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Abstract

Five solvent-dependent Cu(Il) compounds have been synthesized with [Cu(pu-OAc)(u-
Pip)(MeOH)]> (OAc = acetate; Pip = 1,3-benzodioxolecarboxylate) and isonicotinamide
(Isn) as an auxiliary ligand in different solvents. In all compounds the Pip units are
displaced resulting in dimeric [Cu(p-OAc)(OAc)(Isn)2(solvent)]> (solvent = MeOH (2a),
dmf and H>O (3) or H>O and HPip (4a)), paddle-wheel [Cu(pu-OAc)2(Isn)]2-2dmso (5) or
monomeric compound [Cu(OAc)(HOAc)(Isn)2]-HOAc (6). All of them have been
characterized by analytical and ATR-FTIR techniques and its X-ray crystal structures are
solved. The OAc anions construct different arrays and exhibits different coordination
modes depending on the solvent used. The supramolecular expansion is constantly
determined by the amide-amide pattern and the role of the occluded solvent molecules.
This tendency is confirmed by Hirshfeld Surface analysis. Finally, the thermal stability

of compound 4a is analyzed.



Introduction

The study of the coordination chemistry of Cu(Il) complexes with carboxylate
groups has a great interest due to their labile nature and versatility. Moreover, the use of
Cu(Il) ion with d° electronic configuration, as metal node, confers different coordination

numbers and geometries, varying from tetrahedral to octahedral [[1].

In particular, the acetate group provides the primary basic structural motif for
constructing coordination complexes. Its coordination chemistry has been in-depth studied,
mainly acting as a bridging ligand, showing a wide range of coordination modes such as: -
1,1-OAc [2], p-1,3-OAc [3], u3-1,1,3-OAc [4]. Cu(Il) acetates have been widely used not
only as a starting reagent but also in the synthesis of coordination compounds [3] and
exhibiting different arrays [6]. The most common array when Cu(Il) acetates are in presence
of monodentate N-donor ligands is the formation of dimeric paddle-wheels species with the

auxiliary ligands occupying the apical sites [[7].

There are less reported cases in which the bridging acetate units exhibit a p-1,1-OAc
coordination mode [8]. This tendency is mainly governed by additional factors as: solvent,
pH, temperature or concentration [9]. Among them, solvent is one of the key factors
concerning its polarity, boiling point, dielectric constant or van der Waals radii, which have a
determining effect in the synthesis process [[10]. The final product can be modified if solvent
acts as ligand [[I1], as guest [12], as both [[13] or simply directs the final structure [14]. For
this reason, in most of cases, the solvent of the reaction defines the molecular array and as a
result, many efforts have been devoted to research the role of the solvent in the assemblies of

coordination compounds [15].



Numerous dimeric Cu(II) compounds formulated as [Cu" X>L,] (X = acetate or
derivatives and L = pyridine and derivatives) have been reported [16]. Among these
auxiliary ligands, isonicotinamide (Isn) outstands being an antitubercular, antipyretic,
fibrinolytic and antibacterial medicinal agent [17]. It is also available as a drug
candidate to prevent and/or release diabetes by protecting -cells from damage and
death [18]. It is worthwhile to mention that Isn has a higher pKa value (10.61) than
other pyridine derivative ligands. In addition, it is a valuable directing motif for its role
as a mainstone in the resulting architecture, these is due to its characteristic amide-

amide pattern and its potential for constructing supramolecular 1D chains [19].

In the field of supramolecular chemistry, suitable directing motifs (synthons),
either belonging to N-aromatic donor or carboxylic ligands have been thoroughly
studied. In the crystalline inception, a hierarchical assembly of the interactions present in the
system will determine the ordering of the final structure. The fact that carboxylic acids and
amides are empowered to form robust architectures via O-H---O and N-H---O [20]
make them widely used motifs and their combination well suited for crystal

engineering, although this mechanism is still not well-understood [21].

Our group has already performed the synthesis of monomeric and dimeric species
[22] containing Cu(Il) and 1,3-benzodioxole-5-carboxylic acid (piperonylic acid, HPip).
In this sense, the use of Cu(OAc); as the building unit and its reaction with four pyridine
derivative ligands (dPy =3-phenylpyridine (3-phpy), 2-benzylpyridine (2-bzpy), 4-
benzylpyridine (4-bzpy) and 4-acetylpyridine(4-Acpy)) yielded four acetate-based
paddle-wheel complexes with the formula [Cu(p-OAc)2(dPy)]2 [23]. Besides that, the
same reaction with 4-phpy resulted in a monomeric compound [Cu(OAc)x(4-

phpy)2(H20)15] [24]. Recently, we have studied the synthesis of the heteroleptic core



[Cu(u-OAc)(p-Pip)(MeOH)]2 (1) paddle-wheel compound and its reactions with pyridine
and pyrazole derivatives, which resulted in monomeric [Cu(Pip)2(dPy).(H>0)] and

dimeric paddle-wheel [Cu(Pip)2(dmf)]» and [Cu(Pip)2(dPy)]> compounds [25].

As a continuation of this work, in this paper we present the reactivity of 1 [25]
with Isn ligand in different solvents, with the finality of study the solvent-dependent
formation of a set of compounds (monomers and dimers) and discuss the role of Isn in
their supramolecular structures. Reactions performed in methanol (MeOH), N,N-
dimethylformamide (dmf), water (H20O), dimethylsulfoxide (dmso) and acetonitrile
(MeCN), yielded dimeric ([Cu(p-OAc)(OAc)(Isn)2(solvent)]2, solvent = MeOH (2a),
dmf/H,O (3) or H>O/HPip (4a)), paddle-wheel ([Cu(pu-OAc)2(Isn)]2-2dmso(S)) and
monomeric compounds [Cu(OAc)(Isn)2(HOAc)]-HOAc (6). In contrast to the previous
results, in all the cases, the two coordinated Pip units are displaced from the heteroleptic
core and OAc units are maintained units (Scheme 1). All these compounds have been
characterized by analytical and spectroscopic techniques and its X-ray crystal structures
are solved. Besides, the 2D supramolecular networks of all these compounds are

discussed.

Results and discussion

2.1. Synthesis and general characterization

All the reactions have been performed starting from [Cu(p-OAc)(u-
Pip)(MeOH)]> (1) precursor, which was previously synthesized in our research group
[25], with Isn in different solvents. The synthesis of the three dimeric species with the
formula [Cu(p-OAc)(OAc)(Isn)2]2- solvent (solvent = 2MeOH (2a), 2dmf/2H>0 (3) or

2HPip/4H>0 (4a)), was done under reflux conditions for 2a and 4a, and at room



temperature (r.t.) for 3. For compound 4a, and trying to displace the OAc units, an
excess of HPip with additional reaction time was tried. Surprisingly, the HPip has been
occluded instead of coordinated. All of them share the same molecular array, but the

difference in the occluded solvent molecules morphs its supramolecular nets.

Compound [Cu(p-OAc)2(Isn)]2-2dmso (5) results to the reaction between 1,
HPip and Isn using dmso as solvent at r.t.. This compound, different from the three
previous ones, exhibited a paddle-wheel structure, with two occluded dmso molecules.
Finally, reaction of 1 with Isn in MeCN as solvent, under reflux conditions, yielded the
monomeric specie [Cu(OAc)2(Isn)2(HOAc)]-HOACc (6). It is worthwhile to mention that
the pKa of the Isn (10.61) is more basic than the other pyridine derivatives (3-phpy
(4.80), 2-bzpy (5.13), 4-bzpy (5.74) and 4-Acpy (3.51)). The different results in the
reactions performed between 1 and Isn or between 1 and the mentioned pyridine

derivatives, could be promoted by this difference in the pKa value.

Compounds 2a and 6 have been previously reported by C.B. Aakerdy et al. [26],
and compound S by D. Chisca et al. [27] but in all the cases via different synthetic
method that the described in this paper. Compound 6 was directly isolated and
crystallized in the monomeric form without the previous synthesis of the paddle-wheel
array. In the case of 5, the product is also formed in presence of an additional
carboxylate moiety (Pip). Herein, the precursor [25] already contained the carboxylate

unit and in the same vein, the final product only presents OAc units.

All compounds were characterized by elemental analysis (EA), Attenuated Total
Reflectance - Fourier Transformation Infrared Spectroscopy (ATR-FTIR) and single
crystal X-ray diffraction. EA of compounds 3, 5-6 are in accordance with the single

crystal X-ray diffraction data. Compounds 2a, 4a unavoidably suffer a loss of solvent



molecules after manipulations required for EA (one MeOH (2a) and two H,O
molecules(4a)) yielding compounds [Cu(p-OAc)(OAc)(Isn)2]2- 1.5MeOH (2b) and

[Cu(OAc)(OAc)(Isn)]2-2H20-2HPip (4b).

The ATR-FTIR spectra of compounds 2a-6 display the characteristic
carboxylate bands in the range 1591-1568 cm! for [vas(COO)] or 1409-1392 cm’! for
[vs(COO)]. The difference between these bands (A= v,s(COO)- vs(COO)) [28], for
compounds 2b-6 is 174, 175, 176, 167 and 196 cm’, respectively. This difference
corresponds to a bidentate bridged (2b-5) and a monodentate (6) coordination mode of
the carboxylate moieties. Also v(O-H)/(N-H) from H,O and Isn (3474-3076 cm™) or the
v(C=0) bands from the Isn, HPip (4b) or dmf (3) molecules appear in the range 1704-
1670 cm™. For compound 5, some specific bands have been also attributed as v(S=0)

and v(C-S) at 1018 and 706 cm™!, respectively (SI Fig. S1-S5).

For complex 4a TG-DTA determination was performed showing the

temperature-dependent stepped loss of solvent occluded molecules.

2.2. Crystal structure of compounds 2a-4a

Compound 2a was already solved by Aaker0y er al. [26] but starting from
Cu(OAc)2-H20 instead of [Cu(pu-OAc)(p-Pip)(MeOH)]» (1) and the structure was solved
at different temperature (in this paper at 100K while Aakeroy et al. [26] solved at 203K)

exhibiting some differences in the supramolecular network (vide infra).

The compounds (2a-4a) contain four Isn ligands and four OAc units, which form
a dimeric array. The OAc units display two different coordination modes: two of them

joins the metal ions via p»-1,1-OAc bridging mode while the others two are monodentate (Fig,



1). These dimeric architectures are constructed around two Cu(Il) metal ions, each one
presenting a [CuOs3Nz2] core. Both Cu(Il) centers exhibit a square pyramidal geometry (t
= 0.12 (2a), 0.31 (3) and 0.17 (4a)) [29]. The basal plane of the square pyramid is
composed by one of each different coordinated acetate units (one monodentate and one
ditopic bidentate bridged) and the two nitrogen atoms from the Isn ligands while the
remaining farthest bridging oxygen atom hold the apical position. Likewise, the Cu---Cu
separation within the dimeric unit is in range (3.380-3.449 A) of few similar compounds
[26, 30], and larger than those exhibiting a paddle-wheel structure [{/¢, 7d]. The
coordinated N- and O-groups are comprised in perpendicular planes. The four pyridil
rings exhibit a weak 7-m intramolecular interaction at 3.741A. There is not many dimeric
Cu(Il) arrays in which one bridging oxygen has an apical arrangement [31]. Selected

distances and angles are shown in [Table 1.

2.3. Extended structure of compounds 2a-4

Compounds  2a-4  display the same  dimeric array  [Cu(p-
OACc)(OAc)(Isn)2]2- (solvent) (solvent = 2.5MeOH (2a), 2dm{/2H>0O (3) or 2HPip/4H,0O
(4)). These architectures constantly have a 1D expansion derived from the amide-amide
pattern (Fig. 2a). The dimeric compositions are tied through the solvent molecules
generating two- (2a and 3) and three-dimensional (4) supramolecular networks and the
different behavior of the solvent molecules constructs different supramolecular

architectures ([Table 2).

In compound 2a, as mentioned before, the amide-amide interaction gives an
additional 1D expansion and associates dimeric units along the (1 1 1) plane (Table 2).

These dimeric arrays are joined by methanol molecules via double bridge (amide-



methanol-acetate and vice versa) constructing a one-dimensional double chained
intermolecular association through the b axis. Compared with the previously described in
the literature [26], the main difference between both structures is the weakly interacting
occluded MeOH molecule, which interacts with the methyl group of a monodentate OAc
unit and with the ortho-hydrogen atom of a neighbouring Isn ligand (Fig. 2b). In 2a, the
furthest MeOH molecule has a weak C-H---O interaction (C2H-H2WB---06, 136.03°),
while in the compound previously solved [26], is not directional enough for being
considered a hydrogen bond interaction (C2S-H2SA---0O42, 110.50°) (Table 3) [32].
Those associations drive the final 2D supramolecular layers through the ac plane (Fig.
3a). The space occupied by these solvent molecules (Fig. 3d) generates an accessible
volume of 11.76 A3 (1.2% of the cell volume). Under air exposure, the one guest MeOH

molecule is lost, as indicated by elemental analysis results.

This fluctuation is reasonably understood by the fact that methanol molecules are
not a powerful supramolecular synthon and its interactions are weak, so the difference in
temperature could be enough for break it. There are reported evidences that
supramolecular networks can change depending on the temperature [23b] and this effect
is sharper in weaker interactions. Those arising from the amide and the remaining

coordinated MeOH molecule don’t suffer major changes.

In the supramolecular assembly of compound 3, Isn ligands also play a crucial
role stacking dimeric units via hydrogen bond interactions through the b axis by means
of the amide-amide pattern (([able 2). Breaking down this network, Isn molecules have
two different interactions; one with an occluded water molecules through the ¢ axis and
the other, with a double interaction C-H---O and N-H---O with the monodentate acetate

(Fig. 2¢). All these associations construct the 2D net along the bc plane (Fig. 3b). The



space occupied by these solvent molecules (Fig. 3€) generates an accessible volume of

109.17 A? (9.6% of the cell volume).

Finally, compound 4a shows a great number of interactions promoted by occluded
molecules (2HPip and 4H>0). The HPip ligands are entrapped being withheld by two
intermolecular hydrogen bond interactions. The carbonylic oxygen atom of the HPip
ligand interacts with a bidentate bridging acetate moiety via O-H---O while the protonated
oxygen atom interacts with a water molecule. In this sense, the water molecules are the
driving force in the supramolecular architecture construction. These four water molecules
are divided in two structurally different pairs. Two of them, those with less and weaker
hydrogen bond interactions, join the HPip ligands with the waters crux (Fig. 2d). By
comparison, the remaining water molecules hold together both water molecules and on
top of that, interlink the dimeric arrays through two additional interactions: one with the
Isn ligand and one with the monodentate acetate ligand. These set of interactions forms
2D layers along the ab plane (Fig. 3¢). The space occupied by these solvent molecules
(Fig. 3f) generates an accessible volume of 155.38 A3 (11.8% of the cell volume). All the
intermolecular interaction distances and angles for compounds 2a-4a are provided in

Table 2.
2.4. Crystal and extended structure of compound 5

Compound 5 exhibit a dimeric paddle-wheel structure with four bidentate bridged OAc
ligands in a syn-syn disposition and two Isn units. Each Cu(Il) center presents a [CuO4N]
core with a square pyramidal geometry (tr = 0.003) [29] (Table 4). The four OAc are

located in the basal plane while the Isn occupies the apical position (Fig. 4a).

Those apical Isn molecules held together the paddle-wheel units through the (1 1 1)

direction. In addition, the occluded dmso molecules not only interacts with the Isn ligand
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but also bridges the dimeric arrays along the b axis ((Table’5). Both interactions form 2D
paddle-wheel layers (Fig. 4b). The space occupied by these dmso molecules (Fig. 4¢)

generates an accessible volume of 198.26 A3 (25.5% of the cell volume).
2.5. Crystal and extended structure of compound 6

The monomeric array is formed by a [CuO2N2] core in which the central Cu(Il) ion is
surrounded by two OAc, two Isn and one furthest HAcO ligands (Fig. 5a). All this set of
ligands design a distorted square-pyramidal geometry (t = 0.31) [29] around the metal
node. The basal plane is formed by the two Isn ligands and two monodentate OAc units
while the carbonylic oxygen atom of the HAcO ligand occupies the apical position (Table
6). Both, the fact that axial position belongs from the HAcO ligand (less coordinative that
the corresponding deprotonated Lewis base) and the Jahn-teller effect [33], commonly
exhibited by Cu(II) d° compounds, favors the weakening of the (Cu-09) bond and the
consequent elongation at the apical site (Fig. 5a). Coordinated HOAc unit presents an
intramolecular hydrogen bond interaction with the coordinated OAc (O10-H100---O3,
2.637(3) A). As stated before, the effect of the temperature in the crystal structure
determination (100K for 6, while Aakeroy et al. solved at 203K [26]) is noticeable marked
in the intramolecular interaction promoted by the occluded HOAc unit (O51-H51---O31,
2.634 A, 170.4 in the structure of Aakerdy [26]) while in 6 the values are O10-

H100---03, 2.637(3) A, 140.88(7)°) (Table 7).

In the extended structure of 6, Isn ligand plays a double role driving the
supramolecular network while the occluded HOAc molecule has not a significant role in
the formation of the nets. The expansion can be divided through the interaction of Isn
with itself and with the two oxygen atoms of the coordinated OAc ligand (Table 8). Isn

ligand interacts with one monodentate OAc (Cu-O5) in an alternate manner; either via N-

11



Hani or combining N-Hani with one aromatic C-Himeta proton (Fig. SB). If the hydrogen
bond acceptor is the monodentate oxygen atom (Cu-O5) (Fig. 5a), Isn only acts as a single
hydrogen bond donor, by contrast, if the acceptor is the non-coordinated oxygen atom of
the same monodentate OAc ligand, Isn acts as a double hydrogen bond donor. This
double-chained interaction expands the structure through the ¢ axis. The amide-amide
interaction gives an additional dimensionality trough the a axis generating 2D layers
along the ac plane (Fig. Sb). The occluded HOAc unit presents a hydrogen bond
interaction with a uncoordinated oxygen atom from the monodentate OAc units. The
difference of this interaction (O8-H8A:---O4, 2.014 10%, 140.88°) with respect to the
structure of Aakerdy et al. [26] (O61-H61---032, 1.823 10%, 173.01°) is also remarkable.
These fluctuations in the intra- and intermolecular interactions are higher than the
previously reported case for a Cu(Il) acetate based structure [23b]. The space occupied
by these HOAc molecules (Fig. 5¢) generates an accessible volume of 116.49 A3 hole

(4.6 % of the cell volume).
2.7. Hirshfeld Surface Analysis

Hirshfeld surfaces analyses of all the structures have been performed with
CrystalExplorer 2.1 [34]. It is a powerful graphical tool for evaluate the interactions
present in crystal structures, aiming for the better understanding of the intermolecular
forces present in these systems and for comparison between them. The dnorm surface
mapping shows red spots on the main interactive points of the surface generated and the
main interactions outline in the 2D fingerprint plots. These plots show all of the
intermolecular interactions (including hydrogen). Additional Hirshfeld surface
mappings of the occluded solvent molecules are illustrated in S.I.i Fig.S6-S7. All these

surfaces have been calculated at an isovalue of 0.5 e au™.

12



From all this set of compounds, the dnorm sSurface mapping shows two red marked
spots in each amidic group of the Isn ligand. The 2D fingerprint plots show two sharp
peaks related to the complementary Isn---Isn interaction (Fig. 6). This association is
maintained in all the surfaces of the complexes and overcomes from the rest. In
compounds 3-6 the OAc units interacts with the N-Hang proton of the amidic moiety and
can be identified in the 2D fingerprint plot, appearing with the amide-: - -amide
interaction. Different from the previous, in 2a the MeOH occluded molecules interacts
with the OAc avoiding its interaction with the mentioned N-Haui, and for this reason the
interaction could not be identified. It can be noted that dimeric units (2a-4a) have a
spatial disposition in which aromatic pyridil rings are placed at a 4.8 A distance.
Concretely, compound 3, in which monodentate acetates generates less interactions, the
region corresponding to the oxygen atom interactions is reduced and this interaction is

exposed as an small peak (Fig. 6.b).
2.8. TG-DTA analysis

Simultaneous TG-DTA determinations were carried out to evaluate the thermal stability
of compound 3a. The measurement was performed using 67.1 mg of sample. The
thermogravimetric decomposition curve shows a four-staged mass loss (Fig. 7). A first
minor step attributed to the loss of two water molecules occurs between 37 and 75 °C
(weight loss exp. 2.5%, calc. 2.9%). The second weight loss occurs between 75 and 142
°C and can be assigned to loss of two water and one HPip molecules (weight loss exp.
16.4%, calc.16.0 %). The last weight loss before decomposition occurs between 142 and
211 °C which can be attributed to the loss of a second HPip molecule (weight loss exp.
13.3%, calc. 13.2%). From this temperature, the compound continues its decomposition

ending at 275 °C.

13



3. Conclusion

In this paper, we present the reaction of [Cu(pu-OAc)(p-Pip)(MeOH)]> (1) with Isn in
different solvents which promotes the formation of different structural arrays by the
different coordination mode of the OAc units. The resulting five compounds exhibit
dimeric (2a-4a), paddle-wheel (5) and monomeric (6) structures. In all these compounds,
the Pip units are displaced from 1 while OAc units remains coordinated. This behavior is
different in comparison with the previous work, in which the Pip units remained
coordinated and the OAc units were displaced resulting in monomeric and paddle-wheel
compounds [22B]. It could be noted that the formation of the molecular array is
determined by the Isn ligand. The amide group of the Isn ligand, a powerful
supramolecular synthon, associates the complexes via hydrogen bond interactions
forming 1D linear chains, which solvent occluded molecules expand to 2D (2a, 3, 5 and
6) or 3D (4a) nets. Regardless of the spatial distribution and connectivity of the OAc
ligands, the role of the Isn ligand as supramolecular 1D building unit is maintained as

supported by the Hirshfeld structural analysis.

4. Experimental Section

4.1 Materials and methods

Cu(Il) acetate monohydrate (Cu(OAc)2-H>O), 1,3-benzodioxole-5-carboxylic acid
(piperonylic acid, HPip), acetic acid (HAcO) and isonicotinamide (Isna) ligands;
methanol (MeOH), N,N-dimethylformamide (dmf), dimethylsulfoxide (dmso),
acetonitrile (MeCN) and water were used as solvents. All of them were purchased from
Sigma-Aldrich and used without further purification. Elemental analysis (C, H, N) were
carried out on a Thermo Scientific Flash 2000 CHNS Analyser. The ATR-FTIR spectra

were recorded on a Perkin Elmer spectrometer, equipped with a universal attenuated total
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reflectance (ATR) accessory with diamond window in the range 4000-500 cm.
Simultaneous TG-DTA determination of compound 4a was carried out in a Netzsch STA
409 instrument in an aluminium oxide (Al>O3) crucible and heating at 5°C-min™! from 25
to 450 °C, under a nitrogen atmosphere with a flow rate of 80 mL/min. Al,O3; powder
(Perkin-Elmer 0419-0197) was used as Standard. The [Cu(p-OAc)(pu-Pip)(MeOH)]2 (1)

precursor was previously synthesized in our research group [23].

4.2 Synthesis of compounds 2a-6

4.2.1. [Cu(u-OAc)(OAc)(Isn)z2]22.5MeOH (2a)

A MeOH solution (25 mL) of 1 (200 mg, 0.313 mmol) was added dropwise to a MeOH
solution (15 mL) of Isn (76.5 mg, 0.626 mmol). Addition of 2 mL of HAcO for clear
solution and stirred vigorously under reflux conditions for 15 h. Mother liquors were
evaporated until dark blue solid precipitated. Blue powder was filtered and washed with
10mL of cold methanol and dried under vacuum. Suitable crystals were obtained after
slow evaporation of the mother liquors on air for three days. The stoichiometry of this
compound was definitely established after resolution of their X-ray crystal structure.
However, one occluded MeOH solvent molecule is withdrawn from the structure after
manipulation required for preparing the sample for EA yielding [Cu(p-

OAc)(OAc)(Isn)2]2-1.5MeOH (2b).

2b. Yield: 123 mg (86%). Elem. Anal. Calc. for C335H42CusNgO135(915.85 g/mol): C
44.71; H 4.88; N 12.45. Found: C 44.95; H4.57; N 12.28%. ATR-FTIR (wavenumber ,
cm™): 3314(m) [v(O-H)]meon, 3157(m) [v(N-H)], 3076(m) [v(N-H)], 3063(w) [var(C-H)],
2938(w) [va(C-H)], 2809(m), 1693(s) [V(C=0)]isn, 1638(w), 1614(m), 1593(m), 1568(m)
[vas(COO)], 1556(m) [v(C=C/C=N)], 1505(w), 1454(w), 1442(w), 1418(m)

[6(C=C/C=N)], 1394(s) [vs(COO)], 1380(s), 1335(m), 1231(m), 1221(m), 1156(w),
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1126(w), 1104(w), 1066(w), 1046(w), 1018(m) [dip(C-H)], 930(w), 882(w), 860(w),
800(w), 770(w) [boop(C-H)], 716(w), 676(m), 650(m), 620(s) [6(O=CN)], 541(m),

504(m).

4.2.2. [Cu(u-OAc)(OAc)(Isn)z]2-2dmf-2H>0 (3)

A dmf solution (10 mL) of 1 (100 mg, 0.156 mmol) was added dropwise to a dmf
solution (10 mL) of Isn (227 mg, 0.313 mmol) with 1mL of H>,O and 2 mL of HAcO
and was stirred vigorously for 5 hours. The resulting dark blue solution was evaporated
until half of the volume and cooled down. After one day a dark blue solid precipitated.
Powder was filtered and washed with 10mL of cold methanol and dried under vacuum.
Suitable crystals were obtained by slow evaporation of the solid recrystallized in dmf

for 4 days. Compound 3 was also obtained via recrystallization of 2a in dmf.

Yield: 70.3 mg (81%). Elem. Anal. Calc. for C3sHs4CuaN19O20 (1033.98 g/mol): C 44.14
. H 5.26, N 12.76. Found: C 44.38; H 4.83; N 12.54%. ATR-FTIR (wavenumber, cm’)):
3474(w) [V(O-H)]water, 3380(m) [V(O-H)water, 3327(m) [V(O-H)]water, 3161(m) [v(N-H)],
3108(m), 3080(m) [V(N-H)], 3063(m) [Var(C-H)lisas 2961(W)[Va(C-H)lpmr, 2927(w)
[va(C-H)loac, 2884(w), 1704(m) [v(C=O)lwn, 1660(m) [V(C=O)lpmr, 1632(w)
[V(C=O)Ipme, 1614(m), 1596(m), 1576(m) [va(COO)], 1554(m) [v(C=C/C=N)],
1508(w), 1495(w), 1422(m) [6(C=C/C=N)], 1401(s) [vs(COO)], 1377(s), 1343(m),
1324(s), 1256(w), 1231(m), 1226(m), 1154(w), 1122(w), 1100(m), 1067(m), 1047(w),
1028(m) [8ip(C-H)], 984(w), 927(w), 865(m), 849(w), 792(m) [Soop(C-H)I, 768(w),

738(w), 673(m), 666(m), 647(s) [6(O=CN)], 620(m), 555(m).

4.2.3. [Cu(u-OAc)(OAc)(Isn):2]2-2HPip-4H20 (4a)

A MeOH solution (25 mL) of 1 (100 mg, 0.156 mmol) was added dropwise to a MeOH

solution (15 mL) of Isn (227 mg, 0.313 mmol) with HPip (26.0 mg, 0.156 mmol), 1mL
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of H>O and 2 mL of HOAc. The resulting clear blue solution was stirred under reflux
conditions for a week. Mother liquors were evaporated until half of the volume and kept
on air. The resulting blue power was filtered off, washed with 10 mL of cold methanol
and dried under vacuum. Suitable crystals were obtained by slow evaporation of mother
liquors for 18 days. The stoichiometry of this compound was definitely established after
resolution of their X-ray crystal structure. However, two occluded water solvent
molecules are withdrawn from the structure after manipulation required for preparing the
sample for EA yielding [Cu(p-OAc)(OAc)(Isn)2]2-2HPip-2H>O (4b). This result is

supported by the TG/DTA analysis (Fig. 7).

4b.Yield: 149.01 mg (78%). Elem. Anal. Calc. for C48 Hs» Cuz Ng O22 (1220.06 g/mol):
C 47.25; H 4.30; N 9.18. Found: C 46.91; H 4.01; N 9.03%. ATR-FTIR (wavenumber,
cm): 3414(m), 3373(m) [V(O-H)lwaer, 3325(m) [v(O-H)lupip, 3168(s) [v(N-H)],
3117(m), 3087(m) [v(N-H)], 3018(w) [var(C-H)], 2906(W) [va(C-H)], 2838(w) [va(C-H)],
2788(w)-2482(w) [overlapping C-H bands from HPip], 1702(m) [v(C=0)]in, 1668(m)
[V(COO)]upip, 1636(W), 1616(w), 1606(w), 1568(s) [vas(COO)], 1556(m) [v(C=C/C=N)],
1504(m), 1471(w), 1444(m) [8(C=C/C=N)upip], 1421(m) [6(C=C/C=N)]in, 1392(s)
[vs(COO)], 1348(m), 1340(m), 1256(s), 1234(m), 1221(m), 1162(m) [v(C-O-C)],
1115(m), 1068(m), 1030(m) [6ip(C-H)], 974(wW), 929(m), 913(m), 884(w), 858(m),

811(w), 786(w), 764(s) [doop(C-H)], 718(w), 679(m), 647(s) [6(O=CN)], 621(m), 579(m).

4.2.4. [Cu(u-OAc)z(Isn)]2-dmso (5)

A dmso solution (10 mL) of 1 (100 mg, 0.156 mmol) with 1mL of HAcO was added
dropwise to a dmso solution (10 mL) of Isn (187.5 mg, 0.154 mmol) and stirred at r.t. A
green precipitate appeared after 1h. Powder was filtered off and washed with 10 mL of

cold methanol and dried under vacuum. Suitable crystals were obtained by
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recrystallization of the powder in dmso for six days. Compound S was also obtained via

recrystallization of 2a in dmso.

Yield: 265.8 mg (45%). Elem. Anal. Calc. for C24H36Cu2N4O12S2 (763.77 g/mol): C
37.74; H 4.75; N 7.34; S 8.40. Found: C 37.68; H 4.77; N 7.25; S 8.19%. ATR-FTIR
(wavenumber, cm-'): 3290(m), 3150(m) [v(N-H)],3099(w) [v(N-H)], 3013(w) [va(C-H)],
2998(w) [va(C-H)], 2917(w) [va(C-H)], 2598(w), 1670(m) [v(C=0)]1sn, 1611(s), 1576(m)
[Vas(COO)], 1556(s) [V(C=C/C=N)], 1542(m), 1504(m), 1428(m) [6(C=C/C=N)], 1409(s)
[vs(COO)], 1341(m), 1307(m), 1220(m), 1153(w), 1122(w), 1101(w), 1069(w), 1047 (m)
[3ip(C-H)], 1018(s) [v(S=0)], 958(m), 940(w), 900(w), 859(m), 816(w), 766(w), 706(m)

[V(C=S)], 678(s) [800p(C-H)], 660(s), 641(s), 626(s) [6(O=CN)]

4.2.5. [Cu(OAc):(Isn)2(HOAc)]-HOAc (6)

A MeCN solution (25 mL) of 1 (100 mg, 0.156 mmol) with ImL of HAcO was added
dropwise to a MeCN solution (20 mL) of Isn (187 mg, 0.154 mmol). Reaction was stirred
under reflux conditions for 2 h until a pale blue solid appeared. Powder was filtered off,
washed with 10 mL of cold methanol and dried under vacuum. Suitable crystals were
obtained by slow evaporation of mother liquors for 5 days. Compound 6 was also obtained

via recrystallization of 2a in MeCN.

Yield: 138.2 mg (81%). Elem. Anal. Calc. for C20H26CuN4O19 (545.99 g/mol): C 44.00;
H 4.80; N 10.26. Elem. Anal. Found: C 43.78; H 4.72; N 10.05%. ATR-FTIR
(wavenumber, cm™!): 3570(m), 3504(m), 3413(m) [v(O-H)], 3311(br.) [v(O-H)], 3175(m)
[V(N-H)], 3107(m) [v(N-H)], 3067(m) [va(C-H)], 2930(w) [va(C-H)], 2852(w), 2809(w),
2656(w), 1692(s) [V(C=0)]in, 1613(s), 1591(s) [vas(COO)], 1554(s) [v(C=C/C=N)]isn,

1415(m) [6(C=C/C=N)], 1395(s) [vs(COO)], 1375(s), 1316(s), 1228(m), 1222(m),
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1151(m), 1126(m), 1103(w), 1065(m) [dip(C-H)], 1026(m), 1004(w), 967(w), 926(w),
883(w), 856(m), 780(m) [S0op(C-H)], 761(m), 709(w), 677(s), 647(s), 623(s) [6(O=CN)],

523(s).

4.3 X-ray single crystal diffraction method

For compounds 2a-6 a blue prism-like specimen was used for the X-ray crystallographic
analysis. The X-ray intensity data were measured on a D8 Venture system equipped with
a multilayer mono-chromate and a Mo microfocus (A = 0.71073 A). For all compounds,
the frames were integrated with the Bruker SAINT Software package using a narrow-
frame algorithm. For 2a, the integration of the data using a triclinic unit cell yielded a
total of 53538 reflections to a maxim 0 angle of 30.55° (0.70 A resolution), of which 6222
were independent (average redundancy 8.605, completeness = 99.4%), Rint = 3.20%, Rig
= 2.04%) and 5520 (88.72%) were greater than 26(F?). The calculated minimum and
maximum transmission coefficients (based on crystal size) are 0.6892 and 0.7461. For 3,
the integration of the data using a triclinic unit cell yielded a total of 22855 reflections to
a maxim 0 angle of 27.64° (0.77 A resolution), of which 5157 were independent (average
redundancy 4.432, completeness = 97.9%), Rine = 7.29%, Rsiz = 5.64%) and 3986
(77.29%) were greater than 26(F?). The calculated minimum and maximum transmission
coefficients (based on crystal size) are 0.6689 and 0.7456. For 4a, the integration of the
data using a triclinic unit cell yielded a total of 73301 reflections to a maxim 0 angle of
30.57° (0.70 A resolution), of which 8119 were independent (average redundancy 9.028,
completeness = 99.7%), Rint = 7.51%, Rsig = 4.69) and 6205 (76.43%) were greater than
26(F?). The calculated minimum and maximum transmission coefficients (based on

crystal size) are 0.7160 and 0.7461. For 5, the integration of the data using a triclinic unit
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cell yielded a total of 45152 reflections to a maxim 6 angle of 30.55° (0.70 A resolution),
of which 4755 were independent (average redundancy 9.496, completeness = 99.6%), Rint
= 2.36%, Rsig = 1.30%) and 4510 (94.85%) were greater than 26(F?). The calculated
minimum and maximum transmission coefficients (based on crystal size) are 0.6570 and
0.7461. For 6, the integration of the data using a monoclinic unit cell yielded a total of
348609 reflections to a maxim 6 angle of 26.42° (0.80 A resolution), of which 5149 were
independent (average redundancy 6.772, completeness = 99.8%), Rint = 8.42%, Rsiz =
4.46%) and 3790 (73.61%) were greater than 26(F?). The calculated minimum and

maximum transmission coefficients (based on crystal size) are 0.6933 and 0.7454.

The structures were solved using the Bruker SHELXTL Software, package and
refined using SHELX (version-2018/3) [35]. For 2a, the final anisotropic full-matrix
least-squares refinement on F> with 280 variables converged at R1 = 2.92%, for the
observed data and wR2 =7.75% for all data. For 3, the final anisotropic full-matrix least-
squares refinement on F? with 309 variables converged at R1 = 4.19%, for the observed
data and wR2 = 11.18% for all data. For 4a, the final anisotropic full-matrix least-squares
refinement on F? with 390 variables converged at R1 = 4.00%, for the observed data and
wR2 = 8.49% for all data. For 5, the final anisotropic full-matrix least-squares refinement
on F? with 203 variables converged at R1 = 2.07%, for the observed data and wR2 =
5.32% for all data. For 6, the final anisotropic full-matrix least-squares refinement on F?
with 319 variables converged at R1 = 3.79%, for the observed data and wR2 = 8.78% for

all data.

For 2a-6, the final cell constants and volume, are based upon the refinement of the XYZ-
centroids of reflections above 20 o(I). Data were corrected for absorption effects using
the multi-scan method (SADABS). Crystal data and relevant details of structure

refinement for compounds 2a-6, are reported in Tables S1-S2. Molecular graphics were
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generated with the program Mercury 3.6 [36] Color codes for all molecular graphics: blue
(Cu), light blue (N), red (O), grey (C), white (H). Crystal structure and molecular

geometry is available in CIF format: CCDC 1905990-1905994 (2a-6).
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Scheme 1. Schematic synthesis of compounds 2a-6.
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Figure 1. Molecular structure of the compounds 2a-4a, respectively. Hydrogen atoms
are omitted for clarity.
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Figure 2. a. Representation of the supramolecular 1D expansion promoted by the Isn
ligand present in compounds 2a-4a. b. Intermolecular interactions generated by the
MeOH occluded molecules (yellow and light yellow) present in 2a. ¢. Intermolecular
interactions generated by the dmf and H>O (green) occluded molecules present in 3. d.
Intermolecular interactions generated by the HO (green and light green) and HPip
occluded molecules present in 4a.
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Figure 3. Representation of the 2D layers of compounds a. 2a; b. 3: and 3D net of c. 4a.
Voids representation of the solvent occluded molecules of compounds d. 2a: e. 3: and f.
4a.
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Figure 4. a. Representation of the molecular structure of 5. Hydrogen atoms are omitted
for clarity. b. 2D supramolecular expansion of § through the Isn'-Isn interaction. c.
Voids representation of the space occupied by the dmso occluded molecules.
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Figure 5. a. Representation of the molecular structure of 6. Only hydrogen atoms of the
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HOACc occluded molecules.
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34



without crushing

100 — — 0.2
TG curve
N ATDcurve | |
+— 0
80 —
- e «0.2
Loss of
—_ __|two H,0 B
§ - molecules Loss
2 2.5% exp. Lossoftwo  Loss of one coordinated — -0.4
P | 2.9% cale. H:0 piperonylate <« acetate and
molecules + 13.3% e"lp- isonicotinamide |
one 13.2% calc.
piperonylate
40 — 16.4% exp. — -06
16% calc.
— -08
20 —
T T T T T T T T -1
1
- 100 . 200 - 300 - 400

Temperature (°C)

Figure 7. TG/DTA of compound 4a.

ATD (uVimg)

35



Table 2. Distances [A] and angles (J) related to hydrogen bond interactions and 77
interactions present in complexes 2a-4a

2a H-A (A) D--A (A) D-H (A) >D-H-A (J)
N2-H2A--02 2.037(7) | 2.888(7) 0.880(7) 162.32(7)
N2-H2B--O1W 2.039(7) | 2.848(7) 0.880(7) 152.36(7)
N4-H4A--01 2.041(7) | 2.921(7) 0.880(7) 177.31(7)
N4-H4B--06 2.039(7) | 2.853(7) 0.880(7) 153.32(7)
O1W-H10W--04 1.967(7) | 2.736(7) 0.783(7) 167.13(7)
C2H-H2WB--04 2.399(7) | 3.177(7) 0.980(7) 136.03(7)
C2H-H2WB:-03 3.124(7) | 4.036(7) 0.980(7) 155.43(7)

¥ 3.7412(7)

3 H-A (A) D--A (A) D-H (4) >D-H-+A (J)
N2-H2A:-02 2.010(3) | 2.890(3) 0.880(3) 176(3)
N2-H2B--04 2.010(4) | 2.943(4) 0.880(4) 161(4)
N4-H4A--01 2.050(3) [2.923(3) 0.880(3) 170(3)
N4-H4B--0O1W 2.180(4) | 3.043(4) 0.880(4) 168(4)
O1W-HI1OW--04 2.050(5) |2.827(3) 0.810(5) 162(5)
O1W-H1WB--07 2.040(5) | 2.760(4) 0.780(5) 153(5)

- 3.6220(16)

e it 3.6219(17)

4a H-A (A) D--A (A) D-H (A) >D-H-A (°)
N2-H2A:-02 2.020(2) | 2.880(2) 0.880(2) 167(2)
N2-H2B--04 2.18(2) 3.031(2) 0.880(2) 162(2)
N4-H4A--01 2.06(2) 2.930(2) 0.880(2) 170(2)
N4-H4B--O2W 2.17(2) 3.036(2) 0.880(2) 167(2)
O1W-HIW--02W 2.07(3) 2.902(2) 0.840(3) 172(3)
O1W-H2W--Q7 1.87(3) 2.735(2) 0.870(3) 174(3)
02W-H2WA-O1W | 2.01(3) 2.805(2) 0.810(3) 168(3)
O2W-H2WB--04 1.98(3) 2.797(2) 0.840(3) 166(3)
0O8-H8A--06 1.76(2) 2.621(2) 0.860(2) 173.5(19)

T Y 3.6682(11)

T CANICIC2C3CACS) ~ Co(N

3C7C8COCI0CII). it: C{N1C1C2C3CACS) - C(N3C7C8CIC10C11). 1t
C(N3C7C8COC10C11) - Co(N1C1C2C3CACS). iv: C(N1C1C2C3CACS) - Co(N3C7C8COC10C11).
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Table 3. Intermolecular interactions comparison between compound 2a and reported

complex by Aakerdy et al. [26]

2a H+~AA) | D+A(A) | D-H(A) | >D-H~A (D)
O1W-H10W--04 1.967(7) | 2.736(7) | 0.783(7) 167.13(7)
C2H-H2WB--04 2.399(7) | 3.177(7) | 0.980(7) 136.03(7)
C2H-H2WB--03 3.124(7) | 4.036(7) | 0.980(7) 155.43(7)
[Cu(u-OAc)(OAc)(Isn),];2.5MeOH [26] | H-A (A) | DA (A) | D-H(4) | >D-H~A (D)
O1S-H1S--042 1.95 2.754(3) 0.83 162.2
C2S-H2SA042 2.689 3.162 0.970 110.50
C2S-H2SA 041 3.254 4.059 0.970 141.50
Table 4. Bond distances (A) and bond angles (Z) of compound 5

5

Bond length (4)

Cu(1)-0(3) 1.9774(18) | Cu(1)-N(3) 2.0091(19)
Cu(1)-0(5) 1.9844(16) | Cu(1)-N(1) 2.0091(19)
Cu(1)-0(9) 2.486(2)

Bond angles (C)

0O(4)-Cu(1)-0(5)#1 168.85(3) | O(4)-Cu(1)-N(1) 97.51(3)
0O(4)-Cu(1)-0(3)#1 88.57(3) O(5)#1-Cu(1)-N(1) 93.61(3)
O(5)#1-Cu(1)-0(3)#1 89.14(4) O(3)#1-Cu(1)-N(1) 97.97(3)
0(4)-Cu(1)-0(2) 90.22(4) 0(2)-Cu(1)-N(1) 93.01(3)
O(5)#1-Cu(1)-0(2) 89.96(4) 0O(4)-Cu(1)-Cu(1)#1 85.00(2)
0O(3)#1-Cu(1)-0(2) 169.02(3)

Table 5. Distances [A] and angles (J) related to hydrogen bond interactions and C-
H:-O interaction present in complex §

5 H-A (A) DA (A) D-H (A) >D-H-A (D)
N2-H2A:-O1 2.050(1) 2.905(1) 0.880(1) 163.01(1)
N2-H2B--06 2.040(1) 2.890(1) 0.880(1) 162.01(1)
C11-H11A--03 2.358(1) 3.314(1) 0.980(1) 164.88(1)

37



Table 6. Bond distances (A) and bond angles (Z) of compound 6

6

Bond length (4)

Cu(1)-0(3) 1.9774(18) | Cu(1)-N(3) 1.9845(19)
Cu(1)-0(5) 1.9844(16) | Cu(1)-N(1) 2.0091(19)
Bond angles (C)

0(3)-Cu(1)-0(5) 169.36(7) | O(5)-Cu(1)-N(3) 91.12(8)
0O(3)-Cu(1)-N(3) 91.60(8) O(5)-Cu(1)-N(1) 89.66(7)
0O(3)-Cu(1)-N(1) 89.05(8) N(3)-Cu(1)-N(1) 172.13(8)

Table 7. Intra- and Intermolecular interactions comparison between compound 6 and

reported complex by Aakerdy et al. [26]

6 H~AA) | D~A(A) | D-H(A) | >D-H~A (D)
N2-H2A:-02 2.070(3) | 2.931(3) | 0.880(3) | 166.02(7)
O8-H8A--04 2.010(3) | 2.644(3) | 0.840(3) | 131.26(4)

010-H100--03'

1.932(3) | 2.637(3)

0.840(3) | 140.88(7)

[Cu(OACc),(HOAC)(Isn),'HOACc [26]

H-A (A) DA (A)

D-H (A) | >D-H-A (D)

N27-H27A--017 2203) | 2.940(3) | 0.74(3) 173(3)
061-H61--032 1.82 2.649(2) 0.83 173.0
051-H51--031! 1.81 2.634(3) | 083 170.4

1: intramolecular interaction

Table 8. Distances (A) and angles (J) related to hydrogen bond interactions for

compound 6

5 H-A (A) DA (A) D-H(A) >D-H-A (D)
N4-H4A--01 1.970(3) 2.845(3) 0.880(3) 171.61(7)
N2-H2A--02 2.070(3) 2.931(3) 0.880(3) 166.02(7)
N2-H2B--05 2.090(3) 2.897(3) 0.880(3) 151.23(7)
N4-H4B--06 2.010(3) 2.868(3) 0.880(3) 164.49(7)
O8-HSA 04 2.010(3) 2.644(3) 0.840(3) 131.26(4)
C10-H10--06 2.300(3) 3.237(3) 0.950(3) 167.95(8)
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