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Synthesis, molecular structure, and spectral analysis of copper
(II) complexes derived from pyridinediols

GUILLERMO M. CHANS, ELIZABETH GÓMEZ*, VIRGINIA GÓMEZ-VIDALES,
R. ALFREDO TOSCANO and CECILIO ÁLVAREZ-TOLEDANO

Instituto de Química, Universidad Nacional Autónoma de México, México D.F., Mexico

(Received 1 July 2014; accepted 5 September 2014)

A series of mononuclear copper(II) complexes was synthesized by reaction of different 2,6-disubsti-
tuted pyridines with elemental Cu in a CCl4/DMSO solvent system. Physical properties were ana-
lyzed using IR, optical spectroscopy, mass spectrometry, and EPR. Single-crystal X-ray diffraction
for complexes 2a and 4a revealed that the molecular structure of 2a is composed of a six-coordinate
unit in which two ligands are linked to Cu(II) by oxygen and nitrogen donors. Conversely, in the
molecular structure of 4a, the Cu(II) has a slightly distorted trigonal bipyramidal arrangement, where
the coordination environment around the copper ion is five-coordinate. EPR spectra of Cu(II) com-
plexes were illustrated elaborately and some theoretical data were abstracted from EPR curves to
support the proposed structures.

Keywords: Synthesis; Pyridinediols; Copper(II) complexes; Mononuclear; X-ray diffraction

1. Introduction

Lying on the edge between the d-block metals and the main group elements, copper is one
of the most studied transition metals, owing to its electrical properties and commonness.
The structure and bond properties of copper(II) compounds are of continuous interest in
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inorganic chemistry [1, 2]. Recently, particular attention has been devoted to copper(II)
complexes of multifunctional ligands [3–10]. The ligand multifunctionality attracts much
attention owing to its chelating properties along with additional, not involved in the coordi-
nation, binding sites as potential linkers [11–14] and because of widespread applications in
technology and crystal engineering [15]. Investigation of these complexes has become an
interesting research field owing to relevance in bioinorganic and physical chemistry, in view
of biological [3, 16–24], thermal [25, 26], and luminescent properties [27], with potential
applications in materials. In addition, they have also been studied in the molecular magne-
tism area because they can act as building blocks for supramolecular architectures [28–31].

From the vast group of multidentate ligands, the so-called O,N,O-oxido pincer ligands
[32–39] provide a scaffold to form Cu(II) complexes, which is interesting because the bind-
ing of this metal to O donors is likely to be weak; therefore, it is not surprising to find a
relatively small number of complexes of late transition metals derived from oxido pincer
ligands.

Copper complexes containing polypyridine ligands and their derivatives play a significant
role as pharmacological agents, since they exhibit numerous biological activities such as
antitumor [40], anticandida [41], antimicrobacterial [42], and antimicrobial activities
[43, 44]. Pyridinediols are special cases of these metal receptors (figure 1). The combination
of two hydroxy groups and the pyridine ring nitrogen donor makes these systems suitable
for complexation of a variety of metals [45–52]. Moreover, the possibility of substituting
the protons on the methylene carbon allows interesting electronic and steric variations to be
introduced into ligands and their complexes. Such a study can give an insight into the influ-
ence of variable substitution to the geometry around Cu(II) or even to the packing of the
molecule.

On the other hand, direct synthesis employing metal powders with organic ligands
[53, 54] is also of interest in view of the fascinating complexes of unusual stoichiometry
and structures that are formed in comparison with those obtained in conventional synthesis,
which usually involves a metal salt as a starting material [34, 35, 55, 56]. It has been
reported that copper metal is dissolved under extremely mild conditions by a solution of
dimethylsulfoxide (DMSO) containing CCl4 to yield dimethyl sulfide and CuCl2(DMSO)2,
which reacts with the ligand [54]. This “one-step” synthesis of metal complexes starting
from elemental metals is an active research field, which has undergone rapid progress
[57–62]. These facts prompted us to explore the direct synthesis of complexes derived from
pyridinediol and a zero-valent metal (Cu) as powder in a CCl4/DMSO system, having in
mind the advantages that direct synthesis allows, i.e. easier and extremely simple reaction
conditions, some peculiar properties of the compounds obtained, and avoidance of impuri-
ties. Such advantages are particularly important with respect to this class of compounds, as
reported in the literature, involving long and/or tedious preparation of the reagents and
careful conditions [63–66].

N

OHOH

R

R

R

R
N

HO R

R

OHR

R

Figure 1. O,N,O-oxido pincer ligands.
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Herein, we report the synthesis of two mononuclear copper(II) complexes coordinated by
O,N,O-tridentate pyridyl alkoxy ligands, and their crystal structures by this straightforward
and expeditious method, with the aim to evaluate the influence of the substituents and the
chain length in the carbon α to the pyridyl ring in complex formation.

2. Experimental

2.1. Materials and methods

All reagents, solvents, and L1a were obtained from commercial suppliers and used without
purification. The reactions for ligand preparations were carried out under inert-gas
conditions.

2.2. Preparation

2.2.1. Synthesis of ligands. Synthesis of L1b,c: These ligands were synthesized according
to a modified literature procedure [46]. Thus, RLi 1 M (20.5 mM) was added dropwise to
dimethyl pyridine-2,6-dicarboxylate (1.0 g, 5.1 mM) in THF (50 mL), at −78 °C. After stir-
ring at reflux for 6 h, the mixture was filtered through Celite under reduced pressure. Upon
evaporation of the solvent and addition of water, the crude product was extracted with
CH2Cl2 (30 mL). The organic layer was evaporated, dried over Na2SO4, and purified by
chromatography on silica gel using hexane/ethyl acetate (8 : 2) to give a white solid.

Ligands L3a,b were synthesized as described previously [67].

2.2.2. Synthesis of complexes 2a–c and 4a,b. Metal powder (1 mM), the corresponding
ligand (1 or 2 mM), DMSO (0.5 mL), and CCl4 (3.5 mL) were placed in a flask and the
mixture was heated, at 65 °C with magnetic stirring until total dissolution of the metal was
observed (0.5−2 h). The reaction mixture was allowed to stand at room temperature, after
which a precipitate was formed. The precipitate was filtered off and dried, at room tempera-
ture. Suitable single crystals of 2a and 4a were obtained by allowing them to stand in a
hexane/methanol mixture.

2.2.2.1. (L1a)2CuCl2 (2a). Green solid, m.p. 168−169 °C (dec.), (C14H18Cl2CuN2O4,
M = 412.76 g M−1) 0.186 g, 0.450 mM (75% yield). IR (ATR) ν 3010, 2814, 2748, 2699,
2608, 1928, 1612, 1580, 1478, 1444, 1413, 1299, 1222, 1167, 1098, 1032, 957, 799, 695,
628, 530, 484 (Cu–O), 429, 376 (Cu–O), 315, 251 (Cu–N) cm−1. FAB+ MS m/z (rel. int.,
%) 342 (21, [(L1a)2Cu]

+), 340 (40), 237 (12), 202 (52), 140 (100). UV−vis (λmax, MeOH):
787 nm. HRMS (FAB+): m/z 340.0484 calcd for C14H18CuN2O4 [(L1a)2Cu]

+; found
340.0487. Anal. Calcd for C14H18Cl2CuF4N2O4: C, 40.74; H, 4.40; N, 6.79. Found: C,
40.23; H, 4.74; N, 6.55.

2.2.2.2. (L1b)2CuCl2 (2b). Green solid, m.p. 185 °C (dec.), (C22H34Cl2CuN2O4,
M = 524.97 g M−1) 0.180 g, 0.343 mM (65% yield). IR (ATR) ν 3295, 3451, 3058, 2987,
2740, 2515, 1600, 1577, 1458, 1374, 1292, 1244, 1206, 1182, 1144, 1099, 1032, 954, 900,
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845, 825, 768, 718, 695, 590, 475 (Cu–O), 449 (Cu–N), 398, 373 (Cu–O), 338, 315, 261
(Cu–N) cm−1. FAB+ MS m/z (rel. int., %) 454 (20, (L1b)2Cu]

+), 452 (39), 258 (26), 242
(12), 196 (100), 155 (22), 79 (26), 77 (10). UV−vis (λmax, MeOH): 782 nm. HRMS calcd
for C22H34CuN2O4 [(L1b)2Cu–H]

+ 452.1736; found 452.1747. Anal. Calcd for
C22H34Cl2CuN2O4·2C2H6OS: C, 45.84; H, 6.81; N, 4.11. Found: C, 46.06; H, 6.47;
N, 4.76.

2.2.2.3. (L1c)2CuCl2 (2c). Green solid, m.p. 190 °C (dec.), (C62H50Cl2CuN2O4,
M = 1021.52 g M−1) 0.067 g, 0.066 mM (29% yield). IR (ATR) ν 3289, 3083, 3054, 3024,
2918, 2801, 1729, 1652, 1569, 1489, 1439, 1405, 1364, 1316, 1256, 1206, 1169, 1092,
1049, 1023, 1002, 946, 906, 849, 832, 809, 769, 755, 734, 698, 634, 593, 496 (Cu–O), 383
(Cu–O), 333, 270 (Cu–N) cm−1. FAB+ MS m/z (rel. int., %) 949 (2, [(L1c)2Cu]

+) 541 (39),
506 (9), 445 (100), 408 (100), 348 (34), 244 (25), 105 (53). UV−vis (λmax, MeOH):
798 nm. HRMS (FAB+): m/z 506.1181 calcd for C31H17CuNO2 [(L1c)Cu]+; found
506.1182.

2.2.2.4. L3aCuCl2 (4a). Green solid, m.p. 179−183 °C, (C33H29Cl2CuNO2,
M = 606.04 g M−1) 0.052 g, 0.086 mM (30% yield). IR (ATR) ν 3084, 3058, 3027, 2964,
2911, 1603, 1572, 1493, 1463, 1444, 1344, 1259, 1088, 1032, 1009, 945, 872, 799, 776,
739, 605, 551, 510 (Cu–O), 444 (Cu–N), 383 (Cu–O), 323, 285, 271 (Cu–N) cm−1. FAB+

MS m/z (rel. int., %) 569 (32, [L3aCu–Cl]+), 534 (24, [L3aCu–2 Cl]+), 472 (100), 436
(27), 376 (9), 531 (51), 271 (16), 183 (13), 105 (43), 77 (38). UV−vis (λmax, MeOH)
816 nm. HRMS (FAB+): m/z 569.1183; calcd for C33H29Cl2CuNO2 [L3aCu–Cl]+), found
569.1194. Anal. Calcd for C33H29Cl2CuF4NO2·2C2H6OS: C, 53.11; H, 5.42; N, 1.84.
Found: C, 58.30; H, 5.25; N, 1.96.

2.2.2.5. L3bCuCl2 (4b). Green solid, m.p. 150−155 °C, (C33H25Cl2CuF4NO2,
M = 678.00 g M−1) 0.460 g, 0.678 m M−1 (48% yield). IR (ATR) ν 3256, 3060, 2994,
2912, 2685, 1639, 1602, 1505, 1463, 1406, 1312, 1224, 1162, 1113, 1060, 1015, 996, 942,
888, 836, 794, 744, 662, 630, 588, 562, 548, 510 (Cu–O), 432 (Cu–N), 409, 342 (Cu–O),
311, 294, 263 (Cu–N) cm−1. FAB+ MS m/z (rel. int., %) 606 (2, [L3bCu–2 Cl]+), 544
(100), 430 (5), 219 (5). UV−vis (λmax, MeOH): 820 nm. Anal. Calcd for C33H25Cl2CuF4-
NO2·1.5C2H6OS·2CH4O: C, 53.11; H, 4.93; N, 1.63. Found: C, 52.66; H, 4.70; N, 1.65.

2.3. Physical measurements

All compounds were characterized by IR spectra, recorded on a Bruker Tensor 27 spectro-
photometer by ATR technique, and all data are expressed in wavenumbers (cm−1). UV–vis
spectra were recorded in MeOH solution (0.8 g mL−1) in a 1-cm path length quartz cell on
a Shimadzu U160 spectrophotometer. Melting points were obtained on a Melt-Temp II
apparatus, and are uncorrected. The 1H and 13C NMR spectra were recorded on a Bruker
Avance III, at 300 MHz (1H NMR) and 75 MHz (13C NMR) in chloroform-d. The MS-EI
spectra were obtained by JEOL JMS-AX505 HA using 70 eV as ionization energy, and for
MS-FAB, by JEOL JMS-SX102A using nitrobenzyl alcohol as matrix. EPR measurements
were made in a quartz tube at 77 K with a Jeol JES-TE300 spectrometer operating at
X-Band fashion at 100 kHz modulation frequency and a cylindrical cavity in mode TE011.
The external calibration of the magnetic field was made with a precision Gauss meter Jeol
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ES-FC5, and microwave frequency with a frequency counter 5350B HP. The spectrometer
settings for all the spectra were as follows: center field, 300 mT; microwave power, 1 mW;
microwave frequency, 9.10 GHz; sweep width, ±75.0 mT; modulation width, 0.125 mT;
time constant, 0.1 s; amplitude, 160; sweep time, 120 s; and accumulation, 1 scan. Spectral
acquisition, manipulations, and simulation were performed using the program ES-IPRIT/
TE, v1.916. The EPR spectrum was recorded as a first derivate, and the main parameter
such as g-factor values were calculated according to Weil, Bolton, and Wertz [68]. All sam-
ples were measured in a DMSO/MeOH solution.

2.4. Crystal structure determination

Single crystals of 2a and 4a suitable for X-ray diffraction studies were grown from its solu-
tion in a mixture of hexane:methanol or heptane:methanol (1 : 1 v/v). The crystals of each
compound were mounted on a glass fiber at room temperature and then placed on a Bruker
Smart Apex CCD diffractometer equipped with Mo Kα radiation; decay was negligible in
both cases. Details of crystallographic data collected on 2a and 4a are provided in table 1.
Systematic absences and intensity statistics were used in space group determination. The
structure was solved using direct methods [69].

Anisotropic structure refinements were achieved using full matrix least-squares technique
on all non-hydrogen atoms. All hydrogens were placed in idealized positions, based on
hybridization, with isotropic thermal parameters fixed at 1.2 times the value of the attached
atom. Structure solutions and refinements were performed using SHELXS-97 [70].

The interstitial solvent water molecule located in the channels of 2a is disordered over a
crystallographic twofold axis and was refined isotropically with partial fixed occupancy of
0.125. No hydrogens were located for this moiety.

For 4a, both DMSO molecules display orientational disorder. In the first DMSO
(O3 S1 C35 C36), the sulfur and the methyl groups show orientational disorder which was
resolved over three orientations on approximately the same site and refined isotropically
with 0.487, 0.295, and 0.217 occupancies, while the second DMSO (O4 S2 C37 C38) is
disordered over two – almost equally populated 0.545(4)/0.455(4) – orientations and were
refined anisotropically. The geometries of the PARTs were kept similar using the SAME
restraint and displacement parameters in these disordered pieces were restrained using both
SIMU and DELU.

N
OHOH

R

R

R
R

L1a R = H
L1b R = Me
L1c R = Ph

Cu

CCl4, DMSO
Δ

2a-c

2

N
OHHO

Cu

R

R

R

R

N
OHHO

R

R

R

R

2+

2Cl-

Scheme 1. Syntheses of 2a–c.
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3. Results and discussion

Pyridinediols L1b–c were synthesized by treating dimethyl 2,6-pyridinedicarboxylate with
the appropriate Grignard reagent or alkyl lithium as described previously [46], followed by
the reaction with elemental copper in CCl4/DMSO [53] to afford the corresponding Cu com-
plexes (scheme 1). Compounds 2a,b have been described in the literature [34, 35, 55, 56].
Nevertheless, they were obtained by a different synthetic route using Cu(NO3)2·3H2O and
CuCl2·2H2O with 2 equivalents of the corresponding ligand.

Pyridinediols L3a,b were synthesized from lutidine and BuLi according to the literature
procedure [67]. Ligands were obtained in good yields and characterized by spectroscopic
methods. Complexes 4a,b were obtained by reaction of L3a,b with elemental copper in
equimolar quantities (scheme 2).

3.1. Infrared spectral study

In table 2, Cu–N and Cu–O vibrations in the far-infrared area are shown. Based on data
from earlier research [71, 72], we assign the bands at about 445 and 260 cm−1 to the Cu–N
vibration and the bands at approximately 480 and 375 cm−1 to the Cu–O vibrations. The
in-plane deformation of the uncoordinated pyridine ring in the ligands is observed at
650 cm−1 [73]. Nevertheless, the N-coordination of the pyridine ring is confirmed in all
complexes by the position of the absorption bands at 700 cm−1. Additionally, bands at 429,
398, and 409 cm−1 corresponding to out-of-plane deformation of the pyridine ring were
assigned to 2a, 2b, and 4b, respectively.

3.2. Electronic absorption spectra

The UV−vis absorption spectra of L1a–c, L3a,b, and complexes 2a–c, 4a, and 4b were
recorded in MeOH. In the UV region, spectra of the five ligands display two bands from
200 to 240 nm (table 3). These bands are typical for pyridine ligands (π−π* transitions)
[74]. The visible spectra of the complexes reveal the presence of a broad absorption from
780 to 820 nm, which could be due to the d–d transition band of Cu(II) [75] with a low
molar extinction coefficient value (εmax 33–36 M−1 cm−1 for 2a–c and 97–113 M−1 cm−1

for 4a, b). The comparison of band shifts observed from 200 to 240 nm for complexes with
their ligands indicates that the red shift is negligible.

N

HO R
R

OHR
R

L3a R = Ph
L3b R = 4-F-Ph 4a,b

Cu

CCl4, DMSO
Δ

Cu

Cl
Cl

N

O
R R

O

R R

H H

Scheme 2. Syntheses of 4a,b.
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3.3. Mass spectra

Mass spectra of 2a–b provide evidence for molecular formulas, owing to the loss of both
chlorides: 2a, C14H18CuN2O4, M = 342 g M−1; and 2b, C22H34CuN2O4 [(L1b)2Cu–H]

+,
M = 452; and whereas in 2c, the loss of one ligand is also observed (C31H17CuNO2, [(L1c)
Cu]+, M = 506 g M−1). On the other hand, the mass spectrum of 4a (C33H29Cl2CuNO2,
M = 606 g M−1) and 4b (C33H25Cl2CuF4NO2, M = 678 g M−1) did not show the molecular
ion. Nevertheless, the loss of one (m/z 534) and two (m/z 569) chloride radicals is observed
for 4a and the loss of two chloride radicals (m/z 606) for 4b, confirming their formula
weights.

3.4. EPR spectroscopy

Elongated and compressed Cu(II) octahedral complexes adopt different electronic ground
states, since their unpaired electrons occupy the dx2�y2 or dz2atomic orbitals, respectively.
These orbitals yield very different EPR spectra, whose lineshapes give evidence about the
position of the singly occupied electron in either d-orbital. For a dx2�y2 complex, an axial
symmetry pattern in the EPR spectrum is expected (gzz >> gyy ≈ gxx > 2.0023), whereas a
dz2configuration yields an inverse axial symmetry (gyy ≈ gxx >> gzz ≈ 2.0023) [76, 77].

Table 2. Selected FT-IR spectral data (cm−1) for 2a–c and 4a,b.

Infrared dataa

Compound ν(Cu−N) ν(Cu−O) Py ring

L1a 658s
L1b 623br
L1c 655 m
L3a 654 m
L3b 664 m
2a 251s 484w, 376w 695br, 429 m
2b 449s, 261 m 475br, 373s 695s, 398 m
2c 270w 496 m, 383 m 698s
4a 444w, 271 m 510 m, 383br 698s
4b 432w, 263 m 510 m, 342w 695sh, 409w

as, strong; m, medium; w, weak; sh, shoulder; br, broad.

Table 3. Characteristic bands (λmax, in nm) and molar extinction coefficient (ε, M−1 cm−1)
in UV–vis spectra (recorded in MeOH solution) for 2a–c and 4a,b.

Compound λmax (nm)a Molar extinction coefficient (ε, M−1 cm−1)

L1a 208, 265 6.6 × 103

L1b 207, 262 9.3 × 103

L1c 208, 280 5.0 × 104

2a 207, 264.0, 787br 36
2b 207, 262.0, 782br 36
2c 207, 266, 798br 33
L3a 209, 266 4.4 × 104

L3b 208, 265 4.1 × 104

4a 207, 269, 816br 113
4b 207, 266, 820br 97

abr, broad.
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The DMSO frozen glass (77 K) EPR spectra of the Cu(II) coordination compounds stud-
ied herein are shown in figures 2 and 3. EPR spectra display a signal in the center field,
obtained for a system with S = 1/2, wherein the hyperfine lines correspond to copper

Figure 2. EPR spectrum (X band) of frozen solution of 2a in DMSO at 77 K, showing an inverse axial
symmetry.

Figure 3. EPR spectrum of 4a in frozen solution of DMSO.

Table 4. EPR data for 2ª–c and 4a,b.a

Compound gzz gyy gxx giso/ave Azz Ayy Axx Spectral symmetry Molecular symmetryb

2a 2.01 2.21 2.21 2.14 154.3 8.0 8.0 Axial compressed OC
2b 2.01 2.22 2.22 2.15 153.8 7.8 7.8 Axial compressed OC
2c 2.34 2.07 2.07 2.16 147.5 8.2 8.2 Axial elongated OE
4a 2.27 2.13 2.01 2.13 108.8 – 8.8 Rhombic TBP
4b 2.30 2.12 2.01 2.14 110.3 – 7.8 Rhombic TBP

aConstants (A) are given in cm−1 and multiplied by a factor 104.
bSymmetry assignment based on EPR spectroscopy, OC = octahedral compressed, OE = octahedral elongated, and TBP = trigonal
bipyramidal.
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unpaired electron coupling with metal ion nuclei (ICu = 3/2), characteristic of monomeric
copper(II) complexes; no nitrogen hyperfine structure is observed, possibly because of the
line broadening effects [78]. In particular, the EPR spectra obtained for 2a and 2b display
an inverse axial symmetry with gyy ≈ gxx >> gzz ≈ 2.0023 (figure 2) and show hyperfine
coupling. The magnetic parameters obtained by simulation are listed in table 4, in agree-
ment with a dz2 ground state related to a compressed octahedral symmetry. Only a few
structural studies with this geometry have been found in the literature [76, 79]. This struc-
tural feature had been also confirmed by the single-crystal structure analysis described
below. On the contrary, 2c, which has bulkier substituents (R = Ph), imposes an octahedral
distortion to the copper(II) complex, showing an ill-resolved axial spectra. The g-values
(gzz > gyy ≈ gxx > 2.0023) confirm that the unpaired electron on copper(II) corresponds to
that geometry [80]. The gzz and Azz parameters (gzz = 2.34, Azz = 147.5 cm−1) show a slight
decrease of gzz and an increase of Azz with respect to the elongated octahedral geometry
(gzz = 2.42, Azz = 124.0 cm−1) [77, 81], indicating that the octahedron is slightly distorted
towards square planar geometry. This behavior is due to variations in the orbital energy dur-
ing the elongation.

The DMSO/MeOH frozen EPR spectra of 4a and 4b exhibit rhombic character as reflected
by the g parameters, since gzz > gyy > gxx, and show hyperfine coupling (ICu = 3/2) (figure 3).
The spectral patterns suggest a huge distortion of the copper site, as a pseudo-trigonal bipyra-
midal geometry [80, 82, 83]. This information is consistent with the crystal structure of 4a.

3.5. Structural determination

Whereas Cu(II) environments have been well studied in unidentate or three bidentate
ligands [18, 84], studies of symmetrical systems involving two tridentate ligands are rela-
tively few [55, 56, 85]. The molecular structures of 2a and 4a were established by single-
crystal X-ray diffraction analysis. ORTEP views of the complexes are shown in figure 4. In
table 1 are gathered structural data; selected bond lengths and angles are given in table 5.

Compound 2a was crystallized in the orthorhombic space group Cmca from hexane/
methanol and consists of a crystal structure with a tridentate O,N,O-donor ligand and cop-
per(II), in a discrete monomeric species. 2a is isostructural and polymorphous to those
structures obtained with CuCl2 and Cu(NO3)2 [34, 35, 55]. Complex 2a possesses a dis-
torted compressed octahedral geometry, where Cu(II) is six-coordinate, surrounded by two
nitrogens of the pyridyl groups and four oxygens of the alcohol arms. The Cu–N bond

Figure 4. ORTEP view of 2a and 4a. Thermal ellipsoids at 30% probability.
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lengths in the apical positions (Cu(1)–N(1) = 1.935(3) Å) are shorter than the Cu–O bond
lengths in the equatorial positions (Cu(1)–O(1) = 2.151(3), Cu(1)–O(2) = 2.178(3) Å),
clearly indicating a Jahn–Teller compression [35]. A comparison between Cu(1)–O(2) bond
lengths of 2a with those described in the literature indicates that it is slightly shorter
[34, 35, 55]. However, the remaining values of bond lengths and angles around the copper
(II) in the complex do not show significant differences.

The OH groups are H-bonded to chlorides with H⋯Cl distances between 2.27 and
2.15 Å, bridging complex cations, showing a 2-D layer parallel to the (0 1 0) plane in the
crystal packing, which is stabilized by weak hydrogen bonds (O1–H1⋯Cl1), as shown in
the Supplemental Data. These H-bonds link neighboring Cu(II) monomers along the b-axis
and their existence rationalizes the high thermodynamic stability of 2a. The two pyridine
rings are oriented almost perpendicular to each other, since the mean plane formed by pyri-
dine ring atoms N(1)–C(2)–C(3)–C(4)–C(5) is 75.2 (0.1)°.

Compound 4a crystallizes in the monoclinic system. The structure was solved in the
P21/c space group. The coordination environment around copper is five-coordinate, consist-
ing of one pyridyl nitrogen, two hydroxyl oxygens, and two chlorides. The molecular struc-
ture of 4a has a distorted trigonal bipyramidal geometry, in which equatorial positions are
occupied by Cl(1), O(1), and O(2) and the axial positions by the pyridyl N(1) and one
chloride Cl(2). These results show opposite behavior to the preference of electronegative
groups for the axial position on the TBP on similar silicon complexes [86–88].

Weak H-bonding interactions between the solvent and the complexes, or between the sol-
vent molecules were determined. The shortest contacts are observed between the O(1)–H(1)
proton of 4a with the O(5) of water with an H⋯O distance of 1.95(4) Å [O⋯O 2.66(1) Å]
and between the hydroxyl protons O(2)–H(2) of the complex with the DMSO oxygen O(3)
(H⋯O 1.87(4) Å [O⋯O 2.63(1) Å]) (see the crystal packing in the Supplemental Data) [89].

A marked difference can be observed in the orientation of the chloride co-ligands. Thus,
two chloride ligands complete a trigonal bipyramidal arrangement around copper (figure 4).
The polyhedron is distorted, with the Cl–M–Cl angle of 96.7°. The apical positions
(N–M–Cl) are separated by an angle of 171.3°.

Table 5. Selected bond lengths (Å) and angles (°) for 2a and 4a.

2a 4a

Bond lengths Bond lengths
Cu(1)‒O(1) 2.178(3) Cu(1)‒O(1) 2.167(3)
Cu(1)‒O(2) 2.151(3) Cu(1)‒O(2) 2.144(3)
Cu(1)‒N(1) 1.935(3) Cu(1)‒N(3) 1.998(3)

Cu(1)‒Cl(1) 2.261(1)
Cu(1)‒Cl(2) 2.215(1)

Bond angles Bond angles
O(2)‒Cu(1)‒O(1) 156.5(1) O(2)‒Cu(1)‒O(1) 93.7(1)
O(2)‒Cu(1)‒N(1) 78.3(1) O(2)‒Cu(1)‒N(1) 86.0(1)
O(2)‒Cu(1)‒O(2A) 94.2(2) O(2)‒Cu(1)‒Cl(1) 124.4(1)
O(2)‒Cu(1)‒O(1A) 92.7(2) O(2)‒Cu(1)‒Cl(2) 91.7(1)
O(2)‒Cu(1)‒N(1A) 101.3(1) O(1)‒Cu(1)‒N(1) 81.0(1)
O(1)‒Cu(1)‒N(1) 78.3(1) O(1)‒Cu(1)‒Cl(1) 140.7(1)
O(1)‒Cu(1)‒O(1A) 89.9(2) O(1)‒Cu(1)‒Cl(2) 90.8(1)
O(1)‒Cu(1)‒N(1A) 102.2(1) N(1)‒Cu(1)‒Cl(1) 91.5(1)
N(1)‒Cu(1)‒O(2A) 101.3(1) N(1)‒Cu(1)‒Cl(2) 171.3(1)
N(1)‒Cu(1)‒N(1A) 179.4(2) Cl(2)‒Cu(1)‒Cl(1) 96.7(1)
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The angular structural parameter τ (index of trigonality) has been used for distinguishing
between a trigonal bipyramidal (TBP) and square pyramidal (SP) geometry in five-coordinate
complexes, s ¼ ðb� aÞ=60� where α and β are the two largest angles [21, 90]. τ = 0 for an
ideal square pyramid (α and β = 180°) and τ = 1 for an ideal trigonal bipyramid (α = 120°
and β = 180°). Using this criterion, the τ value is 0.51, indicating that the complex is
distorted towards a trigonal bipyramidal geometry.

4. Conclusion

The present study shows that the reaction of 2,6-bis-disubstituted pyridine derivatives with
elemental copper produces monomeric compounds where one or two ligands are coordi-
nated to copper. The magnetic behavior is fully in line with the assumption that the species
2a–c exhibit a distorted octahedral geometry. Complexes 2a,b show gyy ≈ gxx >> gzz ≈
2.0023, consistent with a compressed symmetry, whereas 2c displays gzz > gyy ≈
gxx > 2.0023, typical for an elongated symmetry. In the case of 4a–b, g parameters suggest
a pseudo-trigonal bipyramidal geometry. These geometries have been proved by single-crys-
tal X-ray analysis.

The preference for formation of six-coordinate 2a–c could be associated to the formation
of two five-membered rings from the pyridine ligands that stabilize a cationic complex.
However, in the case of 4a,b, they are formed through the complexation of the pyridine
ligands with the elemental copper. The formation of these five-coordinate complexes seems
to be highly favored owing to the six-membered rings, which are probably stabilized due to
increasing steric factor on the pyridine carbons.

Supplementary material

CCDC-1001885 (2a) and CCDC-1001886 (4a) contain the supplemental crystallographic
data for this paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Center via www.ccdc.ac.uk/data_request/cif.
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