014 3.41(2) A] and two hydrogen bonds with the
N7 and N11 nitrogen atoms of a symmetry-related (x + 1,
—y+ 172, z+ 1/2) complex B [N7---014 3.31(2) A,
N11---014 3.34(2) A]. This structural constraint may
contribute to the generation of two non-equivalent
complexes in the asymmetric unit.

Zn(ll), Cd(ll) and Pb(ll) coordination in aqueous
solution. The formation of the Zn(II), Cd(II) and Pb(II)
complexes with ligands L1 and L2 was investigated by
means of potentiometric and microcalorimetric measure-
ments in aqueous solution (0.1 M NMe,Cl, 298.1 K). The
complexes formed and the corresponding thermody-
namic parameters are reported in Table 3. The thermo-
dynamic parameters for the metal complexes with the
aliphatic hexaamine 1,14-bis(methylamino)-3,6-9,12,-
tetrazatetradecane, L4,12b where an ethylenediamine unit
replaces the phenanthroline or dipyridyl units of L1 and
L2, are also reported in Table 3 for comparison. The

J. Phys. Org. Chem. 2001; 14: 432-443
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Table 2. Selected bond lengths (A) and angles (°) for [ZnL2](ClQ,4),-0.5H,0

A molecule B molecule

Zn(1)— N(3) 2.120(8) Zn(2)— N(10) 2.069(10)
Zn(1)— N(1) 2.125(10) Zn(2)— N(9) 2.133(9)
Zn(1)— N(6) 2.127(8) Zn(2)— N(12) 2.15009)
Zn(1)— N(4) 2.153(9) Zn(2)— N(7) 2.154(9)
Zn(1)— N(2) 2.315(9) Zn(2)— N(11) 2.27509)
Zn(1)— N(5) 2.362(9) Zn(2)— N(8) 2.294(9)
N@B)— Zn(1)— N(1) 108.3(4) N(10)— Zn(2)— N(9) 75.0(4)
N@B)— Zn(1)— N(6) 100.0(3) N(10)— Zn(2)— N(12) 97.5(4)
N(1)— Zn(1)— N(6) 147.8(4) N(9)— Zn(2)— N(12) 99.5(4)
N@B)— Zn(1)— N4) 74.1(3) N(10)— Zn(2)— N(7) 100.4(3)
N(1)— Zn(1)— N4) 100.6(4) N(9)— Zn(2)— N(7) 97.7(4)
N(6)— Zn(1)— N(4) 101.5(3) N(12)— Zn(2)— N(7) 157.8(4)
N@B)— Zn(1)— N(2) 74.2(4) N(10)— Zn(2)— N(11) 77.0(4)
N(1)— Zn(1)— N(2) 78.1(4) N(9)— Zn(2)— N(11) 151.7(4)
N(6)— Zn(1)— N(2) 95.8(3) N(12)— Zn(2)— N(11) 80.4(4)
N@)— Zn(1)— N(2) 145.9(4) N(7)— Zn(2)— N(11) 91.0(4)
N(@B)— Zn(1)— N(5) 145.3(4) N(10)— Zn(2)— N(8) 150.0(4)
N(1)— Zn(1)— N(5) 86.6(4) N(9)— Zn(2)— N(8) 75.3(4)
N(6)— Zn(1)— N(5) 78.3(3) N(12)— Zn(2)— N(8) 91.6(4)
N(4)— Zn(1)— N(5) 72.4(4) N(7)— Zn(2)— N(8) 79.2(3)
NQ2)— Zn(1)— N(5) 140.5(4) N(11)— Zn(2)— N(8) 132.9(4)

distribution diagrams of the L1 complexes are reported in

Fig. 4. These data allow one to infer some general trends.

(i) Ligands L1 and L2 show a similar good ability to
coordinate Zn(II), Cd(II) and Pb(II) and the com-
plexes are formed in aqueous solution even at acidic
pH values (Fig. 4).

(ii) The [ML]*" complexes (L. =L1 and L2) are easily
protonated at neutral or acidic pH values, forming, in
the case of Cd(Il) and Pb(I), up to tri- or
tetraprotonated species.

(iii) The Zn(Il) and Cd(II) complexes show a similar
thermodynamic stability, much higher than that of
the Pb(Il) complexes. This trend is generally
observed with polyamine ligands.29

Both L1 and L2 are strong metal binders in aqueous
solution. The stability of their complexes is noticeably
higher than that reported for the corresponding com-
plexes with L4."?™¢ This observation indicates that the
insertion of the heteroaromatic binding unit within the
ligand backbone leads to an enhancement of complex
stability.

In order to obtain further information on the role
played by the phenanthroline and bipyridyl units in metal
coordination, the reaction of complex formation was
followed by means of UV spectra recorded on aqueous
solutions containing ligand L1 or L2 (3 X 10~* M) and
Zn(II), Cd(IT) and Pb(II) in various molar ratios at pH 7.
In the case of L1 the phenanthroline moiety gives a
family sharp band at 271nm (¢=37100
dm® mol~' em™"). Solutions containing L1 and increas-
ing amounts of metals, up to a 1:1 molar ratio, show a
marked decrease of the adsorbance. A linear correlation
between the metal to ligand ratio and the ¢ values is found

Copyright © 2001 John Wiley & Sons, Ltd.

up to a 1:1 molar ratio (under these conditions,
Amax =269 nm, £=33 600 dm’mol 'em™'). As re-
ported for Zn(II) binding to 2,2 -dipyridine alone, Zn(II)
complexation by L2 gives a marked red shift of the
absorption band. Significant shifts of the UV band are
also observed for Cd(II) and Pb(II) complexes with this
ligand. A summary of the spectral features of the metal
complexes with L1 and L2 are reported in Table 4. The
UV data in Table 5 account for the involvement of the
phenanthroline and bipyridyl moieties in metal binding in
the [ML]*" complexes in aqueous solution. This
suggestion is further confirmed by the crystal structures
of the [ZnL.2](ClOy), complex, which shows that both the
aromatic nitrogens are bound to the metal.

The higher stability of the complexes with phenanthro-
line- and dipyridyl-containing ligands with respect to the
L4 ligands can be ascribed, in principle, to the different
molecular topology of the ligands and/or to the different
binding ability of aliphatic secondary amine groups with
respect to heteroaromatic groups. On the other hand, the
analysis of the thermodynamic parameters in Table 3
shows that the higher stability of the L1 and L2
complexes than the L4 complexes is mainly due to the
entropic contributions, at least in the case of Zn(II) and
Cd(II) complexation, whereas the enthalpic contributions
to the formation of the L1 and L2 complexes are less
favorable compared with those found for the L4
complexes.'*"

The comparison of the enthalpic terms for the formation
of the [ML1]*" and [ML2]*" complexes with those of the
[ML4)** complexes suggests a lower overall interaction
of L1 and L2 with metal ions with respect to L4, for which
it was suggested that five or six nitrogen donors are
involved in metal coordination.'?® Indeed, both L1 and L2

J. Phys. Org. Chem. 2001; 14: 432-443
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Table 3. Thermodynamic parameters for Zn(ll), Cd(ll) and Pb(ll) complexation with L1, L2 and L4 (0.1 MNMe,Cl, 298.1 K)

Reaction Log K —AG® (kJ mol™ ") —AH° (kJ mol ") TAS® (kJ mol™")
Zn*" 4+ L1=2ZnL1*" 16.17(2) 91.9(1) 44.3(1) 47.6
ZnL1?* + H" =ZnL1H>" 8.86(3) 50.5(1) 40.9(1) 9.6
Zn*T 4+ L2 =7ZnL2*" 16.52(3) 94.1(1) 46.5(1) 47.6
ZnL2** + H' =ZnL2H>" 4.35(4) 24.8(1) 21.3(1) 35
Zn*t 4+ L4 =ZnL4*t 14.02% 79.8 49.3 30.5
Zn%f“ +H = Zn2L+4H3+ 3.93

d L1=CdL1 16.03(2 1.4(1 .01 2.4
Sdm;rF + H+C =CdL1H>* 2.?38 39.6E1; §§.?§1§ E5.5
CdL1H*" + H" = CdL1H,*" 4.67(5) 26.6(1) 27.6(1) -1.0
CdL1H,*" + H" = CdL1H;>* 3.43(5) 19.6(1) 30.1(1) -105
Cd** + L2=CdL2?*t 16.31(2)* 93.0(1) 47.5(6) 45.5
CdL2>" + H" = CdL2H> 4.92(4) 28.0(1) 30.1(1) -2.1
CdL2H*" + H' = CdL2H,*" 4.88(2) 27.8(1) 32.7(1) —4.9
CdL2H,*" + H* = CdL2H;>* 3.73(7) 21.2(1) 20.8(1) 0.4
Cd** + L4=CdL4*t 15.29 86.9 64.8 22.1
C012L+42+ +H = Cc21£4H3+ 5.83
ggmztlllﬂf 2113{)L1H3+ %3% Zéggg ﬂéﬁ% 2;2
PbL1H*' + HT = PbL1H,** 5.26(4) 30.1(3) 30.9(1) -0.8
PbL1H,*" + 2H" = PbL1H,®" 6.29(5) 35.9(3) 13.0(1) 22.9
Pb>t + L2 =PbL2%*t 11.28(4) 64.4(3) 43.9(1) 20.5
PbL2*" + H = PbL2H>" 8.49(2) 48.4(1) 43.0(1) 5.4
PbL2H** + H = PbL2H,** 5.67(1) 32.2(1) 33.9(1) -17
Pb>* + L4 =PbL4**t 9.97°
PbL4** + H* = PbL4H>* 9.29
PbL4H*" + H" = PbL4H,*" 6.72

% From Ref. 12b.
> From Ref. 12c.

show a fairly high tendency to give protonated complexes
and, as shown in Fig. 4 for the [ML1]*" complexes,
protonated species are formed in large amounts at slightly
acidic pH. Most likely, water molecules occupy the free
binding sites at the metal in these protonated species. The
enthalpy contributions for the first protonation step of the
[ML]*" complexes are very high (Table 3), in some cases
similar to those found for protonation of the free amines.
These observations strongly suggest that in both the
[ML1]*" and [ML2]*" complexes some amine groups are
not bound, or are only weakly bound, to the metal. Most
likely, the rigidity of the heteroaromatic units does not
allow the simultaneous binding of all six donors, as
previously observed in metal complexes with phenanthro-
line-containing polyazamacrocycles.’®?’ Actually, the
crystal structure of the [ZnL2]** cation shows that the two
benzylic nitrogens [N2 and N5 in Fig. 3(a)] are only
weakly involved in metal coordination, interacting with
the metal at longer distances (ca 2.3 A) than the other
nitrogen donors (2.0-2.1 A).

As anticipated above, the stabilization of the L1 and
L2 complexes with respect the .4 complexes is mainly
due to a more favorable entropic contribution. Two main
factors can be invoked to rationalize this aspect: (i) L1
and L2 present a preformed cavity where the metals can
be lodged, with a consequent lower entropic cost for the
process of ligand rearrangement upon metal complexa-
tion. (ii) Complexes with primary or secondary amines

Copyright © 2001 John Wiley & Sons, Ltd.

are normally more solvated than complexes with tertiary
or heteroaromatic amines, owing to the inability of the
latter to give N—H- - -OH, hydrogen bonds. This may
result in a larger desolvation of ligands L1 and L2 upon
metal complexation, leading to a more favorable entropic
contribution with respect to L4.

Phosphate anion binding in aqueous solution

Protonation of the receptors gives charged species which
may enable L1 and L2 to form stable complexes with
anionic species in aqueous solution. Binding of ATP,
ADP, diphosphate and triphosphate by L.1 and L2 was
studied by means of potentiometric measurements and, in
the case of ATP and ADP, by 'H and *'P NMR
measurements.

The formation of anionic complexes with polyammo-
nium receptors is strictly pH dependent and, therefore,
the solution equilibria can be studied by pH-metric
titrations. Table 5 gives the cumulative and stepwise
equilibrium constants for the species formed by L1 and
L2. The stability constants of the L1 complexes with
diphosphate are too low to be determined confidently by
means of potentiometric measurements. Although in
some cases the formation of both 1:1 and 2:1 anion—
macrocycle complexes has been observed,®’ the data
analysis with the program HYPERQUAD’? under our

J. Phys. Org. Chem. 2001; 14: 432-443
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experimental conditions revealed 1:1 stoichiometries for
all the species detected.

By examining the different values of the stability
constants, several main features can be readily noticed.
For a given ligand the strength of the interaction
generally increases with increase in the degree of ligand
protonation. For instance, the stability constants for the
interaction of ATP*~ with L1 and L2 vary, respectively,
from log K=4.08 and 4.46 for the diprotonated
macrocycles to log K =4.26 and 5.45 for the macrocycles
in their tetraprotonated forms. An increasing number of
protonated polyammonium functions increases the re-

Copyright © 2001 John Wiley & Sons, Ltd.

Table 4. UVAvis data of ligands L1 and L2 and their Zn(ll),

Cd(ll) and Pb(ll) complexes

Parameter L1 L2

A (nm) [¢(dm® mol 'em™)] 271 [37 000] 290 [12 400]
[ZnL1]*" [ZnL2]**

A (nm) [¢(dm® mol ' em™)] 269 [31 600] 312 [13 300]
[CAL1]>*" [CdL2]*"

A (nm) [e(dm® mol 'em™H] 271 [30200] 305 [13 200]
[PbL1)** [PbL2)*+

A (nm) [¢(dm> mol ! cm™ )]

268 [27 700]

308 [13 100]

ceptor ability to give charge—charge and hydrogen
bonding interactions with the anionic substrates. High
degrees of protonation of the complexes imply protona-
tion of nucleotides and, therefore, a low negative charge
of the substrates. As a consequence, no interaction
between protonated macrocycles and the uncharged
H3;ADP and H4ATP or monocharged H,ADP™ and
H3;ATP™ substrates was found by potentiometry. The
formation of the substrate—polyammonium receptor
adducts, therefore, takes place mainly from weakly
alkaline to slightly acidic pHs, as shown in Fig. 5, which
displays the distribution diagrams for the ADP-L2 and
ATP-L2 systems. For the system ATP-L2, the percen-
tage of overall complexed species is almost 90% in the
pH range 4.5-7, whereas for the system ADP-L2 it is
more than 40% in the pH range 4.0-6.5. In both cases, the
overall percentages of substrate-receptor complexes
decrease at more strongly alkaline or acidic pH. For
instance, the percentage of the ATP-L2 adduct becomes
almost negligible at pH 2 and above pH 10.

Comparison of Fig. 5(a) and (b) also indicates a lower
interaction of ADP with L2 with respect to ATP. As can
be seen from Table 5, for the same degree of protonation,
the ADP complexes with L1 and L2 show a lower
stability in comparison with the ATP adducts. This
behavior can be reasonably ascribed to weaker charge—
charge interactions in the ADP complexes, due to lower
negative charge on the ADP anion.

Finally, Table 5 indicates that the two receptors show a
similar binding ability toward ATP and ADP, as expected
considering the similar molecular architecture of the two
ligands and the similar charge distribution in their
protonated forms. The slightly higher stability of the
L2 adducts may be ascribed to the somewhat higher
flexibility of this ligand, which could allow better charge
matching between the ammonium function of the
protonated receptor and the anionic phosphate chains of
nucleotides.

Anion complexation was also followed by recording
3P NMR spectra on solutions containing receptors and
substrates in a 1:1 molar ratio at different pH values.
Figure 6 shows the *'P chemical shifts of the phosphate
groups of ATP in the presence of L.1 (1:1 molar ratio)
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Table 5. Stability constants (log K)? of the ADP, ATP, dgohosphate and triphosphate adducts with L1 and L2, determined by

means of potentiometric measurements in 0.1 mol dm

NMe,Cl at 298.1 K

Reaction L1 L2 Reaction L1 L2
A=ADP>~ A=ATP*
L+2H"+A> =H,LA™ 21.55(7) L+2H" + A* =H,LA*" 23.15(5) 24.65(8)
L+3H"+A> =H;LA 28.95(3) 29.4(1) L+3H"+ A* =H;LA~ 30.18(8) 31.00(8)
L+4H"+ A" =H,LA" 34.96(3) 35.3(1) L+4H" + A* =H,LA 36.78(4) 37.71(7)
L +5H" + A3 =HsLA?" 39.71(2) 40.5(1) L+5H" + A* =HsLA™T 41.70(3) 43.49(5)
H,L>* 4+ A>” =H,LA~ 2.63(7) H,L*" + A* =H,LA*~ 4.22(5) 5.19(8)
H, L2+ +HA? =H;LA 3.44(4) 3.1(1) H, L2+ +HA*> =H;LA~ 4.08(8) 4.46(8)
H; L3+ +HA> =H,LA" 3.48(3) 3.2(1) H; L” +HA3 =H,LA 4.71(4) 4.99(7)
H, L4+ + HA? =HsLA?" 3.61(2) 3.4(1) H, L“+ +HA3> =HsLA™ 5.01(3) 5.45(5)
Reaction L2 Reaction L1 L2
A=P,0* A=P;0,9°
L+ 4H+ +AY =H,LA 37.13(8) L+ 3H+ + AS’ =H;LA%" 29.93(3)
L+4H"+ A’ =H,LA™ 37.40(2) 37.47(5)
L+5H" + AS" =HsLA 42.37(2) 43.32(5)
L+6H"+ A" =H(LAT 47.06(2)
H,L*" + H,A>" =H,LA 2.62(8) H,L*" + HA*" =H;LA%" 2.51(3)
H3L3+ +HA* =H,LA™ 4.02(2) 3.93(5)
H;L** + H,AY =HsLA 3.19(2) 3.47(5)
H, e + HQA* =H,LA" 3.25(2)

# Values in parentheses are standard deviations on the last significant figure.

at different pH values, together with those of free ATP,
and Table 6 reports the complexation-induced 3p
chemical shifts (CIS) for the nucleotides—LL1 or and-L2
systems.

The data in Fig. 6 and Table 6 indicate that
complexation of substrates produces significant varia-
tions in the *'P chemical shifts, as already observed for
analogous complexes with other polyammonium macro-
cyclic receptors.'®'? Considering ADP complexation, the
resonances of both the phosphate groups shift downfield
in the presence of the macrocycles. In the case of the ATP
complexes with L1 and L2, only the signals of two
phosphate groups, Pg and P,, show a clear downfield shift
upon complexation, while the chemical shift of P, is
almost not influenced by the interaction with the
receptors. These observations seem to indicate that in
both ATP and ADP the polyammonium functions of the
receptors mainly interact with two contiguous phosphate
groups of nucleotides. Furthermore, the higher CIS
values observed for P; and P, in the ADP and ATP
complexes, respectively, suggest a stronger interaction of
the terminal phosphate groups with the polyammonium
functions of the receptors. At the same time, in the case of
ATP, P, would give an almost negligible interaction. As
shown in Fig. 6 for the system ATP-L1, the variations of
the chemical shifts are strongly pH dependent, being
greater in the pH range 4-8 and much lower above pH 9.
A similar behavior is also observed for L2. This result is
in agreement with the potentiometric study of these
systems, which has shown that large amounts of the 1:1
receptor—substrate adducts are formed from slight alka-

Copyright © 2001 John Wiley & Sons, Ltd.

line to acidic pHs, i.e. in the pH region where highly
protonated species of the receptors and anionic species of
ADP or ATP are simultaneously present in solution. It
should also be noted that the CIS values for the L2
complexes are higher than those for the L1 adducts,
suggesting, once again, a slightly stronger electrostatic
interaction between the phosphate groups of nucleotides
and the two polyammonium chains of L2.

Both the potentiometric and *'P NMR data confirm the
important role played by electrostatic force and hydrogen
bonding in this kind of interaction. Both ligands contain
two diamine chains separated by a rigid spacer. As
discussed above, protonation takes place on the aliphatic
amine groups. Therefore, it can be proposed that a spatial
charge matching between the two protonated polyamine
chains and two adjacent phosphate groups of nucleotides
gives the major contribution to the complex stability,
allowing the formation of multiple electrostatic and
hydrogen bond interactions.

On the other hand, comparing the binding of nucleo-
tides and inorganic phosphate anions (P,O,* and
P;0,0° "), the data in Table 5 show that, for the same
negative charge on the anions, triphosphate gives weaker
interaction with L1 and L2 than ATP, which contains a
triphosphate chain similar to that of P50, (e.g. the
addition constants of the triply charged H,P;0;4° to
H;L1*" and H,L1*" are 3.19 and 3.25 log units, whereas
the addition constants of HATP®™ to H3L13+ and
H,L1*" are 4.71 and 5.01 log units). Similarly, the
stability of the diphosphate adducts is lower than that of
the ADP adducts. In addition to electrostatic interactions
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Figure 5. Distribution diagrams for the systems (a) L2-ADP
(0.1 mol dm—3 NMe,Cl, 298.1K, [L2] =[ADP] =1 x
10> moldm ™) and (b) L2-ATP (0.1 mol dm—3 NMe,C|,
298.1K, [L2] = [ATP] =1 x 10~2 mol dm~3)

between the phosphate chain and the polyammonium
macrocycles, other effects (hydrogen bond interactions
between adenine nitrogens and/or hydroxyl groups of
nucleotides and polyammonium functions, hydrophobic
and/or m-stacking interactions between the heteroaro-
matic moieties and cation—7 system interactions between
the charged ammonium group and adenine) may
contribute to the complex stability.

The 'H NMR spectra of these systems provide
unambiguous evidence for the participation of n-stacking
interactions in the stabilization of the adduct species with
L1 and L2 (for labeling, see Scheme 1). For both ligands,
throughout the pH ranges in which interaction occurs,
significant upfield displacements are observed for the
resonances of the adenine protons H2 and H8 and for the
anomeric proton H1’ of the nucleotides and also for the
signals of phenanthroline (HF5, HF6 and HF7) or
dipyridine (HBS, HB6 and HB7). Minor shifts are
observed for the benzylic protons F4 or B4 and for the
other protons of the aliphatic chains (<0.2 ppm). Figure 7
shows the 'H chemical shifts for the phenanthroline
hydrogens of L1 in absence and in presence of ATP [Fig.
7(a)] and for the hydrogens H2, H8 and H1' of ATP
[Figure 7(b)] in absence and in presence of L.1 (1:1 molar

Copyright © 2001 John Wiley & Sons, Ltd.
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Figure 6. Experimental *'P chemical shifts of free ATP (solid
lines) and of ATP in the presence of L1 (dotted lines) as a
function of pH. [L1]=[ATP]=5 x 103 mol dm~3, 298.1 K

ratio). As previously observed for the *'P resonances of
the phosphate chains, the 'H NMR displacements are
strongly pH dependent, being larger at neutral or slightly
acidic pHs, where the largest extent of complexation
occurs. It is interesting that, once again, these differences
are substantially reduced at strongly acidic or alkaline
pH, where the interaction vanishes. Table 7 reports the
complexation-induced "H chemical shifts (CIS) for the
interaction of L1 and L2 with ADP and ATP. It should be
noted that the CIS values for ATP and ADP complexation
are very high, in particular in the case of L1 (more than
1 ppm for adenosine protons of ADP or ATP complexed
by L1), if compared with the CIS values found for ATP or
ADP complexation by other polyammonium macro-
cycles containing phenylene spacers.'” This can be

Table 6. >'P NMR shifts (6, ppm) for the L1 and L2 adducts
with ATP and ADP and complexation-induced 'H NMR
chemical shifts (CIS, ppm) for selected protons, measured in
D,0 solution at pH 5 (systems ATP-L1 and ADP-L1) and 5.5
(systems ATP-L2 and ADP-L2), 298 K

L1 L2
ADP P, Py P, Py
8 (ppm) —-6.90* —452 —-677 —-3.93
CIS 1.02° 3.31 1.15 3.91
L1 L2
ATP P, Py P, P, Ps P,
8 (ppm) —7.40 —1831 —424 —-7.46 —17.86 —3.62
CIS 024 127 330 020 172 3.90

% From measurements in D,0 solution at pH 5 (systems ATP-L1 and
ADP-L1) and 5.5 (systems ATP-L2 and ADP-L2), 298.1 K, with a
receptor:substrate molar ratio of 1:1. Under these conditions the
degrees of complexation are 55% (ADP-L1), 78% (ATP-L1), 53%
(ADP-L2) and 90% (ATP-L2).

® CIS (for 100% complexation) calculated based on equilibrium
constants from Table 5.

J. Phys. Org. Chem. 2001; 14: 432-443



CLEFT-LIKE HEXAAMINE LIGANDS 441

8.6 |
: e
\.\
8.4 | .-,
—
\o\.
. o
ppm 52 e o o —e—HiPE
. —a— HE7
80] ma—_ —a_ HF5
L) \.\ .e . HF6 complex
SN — .m-- . HF7 complex
7. ., "
8] \\:\‘\,’\‘\l\. __a__ HF5 complex
by — Sy
7.6 | m \‘\.-—A\/K!
-'-"\.‘-. ./
7.4 —a

8.5 .\.\.h._.

.—.—z
2\~,\.\‘\A“A“A———A?" o
8.0 P
\\ “.v X T ”.”
a2 e—et A L HI
7.5 A AT a... H1' complex
ppm s H2
7.0 —a-.... H2 complex
H8
—e—
s, _ o H8 complex
60] g T E—m n—u—g
y
55 ] \.\_\- AAAAA -_/./"
2 4 6 8 1 12
pH b

Figure 7. (a) Experimental "H chemical shifts for the aromatic
protons of free L1 (solid lines) and of L1 in the presence of
ATP (dotted lines). (b) Experimental "H chemical shifts for the
H2, H8 and H1’ protons of free ATP (solid lines) and of ATP in
the presence of L1 (dotted lines). In all experiments L1 and
ATP were in a 1:1 molar ratio (both 5 x 1072 mol dm~3),
298.1 K

attributed to the insertion in the macrocyclic framework
of a large heteroaromatic system, such as phenanthroline,
which can give strong n-stacking interactions with the
adenine moiety of nucleotides. Lower CIS values are
found for the L2 complexes, probably owing to the less
extended aromatic system of dipyridine with respect to
phenanthroline.

High CIS values, however, may also be indicative of
inclusion, or partial inclusion, of the substrate inside the
ligand cleft, as already observed in the case of other
polyammonium receptors.'*'* Partial inclusion may
allow for the simultaneous involvement of electrostatic
and 7-stacking interactions in the stabilization of the
adducts and, additionally, adenine nitrogens and/or
hydroxyl groups of the ribose subunits could be properly
disposed to give hydrogen bonds with the polyammo-
nium groups of the receptor.

Copyright © 2001 John Wiley & Sons, Ltd.

EXPERIMENTAL

General procedures. Ligands L1 and L2 were obtained
as described previously.? Crystals of
[ZnL.2](ClO4),-0.5H,0 were obtained by slow evapora-
tion of an aqueous solution (pH 7) containing
Zn(Cl04),-6H,0 and L2 in an equimolecular ratio. The
300.07 MHz 'H and 75.46 MHz '*C NMR spectra in D,O
solutions at different pH values were recorded at 298.1 K
in a Varian Unity 300 MHz spectrometer. In the '"H NMR
spectra peak positions are reported relative to HOD at
4.75 ppm. Dioxane was used as a reference standard in
the '*C NMR spectra (6 = 67.4 ppm). '"H-'H and 'H-'*C
2D correlation experiments were performed to assign the
signals. Small amounts of 0.01 mol dm > NaOD or DCI
solutions were added to a solution of L1-4HBr or
L2-4HBr to adjust the pD. The pH was calculated from
the 11213easured pD values using the following relation-
ship:”

pH =pD —0.40

The *'P NMR spectra were recorded at 81.01 MHz
with a Bruker AC-200 spectrometer. Chemical shifts are
relative to 85% H;PO, as external reference. UV-vis
spectra were recorded on a Shimadzu UV-2101PC
spectrophotometer.

X-ray structural analysis. Crystal data.
C36H58CI4N12(°)17ZH2, M= 1203048, mOHOCliniS,
a=14714(5) A, b=21.220(10) A, c=16.4712)A,

£ =99.87(5)°, volume =5066(7) A3 (by least-squares
refinement on diffractometer angles for 25 automatically
centered reflections, A=0.7107 A), space group P2/c,
Z =4, calculated density 1.578 gcm >, F(000) = 2488.
Colorless prismatic crystal of approximate dimensions
0.25 x 0.15 x 0.1 mm, p=1.237mm™', T=25°C.

Data collection and structure analysis. Analysis on a
single crystal of [ZnL2](ClO,4),-0.5H,0 was carried out
with an Enraf-Nonius CAD4 x-ray diffractometer that
uses an equatorial geometry; § —26 scan with 6 scan
width = 0.9 + 0.35tan 6, 6 scan speed variable, graphite
monochromated Mo Ko radiation, 5588 reflections
measured (5° <26 <40°). Intensity data were corrected
for Lorentz and polarization effects and an absorption
correction was applied once the structure had been solved
by the Walker and Stuart method.**

The structure was solved by direct methods of
SIR92.%° Anisotropic displacement parameters were used
with all the non-hydrogen atoms. All the hydrogen atoms
were introduced in calculated positions and their
coordinates refined in agreement with the linked atoms,
with overall refined temperature factors.

The final agreement factors for 644 refined parameters
were R1=0.0616 [for 2788 reflections with I >23(])]
and wR2 =0.1868 (all data). Refinement was performed
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Table 7. "H NMR shifts (8, ppm) for the L1 and L2 adducts with ATP and ADP and complexation-induced "H NMR chemical shifts
(CIS, ppm) for selected protons, measured in D,O solution at pH 5 (systems ATP-L1 and ADP-L1) and 5.5 (systems ATP-L2 and

ADP-L2), 298 K

HF5 HF6 HF7 H8 H2 HY
L1 o 7.63 8.14 7.46
ATP o 173 7.55 5.35
CIS —0.26 —0.51 —0.71 —1.18 —1.06 —-1.17
L1 o 7.70 8.28 7.63
ADP o 7.81 7.69 542
CIS —0.16 —-0.35 —0.52 —1.13 —0.90 —-1.12
HBS HB6 HB7 H8 H2 HI'
L2 o 8.01 7.42 7.78
ATP o 8.24 1.75 5.62
CIS —0.18 —-0.23 —0.61 —0.68 —0.85 —0.90
L2 o 8.04 1.37 8.07
ADP o 8.14 7.81 5.70
CIS —0.15 —0.28 -0.32 —0.80 —0.78 —0.84

# From measurements in D,O solution at pH 5 (ATP-L1 and ADP-L1) and 5.5 (ATP-L2 and ADP-L2), 298.1 K, with a receptor:substrate molar
ratio of 1:1. Under these conditions the complexation degrees are 55% (ADP-L1), 78% (ATP-L1), 53% (ADP-L2) and 90% (ATP-L2).
® CIS (for 100% complexation) calculated based on equilibrium constants from Table 5.

by means of the SHELXL-93 program.>® The function
minimized was Sw(F2 — F2)? with  w=
1/[0*(F2) + (aP)* 4+ bPJand P = (F2 +2F2)/3, where
a and b are adjustable parameters.

Potentiometric measurements. Equilibrium constants
for protonation and complexation reactions with L1 and
L2 were determined by pH-metric measurements
(pH=—log [H']) in 0.1moldm > NMe,Cl at
298.1 £ 0.1 K, by using the potentiometric equipment
and method described previously.lz’37 The combined
glass electrode was calibrated as a hydrogen concentra-
tion probe by titrating known amounts of HCI with CO,-
free NaOH solutions and determining the equivalence
point by Gran’s method,® which allows one to determine
the standard potential E° and the ionic product of water
[pK,, = 13.83(1) at 298.1 K in 0.1 mol dm > NMe,Cl]. In
the metal complexation study 1x 1073
2 x 10~ mol dm ligands and metal ion concentrations
were employed, and in the anion coordination study the
ligand:anion molar ratio was varied from 0.5 to 5.
Protonation constants of phosphate anions were taken
from Ref. 20. At least three titration experiments were
performed (about 100 data points each) in the pH range
2.5-10.5. The computer program HYPERQUAD?? was
used to calculate equilibrium constants from e.m.f. data.
All titrations were treated either as single sets or as
separate entities, for each system, without significant
variation in the values of the determined constants.

Microcalorimetric measurements. The enthalpies of
ligand protonation and metal complexation were deter-
mined in 0.1 M NMe4Cl aqueous solutions at 298.1 K by
means of the apparatus described previously.”” Proto-
nation enthalpies were determined by addition of

Copyright © 2001 John Wiley & Sons, Ltd.

NMe,OH (0.1 M, addition volumes 0.015 cm3) to an
acidic solution of the ligand (5 x 107> M, 1.2 cm®). The
complexation enthalpies were determined by means of
titration with NMe,OH (0.1 M, addition volumes
0.015 cm?®) of acidic solutions, containing ligand and
M(II) M =Zn, Cd, Pb). Metal and ligand concentrations
were ca 5 x 10> moldm . The ionic medium was
NMe,Cl (0.1 M). Under the reaction conditions and
employing the protonation and/or stability constants
determined at 298.1 K, the concentrations of the species
present in solution before and after addition were
calculated and the corresponding enthalpies of reaction
were determined from the calorimetric data by means of
the AAAL program.*® At least three titrations were
performed for each system. The titration curves for each
system were treated either as a single set or as separate
entities without significant variation in the values of the
enthalpy changes.
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