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ABSTRACT: Ligands L1 and L2, consisting in
a tetrazine ring decorated with two morpholine
pendants of different lengths, show peculiar
anion binding behaviours. In several cases, even
the neutral ligands, in addition to their
protonated HL", H,L** (L = L1 , L2) forms, bind
anions such as F', NOjs’, PF¢, ClO4, and SO42' to
form stable complexes in water. The crystal structures of H,L1(PFs),2H,0, H,L1(Cl04),2H,0,
H,L2(NOs),, H,L2(PF¢), H,O and H,L2(ClO4), H,O, show that anion-mt interactions are pivotal

for the formation of these complexes, although other weak forces may contribute to their
stability. Complex stability constants were determined by means of potentiometric titration in
aqueous solution at 298.1 K, while dissection of the free energy change of association (AG®) into

its enthalpic (AH°) and entropic (TAS°) components was accomplished by means of ITC
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measurements. Stability constants are poorly regulated by anion-ligand charge-charge attraction.
Thermodynamic data show that the formation of complexes with neutral ligands, that are
principally stabilized by anion-m interactions, is enthalpically favourable (-AG®, 11.1 to 17.5
kJ/mol; AH®, -2.3 to -0.5 kJ/mol; TAS®, 9.0 to 17.0 kJ/mol), while for charged ligands enthalpy
changes are mostly unfavourable. Complexation reactions are invariably promoted by large and
favourable entropic contributions. The importance of desolvation phenomena manifested by such
thermodynamic data was confirmed by hydrodynamic results obtained by means of diffusion
NMR spectroscopy. In the case of L2, the complexation equilibria were also studied in 80:20
(v:v) water:ethanol mixture. In the mixed solvent of lower dielectric constant than water, the
stability of anion complexes decreases, relative to water. Solvation effects, mostly involving the

ligand, are thought to be responsible for this peculiar behaviour.

INTRODUCTION

Anion coordination chemistry has sparked considerable interest in recent years due to the
ubiquitous presence of anions in biological and environmental systems, the roles they play in
various biochemical processes, and their involvement in many technological areas.
Consequently, scientists from all areas of chemistry and beyond have joined forces to explore
this relatively young field. However, the design of receptors for the binding of anions in solution,
in particular in water, can be very challenging as the non-covalent interactions employed to
anchor anions to the receptor are weak, they must prevail over the competing anion-solvent
interactions, and structural features that provide them are often difficult to build into the receptor
framework. Fortunately, while individual non-covalent interactions are weak, collectively they
could be made sufficiently powerful to afford polyfunctional receptors capable of strong and
selective anion binding.'

Anion-rt interactions are among the most recently recognized non-covalent forces.”” Their
importance has long been underappreciated by the scientific community as it is counterintuitive
to expect that an attraction may arise between a negatively charged species and common
aromatic rings characterized by negative quadrupole moments. However, upon insertion of
strongly electron-withdrawing substituents, these quadrupole moments can be inverted, turning
parent aromatic systems into m-acids able to attract anions.® Indeed, reviews of archived

crystallographic data showed that anion-rt interactions in the solid phase are more frequent than



one might have expected,” evidencing that different geometries of the anion-arene interaction
should be considered for a correct interpretation of the interaction itself (ref. 9c). Further
structural studies were undertaken to characterize such interactions in the solid state,>'® while
theoretical and experimental investigations were made to analyse their properties in the gas
phase and in solution.*™*!?%-11:12

On account of the elusive character of anion-m interactions in solution, their functional
relevance was demonstrated only very recently in a study on anion transport in bilayer
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membranes. ~ Further conclusive evidence of anion-m interactions at work appeared for
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transport and catalytic'> processes. Another intriguing matter concerns the

thermodynamics of anion-m interactions in solution. Some attempts at the determination of
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" and a few binding enthalpies “**'® for the association processes that

stability constants
involved anion-m interactions were reported, but the results obtained did not provide a clear-cut
picture. All the same, they stimulated further attempts to determine energetic parameters that
control such interactions in solution and to clarify their very definition. The measurement of
thermodynamic parameters for a pure anion-n interaction in solution is a highly challenging task
and, to date, not a single anion-receptor pair is known, which is surely kept together exclusively
by this type of interaction. Commonly, the components are paired due to multiple contacts, and
partitioning of the association free energy into its constituent contributions is not justified
thermodynamically, except under severe restrictions and approximations.'’

Theoretical studies have placed binding energies of the anion-w interactions in the gas phase in
the range 17 to 71 kJ/mol,'® though measured values as high as 125 kJ/mol have been
reported.'®™ For the anion-m interaction in solution, a recent review of experimental results
concluded that the binding free energy (-AG®) for this attractive force in organic solvents is
typically less than 4 kJ/mol per single phenyl ring-halide anion interaction, though larger values
have also been reported.®” Such estimates of the anion-m contribution are often made by
subtracting (with the aid of reference systems) from the combined effect of anion-m and H-bond
interactions (sometimes multiple) the latter, under the implicit and, generally, arbitrary
assumption that free energy changes are additive.!” Furthermore, model structures and solvation
effects may affect the magnitude of the measured term.'*"

Recently, we have reported that protonated forms of the polyfunctional ligand NAP-T,

assembled from the tripodal amine tren (T, tris(2-aminoethyl)amine) and a nitroso-amino-



pyrimidine (NAP), form complexes with a range of anions. Crystal structures of the complexes
revealed the anions tightly anchored to the ligand both by salt bridges to T and very short anion-
n interactions with NAP.'"'%** The neutral (unprotonated) NAP-T and variously protonated
species of NAP-T formed complexes with anions in water. The fact that the neutral NAP-T,
which is unable to form salt bridges, and the isolated NAP residue both form complexes of very
similar stability with the studied anions (SO, SeO4*, S,05>, Co(CN)¢>) corroborated the idea
that the anion-m interaction is the major contribution to the anion-receptor binding energy in
these complexes. Accordingly, the associated free energy changes (-AG° values were in the
range 9 to 12 kJ/mol) were taken as good estimates of such anion-m interactions in water.'*
Isothermal titration calorimetry (ITC) measurements revealed that these anion-m interactions
were almost athermic (AH° values were in the range -2 to 3 kJ/mol), and were driven by large

entropic contributions (7AS° terms were in the range 8 to 15 kJ/mol).'*

Higher thermal effects
were measured in acetonitrile for the complexes of mono-anions where multiple anion-t and
hydrogen bond interactions were present.'**'® Majority of them were exothermic and the
relevant complexation processes were accompanied by either negligiblelzcl or favourable'®
entropic contributions; in other cases,'® the coordination enthalpies were endothermic and the
processes of complex formation were promoted by favourable entropy changes.

Taking into account that introduction of anion-m interactions into the make-up of anion
receptors, anion carriers, catalysts, as well as new functional systems in general has become of
great interest, we undertaken to advance understanding of these weak forces by developing a

new type of anion receptors (Figure 1). These new receptors include a tetrazine ring decorated
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Figure 1. The tetrazine ligands L1 and L2.



with two morpholine pendants of variable length. We have characterized their ability to bind
inorganic anions such as F', NOs’, PF¢, ClO4", and SO4* both in solution and in the solid-state.
The latter included elucidation of the crystal structures of NOs’, PF¢ and ClO4 complexes by
single crystal X-ray diffraction analysis, while solution studies were concerned with the
determination of the thermodynamic parameters (AG°, AH° and TAS®) for the formation such
complexes in water. Furthermore, improved solubility of L2 made it possible to extend the
solution studies to a mixed solvent (water:ethanol, 80:20 v:v) and to establish how the stability of
these complexes is affected by solvent polarity.

Ligands L1 and L2 (Figure 1) were designed to deliver the tetrazine ring into aqueous medium
without adding structural elements that might offer strong anchorage to anions in addition to the
anion-nt interaction. They were successfully prepared following a classical Pinner’s synthesis
from the corresponding morpholinyl-nitrile precursors. Tetrazines are strong m-acids and, thus,
amenable to anion-m interactions, but usually they have low water solubility.b¢h01%
Functionalization with two morpholine groups makes them sufficiently soluble in water to be
studied by means of our thermodynamic techniques. In particular, both L1 and L2 are well
soluble in acidic aqueous medium due to the protonation of morpholine nitrogen atoms. In
general, the phenomenon of ligand protonation in the study of anion-m interactions is
undesirable, as the protonated ligands may also form strong salt bridges with the anions.
However, in this particular case our crystallographic studies revealed poor tendency of the

protonated ligands to bind anions through the salt bridge interactions.

RESULTS AND DISCUSSION

Synthesis of L1 and L2. The preparation of ligands L1 and L2 (Figurel) was achieved
following a two-step, classical Pinner’s synthesis, consisting in a reaction of the morpholinyl-
nitriles 1 with hydrazine hydrate to generate the corresponding dihydro-1,2,4,5-tetrazine
intermediates 2, which upon easy (though slowly) air oxidation yielded the fully aromatic s-
tetrazines. Notably, the synthesis of L1 and L2 is one of the few non-metal catalysed Pinner
synthesis of 3,6-dialkyl-s-tetrazine derivatives reported to date. Indeed, it is historically accepted
that Pinner’s procedures are of general applicability to the preparation of 3,6-diaryl-substituted s-
tetrazines, but not to the synthesis of 3,6-dialkyl derivatives."” Only recently, a variant of the

Pinner synthesis to prepare 3,6-dialkyl-s-tetrazines with a wide scope of application was



reported, but it was based on the use of anhydrous hydrazine and a metal Lewis acid catalyst,?
with the drawback of needing intensive purification to remove metal traces in the case of
products containing good transition metal binding moieties such as the morpholinyl groups in
our molecules. On the other hand, in our preparations, the safer hydrazine hydrate is used
together with N-acetylcysteine (NAC) as catalyst, with acceptable results in terms of isolated
yields. Since the catalytic effect of NAC in the general preparation of amidines from primary
amines and both alkyl and aryl nitriles is known,?' we attribute the success of our preparations to
the role of NAC as a catalyst in the reactions between the morpholinyl-nitriles, 1, and hydrazine
to give the corresponding amidrazone intermediates. The subsequent formation of dihydro-
1,2,4,5-tetrazine derivatives by dimerization of amidrazones is a well-known process22 that, in
our case, leads to the isolable intermediates 2.

Crystal Structure of H,L1(PFs),2H,O0. In this crystal structure, the diprotonated H2L12+
ligand lies on an inversion centre and assumes an overall symmetric chair conformation (Figure
2). The tetrazine ring forms two anion-m interactions with the centrosymmetric PF¢ ions, one of
the fluorine atom of these anions being only 2.94(9) A apart from the ring centroid. Interestingly,
the ammonium groups of the ligand are not involved in the binding of the PF4 anions but
interact via hydrogen bonding with cocrystallized water molecules (N--*OW 2.686(5) A). As a
consequence the anion is held in the crystal packing by the anion-n interaction with less relevant

contributions from unconventional CH--F bonds (2.469(3) A) and van der Waals interactions.

Figure 2. Crystal structure of H,LL1(PF¢),-2H,0. Distances in A.



Crystal Structure of H,L1(ClO4),:2H,0. In this complex, the ligand assumes a boat-like
conformation, both morpholine pendants protruding from the same side of the tetrazine ring
(Figure 3). The aromatic group forms anion-m interactions with the oxygen atoms of two
symmetry related ClO4 anions. As in the previous structure, the anions are located almost above
the centre of the tetrazine ring with O--centroid distances of 2.96(3) and 2.78(3) A, respectively.
Accordingly, this anion is sandwiched between tetrazine rings of two ligand molecules, while the
other ClO4 anion, not shown in Figure 3, is H-bonded to water molecules interacting with ligand
ammonium groups (NH--OW 1.88(3) A, NH--OW 1.90(3) A). It is noteworthy that, also in this
complex, the sandwiched anion is held in place only by anion-w interactions and unconventional

CH-+-O hydrogen bonds (Figure 3).
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Figure 3. Crystal structure of H,LL.1(ClO4),:2H,0. Distances in A.

Crystal Structure of H,L2(PFs),°H,0. The crystal structure of the PFs" complex with H2L22+
contains two centrosymmetric crystallographically independent ligand molecules (Figure 4). One
of them assumes a chair conformation similar to that found in the structure of H,L1(PF¢), 2H,0,
while the other one is almost planar. Also in H,L2(PFe),'H,O the tetrazine rings give rise to
anion-mt interactions with PFq. Different kinds of interactions are established between the
fluorine atoms of PF¢ and the tetrazine groups. Actually, one of the fluorine atoms is located
pretty well above the tetrazine ring centroid of the planar ligand (F---centroid 2.87(6) A, Figure

4a), governed by the ion-dipole attraction, while three cofacial fluorine atoms face the other



tetrazine ring forming F-~N, F--C and F-N-N contacts (3.110(5), 3.092(5) and 3.07 A,
respectively, Figure 4b). Due to the enhanced flexibility of the ethylenic chains connecting
tetrazine and morpholine rings, the ligand in chair conformation is able to form a salt bridge with
the anion (NH--F 2.10(5) A), in contrast to the behaviour of L1 featuring shorter methylenic

chains. It is to be underlined, however, that in this structure only one PF¢" is in contact with
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Figure 4. Crystal structure of H,L2(PF¢),-H,O. Distances in A. Views of the ligand and of its

anion'--7 contacts: (a) planar and (b) chair conformations, (¢) portion of the crystal packing.



tetrazine rings, bridging the two ligands to form infinite zig-zag chains of anion-m contacts
(Figure 4c). The second PF¢ anion only interacts with a water molecule H-bonded to an
ammonium group of the planar H,L.2*" ligand form.

Crystal Structure of H;L2(ClO4)’H,0. This crystal structure contains three
crystallographically independent diprotonated ligand molecules H,L2**. One of them assumes an
almost planar arrangement (Figure 5a) while the other two, lying around a crystallographic
center, adopt chair conformations (Figure 5b,c). Like in the crystal structure of H,L2(PFs),-H,0,
several types of anion--tetrazine interactions contribute to stabilize the crystal (O--centroid,
O--C and O-N in Figure 5) and the overall crystal packing contains infinite zig-zag chains of
alternating ligand and perchlorate units (Figure S29). In particular, in the adducts shown in
Figures 5a,c one of the anion oxygen atom is located almost above the ring centroid. However,
while in the case of the planar ligand no other relevant interactions are observed in addition to
such O--centroid contact (Figure 5a), in the case of the complex in Figure 5c additional O---C
interactions contribute to strengthen the anion-tetrazine binding.

As in the previous structure, each ligand molecule in chair conformation forms a salt bridge
with C104” (NH--O 2.31(6), 2.46(5) A, Figure 5b; NH---O 2.18(5) A, Figure 5c). The crystal
packing is further stabilized by additional hydrogen bonds involving the two remaining ClO4
and lattice water molecules.

Crystal Structure of H,L2(NO3),. Among the crystal structures obtained for anion complexes
with L2, the NO3;™ complex is the one having more similarities with the structures seen for the
shorter L1 ligand. Actually, the packing contains a single centrosymmetric ligand molecule in
chair conformation, interacting with NOs” through the tetrazine ring (Figure 6). The planar anion
is arranged almost parallel above the tetrazine group (dihedral angle 21.9(2)°), with an oxygen
atom close to the ring centroid (O---ring centroid 2.850(2) A). The same oxygen atom forms a
salt bridge with a ligand ammonium group (NH--O 1.881(2) A). Obviously, all groups and
interactions are duplicated below the tetrazine ring by the inversion centre, but no chains based
on repeated anion-m interactions are observed in this crystal.

Analysis of the anion-tetrazine ring interaction in the crystal structures. It was recently
shown for the interaction of halides with electron-deficient arenes that, when the anion lies above

the plane of the & system, both centred and off-centre interaction geometries are common.” In



Figure 5. Crystal structure of H,L.2(ClO,4),-H,0. Distances in A. Views of the ligand and of its

anion'--7 contacts: (a) planar and (b, c) chair conformations.

the latter case, the anion is positioned over the periphery of the ring and charge transfer (CT)
complexes can be formed thanks to a certain covalent character of the interaction with ring
atoms. Conversely, in the former case, the anion lies above the centroid of the ring where the CT
contribution to the anion-m interaction is expected to be negligible. The geometric parameters

doftsets Aeentroid AN dplane (Figure 7a) were used to describe the location of the anion above the
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Figure 7. a) Displacement of an atom A from the center (centroid) of the tetrazine ring. b)

Histogram of dofrer Values (rounded to one decimal place) for the crystal structures here reported.

Red and green bars refer, respectively, to oxygen and fluorine interactions with tetrazine rings.
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ring.9c The dpiane parameter is the distance from the mean ring plane and defines dosrer Which has
a value of 0 A for a perfectly centred anion-m complex and a value of 1.4 A when the anion is
exactly located above a ring atom.

A similar analysis of the crystal structures herewith reported, performed by considering
oxygen and fluorine atoms within 4 A from the tetrazine centroid, shows a preference of the
studied polyatomic anions for centred interactions (in 50% of cases doser < 0.6 A), although a
significant number of off-centre interactions nearby the ring atoms (31% of cases are in the range
1.2 A < dymet < 1.6 A) are also present (Figure 7b).

PFs¢ and ClO4 complexes form only centred interactions with L1, while for L2 complexes a
greater dispersion of dofrer Values is observed (Table S2): oxygen atoms tend to form centred
interactions while 3 out of the five ring-fluorine contacts are off-centre (Figure 7b).

Anion Binding in Solution. Protonated forms of L1 and L2 and, in some cases, even the
neutral ligands give rise to detectable interactions with anions in water. Analysis, by means of
the computer program HYPERQUAD,* of potentiometric (pH-metric) titrations performed for
the various ligand/anion systems afforded the stability constants of the anion complexes reported
in Table 1. As reported in the experimental procedures (supporting information), it was not
possible to study the interaction of L1 with F", due to the low basicity of this ligand forming
protonated species at enough low pH values to make F reactive toward the glass components of
the measurement cell. Since these measurements were performed in the presence of 0.10 M
MesNCl, we must assume that all the equilibria in this table are potentially affected by the
competitive ligand interaction with CI".

Although the crystal structures of the anion complexes previously described show the
diprotonated ligand forms (H,L*") interacting with pairs of anions, the 1:1 stoichiometry of the
complexes in solution was unambiguously ascertained by the computer analysis of the titration
curves. The stability of these complexes invariably increases with ligand protonation (increasing
positive charge), even though the relevant association processes are poorly controlled by
electrostatic forces. As a matter of fact, the mean increment of the complexation free energy
change associated with the variation of a single positive charge of the ligand, 1.8 kJ/mol (0.4
kcal/mol), is considerably smaller than the value 5+1 kJ/mol expected for the formation of a

single salt bridge in water.”* Accordingly, other forces than salt bridges, are expected to furnish
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Table 1. Equilibrium constants (logK) for ligand protonation and anion complex formation

determined at 298.1£0.1 K in 0.1 M Me4NCI aqueous solution or water/ethanol 80:20 (v:v)

mixture.
H,0/EtOH
H,0
80/20 (v/v)
L1 L2 L2

L+H =HL" 4453)  6.19(1) 6.04(2)
HL"+H = H,L* 3453)  5.37(1) 5.19(2)
HL"+ F =[HLF] n.d. 1.58(8) 1.16(7)
H,L*"+ F = [H,LF]" n.d. 1.97(3) 1.26(5)
HL"+ NO; = [HL(NO3)] 1.43(5) 1.8(1) 1.72(7)

H,L*" + NOs = [H,L(NO3)]™  1.66(6)  2.32(4) 2.18(3)

L + SO, = [L(SO9]* 2.18(3)
HL"+ SO47 = [HL(SO4)T 1.65(8)  2.31(3) 1.68(7)
HyL* + 8047 =[HL(SO4)]  2.08(3)  2.48(3) 2.29(3)

L+ ClOy = [L(CIO)] 1.98(5)
HL'+ ClO4 = [HL(CIO4)] 2.0709)  2.26(5) 1.55(8)
H,L?" + ClO, = [HoL(ClO,)]"  2.31(8)  2.51(4) 1.83(5)

L + PF¢ = [L(PFq)] 1.96(8)  3.07(8)
HL'+ PFs = [HL(PF)] 2.67(7)  3.17(7) 1.67(9)
H.L?'+ PF¢ =[H,L(PFs)]"  2.98(7)  3.39@8)  2.22(8)

the decisive contribution making favorable such association events. This is in agreement with the
previously described crystal structures of anion complexes showing that, in the solid phase, the
ligands can bind anions without resorting to salt bridges. The same crystal structures show that,

both in the absence and in the presence (few cases) of salt bridges, the anions are firmly
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anchored to the ligands through the formation of strong anion-n interactions. Actually, the most
remarkable binding characteristics observed in the five crystal structures is that the anions
invariably choose the tetrazine ring as preferential binding site, despite the presence of two
ammonium groups. Indeed, DFT calculations showed that the lowest-unoccupied molecular
orbital (LUMO) of the free ligands is localized on the tetrazine ring, which has the ability to
accept the electronic charge of the interacting anion, while the highest-occupied molecular
orbital (HOMO) is localized on the atoms of both morpholine rings, excluding the positively-
charged NH groups (Figure S30).

We can reasonably expect that similar binding features are maintained in solution where the
modest increment of complex stability with increasing ligand protonation is a clear evidence of
the weak increment of electrostatic attraction exerted on the anion by ligand ammonium groups.
Furthermore, anion contacts with aliphatic CH groups are not expected to furnish much

25
and

stabilization since aliphatic CH groups are known to be very poor hydrogen bond donors
the studied anions, except F°, are not good hydrogen bond acceptors, since they are the
conjugated bases of strong acids. Above all, these anions are not willing to replace hydrogen
bonds to water molecules with hydrogen bonds to aliphatic CH groups. Accordingly, the main
contribution to the stability of these complexes in solution should be provided by anion-n
interactions that would become the most effective (almost unique) binding forces in the anion
complexes of uncharged (not protonated) ligands. The free energy changes (-AG°) for the
formation of the latter are in the range 11.3-12.4 kJ/mol) for the complexes of L1 with PFs and
of L2 with ClO4 and SO42', while a somewhat greater value, -AG° = 17.5 kcal/mol, was
determined for the PFs" complex with L2 (Table 1). These values well compare with the free
energy changes (-AG° = 8.6-12 kJ/mol) previously determined for anion complexes, formed in
water by SO4%, Se04”, S,05” and Co(CN)s> with pyrimidine ligands, in which the anion-m
interaction is thought to be the almost unique binding force.'” Of course, such free energy
changes refer to association processes including solvent effects. DFT calculations performed on
the complexes of these anions with protonated and neutral ligands in a continuum water
environment showed that all complexes are stabilized by an interplay of different weak forces,
among which, anion-m interactions are invariably present. In agreement with the above solution
data, binding energies calculated for the formation of such anion complexes point out that even

complexes with neutral ligands are significantly stable. Even the plain tetrazine ring, deprived of
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morpholine residues, forms stable complexes with the anions, the anion-n interaction being the
unique bonding interaction; for instance, the calculated binding energies for the interaction of
ClO4 with 1,2,4,5-tetrazine and 3,6-dimethyl-1,2,4,5-tetrazine are 9.1 and 10.1 kJ/mol,
respectively (Figure S31). However, the calculated binding energies increase faster with ligand
charge (ligand protonation state) than the free energy changes determined in the real solutions,
probably due to a theoretical underestimation of solvation effects. A comprehensive theoretical
analysis of these binding processes will be the subject of a separate paper.

It is interesting to note that L2 forms complexes of greater stability than L1. Unfortunately the
comparison between complexes of neutral ligands is only possible for PFg’, since neutral ligand
complexes of L1 were not detected with the other anions. Most likely they are formed in very
small amounts, not detectable with the potentiometric method.

Greater insight into the thermodynamic aspects governing the formation of these complexes was
gained by dissecting the complexation free energy changes into their enthalpic and entropic
contributions by means of isothermal titration calorimetry. The determined enthalpy changes are
reported in Table 2 along with the derived entropy terms. Regrettably, only few calorimetric data
were obtained for the anion complexes with L1 owing to insufficient solubility of ligand and
complexes. Data in Table 2, however, clearly show that these anion binding equilibria are
invariably promoted by large and favourable entropic contributions, while the relevant enthalpy
changes are mostly unfavourable (endothermic). However, in the cases of anion binding by the
neutral (not protonated) L2 ligand, in which anion-m interactions should make the major
contribution, the complexation reactions are not hampered by thermal effects, since the measured
enthalpy changes are favourable, although very small (AH® in the range -0.5 to -2.3 kJ/mol). A
similar enthalpy and entropy dependence of binding equilibria is typical of association processes
controlled by desolvation phenomena. Indeed, charge neutralization occurring upon interaction
of charged specie causes an important release of solvent molecules, that is an endothermic
process accompanied by a large entropy increase. When the anion binds an uncharged ligand, a
smaller desolvation is expected to occur with respect to the association with a charged one and,
accordingly, the reaction is expected to be less endothermic and less exoentropic, as actually

found for our systems (Table 2).
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Table 2. Thermodynamic parameters (kJ/mol) for ligand protonation and anion complex

formation determined at 298.1+0.1 K in 0.1 M Me4NCI aqueous solution.

AG°® AH° TAS®
L1+H =HLI" -25.4(2) -4.6(4) 20.8(4)
HLI"+H = H,L1* -19.7(2) 4.6(4) 24.3(4)
[2+H =HL2" -35.32(6) -26.8(4) 8.5(4)
HL2 +H = H,L2* -30.64(6) -18.4(4) 12.2(4)
H,L1?"+ ClO,4 = [HoL1(ClO4)]" -13.2(5) -0.8(4) 12.4(6)
L1 + PFs = [L1(PF¢)] -11.1(5) n. d. n. d.

HL1"+ PF¢ = [HL1(PFs)] -15.2(4) -5.9(4) 9.3(6)
H,L1*" + PF¢ =[H,L1( PFs)]" -17.0(4) 0.8(4) 17.8(6)
HL2"+ NO; = [HL2(NO3)] -10.3(6) 9.1(3) 19.4(7)
H,L2*" + NO;5 = [H,L2(NO;3)] -13.2(2) 6.4(3) 19.6(4)
L2 + SO,> = [L2(SOs)]* “12.4(2) -0.6(3) 11.8(4)
HL2"+ SO, = [HL2(SO4)T -13.2(2) 27.2(4) 40.4(4)
H,L2%" + SO, % = [H,L2(S04)] -14.12(2) 17.0(4) 31.1(4)
L2+ ClO4 = [L2(ClO4)] -11.3(3) -2.3(2) 9.0(4)
HL2" + Cl104 = [HL2(C104)] -12.9(3) 9.6(4) 22.5(5)
H,L2%" + ClO4 = [HoL2(C104)]" -14.3(2) 6.7(4) 21.0(4)
L2 + PF¢ = [L2(PF¢)] -17.5(5) -0.5(3) 17.0(6)
HL2"+ PF¢ = [HL2(PF¢)] -18.1(4) 12.5(3) 30.6(5)
H,L2*" + PF¢ = [H,L2( PF¢)]" -19.3(5) 5.5(3) 24.8(6)

To get more information on solvent effects, the formation of anion complexes with the more
soluble L2 ligand was also studied in the water/ethanol 80:20 v:v mixture, displaying a lower
dielectric constant (¢ = 69.05 at 25°C) with respect to pure water (¢ = 78.56 at 25°C).”® The

stability constants of the complexes formed in the solvent mixture are listed in Table 1. These
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data show that the addition of ethanol to water causes a general lowering of stability for complex
with protonated ligand forms, while complexes of the unprotonated, uncharged ligand were not
detected. At first glance, this results might be surprising, since one could reasonably expect that
the association between charged species becomes stronger as the polarity of the solvent
decreases. Nevertheless, when the association takes place between charged and neutral species,
the stability of the assembly may increase with increasing solvent polarity. As a matter of fact,
protonation constants of L2 are smaller in water/ethanol 80:20 v:v than in pure water, as it
generally happens®’ for many other amines. Instructive examples, in this sense, are given by the
protonation properties of molecules containing both neutral and negatively charged protonation
sites, such as amino acids.””** In these cases, as the solvent polarity decreases (upon addition of
ethanol to water), protonation constants of carboxylate groups increase while protonation
constants of amine groups decrease, as a consequence of the selective solvation occurring in the
solvent mixture, water and ethanol molecules being preferentially attracted, respectively, by
charged groups and by neutral functionalities. Accordingly, the lower stability of our anion
complexes in the solvent mixture corroborates our previous conclusion that in pure water the
anion complexation processes here studied are essentially controlled by other forces than charge-
charge attractions.

Also anions can be subjected to selective solvation.” F°, for instance, in water/ethanol 80:20
v:v. is selectively hydrated, with no ethanol molecules in its first solvation sphere. Upon
increase of the anion size, also the involvement of ethanol molecules in anion solvation
increases, and for ClO4” the composition of the first solvation sphere approaches the composition
of the bulk solvents.*” Taking into account, however, that in the water/ethanol 80:20 v:v mixture
there is one ethanol molecule every thirteen water molecules, even for ClO4” the participation of
ethanol molecules in the solvation sphere is still modest. Then, anion desolvation occurring upon
interaction with L2 is not expected to be at the origin of the difference of complex stability
between water and the water/ethanol mixture and, accordingly, different ligand solvation should
be responsible for the observed difference in the binding constants. Consistently with this general
drop of stability, complexes of anions with the neutral L2 ligand are not formed or their
formation is too scarce to be detected.

Unfortunately, our attempts to identify significant changes in the NMR spectra ('H, °C, °N

and also "°F and *'P for PFy) of the species involved in the anion-n complexation equilibria were
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unfruitful both in D,O and acetonitrile-d;. However, interesting information about the formation
of such anion complexes in water was obtained by PGSE "F and '"H NMR diffusion
spectroscopy,’’ following the variation of the diffusion coefficients of PF¢ and H,L2*" occurring
upon complexation. Since the exchange between complexed and uncomplexed species in the
anion-t complexation equilibrium is a fast process on the time scale of the (relatively slow)
NMR measurements, the diffusion coefficient measured by PGSE NMR for a particular species
is the weighted average of the diffusion coefficients of its uncomplexed and complexed forms.
That is, for the equilibrium H,L2*" + PFs = [H,L2(PF¢)]" the observed diffusion coefficient for
PFs", Dprs, can be expressed as Dprs = (1-00)'Dprs + o Dyaprs, where Dprg and Dyoprg represent
the diffusion coefficients of the uncomplexed and complexed forms of PF¢, respectively, and a
is the mole fraction of complexed PFs". As shown in Figure 8a, addition of increasing amounts of
H2L22+ to a solution of PFg causes a significant decrease of the observed diffusion coefficient of
the anion. According to the Stokes-Einstein equation D = kgT/67nr, such variation of D can be
ascribed to the increase of the hydrodynamic radius () of the measured species as PFgq is
increasingly associated to H,L2*". Furthermore, this figure also reveals a good agreement
between the evolution of the observed diffusion coefficient Dprs upon increasing concentrations
of H,L2*" (black dots) and the evolution expected according to the value of the stability constant
(logK = 3.39, Table 1) measured by potentiometry for the [H,L2(PF¢)]" complex, represented by
the red line. This line was calculated by assuming Dprs equal to the value of Dprs measured for
the sample containing pure PFg (i.e. o = 0), and D;prs equal to the value of Dprs obtained for a
[H,L2*"]/[PF¢] ratio greater than 1:1, at which Dprg appears to become invariant (Figure 8a).

The evolution of the average diffusion coefficient of H,L2*", D, (Figure 8b), gives rise to a
less accurate fitting of the expected trend (red line calculated according to the procedure above
described for Dprg), but it shows a noteworthy feature. When PFy is gradually added to H,L2*",
the average diffusion coefficient of H,L2%" increases (Figure 8b), denoting that the complex has
a smaller size than the free ligand, a phenomenon that can be only rationalized by considering
that an extensive desolvation occurs upon interaction of the two oppositely charged species, the
volume of lost water molecules being greater than the gained volume of the bound anion. This is
a further evidence of the fact that solvation effects are of prime importance in such association
processes. Furthermore, taking into account that both theoretical®' and experimental32 works

coincide in that the interaction of PF¢ with water molecules is extremely weak, the desolvation
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phenomenon occurring upon the formation of the [HoL(PF¢)]" complex should be mostly due to
ligand desolvation. Interestingly these hydrodynamic results are in agreement with the important
entropy increase, ascribed to desolvation effects, derived for anion binding from the above

thermodynamic data.
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Figure 9. Average diffusion coefficients of a) PF4 in the presence of increasing concentration
of H,L2*", measured by means of "F NMR; b) H,L2*" in the presence of increasing
concentration of PF¢, measured by means of '"H NMR. Red lines represent the trends expected
on the basis of the stability constant (logk = 3.39, Table 1) measured for the [H,L2(PF¢)]"

complex.

CONCLUSIONS
Crystallographic data obtained for five crystal structures of anion complexes formed by the
diprotonated forms of L1 and L2 show that the anions invariably choose the tetrazine ring as

preferential binding site, forming short anion-m contacts, despite the presence of two ammonium
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groups. Nevertheless, weak anion contacts with aliphatic CH groups and, in few cases, salt
bridge interactions with the ammonium groups also contribute to complex stability in the solid
state. According to DFT calculations, the lowest-unoccupied molecular orbital (LUMO) of the
free ligands is localized on the tetrazine ring, which is able to bind anions via anion-n
interactions even in the absence of supplementary binding groups.

Equilibrium data reveal that anion binding takes place in aqueous solution with the ligands in
different protonation states. In some cases, even the neutral (unprotonated) ligands form stable
anion complexes. The main characteristic of these binding events is that the stability of the
formed complexes is poorly related to the ligand charge, indicating that formation of these
complexes is not governed by the dominating charge-charge attraction that is normally observed
in the formation of anion complexes with positively charged ligands. The enthalpic (AH®) and
entropic (TAS°) parameters for the binding equilibria, experimentally determined by dissecting
the complexation free energy changes (AG°) by means of ITC measurements, clearly show that
these anion binding processes are invariably promoted by large and favourable entropic
contributions, while the relevant enthalpy changes are mostly unfavourable (endothermic). A
similar enthalpy and entropy dependence of binding equilibria is typical of association processes
controlled by desolvation phenomena (desolvation is typically endothermic and exoentropic).
The occurrence of a significant desolvation occurring upon the formation of these complexes is
corroborated by diffusion NMR spectroscopy data that led to the unprecedented observation that
the ligand undergoes a significant shrink in size (increase of diffusion coefficient) upon
interaction with PF .

A somewhat different behaviour is observed for anion binding by the neutral ligand, in which
anion- interactions should make the major contribution. In this case, the complexation reactions
(-AG® in the range 11.1 to 17.5 kJ/mol) are still favoured by dominant entropic contributions
(TAS® in the range 9.0 to 17.0 kJ/mol) but are accompanied by favourable, although very small,
enthalpy changes (AH° in the range -0.5 to -2.3 kJ/mol). Interestingly, these thermodynamic
parameters are strongly consistent with previous values (-AG°, 9 to 12 kJ/mol; AH®, -2 to 3
kJ/mol; TAS®, 8 to 15 kJ/mol)'* experimentally determined in water for the formation of various
anion complexes with the two receptors based on nitroso-amino-pyrimidine NAP and NAP-T,

cited above, which are thought to be almost exclusively stabilized by anion-n interactions.
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Equilibrium data for the formation of anion complexes in a 80:20 (v:v) water:ethanol mixture,
showed that a decrease of the dielectric constant of the medium (g = 78.56 for pure water and € =
69.05 for the mixture at 25°C)* causes a general lowering of stability for complex with
protonated ligand forms, while complexes of the unprotonated ligand are no longer detectable.
Taking into account that the presence of 20% of ethanol affect very little the solvation sphere of
the anions,”® the loss of stability observed in the aqueous-ethanolic solution, relative to pure
water, can be reasonably ascribed to a stronger ligand solvation in the mixed solvent. Once

again, solvation effects seem to play a fundamental role.

EXPERIMENTAL SECTION
Experimental details regarding synthesis and characterization of ligands, potentiometric, ITC
and diffusion NMR measurements, X-ray structure analysis and DFT calculations are included in

supporting information.
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The tetrazine ligand shrinks in size upon interaction with the anion in solution. Peculiar
solvation/desolvation effects act on the interacting partners that form anion complexes stabilized

by pivotal anion-r interactions.
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