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Five new coordination compounds derived from chelidamic acid and amines have been

synthesized and X-ray characterized. The noncovalent interactions that govern

packing have been rationalized by means of DFT calculations.
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(H4a-dmpy)[Cr(Hcda),]-4H,O (1), (H2a-4,6-dmpym)[Cr(Hecda),]-3H,0-2a-4,6-dmpym (2)
and [M(Hcda)(H,0);]H,O (3) and (4) (M = Co" and Ni', respectively) and (H2a-
4mpy),[FeCls(pydc)].3H,0 (5); (Hscda = 4-hydroxypyridine-2,6-dicarboxylate or chelidamic
acid; 4a-dmpy = 4-aminodimethylpyridine; 2a-4,6-dmpym= 2-amino-4,6-
dimethylpyrimidine; 2a-4mpy = 2-amino-4-methylpyridine) are five new coordination
compounds obtained through the same proton transfer mechanism. The chemical formulas
and structures for compounds 1, 2 and 5 are determined by means of single crystal X-ray
diffraction, elemental analysis and IR spectroscopy. Single crystal X-ray diffraction was used
to characterize compounds 3 and 4. From these results, 1, 2 and 5 are ionic with the
protonated amines as cations and chelidamic acid-complexed metals as anions while 3 and 4
are neutral chelidamic acid complexes of Co" and Ni' with the same 3D networks in the
crystal. The geometries of all these complexes with Hcda are distorted octahedral around the
metal center. Chelidamic acid, as a tridentate ligand, adopts its most common coordination
mode through one oxygen atom of each carboxylate group and a nitrogen atom of its pyridine
ring in all four complexes. Amongst various types of non-covalent interactions which result
in the stabilized MOFs, hydrogen bonds, particularly very strong polarization assisted
hydrogen bonding (PAHB) as well as resonance assisted hydrogen bonding (RAHB), appear
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to dominate We have also studied other unconventional interactions observed in the solid

state of the complexes using high level DFT calculations.

Introduction

The hydrogen bond is indeed the most important of all directional intermolecular interactions
[1]. It strongly affects the structure and properties of many molecules participating in this
interaction [2]. Recently, numerous studies have been increasingly devoted to strong and very
strong hydrogen bonds due to the significant role they play in various fields including proton
transfer processes, biochemical reactions and enzyme catalysis [2-4]. Proton transfer and
hydrogen bonding are strongly linked concepts [5-7] and, in some cases, the H-bonding
interaction is believed to be an initial step of the proton transfer process [8, 9]. The strength
of an H-bond can be increased to a great extent by two effects: c—bond cooperativity and 7-
bond cooperativity, leading to the so-called polarization-assisted hydrogen bonding (PAHB)
[10-16] and resonance-assisted hydrogen bonding (RAHB) [2, 17-22], respectively. In recent
years, as a continuation of studies on dipicolinic acid [23], Mirzaei et al. have been
investigating a very similar dicarboxylic acid (chelidamic acid) as an efficient proton donor
in the syntheses of proton transfer compounds. This multicarboxylate and N-heterocyclic
ligand is of interest due to its wide applicability in several areas like coordination chemistry,
medicine, especially HIV investigations, biochemistry, and above all in proton transfer reactions
[5, 24].

We have investigated the coordination behavior of this ligand in the presence of three
transition metal ions (Cr(Ill), Co(Il), Ni(Il)) and two amines as proton acceptors (4-
aminodimethylpyridine and 2-amino-4,6-dimethylpyrimidine) with alteration of one of three
initial materials in each proton transfer reaction. Herein, we report the synthesis and X-ray
characterization of five new coordination compounds: (H4a-dmpy)[Cr(Hcda),]-4H,O (1),
(H2a-4,6-dmpym)[Cr(Hcda),]-3H,0(2a-4,6-dmpym) (2), [M(Heda)(H,0);]-H,O (M = Co",
(3) Ni' (4)) and (H2a-4mpy),[FeCls(pydc)].3H,0 (5) (see Scheme 1). Moreover, in addition
to the strong electrostatically assisted H-bonding interactions, other less studied interactions
which also contribute to the crystal packing have been energetically analyzed by means of

high level DFT calculations.
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Scheme 1. Compounds 1-5 reported in this work
2. Experimental
2.1. Chemicals and measurements

Chemicals were purchased from commercial sources and used without further
purification. Infrared spectra (4000-600 cm™) were recorded on a Buck 500 scientific
spectrometer as KBr discs. Elemental analyses (C, H and N contents) were carried out on a

Thermo Finnigan Flash-1112EA microanalyzer. The X-ray data were collected with a Bruker

Smart APEX diffractometer.

2.2. Syntheses of compounds 1-5

For 1 - 4, an aqueous solution of the appropriate amine was added drop-wise to an
aqueous solution of chelidamic acid (H;cda) followed by drop-wise addition of an aqueous

solution of the appropriate hydrated metal nitrate. Details for S are given below.

2.2.1. (H4a-dmpy)[Cr(Hcda),] -4H,0 (1)

4-Aminodimethylpyridine (25 mg, 0.20 mmol) in 5 mL of deionized water; dicarboxy-4-
hydroxypyridine (H;cda) (20 mg, 0.10 mmol) in 10 mL of deionized water;
Cr(NOs3)3.9H,0(20 mg, 0.05 mmol). The mixture was stirred for several hours at 60°C. Dark
violet crystals were obtained through slow evaporation of the dark blue solution at room

temperature.

Anal. Cal. for C;1HysCrN4Oq4: C, 41.38; H, 4.14; N, 9.20. Found: C, 42.54; H, 3.93; N, 9.51%.

Selected IR bands (KBr pellet, cm "): 1370/1652, v/ v, (COO); 1448, 1568, v(C=N), v(C=C);
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2.2.2. (2a-4,6-dmpym)[Cr(Hcda),] -3H>0(2a-4,6-dmpym)(2)

As for 1 but with 2-amino-4,6-dimethylpyrimidine (25 mg, 0.20 mmol) instead of 4a-dmpy.
Slow evaporation of the solution led to the formation of a dark violet crystalline compound.
Anal. Cal. for C,sH3,CrNgO,5: C, 43.64; H, 4.37; N, 15.66. Found: C, 43.95; H, 4.20; N, 16.68%.
Selected IR bands IR (KBr pellet, cm™'): 3000-3500, v(O-H), v(C—H); 1359/1671, vs/ vas (COO);
1266, v(C-0).

2.2.3. [Co(Heda)(H:0)3]-H:0 (3)

As for 1 but with Co((NO3),-6H,0 (0.05 mmol) in mL of water. The final solution was
slowly evaporated at room temperature to form pink crystals of [Co(Hcda)(H>0)3]-H-O (3).

2.2.4. [Ni(Hcda)(H,0)3]-H>0 (4)

As for 1 but with Ni((NO3),-6H,0 (0.05 mmol) in mL of water. The final solution was slowly
evaporated at room temperature to form green crystals of [Ni(Hcda)(H,0);]-H,O (4)

2.2.5. (H2a-4mpy),[FeCl;(pydc)].3H,0 (5).

2-Amino-4-methylpyridine (42 mg, 0.39 mmol) in 8 mL of deionized water; pyridine-2,6-
dicarboxylic acid (pydc) (66 mg, 0.39 mmol) in 20 mL of deionized water; FeCl;.6H,O (105
mg, 0.39 mmol). The mixture was stirred for three hours at 60 °C. Dark yellow crystals were
obtained through slow evaporation of the orange-yellow solution at room temperature. Anal.
Cal. for C1oH»3C13FeNsOs: C, 40.49; H, 4.11; N, 12.43. Found: C, 40.36; H, 4.00; N, 12.09%.
Selected IR bands IR (KBr pellet, cm™"): 3000-3500(0O—H) and (N-H); 1369/1652 v, and vy
(COO-).

2.3. Theoretical methods

The energies of all complexes included in this study were computed at the BP86-D3/def2-
TZVP level of theory. We have used the crystallographic coordinates for the theoretical
analysis of the non-covalent interactions observed in the solid state. This level of theory has
been shown useful and reliable for the study of noncovalent interactions like those analyzed
herein [25]. The calculations have been performed by using the program TURBOMOLE
version 6.5 [26]. For the calculations we have used the BP86 functional with the latest

available correction for dispersion (D3) [27].
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3. Results and Discussion:

3.1. IR spectra analyses

The IR spectra of 1, 2 and 5 show the expected absorption bands due to the carboxylate
ligand, the amine and water. Those in the 3500-3000 cm’lregion correspond to the N-H and
O-H stretching vibrations of the amino groups, water molecules and the chelidamic acid
ligand of both compounds. The coordination mode of the carboxylate ligand to the metal ion
can be determined by the difference between the asymmetric and symmetric carboxylate
stretching frequencies (A = v,(COO) — vg(COO)).Values above 200 cm' indicate
monodentate coordination, while those of approximately 164 cm ' and 42 cm ' represent ionic
and bidentate modes, respectively [23,24]. The calculated values for 1 (A = 1652 — 1370 =
282 cm') and 2 (A = 1671 — 1359 = 312cm') imply monodentate coordination for all
carboxylate ligands.

3.2 Synthesis, characterizations and structural comparison of 1 and 2

From the reaction of the dicarboxylic acid (Hscda) with two equivalents of an amine, 4a-
dmpy and 2a-4,6-dmpym, in 1 and 2, respectively, the corresponding proton transfer
compounds were obtained and on subsequent addition of aqueous solutions of Cr(II) nitrate
compounds 1 and 2 were obtained through slow evaporation of the final solutions. From
single crystal X-ray diffraction, elemental analysis and IR spectroscopy the products were
characterized as (H4a-dmpy),[Cr(Hcda),]-4H,0O and (H2a-4,6-
dmpym)[Cr(Hcda),]-3H,0(2a-4,6-dmpym), respectively.

3.2.1 Description of the crystal structures

The crystallographic data for compounds 1 and 2 are shown in Table 1. In addition
selected bond lengths, bond angles and hydrogen bond geometries are given in Table S1. As
illustrated in Fig. 1, both compounds consist of anionic metal complexes and cations from
protonation of the amine. The Cr(III) ions in both compounds exhibit octahedral coordination,
each being coordinated by two nearly perpendicular Hcda® ligands which adopt their most

common coordination mode (Fig.1) as tridentate (O, N, O'") ligands.
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(b)
Fig. 1. Perspective view of the asymmetric unit of 1, a); and 2, b) Displacement ellipsoids are drawn
at the 50% probability level.

In 1 there are two independent formula units in the asymmetric unit which have very similar
geometries while in 2, a molecule of the added amine has co-crystallized with the ionic
compound.

In compound 1, Crl and Cr2 are coordinated by four carboxylate oxygen atoms (O1, O3, O6
and O8 for Crl and O11, O13, O16 and O18 for Cr2) and two nitrogen atoms (N1 and N2 for
Crl and N3 and N4 for Cr2) from two dianionic Hcdaz_ligands. The axial sites on Crl and
Cr2 are occupied by nitrogen atoms, N1, N2, N3, and N4, with Cr—N bond lengths of
1.967(2), 1.969(2), 1.970(2) and 1.954(2) A, respectively. The equatorial positions are
occupied by four O atoms, with Cr1—O distances of 2.006(2), 1.9841(19), 2.001(2), 2.001(2)

7
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A and Cr2-0 bond lengths of 1.986(2), 2.023(2), 2.007(2), 1.983(2) A for O1, 03, 06, 08
and O11, O13, O16, and O18, respectively.

In compound 2, as for 1, the axial sites are occupied by N1 and N2 with Cr1-N1 and Cr1—N2
bond lengths of 1.964(2) and 1.955(2) A while O(1), O(3), O(6) and O(8) of the carboxylate
ligands occupy the equatorial sites with short Cr—O distances of 1.997(3), 1.988(3), 1.977(3),
and 1.986(3) A, respectively. The bond angles about Cr differ from 90° and indicate

distortions of the complexes from strict octahedral geometry (see Table S1).
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Table 1. Crystal data and structure refinement for 1 and 2
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1 2
Empirical formula C,1Hy5CrN4Oy4 C,6H31CrNgO 3
Formula weight 609.45 715.59
Temperature 100(2) K 100(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Orthorhombic
Space group P2, Pna2,
Unit cell dimensions

15.107(3) A 18.7610(18) A

8.9460(17) A 8.3037(8) A
c 19.608(4) A 18.9883(19) A
a 90.00° 90.00 °
B 105.171(3)° 90.00°
Y 90.00° 90.00°
Volume 2552.8(8) A’ 2958.1(5)A*
Z 4 4
Density (calculated) 1.586 Mg m™® 1.607 Mg m™®
Absorption coefficient 0.528 mm ' 0.470 mm "
F(000) 1260.0 1484.0
Crystal size 0.23 x 0.19 x 0.10 mm® 0.27 x 0.16 x 0.04 mm®
Theta range for data collection 2.52t0 29.1° 2.15to 28.28°
Reflections collected 47440 24049

Independent reflections
Refinement method

Data/ restraints / parameters
Goodness-of-fit on F~

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

Flack parameter

13194[R(int) = 0.0490]
Least-squares matrix: full on F*
13194/1/733

1.029

R; =0.0347, wR, = 0.0818

R, =0.0394, wR, = 0.0860
0.41and-0.38 ¢ A~

-0.007(6)

6807[R(int) = 0.0533]
Least-squares matrix: full on F*
6807/1/437

1.019

R; =0.0440, wR, = 0.1088

R; =0.0503, wR, =0.1146
129 and -0.54 ¢ A”

0.017(12)
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Amongst the several types of non-covalent interactions which are present in the crystals of 1
and 2, very strong hydrogen bonds, particularly, resonance-assisted as well as polarization-

assisted hydrogen bonds, seem to be the most significantThese interactions are illustrated in

Fig. 2. aand b for 1 and 2, respectively.

Fig. 2. Examples of RAHBs and PAHBSs, in which each H,O molecule forms up to four (at
least three) hydrogen bonds simultaneously, in 1 (a) and 2 (b).

Water molecules as the solvent of both compounds are very effective in mediating the crystal
growth and also the stability of the final structures due to their capability of forming up to
four hydrogen bonds, two of which are through two lone pairs of electrons on their O atoms
as proton acceptors as well as two other H-bonds via two H atoms as donor sites (see Fig. 2).

These characteristics are vital for a molecule to be able to form PAHBs through a-bond

10
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cooperativity, which means it accepts and donates protons simultaneously so that all the H-

bonds formed are strengthened through polarization enhancement of hydrogen bonds [10-16].

Fig. 3. Schematic representation of Rs°(10) cyclic motifs created by very strong O—H-+-O
RAHBs and PAHBs in compound 1.

Fig. 3 illustrates several examples of very strong O-H---O RAHBs and also PAHBs leading

to the formation of Rs’(10) cyclic motifs and water clusters with H-bonds having extremely

short bond lengths as well as D-H---A angles close to 180° in compound 1. For instance,
O(25)—H(25A)--0(23) with a 179° D-H---A angle and O(20)—H(20A)--0(22) at 1.69A
represent the bond angle closest to180° and the shortest H-bond length in 1, respectively (see
Table. S2).

11
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(2) (b)

Fig. 4. n-n stacking interactions between the pyridine and pyrimidine rings of the cations
with the Heda ligands in 1 and 2, respectively.

In addition to the hydrogen bonding, other noncovalent interactions, including slipped n-m
stacking between pyridine rings and the corresponding adjacent amine molecules (centre-
centre distances = 3.536 A for 1, 3.866 and 3.748 A for 2, see Fig. 4) also cooperate to create
the stabilized 3D supramolecular structures for both compounds. The relevant distances and
angles associated with these interactions between the pyridine rings of the chelidamic acid
and the pyridine and pyrimidine rings of 4a-dmpy and 2a-4,6-dmpym in 1 and 2 are presented
in Fig. 4 a and b, respectively. The importance of m—r stacking interactions in crystal growth
has been recently studied by Zaric’s group [28].

The presence of a neutral base or acid molecule in the ultimate structure of compounds
formed through proton transfer reactions is not a common phenomenon. Our suggestion for

the process of crystal growth provides a rationale for the presence of the free base in the
asymmetric unit of 2. Very strong homonuclear N-H---N RAHBs make neutral 2a-4,6-dmpym
molecules bind to 2-amino-4,6-dimethylpyrimidinum cations to form R,%(8) heterosynthons.

It is illustrated in Fig. 5 how m—bond cooperativity (resonance due to m-electron

delocalization) in the conjugated system leads to the formation of these strong RAHBs [2, 17-
22].

12
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Fig. 5. R,%8) Heterosynthons generated by very strong RAHBs between 2-amino-4,6-
dimethylpyrimidinum cations and neutral 2a-4,6-dmpym molecules leading to the presence of an
unprotonated amine in the formation of crystals of 2.

These units are then linked together by very strong so-called polarization assisted H-Bonds
formed through o —bond cooperativity with the help of solvent water molecules, which
highlights the aforementioned effectiveness of water molecules in directing the crystal

growth (see Fig. 2 and Fig. 3).

3.3. Syntheses and crystal structure description of 3 and 4

The crystallographic data for compounds 3 and 4 are shown in Table 2. In addition selected
bond lengths, bond angles and hydrogen bond geometries are given in Tables S1 and S2.
Both have the formula [M(Heda)(H,0);]-H,O (M = Co" (3), Ni"" (4)) and are essentially
isostructural. Fig.6 illustrates the asymmetric units with the atomic numbering schemes of 3
and 4, respectively, which consist of an octahedral complex of the corresponding metal ion

with three coordinated plus one uncoordinated solvent water molecules.

P C:

13
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Fig. 6. Perspective view of the asymmetric unit of 3 (left) and 4 (right). Displacement ellipsoids are
drawn at the 50% probability level.

Unlike 1 and 2, the complexes here are neutral species and include only one (Hcda)z_ ligand
bound to the central transition metal ion in its most common coordination mode as a
tridentate chelate (two carboxylate oxygen atoms, O1 and O3 and the nitrogen atom, N1).
The remaining three sites on the metal ions are occupied by H,O molecules (06, O7 and OS).
There is one uncoordinated H,O (H9A—0O9-H9B) in both compounds as well. This solvent
water molecule plays a significant role in the formation of non-covalent interactions and

subsequently in the stabilization of the crystal structure (see Fig. 7).

Table 2. Crystal data and structure refinement for 3 and 4

3 4
Empirical formula C;HyCoNOg-H,O C;HoNNiOg.H,O
Formula weight 312.10 311.88
Temperature 150 K 150 K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Monoclinic
Space group C2/c C2/c
Unit cell dimensions
a 14.7110 (7) A 14.7013(6) A
b 6.8772 (3) A 6.8433(3) A
c 22.4185(8) A 22.2874(10) A
a 90.00° 90.00 °
B 90.388 (1) 90.163(1) °
Y 90.00° 90.00 °
Volume 2268.04(17) A® 2242.22(17) A®
V4 8 8
Density (calculated) 1.828Mgm™ 1.836 Mg m™
F(000) 1272 1264
Crystal size 0.22 x 0.13 x 0.09mm’ 0.28 x 0.15 x 0.11 mm’
Reflections collected 20119 19591

Refinement method

Largest diff. peak and hole

Least-squares matrix: full on F°
1.41 and —0.64 ¢ A”

Least-squares matrix: full on F°
1.82 and —0.68 ¢ A”

14
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Fig. 7. Lattice water molecules forming O—H---O PAHBs in 3 and 4.

Recently, Mirzaei ef al. reported dipicolinic acid compounds of Co" and Ni" [23] prepared by
reactions analogous to those used for 3 and 4 which are also neutral species so that the
reactant bases are not incorporated into the crystal structures. Here, however, the complexes
contain two mono-deprotonated dipicolinic acid ligands which function as tridentate chelates
and while it is not obvious why the two systems behave differently, it is tempting to suggest
that the additional hydrogen bonding available in chelidamic acid because of the additional

hydroxyl group may be important.

Fig. 8. n-n Stacking interactions between pyridine rings of chelidamate ligands in complexes 3 (left)
and 4 (right)

In addition to hydrogen bonding, slipped n-m stacking interactions between pyridine rings of
the chelidamate ligands in the complexes (centre-centre distances = 4.086 A for 3, 4.077 A
for 4, see Fig. 8) are effective as well to create the stabilized MOFs for both compounds. The

corresponding rings distances and angles between pyrimidine rings are presented in Fig.4.

15
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Table 3. Crystal data and structure refinement for 5

5

Empirical formula
Formula weight
Temperature (K)
Wavelength (A)

Crystal system

Space Group

Unit Cell Dimensions (A,°)
a

b

B

v

Volume (A%)

Z

Density, calc. (g-cm™)
F(000)

Crystal size (mm)
Reflections collected

Refinement method
Largest diff. peak and hole (eA™)

Ci9Hp;CL3FeNsO5
563.62

100(2)

0.71073

Triclinic

P-1

10.0736(9)
11.177(1)
11.6302(11)
87.916(1)

79.547(1)

64.073(1)
1156.77(18)

2

1.618

578

0.150 x 0.150 x 0.230
20506

Least-squares matrix: full on F° 2
0.42 and -0.49

The coordination geometry of iron in 5 is distorted octahedral with the dianionic (Heda)*™ ligand

coordinated as in the previous complexes and the remaining sites occupied by CI ligands. The 2-

amino-4-methyl pyridinium cations are protonated on the ring nitrogen as expected and engage in

extensive hydrogen bonding interactions with the anions and the lattice water to generate a layer

structure.

16
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3.4 Theoretical study

We have analyzed the energetics of the noncovalent interactions observed in the solid state of
compounds 1, 2 and 5 focusing our attention on the lone pair (Ip)-n, m—hole and antiparallel
C—O---C-O interactions. We have selected these compounds because they present
unconventional and less studied interactions in the solid state that are worthy of investigation.
Compounds 3 and 4 present more conventional H-bonding and n-stacking interactions, and so

have not been included here.

Recently, n—hole interactions have attracted attention in supramolecular chemistry and crystal
engineering fields [29]. In the crystal structure of compound 1 we have observed that the
oxygen atom of a lattice water molecule is close to the carbon atom of one carboxylate group
coordinated to the metal center (see Figure 9A) and the distance, 3.098(4) A, is significantly
shorter than the sum of the van der Waals radii (3.22 A). We have computed two theoretical
models (C and D in Figure 9) where one cation (protonated 4-aminodimethylpyridine) has
been included in order to use models that include both counterions and the water molecule..
The interaction energy of model C is AE; = —19.9 kcal/mol that corresponds to the
contribution of two strong H-bonds (denoted as HB1 and HB2 in Figure 9) and the O—C n-
hole interaction. In model D we have substituted the carboxylate ligand that participates in
the O—C m-hole interaction with a hydrogen and added a hydrogen atom to the aromatic ring
(See arrows in Figure 9D). In this model, only the contribution of the H-bonding interactions
are evaluated. The resulting interaction energy for this model is reduced to AE, = —17.6
kcal/mol. Therefore the contribution of the Ip—m-hole interaction is AE; — AE, = -2.3
kcal/mol. The existence of the m-hole has been confirmed by means of the Molecular
Electrostatic Potential Surface (MEPS) that is shown in Figure 9B. It can be observed as a

region (light blue) just over the carbon atom of the coordinated carboxylate group.

17
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AE1 =-19.9 kcal/mol

D)

Fig. 9. A) A fragment of the experimental crystal structure of compound 1. B and D)
Theoretical model used to evaluate the n—hole interaction. C) MEP surface computed for a
model of 1. E) AIM distribution of bond (red spheres) and ring (yellow spheres) critical
points. The bond paths are also represented.

In complex 4 we have studied theoretically the antiparallel C—O---C—O interaction observed
in the phenolic part of the ligand. It has an important role in the crystal packing of 4 (see
Figure 10A). This type of interaction has been described for carbonyl compounds
(C=0---C=0 interaction) [30], but to our knowledge it has not been studied for phenolic
compounds. The theoretical models to analyze the energetics of the C—O---C-O interaction
are shown in Fig. 10. The interaction energy of the self-assembled dimer (Figure 10B) is AE;
= 3.1 kcal/mol which is comparable to that previously described for carbonyl compounds
[30]. We have also studied the effect of the metal coordination on the binding strength by
computing an additional theoretical model where the metal centers have been eliminated and
the carboxylate groups have been protonated (see Figure 10C). As a result, the interaction
energy is similar (AE; = —3.6 kcal/mol) indicating that the metal coordination does not

influence the binding strength. The MEP surface computed for compound 4 shows that the
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electrostatic potential over the O atom is slightly negative (—2.0 kcal/mol) and positive over

the C atom, thus favoring the antiparallel C—O---C-O interaction.

(B)

AE3 ==3.1 kcal/mol AE4 = =3.6 kcal/mol

(4]

(D) (E)

10 keal/mol e

W e T antiparallel CO

+
—2.0 kcal/mol

pr

Fig. 10. A) A fragment of the experimental crystal structure of compound 4. B and C)
Theoretical model used to evaluate the antiparallel C—O---C-O interaction. D) MEP surface
computed for a model of 1. E) AIM distribution of bond (red spheres) and ring (yellow
spheres) critical points. The bond paths are also represented.

Finally, in complex 5, we have analyzed the stacking interaction between two protonated
aminopyridine rings that has an important role in the solid state architecture of 5. This
stacking interaction is antiparallel and it has some peculiarities. First, the lone pair of the
amino group of one moiety interacts with the pyridine ring of the other and vice versa
(resembling a double Ip—m interaction, see red dashed lines in Figure 11A). Second, the
interaction is established between two cationic moieties (protonated pyridine); therefore a
strong electrostatic repulsion exists disfavoring the interaction. However, each dianionic
[FeCly(pydc)]* moiety establishes a double salt bridge interaction with two aminopyridine
rings (see Figure 11A) and therefore most of the positive charge is transferred to the
counterion. In addition, if the interaction is considered as an lp—r type, it is enhanced by the
protonated pyridine ring. Using the theoretical models shown in Figure 11 we have evaluated
the double Ip—x interaction. First we have used the (H2a-4mpy),[FeCls(pydc)] salt as one part
of the complex and the protonated aminopyridine as the other part. As a result the interaction
energy is very large and negative, indicating that it is very favorable (AEs = —25.8 kcal/mol).
This strong interaction is also due to purely electrostatic ion-pair interaction with the anionic

complex. In fact, if the interaction is computed using model C where only neutral

19

Page 20 of 33



Page 21 of 33

RSC Advances

aminopyridine rings are considered, the interaction is drastically reduced to AEs = —6.3
kcal/mol. This is further confirmed by the MEPS analysis, which shows a positive potential
over the center of the aromatic ring and a negative one over the lone pair of the amino group

(see Figure 11E).

(A)

X-ray fragment:

AE5 = —-25.8 kcal/mol

(D) 15 kcal/mol

—7 kecal/mol

Fig. 11. A) A fragment of the experimental crystal structure of compound 5. B and C)
Theoretical model used to evaluate the double lp—r interaction. D) MEP surface computed for
a model of 1. E) AIM distribution of bond (red spheres) and ring (yellow spheres) critical
points. The bond paths are also represented.

We have used Bader’s “atoms-in-molecules” approach that has been successfully used to
describe a great variety of noncovalent interactions to further analyze the interactions
described above for complexes 1, 4 and 5. The presence of a bond critical point (CP) and a
bond path connecting two atoms is an unambiguous indication of interaction [31]. The
distribution of critical points in compound 1 (Figure 9E) reveals the presence of a bond CP
that connects the O atom of the water molecule with the carbon atom of the carboxylate
confirming the m—hole interaction. Furthermore, the distribution of CPs also reveals the
presence of a bond CP connecting the H atom of water with the apical oxygen atom of the
carboxylate that characterizes the H-bonding interaction. In compound 4 (Figure 10E) the

antiparallel C-O---C-O interaction is characterized by the presence of two bond CPs that
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connect the C atoms to the O atoms. The interaction is further characterized by the presence
of a ring CP as a consequence of the formation of the supramolecular four membered ring.
Finally, in compound 5 (Figure 11E) the double lp—r interaction is confirmed since there are
two bond CPs that connect each N atom of the amino group to one carbon atoms of the
pyridine ring. Moreover, the complex is also characterized by the presence of two bond CPs

connecting both aromatic rings.

3.5 Solution studies

In order to determine the stoichiometry and stability of the Cr’*, Co’" and Ni*" (M)
complexes with hypydc (L), 4a-dmpy (Q) and hypydc -4a-dmpy in aqueous solution, a 2.4 x
10° M solution of L, a 4.8 x 10> M solution of Q and their mixture, all containing a
necessary amount of 0.85 M HCI, were titrated in the absence and presence of 1.2 x 10° M of
the metal ion with a 0.096 M solution of NaOH at a temperature of 25 °C and ionic strength
of 0.1 M, maintained by KNO;. The corresponding equilibrium potentiometric pH titration
profiles are shown in Fig. 12(a—c), respectively. The pH titration data in the absence of metal
ions were used to calculate the protonation constants for L and Q (K, [HmL)/[Hm-mL][H]",
the charges are omitted for simplicity) via the program BEST [31]. The resulting values for
the overall stability and stepwise protonation constants of L and Q as well as the recognition
constants for the L—Q proton transfer system are listed in Table 4. As it is obvious from Table
4, the most abundant proton transfer species present at pH 2.0 with an extent of 98.7% is

hypydcH,-4a-dmpyH (logK = 13.18). In all three cases the potentiometric titration curves are
depressed considerably in the presence of the metal ions, clearly indicating strong

interactions of L with the metal ions.
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Fig. 12. Potentiometric titration curves of hypydc (a) and 4a-dmpy (b) and their mixture (c)
in the absence and presence of M"" ions with NaOH 0.096 M in aqueous solution at 25 °C p
=0.1 M of KNO;.

Table 4
Overall stability and stepwise protonation constants of hypydc, 4a-dmpy and recognition

constants for their interaction in aqueous solution at 25 °C p = 0.1 M of KNO:s.

Stoichiometry log B Equilibrium quotient K log K Max % at pH

hypyde 4a-dmpy h

1 0 1 10.41 - 1041 99.9 6-7.3
1 0 2 13.35 - 294 56.5 2.5
1 0 3 15.46 - 211 53.6 2
0 11 10.07 - 10.07 99.9 4.2-7
0 1 2 11.18 - 1.11 114 2
1 20 12.97 [hypydc(4a-dmpy),]/[hypydc][ 4a-dmpy], - 99.9 11.3-12
1 2 2 32.70 [hypydcH,(4a-dmpy),]/[hypydcH,][ 4a- 11.88 99.9 6.9-8.3
dmpy],
1 2 3 36.60 [hypydcH,(4a-dmpyH)(4a-  13.18 98.7 2

dmpy)]/[hypydcH,][4a-dmpyH][ 4a-dmpy]

The corresponding distribution diagrams for hypydc (a), 4a-dmpy (b), hypydc /4a-dmpy (c)
and hypydc/Cr3 " (d) and other systems are also shown in Fig. 13 (see Table 5). In the case of
cr’ (M) with hypydc (L) in the binary system, the most abundant species are ML,(OH);
existing at pH 10.5-12 by an extent of 99.8%, ML, existing at pH 4.5- 4.8 by an extent of
99.6% and ML,(OH), existing at pH 6.8 by an extent of 86.4%. In the case of Cr’* with 4a-
dmpy (Q) in the binary system, the most abundant species are MQ,(OH); existing at pH 10.9-
12 by an extent of 88.9% and its protonated form MQ,H, at pH 2.0 by an extent of 88.2%. In
the case of Cr’* with L and Q in the ternary complexes system, the most abundant species are
MLQ,(OH); existing at pH 9.6-12 by an extent of 88.1%, MLQ,Hj3 existing at pH 2.4 by an
extent of 86.2% and MLQ,H, existing at pH 4.9 by an extent of 59.0%.
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ML,(OH):

Fig. 13. Distribution diagrams for hypydc (a), 4a-dmpy (b) , hypydc/4a-dmpy (c),
hypydc/Cr3+ (d) , 4a-dmpy/ cr'(e), hypydc/4a-dmpy/Cr3+ ), hypydc/Co2+ (2),

hypyde/Ni** (h).
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Overall stability constants of hypydc/4a-dmpy /M™ (I/q/m) binary and ternary systems in
aqueous solution at 25 °C p =0.1 M of KNO:s.

System m 1 q h log B Max % at pH
Cr—hypydc 1 2 0 0 16.92 99.6 4.5-48
1 2 0 1 17.47 Negligible -

1 2 0 -2 4.64 86.4 6.8

1 2 0 -3 -3.13 99.8 10.5-12

Cr —4a-dmpy 1 0 2 1 22.53 81.6 5.1-54
1 0 2 2 26.57 88.2 2

1 0 2 -1 10.47 50.8 6.3

1 0 2 -2 3.84 76 7.6-7.8

1 0 2 -3 -4.94 88.9 10.9-12

Cr —~hypydc—4a-dmpy 1 1 1 3 31.83  Negligible -
1 1 2 0 24.62 12.8 6.2

1 1 2 1 31.22 47.5 59

1 1 2 2 36.78 59 4.9

1 1 2 3 41.11 86.2 2.4

1 1 2 -1 18.47 16.4 6.4

1 1 2 -2 12.29 32.3 6.6

1 1 2 -3 5.71 88.1 9.6-12

Co-hypyde 1 2 0 0 17.66 32.6 6.3
1 2 0 1 23.98 69.4 5.6

1 2 0 2 28.91 81 4

1 2 0 3 31.97 91.8 2

1 2 0 -1 11.34 73.6 7.2

1 2 0 -2 3.44 96.8 9.5-9.8
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1 2 0 3 -8.04 72.2 >11.9
Ni-hypydec 1 2 0 0 14.99 68.8 6.6
1 2 0 1 20.76 26 5.9
1 2 0 2 26.73 50.4 5.4
1 2 0 3 31.91 99.8 2-2.7
1 2 0 -1 7.81 98.4 9.1-9.5
1 2 0 2 -3.57 76.8 >11.9

Conclusions

We have synthesized and characterized by X-ray diffraction five coordination compounds of
4-hydroxypyridine-2,6-dicarboxylate which coordinates to the transition metals Cr, Co, Ni
and Fe as a tridentate ligand. The two anionic Cr(IIl) complexes contain two nearly
perpendicularly chelidamate ligands accompanied by the corresponding protonated amines to
form compounds 1 and 2, while the Co(II) and Ni(Il), compounds 3 and 4, are neutral
complexes having only one chelidamate ligand coordinated to the transition metal ion.
Among non-covalent interactions, different types of hydrogen bonding, especially strong

resonance- and polarization-assisted ones, which are made through ¢ bond and n bond

cooperativity, followed by stacking interactions are the principal intermolecular interactions

in the solid state architectures. Very strong homonuclear N-H:-N RAHBs make neutral 2a-

4,6-dmpym molecules bind to (H2a-4,6-dmpym)” so that it is part in the asymmetric unit of
compound 2. Moreover, the interesting noncovalent interactions observed in the solid state of
some compounds have been studied by means of DFT calculations assigning discrete
energetic values to them. The most important finding is the antiparallel C-O---C-O
interaction between the phenolic groups. All interactions have been characterized both

energetically and using the “atoms-in-molecules” methodology.
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