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Template reaction between 5-methylsalicylaldehyde and 2-hydroxy-1,3-propanediamine in the presence of
copper ion led to dinuclear and mononuclear copper(i) complexes [Cu,L(CHzCOO)(CHzOH)I(CHsOH) (1)
and [CuHLI(CHsOH) (2), where HsL is N,N'-bis(5-methylsalicylidene)-2-hydroxy-1,3-propanediamine. The
result of the reactions between 5-methylsalicylaldehyde and 2-hydroxy-1,3-propanediamine in the
presence of lanthanide ions and/or copper(l) ion was N,N'-bis(5-methylsalicylidene)-2-hydroxy-1,3-
propanediamine (HsL B) or [CUHLI(CH3zOH) (2), respectively. Structures of the compounds were determined
by single-crystal X-ray diffraction and physicochemical methods. The microstructures and phase
compositions of crystals were studied by scanning electron microscopy (SEM). In dinuclear complex
[Cu,L(CH3COO)CH3OH)(CHsOH) (1), two copper(i) ions are bond to one Hsl ligand and one acetate ion.
Coordination modes of the two copper centers are different: the geometry of copper 1 is almost ideal
square-planar, while that for copper 2 can be described as tetragonal pyramidal. In complex
[CUHLI(CH3OH) (2), the copper(i) ion is four coordinated and the coordination, rather than square-planar,
can be described as flattened tetrahedral. Formation of complexes between copper(i) or lanthanide ions
with N,N’-bis(5-methylsalicylidene)-2-hydroxy-1,3-propanediamine (HsL) was also studied in solution by pH
potentiometry. It should be mentioned that the complexes of lanthanide ions exist only in solution.
Additionally, the salen-type ligand HzL and its dinuclear and mononuclear copper(i) complexes were
studied by cyclic voltammetry, and their spectroelectrochemical properties were examined.
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Transition metal complexes with salen-type ligands have
applications in heterogenous and homogenous catalysis,*> diag-
nostic pharmaceuticals and laser technology.® Additional reasons
for current interest in salen-type complexes derive from their
magnetic’ and optical properties.®* Copper(u) ion complexes of
various Schiff bases and polyamine ligands® are excellent systems
for DNA, RNA and phosphodiester hydrolysis. These types of
compounds are able to bind and cleave DNA.' Design and
synthesis of metal complexes with salen-type ligands, particularly
polynuclear ligands, are very important in the study of the rela-
tionship between the structure and biological functions of
complexes.”* Moreover, Schiff-base complexes can play a role of
model compounds of naturally occurring metalloenzymes.™
Potential applications of Schiff base complexes, particularly bio-
logical® and diagnostic** activities, encouraged us to continue

Introduction

Preparation of flexible Schiff-base salen-type ligands and their
complexes with d- and f-electron metal ions is an interesting
and important topic due to their broad applications." The
combination of properties of such type of ligands with the
requirements of metal ions led to novel and unusual mono-
nuclear” and polynuclear® coordination compounds.

Salen-type ligands attract attention from researchers because
of their antitumoral, antibacterial, antiviral and antifungal
activities, which can be improved by coordination of ligands to
the metal ion.*
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t Electronic supplementary information (ESI) available: Spectroelectrochemistry
and potentiometric data, the difference Fourier maps. CCDC 1569983 (H;L A),
1569984 (H;L B), 1569985 (1), and 1569986(2). For ESI and crystallographic data
in CIF or other electronic format see DOI: 10.1039/c8ra03565b
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our studies of these complexes.

Salen-type ligands are generally tetradentate with an N,O, set
of donor atoms. They are constructed from derivatives of salicy-
laldehyde and various diamines and are obtained from conden-
sation reactions.” In this paper, the tetradentate donor atom

This journal is © The Royal Society of Chemistry 2018
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system was modified by the use of 2-hydroxy-1,3-propanediamine.
The new ligand N,N'-bis(5-methylsalicylidene)-2-hydroxy-1,3-
propanediamine (H;L, Fig. 1) with an N,O; set of donor atoms
and its resulting complexes have been obtained. The use of this
spacer between the two salicylic moieties was dictated by the
coordination requirements of lanthanide ions, which exhibit high
coordination numbers and flexible coordination environments."®
The new flexible ligand N,N'-bis(5-methylsalicylidene)-2-hydroxy-
1,3-propanediamine (H;zL) is a good candidate to form novel 3d,
4f and 3d-4f architectures. We report the preparation and crystal
structures of new Schiff-base complexes with copper(u), dyspro-
sium(ur) and terbium(m) ions. Moreover, the stability constants of
the complexes formed in reactions between N,N-bis(5-
methylsalicylidene)-2-hydroxy-1,3-propanediamine (H;L, Fig. 1)
and Cu(u), Dy(m), and Tb(m) ions in water were determined by
potentiometric titration in water solution.

Thus far, potentiometric studies of salen-type ligands, due to
insolubility of such type of ligands in water, have been per-
formed in mixtures of organic solvents (dimethyl sulfoxide,
methanol, ethanol, dioxane, or dimethyl sulfoxide) with water.
Additionally, spectroelectrochemical properties of dinuclear
and mononuclear copper(i1) complexes with salen-type ligands
have not been widely examined.

Microstructures and phase compositions of crystals were
studied by scanning electron microscopy (SEM).

Results and discussion

The studied compounds were obtained in template reactions of
5-methylsalicylaldehyde and 2-hydroxy-1,3-propanediamine in
the presence of copper(i) acetate or appropriate lanthanide(m)
nitrate. Heteronuclear compounds were also obtained in
template reactions of 5-methylsalicylaldehyde and 2-hydroxy-
1,3-propanediamine in the presence of copper(u) acetate and
appropriate lanthanide(m) nitrate, as shown in Scheme 1.

Condensation reaction between 5-methylsalicylaldehyde and
2-hydroxy-1,3-propanediamine led to formation of the ligand
H;L A, whereas the ligand H;L B was obtained in the template
condensation reaction between 5-methylsalicylaldehyde and 2-
hydroxy-1,3-propanediamine in the presence of selected lan-
thanide(m) ions. Template condensation reactions of 5-meth-
ylsalicylaldehyde and 2-hydroxy-1,3-propanediamine in the
presence of copper(n) acetate and Ln(u) nitrates (Ln = Tb(m),
Dy(m)) led to the formation of mononuclear complexes con-
taining only copper (i) ion [CuHL](CH;0H) (2). Moreover, in the
condensation reaction between 5-methylsalicylaldehyde and 2-
hydroxy-1,3-propanediamine in the presence of two equivalents
of copper(u) ions, the dinuclear complex [Cu,L(CH3;COO)(CHj3-
OH)](CH3;0H) (1) was obtained.

X /Y\ Z
N N
OH
OH HO

CHj;

Fig. 1 Formula of N,N'-bis(5-methylsalicylidene)-2-hydroxy-1,3-
propanediamine (HsL).
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Compositions of resulting complexes were defined using
single-crystal X-ray diffraction analysis, microanalysis (CHN),
IR, ESI-MS, 'H and >C NMR spectroscopy, and scanning elec-
tron microscopy (SEM). For all compounds, electrochemical
and spectroelectrochemical measurements were recorded.

The ligand H;L was found in two different crystalline forms:
polymorphs A and B. In both forms, the molecule is essentially
non-symmetric. The difference Fourier maps (Fig. S1-S47%) as
well as successful refinement of hydrogen atoms show that
hydrogen atoms are bonded to an oxygen atom on one side of
the molecule and to a nitrogen atom on the other side (Fig. 2).
This is additionally confirmed by the significant differences in
the C-N-C bond angles (Table 1), which are connected with the
presence/absence of a bonded hydrogen atom.

Conformations of the molecules are quite different. Fig. 3
shows a comparison of the two molecules and Table 1 contains
selected torsion angles. It might be noted that the orientation of
01 hydroxyl group is also different: N-C-C-O torsion angles are
—163.85(18)° and 55.2(2)° in H;L A, while in H3L B these values
are —68.4(5)° and 71.7(5)°. In addition, the supramolecular
motifs in the two crystal structures are essentially different. In
both cases the main driving force is O1---O15 intermolecular
hydrogen bonding. In non-centrosymmetric (space group Pc)
H;L A, these bonds connect molecules into infinite chains
(Fig. 4a), but in centrosymmetric (Pccn) HzL B, the molecules
form hydrogen-bonded dimers (Fig. 4b). This can be correlated
with the quality of crystals: chains generally need more time
and exhibit slower crystal formation than dimers.

Interestingly, the ligand makes two forms of complexes with
copper. In two-centered complex [Cu,L(CH3COO)(CH;-
OH)|(CH;0H) (1), two symmetry-independent Cu ions are
bonded to one ligand molecule (Fig. 5) and one acetate ion. The
central O1 atom is coordinated to two copper centers. However,
the coordination modes of the two Cu centers are different: for
Cul the coordination number is 4 (O,N from ligand, additional
oxygen atom from coordinated acetate ion) and the geometry
around Cul is almost ideally square-planar (¢f. Table 1); Cu2 is 4
+ 1 coordinated, with four atoms similar to Cul (O;N) and an
additional oxygen atom with longer Cu-O distance.

This can be described as tetragonal pyramid, with Cu ion
displaced from the base plane towards the apex oxygen atom by
0.121(1) A. The crystal structure additionally contains a meth-
anol (solvent) molecule, which is involved in the hydrogen-
bonding system that connects molecules into a three dimen-
sional network.

Complex [CuHL](CH3;0H) (2) is one-centered: the Cu(u) ion is
four coordinated by two nitrogen and two oxygen atoms from
the ligand molecule (Fig. 6). The coordination is far from
square-planar; rather, it can be described as considerably flat-
tened tetrahedral (¢f Table 1). Such different coordination
modes are possible because of the flexibility of the ligand
(Fig. S5,T Table 1).

The molecules in complex (2) are joined into infinite chains
by means of O-H---O hydrogen bonds (Fig. 7, Table 2). Inter-
estingly, the OH group is disordered between two positions,
with two different orientations around C1 atom (Table 1), and

RSC Adv., 2018, 8, 30994-31007 | 30995
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Scheme 1 Synthetic routes of preparation of complexes (1), (2), and ligands HsL A and HsL B, wheren=1,20r8 m=1 2 or 3.

(b)

Fig.2 Perspective views of two forms of ligand molecule (a) HsL A and
(b) HsL B with numbering scheme. Ellipsoids are drawn at 50% prob-
ability level, hydrogen atoms are represented by spheres of arbitrary
radii and intramolecular hydrogen bonds are drawn as dashed lines.

the alternative positions are hydrogen-bonded to two different
oxygen atoms of the neighbouring molecule.

Photophysical properties

IR spectroscopy. Important features of the IR spectra of
ligand H;L and its complexes include the appearance of vibra-
tion at 1632-1624 cm™ " for these compounds. These bands and
the absence of characteristic aldehyde and amine bands of the
starting materials confirm the formation of the Schiff-base (C=
N) groups.** The shift of the bands to 1630-1624 cm " for
complexes compared to the free ligand (1632 cm ') shows that
metal ions are coordinated to nitrogen atoms of imino groups.>®
The bands at 1279 cm ™" for ligand H;L and in the range of
1165-1160 cm ™ * for the complexes are assigned to vibrations of
the C-O group; location of the bands for the complexes suggests
the involvement of phenolic oxygen in the metal-ligand coor-
dination.?® The band at 3389-3163 cm ™" in the IR spectrum of
the complex corresponds to the vibration of -OH group from
the methanol molecules. The spectrum of H;L shows an

30996 | RSC Adv., 2018, 8, 30994-31007

absorption band at 3277 cm ™" due to the formation of intra-
molecular hydrogen bonding, while the band at 2917 cm™*
confirms the intermolecular hydrogen bonding that connects
the H;L A and H;L B molecules into infinite chains and dimers,
respectively, which is in good agreement with the crystal
structures. Cu-N and Cu-O stretching bands appear at 563-
550 cm ' and 503-496 cm ', confirming the participation of
phenolic oxygens and imine nitrogens, respectively, in the
metal-ligand coordination. These bands are absent in the
spectrum of the free ligand. The IR spectrum of [Cu,L(CH;-
COO)(CH3;0H)](CH3;0H) (1) complex shows two strong bands at
1564 and 1427 cm ', which were assigned to the coordinated
acetate group. The average difference between 1564 and
1427 em™ " (137 em™ ") indicates the bridging coordination
mode of acetate ion.”

Electrospray mass spectrometry. Experiments were per-
formed in methanol. The ESI spectrogram of [Cu,L(CH;-
COO)(CH30H)](CH3;0H) (1) complex showed an intense peak at
m/z = 531.1, corresponding to the fragment (Cu,(C;9H;oN,-
0;)(CH;COO0) + Na)', and a peak of lower intensity at 547.1,
assigned to the fragment (Cuy(C19H;0N,03)(CH;COO) + K)*. ESI-
MS spectra of all the obtained [CuHL](CH3;0H) (2) complexes
showed peaks for fragments (Cu,(CyoH,0N,03), + Na)' and
(Cu(C1oH,20N,03) + Na)* at 797.0 and 410.2, respectively. Spec-
trum of H;L contains peaks at m/z = 327.3 (C1oH,,N,0;5 + H)'
and m/z = 325.3 (C19H,1N,03) ", which correspond to the mass
of the ligand. The conversion to ionic form caused the ESI-MS
study to show the additional proton, leading to (C;oH,,N,05 +
H)'. Alternatively, the addition of sodium or potassium ion led
to the formation of (Cu,(CyoH19N,05)(CH;CO0) + K)' or
(Cu(C19H,0N,03) + Na)'. The characteristic molecular peaks for
the complexes and ligand (H3L) in the mass spectrum are in
good agreement with the molecular formulae postulated for the
complexes and the ligand.

NMR spectroscopy. 'H NMR spectroscopy of H;L in DMSO-d,
solution shows a characteristic signal at 6 8.46 ppm, attributed
to protons of imine groups, which confirms the condensation
reaction of two 5-methylsalicylaldehyde molecules with one 2-
hydroxy-1,3-propanediamine = molecule. The signal at
0 13.22 ppm corresponds to -OH protons of benzylidene rings,
while the signal at ¢ 13.22 ppm corresponds to -OH protons
from a polyamine chain. Signals in the region 6 7.23-6.78 ppm

This journal is © The Royal Society of Chemistry 2018
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Table 1 Selected bond lengths (A) for HsL A, HsL B, (1) and (2)
H;L A H;L B 1 2
Cul-01 1.9014(15) Cul-N3 1.9431(18)
Cul-06 1.9078(16) Cul-06 1.9086(15)
Cul-N3 1.9283(19) Cul-N12 1.9434(18)
Cul-0O1B 1.9379(16) Cu1-015 1.9055(15)
Cu2-01 1.9248(15)
Cu2-015 1.9048(16)
Cu2-N12 1.950(2)
Cu2-02B 1.9649(16)
Cu2-01D 2.488(2)
C1-01 1.422(3) 1.426(5) 1.437(3) 1.424(4)
1.433(3)
C2-N3 1.460(3) 1.440(5) 1.473(3) 1.469(3)
N3-C4 1.275(3) 1.271(5) 1.283(3) 1.284(3)
C6-06 1.353(7) 1.338(5) 1.323(3) 1.319(3)
C11-N12 1.455(3) 1.449(5) 1.472(3) 1.469(3)
N12-C13 1.299(3) 1.273(5) 1.280(3) 1.282(3)
C15-015 1.287(3) 1.320(5) 1.315(3) 1.317(3)
2 largest 174.67(7) 153.31(8)
179.54(8) 153.18(8)
177.42(7)
166.94(8)
C2-N3-C4 118.33(19) 119.0(4) 121.1(2) 119.74(19)
C11-N12-C13 122.81(19) 122.7(4) 120.9(2) 119.73(18)
C6-C5-C4-N3 2.6(3) 2.3(7) 2.5(4) 5.4(4)
C5-C4-N3-C2 —179.39(19) 177.8(4) —173.7(2) —179.8(2)
C4-N3-C2-C1 168.6(2) 137.7(5) —150.5(2) —113.9(2)
N3-C2-C1-01 —163.85(18) —68.4(5) —35.3(3) 83.8(2)
—153.5(2)
N3-C2-C1-C11 71.8(2) 175.8(4) —156.2(2) —37.5(3)
C2-C1-C11-N12 179.10(17) —170.1(4) 164.0(2) —35.1(3)
01-C1-C11-N12 55.2(2) 71.7(5) 42.4(3) —153.5(2)
85.7(3)
C1-C11-N12-C13 —93.5(3) 148.9(4) 158.6(2) —115.6(2)
C11-N12-C13-C14 167.8(2) —178.1(4) 178.6(2) —178.6(2)
N12-C13-C14-C15 —5.5(3) 2.9(7) —0.5(4) 6.1(4)
A/B 42.36(7) 49.89(17) 21.15(7) 48.83(8)

Fig. 3 Comparison of conformations of HsL A and B molecules’
crystalline forms.

are assigned to protons of benzylidene ring groups. Singlets at
0 3.75 and ¢ 2.24 ppm correspond to protons of methylene and
methyl groups, respectively. The ">*C NMR spectrum of H;L in
DMSO-ds shows sharp signals corresponding to carbon atoms
in the proposed structure. The signal observed at ¢ 159.88 is
assigned to azomethine carbon atoms. The resonance signals
for aromatic carbon atoms appeared at 6 166.4 ppm and in the
range of ¢ 133.42-117.70 ppm. The signal observed at
6 69.89 ppm corresponds to carbon of the CH(OH)- group.
Sharp signals corresponding to methylene and methyl carbon
atoms are observed at ¢ 63.38 and 20.39 ppm, respectively.

This journal is © The Royal Society of Chemistry 2018

Scanning electron microscopy (SEM)

To investigate the microstructure and measure the composition
of obtained crystals, scanning electron microscopy (SEM) was
used. As shown in Fig. 8, the crystals have cubic and oblong
shapes. Their sizes range from 5 to 15 um. However, smaller
fragments of crystals are also observed. SEM analysis confirms
the data acquired from crystallographic measurements: the
cubic crystals are dinuclear complex [Cu,L(CH3;COO)(CH;-
OH)](CH;0H) (1) and the needle-like crystals are mononuclear
[CuHL](CH30H) (2). Moreover, needle-like crystals occur on the
surface of cubic crystals, as visible in Fig. 8a.

Potentiometric measurements

The complexes  between  N,N'-bis(5-
methylsalicylidene)-2-hydroxy-1,3-propanediamine (HzL) and
Cu**, Tb** and Dy’*" ions was studied by potentiometry titration.
Potentiometric titration was performed in water (pK,, = 13.86).
On the basis of computer analysis of the potentiometric data
(HYPERQUAD program), the three protonation constants of
N,N'-bis(5-methylsalicylidene)-2-hydroxy-1,3-propanediamine

formation  of

RSC Adv., 2018, 8, 30994-31007 | 30997
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(a)

(b)

Fig. 4 Supramolecular hydrogen-bond motifs created by HsL molecules in two polymorphic forms: (a) chains in HsL A and (b) dimers in HsL B.

(H;L) were determined: log K; = 22.07, log K, = 8.77 and log K3
= 8.23. The structural formula of the ligand studied is pre-
sented in Fig. 1. N,N'-bis(5-methylsalicylidene)-2-hydroxy-1,3-
propanediamine exists in solution in protonated form (H;L)
and partially (H,L~ and HL?") and fully (L*7) deprotonated
forms.

Distribution diagram for H;L ligand shows that in the pH
range 2.5-8.0, the fully protonated form H;L dominates, but at
pH 8.5, the three forms H;L, H,L™ and HL?™ coexist, and above
9.0, HL>~ dominates (Fig. 9). Successive values of log K; = 8.23
and log K, = 8.77 correspond to the protonation of phenolic
groups, whereas log K; = 22.07 corresponds to the protonation
of an imine nitrogen.?®

The overall stability constants (log ) and equilibrium
constants (log K) of the complexes formed in the Cu/H;L and
Ln/H;L (Ln = Tb*" and Dy*") systems are listed in Tables 3-5.
For the sake of simplicity, ion charges in potentiometric
descriptions of the complexes were omitted. Hydrolysis
constants for metal ions were taken into account. The assumed

Fig. 5 Perspective view of 1 with numbering scheme. Ellipsoids are
drawn at 50% probability level and hydrogen atoms are represented by
spheres of arbitrary radii.

30998 | RSC Adv., 2018, 8, 30994-31007

model was verified by analysis of the standard deviations,
convergence of the experimental data and the theoretical curve
obtained for the chosen model (evaluated by Hamiltonian and
chi squared tests, Fig. S67).

Computer analysis of the potentiometric titration data for
the Cu®>"/H;L system confirmed the formation of CuHL, CulL,
CuL(OH) and Cu,L complexes. The formation of Cu,L was
found only for copper(u) ion system Cu®'/H;L with 2 : 1 molar

Table 2 Hydrogen bond data (A, °) with s.u.'s in parentheses®

D H A D-H H--A DA D-H---A
H;L A

010 H10 015 1.004) 1.67(4)  2.671(2) 174(4)
06 H6 N3 0.91(4) 1.78(4)  2.593(3) 148(4)
N12 H12 015 0.91(4) 1.84(4) 2.617(3) 142(3)
H;L B )

o1 H10 015" 0.82 1.92 2.718(4) 165
06 H6 N3 0.90(5)  1.74(5)  2.580(5) 153(4)
N12  HI12 015 1.05(6) 1.66(6)  2.534(5) 137(4)
1

01C  HIC  O06A™ 0.84 1.96 2.793(2) 175
01D H1D O01C 0.84 1.91 2.738(3) 171

2

o1 H1B 06" 0.84 1.86 2.694(3) 171
o1’ H10 015"  0.84 1.83 2.652(4) 167
O1A H1A 01" 0.84 2.00 2.697(7) 140
C3 H3 013 1.00 2.29 3.0590(19) 133

¢ Symmetry codes: i, —1 +¥,2; i _x1 -»1-z iy —x,1/2 +,3/2
-z V%, 1/2 =y, 1/2 + 2%, 1/2 —y, —1/2 + 2.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Perspective view of 2 with numbering scheme. Ellipsoids are
drawn at 50% probability level and hydrogen atoms are represented by
spheres of arbitrary radii.

ratio. The concentration of complex CuHL is extremely low and
the coordination type is impossible to determine. Cu,L complex
starts to form in solution at about pH 6.5 and dominates at
about pH 8.0, bonding about 65% of the metal ion in the
solution. The hydroxocomplex CuL(OH) starts to form at about
pH 7.5 and dominates above pH 9.5 (Fig. 10).

For Ln/H;L systems, where Ln = Tb** and Dy’** with molar
ratios 1 : 1 and 1 : 2, the formation of the following complexes
LnHL, LnL, and LnL(OH) and Ln(H,L),, Ln(HL), and Ln(HL)L
respectively.

The complexes LnHL, LnL and LnL(OH) (where Ln = Tb**
and Dy*") start forming in solution at about pH 7.0 and domi-
nate at pH close to 8.0 and 9.0, respectively. However, complex
LnL(OH) starts to form at pH 7 and dominates in pH range 7.0-
11.0. Complexes Ln(H,L), and Ln(HL)L form in systems with
molar ratio Ln : H3L =1 : 2. They start to form at pH 6. Complex
Ln(H,L), dominates at pH 8 for dysprosium(m) and at pH 9.0 for
terbium(m), while complex Ln(HL)L dominates in pH range of
7.0-11.0 (Fig. 11). It is worth noting that the complexes of Tb()
and Dy(m) ions with HsL ligand formed only in solution and
their compositions depend on the molar ratio of the starting
materials.

View Article Online
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Electrochemical studies

Cyclic voltammetry and spectroelectrochemical studies of the
Schiff-base ligand H;L and its dinuclear and mononuclear
copper (i) complexes were conducted to determine the influence
of nuclearity and coordination geometry on the change in Cu(n/
1) reduction and oxidation potentials upon coordination of the
ligand to copper(u) ions as well as their electrochromical
properties. Measurements were recorded in acetonitrile solu-
tion with 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF,) as the supporting electrolyte. Fig. 12 shows cyclic
voltammograms of free ligand H;L and Cu(u) complexes dinu-
clear [Cu,L(CH3COO)(CH;0H)](CH30H) (1) and mononuclear
[CuHL](CH;0H) (2).

Free ligand H;L scanned in the negative direction undergoes
irreversible reduction at Ep,. = —300 mV and irreversible
oxidation at E,, = +1030 mV. Fig. 13 shows the spectroelec-
trochemical behaviour of free ligand H;L.

Within the UV spectrum of the ligand H;L, the existence of
one absorption band assigned to the m-m* transition* at
315 nm was observed. When stepwise negative potential was
applied, gradual decrease of this band was observed, which was
concomitant with the formation of a new band at 390 nm. The
sharp isosbestic point at 345 nm confirms the presence of only
two independent species in solution: neutral and reduced. The
original spectrum of H;L ligand was obtained by applying
positive potential of +700 mV. The visible color change during
reduction was from colorless to yellow. Dinuclear complex (1)
showed irreversible electrochemical behaviour with two reduc-
tion potentials at E,c = —600 mV and —910 mV and three
irreversible oxidation potentials at E,, = +610 mV, +1060 mV,
and +1210 mvV. The first reduction potential is assigned to
Cu(n)/Cu(u) — Cu(u)/Cu(1), while the second reduction potential
is assigned to the reduction of Cu(i)/Cu(1) — Cu(1)/Cu(i), which
is probably concomitant with the H;L — H,L~ reduction
process. To verify assignment of the reduction waves, spec-
troelectrochemical measurements were recorded (Fig. 14).

Dinuclear Cu(u) complex [Cu,L(CH3;COO)(CH3;0H)](CH;0H)
(1) in its neutral state exhibited two absorption bands: one at

Fig. 7 Hydrogen-bonded chain of complex molecules 2. Thin lines show the alternative positions of OH groups (cf. text).

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 SEM micrographs (BSE mode) of sample (1) at different
magnifications.

378 nm, which is ligand-based absorption, and a second at
630 nm, which is assigned to d-d transition.** When negative
potential in the range from —100 mV to —600 mV was applied,
a decrease in the d-d transition band and no change in the
ligand-based absorption band were observed. Further decrease
in the reduction potential causes disappearance of the d-

100 - —
%L
80 -

60 -

40 |

20

0 " ; :
4 6 8

10 pH
Fig. 9 Distribution diagrams for N,N’-bis(5-methylsalicylidene)-2-

hydroxy-1,3-propanediamine (HsL), ¢ HsL = 0.002 M. Percent of
species refers to relative concentration of ligand.
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d transition band and shift in the ligand-based band to 555 nm.
During this process, the colour of the solution changed from
green to yellow. The oxidation of complex (1) leads to three
irreversible processes. The first at +610 nm is the Cu(1)/Cu(i) —
Cu(u)/Cu(1) oxidation process, while the second at +1060 mV is
probably assigned to the Cu(u)/Cu(1) — Cu(u)/Cu(u) process. The
ligand-based oxidation process was observed at +1210 mV and
is shifted to a more positive value, by 180 mV, in comparison to
the free ligand, which is the consequence of stabilization of the
ligand molecule in transition metal complexes.** All mono-
nuclear complexes exhibit the same electrochemical behaviour
(Fig. 12 and S77). In the cyclic voltammogram of complex (1),
one irreversible cathodic peak at —410 mV was observed, which
is assigned to the Cu(u) — Cu(1) reduction process, concomitant
with the reduction of the ligand molecule. Spectral changes
during reduction of mononuclear complexes were similar to
those observed for complex (2) at the second reduction state
(Fig. 15, S8 and S97).

Experimental
Materials

Copper(u) acetate anhydrous, terbium(m) nitrate pentahydrate,
dysprosium(m) nitrate hexahydrate, 5-methylsalicylaldehyde
and 2-hydroxy-1,3-propanediamine were purchased from
Aldrich Chemical Company and wused without further
purification.

Physical measurements

Mass spectra were performed using electrospray ionization
(ESI) techniques. Electrospray mass spectra were determined in
methanol using Waters Micromass ZQ spectrometer. Samples
were run in positive-ion mode. Concentration of the compound
was about 10~* mol dm . Scanning was performed from m/z =
100 to 1000 in 6 s and 10 scans were averaged to obtain the final
spectrum. NMR spectra were recorded in DMSO-d, on a Bruker
Ultrashield 300 MHz spectrometer calibrated against residual
protonated solvent signals (DMSO-dg, ¢ 2.50) given in parts per
million. IR spectra were obtained using a FT-IR Nicolet IS 50
spectrometer and peak positions are reported in cm™'. Micro-
analyses (CHN) were obtained using Elementar Analyser Vario
EL III.

X-ray crystallography

X-ray diffraction data were collected by the w-scan technique on
two Rigaku four-circle diffractometers for H;L A and
[CuHL](CH;0H) (2) at 130(1) K on SuperNova (Atlas detector)
with mirror-monochromated CukK, radiation (A = 1.54178 Z\),
for H;L B at room temperature, and for [Cu,L(CH3;COO)(CH;-
OH)](CH30H) (1) on Xcalibur (Eos detector) diffractometer with
graphite-monochromatized MoK, radiation (A = 0.71073 A).
Data were corrected for Lorentz-polarization and absorption
effects.” Accurate unit-cell parameters were determined by
a least-squares fit of 1792 H3L A, 948 H;L B, 3602 [Cu,L(CH;-
COO)(CH;0H)](CH;0H) (1), and 13 463 [CuHL](CH;0H) (2)
reflections of highest intensity, chosen from the entire

This journal is © The Royal Society of Chemistry 2018
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Table 3 Successive protonation constants of HsL ligand and stability (log 8) and equilibrium constants (log K.) of complexes formed in Cu?*/HsL

systems (standard deviations of stability constants given in brackets)

Overall protonation

Successive protonation

Species”® constants log 8 Reactions constants log K;_3
HL 22.07(5) L+H S HL 22.07
H,L 30.84(6) HL +H' S H,L 8.23
H;L 39.07(6) H,L + H" S HiL 8.77

“ For the sake of clarity, the charges of individual species have been omitted.

Overall stability Equilibrium
Species constants log 8 Reactions constants log K,
CuHL 24.71(3) Cu*" + HL S CuHL 2.79
CuL 18.55(1) Cu®’*+L S Cul 18.55
CuL(OH) 10.15(6) CuL + H,0 & CuL(OH) + H' 5.86
Cu,L 22.76(2) CuL + Cu*" S Cu,L 4.21

experiment. Structures were solved with SHELXT and refined
with the full-matrix least-squares procedure on F> by SHELXL-
2014/7.*® All non-hydrogen atoms were refined anisotropically.
NH and OH hydrogen atoms in H;L were located in the differ-
ence Fourier map and isotropically refined. All other hydrogen
atoms were placed in the calculated positions and refined using
‘riding model’ with the isotropic displacement parameters set at
1.2 (1.5 for methyl groups) times the U.q value for appropriate
non-hydrogen atoms. In the structure of [CuHL](CH;0H) (2),
disorder was detected: the ligand -OH group was found in two
alternative positions, with s.o.f.'s of 57.9(5)/42.1(5)%, and the
solvent (methanol) -OH groups are disordered with s.o.f.'s fixed
at 67/33% on the basis of displacement parameters. In this last
case, constraints were applied in the shape of thermal ellipsoids
of disordered atoms. Relevant crystal data and refinement
details are listed in Table 6.

Potentiometric measurements

All experimental solutions were prepared using demineralised
CO,-free water. Concentrations of copper(u), terbium(m) and
dysprosium(m) ions were determined by inductively coupled
plasma optical emission spectrometry (ICP OES). Potentio-
metric titrations were conducted using Titrando 905 Metrohm

Table 4 Stability constants (log 8) of complexes formed in the Tb**/
HsL and Dy**/HsL (1:1 and 1:2) systems (standard deviations of
stability constants given in parentheses)

equipped with an autoburette with an i-electrode Metrohm
6.0280.300 calibrated in terms of hydrogen ion concentration
prior to each titration.*

A correction of pH-meter reading was made prior to each
measurement series and two standard buffers were used (pH
4.002 and pH 9.225). All potentiometric titrations were made in
an atmosphere of neutral gas (helium 5.0) at a constant ionic
strength (0.1 M KNO;3) at 20 + 1 °C using CO,-free 0.1892 M
NaOH as a titrant. Potentiometric titrations were performed for
metal : ligand ratios of 1:1,1:2 and 2 : 1 for copper and 1: 1
and 1 : 2 for lanthanide ions (Ln = Tb, Dy). Concentration of
H;L in all systems was 0.001 M acidified with HCl. Molar ratio
Ln:H;L = 2:1 was not studied due to the tendency of
lanthanide ions to achieve high coordination numbers and
inadequate number of donor atoms of H;L ligand. Determined
pK,, for water was 13.86.”° The protonation constants of the
N,N'-bis(5-methylsalicylidene)-2-hydroxy-1,3-propanediamine
(H3L), the selection of models, as well as the stability constants
of the complexes were determined using HYPERQUAD software.
The program uses the non-linear method of least squares to
minimize the sum (S) of the squares of residuals between the
observed quantities (f°°°) and those calculated on the basis of
the model (£

Table 5 Equilibrium constants (log K.) of complexes formed in Tb**/
HsL and Dy**/HsL (1: 1 and 1: 2) systems

Equilibrium constants

Overall stability constants (log () log K.
Species® Tb:H3zL1:1 Tb:H;L1:2 Dy:HzL1:1 Dy:HzL1:2 Species” Reactions® Tb**/H;L Dy**/H;L
LnHL 18.80(4) 18.51(9) LnHL Ln*" + HL S LnHL 3.26 3.55
LnL 10.41(3) 10.85(2) LnL Ln* +L S LnL 10.46 10.85
LnL(OH) 0.32(4) 1.39(4) LnL(OH) LnL + H,0 S LnL(OH) + H 3.68 4.30
Ln(H,L), 54.30(7) 54.77(8) Ln(H,L),  Ln*" +2H,L S Ln(H,L), 10.46 10.63
Ln(HL), 37.48(6) 37.94(6) Ln(HL), Ln*' + 2HL & Ln(HL), 6.64 7.10
Ln(HL)L 28.49(6) 29.36(7) Ln(HL)L Ln*" + L+ HL S LnL(HL) 6.42 7.29

% For the sake of clarity, the charges of individual species have been
omitted.

This journal is © The Royal Society of Chemistry 2018

¢ For the sake of clarity, the charges of individual species have been
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Fig. 10 Distribution diagrams for the Cu?*/HsL system. Percent of
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n
2
S = Z W (inbS _ficalc)
i=1

where n = number of measurements and w; = statistical
weight.*

Distribution of respective forms was obtained using HySS
(Hyperquad Simulation and Speciation) software.>* Calculations
were performed using 150-350 points from each titration curve.
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In all cases, testing began with the simplest hypothesis and
then, in the following steps, the models were expanded to
progressively include more species; the results were scrutinized
to eliminate the species rejected in the refinement procedures.
Criteria used for verification of results were given in an earlier
paper.”

Scanning electron microscope (SEM)

A scanning electron microscope (Hitachi S-3700N) equipped
with an electron probe microanalysis system based on energy
dispersive X-ray spectroscopy (EPMA-EDXS) managed by Noran
SIX system was used to investigate the microstructure and
measure phase composition including global composition. For
quantitative and qualitative analysis, an acceleration voltage of
20 keV and a working distance of 13.5 mm were used.

Electrochemical studies

Electrochemical and spectroelectrochemical measurements
were recorded on a VSP Bio-Logic multichannel potentiostat.
Compounds were dissolved in anhydrous and deaerated
acetonitrile at ~10~* M with 0.1 M tetrabutylammonium hex-
afluorophosphate as the electrolyte. A platinum electrode was
used as the working electrode and a platinum wire was used as
the auxiliary electrode. The reference electrode was an Ag/Ag"
electrode. Spectroelectrochemical measurements were recorded

100
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10 pH
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%Dy>*
80

Dy(HL)L
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Fig. 11 Distribution diagrams of studied systems: (a) Tb>*/HsL (1 : 1), (b) Tb>*/HsL (1: 2), (c) Dy**/HsL (1: 1), (d) Dy>*/HsL (1: 2).
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Fig. 12 Cyclic voltammograms of ligand HsL (black), dinuclear
complex (1) (red) and mononuclear complex (2) (blue) measured in
anhydrous and deaerated acetonitrile with 0.1 M TBAPF¢ as supporting
electrolyte at a scan rate 100 mV s~ * scanned in the negative direction.

using a commercially available platinum honeycomb working
electrode on a ceramic support in a narrow optical path quartz
cuvette using a miniature Ag/AgCl gel electrode as the reference
electrode. Potential was controlled with the potentiostat. The
resulting spectroscopic changes were measured with a Jasco V-
770 UV-Vis-NIR spectrometer.

Synthesis

Preparation of [Cu,L(CH3COO)(CH3;0H)](CH;0H) (1). To the
solution of Cu(CH3;COO), (36 mg, 0.2 mmol) in methanol (10
mL), 5-methylsalicylaldehyde (27.2 mg, 0.2 mmol) in methanol
(5 mL) was added and precipitate was formed. Then, 2-hydroxy-
1,3-propanediamine (9 mg, 0.1 mmol) in methanol (5 mL) was
added dropwise with stirring. The precipitate was dissolved and
deep-green solution was obtained. The reaction was conducted
for 48 h at room temperature under normal atmosphere. The
solution volume was then reduced to 10 mL by roto-evaporation

3,5 1
3,04 l
’:“,:2,5-
s
8 2,0
=
[
S 151
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00 . ; e SN —
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Wavelength (nm)

Fig. 13 Spectroelectrochemistry of ligand HsL in dehydrated and
deaerated acetonitrile with 0.1 M TBAPF¢ as the supporting electrolyte
by applying O (m), —100 (), —200 (A), —300 (V¥), and —400 mV (¢)
followed by +700 mV (<) potential versus Ag/AgCl gel reference
electrode held for 30 s per potential. Inset: photographs of the original
HsL (left) and electrochemically reduced (right) HsL by applying
potential for 30 s.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

and then, the solution was kept at low temperature for slow
evaporation of solvent. After one week, green cube-like single
crystals suitable for X-ray diffraction analysis were formed. The
crystals were filtered, washed with cold methanol and dried in
air. Green filtrate was left in low temperature for further slow
evaporation and after two weeks, green needle-like single crys-
tals suitable for X-ray diffraction analysis were obtained.

[Cu,L(CH3;COO)(CH;0H)J(CH;0H) (1) (green cubes). Yield:
31.8 mg (57.09%). Mp: 224 °C; calculated: C,3H3z,Cu,N,0;
(573.57 g mol™1): C, 48.16; H, 5.27; N, 4.88. Found: C, 48.08; H,
5.22; N, 4.91%. Selected FT-IR (cm™'): 3389 vion) 3011, 2917
V(OH:--N)» 1630 V(c=N) 1160 V(c-0)s 1564, 1427 Y(coo-) 558 V(cu-0)y
496 v(cu-n) ESI-MS: m/z 531.1 [Cu,(C19H1oN,05)(CH;COO) +
Na]" (100%), 547.1 [Cu,(C10H;oN,05)(CH;COO0) + K] (40%).

[CuHL](CH;0H) (2) (green needles). Yield: 32.1 mg (38.67%).
Mp: 209 °C; calculated: C,;H,,Cu,N,05 (419.56 g mol '): C,
57.20; H, 5.76; N, 6.67. Found: C, 56.98; H, 5.69; N, 6.74%. ESI-
MS: m/z 410.2 [Cu(C1oH,oN,0;) + Na]" (100%).

Attempts to synthesize complexes of Ln(NOs);-nH,0, (Ln =
Dy, Tb; n = 5 or 6) with N,N-bis(5-methylsalicylidene)-2-
hydroxy-1,3-propanediamine (H;L): general procedure. To the
solution of 5-methylsalicylaldehyde (54.8 mg, 0.8 mmol) in
methanol (5 mL), 2-hydroxy-1,3-propanediamine (13.5 mg, 0.3
mmol) in methanol (5 mL) was added dropwise with stirring.
Then, triethylamine (42 pL) was added. After 30 min, a solution
of appropriate lanthanide(u) nitrate salt (0.1 mmol) in meth-
anol (10 mL) was added and yellow solution was obtained. The
reaction was conducted for 48 h at room temperature under
normal atmosphere. The solution volume was then reduced to
10 mL by roto-evaporation and the solution was kept at low
temperature for slow evaporation of solvent. After two weeks,
yellow needle-like crystals suitable for X-ray diffraction analysis
were formed. The product was filtered, washed with cold
methanol and dried in air.

Absorbance (a.u.)

T T
650 700 750 800

Wavelength (nm)

T T
500 550 600

Fig. 14 (A) Spectroelectrochemistry of complex (1) in dehydrated and
deaerated acetonitrile with 0.1 M TBAPF¢ as supporting electrolyte by
applying O (m), —300 (e), —400 (A), —500 (V¥), —600 (¢), —700 («),
—800 (»), —900 (0), and —1000 mV () potential versus Ag/AgCl gel
reference electrode held for 30 s per potential. Inset: photographs of
the original HsL (left) and HsL electrochemically reduced (right) by
applying potential for 30 s. (B) Zoom of 500—-800 nm region.
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Fig. 15 Spectroelectrochemistry of complex (2) in dehydrated and
deaerated acetonitrile with 0.1 M TBAPF¢ as supporting electrolyte by
applying O (m), —100 (e), —200 (A), —300 (V), —400 (¢), —500 («), —600
(»), and —700 mV (0) potential versus Ag/AgCl gel reference electrode
held for 30 s per potential. Inset: photographs of the original (left) and
electrochemically reduced (right) (2) by applying potential for 30 s.

H;L B yield: 62.46 mg (87.24%). Mp: 160 °C. Calculated:
C1oH,,N,0; (326.38 g mol '): C, 69.92; H, 6.79; N, 14.71%.
Found: C, 69.82; H, 6.72; N, 14.52%. Selected FT-IR (cm'): 3279
V(o) 2914 Vom..-n), 1632 ¥ic—ny, 1279 ¥(c—0). 'H NMR (300 MHz,
DMSO-de): 6 (ppm): 13.19 (s, 2H; -OH), 8.51 (s, 2H; HC=N), 7.22
(d,J = 2.3 Hz, 2H, aromatic), 7.19 (dd, J = 8.5 Hz, JJ = 2.3 Hz,
2H; aromatic), 6.7 (d, J = 8.4 Hz, 2H; aromatic), 5.18 (s, 1H;
-OH), 3.76 (dd, ] = 12.4 Hz, J] = 6,6 Hz, 4H; -CH,-), 3.61 (dd, ] =
12.4 Hz, J] = 6.6 Hz, 1H, -CH-), 2.23 (s, 6H; -CHj3). ">*C NMR (300
MHz, DMSO-de): 6 (ppm): 166.40 (C-OH), 159.88 (HC=N),

Table 6 Crystal data and refinement details for HsL A, HsL B, (1) and (2)
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133.42 (aromatic), 131.88 (aromatic), 128.21 (aromatic), 119.22
(aromatic), 117.70 (aromatic), 69.89 (-CH(OH)-), 63.38 (-CH,-),
20.39 (-CH;). ESI-MS: m/z 327.3 [C1oH,,N,0; + H]™ (100%)
325.3, [C1oH,;N,0;]~ (100%).

Attempts to synthesize heterodinuclear complexes of
Cu(CH;C00), and Ln(NO3);-nH,0, (Ln = Dy, Tb; n = 5 or 6) with
N,N'-bis(5-methylsalicylidene)-2-hydroxy-1,3-propanediamine
(HsL): general procedure. To the solution of 5-methyl-
salicylaldehyde (27.2 mg, 0.1 mmol) in methanol (5 mL), 2-
hydroxy-1,3-propanediamine (9 mg, 0.2 mmol) in methanol (5
mL) was added dropwise with stirring. After 30 min, a solution of
appropriate lanthanide nitrate salt (0.1 mmol) in methanol (5
mL) was added and yellow solution was obtained. After another
30 min, solution of Cu(CH;COO), (0.1 mmol) in methanol (5 mL)
was added and green solution was obtained. The reaction was
conducted for 48 h at room temperature under normal atmo-
sphere. The solution was kept at room temperature for slow
evaporation of solvent. After one day, green needle-like crystals
suitable for X-ray diffraction analysis formed. The product was
filtered, washed with cold methanol and dried in air.

The product of the reaction with participation of Tb** was
[CUHL](CH;0H) (2): yield: 32.10 mg (38.67%). Mp: 210 °C.
Calculated: C,;H,,Cu,N,O5 (419.95 ¢ mol '): C, 57.20; H,
5.76; N, 6.67. Found: C, 57.11; H, 5.62; N, 6.55%. Selected FT-IR
(cmfl): 3163 v(on), 2910 v(on.--Nn), 1624 y(c=n), 1165 V(c-0), 550
Vcu-0) 503 Vcu-n) ESI-MS: mjz 388.2 [Cu(CyoH»iN,03)H]"
(30%), 410.1 [Cu(C1oH,,N,05)Na]" (100%), 426.1 [Cu(CyoH,;-
N,03)K]" (15%).

The product of the reaction with participation of Dy** was
[CuHL](CH30H) (2): yield: 28.98 mg (35.46%). Mp: 210 °C.

Compound H;L A H;L B 1 2

Formula C19HN,0; C,H,Cu,N,04 - CH,O C;9H,,CuN,0;-CH,0
Formula weight 326.38 573.57 419.95
Crystal system Monoclinic Orthorhombic Monoclinic Monoclinic
Space group Pc Pccn P24/c P24/c

a (&) 16.4048(13) 9.396(2) 15.4733(4) 11.98914(13)
b (&) 6.0674(5) 37.076(8) 9.9490(2) 10.38861(9)
c(A) 8.3490(7) 9.9611(16) 15.8181(6) 16.00151(14)
8 () 91.077(7) 90 99.548(3) 110.5792(11)
Vv (A% 830.87(12) 3470.1(12) 2401.37(12) 1865.82(3)

Z 2 8 4 4

dy (g cm™) 1.31 1.25 1.59 1.50

F (000) 348 1392 1184 876
w(mm™) 0.717 0.085 1.817 1.896

6 range (°) 2.69-75.24 3.03-25.00 3.32-26.50 5.18-75.61
Reflections

Collected 2741 13 285 9312 17 812
Unique (Rin) 2084(0.013) 3049(0.092) 4604(0.020) 3816(0.021)
With I > 20(1) 2052 1318 3958 3728

R(F) [T > 20(D)] 0.036 0.088 0.030 0.042

WR(F) [1 > 20(1)] 0.096 0.173 0.072 0.118

R(F) [all data] 0.037 0.205 0.038 0.042
wR(F?) [all data] 0.097 0.214 0.076 0.119
Goodness of fit 1.04 0.98 1.06 1.07
Max/min Ap (e A=) 0.17/-0.17 0.22/-0.21 0.39-0.40 0.60/—0.54

31004 | RSC Adv., 2018, 8, 30994-31007
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Calculated: C,;H,,Cu,N,05 (419.56 g mol '): C, 57.20; H,
5.76; N, 6.67. Found: C, 57.31; H, 5.80; N, 6.65%. Selected FT-IR
(em™"): 3382 ¥(om), 2950 V(0. -n), 1627 ¥(c—n), 1579, 1466 v(c—c),
1162 v(c_0), 560 Y(cu-o0) 501 V(cyu-n)- ESI-MS: m/z 388.2 [Cu(Cyo-
H,1N,0;3)H]" (100%).

Preparation of [CuHL](CH;OH) (2). To the solution of
Cu(CH3COO0), (18 mg, 0.1 mmol) in methanol (10 mL) 5-
methylsalicylaldehyde (27.2 mg, 0.2 mmol) in methanol (5 mL)
was added and precipitate was formed. Then, 2-hydroxy-1,3-
propanediamine (9 mg, 0.1 mmol) in methanol (5 mL) was
added dropwise with stirring. The precipitate was dissolved and
deep-green solution was obtained. The reaction was performed
for 6 h at room temperature under normal atmosphere and
green precipitate was formed. The precipitate was filtered,
washed with cold methanol and dried in air.

Yield: 37.82 mg (89.62%). Mp: 209 °C. Calculated:
C51H,,Cu,N,05 (419.95 ¢ mol~'): C, 57.20; H, 5.76; N, 6.67.
Found: C, 57.15; H, 5.79; N, 6.70%. Selected FT-IR (cm™'): 3168
V(own) 2921 v(ou- Ny, 1625 v(c=n), 1165 ¥(c_0), 563 V(cu-0), 503 V(cu-
N ESIMS: m/z 410.2 [Cu(C1oH,0N,0;) + Na]® (100%), 797
[Cuy(CyoH,0N,03), + Na]* (100%).

Synthesis of N,N'-bis(5-methylsalicylidene)-2-hydroxy-1,3-
propanediamine - H;L A. N,N'-Bis(5-methylsalicylidene)-2-
hydroxy-1,3-propanediamine (H3;L) was obtained from the
condensation reaction of 5-methylsalicylaldehyde (27 mg, 0.2
mmol) and 2-hydroxy-1,3-propanediamine (9 mg, 0.1 mmol).
The mixture was stirred in methanol (10 mL) at room tempera-
ture for 24 h under normal atmosphere. The resulting yellow
solution was left at room temperature for crystallization. Yellow
crystals formed after four days. Crystals suitable for X-ray
diffraction analysis were collected, washed with cold methanol
and dried in air. Yield: 58.46 mg (90.35%). Anal. calcd for
C10H,,N,0; (326.39 g mol 1): C, 69.92; H, 6.79; N, 14.71. Found:
C, 69.81; H, 6.81; N, 14.41%. Selected FT-IR (cm™'): 3277 Y(om),
2917 Viou--n) 1632 vic—n) 1279 Vo). 'H NMR (DMSO-de):
6 (ppm): 13.22 (s, 2H; -OH), 8.46 (s, 2H; HC=N), 7.23 (d, J =
2.2 Hz, 2H, aromatic), 7.14 (dd, J = 8.4 Hz, JJ = 2.2 Hz, 2H;
aromatic), 6.78 (d, J = 8.3 Hz, 2H; aromatic), 5.19 (s, 1H; -OH),
3.75 (dd, J = 12.5 Hz, JJ = 6,5 Hz, 4H; -CH,-), 3.59 (dd, J =
12.5 Hz, JJ = 6.6 Hz, 1H, -CH-), 2.24 (s, 6H; -CH;). ">*C NMR
(DMSO-dg): 6 (ppm): 167.36 (C-OH), 158.89 (HC=N), 133.38
(aromatic), 131.95 (aromatic), 127.43 (aromatic), 118.87
(aromatic), 116.70 (aromatic), 69.89 (-CH(OH)-), 63.37 (-CH,-),
20.38 (~-CH3). ESI-MS: m/z 327.3 (C1oH,,N,0; + H)* (100%), 325.3
(C16H21N,05) (100%).

Conclusions

The complexes of copper(u) ions [Cu,L(CH;COO)(CH;-
OH)](CH30H) (1) and [CuHL](CH30H) (2), where H;sL is N,N'-
bis(5-methylsalicylidene)-2-hydroxy-1,3-propanediamine, were
synthesized. In the presented dinuclear copper(u) ions, complex
metal ions are 4-coordinate with almost ideally square-planar
geometry and 5-coordinate with tetragonal pyramidal geom-
etry. In the mononuclear complex, the copper ion is 4-coordi-
nate, but the geometry is far from square-planar; rather, it can
be described as extremely flattened tetrahedral. In both crystal

This journal is © The Royal Society of Chemistry 2018
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structures of copper(u) ion complexes, there are additional
uncoordinated solvent methanol molecules. The methanol
molecule in [Cu,L(CH3COO)(CH;0H)](CH;0H) (1) is involved
in the hydrogen-bonding system that connects the molecules of
(1) into a three dimensional network. In [CuHL](CH;O0H) (2),
molecules of complex (2) are joined into infinite chains by
means of O-H---O hydrogen bonds; the methanol molecules do
not participate in the formation of these infinite chains. The
ligand H;L was found in two different crystalline forms: poly-
morphs A and B. Ligand H;L A is the product of condensation
reaction between 5-methylsalicylaldehyde and 2-hydroxy-1,3-
propanediamine, whereas H;L B is a product of template
condensation reaction between 5-methylsalicylaldehyde and 2-
hydroxy-1,3-propanediamine in the presence of lanthanide(m)
ions. In both forms, H;L molecules are essentially non-
symmetric. The attempts to obtain the complex of lanthani-
de(m) ions (Dy(m), Th(m)) and heterodinuclear complexes con-
taining copper(m) ion and lanthanide (I1I) ions (Dy(m), Tb(m)) led
to free ligand H;L B and mononuclear complexes [CuHL](CH;-
OH) (2), respectively. The formation of complexes between N,N'-
bis(5-methylsalicylidene)-2-hydroxy-1,3-propanediamine  (H;L)
and Cu®*, Tb*" and Dy*" ions was studied by pH-metry titration. It
was found that copper(u) ion complexes exist in solid state as well
as in solution, while the lanthanide(m) ion complexes formed
only in solution.

The copper(n) complexes were found to be electroactive in
voltammetric studies. These results showed the spectroelec-
trochemical behaviour of free ligand H;L as well as the cop-
per(un) complexes. The complexes showed both metal-centered
and ligand-based colour changes.
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