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Abstract

The synthesis, spectroscopic and structural characterization, electrochemical properties and
theoretical studies of a series of eight robust neutral Nickel(II) and Copper(Il) complexes (4-
11) supported by unsymmetrically-substituted N,O,-tetradentate Schiff base ligands are
reported. The M(salophen)-type compounds are substituted by either a pair of donor (anisyl,
ferrocenyl, methoxy) or acceptor (fluoro, nitro) groups, forming D-w-D and A-Tt-A systems,
respectively. The compounds were prepared in good yields by condensation of the free’amino
group of the desired ONN-tridentate half-unit with the appropriate substituted salicylaldehyde
in the presence of hydrated Nickel(Il) or Copper(Il) acetate salts. They were characterized by
elemental analysis, FT-IR, UV-vis, and for diamagnetic species by multinuclear NMR
spectroscopy, mass spectrometry and cyclic voltammetry. The crystal structures of one Ni(Il)
(4) and four Cu(Il) complexes (5, 7, 9 and 11) revealed a four-coordinate square-planar
environment for the nickel and copper metal ions, with two nitrogen and two oxygen atoms as
donors. In 4, 5, 7 and 9, the crystallization solvent interacts through hydrogen bonding with the
phenolato oxygen atoms of the Schiff base pocket, while 11 packs as‘centrosymmetric dimers with
an apical Cu-O short contact interaction (2.63 A). the cyelovoltammograms of the nickel
complexes present an irreversible mono-electronic Ni(II)/Ni(I) reduction wave while those of
their copper counterparts exhibit a reversible or quasi-reversible one-electron Cu(Il)/Cu(I)
redox process. The electronic structures of the eight complexes were analyzed by DFT and
TD-DFT calculations.

Keywords: Nickel; Copper; N;Os-ligand; Schiff base complexes; single crystal X-ray
diffraction; DFT and TDDFT calculations



1. Introduction

In biological systems, transition metal ions are usually bound to a macrocycle such as
a heme ring or to donor atoms of peptide chains in a distorted environment [1]. This
unsymmetrical coordination of ligands around central metal ions had lead to a growing
interest in the design and synthesis of transition metal complexes of unsymmetrically-
substituted Schiff base ligands as synthetic models [2]. In addition, this class of compounds
presents also a wide range of interesting properties, including biocidal [3], magnetic [4],
nonlinear optical (NLO) [5,6], and the most commonly explored catalytic activity [7,8] among
others. Compare to the straightforward preparation of their symmetrically-substituted
counterparts [9], syntheses of the unsymmetrically-substituted tetradentate analogues must
proceed in two steps [10,11]. The first step is monocondensation of one equivalent of an
aldehyde or ketone reactant with one end of a primary diamine to give the so-called half-unit
intermediates [11], which are, in a second step, allowed to react through the remaining free
amino group with a different carbonyl moiety [12,13]. In some instances, half-
unit intermediates can be isolated from condensation of salicylaldehyde and diamines such as
1,2-phenylenediamine or 1,2-diaminocyclohexane [13], but in the cases of 1,2-ethanediamine
and 1,3-propanediamine, the half-units- must be trapped as copper(Il) half-unit complexes to
avoid the formation of the double-condensation products [6a,15]. However, since the first
report by Costes on the synthesis of the half-unit resulting from the monocondensation of 2,4-
pentanedione with 1,2-ethanediamine [16], it has been extensively employed as precursor for
the preparation of unsymmetrically-substituted N,O,-quadridentate Schiff base ligands
[12,15-17]. Analogously, Ghosh er al. reported that monocondensation of benzoylacetone
with 1,2-ethanediamine or 1,3-propanediamine under similar experimental conditions leads to
the formation of the respective substituted tridentate half-units [18], that were also used to
prepare unsymmetrically-substituted tetradentate Schiff base Cu(Il) compounds [19] as well
as trinuclear Cu(Il) complexes with a p3—OH core [18].

Recently, we reported the X-ray crystal structure of the organometallic half-unit
counterpart [20], obtained by monocondensation of ferrocenoylacetone and 1,2-
ethanediamine [21]. This tridentate ferrocenyl-containing Schiff base was further
functionalized by a phenolic group at the imine carbon [22], thus allowing the grafting onto a
polyacrylic acid [13b]. As well, we also synthetized and structurally characterized the
tridentate metalloligand formed from monocondensation of ferrocenoylacetone and 1,2-

phenylenediamine, Fc-C(O)CH=C(CH3)N(H)-0-CsHsNH, (3, Fc = ferrocenyl = (1]5—



C5H5)Fe(n5 -CsHy))) [23]. Those three organometallic half-units were then engaged as
building blocks in the construction, upon condensation with appropriate salicylaldehydes, of a
new class of unsymmetrically-substituted tetradentate Schiff base ligands and of their robust
heterobimetallic nickel(Il-) and copper(Il)-centered complexes [13,20,24]. Such Schiff base
architectures feature a delocalized planar metal-chelated macroacyclic framework that
connect a ferrocene donor unit and an accepting group of the salicylidene ring, thus forming
D-m-A systems exhibiting interesting second order NLO properties [13,25].

As part of our ongoing interest in this field of chemistry, we have focused on the
design of two new classes of unsymmetrically-substituted D-n-D and A-mt-A nickel(Il) and
copper(Il) Schiff base complexes that could further be linked to a m-conjugated bidentate
spacer to build up more expanded D-m-A systems and enhance the second-order NLO
responses. We report herein on the synthesis, analytical and spectral characterization of two
new half-units 1 and 2 resulting from monocondensation of 1,2-phenylenediamine with 4-
methoxy and 4-fluorobenzoylacetone, respectively, and on two families of four D-n-D (4-7)
and four A-m-A (8-11) metal(I)-centered macroacyclic salophen-type Schiff base complexes
(see formulas on Schemes 1 and 2), formed by condensation of the free amino group of half-
units 1-3 and salicylaldehydes bearing either donating or accepting substituents in the
presence of a hydrated metal(II) acetate salt. The molecular and crystal structures of a
representative example of each substitution pattern (MeO/MeO, Fc/MeO, F/F,, F/NO;) are
also described. The X-ray structural characterisation of the octahedral [NiCly(py)s], formed
during recrystallization of 10, is also briefly mentioned. The electrochemical properties of the
eight Schiff base complexes were studied by cyclic voltammetry. Additionally, geometry
optimizations, electronic structures and theoretical assignment of the UV-Vis spectra of the

complexes have been performed using DFT and TD-DFT method.

2. Experimental
2.1. Materials and general procedures

Reactions were performed under dry nitrogen atmosphere using standard Schlenk
techniques. Solvents were dried and distilled according to standard procedures [26]. 5-
nitrosalicylaldehyde, 3,5-difluorosalicylaldehyde, 4-methoxy-2-hydroxybenzaldehyde, 5-
methoxy-2-hydroxybenzaldehyde, 1,2-phenylenediamine, nickel(Il) acetate tetrahydrate, and
copper(ll) acetate monohydrate were purchased from Aldrich and used without further

purification. 1-anisyl-1,3-butanedione [27], 1-(4-fluorophenyl)-1,3-butanedione [28] and the



organometallic tridentate ‘“half unit” 3 [23] were synthesized according to published

procedures.

2.2. Characterization

Solid-state FT-IR spectra were recorded on a Perkin-Elmer Model 1600 FT-IR
spectrophotometer with KBr disks in the 4000 to 450 cm™ range. Electronic spectra were
obtained with a SHIMADZU UV-1800 spectrophotometer. NMR spectra were recorded at
298 K with a Bruker Avance III 400 spectrometer. All NMR spectra are reported in parts per
million (ppm, &) relative to tetramethylsilane (Me,Si) for "H and '>C NMR spectra, with the
residual solvent proton and carbon resonances used as internal standards. Chemical shifts of
'F NMR spectra are referenced against external CECls. Coupling constants (J) are reported in
Hertz (Hz), and integrations are reported as number of protons. The following abbreviations
are used to describe peak patterns: s = singlet, d = doublet, t = triplet, m = multiplet, br =
broad. High resolution electrospray ionization mass spectra (ESI-MS) were obtained at the
Centre Regional de Mesures Physiques de 1I’Ouest (CRMPO, Université de Rennes 1, France)
with either a WATERS Q-TOF 2, a Bruker MICROTOF-Q II or a Bruker MAXI 4G mass
spectrometer. Elemental analyses were conducted on a Thermo-FINNIGAN Flash EA 1112
CHNS/O analyzer by the Microanalytical Service of the CRMPO. Cyclic voltammetry (CV)
measurements were performed. using a Radiometer Analytical model PGZ 100 all-in one
potentiostat, using a standard three-electrode setup with a vitreous carbon working electrode,
platinum wire auxiliary electrode, and Ag/Ag" as the reference electrode. Dichloromethane
solutions were 1.0.mM in the compound under study and 0.1 M in the supporting electrolyte
n-BuyN*PFs with voltage scan rate = 100 mV s™'. The ferrocene/ferricenium redox couple
(CpyFe/Cp,Fe") was used as internal reference for the potential measurements. Melting points
were determined in evacuated capillaries on a Kofler Bristoline melting point apparatus and

were not corrected.

2.3. Synthesis of (4-CH30-C¢H4)C(O)CH=C(CH3)N(H)-0-CcH4NH; (1)

A two-necked round bottom flask was charged with a stirring bar, 600 mg (3.122
mmol) of 1-anisyl-1,3-butanedione and 25 mL of dry toluene. When the solid was completely
dissolved, 506 mg (4.683 mmol) of 1,2- phenylenediamine in 25 mL of dry toluene were
added to the solution. Then, the flask was equipped with a Dean-Stark apparatus and the
reaction mixture was refluxed for 6 h. After cooling to room temperature, the solution was

reduced under vacuum to one fourth of its volume. Addition of 100 mL of petroleum ether



(35-60) caused the precipitation of a pale yellow solid. This solid was filtered off and
adsorbed on a column packed with silica gel. Elution with hexane/diethyl ether mixture (1:1)
produced the release of a pale yellow band which was collected. The solvent was evaporated
under reduced pressure and the solid material recrystallized by slow diffusion of hexane into a
dichloromethane solution of the compound, affording 565 mg (64.1% yield) of pale yellow
crystals. M.p. 227-229 °C. Anal. calcd for C7H;sN,O, (282.34 g mol™): C, 72.32; H, 6.43; N,
9.92. Found: C, 72.09; H, 6.30; N, 9.71. HRMS-ESI" (based on C;7H;sN,O,Na [M * Na]")
m/z caled: 305.1266; found: 305.1264 (1 ppm). FT-IR (KBr pellet, cm™): 3450(m) Vasym
(NHy), 3370(m) vym(NH), 3356(w) v(N-H), 3068(w),3040(w), 3010(w), wW(C-H aryl),
2968(w), 2940(w), 2916(w), v(C—H alkyl), 1594(s), 1578(s) v(C=0), v(C=N)-and/or v(C=C),
1534(s) ANH2), 1256(s) v(C-0), 750(s) AC—H). '"H NMR (400 MHz, DMSO-ds): 12.40 (s, 1
H, NH), 7.90 (d, 2 H, 4-CcH,OCHj3), 7.01 (d, 2 H, 4-C¢HsOCH3), 6.99 (m, 1 H, 2-C¢Hy), 6.98
(m, 1 H, 2-C¢H,), 6.80 (d, 1 H, 2-C¢Hy), 6.59 (t, 1 H, 2-C¢Ha), 6.01 (s, 1 H, CH=C), 4.98 (s, 2
H, NHy), 3.82 (s, 3 H, OCH3), 1.95(s, 3 H, CH3). "C{"H}NMR (101 MHz, DMSO-ds): 186.1
(C=0), 163.7 (CH=C), 161.5 (Cquat 4-CsHsOCH3), 143.9 (Cquat HN-CsHs), 132.2 (Cquar HoN-
CeHa), 128.7 (CH, 4-C¢H4OCH3), 127.5 (CH, 2-CgHy), 127.1 (CH, 2-CsHs), 123.2 (Cquat 4-
C¢H,OCH3), 116.3 (CH, 2-C¢Hs), 115.5 (CH, 2-C¢Hs), 113.5 (CH, 4-CcH4OCHj), 92.5
(CH=C), 55.3 (OCH3), 19.5 (CHs3).

2.4. Synthesis of (4-F-CcH4)C(0O)CH=C(CH3)N(H)-0-CcH4NH, (2)

The synthesis of this compound was carried out following a procedure similar to that
described above for half-unit 1, using in this case, 600 mg (3.33 mmol) of 1-(4-fluorophenyl)-
1,3-butanedione and 540 mg (4.99 mmol) of 1,2- phenylenediamine, yielding 510 mg (56.6%)
of a light yellow microcrystalline powder. M.p. 122-124 °C. Anal. calcd for C,¢H;sFN,O
(27030 g mol™): C, 71.10; H, 5.59; N, 10.36. Found: C, 71.02; H, 5.48; N, 10.21. HRMS-
ESI" (based on C;¢H;sN,OFNa [M*Na]") m/z calcd: 293.10661; found: 293.1066 (0 ppm).
FT-IR (KBr pellet, cm'l): 3442(m) Vasym (NH2), 3382(m) veym(NH2),3348(m) w(N-H),
3066(w), 3040(w) W(C-H), 1628(m), 1600(s), 1592(s) w(C=0), v(C=N) and/or v(C=C),
1536(s) ANH,), 1310(s) v(C-F), 755(s) &C—H). '"HNMR (400 MHz, DMSO-dy): 12.43 (s, 1
H, NH), 8.00 (d, 2 H, C¢HsF), 7.27 (t, 2 H, CsHsF), 7.03 (d, 1 H, 2-C¢Hy), 7.01 (d, 1 H, 2-
CsHa), 6.82 (d, 1 H, 2-CsHy), 6.59 (td, 1 H, 2-CsHa), 6.05 (s, 1 H, CH=C), 5.02 (s, 2 H, NH»),
1.97 (s, 3 H, CH3). *C{'H} NMR(101 MHz, DMSO-dj): 185.5 (C=0), 164.9 (CH=C), 164.7
(d, "Jer = 248 Hz, C-F), 162.5 (Cqua, HN-C6Hy), 143.9 (Cquar, CsHa-NH), 136.1 (Copar, CoHa-
F), 129.4 (CH, CcH4-F), 127.1 (CH, 2-C¢H,), 122.9 (CH, 2-C¢Hy), 116.3 (CH, 2-C¢Ha), 115.2



(CH, 2-C¢Hy), 115.0 (CH, 2-CsHy), 92.7 (CH=C), 19.5 (CH3). ’F NMR (376 MHz, DMSO-
de): -110.09 (m, C¢Hy-F).

2.5. General procedure for the synthesis of complexes 4-11

To a Schlenk tube containing a solution of the desired half-unit 1, 2 or 3 in 10 mL of
ethanol, was added under stirring, a solution of the substituted salicylaldehyde dissolved in 5
mL of ethanol. The resulting solution was refluxed for 1 h, and at room temperature a solution
of the hydrated metal(Il) acetate dissolved in 5 mL of ethanol was added. The resulting
mixture was refluxed for 4 h. The dark suspension was subsequently cooled at -30 °C for 4 h.
The dark solid material was filtered off, washed with three 4 mL portion of cold ethanol and

three 4 mL portion of diethyl ether. Finally, the solid was dried under vacuum for 2 h.

2.5.1. [Ni{(4-CH;30-C¢H ) C(=0)CH=C(CH3)N-0-CcH /N=CH-(2-0,4-CH;0-C¢H3)}] (4)

Half-unit ligand 1: 200 mg (0.708 mmol), 4-Methoxysalicylaldehyde: 108 mg (0.708
mmol) and nickel(II) acetate tetrahydrate: 264.3 mg (1.062 mmol); yield: 232 mg (69.2%).of
a dark red powder. Recrystallization carried out in an open Erlenmeyer under a fume Hood by
slow diffusion of pentane into a saturated dichloromethane solution of 4 deposited dark red
single crystals suitable for X-ray structure determination. M.p. 227-229 °C. Anal. calcd for
CasHyNoNiO4- HaO (491.19 gmol™): C, 61.13; H, 4.93; N, 5.70. Found: C, 60.80; H, 4.87; N,
5.49. FT-IR (KBr pellet, cm™): 3580(m), 3422(m), O-H), 2956(w), 2932(w), 2836(w) UC—
H),1608(vs),1546(vs), 1498(s) MC=0), NC=N) and/or C=C),1250(s),1216(s) N C-0). 'H
NMR (400 MHz, DMSO-de): 8.54 (s, 1 H, N-CH), 7.93 (d,J =7.9 Hz, 1 H, H3-sal), 7.83 (d, J
= 8.0 Hz, 2 H, 4-CcH4OCHj3), 7.46 (dd, J = 8.2 and 2.5 Hz, 2 H, 2-C¢Hy), 7.09 (qd, J = 8.0 and
4.0 Hz, 2 H, 2-C¢H.), 6.97 (d, J = 8.0 Hz, 2 H, 4-CcH,OCH3), 6.33 (d, J = 8.7 Hz, 1 H, H6-
sal), 6.31 (dd, J = 8.7 and 2.4 Hz, 1 H, H5-sal), 6.16 (s, 1 H, CH=C), 3.81 (s, 3 H, C¢Hs-
OCH3), 3.76 (s, 3 H, 4-CsH,OCH3), 2.50 (s, 3 H, CHs). "C{'H} NMR (101 MHz, DMSO-
ds): 172.4 (C=0), 166.7 (CH=C), 165.3(Cs-OCHj3) , 165.1 (C¢-OCHs), 161.3 (C2-sal), 153.5
(N=CH), 143.7 (C-N, 2-C¢Hy), 142.6 (C-N, 2-C¢H,), 135.0 (CH, 2-C¢Ha), 128.7 (CH, 4-
CsH4OCHz), 128.3 (Cyuar, 4-CsHs-CO), 125.3 (CH, 2-CsHy), 123.4 (CH, 2-CsHy), 121.7 (CH,
2-CeHy), 115.2 (Cguai, CH30-CsH3-CH), 115.0 (CH, CgHs), 113.5 (CH, 4-CsH4OCH3), 107.0
(CH, C¢H3), 101.3 (CH=C), 101.2 (CH, CsHs), 55.3 (CsH30CH3), 55.1 (4-CsH4OCHa), 24.6
(CH3).



2.5.2. [Cuf(4-CH;0-C4H ,)C(=0)CH=C(CH;)N-0-CsH N=CH-(2-0,4-CH;0-CsH;)}] (5)

Half-unit ligand 1: 200 mg (0.708 mmol), 4-Methoxysalicylaldehyde: 108 mg (0.708
mmol) and copper(Il) acetate monohydrate: 212 mg (1.063 mmol); yield: 314 mg ( 93.1%) of
Dark green powder. Recrystallization by slow diffusion of pentane into a saturated
pyridine/dichloromethane (1:1) mixture of 5 deposited dark green single crystals suitable for
X-ray structure determination. M.p. 181-183 °C. Anal. calcd for CsHoCuN2O4 (477.99 g
mol™): C, 62.82; H, 4.64; N, 5.86. Found: C, 62.56; H, 4.77; N, 6.28. HRMS-ESI" (based on
C25sH22N,04Na®*Cu [M * Nal*) m/z caled: 500.07678; found: 500.0771 (1 ppm). FT-IR (KBr
pellet, cm™): 3061(w), 2998(w), 2957(w), 2929(w) UC-H), 1605(vs); 1554(w), 1499(s)
N(C=0), UC=N) and/or N(C=C), 1244(s), 1209(s) UC-O).

2.5.3. [Nif(5’-CsHs)Fe(n’-CsH,)-C(0)CH=C(CH3)N-0-CsH N=CH-(2-0,5-CH3;0-CsH;)}]
(6)

Half-unit ligand 3: 200 mg (0.555 mmol), S-Methoxysalicylaldehyde: 69.3 pL. (0.555
mmol) and nickel(Il) acetate tetrahydrate: 207.2 mg (0.834 mmol); yield: 207 mg (67.7%) of
a violet solid. M.p. 145-147 °C. Anal. Calcd for CysH24N2FeNiO3- CH3;CH>OH (596.10 g mol’
l): C, 60.34; H, 5.06; N, 4.69. Found: C, 60.60; H, 4.99; N, 4.66. FT-IR (KBr pellet, cm'l):
3400(m), v (O-H); 3076(w), 3004(w), 2990(w) v(C-H aryl), 2970(m), 2892(m), 2838(m) v( C-
H alkyl), 1600(s), 1516(vs), 1488(s) v(C=N), v( C=0) and/or v( C=C), 1288(s), 1266(s),
1254(s), 1216(s) w(C-0). "H NMR (400 MHz, CDCls): 8.12 (s, 1 H, N=CH), 7.61 (d, J = 8.1
Hz, 1 H, C¢Hs), 7.28 (d, J = 8.2 Hz, 1 H, 2-C¢H,), 7.10-6.92 (m, 4 H, 2-C¢H4 + C¢H3), 6.70
(d, J=2.8 Hz, 1 H, H6-sal), 5.64 (s, 1 H, CH=C), 4.76 (m, 2 H, CsH4), 4.35 (m, 2 H, CsHa),
4.20 (s, 5 H, CsHs), 3.77 (s, 3 H, OCH;3), 2.44 (s, 3 H, CH;).”"C{'H} NMR (101 MHz,
CDCl3): 180.3 (C=0), 162.3 (CH=C), 161.7 (N=CH), 152.0 (C2-sal), 149.7 (C5-sal), 145.3
(CN, 2-C¢Ha), 142.7 (CN, 2-C¢H,), 126.1, 123.1, 122.9 (CH, 2-C¢H4 + C¢H3), 121.8 (CH, 2-
CeHy), 118.8 (Cl-sal), 114.4 (CH, C¢H;), 111.3 (CH, C¢H3), 102.9 (CH=C), 79.9 (Cipso,
CsHa), 70.7 (CsHy), 70.2 (CsHs), 68.8 (CsHa), 55.9 (OCH3), 24.8 (CHz).



2.5.4. [Cu{(y’-CsHs)Fe(n’-CsH,)-C(0)CH=C(CH;3)N-0-CsH N=CH-(2-0,5-CH;0-CsH:)}]
(7)

Half-unit ligand 3: 200 mg (0.555 mmol), 5-Methoxysalicylaldehyde: 69.3 pL (0.555
mmol) and copper(Il) acetate monohydrate: 166.2 mg (0.834 mmol); yield: 234 mg (76.2%)
of red wine powder. Recrystallization by slow diffusion of pentane into a saturated
metanol/dichloromethane (1:1) mixture of 7 deposited a dark brown single crystals suitable
for X-ray structure determination. M.p. 163-165 °C. Anal. _Calcd = for
CasH24CuFeN,0;-CH;0H (587.93 g mol™): C, 59.24; H, 4.80; N, 4.76. Found: C, 59.33; H,
4.80; N, 4.81. HRMS-ESI" (based on CosHyN,O3NaFe”Cu [M'NaJ]?) m/z caled:
578.03245; found: 578.0327 (0 ppm). FT-IR (KBr pellet, cm™): 3078(w), 2996(w) U C-H
aryl), 2968(w) 2926(m), 2898(w), 2834(w) WC-H alkyl), <1600(s), 1513(vs), 1474(s)
(C=N), UC=0) and/or v(C=C), 1286(s), 1266(s), 1254(s), 1214(s) U C-O).

2.5.5. [Ni{(4-F-CsH,)C(O)CH=C(CHj3)N-0-CsH N=CH-(2-0,3,5-F»-CsH)}] (8)

Half-unit ligand 2: 200 mg (0.740 mmol), 3,5-difluorosalicylaldehyde: 117 mg (0.740
mmol) and nickel(Il) acetate tetrahydrate:276.2 mg (1.063 mmol); yield: 246 mg (71.2%). of
a brown powder. M.p. 184-186 °C Anal. Calcd for CxH;sF3NoNiO, (467.07 g mol™): C,
59.14; H, 3.24;N, 6.00. Found: C, 59.03; H, 3.34; N, 5.77. HRMS-ESI" (based on
C,3H15sN,0,F;Na™Ni [M*Na]") m/z caled: 489.03313; found: 489.0331 (0 ppm). FT-IR (KBr
pellet, cm’™): 3432(w), UO-H): 3076(vw), 3028(w), U C-H aryl), 2966(vw), 2924(vw) V( C-
H alkyl), 1602(s), 1546(s), 1482(vs) W C=N), U C=0) and/or W C=C), 1378 (vs),
1326(vw), 1260(s) ¥( C-F). '"H NMR (400 MHz, DMSO-dy): 9.73 (s, 1 H, N=CH), 7.98 (d, J
= 8.0 Hz, 1 H; 2-C¢Hy), 7.89 (q, J/=4.0 Hz, 2 H, C¢Hs-F), 7.52 (d, J = 8.0 Hz, 1 H, 2-CsHa),
7.35 (d, J = 8.0 Hz, 1 H, 2-C¢Hy), 7.30-7.16 (m, 4 H, C¢H4F + C¢H,F»), 7.11 (d, /= 8.0 Hz, 1
H, 2-C¢H,), 6.21 (s, 1 H, CH=C), 2.53 (s, 3 H, CH3)."*C{'H} NMR (101 MHz, DMSO-ds):
171.7/(C=0), 166.5 (CH=C), 166.3 (d, 'Jcp=249.0 Hz, C¢H,F), 154.9 (C2-sal), 154.4 (d, 'Jcr
=256.0 Hz, CsH,F>), 150.9 (N=CH), 149.8 (d, 'Jcr = 213.0 Hz, CsHaF,), 143.3 (CN, 2-CsHy),
141.2 (CN, 2-C¢Hy), 134.1 (Cquar, CéH4F), 129.5 (d, *Jor = 9.0 Hz, CsH4F), 127.3 , 1242 ,
122.8 (CH, 2-CgHy), 120.4 (Cqua, Cl-sal), 116.3 (CH, 2-CsHy), 1153 (d, “Jer = 21.0 Hz,
C6H,F), 111.5 (d, *Jeg = 24.0 Hz, CeHaF2), 109.3 (dd, *Jep = 24.0 Hz, CeHaFy), 102.2
(CH=C), 26.6 (CH3). '°F (376 MHz, DMSO-dy): -109.7 (q, Jgu = 7.5 Hz, C¢H4-F), -128.1 (q,
Jru = 7.5 Hz, CcHoF»), -129.7 (t, Jgg = 11.0 Hz, CcHLF,).



2.5.6. [Cu{(4-F-CsH4)C(O)CH=C(CHj3)N-0-CsH /N=CH-(2-0,3,5-F»-CsH>)}] (9)

Half-unit ligand 2: 200 mg (0.740 mmol), 3,5-difluorosalicylaldehyde: 117 mg (0.740
mmol) and copper(Il) acetate monohydrate: 221.6 mg (1.063 mmol); yield: 290 mg (81.5%)
of a dark green powder. Recrystallization by slow diffusion of pentane into a saturated
metanol/dichloromethane (1:1) mixture of 9 deposited a dark green single crystals suitable for
X-ray structure determination. M.p. 191-193 °C Anal. Calcd for C,3H;sCuFN;O, (480.93 g
mol']): C, 57.44; H, 3.35; N, 8.74. Found: C, 57.51; H, 3.44; N, 8.40. FT-IR (KBr pellet, cm’
l): 3068(vw), 3012(w) W C-H aryl), 2974(vw), 2928(vw) U C-H alkyl), 1606(s), 1544(s),
1476(vs) v( C=N), v ( C=0) and/or v ( C=C), 1456 (vs), 1368(vw), 1294(m) v ( C-F).

2.5.7. [Nif(4-F-CsH,)C(0)CH=C(CH;3)N-0-CsHN=CH-(2-0,5-NO»CsH:)}] (10)

Half-unit ligand 2: 200 mg (0.740 mmol), 5-nitrosalicylaldehyde: 124 mg (0.740
mmol) and nickel(Il) acetate tetrahydrate: 276.2 mg (1.063-mmol); yield: 227 mg (64.4%) of
a dark orange powder. M.p. 201-203 °C (dec). Anal. Calcd for C23H;6FN3NiO4 (476.08 g mol”
: C, 58.02; H, 3.39; N, 8.83. Found: C, 56.87; H, 3.40; N, 8.34. HRMS-ESI" (based on
C,3H1sN304FNa’®Ni [M*Na]") m/z calcd: 498.03705; found: 498.0369 (0 ppm). FT-IR (KBr
pellet, cm'l): 3432(w), NO-H), 3066(w) W C-H aryl), 2920(vw) W C-H alkyl), 1604(s), v
(C=N), U C=0) and/or U C=C), 1542(s) 1492(vs), 1410(S), 1378(s), 1318(s) Vasym ( NO»),
Veym (NO») and/or U C-F). Attempts.to Recrystallize 10 by slow diffusion of dichloromethane
into a saturated pyridine solution in air deposited a few yellow single crystals of [NiCly(py)a]

identified by X-ray structure determination.

2.5.8. [Cuf(4-F-C4H,)C(0)CH=C(CH;3)N-0-CsH N=CH-(2-0,5-NO»-CsH3)}] (11)

Half-unit ligand 2: 200 mg (0.740 mmol), 5-nitrosalicylaldehyde: 124 mg (0.740
mmol)-and copper(Il) acetate monohydrate: 221.6 mg (1.063 mmol); yield: 290 mg (81.5%)
of a brown powder. Recrystallization by slow diffusion of pentane into a saturated pyridine
solution of 11 deposited brown single crystals suitable for X-ray structure determination. M.p.
205-207 °C (dec). Anal.Caled for Ca3H;sCuFN;O4 (480.94 g mol'): C, 57.44; H, 3.35; N,
8.74. Found: C, 58.32; H, 3.14; N, 8.87. HRMS-ESI" (based on C23HisN304FNa®Cu [M *
Na]") m/z calcd: 503.0313; found: 503.0312 (0 ppm). Ft-IR (KBr pellet, cm™): 3229(w) LO-
H), 3061(vw) U C-H aryl), 2971 (w), 2920 (w) W C-H alkyl), 1599(w), 1546(s) v ( C=N), v (
C=0) and/or v(C=C), 1494(s) 1492(vs), 1316(8) Vasym ( NO2), V ym(NO,) and/or v (C-F).



2.6. X-ray Crystal Structure Determinations

Well-shaped single crystals of compounds 4-H,O, 5-CH,Cl,, 7-CH;0H, 9-2CH3;0H
and 11, were mounted on top of glass fibers in a random orientation. Diffraction data were
collected at 296(2) K on a Bruker D8 QUEST diffractometer equipped with a bidimensional
CMOS Photon100 detector, using graphite monochromated Mo-Kao radiation (4 = 0.71073
A). The diffraction frames were integrated using the APEX2 package [29], and were corrected
for absorptions with SADABS. A yellow single crystal of [NiCly(py)4]-0.37H,O was coated
in Paratone-N oil, mounted on a Kaptan loop and transferred to the cold gas stream of the
cooling device. Intensity data were collected at T = 150(2) K on a-D8 VENTURE Bruker
AXS diffractometer equipped with a multiplayers monochromated Mo-Ko radiation (A =
0.71073 A) and a CMOS Photon100 detector, and were corrected for absorption effects using
multiscanned reflections. The structures of 4 and 7 were solved by direct methods using the
OLEX 2 program [30], that of 5 was solved by Patterson methods [31], those of 9 and 11
were solved with OLEX2 structure solution program by charge flipping method [32], and that
of [NiClx(py)4]-0.37H,O was solved by direct methods using the SIR97 program [33]. All the
structures were then refined with full-matrix least-square methods based on F* (SHELXL-97)
[31,34]. For the six compounds, non-hydrogen atoms were refined with anisotropic
displacement parameters. All hydrogen atoms were included in their calculated positions,
assigned fixed isotropic thermal parameters and constrained to ride on their parent atoms. A
summary of the details about crystal data, collection parameters and refinement are
documented in Table 1, and additional crystallographic details are in the CIF files. ORTEP

views were drawn using OLEX2 software [30].

Table 1. Crystal data, details of data collection and structure refinement parameters for

compounds 4-OH,, 5-CH,Cl,, 7-CH;0H, 9-2CH;0H, 11 and [NiCly(py)4]-0.37H,0O

4-OH, 5-CHxCl, 7-CH;0H 9-2CH;OH |11 NiCly(py)4]-0.3
7H,0
Empirical Formula C25H24N2 C26H24C12Cll ngHnguFe C25H23CUF3 C23H|6CHF C20H20‘73C12N4
NiOs N,O, N,O, N,O4 N;04 NiOg3;
Formula mass, g 491.17 562.91 587.92 535.99 480.93 452.61
mol™
Collection T, K 296(2) 296(2) 296(2) 296(2) 296(2) 150(2)
crystal system monoclini | Triclinic monoclinic | triclinic Monoclinic | Tetragonal
c
space group C2/c P-1 P2,/c P-1 P2,/c 14,/a
a(A) 30.573(3) | 7.3942(4) 13.329(3) 8.0752(3) 7.786(4) 15.8029(18)




b (A) 7.2985(6) | 12.9514(7) 24.948(5) 11.5973(4) 10.420(6) 15.8029
c (A) 24.800(4) | 13.1842(6) 7.4866(16) 12.5377(4) | 25.034(13) | 16.875(2)
0 (°) 90 99.6020(10) | 90 91.092(2) 90 90
B(°) 127.384(2 | 97.8760(10) | 97.244(7) 91.563(2) 95.86(2) 90
)
y (°) 90 96.109(2) 90 98.749(2) 90 90
vV (A%) 4397.0(8) | 1222.31(11) | 2469.7(9) 1159.75(7) | 2020.5(18) | 4214.3(11)
V4 8 2 4 2 4 8
Daiea (8 cm”) 1.484 1.529 1.581 1.535 1.581 1.427
Crystal size (mm) 0.62 x 0.32x0.252 | 0.258 x 0.335 x 0.207 x 0.60 x 0.32 x
0.274 x % 0.038 0.099 x 0.254 x 0.176 x 0.29
0.022 0.089 0.132 0.11
F(000) 2048.0 578.0 1212.0 550.0 980.0 1869
abs coeff (mm™) 0.923 1.149 1.488 1.001 1.127 1.188
Orange (°) 5.34 to 4918 to 4.48 to 4.76 to 4.238to 3.025 to 27.460
49.88 52.81 52.84 52.88 52.754
range h.k,1 -36/36, - -9/9, -16/16, | -16/16, - -10/10, - -9/9, - -20/20, -20/20,
8/8, - -16/15 31/31, -9/9 14/14, - 13/13; - -21/18
29/29 15/15 31/30
No. total refl. 19886 31380 98839 99600 20316 16008
No. unique refl. 3845 5009 3749 4766 4091 1212
Rine 0.0594 0.0690 0.0591 0.0295 0.1265 0.0291
Comp. Gnax (%) 99.7 99.4 99.7 99.7 97.7 99.9
Max/min 0.742/1.0 | 0.661/0.745 | 0.758/0.927 | 0.869/1.000 | 0.839/1.000 | 0.709/0.494
transmission 00
Data/Restraints/Par | 3845/0/30 | 5009/0/316 5066/0/338 | 4766/0/321 | 4091/0/290 | 1212/0/72
ameters 4
Final R
[1>2a(])] R =
0.0605
WR2=01104 R1 =
0.0505
wR,=0.1177 R, =
0.0258
WR2 =0.0622 R1 =
0.0261
wR, =0.0737 R, =
0.0486
WR2 =0.0964 Rl =
0.0256
wR, = 0.0653
R indices (all'data) | R, =
0.0895
wR, = 0.1226 R, =
0.0794
WR2 =0.1369 Rl =
0.0327
WR, = 0.0656 R, =
0.0295
WR2 =0.0769 R1 =
0.0822
wR, =0.1070 R, =
0.0286
wR;, =0.0686
Largest diff. 0.65/-0.39 | 0.87/-0.69 0.30/-0.22 0.32/-0.22 0.32/-0.50 0.268/-0.421

Peak/hole (eA'3)




2.7. Computational Details

DFT [35-38] calculations were carried out using the Amsterdam Density Functional
(ADF 2012.01) program [39,40]. The Vosko-Wilk-Nusair parametrization [41] was used to
treat electron correlation within the local density approximation, with gradient corrections
added for exchange (Becke88) [42,43], and correlation (Perdew) [44,45], respectively (BP86
functional). The numerical integration procedure applied for the calculation was developed by
Te Velde [37]. The standard ADF TZ2P basis set was used in all the calculations. The frozen
core approximation was used at the following levels: Fe, 3p; Ni, 3p; Cu, 3p; C, Is;' N, 1s, O,
Is and F, 1s [37]. Spin-unrestricted calculations were carried out on the.odd-electrons
systems. Full geometry optimizations were carried out on each complex using the analytical
gradient method implemented by Versluis and Ziegler [46], and its minimum energy was
corroborated by inspecting their calculated vibrational spectra, finding no imaginary vibration
frequencies. The UV-visible electronic absorption transitions were computed on the DFT-
optimized geometries using the TD-DFT [47] method implemented within the ADF program,
using the B3LYP functional [48,49].

3. Results and discussion
3.1. Syntheses

The anisyl- and 4-fluerophenyl-containing half-units 1 and 2 were synthesized, like
their known ferrocenyl counterpart 3 [23], by monocondensation reaction of anisoylacetone
and 4-fluorobenzoylacetone, respectively, with o-phenylene diamine in refluxing toluene for 6
h (Scheme 1). A Dean-Stark apparatus was used to remove the generated water and the
progress of the reaction was monitored by TLC. High concentration of the reagents leads to
the formation of benzodiazepines as side products [12¢,50]. Compounds 1 and 2 were isolated
as air and thermally stable yellow microcrystalline solids in reasonable yields of 64 and 57%,
respectively. They are soluble in dichloromethane, diethyl ether and ethanol but are insoluble

in hydrocarbon solvents.



H,C + P HC

Reflux, 6h
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1

Scheme 1 Synthesis of the half-units 1 and 2

>: © Toluene >— N\ e

I: Ry = 4-MeO-C¢H,
2: R, = 4-F-C¢H,

The neutral unsymmetrically-substituted mono- and bimetallic Schiff base complexes
4-11 (Table 2) were prepared by reacting appropriate half-units 1-3, an equimolar amounts of
the desired substituted salicylaldehydes and either 1.5 equiv. of nickel(II) acetate tetrahydrate
or copper(Il) acetate monohydrate in refluxing ethanol for 4 h (Scheme 2). Complexes 4-11
were isolated as colored microcrystalline powders in-yields ranging from 65 to 93% (see
section 2.5 for details). They are air and thermally stable, moisture insensitive on storage
under ordinary condition, and exhibit good solubility in common organic solvents except 10
and 11 that are poorly soluble but very soluble in pyridine. All compounds are not soluble in

diethyl ether and hydrocarbon solvents.

Ethanol
H + +  M(OAG), nH,0 ano

o i i Reflux, 4h.

R2 Rs

I: Ay = 4-MeOCgH,
2 R, = 4-FCgH, xsi
3: R, = (n5-CgHg)Fe(n5-CsHy) M: Ni2+

Scheme 2 Synthesis of complexes 4-11

Table 2. Substitution pattern of the Schiff base complexes 4-11 prepared in this work



Compd. M R' R? R? R*  Yield (%)
4 Ni 4-MeO-C¢Hy- H OMe H 69
5 Cu 4-MeO-C¢H,- H OMe H 93
6 Ni (n’-CsHs)Fe(n’-CsHy) H H OMe 68
7 Cu (n’-CsHs)Fe(n’-CsH,) H H OMe 76
8 Ni 4-F-C¢H,- F H F 71
9 Cu 4-F-C¢H,- F H F 81
10 Ni 4-F-CHy- H H NO, 64
11 Cu 4-F-CH,- H H NO, 81

The composition and structures of the half-unis 1 and 2, and of complexes 4-11 were
established by satisfactory elemental analyses, FT-IR and NMR spectroscopy, and mass
spectrometry (see experimental section for details). In addition, the crystal structures of 4, 5,
7, 9 and 11 were determined by single crystal X-ray diffraction (see below). ESI* mass
spectra of the half-units 1 and 2, and of complexes 5, 7, 8, 10 and 11 showed the presence of
the molecular ion peaks with 100% intensity, and with the envelope of the isotopic pattern in

good agreement with the simulated ones.

3.2. Infrared spectra

Solid-state FT-IR spectra of 1 and 2 exhibit similar pattern suggesting that both
compounds have the same atom connectivity. For example, the two absorption bands
observed between 3450 and 3370 cm™ are due to the asymmetrical and symmetrical stretching
modes of the terminal NH; group [51a]. A medium intensity band attributable to the v(N-H)
vibration is also-seen at 3356 and 3348 cm’, respectively, suggesting that the enamine
tautomer is the predominant form in the solid state [22,23,52]. The characteristic strong
v(C=0), v(C=N) and/or v(C=C), stretching vibrations of the enaminone core appear about
1600 em™'. Moreover, strong v(C-O) and v(C-F) vibrations are also observed at 1256 and
1310 cm™ for 1 and 2 [51b], respectively, along with C-H bending mode vibrations around
750 cm™, typical of 1,2- and  1,4- disubstituted aromatic rings [51c].

On the other hand, the solid-state FT-IR spectra of complexes 4-11 are similar to those

we have previously described for unsymmetrically-substituted tetradentate N,O, species
[13,20,24,25], exhibiting the characteristic v(C™0), v(C™N) and v(C~C) stretching pattern

about 1600 cm™ of the organic Schiff base skeleton (see section 2.5 for details). Compounds

4-7 show an absorption band around 1260 cm™ assigned to the C-O vibration of the methoxy



substituent of anisyl and salicylidene rings. In the spectra of complexes 8 and 9, strong bands
due to C-F vibrations are seen near 1300 cm™. Those bands also present in the spectra of 10
and 11 are partially masked by the strong intensity band between 1490-1300 cm™ due to the
asymmetrical and symmetrical vibration mode of the nitro group bore by these two latter

complexes [51d].

3.3. NMR spectroscopy

The 'H NMR spectra of the Half- unit 1 and 2, and of the diamagnetic derived
tetradentate Ni(Il) complexes 4, 6 and 8 were acquired at 298 K and exhibited the expected
resonance patterns consistent with the proposed structures (see section 2.5 for complete
assignments). Owing to its lack of solubility in all common deuterated solvents, no NMR
spectra of 10 could be obtained. Attempts to record a 'H NMR spectrum in pyridine-ds was
also unsuccessful. The spectrum showed unassignable broad and shifted signals due to in situ
generated paramagnetic five- or more probably six-coordinated Ni(Il) species. [NiCly(py)4]
was isolated upon recrystallization of 10 from ‘a pyridine dichloromethane mixture (see
sections 2.5.7 and 3.4).

The 'H NMR spectra of 1 and 2 recorded in deuterated DMSO showed unshielded
amino proton signals at 12.40 and 12:43 ppm, respectively, due to intramolecular hydrogen
bonding between the secondary amine N-H and the oxygen atom of the carbonyl unit, thus
closing a pseudo six-membered heterocycle [53,54a,b]. These downfield positions clearly
indicate that both compounds exist as their enaminone tautomeric forms in solution. This is
confirmed by the resonances of the methine proton at 6.01 and 6.05 ppm, respectively, and
contrasts with the 60/40 keto-enamine/keto-imine tautomeric mixture found for the ferrocene-
containing half-unit 3 in acetone-ds [23]. This different behavior could arise from the nature
of the solvents used that is known to influence the position of the tautomeric equilibrium [54].
Spectra of 1 and 2 exhibit also a pair of singlets at 4.98/1.95 and 5.02/1.97 ppm (integral ratio
2:3) assigned to the NH, and methyl protons. In addition, the methoxy protons of the anisyl
entity show up at 3.82 ppm in the 'H NMR spectrum of 1, whereas the 4-fluorophenyl group
is identified by a multiplet centered at -110.09 ppm in the '’F NMR spectrum of 2.

The 'H NMR spectra of the three diamagnetic Ni(I) complexes 4, 6 and 8 show the
presence of the N=CH azomethine proton resonating as 8.54, 8.12 and 9.73 ppm, respectively,
bearing testimony of the assembly of the tetradentate Schiff base ligands [13,22, 24,25]. This
is confirmed by the characteristic multiplicity patterns observed in the aromatic region of the

3-, 4- and 5-substituted salicylidene rings, and by the fact that the peculiar resonances of the



respective starting half-units are also reproduced in the spectra of the three complexes (see
Section 2.5). For instance: (i) for 4, the two methoxy substituents of the salicylidene and
anisyl rings are seen at 3.81 and 3.76 ppm, respectively; (ii) for 6, four sharp singlets appear
at 2.47, 3.77, 420 and 5.64 ppm (integral ratio 3:3:5:1) due to the methyl, methoxy, free
cyclopentadienyl ring and methine protons, respectively, and (iii) in the ’F NMR spectrum of
8, the three magnetically non equivalent fluorine nuclei of the 4-fluorophenyl and 3,5-
difluorosalicylidene rings resonate at -109.7, -128.1 (5-F) and -129.7 (3-F) ppm. [25b],
respectively. Lastly, one can also note that the unsymmetrical nature of complexes 4, 6 and 8,
as well as that of half-units 1 and 2, is illustrated by the four differents resonances of various
multiplicity observed for the four magnetically non-equivalent protons of the o-phenylene
bridge in the range 6.5 to 7.8 ppm (see Section 2.5).

This unsymmetrical nature of the five compounds is confirmed by their proton
decoupled C NMR spectra, showing that each type of carbon gives rise to a
separate resonance (see Section 2.5 for complete assignments). Specifically, in 2 and 8 the
carbons bearing a fluorine substituent appear as doublets with 'Jcr coupling constants ranging
from 213 to 256 Hz. In 8, the carbons located in 1,2 position of the C-F units give also rise to
doublets with *Jcr of 24 Hz. A doublet is also observed for the mera carbon of the 4-
fluorophenyl ring with a 3Jcr of 9 Hz. Moreover, the spectra of 1 and 2 clearly support the
existence of their keto—enamine tautomeric form with the methine carbon resonating at 92.5
and 92.7 ppm, respectively. Those chemical shifts are similar to that measured for their
ferrocene-containing counterpart 3 (94.5 ppm) [23]. In complexes 4, 6 and 8, both the methine
and carbonyl carbons experienced an upfield shift of 9 and 14 ppm, respectively, upon
coordination of the half-units to the Ni(II) center and formation of the tetradentate complexes.
The central enamine carbon is not affected by the complexation, showing only a very slight

downfield shift of 1-4 ppm.

3.4. Crystal structures



Diffraction-quality single crystals for X-ray structure investigation were obtained for
compounds 4, 5, 7,9 and 11, by diffusion of pentane into, or slow evaporation of a saturated
solution of the compound (see Section 2.5 for solvents used). The molecular structures are
displayed in Figs. 1-4, crystal data are summarized in Table 1, selected bond lengths and
angles of the [M(N20;)] coordination core are given in Table 3 whereas other selected bond
distances and angles are provided in Tables S1-S3 (Supplementary material). Complex 4
crystallizes as the hydrated compound 4-H,O, while complexes 5, 7 and 9 crystallize as
solvated dichloromethane or methanol compounds 5-CH,Cl,, 7-CH;OH and 9-2CH;O0H,
respectively, with one molecular entity per asymmetric unit. All the complexes consist of a
M(II)-centered unsymmetrically-substituted macroacyclic Schiff base core (M = Ni: 4, Cu: 5,
7, 9 and 11) substituted either by a pair of electron releasing (4, 5 and 7) or electron

withdrawing groups (9 and 11).

Fig. 1 Molecular structures of compounds 4-H,O (top) and 5-CH,Cl, (bottom) with partial
atom labeling schemes. Hydrogens atoms and crystallization solvent molecules have been

omitted for clarity. Thermal ellipsoids are drawn at 50% probability.



Fig. 2 Molecular structure of compound 7-CH3;OH with partial atom labeling scheme.
Hydrogen atoms and crystallization solvent molecule have been omitted for clarity. Thermal

ellipsoids are drawn at 50% probability.

Fig. 3 Molecular structure of compound 9-2CH3;OH with partial atom labeling scheme.
Hydrogen atoms and crystallization solvent molecules have been omitted for clarity. Thermal

ellipsoids are drawn at 50% probability.

Compound 11 packs as centrosymmetric dimers resulting from apical short contact
interaction of the Cu(Il) metal ion of one molecule with a phenoxido oxygen atom of another
N,Os-tetradentate ligand that is basal to the copper(Il) center of the second complex (Figs. 4
and S1 in the Supplementary Material). The two halves of the dimeric entity are related by an
inversion center located in the middle of the four membered Cu,O, core. The axial and

equatorial Cu(Il)-O bond lengths in this asymmetric [Cu,0,] rhombic unit are of 2.63 and



1.935(2) A, respectively, with a non-bonding Cu""Cu distance of 3.27A. The Cu-O-Cu and O-
Cu-O angles are of 89.92 and 90.08°, respectively, whereas the bridging [Cu,O;] plane makes
a dihedral angle of 94.5° with the mean basal plane. This structural feature placing the Cu(Il)
metal ion in a square pyramidal environment was recently reported by us for four-coordinated

[Cu(ONO +N)] Schiff base complexes [4¢,55].

Fig. 4 Molecular structure of complex 11 showing partial atom numbering scheme and apical
short contact Cu-O interactions in dashed-line. Hydrogen atoms are omitted for clarity.

Thermal ellipsoids are drawn at 50% probability.

In each.compound, the metal(Il) ion is tetracoordinated with the coordination sphere
formed by the amide and imine nitrogen atoms and the carbonyl and phenoxide oxygen atoms
of the /dianionic chelating tetradentate Schiff base ligand with respective cis-configuration
(Figs. 1-4). Both the Ni(II)- and the Cu(Il)-centered metal ions adopt a slightly distorted
square planar geometry as reflected by the weak deviations (< 9°) from linearity of the two
diagonal O-M-N angles (Table 3). The deviations of the Ni(Il) metal center in 4, and of Cu(Il)
metal ion in §, 7, 9 and 11, from the least-square N,O, mean planes were found to be
0.021(2), 0.023(14), 0.041(8), 0.021(6) and 0.021(10) A, respectively. The metal-donor atom
bond lengths range from 1.834(3) and 1.865(3) A in 4 and from 1.8950(11) and 1.9608(19) A
in the Cu(Il) derivatives 5, 7, 9 and 11 (Table 3). They are unexceptional and are in
accordance with those reported in the literature for [Ni/Cu(N,O,)]-containing Schiff base

compounds [2b,f,4¢,6,13,22,24,25,53,55].



Table 3. Selected bond distances (A) and angles (°)of the [M(N,0O,)] coordination core for
compounds 4-OH,, 5-CH»Cl,, 7-CH30H, 9-2CH3O0H and 11 with their theoretically computed

values into brackets

4-H,0 5-CH,Cl, 7-CH;0H 9.2CH;0OH 11
Bond distances
M(1)-0(1) 1.834(3) [1.876] | 1.909(2) [1.955] | 1.8997(15) 1.8950(11) 1.904(2) [1.950]
[1.901] [1.952]
M(1)-0(2) 1.839(3) [1.881] | 1.910(2) [1.959] | 1.9142(15) 1.9134(11) 1.935(2) [1.964]
[1.916] [1.957]
M(1)-N(1) 1.865(3) [1.899] | 1.960(2) [1.996] | 1.9604(17) 1.9452(13) 1.956(2) [1.991]
[1.958] [1.991]
M(1)-N(2) 1.849(4) [1.870] | 1.922(3) [1.996] | 1.9246(17) 1.9350(12) 1.951(3) [1.974]
[1.938] [1.972]
Angles
O(1)-M(1)-N(2) | 176.47(15) 173.52(12) 175.68(7) [178] | 178.58(5) [175] | 178.05(9) [176]
[178] [176]
O2)-M(1)-N(1) | 173.98(17) 171.15(12) 170.79(7) [174] | 178.11(5) [174] | 177.21(9) [175]
[177] [175]
O(1)-M(1)-O(2) | 83.02(13) [83] | 88.68(9) [89] | 86.91(6) [87] 86.75(5) [89] 87.55(8) [89]

O(1)-M(1)-N(1)

95.54(15) [96]

93.86(10) [94]

94.79(7) 951

94.76(5) [94]

95.18(9) [94]

0(2)-M(1)-N(2)

95.64(15) [95]

94.37(10) [94]

94.09(7) 1941

93.68(5) [94]

92.63(9) [93]

N(1)-M(1)-N(2)

86.12(16) [86]

83.98(11) [84]

84.89(7) [84]

84.78(5) [84]

84.62(10) [84]

M = Ni for 4, Cu for 5,7, 9 and 11.

Complexation of the divalent nickel and copper ions by the dianionic tetradentate
[NzOz]z' three fused

heterometallacycles (Figs 1-4). The six-membered heterometallacycles are held together by

ligand generates coplanar six-, five- and six-membered
the five-membered diazametallacycle in which the N-C-C-N torsion angles are negligible (-
3.8, 1.3, -0.8,/4.8 and -2.4 °, respectively). A peculiar feature of such unsymmetrically-
substituted Schiff base derivatives having the o-phenylene spacer [20,24a,c,25b] is that the
Werner-type coordination [M(N20O;)] core is also part of a bowed chelate Schiff base scaffold
with angles formed by the two central carbons of the 6-membered chelate rings and the metal
center of 168.0, 163.6, 170.6, 165.9 and 162.3°, respectively. Nevertheless, the metrical
parameters measured in the three fused heterometallacycles are indicative of a =
delocalization over the entire system (Tables S1-S3 in Supplementary material).

In 4 and §, the O=C-C=C-N keto-enamino plane makes dihedral angles of 19.9 and
13.8°, respectively, with the anisyl ring. Similar dihedral angles involving the 4-fluorophenyl
substituent of 20.9 and 16.7° are found in compounds 9 and 11, respectively. By contrast, in 7

the keto-enamino and the substituted cyclopentadienyl rings are almost coplanar (dihedral



angle = 6.2°), a feature we previously encountered for similar unsymmetrically-substituted
tetradentate bimetallic Fe-Ni and Fe-Cu Schiff base complexes [13,20,24,25]. Moreover, in
this latter complex the ferrocenyl unit adopts the classical linear 1’-Fe(Il)-n’ sandwich
structure with parallel and staggered (15.4°) cyclopentadienyl rings. The ring centroid-iron-
ring centroid angle is of 178.9°, and the ring centroid-iron distances are of 1.647 and 1.644 A
for the ring with and without the side chain, respectively.

On the other hand, the water, dichloromethane and methanol crystallization molecules
found in the asymmetric units of 4-H,0, 5-CH,Cl,, 7-CH3OH and 9-2CH;0H, respectively,
interact in each case, through an intermolecular hydrogen bond with the O(2) phenolato
oxygen atoms of the Schiff base pocket (Table S4 in the Supplementary Material). Such a
hydrogen bonding with the phenolato oxygen atom seems to be a general trend in [M(N,0,)]-
containing Schiff base complexes [20,24b,c,25a,56], as it is more basic than the carbonyl
oxygen atom. In 4-H,0O, the water molecule bridges two Ni(I) complexes through a second
weaker hydrogen bond (Table S4) with the anisyl methoxy oxygen atom of the neighboring
molecule (Fig. S2 in the Supplementary Material). A similar situation is observed in 5- CH,Cl,
albeit the separations between the donor and acceptor atoms are rather large (3.289(5) and
3.401(6) A). In addition to the intermolecular hydrogen bond noted above (Fig. S3 in the
Supplementary Material), in 7-CH3OH one can note a apical interaction between Cu(1) and
O(3) of the 4-methoxo substituent of the neighboring molecule (Fig. S4 in the Supplementary
Material). This apical interaction of same nature to that we and others encountered previously
[4c,6a], is weak (dcu.o = 3.29 A) presumably due to the steric demand of the ferrocenyl
fragment. Interestingly, in 9-2CH3OH the second hydrogen bond (O(4)-H(4A)---O(3)) takes
place between the two methanol crystallization solvents (Table S4 and Fig. S5 in the

Supplementary Material).

On the other hand, recrystallization of a sample of 10 from a pyridine dichloromethane
mixture deposited a few yellow crystals, of which a well shaped one was subjected to X-ray
crystallographic analysis (see Section 2.6). In fact, it turned out to be the trans-
tetrakis(pyridine) dichloronickel(Il) hydrate derivative whose molecular structure is depicted
in Fig. 5 with selected bond distances and angles given in the caption. Crystal data are
summarized in Table 1. It crystallizes as the partially hydrated [NiCly(py)4]-0.37H,0
compound. The structure of [NiCly(py)s4]-0.37H,O is isostructural with the previously
reported anhydrous [57] and 0.76H>O-hydrated [58] forms. In [NiClx(py)s4]-0.37H,O, the



Ni(II) metal ion that lies on a rotoinversion 4-fold axis, adopts an elongated octahedral
coordination geometry having two chlorine atoms in axial positions and four pyridine
nitrogen atoms in equatorial positions, with Ni-Cl and Ni-N bond lengths of 2.4336(5) and
2.1195(12) A. The N(1)-Ni(1)-N(1) angle is almost linear (179.03(6)°),while the CI(1)-Ni(1)-
CI(1) angle is flat, being exactly 180.0°. The average N-Ni-Cl angle is 90.0 (3)°. The dihedral
angle between the plane of the coordinated nitrogen atoms and the pyridine ring is 49.93°,
each pyridine ring being rotated in the same (clockwise) direction. As expected, all those
metrical parameters are in full accordance with those reported earlier for the anhydrous and

hydrated [NiCly(py)4] species [57,58].

Fig. 5 Molecular structure of [NiCly(py)4]-0.37H,O with atom labeling scheme. Hydrogens
atoms and crystallization solvent molecule have been omitted for clarity. Thermal ellipsoids
are drawn-at 50% probability. Selected bond lengths (A) and angles (°): Ni(1)-N(1)
2.1195(12), Ni(1)-CI(1) 2.4336(5), N(1)-C(2) 1.3442(17), N(1)-C(6) 1.3377(18), C(2)-C(3)
1.380(2), C(3)-C(4) 1.381(2), C(4)-C(5) 1.378(2), C(5)-C(6) 1.388(2); N(1)-Ni(1)-CI(1)
89.51(3), N(D*'-Ni(1)-CI(1) 90.49(3), N()-Ni(1)-N()*' 89.94(6), N(1)-Ni(1)-N(1)*
179.03(6), N(1)-Ni(D)-N(1)™  90.07(6), Ni(1)-N(1)-C(2) 120.90(9), Ni(1)-N(1)-C(6)
121.68(10), C(2)-N(1)-C(6) 117.41(12). Symmetry transformations used to generate
equivalent atoms: #1 -y+1/4, -x+1/4, -z+1/4; #2 y+3/4, x+5/4, -z+5/4; #3 -x+1, -y+1/2, z+1.

3.5. Electronic absorption spectroscopy



The electronic absorption spectra in the UV-visible region of the Schiff base
complexes 4-11 were measured in two solvents of different dielectric constants (&), CH,Cl,
(& = 8.90) and in DMSO (& = 47.6) (Fig. S9 in the Supplementary Material), and the
experimental spectral data are collected in Table 4. In the 350-430 nm region, the spectra
exhibit a strong broad absorption band for all the compounds, while a set of three absorption
bands are observed in the 450-650 nm range. On passing from the less to the more polar
solvent, those low-energy absorption bands are mainly blue shifted (Table 4), indicating a
decrease of the dipole moment between the excited and the ground states.. Based on
computational TDDFT-assisted assignments (see section 3.7, Table 7), the high-energy band
is attributed to intraligand charge transfer transitions (ILCT © = =n*, and Fc=> 7*, transition in
the case of bimetallic complexes 6 and 7). The low-energy bands are assumed to originate
from ligand-to-metal charge transfer (LMCT n—>M) and metal-to-ligand (MLCT M->n*)
transitions. It is likely that square-planar Ni(Il) and Cu(ll)-complexes give rise to d-d
transitions involved in the composition of the lowest energy band observed in the range 540-

650 nm, as supported by TDDFT calculations in the case of 11 (Table 7).

Table 4 Experimental UV-vis absorption data for compounds 4-11

Compd Anm (log €) CH,Cl, A/nm (log €) DMSO Solv. shift (cm™)

376.(4.77) 374 (4.91) -142

! 444 (4.54) 440 (4.73) -205
541 (3.63) 554 (3.75) +434
383 (4.42) 386 (4.35) +203

2 402 (4.46) 425 (4.18) +1436
601 (3.23) 595(3.30) -287
384 (4.57) 384 (4.60) 0

6 445 (3.94) 445 (4.19) 0
495 (4.21) 495 (4.12) 0
587 (3.55) 547 (3.81) -1246
393 (4.69) 394 (4.50) +65

7 459 (4.47) 458 (4.33) -48

638 (3.28) 617 (3.18) -533




374 (4.63) 372 (4.73) -144

. 452 (4.15) 456 (4.23) +194
492 (3.86) 457 (3.94) -1557
577 (3.51) 582 (3.59) +149
384 (4.56) 390 (4.63) +401
9 405 (4.60) 438 (4.31) +1860
630 (3.24) 641 (2.80) +272
369 (4.32) 362 (4.28) 524
0 402 (4.00) 380 (4.37) -1440
427 (4.23) 436 (4.34) +483
576 (3.31) 538 (3.56) 1226
378 (4.62) 376 (4.69) 141
11 425 (4.12) 415 (4.52) 567
650 (3.03) 592 (2.82) -1507

3.6. Electrochemical studies

The electrochemical behavior of the Schiff base complexes 4-11 has been investigated
using cyclic voltammetry (CV).in CH,Cl, solutions, at room temperature in a potential range
of +0.65 to -2.20 V. The potentials are quoted against Ag/Ag® reference electrode.
Interestingly, the CVs of the four Ni(Il) complexes 4, 6, 8 and 10, show an irreversible
reduction wave. (Fig. S15 in the Supplementary Material) while those of the four Cu(Il)
counterparts 5,7, 9'and 11, exhibit a reversible or quasi-reversible redox process (Fig. S16 in
the Supplementary Material), attributed to the one-electron reduction of Ni(I) to Ni(I)
[53,55,59] and to the Cu(Il)/Cu(l) couple [18,53,55,60], respectively. The redox potentials are
in accordance with the electron releasing and withdrawing ability of the substituents bore by
the complexes (Table 5). As expected, in both Ni and Cu series complexes 4-7 bearing donor
substituents are more difficult to reduce than 8-11 substituted with electron accepting groups
(see Table 2 for substitution pattern). For instance, compare to 4 (MeO/MeO), 10 (F/NO,) is
much easier to reduce by 0.51 V; the same trend, albeit less pronounced (0.19 V), being
observed between 5 and 11 (Table 5). Moreover, compound 10 is easier to reduce than 8 as it
is the case for 11 compared to 9 indicating that the 5-nitro group exerts a more electron

withdrawing effect than the 3,5-difluoro substituents, a feature we previously observed for



N,O,-tetradentate Ni(Il) and Cu(Il) Schiff base complexes [25b]. On the other hand, the CVs
of the heterobimetallic complexes 6 and 7 present also reversible waves at amost similar
potentials of 0.289 and 0.298 V, respectively (Fig. 6) due to the monoelectronic oxidation of
the ferrocenyl fragment [61]. Those redox events are anodically shifted by ~90 mV with
respect to free ferrocene. The increased difficulty to oxidize the Fe(II) center suggests that the
substituted neutral side chain Schiff base complex acts as an electron withdrawing unit [13].
The anodic to cathodic peak-to-peak separations (80 < AE, < 220 mV) as well as the cathodic
to anodic current ratios (0.85 < ipc/ipa < 1.12) remain close to the respective value measured for
the internal ferrocene standard under the same electrochemical conditions (Table 5). The AE,
values are, however, significantly greater than the ideal value of 60 mV for a fully reversible
one-electron process [62]. This may result from a combination of low solubility of some
compounds, uncompensated solution resistance and presumably slow electron-transfer

kinetics [62].

1[uA/em?)
&y 3

Fig. 6 Cyclic voltammograms of complexes 6 (dashed line) and 7 (dotted line), recorded in
CH,Cl; containing 0.1 M n-BusN'PF¢ at a vitreous carbon working electrode at 293 K, v =

100 mVs™, reference electrode Ag/Ag*, internal reference Cp,Fe”” (solid line).

Table 5. Electrochemical data for the Schiff base complexes 4-11*

Compd. Epe (V) Ein/V (AE, (mV)) inclina

4 -2.00 - -

5 - -1.43 (220) 0.85



6 -1.90 0.289 (113) 1.04

7 - 0.298 (93) 1.03
-1.49 (110) 0.98
8 171 - -
9 - -1.30 (130) 1.12
10 -1.49 ; )
11 - -1.24 (80) 1.02
Cp,Fe - 0.203 (139) 0.9

* recorded in CH,Cl, containing 0.1 M n-BuyN'PFg¢  as supporting electrolyte, at a vitreous

carbon working electrode at 293 K with scan rate of 100 mV s, reference electrode Ag/Ag”.

3.7. Theoretical Investigations

A Density Functional Theory (DFT) investigation has been performed on compounds
4-11 in order to obtain a better understanding of their structure and electronic properties (see
Section 2.7 for computational details).. Their fully optimized molecular structures are shown
in Fig. 7. The calculated bond distances and angles of 4, 5, 7, 9 and 11 for which the single-
crystal X-ray structures have been determined, are given into square brackets in Table 3,
along with the experimental values, highlighting an overall good agreement between the X-
ray and optimized structures. The optimized geometries of the Ni(Il) derivatives 6, 8 and 10
(Fig. 7) were computed based on their structurally characterized Cu(II) counterparts 7, 9 and
11, respectively. Their calculated bond distances and angles are provided in Tables S5-S7
(Supplementary Material). Moreover, calculations nicely reproduce the slight distortion of the
square planar environment of the central divalent metal ions as well as the eclipsed

conformation of the two cyclopentadienyl rings of ferrocene in both 6 and 7.
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Fig. 7 Optimized geometries of the Schiff base complexes 4-11

The molecular orbital diagrams of compounds 4, 6, 8, and 10 are displayed in Fig. 8
(see also Figs. S17-S24), with some pertinent computed data presented in Table 6. Analysis of
the frontier molecular orbitals‘shows that the energy difference between HOMO and LUMO
in Ni(Il) complexes 4, 8 and 10 have similar values, 1.50, 1.41 and 1.49 eV, respectively. This
energy gap (1.38 eV)'is somewhat lower in 6, being mainly due to the contribution of the
ferrocenyl fragment in the construction of the MO (HOMO 67%), thus reducing the HOMO-
LUMO gap [13a,63]. Another important aspect is that these values are slightly greater than
those computed for previously reported Schiff bases compounds with similar structure
[13a,63]. A possible explanation could come from the nature of complexes 4-11 bearing either
a pair/of donor or acceptor substituents forming D-n-D and A-m-A systems, respectively,

compared to D-7-A systems having the same [M(N,0O;)] coordination core [53].
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In the Ni(II) complexes 4, 8 and 10, the HOMO is mainly constituted by 3d block (55,
49 and 54%, respectively) mainly constituted by dm orbital and n-type ligand orbitals mixed in
an antibonding fashion. (Fig. 8). In the heterobimetallic complex 6, the HOMO is primarily
made of 3d orbitals of the iron atom (the highest component of the so-called “ty,” set [63]),
being constituted by 58% of “d” orbitals of the iron atom (Fig. 8). The nickel atom does also
participate to the HOMO with a minor contribution of 13% of the d orbitals. Those results are
in accordance with the cyclic voltammetry responses (see Section 3.6). Meanwhile, the LUMO
for all compounds is mainly composed by the orbitals of the ligand (49, 44, 57 and 57%,
respectively) of antibonding character, and by the dxz.y2 orbital of the nickel atom (37, 32, 30
and 29%, respectively) (Fig. 8) (See Fig. S9-S16 for more details).

Relative energy (eV)
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Fig. 8 MO diagrams of Ni(Il) and Cu(Il) complexes. For the sake of graphical simplicity and
comparison, the diagrams of the Cu(Il) species correspond to spin-restricted calculations.The

HOMO energies have been arbitrarily set to zero for comparative purpose.



In the case of the Cu(Il) compounds, the SOMO can be described as an antibonding
combination of the Cu dx2_y2 orbital with the proper combination of the ligand lone pairs (See
Figs. 8 and S9-S16). The SOMOs have more metal than ligand character with a contribution
around 46% of the dxz_y2 orbital of the copper and around 37% of ligand orbitals. This is a
typical situation for a d’ Cu(1n) square-planar complex [53,63]. These features agree with_the
monoelectronic reversible processes observed in the cathodic area of the CVs (see Section 3.6).

The spin density plots of the four Cu(Il) complexes are shown in Fig. 9. Consistent with
the significant ligand character of their SOMO, the computed Cu spin density. is of 0.458,
0.456, 0.459 and 0.457, respectively. Their other frontier orbitals are the same as those of their
Ni(II) homologues.

Fig. 9 Spin densityplots of Cu(Il) compounds 5,7, 9 and 11

Mulliken atomic charge calculations show that Cu(Il) has a greater positive charge (~
+0.60) in 5,7, 9 and 11,than Ni(I) (~ +0.45) in 4, 6, 8 and 10 (Table 6). In the case of 6, the
charge density of Fe(Il) is equal to -0.03, characterizing the electron releasing ability of the
ferrrocenyl fragment, Accounting for its contribution to the MO and cyclic voltammetry

response.

Finally, we complemented our theoretical investigation by analyzing the electronic
spectra of the closed-shell d® Ni(II) complexes 4, 6, 8 and 10 through Time-Dependent Density
Functional Theory (TD-DFT) calculations (see Section 2.7 for computational details). The
simulated spectra (solvent effect not considered) are plotted on Fig. 10 together with the

experimental ones. The main features of the experimental spectra are satisfactorily reproduced.



To analyze the theoretical spectra, the calculated transition with major oscillator strength was
considered. This allowed to identify the main transition associated with calculated bands (Table
7). The high-energy bands are associated to ILCT n->7* type transition and Fc=> n*, transition
in the case of compound 6. The low-energy bands originated mainly from MLCT Ni>7* type

transition and to a lesser extent from LMCT 7 - Ni type transition.
Experimental wavelength (nm)
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Fig. 10 Experimental (top) and computed (bottom) electronic absorption spectra of the Ni(Il)
complexes 4, 6, 8 and 10

Table 7. Relevant transition assignments for Ni(I) complexes.

Comp. Band Assignments
4 ILCT n>n*

MLCT Ni>n*

MLCT Ni—>n*

LMCT n >Ni

MLCT Fe(t,g) >m*

ILCT n>n*

MLCT Ni>n*

LMCT n >Ni

ILCT n>n*

MLCT Ni>n*

MLCT Ni—>n*

LMCT n—>Ni

ILCT n>n*

MLCT Ni>n*

MLCT Ni—>n*

LMCT n—>Ni

d-d Ni>Ni

>
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4. Conclusions

In this study we offer the report of a series of unsymmetrically-substituted Ni(Il) and
Cu(Il) complexes supported by two families of electron-releasing and electron-withdrawing
N,O»-tetradentate Schiff base ligands. In the two D-7-D and A-m-A classes of compounds; the
two donor or acceptor groups are connected through the conjugated M(II)-centered
macroacyclic Schiff base core. They are easily synthetized via condensation reaction of
appropriately substituted ONN-tridentate half-units and salicylaldehydes in the presence of a
metal(Il) salt. The eight complexes 4-11 were fully characterized and, their electrochemical
properties investigated. Single crystal X-ray diffraction analyses showed distorted square
planar geometry of the M(N,O,) cores (M = Ni: 4, Cu: 5, 7, 9<and 11) inserted into a bowed
unsymmetrically-substituted Schiff base scaffold, and revealed the partial delocalization of
bonding electron density throughout the metal Schiff base skeleton. The solvated complexes 4,
5, 7 and 9 show hydrogen bond interactions between the crystallization solvent and the
phenoxo oxygen atom of the macroacyclic Schiff base ligand. The unsolvated derivative 11
packs as a dimer in which the monomeric units are connected by apical Cu-O short-contact
interactions leading to pentacoordinated Cu(Il) centers with a square pyramidal coordination
sphere. For all the complexes, geometry and electronic structure were analyzed using DFT and
TD-DFT calculations. Overall these mono- and binuclear Ni and Cu complexes have the
potential to serve as functional building blocks in the construction of extended D-m-A type

compounds, and current efforts are now focused along this line.
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Appendix A. Supplementary material
CCDC 1523765-1523769 and 1523343 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the Cambridge Crystallographic

Data Centre via www.ccdc.cam.as.uk/data_request/cif.

Appendix B. Supplementary material

FT-IR, 'H and ">C NMR spectra and mass spectra (Figs. S1-S8); packing diagrams of 4,
5,7,9 and 11 (Figs. S9-S13), UV-Vis spectra of 4-11 (Fig. S14), cyclic voltammograms of 4-
11 (Figs. S15,S16), Molecular Orbitals diagrams of 4-11 (Figs. S17-S24) selected bond
distances and angles for 4, 5, 7, 9 and 11 (Tables S1-S3), hydrogen bonds in 4, 5, 7 and 9
(Table S4), computed bond distances and angles for 6, 8 and 10 (Tables S5-S7), and Cartesian

coordinates of all the optimized structures (Tables S8-S15).
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ACCEPTED MANUSCRIPT

Two series of robust neutral Nickel(II)-and Copper(I) complexes supported by asymmetrical
N202-tetradentate Schiff base ligands substituted by Cl‘s air of electron releasing or

electron withdrawing groups, forming D-m-D or A- systems, respectively, have been

investigated and their electronic structures anal zew and TD-DFT calculations.
binuclear push-pull unsymmetﬁcéase complexes were synthesized and fully

characterized. Those D-m-A conjugated systems that are all redox active and exhibit high

thermal stability and good secon NLO responses, contain a ferrocene donor linked to
acceptor 5-NO; or 3,5-F, substit icylidene through a central M(N202) core (M = Ni,
Cu).
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HIGHLIGHTS

» Templated synthesis of D-n-D and A-mt-A Ni(Il)-and Cu(II)-N,O, Schiff base complexes
» Anisyl, ferrocenyl and methoxy as donors, fluoro and nitro as acceptors

P Characterization by elemental analysis, absorption and multinuclear NMR spectroscopy
P X-ray crystal structure of one Ni and two Cu D-n-D derivatives

» X-ray crystal structure of two A-m-A Cu derivatives

» Optimized geometries and electronic structures analysed by DFT and TDDET calculation



