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The three novel mononuclear copper(ll) complexes with dipicolinate and pyridyl-based ligands
[Cu(dipic)(L)(OH,)] (L = 4-picoline, vinylpyridine, 4-styrylpyridine; dipic>~ = dipicolinate) were afforded
and structurally characterized. X-ray diffraction studies accounted for slight distorted square-pyramidal struc-
tures in which the dianion dipic?~ acts as a tridentate ligand in a mer-fashion, the N-donor species occupy an
in-plane position, and a water molecule was detected apically coordinated. To assess the effect of the nature of
the pyridyl-substituent (para position) on electronic properties, other complexes were also synthesized:
[Cu(dipic)(py)(OH2)], [{Cu(dipic)(OH,)}2(p-pyz)] and [{Cu(dipic)(OH,)}(u-pypy {Cu(dipic)}] (py = pyridine,
Cu(Il) complexes pyz = pyrazine, pypy = (E)-1,2-bis(pyridine-4-yl)ethane). Absorptive behavior in the UV-VIS region was stud-
Pyridyl-based ligands ied in solution and in the solid state (reflectance measurements).

DFT Additionally, geometry and population analyses were conducted by means of DFT calculations. Electronic UV-VIS
TD-DFT spectra were simulated for both dinuclear complexes in the framework of the TD-DFT methodology to assign the
origin of the absorption bands.
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1. Introduction

Pyridine-2,6-dicarboxylic acid (also known as dipicolinic acid,
H,dipic) represents a water-soluble, commercially available, low-cost
and versatile N,0,0-chelating ligand, which exhibits multiple coordina-
tion modes acting as dianion (dipic? ~), monoanion (Hdipic™), orin a
neutral form (Hpdipic) [1-6]. Metal complexes containing these ligands
have been successfully employed in the field of material chemistry [7-
19], in medicine [20-28], and biology [29-35]. As a result of the versatil-
ity of dipicolinate, the number of X-ray crystal data of dipic-containing
complexes is rather high, and those with Cu(Il) in particular are not
an exception. Despite this copious information, the synthesis of new
Cu(II)-containing dipicolinate complexes still represents an open field
of research.

Hence, in the context of the aforementioned considerations and as
part of our interest on contributing to increment basic knowledge on
chemical and physical properties of copper(Il) complexes containing
dipic and N-donor ligands, the synthesis, crystal structure and study of
the absorptive behavior in solution and in the solid state (reflectance
measurements) of the three novel mononuclear Cu(ll) complexes
[Cu(dipic)(L)(OH;)] (L = 4-picoline, vinylpyridine, 4-styrylpyridine;
dipic®>~ = dipicolinate) is presented. In order to assess the role of the
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N-donor ligand on the chemical properties and absorptive features,
other complexes were also included: [Cu(dipic)(py)(OH,)],
[{Cu(dipic)(OHy)}x(u-pyz)] and [{Cu(dipic)(OH,) }(u-pypy){Cu(dipic)}]
(py = pyridine, pyz = pyrazine, and pypy = (E)-1,2-bis(pyridine-4-
yl)ethane). Geometry optimization and population analysis (NPA)
were conducted by B3LYP in combination with 6-31G(d) for the further
understanding of geometric and electronic properties of all complexes.
Electronic UV-VIS spectra were calculated in the TD-DFT framework
in the gas phase and in the presence of the solvent to assign the origin
of the absorption bands experimentally detected.

2. Experimental
2.1. General Procedures and Syntheses

All reagents and solvents were purchased from commercial sources,
the last ones being purified and dried by common methods [36]. Ele-
mental analyses for carbon, hydrogen and nitrogen were performed
on a Carlos Erba EA1108 analyzer. IR spectra were recorded for the com-
plexes dispersed in KBr pellets on a BOMEM MB 102 FT-IR spectrometer.
UV-VIS spectra in solution were measured on a Shimadzu UV-1603
spectrophotometer, while those in the solid state (reflectance studies)
were recorded on a Shimadzu UV-2600 spectrophotometer equipped
with an integrating sphere model ISR-2600Plus.
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Table 1
Crystal, X-ray diffraction collection and structure refinement data.
Complex 3-2H,0 4-2H,0 5-H,0
Chemical formula C26H32Cu2N4014 C14H16CuN207 C40H34Cu2N4011
Molecular weight 751.66 387.83 873.79
Crystal size (mm?) 0.210 x 0.080 x 0.316 x 0.107 x  0.033 x 0.024 x
0.020 0.052 0.021
T (K) 293(2) 100(2) 293(2)
Crystal system Triclinic Triclinic Monoclinic
Space group P-1 P-1 P21 /n
Cell dimensions (A, °)
A 7.1863(5) 4.9845(3) 5.3379(3)
B 10.2688(7) 12.0021(10) 46.652(3)
C 10.8242(7) 13.0766(11) 7.8410(4)
o 97.878(2) 83.971(5) 90°
B 99.742(2) 87.848(4) 107.474(2) °
b% 102.079(2) 88.400(4) 90°
Volume (A%) 757.39(9) 777.20(10) 1862.48(17)
z 1 2 2
Peatc (Mg m—3) 1.648 1.657 1.558
Omins Omax (°) 2.96, 26.45 3.135,26.731 5.992, 74.761
Reflections collected 15,774 21,383 19,501
Timins Tmax 0.592, 0.745 0.6250,0.7538  0.75, 0.96
Goodness-of-fiton > 1.098 1.002 1.169
Parameters, data 233,3095 235, 3307 262, 3545

Ry, WR; [I>20(1)] 0.0322, 0.0745

R1, WR;, [all data] 0.0458, 0.0803

Largest diff. peak, hole 0.325, —0.556
(eA™?)

0.0522, 0.0908
0.1002, 0.1065
0.910, —0.646

0.0608, 0.1606
0.0689, 0.1648
0.532, —0.416

The ligands 4-styrylpyridine (pyph) and (E)-1,2-bis(pyridine-4-
yl)ethene (pypy) were prepared by Knoevenagel condensation [37,38]
under reaction conditions analogous to the ones made available by
Bhomwik et al. [39]. The precursor mer-[Cu(dipic)(OH,)s] (1) was
synthetized following a reported procedure [40]. Its purity was checked
by elemental analyses and FT-IR measurements.

2.1.1. Synthesis of [Cu(dipic)(OH>)(py)]-2H20 (2-2H>0)

A solution of 99 pL (0.125 mmol) of pyridine in MeOH (6 mL) was
carefully layered on top of an aqueous solution (8 mL) of precursor 1
(35 mg, 0.125 mmol). Blue crystals of 2 were afforded after seven days
(19 mg, 47%). Anal. calcd for CuCy,H{4N>07: C, 39.84; N, 7.74; H, 3.34.
Found: C, 39.92; N, 7.78; H, 3.38. IR (KBr) vmax: 3432 (0O-Hy,), 3100-
3065 (Csp>-H), 1639 (CO0), 1429 cm™ ' (Ar). UV-VIS (MeOH) Ay,
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Scheme 1. View of the precursor [Cu(dipic)(OHz)s].
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Fig. 1. View of the pyridyl-based ligands employed in this work: pyridine (py), 4-picoline
(pic), vinylpyridine (vpy), 4-styrylpyridine (pyph), pyrazine (pyz), and (E)-1,2-
bis(pyridine-4-yl)ethene (pypy).

nm: 223 (sh), 244, 249, 256, 262, 270, 277, 724; UV-VIS (solid state)
Amax, NM: 220 (sh), 247, 275 (sh), 385 (sh), 720.

2.1.2. Synthesis of [Cu(dipic)(OHz)(pic)]-2H20 (3-2H50)

A solution of 120 pL (0.125 mmol) of 4-picoline in MeOH (6 mL) was
carefully layered on top of an aqueous solution (8 mL) of precursor 1
(35 mg, 0.125 mmol). Blue crystals of 3, suitable for X-ray diffraction
studies, were obtained after three days (19 mg, 43%). Anal. calcd for
CuCy3H16N207: C, 41.54; N, 7.45; H, 4.29. Found: C, 41.64; N, 7.66; H,
4.29. All values are given as percentages. IR (KBr) vpax: 3420 (H,0),
3080-3040 (Csp?-H), 1623 (C00), 1429 cm~! (Ar). UV-VIS (MeOH)
Amax, NM: 222, 254, 260, 267, 276, 757; UV-VIS (solid state) Ay, Nm:
220, 248, 273, 396 (sh), 710.

2.1.3. Synthesis of [Cu(dipic)(OH,)(vpy)]-2H,0 (4-2H,0)

A methanolic solution (6 mL) containing 133 pL (0.125 mmol) of vpy
was layered on top of 1 (35 mg, 0.125 mmol) in 8 mL of H,0. Blue crys-
tals of 4 — suitable for X-ray diffraction measurements — were yielded
after five days (26 mg, 46%). Anal. calcd for CuCy4H;¢N207: C,43.36; N,
7.22; H, 4.16. Found: C, 43.78; N, 7.88; H, 4.63 (all values are given in
percentages). IR (KBr) Vmax: 3428 (H,0), 3065-3035 (Csp?>~H), 1645
(C00), 1430 (Ar). UV-VIS (MeOH) Anax, nm: 251, 260 (sh), 268, 270
(sh), 277 (sh), 746; UV-VIS (solid state) Apax, NM: 222, 252, 292, 429,
682.

2.1.4. Synthesis of [Cu(dipic)(OHz)(pyph)]-H>0 (5-H>0)

A methanolic solution (6 mL) containing 22.6 mg (0.125 mmol) of
pyph was layered on top of 1 (35 mg, 0.125 mmol) in 8 mL of H,0.
Blue crystals of 5, suitable for X-ray diffraction measurements, were
yielded after five days (24.6 mg, 46%). Anal. calcd for CuCpoH,oN,07:
C,51.78; N, 6.04; H, 4.34.Found: C, 51.81; N, 5.99; H, 4.27 (all values

Table 2
Selected bond lengths (A) and bond angles (°) for complexes 3-2H0, 4-2H,0 and 5-H,0.

Bond lengths (A)

Complex 3-2H,0 4-2H,0 5-H,0
Cu—01 2.2376(23) 2.2120(25) 2.3914(33)
Cu—02 2.0392(15) 2.0544(25) 1.9987(35)
Cu—03 2.0566(14) 2.0337(25) 2.0459(30)
Cu—N1 1.9122(21) 1.9056(39) 1.8991(34)
Cu—N2 1.9566(19) 1.9547(38) 1.9522(39)
Bond angles (°)

3-2H,0 4-2H,0 5-H,0
01—Cu—02 91.127(69) 90.948(96) 92.465(126)
01—Cu—03 94.718(69) 97.825(96) 88.079(123)
02—Cu—03 159.467(65) 159.308(103) 161.568(126)
01—Cu—N1 94.654(85) 96.798(124) 90.309(125)
01—Cu—N2 97.132(81) 94.902(121) 95.913(136)
N1—Cu—N2 168.211(82) 168.164(160) 173.731(146)
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Fig. 2. Molecular structure and labelling for 3-2H,0 (left), and for 4-H,0 (right) (H-bonds are displayed by dashed lines). Thermal ellipsoids are drawn at the 30% probability level.

are given in percentages). IR (KBr) vimax: 3392 (H,0), 3071 (Csp?-H),
1648 (CO0), 1434 cm ™! (Ar). UV-VIS (MeOH) Amax, NM: 224, 235
(sh), 268 (sh), 278 (sh), 296 (sh), 306, 325 (sh), 735; UV-VIS (solid
state) Amax, NM: 223, 264, 340, 675.

2.1.5. Synthesis of [{Cu(dipic)(OH>)}.(p-pyz)] (6)

Crystals of this complex were afforded according to the technique of
Felloni et al. [40]. IR (KBr) Vmax: 3392 (H,0), 3071 (Csp?>-H), 1627
(C00), 1434 (Ar). UV-VIS (MeOH) Aax, nm: 224 (sh), 253 (sh), 260,
267, 277 (sh), 313 (sh), 720; UV-VIS (solid state) Apax, nm: 220 (sh),
260, 365 (sh), 672.

2.1.6. Synthesis of [{Cu(dipic)(OH,)}(p-pypy){Cu(dipic)}] (7)

This complex was obtained by employing a reported protocol [40].
The low solubility of this compound in common solvents obstructed
the characterization in solution. IR (KBr) vpax: 3392 (H,0), 3010
(Csp?>-H), 1642 (COO0), 1424 (Ar). UV-VIS (solid state) Amax, NM: 220
(sh), 272, 291, 318 (sh), 340, 675.

2.2. X-ray Diffraction Studies

Data for suitable single crystals were collected with a Bruker D8 Ven-
ture diffractometer equipped with a Photon 100 CMOS detector using a
curved-graphite-monochromated Mo-Ko radiation (A = 0.71073 A).
The data collection and data reduction were performed with the
APEX2 [41] set of programs. Multi-scan absorption correction was ap-
plied [42]. The solutions of structures were found with the SHELXT
package, and were refined with SHELXL-2014 [43] within SHELXLE
[44]. All non-hydrogen atoms were refined using anisotropic displace-
ment parameters. Carbon-bonded hydrogen atoms were
stereochemically positioned, and isotropically refined using the riding-
model. Thermal parameters were set at 1.2 times the Ueq of the carbon
atom they are bonded to. Water-hydrogen atoms were found in the dif-
ference Fourier map; they were positionally fixed, and their thermal pa-
rameters were set to 1.5 times the Ueq of the oxygen atom. ORTEP-3 for
Windows [45] was used for drawings. Summary of the crystallographic
data, experimental details and refinement results are listed in Table 1.

2.3. Theoretical Calculations

All calculations were undertaken at the density functional theory
(DFT) level of theory. Geometry optimizations starting from molecular
structures determined by X-ray crystallography were conducted [40,
46,47]. In all cases, B3LYP [48] in combination with 6-31G(d) [49] was
employed, and an ultrafine grid featured by 90 radial shells and 590 an-
gular points per shell was taken into account. The nature of the station-
ary point was verified through vibrational analysis (no imaginary
frequencies at the minimum).

The Time-Dependent DFT (TD-DFT) methodology was employed to
calculate up to four hundred spin-allowed transitions in the gas phase,
and in the presence of the solvent by employing B3LYP/6-31G(d) for
di-copper complexes. All effects of solvent were described by the con-
ductor-like polarizable continuum model (C-PCM) [50], which is a
valid model to consider the effects of the solvent as long as the specific
interaction between the solute and the solvent are not of a significant
importance. Electronic UV-VIS spectra were simulated by means of
the GaussSum software [51] considering all calculated excitations. Nat-
ural Population Analysis (NPA) calculations were performed with the
NBO code [52] included in the program package Gaussian 09, Rev. D01
[53], which was used for all theoretical studies reported in this
contribution.

3. Results and Discussion
3.1. Synthesis and Crystal Structure

All complexes of Cu(Il) were afforded by a simple substitution reac-
tion starting from the precursor mer-[Cu(dipic)(OH,)s] (Scheme 1). The
strategy of layering an alcoholic solution of the N-donor ligand (see
Fig. 1) on an aqueous solution of the precursor resulted simple, repro-
ducible and led to the desired complex in reasonable yield.

Selected interatomic distances and bond angles are summed up in
Table 2. Metric data are typical of square-pyramidal geometries
(Figs. 2 and 3). An oxygen atom (O1) from a water molecule is detected
apically coordinated. Distances Cu—O1 resulted of 2.2376 A (3-2H,0),
2.2120 A (4-2H,0), and 2.3914 A (5-H,0), the last one being located
more remote due to a H-bond O1--H(w1) with distance of

Fig. 3. Molecular structure (up-view, left; front-view, right) and labelling for complex 5-H,0 (H-bond is displayed by dashed lines). Thermal ellipsoids are drawn at the 30% probability

level.
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Fig. 4. Front-view of the optimized geometry of trans-7 (top), and of cis-7 (medium) as
calculated in the gas phase with B3LYP/6-31G(d) (T = 298 K). Atom labelling is also
included (bottom).

1.8888(62) A (Fig. 3). Three of the in-plane coordination sites are occu-
pied by the dipic fragment, which keeps the mer-orientation observed
in the precursor. Distances for Cu—N1 (dipic) are of 1.9122 A
(3-2H,0), 1.9056 A (4-2H,0), and 1.8991 A (5-H,0), while the basal
fourth position is occupied by the nitrogen atom of the pyridyl-based li-
gand with distances (in A) of 1.9566, 1.9547, and 1.9522 for 3-2H,0,
4-2H,0, and 5-H,0, respectively. These results are in accordance with
the ones reported by Felloni et al. [40] H-bonds were also detected in

Table 3
Selected optimized parameters (bond lengths in A, bond angles in °) for complexes 2-7 as
obtained with B3LYP/6-31G(d) in the gas phase (T = 298 K).

Bond lengths

Complex 2 3 4 5 6 7°

Cu—01 2324 2.331 2332 2.333 2277 2321 (2.322)
Cu—02 1.952 1.953 1.953 1.954 1.997 1.951 (1.951)
Cu—03 2.018 2.021 2.021 2.022 1.942 2.016 (2.016)
Cu—N1 1.907 1.907 1.907 1.908 1.897 1.905 (1.905)
Cu—N2 1.987 1.982 1.981 1.979 2.009 1.986 (1.986)
Cu'—01’ 2.281 2.321(2.322)
Cu'—02’ 1.998 2.016 (1.951)
Cu'—03’ 1.943 1.951 (2.016)
Cu'—N1’ 1.900 1.905 (1.905)
Cu’'—N2’ 2.001 1.986 (1.986)
Cu-Cu’ 6.78 13.4 (13.4)
N2---N2’ 2.76 9.44 (9.44)
Bond angles

Complex 2 3 4 5 6 7°
01—Cu—02 111.5 111.5 1114 1115 110.9 111.5(111.6)
01—Cu—03 75.2 751 75.1 75.0 76.2 754 (75.4)
02—Cu—03 162.7 162.6 162.6 162.6 163.8 162.9 (162.9)
01—Cu—N1 112.2 111.6 1114 1113 107.4 112.5 (112.5)
01—Cu—N2 93.8 94.1 94.1 94.2 102.1 93.8 (93.7)
N1—Cu—N2 152.5 152.8 152.9 153.0 149.0 152.3 (152.4)
01'—Cu’'—02’ 111.7 75.4 (111.5)
01'—Cu'—03’ 76.7 111.5 (75.4)
02'—Cu’'—03’ 163.6 162.9 (162.9)
O1'—Cu’'—N1’ 116.0 112.5 (112.5)
01'—Cu’'—N2’ 92.6 93.8 (93.7)
N1'—Cu’'—N2’ 150.0 152.2 (152.4)

2 Metric parameters for isomer trans are displayed; the ones for isomer cis in
parentheses.

Table 4
Selected atomic charges from the NPA analysis for complexes 2-7 as obtained with B3LYP/
6-31G(d) (T = 298 K).

Complex 2 3 4 5 6 7°

Cu +1.094 +1.094 +1.094 +1.095 +1.084 +1.092
01 -0.942 —0.942 —0.942 —0.942 —0.942 -0.942
02 -0.796 —0.758 —0.759 —0.758 —0.796  -0.760
03 -0.796 —0.795 —0.795 —0.795 —0.764 -0.796
N1 -0.530 —0.530 —0.530 —0.530 —0.528 -0.530
N2 -0.546 —0.553 —0.550 —0.555 —0.496 —0.543
Cu’ +1.090 +1.092
o1’ —0.943 -0.942
02’ —0.800 -0.760
03’ —0.765 -0.796
N1/ —0.526 -0.530
N2’ —0.500 —0.543

2 NPA results for isomers trans and cis are identical.

the structures of 3-2H,0 and 4-2H,0. While the dipic unit is connected
to the apical water molecule via two crystallization water molecules in
3-2H,0, the dipic fragment interacts with the monodentate N-donor li-
gand also via H-bonds and two crystallization molecules in 4-2H-0. It is
worth mentioning that the T parameter, which helps analyzing the ge-
ometry deviation of pentacoordinated environment from the square-
pyramidal arrangement (7 = 0) or from the trigonal bipyramidal geom-
etry (7 = 1) [54] shows values 0f 0.14,0.15, and 0.20 for 3-H,0, 4-2H,0,
and 5-H,O0, respectively. These values are in line with the aforemen-
tioned discussed square-pyramidal coordination geometry in all struc-
turally characterized complexes.

3.2. Geometry Optimization, Electronic Structure and NPA Results

Theoretical calculations were conducted for complexes 2-7. It is
worth mentioning that the crystallographic data for the dinuclear com-
plex 6 exhibit apically coordinated water molecules trans to each other
[40,47], while the structural information in 7 accounts for complexes
interacting to each other with coordinated water in cis orientation
[40]. This observation prompted us to optimize the geometry of 7 in a
cis and a trans disposition of their coordinated water (Fig. 4).

I/ u.a.

T T T T
200 300 400 500 600 700 800
A/ nm
Fig. 5. Experimental UV-VIS reflectance spectrum of 6 measured in the solid state (solid

line), and calculated in the gas phase with B3LYP/6-31G(d) (dashed line; inset:
calculated spectrum in the VIS region).
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Fig. 6. Experimental UV-VIS spectrum of 7 measured in the solid state (solid line), and
calculated for trans-7 in the gas phase with B3LYP/6-31G(d) (dashed line; inset:
calculated spectrum in the VIS region).

Geometry optimization led to a minimum as stationary point in all
cases (Tables S1-S7). All optimized structures display the metal residing
in a slight distorted square-pyramidal environment. Selected optimized
parametric are collected in Table 3. The calculated geometries in the gas
phase reasonable match the experimental evidence [40,46,47] consider-
ing the absence of packing-forces and H-bond effects in the calculations.
It is worth mentioning that no systematic improvement of the geomet-
ric data has been obtained by employing more extended basis sets (cc-
pVDZ and cc-pVTZ; for further details, see Supplementary Information
in Table S8).

For dinuclear species, the presence of pyz as bridging-ligand pro-
motes slight modification in the coordination sphere with respect to
mononuclear complexes. In case of pypy as bipyridyl-bridge, the select-
ed geometric parameters resemble those calculated for mononuclear
compounds. It should be noted that these results are practically not af-
fected by the disposition of the coordinated water molecules, even

Table 5
Selected orbital excitations calculated for 6 in the gas phase employing TD-B3LYP in com-
bination with 6-31G(d).

)\calc
Most important excitations*®  f (nm)  Aeyp (nm)© Origin?
H—25(p) - L+ 1(B), 00023 5949 672 (720) MLMLCT
H—9(B) > L+1(p)
H = 23(R) — L+ 2(B), 00024 5912
H—-7(pR) =L+ 2(B)
H —12(B) - L(p),H — 10(R) 0.0434 358.5 365 (313) MLLCT
- L(p)
H — 16(a) — L(@) 01202 307.1 260 (253,260,267, LLCT
H—9(B) = L+ 3(B) 00196 2753  277)
H—7(p) — L+ 5(p) 00167 2732
H—17(8) - L(B) 00106 271.1
H = 15(8) > L + 6(B) 00320 2427 220 (224) LLCT
H—12(8) — L + 6(3) 00320 2395
H—27(a) - L(a) 0.2048 211.7 Not detected
H - 15(ct) - L + 3() 01634 204.4
H— 15(c) > L + 3(a), 01829 203.6

H—-1(a) = L+ 8()

2 Only those excitations with contribution larger than 15% were considered.

b H = HOMO; L = LUMO.

€ Aexp (M) measured in the solid state; the value obtained in solution in parentheses.
4 See in text for acronyms employed in assigning origin of absorption bands.

when some conformational changes were detected (Cu’—02’ and Cu
'—03’ bond lengths, 01'—Cu’'—02’ and 01'—Cu’—03’ angles).

Calculated NPA charges on selected atoms are collected in Table 4.
The NPA result for copper is smaller than the formal value of + 2 as a re-
sult of the electron-density donation process. The metal ion ends with a
charge of about + 1.09, while the non-metal atoms support a charge
ranging from —0.528 to —0.942. In all cases, the oxygen apically coor-
dinated delivers a charge density in minor extension than the one of the
dipic anion. Nitrogen atoms of the pyridyl ligand and the dipic fragment
exhibit similar values of the charge density. The NPA results for the
{Cu(dipic)(OH,)} units in 6 and 7 seems to be not affected by the pres-
ence of the N,N-bipyridyl connector.

3.3. Electronic Spectra

Complexes 2-6 were characterized by UV-VIS measurements in so-
lution (MeOH) and in the solid state (reflectance measurements), com-
plex 7 being included only in the last studies due to solubility problems
in common solvents. TD-DFT calculations led to results in the presence
of the solvent with no significant shifts in comparison to those in the
gas phase.

In solution, a well-defined band was experimentally observed in the
visible region at about 730 nm, which seems to show no dependence on
the nature of the substituent on the pyridyl-ring. The UV-portion of the
spectrum exhibited an intense and complex band at about 280 nm. In
going from the solution to the solid state, remarkable changes were de-
tected. For mononuclear complexes, the nature of the substituent affects
the position of the band at the low-energy region. The change in the
pyridyl-based ligand from py to pyph led to a systematic hypsochromic
shift (of up to —45 nm) (for further details, see Fig. S1). At the same
time, the band at the visible emerged as very intense, which is indeed
comparable to the one detected in the UV-region. In case of dinuclear
complexes, the position of the visible band is not affected by an increase
in the length of the connecting ligand (pyz and pypy). It is worth men-
tioning that the intensity of this band for dinuclear species resulted
comparable to the one at the high-part of the spectrum, this observation
being in agreement with the results for mononuclear species.

TD-DFT calculations were conducted for species 6 and 7, the last one
being studied in the gas phase in a cis and a trans orientation of the api-
cally coordinate water molecules (Fig. 4). The TD-B3LYP/6-31G(d) data
for 6 and for trans-7 reasonably reproduced the experimental evidence
in the solid state (Figs. 5 and 6). In the range 400-800 nm, one well-de-
fined and asymmetric absorption band was detected, for which a blue-
shift of up to —80 nm with respect to the experimental information
(complex 6) was calculated. Unlike the one calculated for the trans iso-
mer, the simulation for cis-7 accounted for the presence of two bands
(Fig. S2). It is worth mentioning that the calculations for all dinuclear
complexes were not able to reproduce the relative intensity of the
band in the visible portion of the spectrum experimentally observed
in the solid state.

By examining the high-energy part of the spectrum, interesting fea-
tures emerged. For complex 6, three simulated bands (comparable in in-
tensity) originate the experimental one observed in the UV-region. The
results for complex 7, for which no influence on the disposition of the
coordinated water molecules was detected, show a very intense and
asymmetric band peaked at about 330 nm, and a second one — signifi-
cantly less intense — located at about 240 nm. The nature of the bridging
ligand promotes differences in charge delocalization of the MOs in-
volved in the UV-region excitations. This finding promotes the afore-
mentioned differences in intensity ratio in the high-energy portion of
the spectrum for complexes 6 and 7 (further details are discussed in
text below).

The analysis of MOs is very important to get deeper insight into the
origin of absorption bands. In Tables 5 and 6, the most important orbital
excitations associated with the band experimentally located at 672 and
675 nm for 6 and trans-7, respectively, are summed up (data for cis-7
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Table 6
Selected orbital excitations calculated for trans-7 in the gas phase employing TD-B3LYP in combination with 6-31G(d).

Most important excitations®” f Aecale (nm) Aexp (NM)© Origin?
—11(B) =L+ 1(B) 0.0019 748.8 675 MLMLCT
—16(B) - L+ 2(P),H—15() = L+ 1(B) 0.0016 634.7

H —1(a) — L(), H(a) — L) 0.0038 5255
—12(B) = L(B), H — 10(B) — L(P) 0.3060 3474 340 MLLCT
—10(a) — L(ew), H — 12(R) — L(B) 0.6251 326.0
—16(a) = L(o), H — 16(B) — L(B) 0.1153 302.7 272,291, 318, 220 LLCT
—10(a) » L+ 1(o) 0.0312 2498
—16(a) > L + 4(a), H — 15(at) > L + 3(at) 0.0381 212.0¢ Not detected

2 Only excitations with contribution larger than 15% were considered.
> H = HOMO; L = LUMO.
€ Aexp (Nnm) observed in the solid state.

4" See in text for acronyms employed in assigning origin of absorption bands.

¢ Band originated in many (very) intense excitations, which are associated with weight lower than 4%. The excitations included in table are the only one with contribution larger than

15%.

are included in Supplementary Material, Table S9). In the first case, the
charge moves from HOMO — 25((3), HOMO — 23(3), HOMO — 9(p),
and HOMO — 7() to the LUMO + 1(B) and LUMO + 2(3). Their con-
tours (Fig. 7) allow us assigning the origin of the band at 672 nm for 6
as metal-ligand-to-metal-ligand-charge-transfer (MLMLCT). In analogy
to the foregoing results for 6, the origin of the band at 675 nm for trans-7
can be attributed mainly to a MLMLCT, even when a contribution of
metal-ligand-to-ligand-charge-transfer (MLLCT) is also observed (Fig.
8).

The band at 365 nm for 6 has its origin in excitations from the HOMO
— 12(B) and from the HOMO — 10((3), to the LUMO(3). For complex
trans-7, orbitals other than the already mentioned are involved in the
origin of the band at 340 nm. Indeed, a contribution from the excitation
HOMO(a) —» LUMO() was calculated. While the destination orbitals
are mostly bridging-ligand in character in both complexes, the starting
orbitals show differences (Fig. 9). For trans-7, the connecting-ligand
prompts a charge delocalization along its structure in all HOMO-deriva-
tives, which is not displayed in the same extension when pyz acts as
bridging-unit in 6. These findings are in line with a MLLCT assignment
for the band at 356 nm for 6 and at 340 for trans-7, in the last specie
the contribution from a ligand-to-ligand-charge-transfer (LLCT) being
of significance. This observation supports also the difference in intensity
previously discussed.

/\
LUMO+1(B) LUMO+2(B)
/
?f ;3
HOMO-9(B) HOMO-7(B)
!
Zr
4 ° rv = 9%
HOMO-25(B) HOMO-23(B)

Fig. 7. HOMO- and LUMO-derivatives of 6 as calculated with B3LYP/6-31G(d) involved in
the origin of the absorption band in the visible region of the spectrum (isoelectronic cut-
off of 0.25 e A73).

The contours of the HOMOs and LUMOs implicated in the detected
band under 300 nm enable assuming mainly a LLCT as its origin (for fur-
ther details, see Supplementary Information, Figs. S3 and S4).

It is well-known that B3LYP is usually unsuccessful in dealing with
long-range charge-transfer processes. Even when it is our intention to
use TD-DFT as a complement of the experimental evidence in this con-
tribution, an assessment of the performance of B3LYP mainly at the
blue-part of the spectrum for title complexes was conducted. In this
line, CAM-B3LYP [55] was chosen and therefore, TD-DFT/CAM-B3LYP/
6-31G(d) calculations in the gas phase and in the presence of MeOH
as solvent (C-PCM) were performed for all dinuclear complexes. As
with B3LYP, non-important shifts were detected in going from the gas
phase to the solution. The simulation led to analogous results to B3LYP
in the VISIBLE region; in the UV, differences worth to be highlighted
were observed mainly for complex 6 (further details in Supplementary
Information). In this case, four bands were detected. In contrast to
B3LYP, CAM-B3LYP led to a very weak band at 359 nm, while a very in-
tense band was simulated at 234 nm. The MOs involved in the excitation
point to a LLCT as origin of the bands experimentally found in the blue-
part of the spectrum. Thus, CAM-B3LYP removed the “metal-ligand”
character obtained with B3LYP in the starting MOs involved in all im-
portant excitations. When the situation of complex 7 is analyzed, the

LUMO+2(B)
LUMO(a) LUM0+1(B)
HOMO—l(a) HOMO(a)

HOMO-11(B)

HOMO—IG(B) HOMO—IS(B)

Fig. 8. HOMO- and LUMO-derivatives of trans-7 as calculated with B3LYP/6-31G(d)
involved in the origin of the absorption band in the visible region of the spectrum
(isoelectronic cut-off of 0.25 e A~3).
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fesl Zead

LUMO(B)

e i

HOMO-12(B) HOMO-10(B)

LUMO(a) LUMO(B)

L3

L 4
HOMO-10(ct)

HOMO-12(B) HOMO-10(B)

Fig. 9. HOMO- and LUMO-derivatives of 6 (left) and trans-7 (right) — responsible for the band at about 350 nm — calculated with B3LYP/6-31G(d) (isoelectronic cut-off of 0.25 e A~>).

trans disposition is taken as example. In this case, a blue-shift of the
band-pattern observed in the UV-region with B3LYP was obtained
with CAM-B3LYP. A very intense band — product of a single excitation
(f = 1.4512) — was simulated at 284.1 nm, which represents about
— 60 nm of displacement with respect to B3LYP. The analysis of MOs
conducts again to a LLCT as origin of the absorption bands in the UV.

In our opinion, B3LYP proved to be successfully enough to comple-
ment the experimental evidence in studying absorptive features of di-
nuclear Cu(Il) complexes with dipicolinate and pyridyl-based.

4. Concluding Remarks

Three new complexes of Cu(Il) with dipicolinate and pyridyl-based
ligands were afforded by a simple substitution reaction starting from
the precursor mer-[Cu(dipic)(OH,)s], and were structurally character-
ized. The crystallographic data accounted for slight distorted square-py-
ramidal structures in which dipicolinate coordinates the metal center in
a mer-fashion. A water molecule was detected apically coordinated and
the pyridyl ligand completes the coordination sphere. A mononuclear
complexes and two dinuclear complexes, for which only X-ray struc-
tures were reported, were also prepared and characterized in this con-
tribution to study the effect of the pyridyl-substituent on properties in
solution and on absorptive features in the UV-VIS region (in solution
and in the solid state).

The structure and electronic properties of all complexes were stud-
ied by DFT methods at the B3LYP/6-31G(d) level of theory. This meth-
odology reasonably reproduced metric data at a very low
computational cost. The absorptive features of dinuclear complexes,
which bear N,N'-dipyridyl-bridge with different conjugation extension,
were explored by TD-DFT/B3LYP/6-31G(d) calculations. This method
proved to be suitable in reproducing the electronic UV-VIS absorption
spectra, and allowed us to explain the origin of the absorption bands ex-
perimentally detected.

Crystallographic data for the structural analysis have been deposited
with the Cambridge Crystallographic Data Centre (CCDC) reference
numbers 1425657 (Cu-dipic-pic), 1441008 (Cu-dipic-pyph), and
1501745 (Cu-dipic-vpy). A copy of this information may be obtained
via http://www.ccdc.cam.ac.uk, or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-
336-033, or e-mail: deposit@ccdc.cam.ac.uk. Supplementary data asso-
ciated with this article can be found in the online version, at http://dx.
doi.org/10.1016/j.saa.2017.04.003.
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