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Abstract

In the search for receptors suitable for the recognition of phosphate or polyphosphate anions, a new
unsymmetrical squaramide-based ligand bearing dipicolylamine (dpa) and ethylpiperazine units (L) was
designed and prepared. The acid-base reactions of L, its copper(ll) complexation behaviour and the binding
of phosphate and polyphosphate anions by the copper(Il) complexes used as receptors were evaluated. *H
and *C NMR titrations of L performed in D,O allowed the determination of its protonation sequence. The
ligand L is able to coordinate two copper(ll) cations forming thermodynamically stable dinuclear complexes
likely having two water molecules bound to each metal centre, as supported by DFT calculations.
Coordinated water molecules can be replaced by the O-donors of the phosphate/polyphosphate anions. The
potentiometric studies showed that at 2 : 1 Cu®*: L ratio the dinuclear [Cu,LH_,]** species predominates from
pH ~ 5 to ~7, and hydroxodinuclear species prevail at pH > 7. *H NMR experiments in both H,0/D,0 9: 1
v/v and in DMSO proved that copper(ll) coordination provokes deprotonation of the squaramide NH bound
to the ethylpiperazine moiety, resulting in [Cu,LH_,]** species. The dicopper(ll) complexes of L,
[Cu,LH_]*", were used as the receptor for the uptake of some phosphate and polyphosphate anions. The
receptor presents very high association constants with HPPi*~ and ATP*" and the determined K showed that
at physiological pH ATP* is selectively taken from an aqueous solution containing phenylphosphate
(PhPO,*), aminoethylphosphate (Haep’), AMP* and ADP®", but HPPi’ strongly interferes. DFT
calculations suggest that the strong interaction with HPPi’ and ATP* is related to the simultaneous
coordination of the polyphosphate unit to the two copper(ll) centres.
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Introduction

Anion recognition chemistry is nowadays a major research subject as anions are ubiquitous in nature and
have enormous biological and environmental relevance. Anions play a sustaining role in the biological and
ecological systems and the imbalance of their concentrations may lead to several diseases and ecological
hazards. Therefore, the design of chemical architectures capable of specific anion recognition and its
selective uptake from the medium is an important goal.* Since the report of a series of squaramide-based
compounds as effective receptors for the recognition of carboxylate anions via squaramidic NH:--O
hydrogen bonding by A. Costa et al.,> many other related synthetic compounds and their binding studies with
anions have been published.® The four-membered ring structure of squaramides, known for their rigidity and
hydrogen bonding ability, has enabled the synthesis of many compounds for a number of applications, such
as the already mentioned molecular recognition, but also in pharmaceuticals, bioconjugates, materials,
organometallics, and organocatalysis.* However, to the best of our knowledge only one study was reported
so far that used a squaramide-based compound as a ligand for copper(ii) complexation,® able to
chromogenically sense this metal ion through formation of a zwitterion radical. A cryptand bearing a
dimethyl cyclen and two squaramide moieties and its copper(ii) complex was studied by Micheloni et
al..® but the results proved that the metal cation is only bound by the cyclen moiety far away from both
squaramide units, which only play a role in stabilizing F~ or CI" anions through the formation of hydrogen
bonds.
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Scheme 1. The ligand prepared in this work and the studied phosphate and polyphosphate anions.

In the present study, the synthesis of a new unsymmetrical squaramide-based ligand bearing dipicolylamine
(dpa) and ethylpiperazine units (L, Scheme 1) was undertaken. We hypothesized that the squaramide spacer
should allow the formation of dinuclear copper(ii) complexes, in which the two metal centres are close
enough to allow the simultaneous coordination of polyphosphate anions to both metal centres. Furthermore,



the ability of the squaramide unit to act as a hydrogen-bonding acceptor could reinforce the interaction with
anions like ADP®"and ATP*, which contain hydroxyl groups. Thus, the acid—-base reactions of L, its
copper(ii) complexation behaviour and the ability of the copper(ii) complexes to act as receptors for anions
such as PhPO,*", Haep , AMP?", ADP*", ATP*, and HPPi* (Scheme 1) were investigated. Potentiometric
and different spectroscopic techniques such as NMR and UV-vis studies were used, which were supported
by DFT calculations.

Results and discussion

Synthesis

The L compound was prepared using a procedure involving two steps (see Scheme 2 and the Experimental
section). In the first step, 2,2'-dipicolylamine (dpa) was added to 3,4-diethoxy-3-cyclobutene-1,2-dione
(diethyl squarate). The reaction mixture was left standing for one week to promote the total reaction. It is
known that the reduced nucleophilicity of aromatic secondary amines* may lead to the formation of 1,3-
squaraine together with the 1,2-squaramide,” and that the substitution orientation depends on both the amine
nucleophilicity and the acidity of the medium.? Indeed, in the first step a squaraine was obtained as a side
product, which was glued to the round bottom flask, but after decantation of the solvent the monosubstituted
squaramate (smdpa) was obtained as crystals suitable for X-ray diffraction. The second step consisted of
reacting smdpa with 2-(piperazin-1-yl)ethan-1-amine in 1: 1 stoichiometry to yield almost quantitatively the
unsymmetrically disubstituted squaramide (L.
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Scheme 2. Synthetic procedure to prepare L.

Single crystal X-ray diffraction study

The X-ray crystal structure of smdpa, shown in Fig. S1, evidences the coplanarity of the squaramidic N1 in
relation to the squarate center. The lengths of the C2-02 and C3-O3 bonds (1.223 and 1.220 A,
respectively) are slightly shorter than the ones observed on a similar aliphatic squaramate.® In contrast, the
distances found for the C4-N1 and C1-O1 bonds of 1.319 and 1.332 A, respectively, are longer. Moreover,
both pyridine groups of the dpa moiety point to opposite directions, and the four C—C distances found for the
squarate group are all different (C1-C2, 1.452 A; C2-C3, 1.512 A; C3-C4, 1.488 A and C4-C1, 1.400 A), as
observed in other squaramates.’

Solution studies

Acid-base behaviour of L — potentiometric studies. The protonation constants of L were obtained from
potentiometric titrations performed in aqueous solution at 298.2 K and in 0.10 M KNOs;. The results are
collected in Table 1 and the speciation diagram of L is shown in Fig. 1. L instead of Hsdp designs the ligand



for simplicity reasons. In fact the amidic proton is too basic to be possible to determine its protonation
constant under the conditions used here, but it is easily deprotonated by coordination to copper(ii), see
below.
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Fig. 1. Species distribution diagram of the L at C, = 1.0 x 107> M.

Table 1. Overall (8], and BP) and stepwise (K" and K;°) protonation constants
of L in H,O and in D,0 solutions at 298.2 + 0.1 K.

Equilibrium reaction® Potentiometry” 'H NMR titration®
log B log £°
L+H 2HL' 8.81(1) 9.75(1)
L +2H" 2 H,L2* 12.57(2) 13.56(1)
L +3H" 2 HL* 15.37(2) 16.30(1)
L +4H" 2 H,L* 17.61(9) 18.87(1)
log K1 log KP log K1
L+H 2HL* 8.81(1) 9.75(1) 9.03,°9.11¢
HL"+ H' 2 H,L* 3.76(1) 3.81(1) 3.34,°3.59¢
HoL? + H 2 HaL® 2.80(2) 2.74(1) 2.32,°2.59¢
HsL® + HY 2 H,L* 2.24(9) 2.57(1) 2.16,° 2.44°

2 Values in parenthesis are standard deviations in the last significant figures. ® 1 = 0.1
+0.01 M in KNOs. © Values calculated from KP; using the equation of ref.
12. % Values calculated from KP; using the equation of ref. 13.



The first calculated protonation constant of 8.81 in log units is consistent with the protonation of the
secondary amine of the piperazine ring (N*H), and the remaining three constants of 3.76, 2.80 and 2.24 in log
units must correspond to the protonation of the other centre of the piperazine arm (N%) and to the two
pyridine groups of dpa (N* and N°). Under similar experimental conditions, N-ethylpiperazine presents two
protonation constants of 9.20 and 4.76,' while for dpa the value of 7.11 is ascribed to the protonation of the
secondary amine and the two very low constants of 2.48 and <2 for the protonation of the pyridine groups, as
they are close to the already protonated amine (all values in log units).** However, based only on
potentiometric measurements it is not possible to establish the protonation sequence; for such elucidation, it
was necessary to perform *H and **C NMR titrations of the compound in D,O (see below).

'H and *C NMR studies. As mentioned above, in order to establish the protonation sequence of L, *H
and *C NMR titrations were performed in D,O at 298.2 K, as shown in Fig. 2 and Fig. S2 in the ESLt To
assign all resonances, the chemical shifts, peak integrations and multiplicity resulting from 'H, *C NMR
spectra and cross-peaks from NOESY, HMBC and HSQC experiments were taken into account.
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Fig. 2. *H NMR experimental chemical shifts (9, ppm) as a function of pD observed during the titration of L
with DCI or NaOD in D,0 at 298.2 K (left); structure of the compound with numbering of atoms (right).

The downfield region of the *H NMR spectrum presents four different signals at high pD corresponding to
the H1-H4 protons from the dpa moiety. The signal due to H6 protons is observed close to the residual water
peak (close to the region where a break has been inserted in Fig. 2). The upfield region displays also four
signals that were assigned to the H11-H14 protons of the ethylpiperazine moiety. At the same pD the **C
NMR spectrum presents nine signals in the downfield region, four of them corresponding to the C nuclei of
the squaramide unit (C7-C10), and five to the dpa moiety (C1-C5). Five additional signals were observed in
the upfield region, which correspond to the signal due to the CH, in the dpa moiety (C6), and the C atoms
from the ethylpiperazine arm (C11-C14).

At high pD values (>13.5) addition of NaOD to L causes slight shifts of H4, H6, H12 and H13 proton
resonances, which is likely related to the breaking of hydrogen bonds. However, lowering the pD of



the L solution by addition of DCI causes significant changes in the chemical shifts of ‘H NMR resonances.
The first changes were observed in the pD range of 11.46-7.44. In this region, the signal due to H14 protons
strongly shifts downfield, while the signal of H13 protons suffered a moderate shift and the H1-H4 proton
resonances from dpa maintained their chemical shifts. This unambiguously indicates that the first protonation
occurred at the amine atom N*. In the same pD region the signals of C13 and C14 experience marked upfield
shifts, while that of C12 suffers a slight upfield shift and that of C11 does not significantly move.

As the addition of DCI progressed, the second inflexion occurred in the pD range of 5.75-2.15, where all the
proton resonances initiated another downfield shift. The carbon resonances of C12, C6, C14 and C11
suffered important upfield shifts, which points out that the protonation of N? started to occur. Then as the pD
continued to be lowered the protonation of N* and N° takes place, so that all the proton resonances continued
their downfield movements. In the last two points recorded at low pD the resonances of H11 and H14 do not
shift anymore, while the resonances of protons H1-H4 continue their downfield shifting, providing further
evidence that the protonations of N* and N° are taking place. The carbon resonances of C1, C2, and C4-C6
broadened and almost collapsed to the baseline, an effect that should be related to the two protonation events
taking place at the dpa moiety, which likely increases the rigidity of the molecule by the formation of
intramolecular hydrogen-bonding interactions.

The protonation constants of L in D,O (K®) were also determined from the refinement of all the resonances
of the 'H NMR titration. The values are collected in Table 1, and converted to K"; in H,O to be compared to
those determined by potentiometry by using pK®= 032 + 1.044pK"2and pK"i= 042 +
0.929pK"";,** where pK""; are the protonation constants determined by using pH* readings of D,O solutions
but electrodes calibrated in H,O. The corresponding pK"; values, see also Table 1, show that the first
equation led to closer values for the first and last constants although the second one affords closer values for
the remaining constants, when compared to the more accurate constants obtained by potentiometry.?

Searching for the NH resonances in the *H NMR spectrum of L dissolved in CDClIs, the signal at 8.30 ppm
was found as a proton in a NH group and confirmed as bound to N® by *H-"°>N HSQC experiments (Fig. S3
of the ESIt). Another resonance that did not produce any signal on the "H-"*C HSQC spectra was found at
1.73 ppm (Fig. S3 and S4 of the ESIt), but while N°*~H integrated to one, this resonance integrated to around
four (bottom spectrum of Fig. S3 of the ESIT). Addition of water to the sample until a maximum of 3 uL
resulted in increased intensity of this resonance, and when a big excess of water (30 puL) was added, the
water molecules probably solvated the compound and the resonance integrates only to one unit, while the
excess of water starts to appear around 5 ppm (top spectrum of Fig. S3 of the ESI¥). This suggests that with a
small amount of water the H,O molecules are in fast exchange with the NH proton. Increasing the amount of
water results in a shift of the water signal, so the system is in slow exchange due to a larger chemical shift
difference between NH and H,O protons. This might constitute a piece of evidence for the ability of this
compound to receive water molecules probably through hydrogen bonding formation.

Copper(l1) complexation behaviour of L

The ability of L to form complexes with copper(ll) was evaluated in agueous solution by the thermodynamic
stability constants determined under the conditions described for the protonation studies. The values are
collected in Table 2.

At a 2 : 1 Cu®/L ratio and below pH ~ 5 a fair amount of free copper(ll) is observed as well as two
mononuclear species [CuHL]** and [CuL]* (see the species distribution diagram in Fig. 3), and an
increasing amount of the dinuclear [Cu,LH_,]** species, which will be dominant between pH ~ 5 and ~7. At
pH > 7 the hydroxodinuclear species prevail. The coordination of the second copper(ll) cation needs to
involve the deprotonation of the squaramidic NH, as confirmed by *H NMR experiments in DMSO (Fig. 5)
and by DFT calculations, see below. Additionally, the stability constant values reported for piperazine and



piperazine-1,4-diylbis(methylene)bis(phosphonic acid) are very low (logK= 3.32%and 3.18"
respectively). This fact is explained by the rigidity associated with the piperazine ring due to its chair
conformation, which often results in non-coordination to the metal centre of one of the piperazine nitrogen
atoms.” Due to this weak coordination of piperazine, it is reasonable to assume that the mononuclear
[CuL]?* species involves the coordination of the dpa moiety. Coordination of the second copper(ll) cation
to L can induce the complete removal of the squaramidic proton NH linked to the ethylpiperazine unit,
yielding the [Cu,LH_,]** species dominating from pH ~ 5 to 7. Then the removal of the second and
subsequent protons is attributed to the deprotonation of H,O molecules directly bound to one of the Cu
centres.

Table 2. Overall (BcumHiL) and stepwise (KeumHnL) stability constants of the complexes of L
with copper(Il) at 298.2 + 0.1 K and I =0.10 + 0.01 M KNQOg in aqueous solution.

Equilibrium reaction® 109 Beu,ntpL
Cu* + H" + L 2 [CuHL]* 13.96(9)
Cu® +L 2 [CuL]” 11.02(6)
2Cu** + L 2 [CuLH ]* + H" 9.18(7)
2Cu%" + L 2 [Cu,LH ,]*" + 2H* 2.32(6)
2Cu2+ +L2 [CUZLH73]+ + 3H* —5.03(7)
2Cu*" + L 2 [CuLH.] + 4H’ ~14.86(9)

109 Kcu,p,hpL
Cu* + HL" 2 [CuHL]* 2.94(8)
Cu® +L 2 [CuL]” 11.02(6)
[CuL]* 2 [Cu,LH-,J** + H* 9.18(7)
[Cu,LH 4]*" 2 [Cu,LH > + H' 6.86(7)
[Cu,LH )% 2 [CuLH 5] + H* 7.35(7)
[CusLH_3]" 2 [CuLH_,] + H* 9.83(8)

# Values in parenthesis are standard deviations in the last significant
figures.

To gain structural insights into the copper(ll) coordination sequence by the dpa or the ethylpiperazine units,
respectively, '"H NMR spectra were recorded upon addition of increasing amounts of copper(ll) into
H,O/D,0 9 : 1 viv, at pH 7.4 and at 298.2 K (Fig. S6 of the ESI). When 0.25 equiv. of copper(ll) were added
to L both aromatic and aliphatic resonances shift slightly and lose resolution. Upon addition of 0.75 equiv. of
copper(ll) the resonances from the dpa moiety collapsed to the baseline, while the resonances from the
ethylpiperazine unit only started to fell down to the baseline in the presence of 1.5 equiv. of copper(ll). This
indicates that the mononuclear copper(ll) complex results from the coordination of the dpa moiety to the
metal ion. Subsequently, the formation of the dinuclear complex involves the coordination of the
ethylpiperazine unit to the metal ion.

To further investigate the effective proton removal of the squaramidic nitrogen by coordination of the second
copper(ll) center, experiments were conducted in organic solvents such as CDClI; (Fig. S5 of the ESI) and
DMSO-ds (Fig. S6 of the ESI) in order to observe the N°H resonance. In CDCls, it was only possible to
prepare a solution with 0.5 : 1 Cu®*/L ratio, as samples with a larger amount of copper(l1) precipitate. Then,
DMSO-dg was used. The *H NMR spectrum of the ligand recorded in the latter solvent shows the signal of



the N*H resonance at 7.89 ppm. Overall, the region 7.25-8.75 ppm displays five signals integrating for nine
protons (H1, H2, H3, H4 and N°H). When up to one equivalent of copper(ll) was added, the 7.25-8.75
region maintains a 9 : 2 intensity ratio with respect to the signals of H4 protons, as would be expected.
Increasing the Cu®*/L ratio beyond 1 : 1 decreases the relative intensity of the 7 to 7.76 ppm region, which
can be attributed to the deprotonation of the squaramidic N*H group.
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Fig. 3. Species distribution diagram obtained for the copper(l1) complexes of L at 2 : 1 Cu**/L
stoichiometry. Ce, = 2C, = 2.0 x 10°% M.
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Fig. 5. Structures of the [CuL]** (a), [Cu,LH 1]** (b), [Cu,LH_4(PPi)]” (c) and [Cu,LH +(ATP)]™ (d) complexes
obtained with DFT calculations. The numbers indicate the calculated distances in A.

The UV-vis titration of the L ligand with copper(Il) was also carried out in order to obtain information on the
binding mode of the complex (Fig. 4 and Fig. S7 of the ESI). Addition of copper(ll) to the ligand in aqueous
solution buffered at pH 7.4 with MOPS (3-(N-morpholino)propanesulfonic acid), at 298.2 K, results in the
development of a new weak absorption band in the visible region of the spectrum characteristic of Cu(ll) d—d
transitions, see Fig. S7 of the ESI. Upon addition of 1 equiv. of metal ion, the d—d absorption is observed as a
broad feature with vy, at 705 nm (¢ = 80 M! cm’l). These spectral data are consistent with those of
[Cu(dpa)(ClO,),] and other dpa derivatives, which present a Jahn-Teller distorted octahedral
coordination.’’” Addition of copper(l1) solution from 1 to 2 equiv. causes a slight red shift of the absorption
band, suggesting that the second metal ion presents either a Jahn—Teller distorted octahedral or square-planar
geometry.

The absorption spectrum of L in the UV region (Fig. 4) is dominated by a rather intense absorption at 304
nm (e= 21000 M ' cm™") with a characteristic shoulder at 280 nm ascribed to the squaramide unit.’® A
second shoulder on the high energy side at 260 nm is attributed to the absorption of the pyridyl rings of the
ligand." Addition of Cu(ll) up to 1 equiv. causes a slight shift of the absorption maximum as its intensity
decreases, with the simultaneous formation of two isosbestic points at 266 and 327 nm. Simultaneously, the
shoulder at 260 nm becomes more defined as its intensity increases. These spectral changes are consistent
with the coordination of both the pyridyl and squaramide units to the Cu(ll) ion in the mononuclear
[CuL]? complex. Addition of Cu(ll) from one to two equiv. causes additional changes in the absorption
band at 300 nm, which decreases in intensity as a shoulder develops in the low energy side. At the same
time, two isosbestic points at 264 and 319 nm are formed. In contrast, faint spectral variations are observed
around 260 nm, where the absorption profile is dominated by the absorption of the pyridyl units. Thus, these
data are consistent with the coordination (and subsequent deprotonation) of the squaramide unit to the second
Cu(ll) ion in the dinuclear [Cu,LH_,]** species, in nice agreement with the NMR data described above.



DFT calculations were carried out to gain further insight into the structure of the [CuL]** and
[Cu,LH_]** species (see computational details below). The [CuL]** complex shows the metal ion
coordinated by the dpa moiety through the three nitrogen atoms and an oxygen atom of the squaramide unit
(Fig. 5a). Two water molecules had to be added to the model to complete the copper(ll) coordination
environment, which can be described as distorted octahedral. The oxygen atom of the squaramide unit
provides a weak coordination to the metal ion (Cu-O = 2.589 A). The calculated structure is very similar to
those observed in the solid state for dpa derivatives containing an additional urea group.?

The second metal ion is directly coordinated to the two N atoms of the piperazine unit and the deprotonated
squaramide N atom (Fig. 5b). A chelate coordination of piperazine fragments has been observed previously
in different X-ray structures.”* Up to two water molecules had to be added to the model to complete the metal
coordination environment, which can be described as square pyramidal. According to our calculations the
amide nitrogen atom provides the strongest interaction with the metal ion (Fig. 5).

Table 3. Stepwise (KcyHiLLA) association constants of the copper(ll) complexes of L with
the anions under study at 298.2 £ 0.1 Kand 1 = 0.10 £ 0.01 M KNOjs in aqueous solution.

Equilibrium reaction? log Kcu,HpLa
[Cu,LH 1J** + HPhP™ 2 [Cu,L(PhP)]** 3.57(3)
[Cu,LH 1]*" + PhP*” 2 [Cu,LH 4 (PhP)]* 3.51(3)
[CuL]* + [CuHaep]" 2 [Cu,HL (aep)]** 6.09(2)
[Cu,LH_,J** + Hzaep 2 [Cu,HL (aep)]** 4.47(2)
[Cu,LH 1]*" + Haep™ 2 [Cu,L (aep)]** 4.78(2)
[Cu,LH ,]** + Haep™ 2 [Cu,LH 4(aep)]* 4.00(2)
[Cu,LH_1J** + H,AMP 2 [CuHL(AMP)]** 4.05(3)
[Cu,LH_,J** + HAMP™ 2 [Cu,L(AMP)]** 3.96(2)
[Cu,LH_4]* + AMP* 2 [Cu,LH_,(AMP)]* 4.25(2)
[Cu,LH_,]** + AMP*" 2 [Cu,LH_»(AMP)] 3.47(4)
[Cu,LH_,J** + H,ADP™ 2 [Cu,HL(ADP)]* 4.43(7)
[Cu,LH_,J*" + HADP* 2 [Cu,L(ADP)]* 4.12(8)
[Cu,LH_,J** + ADP’” 2 [Cu,LH_4(ADP)] 5.46(3)
[Cu,LH 4 ]** + H,ATP? 2 [Cu,HL(ATP)] 5.30(5)
[Cu,LH 1]*" + HATP® 2 [Cu,L(ATP)] 5.80(3)
[Cu,LH ,J** + ATP* 2 [Cu,LH_4(ATP)]” 7.31(2)
[Cu,LH )% + ATP* 2 [Cu,LH_,(ATP)]* 5.57(3)
[CUHL]® + [CuHPPi] 2 [Cu,H,L(PPi)]** 4.60(4)
[Cu,LH_,J** + H,PPi*” 2 [Cu,HL(PPi)]* 3.29(9)
[Cu,LH_1]*" + HPPi*™ 2 [Cu,L(PPi)] 4.89(4)
[Cu,LH ,]** + PPi* 2 [Cu,LH »(PPi)]* 6.62(3)

& Values in parenthesis are standard deviations in the last significant
figures; L denotes the ligand and A the anion in general.



Cascade species formed by the copper(l1) complexes of L with phenylphosphate, aminoethylphosphate, and
polyphosphate anions

The association constants of the copper(ll) complexes of L with the anions (cascade species) were
determined by potentiometry under the experimental conditions described above, and the results are
collected in Table 3 for the stepwise constants and in Table S4 of the ESI for the overall constants. The
required protonation constants of the anions and their stability constants with copper(ll) (Tables S1 and S2 of
the ESI and ref. 22) as well as the association constants of the anions directly bound to protonated forms
of L were also determined under the same conditions (Table S3 of the ESI), although the values for ATP*",
ADP*", AMP*" and PhP*~ were too low to be determined.

Only 1 : 1 cascade species of the dicopper(ll) complex of L and the studied anions were found, as shown in
Table 3. Other receptor : anion ratios were considered, such as 1:2, which could not provide good
adjustments to the experimental data.

The distribution species diagrams for the cascade species formed between the copper(ll) complexes of L and
the anions are shown in Fig. 6 and Fig. S8 of the ESI. From these diagrams it can be observed that, at low
pH, the [Cu,H;L(A)] species are dominant and coexist with small amounts of [Cu(ADP)]*" (Fig. S8),
[Cu(ATP)]* and [Cu(PPi)]* (Fig. 6). Then, around physiological pH, the [Cu,LH_(A)] species are
dominant, in all cases, indicating that the dicopper(ll) complexes do not dissociate in the presence of
polyphosphate anions.
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Fig. 6. Species distribution diagrams for the cascade species formed between the copper(ll) complexes of L and
ATP* (left) or HPPi* (right) at 2 : 1 : 3 Cu®*/L/A stoichiometry. Ce, = 2C_ = 1/3 Ca = 2.0 x 103 M. A denotes the
anion.

The association constants of the cascade species increase with the charge of the anion, the Ke taking the
highest values for ATP* and then for HPPi*~ (Fig. 7), indicating the significant contribution of the
electrostatic interactions. At low pH, aepz’ exhibits the highest K value of about 5 at pH = 3.0, due to the
reaction of [CuHaep]* with [CuL]** complexes to form the [Cu,HL (aep)]** species. The [Cu,LH_;A] cascade
complex is the dominant species observed from pH ~ 6.0 to ~8 for all the anions, except for Haep~, for

which the predominant species in this pH range is [Cu,Laep]** (see also the distribution species diagrams of
Fig. S8 in the ESI).
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Fig. 7. Representation of the effective conditional constants as a function of pH for the cascade species studied. A is the
anionic substrate; Kess = Y (total Cu bound to A)/Y (total A not bound to Cu) x Y(total Cu not bound to A).®

The competition diagram plotted with the presence of all the anions under study shows that from pH about
4.5t0 7.8 ATP* is the anion bound to the receptor in higher amounts and then HPPi*~ takes its place (Fig. 8).
At pH 7.4, the copper(ll) dinuclear squaramide-based receptor binds the anions following the trend: PhP* <
AMP? < Haep™ < ADP’" < HPPi*” < ATP*. Comparable association constants were reported recently for
different dpa-based receptors, which were found to be selective for HPPi*".?® At physiologic pH and in the
absence of HPPi*", ATP* is selectively taken by the dinuclear copper complex of L.
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Fig. 8. Competition distribution diagram of the overall amounts of the supramolecular species formed between
[CquhL]4+h and each anion. Cg, = 2C_ = 2Ca = 2.0 x 10~ M; L denotes the ligand and A the anion.



DFT calculations were also carried out to rationalize the observed anion affinity trend. The binding of
PPi*" was explored by considering different binding modes: A «*-PPi*" chelate coordination to one of the
copper(ll) centres (Fig. S24a of the ESI),”® a px*-PPi*" coordination involving the formation of two four-
membered chelate rings (Fig. S24b of the ESI), and a pox*-PPi*" coordination forming six-membered chelate
rings (Fig. 5c). The corresponding free energy values indicate that the bridging coordination with formation
of six-membered rings is more stable than the p,k*-PPi*" coordination leading to four-membered rings (+17.1
kJ mol™") and the k*-PPi*" chelate coordination (+160.4 kJ mol™"). Thus, these results strongly support the
fact that the presence of the two metal centres provides a synergistic effect for the coordination of
pyrophosphate. A pok*-PPi*” coordination forming six-membered chelate rings was observed in the solid
state for different complexes of PPi*".** The DFT calculations suggest that ATP* binds to the dinuclear
complex through a similar px*-PPi*” coordination (Fig. 5c). Furthermore, the DFT structure presents
hydrogen-bonding interactions involving the hydroxyl groups of the ribose unit and the oxygen atoms of the
squaramide spacer. These results suggest that the selective recognition of ATP*™ occurs through a synergistic
binding of the anion to the two metal centres reinforced by the presence of hydrogen bonds (Fig. 5d).

Conclusions

In the present work, a new unsymmetrical squaramide-based ligand bearing dipicolylamine (dpa) and
ethylpiperazine units (L) was synthesized. This ligand is capable of forming stable dinuclear copper
complexes upon deprotonation of the squaramidic nitrogen of the ethylpiperazine arm, with each copper
centre likely having two water molecules to complete the coordination sphere, as supported by DFT
calculations. The water molecules can be partially replaced by the O-donors of anions. Accordingly, the
dicopper(l1) complexes of L, [Cu,LH]*", were used as receptors for the uptake of some mono- and
polyphosphate anions in aqueous solution. It was found that the receptor presents very high binding
constants with ATP*" and HPPi*". Additionally, the K¢ values indicated that, at physiological pH, the
ATP* is selectively removed from an aqueous solution containing phenylphosphate (PhPO,>),
aminoethylphosphate (Haep’), AMP* and ADP?", but HPPi*" strongly interferes. DFT calculations suggest
that the PPi recognition is accomplished by p,x*-PPi*" coordination of the anion to the two metal ions, and
the favoured recognition of ATP* occurs through a synergistic binding of the anion to the two metal centres
reinforced by hydrogen-bonding interactions involving the hydroxyl groups of the ribose unit and the oxygen
atoms of the squaramide spacer.

Experimental section

Materials and methods

All chemicals and solvents were purchased from commercial sources as reagent grade quality and used as
received. The *H, *C{*H} and °N{"H} NMR spectra were recorded on a Bruker Avance Il + 400 (*H at
400.13 MHz and **C at 100.61 MHz) or a Bruker Avance Il + 500 (*H at 500.13, **C at 125.76 and *N{*H}
at 50.67 MHz) equipped with a 5 mm TCI C/N Prodigy Cryo probe spectrometer at a probe temperature of
298.2 K. Chemical shifts (o) are given in parts per million relative to tetramethylsilane (TMS) used as the
internal reference for 'H NMR spectra in CDCls, and to 3-(trimethylsilyl)propionic-2,2,3,3-d, acid sodium
salt (TSP-d4) used as the internal reference for '"H NMR spectra in D,O. Assignments are based on peak
integration and multiplicity and on 2D experiments (Fig. S9-S21 of the ESI). Microanalyses and
electrospray mass spectra (ESI-MS) were carried out by the ITQB Analytical Services Unit.



Syntheses

Synthesis of  3-(bis(pyridin-2-ylmethyl)amino)-4-ethoxycyclobut-3-ene-1,2-dione, smdpa. Diethyl
squarate (0.255 g, 1.5 mmol) was taken in diethyl ether (1 mL) and placed on a round bottom flask cooled by
an ice bath. 2,2'-Dipicolylamine (0.598 g, 3.0 mmol) was also dissolved in diethyl ether (19 mL) and added
dropwise to the round bottom flask. The mixture was stirred only while the addition was occurring. The
mixture was left standing at r.t. under nitrogen for one week. The etheric solution was decanted and fine
white crystalline needles grew in few minutes. The crystals were filtered, washed with diethyl ether (5 mL)
and dried under vacuum (0.276 g, 57%). ‘H NMR (400 MHz, CDCls): 6 8.56 (2 H, t, Hpy), 7.69 (2 H, t, Hpy),
7.35 (1 H, d, Hpy), 7.24 (3 H, t, Hpy), 5.02 (2 H, s, CH,-Py), 4.79 (2 H, s, CH,-Py), 4.75 (2 H, q, CH,—CHy),
1.94 (3 H, br, NH-Py), 1.39 (3 H, t, CHs) ppm. **C NMR (100 MHz, CDCls): ¢ 188.9, 183.2, 177.1 (C=0),
173.0 (C=N), 155.3, 155.2, 149.9, 149.4 (C=Np,), 137.5, 137.1, 123.6, 123.3, 123.1, 122.5 (Cp,), 70.0 (-
CH,-), 54.6, 53.7 (CH,—Py), 16.0 (-CH3) ppm. Anal. calcd for CygHi7N3O3: C, 66.9; H, 5.3; N, 13.0%.
Found: C, 66.7; H, 5.2; N, 12.9%. ESI-MS (MeOH) m/z: 324.1 (100) [M + H*] (Fig. S22).

Synthesis of 3-(bis(pyridin-2-ylmethyl)amino)-4-((2-(piperazin-1-yl)ethyl)amino)-cyclobut-3-ene-1,2-
dione, L. The smdpa compound (0.253 g, 0.782 mmaol) was taken in ethanol (35 mL) and placed on a round
bottom flask. 2-(Piperazin-1-yl)ethan-1-amine (0.101 g, 0.782 mmol) was also dissolved in ethanol (10 mL)
and added dropwise to smdpa. The mixture was stirred at r.t. under nitrogen for three days. The ethanolic
solution was evaporated to dryness and the residue was taken in diethyl ether. The product was extracted to
water (3 x 15 mL). KOH pellets were added to increase the pH to ~11 and the product was extracted with
chloroform (3 x 15 mL) on its deprotonated form. The combined organic phases were dried with anhydrous
Na,SO,, filtered, and evaporated to dryness under vacuum yielding a slightly yellow oil (0.295 g, 96%). *H
NMR (400 MHz, D,O/DCI): 6 8.69 (2 H, d, Hey), 8.53 (2 H, t, Hpy), 8.01 (2 H, d, Hpy), 7.93 (2 H, t, Hpy),
525 (4 H, s, CHx-Py), 3.98 (2 H, t, CH,—CH,), 3.63-3.56 (8H, br, CH,-pip), 3.47 (2 H, t, CH,—CH,)
ppm. *C NMR (100 MHz, CDCls): 6 184.1, 183.0 (C=0), 169.0, 168.4 (C=N), 155.5 (C=Npy), 149.3, 137.5,
124.0, 123.3 (CHpy), 59.1 (CH,—CH,), 54.9, 54.5 (CH,—Py), 46.1 (CHaip), 41.0 (CH,—CH_) ppm. Anal. calcd
for CH2sNesO,: C, 65.0; H, 6.5; N, 20.7%. Found: C, 65.1; H, 6.3; N, 21.0%. ESI-MS (MeOH) m/z: 407.2
(100) [M + H"] (Fig. S23).

Single crystal X-ray diffraction

Crystals of smdpa suitable for X-ray diffraction determination were obtained as described above. X-ray
diffraction data were collected with Francois Michaud (University of Brest) an X-Calibur-2 CCD 4-circle
diffractometer (Oxford Diffraction), including a four-circle goniometer (KM4) and a two-dimensional CCD
detector (SAPPHIRE 2). Three-dimensional X-ray diffraction data were collected on an X-Calibur-2 CCD 4-
circle diffractometer (Oxford Diffraction). Data reduction, including interframe scaling, Lorentzian,
polarization, empirical absorption, and detector sensitivity corrections, was carried out using programs that
are part of CrysAlis software®® (Oxford Diffraction). Complex scattering factors were taken from the
program SHELX97% running under the WinGX program system.? The structure was solved by direct
methods with SIR-97% and refined by full-matrix least-squares on F>. All hydrogen atoms were included in
calculated positions and refined in riding mode. Crystal data and details of the data collection and refinement
are summarized in Table 4. The structure has been deposited in the Cambridge Structural Database as
CCDC 1907210.



Table 4. Crystal data and refinement details of smdpa.

smdpa
Formula C1gH17N304
MW 323.35
Crystal system Monoclinic
Space group P2y/n
T/IK 100(2)
a/A 10.7368(6)
b/A 10.5661(6)
c/A 14.2037(8)
al® 90
Bl° 92.133(5)
/° 90
viIA3 1610.24(16)
F(000) 680.0
z 4
2, A (MoK,) 0.71073
Deaid/g cm 2 1.334
pulmm* 0.093
6 range/° 3.46 to 26.37
Rint 0.0798
Reflns collect. 10126
Unique reflns 3290
GOF on F? 1.024
R ? 0.0510
WR; (all data)” 0.1110
Largest diff peak and hole/e A~ 0.206 and —0.215

*R 1= Yol = IFell/ZIFol. " WRe = {X[W(IFol’ = IFd?) VX Iw(Fo )1}

Potentiometric measurements

The potentiometric system used was previously described.* Purified water from a Milli-Q demineralization
system was used to prepare stock solutions of L prepared at ca.2.00 x 10~ M, and metal ion solutions
prepared at 500 x 10°M from analytical grade nitrate salts standardized by titration with
Na,H.edta.* Carbonate-free solutions of KOH were prepared from an ampoule diluted to make up 1 L of
titrant, using freshly boiled water allowed to cool under nitrogen, standardized afterwards by application of
Gran's method.* A 1.00 x 10! M standard solution of HNO; prepared also from an ampoule was used for
backtitrations. The [H'] of the solutions was determined by measurement of the electromotive force of the
cell, E=E° + Q log[H"] + Ej. The term pH is defined as —log[H"]. E°" and Q were determined by titrating a
solution of known H-ion concentration at the same ionic strength in the acid pH region. The liquid-junction
potential, Ej, was found to be negligible under the experimental conditions used. The value of K, =
[H*][OH ] was found to be equal to 10 "> by titrating a solution of known H-ion concentration at the same
ionic strength in the alkaline pH region, considering E°’ and Q valid for the entire pH range. For the ligand
determinations, aca.4.00 x 102 mmol solution was used in a total volume of ca. 30 mL, and for the
copper(ll) complexation studies and cascade species formed with anions a stabilized stock solution
with ca. 2.0 equiv. of copper(ll) was used. For the anions under study, measurements were carried out



with ca. 4.00 x 10 mmol of anions in a total volume of ca. 30 mL, in the absence and in the presence
of ca. 1.0 equiv. of copper(Il). In the case of PPi*" and of aep’” measurements were carried out with ca. 4.00
x 102 mmol of anions in a total volume of ca. 50 mL, in the absence and in the presence of ca. 1.0 equiv. of
copper(ll), to avoid the formation of precipitates. A backtitration was always performed at the end of each
direct titration in order to check if equilibrium was attained throughout the full pH range. Each titration curve
consisted of 40-100 points, depending on the system under study, in the 2.5-11.5 pH range, and a minimum
of two replicate titrations were performed for each system.

Determination of thermodynamic equilibrium constants

The overall protonation constants of the ligand and of the anions under study, g, the overall stability
constants of complexes formed with the ligand or with the anions, ScumHnL and SoumHRA, the overall
association constants of the anions with protonated forms of the ligand, Suna, and the overall association
constants of the copper(ll) complexes with the anions, ScumHna, Were calculated by fitting the
potentiometric data of the titrations with the HYPERQUAD program,® and by fitting the *H NMR titration
data with the HYPNMR program.®* At least two titration curves for each system were fitted together. The
initial computations were obtained in the form of overall constants, Sy = [HhL]/[H]h[L], LeumHnL =
[CunHLLY[CUl™[H]"[L], BoumHn-1L = Beunl(OH) % Ky, and BeumHnia = [CunHRLAY/[CU]™[HI"[L][A]. In all
cases A = studied anions. The errors quoted are standard deviations of the overall constants given directly by
the program for the input data, which include all of the experimental points of all titration curves. The HYSS
program? was used to calculate the concentration of equilibrium species from the calculated constants from
which distribution diagrams were plotted. The species considered in a particular model were those that could
be justified according to the principles of coordination and supramolecular chemistry.

NMR measurements

'H, BC NMR, HSQC, HMBC and NOESY spectra were recorded at 298.2 K on a Bruker AVANCE 111 500
spectrometer (Bruker, Rheinstetten, Germany) operating at a proton central frequency of 500.13 MHz
equipped with a triple resonance inverse CryoProbe Prodigy (TCI) with pulsed field gradients in all
titrations. When D,O was used as the solvent, 'H NMR spectra were acquired using a pre-saturation of the
residual water signal and chemical shifts are relative to 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium
salt (TSP-d,). In CDCls, chemical shifts were referenced to tetramethylsilane (TMS). *C NMR spectra were
typically acquired with proton decoupling during the acquisition time using the WALTZ-64 sequence.® Two
dimensional spectra were acquired using standard Bruker NMR pulse sequences. NMR spectra were
processed with MestReNova 9.0 (Mestrelab Research, Santiago de Compostela, Spain). Solutions of L were
prepared at a concentration of 1.5 x 10~ M in H,0-D,0, in D,O and in CDCls. Titrations were performed
directly in the NMR tube and the observed pH (pH*), monitored with a pH/ISE meter from a
ThermoScientific model Orion Star A214 fitted with a combined microelectrode from a Hamilton model
Sprintrode P/N238197/04. When H,O/D,0 or D,0 was used the pH (or pD) was changed by addition of DCI
stock solutions of 0.1, 0.5 or 1.0 M or NaOD (CO,, free and freshly prepared) solutions of 1.0 and 0.1 M. The
microelectrode was calibrated with commercial buffers in aqueous solution (pH of 12.00, 8.00, and 4.00).
The final pD was calculated according to the equation pD = pH* + (0.40 + 0.02),** where pH* corresponds to
the pH readings from the pH meter.

UV-vis measurements

All spectra were obtained at 298 K in buffered aqueous solution ((MOPS] = 2.5 x 10° M, pH = 7.4) on a
PerkinElmer UV-vis spectrophotometer Lambda 650. The solutions were prepared in vials for the batch
acquisition using the mother solutions of L (7.23 x 10~ M) and Cu(NOs), (4.98 x 10> M) in a total volume
of 1.2 mL. Each vial contained increments of about 0.15 equiv. of copper(ll) yielding a concentration in the
vis region of 2.89 x 10~ M, and in the UV region of 2.89 x 10~ M.



DFT calculations

All DFT calculations were carried out using the Gaussian 09 package (Revision E.01).% The hybrid meta-
GGA approximation with the TPSSh® exchange—correlation functional was used throughout, in combination
with Ahlrich's valence triple-¢ basis set with polarization functions (TZVP).* Solvent effects (water) were
considered with the integral equation formalism variant of the polarizable continuum model
(IEFPCM).* The stationary points obtained after geometry optimization were characterized by frequency
analysis using the harmonic oscillator approximation.
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