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The synthesis of two new tritopic double-scorpiand receptors in which two equivalent
5-(2-aminoethyl)-2,5,8-triaza[9]-(2,6)-pyridinophane moieties have been linked with
2,6-dimethylpyridine (L1) or 2,9-dimethylphenanthroline (L2) units is reported for the first time. Their
acid—base behaviour and Zn** coordination chemistry have been studied by pH-metric titrations,
molecular dynamic calculations, NMR, UV-Vis and steady-state fluorescence techniques. L1 and L2
behave, respectively, as hexaprotic and heptaprotic bases in the experimental conditions used (298.1 +
0.1 K, 0.15 mol dm™ NaCl, pH range under study 2.0-11.0). These ligands are able to form mono-, bi-
and trinuclear Zn** complexes depending on the Zn**-receptor molar ratio. Interaction of L1 and L2
with pyrophosphate (PPi), tripolyphosphate (TPP) and adenosine 5'-triphosphate (ATP) has been
followed by pH-metric titrations, 'H and *'P NMR techniques and molecular dynamic analysis. Finally,
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formation of mixed complexes Zn**-L-PPi, Zn**-L-TPP and Zn?*-L-ATP has been studied for both

receptors by potentiometric titrations.

Introduction

Multitopic ligands have received an increased interest in the
last years. This interest stems from their potential applications
in fields such as molecular recognition, molecular devices, enzyme
mimicking and pharmaceutical chemistry.’?

An elegant example of targeting biologically relevant anions
has been reported by J.-I. Hong, J. Yoon et al. These authors
designed a series of binuclear Zn** complexes that exhibited
selective fluorescence response when interacting with pyrophos-
phate (PPi).* PPi is a biological important target because it is
the product of the hydrolysis of the nucleotide adenosine-5'-
triphosphate (ATP) under cellular conditions and the detection of
PPi is being investigated as a real-time DNA sequencing method.?

Bicyclam, bicyclen and tricyclen molecules linked by different
alkyl and aryl groups display interesting activity as antiviral
drugs for the treatment of HIV-1 and HIV-2.* Moreover, it has
been postulated that metal coordination can reinforce or decrease
the activity. In this sense, Kimura et al. reported that the Zn*
complex of a tricyclen molecule, in which the tetraazamacrocycles
were connected by para-phenylene spacers, displayed the highest
inhibitory activity for the binding of the regulatory protein Tat to
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TAR (trans activation responsive) element RNA that activates the
synthesis of the full length HIV-mRNA.”

On the other hand, scorpiand molecules or lariat ethers are
analogous terms describing compounds that have a central macro-
cyclic core with a pendant arm including additional anchoring
points.**® These molecules have attracted a lot of interest due to
the possibility of regulating the molecular reorganisation of their
flexible arm with respect to the macrocyclic core by coordination
to metal ions or/and changes in the hydrogen ion concentration
of the medium. Therefore, the preparation of new compounds
meeting features of double azamacrocycles and scorpiands is an
interesting goal due to their recognition capacity, molecular re-
arrangements and possible biomedical implications.

Here we describe the synthesis, protonation, Zn** coordination
and interaction with PPi, tripolyphosphate (TPP) and ATP of
a couple of double-aza-scorpiand receptors in which two 5-
(2-aminoethyl)-2,5,8-triaza[9]-(2,6)-pyridinophane moieties have
been tied by their tails with 2,6-dimethylpyridine (L1) or 2,9-
dimethylphenanthroline (L2) linkers (Chart 1). We have addition-
ally studied by potentiometry the formation of mixed Zn**-L-PPi,
Zn**-L-TPP and Zn**-L-ATP complexes with both receptors.

For means of clarity, with PPi*-, TPP*> and ATP* we refer to the
fully deprotonated anions, while with PPi, TPP and ATP we will
be referring either to any of the species present in the multiprotic
systems independently of their protonation state or to the whole
polyprotic systems.

Results and discussion
Synthesis of the receptors

The synthesis of L1 and L2 has been carried out reacting two moles
of scorpiand 5-(2-aminoethyl)-2,5,8-triaza[9]-(2,6)-pyridinophane
(L3) that some of us have previously reported,” with one
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mole of pyridine-2,6-dicarboxaldehyde or 1,10-phenanthroline-
2,9-dicarboxaldehyde in dried ethanol, followed by in situ reduc-
tion with sodium borohydride (see Scheme 1 in the ESI,{ and the
Experimental section). The compounds were finally precipitated as
their hydrochloride salts. Once optimized, this synthetic procedure
permits the new receptors L1 and L2 to be obtained on a gram
scale.

Acid-base studies

To obtain the constants for the interaction of L1 and L2 with
different guests in aqueous media, the previous determination
of the protonation constants of both hosts and guest species
in the same experimental conditions is required. Moreover, the
knowledge of which are the protonation sites in the receptors at the
studied pH values is essential to understand and rationalize their
coordinating ability towards either cationic or anionic substrates.

The protonation constants of L1 and L2 were obtained by
pH-metric titrations carried out at 298.1 K at 0.15 mol dm™
NaCl (see Experimental section for further details). Although
chloride anions can interfere in the coordination of metal ions
and anions, the scarce solubility of L2 in perchlorate salts as
well as the biological relevance of NaCl led us to use this salt
as supporting electrolyte. Since all constants, namely protonation
constants of the receptors, formation constants of Zn** complexes,
binding constants with the polyphosphate anions and ATP, and
formation constants of mixed complexes have been conducted in
the same experimental conditions, the results presented here are
self-consistent.

Table 1 gathers the stepwise protonation constants calculated
for the protonation of bis-scorpiands L1-L2. The distribution
diagrams are collected in Fig. S1 of the ESIt and in Fig. 1.

L1 presents in the pH range of study (pH = 2.0-11.0) just
six measurable protonation steps (Table 1, Fig. S1T) while L2
displays an additional seventh protonation step (Fig. 1). The high

Table 1 Logarithms of the stepwise protonation constants for the proto-
nation of L1 and L2 determined in 0.15 mol dm~ NaCl at 298.1 K

Reaction® L1 L2
H+L=HL 9.96(2)" 10.04(1)
H+ HL =H,L 9.52(2) 9.80(1)
H+ H,L =H;L 8.51(2) 8.88(1)
H+H,L=H,L 7.64(2) 8.15(1)
H+H,L = H,L 6.78(3) 6.78(1)
H + H;L = H,L 5.94(4) 5.95(1)
H+HL=HL — 225(2)
Log ¢ 48.34 51.84

“ Charges omitted for clarity. ® Values in parentheses are standard deviation
in the last significant figure. “log f = X log K.

Molar Fraction

1.6 36 5.6 7.6 9.6 16
pH

Fig. 1 Molar fraction distribution diagram for the system L2-H* and
steady-state fluorescence emission titration curve of L2 (4., = 267 nm) for
a 1 x 107 mol dm™ aqueous solution in 0.15 mol dm™ NaCl at 298.1 +
0.1 K. (A) monomer emission followed at 376 nm.

six protonation constants observed for both systems make the
hexaprotonated species H¢L* prevail below pH 6 for L1, and in
a wide 2.5-6.0 pH range for L2." While the six first protonation
steps of both receptors should occur at the six secondary amino
groups present in both receptors, the seventh protonation step of
L2 should involve the connecting phenanthroline group as it has
been proved by NMR, UV-Vis and fluorescence emission spectra.
The '"H NMR spectra show, below pH 3, clear downfield shifts
for signals of the phenanthroline protons labelled as P3, P4 and
P6 (for the labelling, see Chart 1), which supports protonation of
a phenanthroline nitrogen (see Fig. S2 in the ESI in which the
variations of the "H NMR signals with the pH are plotted for L2).

The UV-Vis titrations of L2 also show significant changes in the
200400 nm region in correspondence with the protonation of the
phenanthroline ring (Fig. 2). Treatment of the spectrophotometric
data with the SPECFIT program'? allows for deriving a protona-
tion constant of 2.2(1) logarithmic units in good agreement with
the constant derived from the potentiometric titrations.

Absorbance (a.u.)

A(nm)

Fig. 2 Spectrophotometric titration of L2 vs. pH recorded in H,O; T =
298.1 K;/=1cm; I = 1.0 mol dm™ (NaCl); [L2] = 8.6 x 10~° mol dm™;
(HpH=4.5;(2) pH=1.0.
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The variation with the pH of the emission intensity at 376 nm
of L2 shows a bell-shaped curve with the maximum emission
corresponding to the pH range where the hexaprotonated species
(H¢L2") prevails in solution as can be seen in Fig. 1. Either
a protonation or a deprotonation process yields a decrease in
fluorescence. The lower emission of the H,L2™ species can be
ascribed to the fact that protonation of the phenanthroline can
stabilize the poorly emissive nit* state with respect to the nm*
state, leading to inversion of states and thus to a decrease of the
fluorescence emission."

Molecular dynamic calculations™ suggest that these receptors
present two major different families of conformers, (i) a family
with more closed conformations that is observed for protonation
degrees from 0 to 5 and (ii) a family with more open confor-
mations for higher protonation degrees (Fig. 3). In the closed
conformations, intramolecular hydrogen bond networks involving
the protonated ammonium groups at each state as hydrogen bond
donors and the deprotonated amino groups and the pyridine
nitrogen atoms are observed. The composition and number of
hydrogen bonds would be changing from one protonation state
to another. m—m Stacking between the central pyridine ring and
the pyridine ring of one of the macrocycles is also observed in the
closed conformation. In the case of L2, the molecular dynamics
studies indicate that protonation of the phenanthroline ring in the
heptaprotonated species leads to an almost completely extended
conformation so that electrostatic repulsion between the positive
charges are minimized (Fig. 3).

Fig. 3 Minimum energy conformers for receptors H,L2 (A), HsL2 (B)
and H,L2 (C).

'"H NMR experiments performed at variable pH for both
receptors show that all 'H signals experience downfield shifts
upon protonation indicating that protons are shared between the
different sites (ESI, Fig. S1 and S271). However, for L1 the slightly
larger downfield shift (A = 0.87 ppm, Fig. S1t) observed in the
8.5-10.0 pH range for the singlet signal of pyridyl protons 1 (for

the labelling, see Chart 1), suggests that the first two protonations
occur to a larger extent at the macrocyclic secondary nitrogen
atoms. The next two protons will be preferentially binding the
nitrogens of the arms as denoted by the larger downfield shifts
of protons labelled as 9 in the 7.0-8.5 pH range. In agreement
with the calculations, the variations in the '"H NMR data also
suggest the formation of different intramolecular hydrogen bonds
between protonated and non-protonated sites and the pyridine in
the intermediate protonation sites.

Interaction with metal ions and anions

To check the coordination capabilities of these macrocycles, we
have carried out a preliminary study of the interaction of L1 and
L2 with Zn?**. Moreover, we have studied the interaction of L1 and
L2 with PPi, TPP and ATP. Finally, we have checked the formation
of mixed complexes in the systems Zn**-L-PPi, Zn?*-L-TPP and
Zn**-L-ATP (L = L1, L2).

Interaction with Zn**

Potentiometric studies of the binary Zn?*-L1 and Zn?*-L2 sys-
tems show in both cases formation of mononuclear species of
[ZnH,L]**"* stoichometries with r = 4-0, binuclear [Zn,H,L]*"*
species with r = 1, 0, —1 and trinuclear trihydroxylated species
for L1. In the case of L2 additional binuclear and trinuclear
dihydroxylated species have also been detected. The stability
constants for these complexes along with those formed by the
precursor scorpiand receptors L3 and L4 (Chart 1) are collected
in Table 2.115

As regards the mononuclear complexes, the first aspect that
deserves to be commented on is the significant difference in
stability between the ZnL** complexes of both receptors, L1
and L2. The stability constant of ZnL1** is higher than those
obtained for the Zn** complexes of the precursor receptors L3 and
comparable to the receptor L4 (Table 2). Taking into account these
values and the crystal structures obtained for the Cu®* complexes
of L3 and L4, it can be suggested that the binding of the
metal in the ZnL1** species is likely involving the four nitrogens
of the macrocyclic unit, the secondary nitrogen of the tail and the
pyridine nitrogen of the linker (Fig. 4a).

2

NH

& @ oy

Fig.4 Possible coordination modes in complexes ZnL1** (a) and Zn,L1*

(b).

In the case of ZnL2*, however, the metal ion would be
pentacoordinated by the four nitrogen atoms of the macrocycle
and the secondary nitrogen atom of the linker.

In both systems, formation of binuclear complexes is observed
above pH 4 for Zn**:L 2 : 1 molar ratio (see distribution diagrams
in ESI, Fig S3b and Fig. S4b¥). The stepwise constants for the
formation of the binuclear complexes (ZnL** + Zn** = Zn,L*; log
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Table 2 Logarithms of the stability constants for the formation of mononuclear, binuclear and trinuclear complexes of Zn?*:L.1, L2, L3 and L4 calculated

in 0.15 mol dm™ NaCl at 298.1 £ 0.1 K

Reaction® L1 L2 L3 L4
ZnH,L + H = ZnH,L 4.24(5y 3.61(1) — -
ZnH,L + H = ZnH;L 4.23(5) 6.28(4) — —
ZnHL + H = ZnH,L 7.7(1) 8.48(4) 3.95(4) —

ZnL + H = ZnHL 9.3(1) 10.2(1) 5.23(2) 3.34(2)
Zn+L=7Z7nL 19.8(1) 16.9(1) 17.42(4) 18.97(1)
ZnL +H,0 = ZnL(OH) + H — — — ~11.3(3)
Zn,L + H = Zn,HL 4.83(2) 4.37(1) — -
27Zn+ L =Zn,L 32.16(2) 33.12(1) — —

ZnL + Zn = Zn,L 12.4(1) 16.2(1) — —
Zn,L + H,0 = Zn,L(OH) + H ~10.6(1) -10.05(2) — —
Zn,L(OH) + H,0 = Zn,L(OH), + H — ~11.9(1) — —

3Zn + L + 2H,0 = Zn,;L(OH), + 2H — 20.46(2) — —

3Zn + L + 3H,0 = Zn,L(OH), + 3H 11.5(1) 11.50(3) — —

“ Charges omitted. ® Values in parenthesis show standard deviation in the last significant figure.

K=12.4forLlandlog K =16.2 for L2, (Table 2) show the absence
of positive cooperativity in this process. Moreover, the much lower
stepwise value obtained for the formation of Zn,L1* indicates
that the binding of the second metal ion will either involve a lower
number of nitrogens than in L2 or will require of a molecular
reorganisation of the coordination sphere, implying breaking and
bond formation (Fig. 4b).

The distribution diagrams (ESI, Fig. S3 and S47}) show that the
nuclearity of the species formed depends very much on the Zn**-
receptor molar ratio. Trinuclear complexes are observed above pH
ca. 8 for 3: 1 Zn** receptor molar ratios for L1 and pH ca. 9 for L2
(ESI, Fig. S3c and S4ct). Although binuclear complexes have been
reported in many systems consisting of two macrocycles linked by
different alkyl or aryl bridges, to our knowledge, the number of
systems in which trinuclear species has been evidenced is much
more scarce.'®!

Fig. 5 collects the aromatic zone of the '"H NMR spectra
recorded at pD = 10 for the system Zn**:L2, where formation
of mono-, bi- and trinuclear species is observed (see ESI, Fig. S3
and S47). The 'H spectra show significant changes in the pyridine
signals when the molar ratio is increased from 1:1 to 2:1.

L2 P6
P4 P3  py4 py3
ZriiL2 (1:1) P4 P6P3 py3
] py4 ' py3
zniL2 (2:1) Pe .
P4 P3 By
)
2". .
ZriL2 (3:1) i n oy3
P4 py4

90 86 82 78 74 70 686
& (ppm)

Fig. 5 '"H NMR of Zn*:L2 in different molar ratios at pD = 10.0.

However, when passing from 2:1 to 3: 1 molar ratios, the largest
changes are seen for the phenanthroline signals which shift
downfield and broaden considerably, suggesting that the third
metalion is bound at this region of the molecule. The lower number
of coordinated nitrogens involved in the coordination sphere of the
last metal ion would be favouring the formation of hydroxylated
species.

Interaction with PPi, TPP and ATP

Interaction of L1 and L2 with PPi, TPP and ATP has been
followed by potentiometric studies, '"H and *' P NMR spectroscopy,
and molecular dynamic analysis. The analysis of the pH-metric
titrations with the HYPERQUAD set of programs' gave the
model and values of the cumulative constants collected in Table
S2 of the ESI.+

For all the studied systems only anion-receptor adducts of 1:1
stoichiometry have been found. The protonation degrees ranged
from 1 to 7 for the systems L1-PPi and L1-ATP, from 4 to 7
for the system L1-TPP, from 1 to 8 for L2-PPi and L2-ATP, and
from 2 to 8 for L2-TPP. As shown by the distribution diagrams
collected in the ESI (Fig. S5 and Fig. S61), the adducts prevail in a
wide pH range for all the studied systems. The 1 : 1 anion-receptor
stoichiometry was also checked by *'P NMR spectroscopy for the
systems L1-PPi, L1-TPP, L2-PPi and L2-TPP. *'P NMR spectra
of D,0 solutions in which increasing amounts of L1 or L2 were
added either to PPi or to TPP solutions were registered at pD =
5.9 and 7.5 indicating a 1 : 1 anion-receptor stoichiometry (Fig. 6,
ESI, Fig. S7, S8 and S97).

6.0
65
7.0
75
8.0
85
9.0 |
95
-10.0 | ; ;
0 1 2 3 4 5 ]
[PPil/IL1]

as'P

Fig. 6 Plot of Ad *'P signal of PPi versus [PPi]/[L1] at pD = 5.9 in D,0O.
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Similar results were obtained for ATP, the spectra were recorded
in this case at pD = 7.0. The downfield shifts observed for
the signals of Py and Py of ATP (A6 = 3.9 ppm and Ad =
1.6 ppm, respectively) in the P NMR spectra of the system
L1-ATP confirm the interaction (Fig. 7). As usually happens for
these systems, the shift observed for the chemical signal of P, is
more reduced A§ = 0.1 ppm."* Interestingly enough, the *P NMR
spectrum of the L1-ATP system at pH = 7.0 is coincident with the
spectrum of free ATP at pD = 9.0, denoting that the interaction
with the polyamine makes ATP more acidic. Moreover, the 3P
NMR spectrum at pD = 9.0 of the L1-ATP system does not
present any difference with the spectrum of free ATP at the same
pD. In fact, at this pD, ATP is already in its fully deprotonated
ATP* form and therefore, interaction with the polyammonium
receptor cannot produce any change in its protonation degree
(Fig. 7). Similar results are obtained for the system L2-ATP (ESI,
Fig. S10%).

N

AB {NI/J\”
Az

v 0
i I ' RS ‘
ATP D—P—0—P—0—P—0 &
| | | H/RB HAR1
o o o k a
R4 " gy DHTQZ
ATPpD=7.0
Py | P ‘ B
H“

L1:ATP (1:1)pD = 7.0

P‘{J Pl
Sl PP R .

W U —

ATPpD =9.0
PY J:M l PB
A‘m‘

L1:ATP (1:1) pD = 9.0
PY ‘ Jpn. Lpﬂ

8 4 0 - -8 -12 -186 -20 24 -28
d(ppm)

B

Fig.7 P NMR spectra of L1 at pD = 7.0 and 9.0 in D,O.

To translate the values of the cumulative constants into stepwise
constants representative of the actual equilibrium occurring in
solution, the protonation degrees of substrate and receptors at
every equilibrium need to be known and therefore, the basicity
constants of substrates and receptors have to be taken into
account. By doing this, the stepwise constants collected in Table 3
and 4 have been calculated. These constants clearly show that L2
interacts stronger with TPP and ATP than L1, while PPi displays
slightly higher constants with L1 than with L2.

Nevertheless, there is a number of equilibria in which the
substrates and receptors have very close basicities and thus, it
is difficult to decide if the proton will be in the substrate or
in the guest species or even shared between them. The most
unambiguous way to compare the relative stabilities of the

Table 3 Logarithms of the stepwise constants for the interaction of L1
with PPi, TPP and ATP calculated in 0.15 mol dm™ NaCl at 298.1 £0.1 K

Reaction® A = PPi* A = TPP* A = ATP+
HL + A = HLA 3.12(4)° — 3.63(4)
H,L + A=H,LA 3.90(2) — 3.40(3)
H,L + A=H;LA 4.07(5) — 3.48(4)
H.L + A =H,LA 5.03(4) 4.04(4) 4.36(2)
H,L + HA = H,LA 4.54(4) 4.13(5) —
H.L + A =H,LA 6.49(3) 5.84(1) 5.54(1)
H,L + HA = H;LA 5.133) 5.07(1) 5.65(1)
H;L + HA = H,LA 5.52(3) 5.09(3) 5.39(1)
H,L + HA = H,LA 5.51(3) 3.9(1) 3.84(2)
HL + H,A = H;LA 5.83(3) 4.5(1) —

“ Charges omitted. ® Values in parenthesis show standard deviation in the
last significant figure.

Table 4 Logarithms of the stepwise constants for the interaction of L2
with PPi, TPP and ATP calculated in 0.15 mol dm™ NaCl at 298.1 £0.1 K

Reaction® A = PPi* A = TPP* A = ATP+
HL + A=HLA 3.3(1) — 4.52(3)
HL+A=HLA 3.58(4) 4.11(1) 4.95(3)
H;L + A=H,LA 3.91(6) 4.09(3) 5.34(3)
H,L + A=H,LA 4.60(3) 5.05(2) 5.86(2)
H.L + HA = H,LA 4.61(4) 5.65(2) —
H;L + A = H;LA 5.98(4) 6.26(2) 6.88(2)
H,L + HA = H,LA 4.62(4) 5.49(2) 6.99(2)
H;L + HA = H(LA 5.43(3) 6.32(2) 6.88(1)
H(L + HA = H,LA 5.88(3) 6.66(2) 7.07(2)
H,L + H,A = H,LA 5.32(4) 5.65(3) 6.64(3)

“ Charges omitted. * Values in parenthesis show standard deviation in the
last significant figure.

different systems and to establish selectivity ratios is to use effective
constants.” The effective constants K, are calculated at every pH
value as the quotient between the overall amount of complexed
species and the overall amounts of free receptor and substrate
independently of their protonation degree.

X[H,, AL]

i+

" S[H,AJS[H L]

Fig. 8 and 9 represent the plot of the logarithms of the effective
conditional constant vs. pH for the studied systems.

” it L1-ATP
.
¥
<4
S5

3 L1-TPP

2

1

0

1 3 5 7 9 1
pH

Fig. 8 Plot of the logarithms of the effective constants for the systems
L1-PPi, L1-TPP and L1-ATP.

These plots show for L1 the stability trend PPi = ATP > TPP
while for L2 it would be ATP > TPP >PPi.
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Fig. 9 Plot of the logarithms of the effective constants for the systems
L2-PPi, L2-TPP and L2-ATP.

'H NMR spectra coupled with molecular dynamic studies
provide interesting structural insights about the interaction of ATP
with L1 and L2. The "H NMR spectra of the systems L1-ATP and
L2-ATP recorded at pH 7.0 and 9.0 show upfield shifts of the
aromatic and anomeric signals of ATP (Fig. 10 and 11, and ESI,
Fig. S117) and of selected signals of the aromatic regions of the
receptors denoting that stacking occurs in both ligands. For L2,
the observed shifts are, however, larger than in the case of L1 in
correspondence with the presence of the extended phenanthroline
ring.

A8

A2
R1
J J 1 ATP
3
py4 Wsypy 1
py4' L
py3
A2 A8 pyd py3'
MK L1:ATP

88 84 80 76 72 68 64 60 56 52
5(ppm)

Fig. 10 Upfield region including aromatic and anomeric signals of the
'"H NMR spectra of ATP, L1 and L1-ATP recorded in D,O at pD = 7.0.

AB

ATPpD=7.0 AU R1
S ﬂL

A8

it 3
pyapg

P4 AZ

L2:ATPpD=7.0

________ S i, 5, SU—| SE——

P8

L2 pD=7.0 P4

P3
py3
Nrmmatpaspnmidamini
96 88 8.0 7.2

6.4 52

&(ppm)

Fig. 11 Upfield region including aromatic and anomeric signals of the
'"H NMR spectra of ATP, L2 and L2-ATP recorded in D,O at pD = 7.0.

Inspection of the shifts of the receptor signals permit some
conclusions to be drawn about the structure of the adducts. In
the case of L1, while the NMR signals of the protons of the
macrocyclic pyridine rings shift downfield, those of the protons
of the pyridine ring in the central bridge practically do not move,
which means that the conformation of the macrocycle is not very

much disrupted by the interaction with ATP and the stacking of
adenine will occur with the macrocyclic pyridines. This is further
confirmed by 1D selective NOE NMR experiments that show
intense effects between A2 of adenine and the pyridyl protons of
the macrocycles (see ESI, Fig. S127).

For L2, the anomeric and aromatic signals of ATP and the
signals from the phenanthroline ring show an important upfield
shift, in contrast with the pyridine ring signals that experiences
a downfield shift (Fig. 11). Moreover, 1D selective NOE NMR
experiments show that irradiation of A2 adenine affects protons
of phenanthroline labeled as P3 and P4 (see ESI, Fig. S137).
These shifts indicate that while n—7 stacking between adenine and
phenanthroline is produced following the formation of the adduct
species, the stacking between pyridine and phenanthroline that
occurred in the free ligand is being disrupted.

Molecular dynamic calculations for the interaction of H,L2*
and ATP*, which are the species predominating in solution at
neutral pH, show that effectively in the family of minimum energy
conformers the adenine ring is stacked with the phenanthroline
moiety while no internal stacking is produced in the receptor. The
phosphate chain is placed between the macrocyclic rings so that
maximum electrostatic interaction is achieved with the positive
charges of the receptor (Fig. 12). Fig S147 collects the family of ten
minimum energy conformers, which show that this arrangement
is conserved in all of them.

Fig. 12 Minimum energy conformer calculated for the interaction of
H,L2% with ATP.

Formation of mixed complexes

It is well known that metal complexes either with coordinatively
unsaturated sites or with ancillary ligand in its coordination
sphere can interact with anionic species through coordinative
bonds. In our case, although the mononuclear and binuclear
complexes seem to be penta or hexacoordinated, the formation
of trinuclear species should provide vacant coordination sites for
anion interaction. Moreover, even pentacoordinated Zn** sites
might in principle interact with further ligands due to the facility
of this 3d metal ion to increase its coordination number to
six. Additionally, in the mononuclear complexes the presence
of a metal-free macrocyclic unit that can bear protonation may
give rise to mixed binding modes. The metal site can provide
coordinative bonds while the metal-free macrocycle can interact
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Table 5 Logarithms of the stability constants for the formation of the
mixed complexes of Zn** and PPi, TPP and ATP with L1 calculated in
0.15 mol dm™ NaCl at 298.1 £0.1 K

Table 6 Logarithms of the stability constants for the formation of the
mixed complexes of Zn** and PPi, TPP and ATP with L2 calculated in
0.15 mol dm™ NaCl at 298.1 £0.1 K

Reaction® A=PPi* A=TPP> A=ATP* Reaction” A=PPi* A=TPP> A=ATP"
6H +Zn+ L + A =ZnH(LA — — 59.78(4)" 6H +Zn+ L+ A =ZnHLA — 64.86(6) 63.73(3)"
5SH+Zn+ L+ A=ZnH;LA 59.1(1) 58.01(8) 55.72(8) SH+Zn+L+A=ZnH,LA 62.50(1) 61.70(1) 60.54(1)
4H+Zn+ L+ A =ZnH,LA 54.90(4) 54.10(3) 52.61(3) 4H+Zn+ L+ A =ZnH,LA 57.20(5) 56.12(8) 55.56(6)
3H+Zn+L+A=ZnH;LA 48.69(6) 48.30(4) 47.44(4) 3H+Zn+ L+ A=ZnH;LA 49.54(5) 49.88((5) 49.15(5)
2H+Zn+L + A =ZnH,LA 41.13(6) 40.92(4) 40.71(4) 2H+Zn+L + A =ZnH,LA 42.21(6) 42.34(5) 41.55(5)
H+Zn+L+A=ZnHLA 32.40(8) 32.22(9) — H+Zn+L+A=ZnHLA 33.45(4) 33.90(5) 32.26(6)
2H+2Zn+ L+ A =Zn,H,LA 50.29(4) 50.16(3) 48.23(2) Zn+L+ A=7ZnLA 23.50(7) 24.50(5) 21.74(8)
H+2Zn+ L+ A=ZnHLA 44.58(7) 44.77(4) 43.48(2) 2H +2Zn+ L+ A=Zn,H{LA  54.52(2) 53.21(3) 52.09(1)
2Zn+ L+ A =Z7Zn,LA 36.43(4) 36.98(5) 37.09(3) H+2Zn+ L+ A=Zn,HLA 49.79(3) 47.79(4) 46.19(2)
H,O+2Zn+L+A= — — 27.50(4) 2Zn+L + A =Zn,LA 41.59(5) 40.00(6) 36.31(6)
Zn,LA(OH) + H H,O0+2Zn+L+A= 31.45(5) 29.97(6) 27.50(4)
3Zn+L+ A =7Zn;LA — 43.56(2) 41.73(2) Zn,LA(OH) + H
H,O+3Zn+L+A= — 35.16(3) 33.37(3) 2H+3Zn+L+A=ZnH,LA — — 55.66(3)
Zn;LA(OH) + H H+3Zn+ L+ A =ZnHLA 53.99(4) 52.71(4) 50.99(4)

3Zn+ L+ A =7Zn,LA 49.27(4) 47.76(4) 42.8(1)
“ Charges omitted. ® Values in parenthesis show standard deviation in the H,O+3Zn+L+ A= 41.11(4) 39.24(7) 34.82(4)
last significant figure. Zn,LA(OH) + H

2H,O0+3Zn+L+A= 31.50(6) 29.48(6) 25.3(1)

through hydrogen bonds and when protonated also through
charge-charge interactions with the anion.

We have studied the interaction of the Zn** complexes of L1 and
L2 with PPi, TPP and ATP. For TPP, complexes of stoichiometries
[ZnH,LTPP]"** (L1, r = 1-5; L2, r = 0-6), [Zn,H,LTPP]"*)*
(L1, r = 0-2; L2, r = =1-2) and [Zn;,LTPP]*"* (L1, r = —1-
0; L2, r = —2-1), and for ATP the complexes of stoichiometries
[ZnH,LATP]*?* (L1, r = 2-6; L2, r = 0-6), [Zn,H,LATP]* (L1,
r=-1-2; L2, r = =1-2) and [Zn;L1ATP]*"* (L1, r = -1-0;
L2, r = —2-2) have been detected. In the case of PPi complexes
of stoichiometries [ZnH,LPPi]*?* (L1, r = 1-5; L2, r = 0-5),
[Zn,H,LPPi]* (L1, r = 0-2; L2, r = —1-2) while for L2 complexes
of [Zn;H,L2PPi]"*?* (r = -2-1) were also detected. The occurrence
of precipitation when workingin Zn** : L1:PPi3: 1: 1 molar ratios
made the data not amenable to analysis.

The cumulative binding constants are presented in Table 5 and
6. Fig. 13 and 14 collect, respectively, the distribution diagram
for the systems Zn?*-L1-ATP and Zn**-L2-ATP for molar ratios
1:1:1,2:1:1and 3:1:1.

The distribution diagrams in Fig. 13 and 14, and the distribution
diagrams for the other studied systems, which are collected in the
ESI (Fig. S15-S187) show that the mixed complexes predominate
throughout a wide pH range. Binary anion-receptor complexes
are only observed at acidic pH values where the zinc complexes
are not yet formed. Also disruption of the ternary complexes is
observed for Zn**: L 3:1 molar ratio at basic pH values, where
the hydroxo anions compete with ATP for binding to the anion.

Decomposition of the cumulative constants into representative
stepwise constants is rather cumbersome due to the multiple
overlapped equilibria occurring in solution. However, one way
of comparing the efficiency of the Zn**-L1 and Zn*"-L2 to bind
ATP is to calculate the distribution diagrams for the Zn**-L1-L2-
ATP system in appropriate molar ratios and represent the amount
of ATP coordinated to Zn**-L1 or to Zn**-L2 against the pH. As
an example, Fig. 15, which collects such representations for the
Zn**-L1-L2-ATP system for molar ratios 2:1:1:1,4:1:1:1 and
6:1:1, puts into evidence that, in general and similarly to what
happened in the binary systems, ATP is bound preferentially by

Zn,LA(OH), + 2H

“ Charges omitted. * Values in parenthesis show standard deviation in the
last significant figure.

ZnL1ATPH, ZnL1ATPH,

ZNL1ATPH,

% Formation relative to Zn

-]

o % Fommation relative to Zn

o %Formation relative to Zn

Fig.13 Distribution diagrams of the species for the Zn**:L1:ATP systems
as a function of pH in aqueous solution in 0.15 mol dm™ at 298.1 K; [L1] =
1x 107 moldm=,[ATP]=1x 107 moldm™. (a) [Zn**] =1 x 10~ mol dm™3,
(b) [Zn**] = 2 x 107 mol dm™ and (c) [Zn*?] = 3 X 10~ mol dm™.

the ZnL2 complexes. Similar conclusions can be derived for the
other two anions (ESI, Fig. S19-S207).

A question that remains open is whether the introduction of
the metal ions leads to greater amounts of complexation of the
anions with respect to the systems in the absence of metal ions.

This journal is © The Royal Society of Chemistry 2010
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Fig. 14 Distribution diagrams of the species for the Zn**:L2:ATP systems
as a function of pH in aqueous solution in 0.15 mol dm= at 298.1 K; [L2] =
1x 107 moldm=,[ATP] =1 x 107 moldm™. (a) [Zn**] = 1 x 107 mol dm™,
(b) [Zn**] = 2 x 10~ mol dm~ and (¢) [Zn**] = 3 x 10~ mol dm™.

To address this point, we have plotted the amounts of complexed
anionic substrates either in the absence of metal or in the presence
of one, two and three equivalents of Zn** (Fig. 16 and ESI, S21—
22%). Fig. 16 shows this representation for ATP. It can be seen that
although the addition of the metal ion favours the complexation of
the anion at basic pH values, the percentages of complexed anions
are quite close in the remaining pH window. As above mentioned,
only at the acidic pH values in which formation of Zn** complexes
does not occur, the binary species anion-L predominate.

These results support again the high coordination numbers
inferred from the speciation studies for the Zn** complexes. In
these complexes, the nitrogen atoms will either fully or almost fully
occupy the coordination spheres and there is no available room for
new ligands to get close to the metal and therefore, the interaction
with the anion should mainly be of charge to charge nature. It
is only for the trinuclear complexes where significant differences
in the amounts of complexed anionic species are found for the
free and complexed systems. This can be ascribed to the fact that
there are not enough nitrogen atoms to saturate the coordination
sphere of the third metal ion. Nevertheless, as the metal complex
almost quantitatively complex the anions in the form of mixed
species, this should represent a new binding mode that can be of
relevance in various respects, one of them the likely interaction of
these systems with nucleic acids, which we are currently exploring.

Conclusions

The synthesis of two new tail-tied aza macrocycles in which
two pyridinophane scorpiand equivalent units have been
covalently connected through 2,6-dimethylpyridine or 2,9-

L2-ATP
Zn-L2-ATP

@
S

% ATP Complexed

Zn-L1-ATP

% ATP Complexed
& 8

£
o

L1-ATP
pH

% ATP Complexed
@
S

Fig. 15 Representation of the percentages of complexed ATP to L1, L2
and to Zn**-L1 and to Zn**-L2 versus pH calculated from distribution
diagrams of the species for the Zn**:L1:L2:ATP calculated for concentra-
tions dm™ at 298.1 K; [L1] = [L2] [ATP] = 1 x 10~ mol dm™. (a) [Zn**] =
2 x 107 mol dm™, (b) [Zn*?] = 4 x 10~ mol dm™ and (c) [Zn**] = 6 X
10~ mol dm.

Zn-L1-ATP (3:1:1) ZnLA-ATP (2:1:1)
100
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H
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E
§w LA-ATP (1:4)
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Fig. 16 Overall amounts of complexed anions in the binary and ternary
systems of ATP for (a) L1 and (b) L2.

dimethylphenanthroline linkages is achieved through a straight
through synthetic procedure that permits the compounds to be
obtained on a gram scale. The number of nitrogen atoms is
sufficient to provide penta- or even hexacoordinated mononuclear
and binuclear complexes. Both ligands interact strongly with PPi,
TPP and ATP as proved by pH-metric and NMR techniques.
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Stacking interactions are clearly evidenced for the interaction of
ATP with L2 containing condensed aromatic rings. Although
formation of mixed complexes Zn**-L-anion occurs at a large
extent, the amounts of complexed anion by the Zn**-L complexes
are only clearly higher than those attained by the free ligand at
basic pHs. The versatility and different binding modes for anionic
species displayed by these tail-tied receptors make them appealing
candidates for interaction and activation of nucleic acids. We are
currently exploring this point.

Experimental section
Synthesis of L1

5-(2-Aminoethyl)-2,5,8-triaza[12]-2,6-pyridinophane’® (1.04 g,
4.16 mmol) and 2,6-pyridinedicarboxaldehyde (0.28 g, 2.08 mmol)
were dissolved in 40 mL anhydrous ethanol and the mixture was
stirred for 2 h at room temperature. NaBH, (0.78 g, 20.70 mmol)
was then added and the resulting solution stirred for 2 h at room
temperature. The ethanol was removed under reduced pressure.
The resulting residue was treated with H,O (10 mL) and extracted
with CH,Cl, (3 x 20 mL). The organic phase was removed
at reduced pressure, and the resulting residue was dissolved in
ethanol and precipitated as hydrochloride salt of L1 in 63% yield
(see Scheme 1 in the ESIt). mp: 223-225°C. '"H NMR (300 MHz,
D,0): 6 (ppm) = 7.64 (t, 2H, J = 8 Hz), 7.63 (t, 1H, J = 8 Hz),
7.18(d,2H,J =8 Hz),7.13(d, 4H, J = 8 Hz), 4.32 (s, 8H), 4.18 (s,
4H), 3.11-3.16 (m, 4H), 2.85-2.96 (m, 12H), 2.62-2.65 (m, 8H). *C
NMR (75.43 MHz, D,0): 6 (ppm) = 140.1, 139.7, 123.5, 122.5,
51.4,51.2,50.9, 49.8, 46.3, 43.5.

Calc for C;;H;N,;-6HC14H,0: C, 44.4; H, 7.3; N, 17.3. Found:
C,44.6;H,7.7; N, 16.5. MS (FAB) m/z 601 [M]*

Synthesis of L2

5-(2-Aminoethyl)-2,5,8-triaza[12]-2,6-pyridinophane (1.04 g,
4.16 mmol) and 1,10-phenanthroline-2,9-dicarboxaldehyde®
(0.49 g, 2.08 mmol) were dissolved in 40 mL anhydrous ethanol
and the mixture was stirred for 2 h at room temperature. NaBH,
(0.78 g, 20.70 mmol) was then added and the resulting solution
stirred for 2 h at room temperature. The ethanol was removed
under reduced pressure. The resulting residue was treated with
H,O (10 mL) and extracted with CH,Cl, (3 x 20 mL). The organic
phase was removed at reduced pressure and the resulting residue
was dissolved in ethanol and precipitated as hydrochloride salt of
L2 in 50% yield. mp: decomp. 345 °C. "H NMR (300 MHz, D,0):
6 (ppm) = 8.73 (d, J = 8 Hz, 2H), 8.12 (s, 2H), 8.03 (d, J = 8 Hz,
2H), 7.95 (t, J = 7 Hz, 2H), 7.44 (d, J = 7 Hz, 4H), 4.87 (s, 4H),
4.62 (s, 8H), 3.60-3.53 (m, 4H), 3.31-3.20 (m, 12H), 3.00-2.90 (m,
8H). "C NMR (75.43 MHz, D,0): § (ppm) = 150.6, 149.0, 141.7,
141.3,139.9, 129.8, 127.8, 124.6, 122.3, 51.4, 51.2, 50.8, 49.6, 46.1,
43.8.

Calc for C,Hs, N,-6HCI: C, 52.5; H, 5.9; N, 18.4. Found: C,
52.8; H, 8.0; N, 18.2. MS (FAB) m/z 704 [M+H]*

EMF measurements

The potentiometric titrations were carried out at 298.1 £ 0.1 K
using NaCl 0.15 M as supporting electrolyte. The experimental
procedure (burette, potentiometer, cell, stirrer, microcomputer,

etc.) has been fully described elsewhere.! The acquisition of the
EMF data was performed with the computer program PASAT.*
The reference electrode was an Ag/AgCl electrode in saturated
KCI solution. The glass electrode was calibrated as a hydrogen
ion concentration probe by titration of previously standardized
amounts of HCl with CO,-free NaOH solutions and the equivalent
point determined by the Gran’s method,? which gives the standard
potential, E°’, and the ionic product of water (pKw = 13.73(1)).

The computer program HYPERQUAD was used to calculate
the protonation and stability constants.”® The HYSS* program
was used to obtain the distribution diagrams The pH range
investigated was 2.5-11.0. In the binary Zn**-L1 and Zn**-L2
systems, the concentration of Zn?* and of the ligands ranged from
1 x 107 to 5 x 10° mol dm™ with Zn*" : L molar ratios varying
from2:1to 1:2. In the binary PPi-L, TPP-L and ATP-L systems
concentrations of the anion and of the receptors go from 1 X
10~ mol dm™ to 5 x 107 mol dm™. The protonation constants
for ATP, PPi and TPP were either taken from ref. 19 (ATP) or
redetermined in our experimental conditions.

For the ternary systems, aqueous solutions at acidic pH
containing Zn* : L:anionin1:1:1,2:1:10r3:1:1 molar ratios
were titrated with NaOH solutions. The formation constants of
Zn**-PPi, Zn**-TPP and Zn**-ATP were taken from the literature®
or re-determined under our experimental conditions (PPi, log
Bz = 9.52(1); TPP, log B, = 6.68(1), log Brum = 11.78(2),
log Bruon = —2.21(2). The titration curves for each system (at
least two titrations, ca. 200 experimental) were treated either as a
single set or as separated curves without significant variations in
the values of the stability constants.

When more than one model could fit the experimental data, the
most reliable chemical model was chosen by performing F tests at
the 0.05 confidence level. %

NMR measurements

The 'H and “C spectra were recorded on a Bruker 300 DRX
spectrometer at 300 MHz for 'H and 75.43 MHz for “C. The
NMR experiments involving *'P were recorded on a Varian Unity
300 spectrometer equipped with a switchable probe. The chemical
shifts were recorded in ppm. All spectra were recorded at room
temperature and the concentration of L1-6HCI, L2-6HCI, PPi,
TPP and ATP was 2 mM in D,0 and the [Zn>*] was kept between
2-6 mM. The pD was adjusted with a concentrated solution of
DCI or NaOD in D,O. 1D-NMR experiments were recorded in a
Bruker AV 500.

Molecular dynamics simulations

Molecular dynamics simulations were carried out using AMBERS
and GAFF potentials at 325 K."* The process comprised a
convenient heating stage (in several steps until a final temperature
of 325 K is reached) after which the simulation was done. The
heating stage comprised 6 steps along which the temperature was
slowly increased for a period of 30 picoseconds plus 2 steps,
of 20 picosecond each, at the end until the target temperature
was reached, namely 325 K. Then the system was ready for a
production stage of 77 nanoseconds along which energies and data
were saved every 500 steps (each step 0.2 femtoseconds). Minimum
energy conformers were extracted from the trajectories. Files with

This journal is © The Royal Society of Chemistry 2010

Org. Biomol. Chem., 2010, 8, 2367-2376 | 2375


http://dx.doi.org/10.1039/B927418A

Downloaded by Institute of Organic Chemistry of the SB RAS on 26 August 2010

Published on 24 March 2010 on http://pubs.rsc.org | doi:10.1039/B927418A

View Online

trajectories in AMBERS format and GAFF potentials at 325 K
are available on request.™
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