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Abstract: 

We report the synthesis, characterization, crystal structures, nonlinear- optical 

(NLO) properties, and density functional theory (DFT) calculations of nickel(II) and 

copper(II) complexes based ONO tridentate Schiff base ligands: two mononuclear 

compounds, [Ni(An-ONO)(NC5H5)] (5) and [Cu(An-ONO)(4-NC5H4C(CH3)3)] (6), and 

two heterobimetallic species [M(Fc-ONO)(NC5H5)] (M = Ni, 7; Cu, 8), where An-ONOH2 

(3) and Fc-ONOH2 (4) are the 1:1 condensation products of 2-aminophenol and, 

respectively, p-anisoylacetone and ferrocenoylacetone These compounds were 

characterised by microanalysis, FT-IR and X-ray crystallography in the solid-state, and in 

solution by UV-vis and 1H and 13C NMR spectroscopy. The crystal structures of 3-5, 7 and 

8 have been determined and show for Schiff base complexes 5, 7 and 8 a four-coordinated 

square-planar environment for the nickel and copper ions. The electrochemical behavior of 

all derivatives 3-8 was investigated by cyclic voltammetry in dichloromethane, and 

discussed on the basis of DFT-computed electronic structures of the neutral and oxidized 

forms of the compounds. The second-order NLO responses of 3-8 have been determined by 

harmonic light scattering measurements using a 10-2 M solution of dichloromethane and 

working with a 1.91 µm incident wavelength, giving rather high β1.91 values of 350 and 290 

x 10-30 esu found for the mononuclear species 5 and 6, respectively. The assignment and the 

nature of the electronic transitions observed in the UV−vis spectra were analyzed using 

time-dependent (TD) DFT calculations. They are dominated by LMCT, MLCT and π-π* 

transitions. 
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Introduction 

 
In the recent years, new molecular architectures have been designed, synthesized 

and meticulously studied in order to satisfy requirements of the emerging optoelectronic 

and photonic technologies.1,2 In this regard, organic and metal-organic compounds with 

second-order nonlinear optical (NLO) properties have been extensively investigated 

because of their potential applications in optoelectronic devices of telecommunications, 

information storage, optical switching, and signal processing.3 The majority of studies 

focused on quadratic nonlinearities in one-dimensional dipolar push-pull molecules of 

[donor]-[electronic conjugated pathway]-[acceptor] type structure (D-π-A), which show 

several intense, low-energy electronic transitions and strong variations of the dipole 

moment during the electronic excitation.4 Albeit organic compounds5,6 have been the most 

widely investigated, organometallic and coordination complexes have gained considerable 

attention as second-order NLO chromophores because they display high environmental 

stability and offer the capability to vary the identity of the metal center and of its 

coordinated ligands, the oxidation state, and the coordination geometry, giving rise to 

tunable and usually high intensity and relatively low energy metal-to-ligand charge transfer 

(MLCT), ligand-to-metal charge transfer (LMCT), or intraligand charge transfer (ILCT) 

transitions.7-10  

In this context, N2O2 Schiff base complexes have appeared to be a promising class 

of efficient chromophores exhibiting large NLO responses.8b,h,11 The continuing interest11a-

13 for these salen-type Schiff base compounds14 is mainly due to their preparative 

accessibility, ease of derivatization, and thermal stability. Interest for N2O2 Schiff base 

complexes comes also from the active role, strategic position, and nature (closed-shell vs. 

open-shell)15 of the metal ion which is a constituent of the polarizable bridge in the D-π-A 

structure. In addition, they exhibits low energy charge-transfer transitions.15 N2O2-based 

unsymmetrical tetradentate Schiff base ligands are easily prepared upon condensation of 

mono-condensed Schiff base precursors containing a terminal amino group with 

salicylaldehydes under mild conditions.16,17 During the last decade, we successfully used 

this strategy to construct NLO active18 neutral heterobimetallic and ionic heterotrimetallic 

organometallic donor-acceptor substituted unsymmetrical Ni(II)- and Cu(II)-centered N2O2 

Schiff base complexes,19 starting from ferrocenyl-functionalized enaminones.20 
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Remarkably, appropriate substitution of both tridentate enaminone half-unit21 and 

salicylidene rings allows preparation of main-chain Schiff base oligomers possessing high 

second-order NLO responses.22 

Studies on transition metal complexes containing a tridentate Schiff base ligand and 

an ancillary N-donor monodentate coligand occupying the fourth coordination site of the 

metal center have mainly been devoted to the determination of crystalline and molecular 

structures, factors affecting the nuclearity of complexes and magneto-structural 

correlations.23,24 However, studies on their quadratic optical nonlinearities remained 

scarce,13b,25 in spite of the exceptionally high second order NLO activity with |µβ| up to 

3000 x 10-48 esu (Electric-Field-Induced Second Harmonic Generation (EFISH) technique, 

incident wavelength 1.907 µm) reported by Sentore, Roviello and co-workers,26 for 

mononuclear copper(II) and palladium(II) unsymmetrical complexes containing ONO 

donor N-salicylidene-N’-arylhydrazine tridentate ligands and pyridine. On the other hand, 

Density Functional Theory (DFT) calculations have been employed to investigate the 

second-order NLO properties of tridentate Schiff base complexes.13c,27,28 The results show 

that these properties are sensitive to the exchange of donor/acceptor because of the 

differences of the extent of charge separation and the intraligand charge transfer (ILCT) 

processes.28 Therefore, these systems still remain interesting for further investigations. 

Here, as part of a program of investigating NLO active unsymmetrical Schiff base metal 

complexes, we centered our interest on the design of two new series of nickel(II)- and 

copper(II)-based unsymmetrical ONO tridentate Schiff base building blocks that could 

serve later on as molecular clips for the construction of self-assembled polynuclear push-

pull systems, coordination polymers or supramolecular architectures. In this context, our 

main goal is to confirm that the first order (β) hyperpolarizabilities of these building blocks 

are strong enough to be used in the construction of nonlinear supramolecular objects, 

without requiring to reach the ultimate limits of β values.29 For this aim, neutral ternary 

mononuclear and heterobimetallic complexes of the type [(R-ONO)M(II)(py)] (M = Ni, 

Cu; R = anisyl, ferrocenyl) and bearing a labile pyridine (py) ligand were prepared. Double 

deprotonation of the anisyl- and ferrocenyl-containing Schiff bases precursors 3 and 4, 

respectively, leads to the formation of di-negative tridentate ONO donor ligands that react 

readily with metal(II) salts to produce their corresponding Ni(II) and Cu(II) complexes 5-8 
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(see formulas in Scheme 1), in the presence of the nitrogenous co-ligand. The two Schiff 

base precursors and their four complexes have been thoroughly characterized by FT-IR, 

multinuclear NMR and elemental analysis. Their crystal structures have been determined 

by single crystal X-ray diffraction analysis. These new compounds have also been studied 

by UV-vis spectroscopy, cyclic voltammetry, DFT calculations and their nonlinear optical 

properties have been determined using the Harmonic Light Scattering (HLS) technique. In 

addition, DFT and its time-dependent DFT extension (TD-DFT) provide a rationalization of 

the electrochemical, spectroscopic and optical properties.  

 
Results and discussion 

Synthesis and characterization of the ligand precursors and complexes 

The two diprotonated Schiff base ligands, R-C(O)CH=C(CH3)N(H)-o-C6H4OH (3: 

R = 4-MeOC6H4, 4: R = Fc) , were prepared by facile monocondensation of 2-aminophenol 

with 1-anisyl-1,3-butanedione (1) and 1-ferrocenyl-1,3-butanedione (2), respectively, in 

refluxing toluene for 2 hours (Scheme 1). Compounds 3 and 4 were isolated in similar 

yields (88 and 86%) as colorless and orange microcrystals, respectively, upon 

recrystallization from diethyl ether. They are both air and thermally stable and soluble in 

common organic solvents except in petroleum ether (40-60 °C). On the other hand, the 

neutral mononuclear and heterobimetallic unsymmetrical ternary Schiff base complexes 5, 

7 and 8, respectively, were synthesized following a simple one-pot three-step templated 

reaction. First, the diprotic enaminone compounds 3 and 4 were doubly deprotonated with a 

slight excess of t-BuO-K+ in THF at ambient temperature. Pyridine was then added to the 

dark red reaction mixture before dropwise addition of a THF solution of the appropriate 

hydrated metal(II) nitrate salt (Scheme 1). It is worth noting that the expected mononuclear 

copper(II) complex [(An-ONO)Cu(py)] bearing the anisyl substituted ONO tridentate 

ligand was never obtained whatever the amount of pyridine used. Instead, its doubly 

phenoxo bridged homobimetallic counterpart [(An-ONO)Cu]2 was always formed.23 The 

known compound 6 can, however, be prepared by using 4-tert-butylpyridine as N-donor 

ancillary ligand (Scheme 1).23 Compounds 5-8 are isolated in reasonably good 72-75% 

yields as microcrystalline solids. They are thermally stable, air and moisture insensitive on 
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storage under ordinary conditions, exhibiting good solubility in common polar organic 

solvents but are not soluble in ethanol, diethyl ether and hydrocarbon solvents. 

 

O

H2C

O

Me

H2N OH
+

Toluene
Reflux 2h

R1

(3) R1= 4-MeO-C6H4-

(4) R1= CpFe( 5-C5H4)-

(1) R1= 4-MeO-C6H4-

(2) R1= CpFe( 5-C5H4)-

N

HC

O

Me

OH

R1

H

(i) Potassium tert-butoxide
(ii) pyridine or 4-tert-butylpyridine
(iii) M(NO3)2 x nH2O

THF
r.t. 12h

N

HC

O

Me

O

R1

M

N

R2

(5) R1 = 4-MeO-C6H4- ; R2= H; M = Ni(II)

(6) R1 = 4-MeO-C6H4- ; R2= tert-butyl; M = Cu(II)

(7) R1 = CpFe( 5-C5H4)- ; R2= H; M = Ni(II)

(8) R1 = CpFe( 5-C5H4)- ; R2= H; M = Cu(II)

 

Scheme 1 Synthesis of compounds 3-8 

 

Satisfactory elemental analysis, FT-IR, multinuclear 2D NMR and UV-vis 

spectroscopies, and single-crystal X-ray diffraction served to confirm the composition and 

identity of the five new compounds 3-5, 7 and 8. In addition, high resolution ESI-MS of the 

heterobimetallic derivatives 7 and 8 gave an exact mass of M/z= 496.03841 and 501,03267 

for [M]+ that matched the calculated values of 496.0385 and 501.0330, respectively, along 

with the expected isotopic distribution for the molecular ion peaks. 

The solid-state FT-IR spectra of all the compounds 3-8 were assigned on the basis 

of frequency calculations on their DFT optimized geometries. Table S1 gathers both 

computed and experimental major frequencies and their respective attributions,‡ showing a 

good agreement between the calculated and observed spectral data. In particular, the spectra 
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of the enaminonic compounds 3 and 4 exhibited (i) a strong and a broad medium stretching 

bands due to the O=C-C=C enone core at 1593/1532 and 1592/1537 cm-1, respectively, and 

(ii) a weak symmetric and a strong deformation stretching modes of the o-phenylene O-H 

and enamine N-H groups, at 3150/1458 and 3073/1519 cm-1 for 3, and at 3427/1445 and 

3377/1491 cm-1 for 4, respectively. Compared to free amines, the N-H vibrations appear at 

somewhat lower energy as a consequence of the N-H···O intramolecular hydrogen bond.As 

expected, those O-H and N-H absorption bands have vanished in the spectra of complexes 

5-8, indicating that the coordination to the metal ion has taken place through both 

deprotonated oxygen and nitrogen atom.  

The formation of 3 and 4, and of their corresponding diamagnetic complexes 5 and 

7, were readily noticed in their respective 1H NMR spectrum, showing in each case a pair 

of sharp singlets at δH 1.71/3.84 and 2.61/3.85 ppm assigned to the methyl and methoxy 

protons of 3 and 5, respectively, and at δH 1.73/4.17 and 2.49/4.15 ppm attributed to the 

methyl and free cyclopentadienyl ring protons of 4 and 7, respectively. One can 

immediately note that the methyl resonances are downfield shifted by 0.90 and 0.78 ppm 

upon coordination of the ligands to the Ni(II) metal ion and formation of the pseudo-

aromatic six-membered metallacycles. Similarly, the vinylic C-H resonances observed at δH 

5.67 and 5.30 ppm for 3 and 4, respectively, moved downfield at δH 5.97 and 5.60 ppm in 

the spectra of 5 and 7, respectively.  

The two protonated ligands were obtained as their enaminone tautomeric forms, as 

deduced from their 1H NMR spectra recorded in CDCl3 at 315 K for 3 and at 298 K for 4, 

that showed deshielded amino proton signals at δH 12.27 and 11.80 ppm, respectively, due 

to hydrogen bonding between N-H and the C=O group. These downfield positions are in 

full agreement with the FT-IR data (see above) and also supported by the crystal structures 

(vide infra). The above mentioned solution behaviour, where no keto-imine tautomer can be 

detected, is similar to that reported for organic30 and ferrocenyl-containing 

enaminones.19b,21,31  

On the other hand, the asymmetry of the four compounds is clearly reflected by the 

four distinct resonances of the o-phenylene ring, in agreement with four magnetically non-

equivalent protons (integral ratio 1:1:1:1). They appear mainly as doublets (H-3 and H-6) 

and triplets (H-4 and H-5) in the ranges δH 6.83 – 7.16 ppm for 3 and 4, and δH 6.39-7.37 
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ppm for complexes 5 and 7. Lastly, in both complexes 5 and 7, the pyridine co-ligand gave 

rise to three resonances (integral ratio 2:1:2) with the ortho protons showing up as the most 

downfield shifted signals of the spectra at δH 8.73 and 8.62 ppm, respectively. One can also 

note that the spectrum of 7 has to be recorded at 253 K to get optimum resolution, 

suggesting some steric interaction between pyridine and the ferrocenyl moiety (Fig. S1). ‡ 

The proton decoupled 13C NMR spectra confirmed the unsymmetrical nature of the 

four compounds with the expected number of resonances, except for 7 where the carbon 

nuclei of the pyridine co-ligand were not observed (see Experimental for complete 

assignments). For instance, spectra of 3 and 4 confirm the existence of the keto-enamine 

tautomeric form for both species with the methyne carbon (C-9) resonating at δC 94.30 and 

95.80 ppm, respectively. Those signals are downfield shifted by 6.70 and 5.46 ppm upon 

complexation to form 5 and 7, respectively, while in both cases the carbonyl carbon (C-10) 

experienced a upfield shift of about 20 ppm upon coordination of the oxygen atom to the 

nickel center. 

 

X-ray Crystal Structures 

Diffraction-quality single crystals for X-ray structure investigation were obtained 

for compounds 3, 4, 5, 7 and 8 by slow evaporation of the solvent from a saturated solution 

of the compound in either dicloromethane or diethyl ether (see Experimental). The 

molecular structures are shown in Fig. 1-3, and selected bond lengths and angles are listed 

in Tables S2-S4.‡ The single-crystal X-ray diffraction studies confirm that each compound 

contains the ONO Schiff base framework resulting from the monocondensation of the 

appropriate β-diketones and 2-aminophenol, bearing the anisyl group in 3 and 5 and the 

ferrocenyl moiety in 4, 7 and 8. In those latter three compounds, the ferrocenyl unit features 

a typical linear η5-Fe-η5 sandwich structure.32 The cyclopentadienyl rings are parallel and, 

depending on the compound, are either totally eclipsed or staggered. The measured ring 

centroid-iron distances, averaging 1.655 and 1.652 Å for the free and substituted ring, 

respectively, are in agreement with a Fe(II) oxidation state in the metallocenyl units (Table 

S5).‡ The other aspects of the structures are discussed below in three sections for the sake 

of simplicity. 
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Ligand precursors 3 and 4. The organic enaminone 3 crystallizes in the tetragonal 

noncentrosymmetric space groups P-421c, while its organometallic counterpart 4 

crystallizes in the triclinic centrosymmetric space groups  Pī with three crystallographically 

nonequivalent molecules (4A-C) found in the unit cell. The molecular structures (Fig. 1) 

show that both compounds exist as the Z-s-Z conformational form,33 consistent with a keto-

enamine tautomeric isomer for 3 and 4 with an intramolecular O(2)…H-N(1) hydrogen bond 

(Table S6)‡ that closes the planar pseudo six-membered [O(2)-C(10)-C(9)-C(7)-N(1)] ring 

through the resonant ···O=C-C=C-NH··· fragment,34 with alternating double-, single-, 

double- and single-bonds35 between the vicinal sp2-hybridized atoms (Table S2).‡ The 

metrical parameters of 3 and 4 are in accordance with previously reported structural data 

for enaminone derivatives.19b,21,31,36 In addition, the structure of the organometallic 

enaminone 4 is stabilized by intermolecular hydrogen bonds formed between the hydrogen 

atom of the hydroxyl group and the oxygen atom of a carbonyl unit of a neighboring 

molecule (Table S6 and Fig. S2).‡  
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Fig. 1 Molecular structures of 3 (top) and 4 (molecule A, bottom) with atom numbering 

schemes. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are drawn at 

60% probability. 
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Mononuclear complex 5. The mononuclear nickel(II) complex 5 crystallizes in the 

orthorhombic noncentrosymmetric space groups P21 21 21 with two crystallographically 

nonequivalent molecules (5A,5B) found in the asymmetric unit. The compound consist of a 

tetracoordinated Ni(II) metal ions in a square-planar environment, with the coordination 

sphere formed by the deprotonated amide nitrogen atom and the carbonyl and phenolato 

oxygen atoms of the chelating Schiff base ligand, and of the nitrogen atom of the pyridine 

co-ligand (Fig. 2), forming monomeric entities that are separated by normal van der Waals 

distances. By contrast, its copper(II) counterpart 6 packs as dimers. The metal center is 

pentacoordinated, exhibiting a square pyramidal coordination geometry.23 However, the 

basal plane is made of the same ONO donor set of atoms and of the nitrogen atom of the 4-

tert-butylpyridine. The apical site is occupied by the phenoxido oxygen atom of the ONO 

tridentate ligand that is basal to the second cupric metal ion of the dimeric unit.  

 

 

 

Fig. 2 Molecular structure of 5 (molecule A) with atom numbering schemes. Hydrogen 

atoms have been omitted for clarity. Thermal ellipsoids are drawn at 60% probability. 
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In the square planar arrangement around the Ni(II) center, the four donor atoms 

adopt a N2O2 trans-configuration. The sum of the bond angles involving the metal and the 

donor set of atoms are of 360.04 and 360.10° in 5A and 5B, respectively, and the O(1)-Ni-

O(2) and N(1)-Ni-N(2) diagonal angles are about 175° (Table S3).‡ In 6, the O(1)-Cu-O(2) 

transoid angle is of the same order but the N(1)-Cu-N(2) angle is of 162.66(5)°, strongly 

deviating from linearity. The bond distances of the donor atoms of the tridentate Schiff base 

ligand to the central metal ion span the range 1.8229(14) – 1.8801(18) Å (Table S3),‡ and 

are typical of ternary square-planar Ni(II) complexes.24e The NI(1)-N(2) bond distances of 

1.9315(17) in 5A and 1.9380(17) in 5B, are slightly longer as expected for a weaker 

coordinating neutral ligand. However, they remain shorter by 0.04 Å tan the Cu(1)-N(2) 

distance of 2.0467(13) Å measured in compound 6, taking into account the ionic radius of 

each metal ion.37  

The fused five- and six-membered heterometallacycles formed upon chelation of the 

Ni(II) metal ion are essentially co-planar, making dihedral angles of 17.5(1) and 26.7(1)° 

with the anisyl substituent, in 5A and 5B, respectively, whereas the pyridine co-ligand is 

twisted by 30.8(1) and 37.9(1)° with respect to the coordination plane. In compound 6, the 

anisyl group is co-planar with the coordination plane while the 4-tert-butylpyridine makes a 

dihedral angle of 25.60(3)°.23 In addition, The bond lengths and angles of the Schiff base 

skeleton (Table S3),‡ are indicative of substantial π delocalization of the electron density 

through the entire heterometallacycles framework. 

Heterobimetallic complexes 7 and 8. The heterobimetallic nickel Schiff base 

complex 7 crystallizes in the orthorhombic centrosymmetric space group Pcab, while its 

copper counterpart 8 crystallizes in the monoclinic centrosymmetric space groups P21/a, 

with two crystallographically nonequivalent molecules (8A,8B) found in the asymmetric 

unit. The two structures are almost identical, differing only by the nature of the centered 

metal ion that is four-coordinated by a ferrocenyl-containing ONO tridentate Schiff base 

ligand and a pyridine as ancillary ligand (Fig. 3), forming monomeric units that are 

separated by normal van der Waals distances. In both 7 and 8, the centered M(II) ion adopt 

a square planar geometry with the nitrogen and oxygen atoms occupying mutually cis 
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positions. This is reflected in the O(1)-M-O(2) and N(1)-M-N(2) diagonal angles ranging 

between 174.52(10) and 177.08(10)° (Table S4),‡ barely deviating from linearity.  

 

 

 

Fig. 3 Molecular structures of 7 (top) and 8 (molecule A, bottom) with atom numbering 

schemes. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are drawn at 

60% probability. 
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The bond lengths and angles around the centered metal ions (Table S4)‡ are very 

similar to those measured in their respective mononuclear counterparts 5 and 6 (see Table 

S3).‡ As expected, the M-N(2) bond distances remain the larger ones, increasing on passing 

from 5 (1.9315(17), 1.9380(17) Å) to 7 (1.964(3) Å), but decreasing on passing from 6 

(2.0467(13) Å) to 8 (2.023(2), 2.028(2) Å). In both complexes, the fused five- and six-

membered heterometallacycles are essentially co-planar and form with the substituted 

cyclopentadienyl ring of the ferrocenyl moiety, dihedral angles of 22.0(1)°, 18.7(2) and 

17.9(2)° for 7, 8A and 8B, respectively, while the pyridine plane is twisted by 16.4(1)°, 

15.1(1) and 14.6(1)° with respect to the coordination core. Additionally, interatomic 

distances, found between single and double bond lengths,34 and angles close to 120° of the 

chelating Schiff base ligand (Table S4),‡ suggest as in compound 5 above, substantial π 

delocalization of the electron density through the chelate rings. Moreover, a close 

inspection of the N(1)-C(7), C(7)-C(9), C(9)-C(10) and C(10)-O(2) bond distances (Table 

S7)‡ suggests that the N-C=C-C=O system of the complex has more delocalization than 

that of the corresponding ligand precursor. 

 

Electronic absorption spectra 

The electronic absorption spectra in the UV-visible region for the ligand precursors 

3 and 4, as well as their corresponding complexes 5-8, were measured in CH2Cl2 and in 

DMSO solutions (Fig. S3).‡ The spectra are mainly composed of two broad absorption 

bands whose nature of the involved transitions and their principal components have been 

assigned based on TD-DFT calculations (see below, Theoretical investigations). In 

addition, on moving from CH2Cl2 (ε = 8.90) to the more polar DMSO solvent (ε = 47.6), 

the low-energy absorption bands exhibit significant red shifts, except compound 3 that 

presents a hypsochromic shift and complex 7 for which the spectra remain unchanged 

(Table 1). Such a behavior is indicative of a positive change in the dipole moment between 

the excited and the ground states. It is also characteristic of push-pull complexes, and 

responsible for the NLO properties of these molecules. As the higher energy absorption 

band does not exhibit this solvent shift, we can assume that the corresponding excited state 

does no significantly contribute to the β value according to the 2-level dispersion 

model.38  
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Table 1 Experimental optical absorption maxima of the low-energy band for compounds 3-

8 

Compd λ/nm (log ε) 

(CH2Cl2) 

λ/nm (log ε) 

(DMSO) 

Solv. Shift (cm
-1

) 

3 365(4.59) 

 

343(4.52) 

 

-1757 

4 339(4.38) 

473(3.34) 

 

369(3.61) 

- 

+2398 

 
- 

5 407(3.90) 

 

418(4.15) 

 

+646 

6 408(4.24) 

 

431(3.93) 

 

+1308 

7 413(3.92) 

 

413(3.53) 

 

0 

8 411(4.34) 426(4.12) +857 
 

 
 

Quadratic Nonlinear Optical Studies 

The quadratic nonlinear responses of the Schiff base derivatives 3-8 have been 

determined at 1.91 µm incident wavelength using the HLS technique (see Experimental for 

details). The HLS measurements were carried out in dichloromethane solutions for all the 

compounds. The experimental β1.91 values of the multipolar first hyperpolarizability, along 

with the dispersion-free intrinsic first hyperpolarizability (β0) of these compounds, that 

have been calculated using the two-state model,38 β0 = β1.91(1-(λmax/λ)2)(1-(2λmax/λ)2), where 

λmax is the experimental optical absorption maximum and λ is the fundamental wavelength 

of the laser, are presented in Table 2. This dispersion correction using the two-state model, 

previously applied to Schiff base linked aromatic and ferrocenyl complexes,39 can be 

employed since compounds 3-8 have the MLCT band far away from the second harmonic 
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frequency,40 and because one of the two absorption band, being insensitive to solvent 

effects, cannot significantly contribute to the β values as explained above.  

 

Table 2 HLS β values determined at λinc 1.91 µm for the Schiff base derivatives 3-8
a  

Compd λmax (nm)b
 β1.91 (10-30 esu)c

 β0 (10-30 esu)d
 

3 365 150 120 

4 339 130 110 

5 407 350 270 

6 408 290 220 

7 413 170 130 

8 411 170 130 

 

aRelative experimental error on β value is ± 10%. bOptical absorption maximum. c10-2 M 

solution in CH2Cl2. 
dValues extrapolated to zero frequency. 

 

Within the 10% measurement uncertainty, the β1.91 values determined for 

compounds 3 and 4 are similar, thus confirming the similar electron donating capabilities of 

the anisyl and of the ferrocenyl groups.5d Within these bounds, the identical β1.91 and β0 

values obtained for the heterobimetallic species 7 and 8 (Table 2) are also similar to that 

found for their common starting enaminone 4. This is surprising as complexation of 3 and 4 

by Ni(II) and Cu(II) ions is accompanied by the formation of a geometrically constrained 

planar structure which is expected to enhance the conjugation and, hence, the nonlinear 

efficiency. The observed NLO responses for 7 and 8, twice smaller than those determined 

for their respective anisyl counterparts 5 and 6 (Table 2), could arise from steric hindrance, 

in accordance with NMR observations (see above), generating a substantial twist of the 

ferrocenyl moieties that may be a barrier to efficient intramolecular charge transfer. 41  
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On the other hand, the coordination of the doubly deprotonated form of ligand 

precursor 3 to the [M(py)] fragment caused a dramatic difference in the second-order NLO 

responses. The hyperpolarizability values of 350 and 290 x 10-30 esu found for 5 and 6, 

respectively, can be explained by a good participation of the anisyl substituent in the 

extended π-conjugated system. The barely weaker NLO response observed for complex 6 

could result from a weaker push-pull effect due to the replacement of the pyridine by a 

more electron-rich tert-butylpyridine, in conjunction with a longer M-N bond distance (see 

Table S3). Those β1.91 values  are rather large for small conjugated macroacyclic molecules 

such as 5 and 6,7a,b,8b and are higher than those we determined previously under the same 

experimental conditions for more extended unsymmetrical Schiff base chromophores.18,22 

Moreover, the nature of the electronic distribution of the square-planar metal ions (d8 Ni(II) 

closed-shell vs. d9 Cu(II) open-shell), either in 5/6 or 7/8 couples, does not play any role on 

the NLO properties.8b,42 In addition, [(An-ONO)Ni(py)] (5) crystallizes in the  

noncentrosymmetric P21 21 21 space group which leads to a nonvanishing NLO response in 

the solid state. The ccompound therefore exhibits an second harmonic generation efficiency 

roughly equal to 0.9 times that of potassium dihydrogen phosphate, 43 determined by the 

Kurtz-Perry powder test.44  

 

Theoretical investigations 

In order to get a better insight into the bonding and properties of compounds 3-8, we 

have carried out DFT and TD-DFT calculations on these compounds, except for 6 which 

was slightly simplified in 6’ (see Computational details). Details of the calculations are 

given in the Experimental section. Their fully optimized geometries (in vacuum) are shown 

in Fig. S4‡ and corresponding relevant metrical data are provided in Tables S2-S4.‡ There is 

a good overall agreement between the X-ray and optimized structures, the experimental 

metal-ligand bond distances being slightly overestimated by DFT, as expected for 

complexes of electron-rich metals. The MO diagrams of 3 and 5 are shown in Fig. 4, those 

of their ferrocenyl relatives 4 and 7 on Fig. 5, whereas those of the copper complexes 6’ 

and 8 are provided in Fig. S5 and S6.‡ For the sake of consistency with the TD-DFT 

calculations (see below), they correspond to single-point B3LYP calculations on the 

optimized PW91 geometries (both calculations including solvent effect). Still, the level 
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ordering and MO natures are quite insensitive of the chosen functional or solvent effect 

(only inversion of nearly degenerate levels can be noticed upon such changes). The HOMO 

of 3 is of π-type and mainly localized on the central C10/C9/C7/N1 unit with some 

phenolate admixture. On the other hand, the π-type HOMO-1 is mainly localized on the R1 

and phenolate ends of the molecule. The LUMO is π-bonding on the C11/C10/C9 backbone 

and antibonding with the neighboring atoms. The MO diagram of 5 is somewhat different 

from that of 3 for two reasons. One is that 3 is now deprotonated and therefore its electronic 

structure is somewhat modified and the other reason is its complexation by a Ni(pyridine) 

moiety. This complexation comes along with the appearance of four occupied non-bonding 

3d(Ni) levels, of which only two (the HOMO-2 and HOMO-4) appear in the energy 

window of Fig. 4. The HOMO and HOMO-1 can be related to the HOMO-1 and HOMO-2 

of 3. Whereas the LUMO of 5 is similar to that of 3, just above appear three new (and 

expected) levels, namely the two π*-pyridine orbitals encompassing the metal-ligand 

antibonding dx2-y2 orbital. 

The presence of a ferrocenyl substituent in 4 and 7 induces the existence of three 

high-lying occupied non-bonding 3d(Fe) orbitals (the “t2g” set). In the case of 4, they 

constitute three among the four highest occupied MOs (Fig. 5). Only the HOMO-2 has a 

large organic nature and resembles the HOMO of 3, with some iron admixture. The LUMO 

of 4 is similar to that of 3. The highest occupied levels of 7 are similar to those of 4, but 

with the “organic” HOMO related to the HOMO-2 of 4. Unsurprisingly, the lowest vacant 

orbitals of 7 are similar to those of 5. 

The MO diagrams of the copper(II) complexes 6’ and 8 (Figs. S5 and S6)‡ are strongly 

related to those of their nickel(II) relatives 5 and 7, but with one supplementary electron 

occupying the metal-ligand antibonding dx2-y2 SOMO, the later having more ligand than 

metal character. The spin density plots of these two complexes are shown in Fig. 6. 

Consistently with the significant ligand character of their SOMO, the computed Cu spin 

density of 6’ and 8 is 0.43 and 0.45, respectively. The other frontier orbitals of 6’ and 8 are 

the same as those of 5 and 7. 
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Fig. 4 MO diagram of 3 and 5. The MO localizations (in %) are given in the following 

order: R1/C(10)[O(2)]-C(9)-C(7)[C(8)]-/-N(1)-C6H4-O(1) for 3 and R1/C(10)[O(2)]-C(9)-

C(7)[C(8)]-/-N(1)-C6H4-O(1)/M(II)/pyridine for 5. 
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Fig. 5 MO diagram of 4 and 7. The MO localizations (in %) are given in the following 

order: R1/C(10)[O(2)]-C(9)-C(7)[C(8)]-/-N(1)-C6H4-O(1) for 4 and R1/C(10)[O(2)]-C(9)-

C(7)[C(8)]-/-N(1)-C6H4-O(1)/M(II)/pyridine for 7. 
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6’       8  

  

Fig. 6 Spin density plot of complex 6’ and complex 8 

 

The lowest UV-vis absorption transitions of 3-5, 6’, 7 and 8 have been computed by 

the means of TD-DFT calculations (see Computational details). The corresponding 

simulated spectra (solvent effect considered) are plotted together with the experimental 

ones of 3-8 in Fig. 7-9. The main features of the experimental spectra are satisfactorily well 

reproduced by the calculated spectra. This allowed us to propose band indexations from the 

analysis of the main components of the different computed transitions. These band 

indexations are summarized in Table 3. No strong trend can be traced from this table, 

except that the first transitions (bands b, c, d) are dominated by π→π*, and to a lesser 

extent, MLCT transitions. Interestingly, in the case of the pyridine complexes this ligand is 

never involved in these transitions, despite of the presence of vacant low-lying MOs of π*-

pyridine character. This is due to the lack of delocalization of these orbitals on the other 

parts of the molecules. 
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Table 3 UV-vis lmax experimental values and corresponding major computed optical 

transitionsa with their dominant contributions (all wavelengths in nm). 

Compound lmax(exp.)b lcalc. (major transitions)c Principal components to 
the transitions 

Nature of the transition 

3 280 (band a) 316 (0.191) HOMO-1 � LUMO π→π* 

365 (band b) 367 (0.968) HOMO  � LUMO π→π* 

4 277 (band a) 273 (0.111) HOMO � LUMO+1 π→π* + M(Fe)LCT (minor) 

339 (band b) 374 (0.744) HOMO-2 � LUMO π→π* + M(Fe)LCT 

464 (band c) 532 (0.023) HOMO � LUMO M(Fe)LCT 

5 289 (band a) 303 (0.108) HOMO-4 � LUMO M(Ni)LCT 

416 (band b) 380 (0.090) HOMO � LUMO+2 LM(Ni)CT + π→π* (minor) 

449 (band c) 436 (0.829) HOMO � LUMO π→π* 

6/6’ 

 

280 (band a) 300 (0.305) HOMO-5β � LUMOβ LM(Cu)CT + π→π* (minor) 

344 (band b) 342 (0.192) HOMO-1β � 
LUMO+1β 

π→π* + M(Cu)LCT (minor) 

404 (band c) 437 (0.444) HOMO-1α � LUMOα π→π* + LM(Cu)CT (minor) 

7 280 (band a) 366 (0.156) HOMO-3 � LUMO π→π* + M(Fe+Ni)LCT (minor) 

413 (band b) 420 (0.579) HOMO � LUMO π→π* + M(Fe)LCT (minor) 

456 (band c) 534 (0.025) HOMO-1 � LUMO M(Fe)LCT 

8 279 (band a) 302 (0.124) HOMOβ-5 � LUMOβ M(Fe) →M(Cu) 

338 (band b) 341 (0.05) HOMO-2β � 
LUMOβ+2 

M(Fe)LCT 

400 (band c) 413 (0.420) HOMOβ � LUMOβ+1  n→π* + M(Fe)LCT (minor) 

462 (band d) 540 (0.03) HOMOα � LUMOα π→π* + M(Fe)LCT (minor) 

a B3LYP calculations including solvent (CH2Cl2) corrections (see computational details). b 

Values recorded in CH2Cl2. 
c computed oscillator strength in parenthesis. 
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Fig. 7 Experimental electronic spectra (top, full line) registered at 298 K in CH2Cl2 and 

simulated electronic spectra (bottom, dashed line) of 3 and 4. 

 

 

 

Fig. 8 Experimental electronic spectra (top, full line) registered at 298 K in CH2Cl2 and 

simulated electronic spectra (bottom, dashed line) of 5 and 6’. 
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Fig. 9 Experimental electronic spectra (top, full line) registered at 298 K in CH2Cl2 and 

computed electronic spectra (bottom, dashed line) calculated using B3LYP hybrid 

functional with COSMO/CH2Cl2 solvent effect of 7 and 8. 

 

Electrochemical study 

The redox behavior of compounds 3-8 has been investigated by cyclic voltammetry 

(CV) in dichloromethane solutions, at room temperature, in the potential range -1.00 to 

2.00 V versus Ag/AgCl reference electrode. An interpretation of this behavior is proposed 

from the DFT-computed electronic structures of the neutral and oxidized forms of these 

compounds. The cyclovoltammogram of the protonated ligand 3 exhibits an irreversible 

oxidation wave at Epa = 1.37 V, which can be tentatively attributed to the [o-HO-Ph]/[o-

HO-Ph].+ couple.45 As exemplified by the computed spin density plot of 3+
 (Fig. S7),‡ this 

oxidation corresponds mainly to the depopulation of the HOMO of 3 (see Fig. 4) which has 

a significant o-HO-Ph character but is fairly delocalized on the π-type backbone. The CV 

of the organometallic precursor 4 (Fig. 10) shows a quasi-reversible oxidation process, due 

to the monoelectronic oxidation of the ferrocenyl moiety,46,47 with current ratio ipa/ipc equal 

to 0.95, at E1/2 = 0.90 V, with anodic to cathodic peak-to-peak separation (∆Ep) of 100 mv. 

The anodically shifted E1/2 value is in accordance with previously measured redox 

potentials for ferrocenoyl-containing compounds.48 The spin density plot of 4+ (Fig. S7),‡ is 

consistent with the depopulation of the HOMO of 4 (see Fig. 5), the computed Fe spin 

density of 4+ being 0.75. Besides the reversible Fe(II)/Fe(III) redox process, the CV of 4 
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displays also the irreversible oxidation waves of the phenol entity at Epa = 1.54 V (Fig. 10). 

This more positive response relative to that found for 3, is expected as the consequence of 

the electrogenerated cationic ferrocenium substituent onto the molecule. The 4
2+ spin 

density plot of its triplet ground state (Fig. S7)‡ confirms this attribution as well as an 

important participation of iron to this second oxidation (the Fe spin density increases to 

+1.21). 

The CV of complex 5 shows two irreversible oxidation processes. The first redox 

event appearing at Epa = 0.87 V vs. Ag/AgCl, can be attributed to the Ni(II)-

phenolato/Ni(II)-phenoxyl redox system,49 as exemplified by the spin density plot of 5
+ 

(Fig. S7)‡ which indicates depopulation of the HOMO of 5, with minor metal participation. 

The second oxidation wave at Epa = 1.20 could be tentatively referred to the Ni(II)/Ni(III) 

couple.49 However, our DFT calculations on 52+ indicate a singlet ground state, consistent 

with full depopulation of the HOMO of 5. It is noteworthy that a similar result has been 

found for a related Ni(II) system.50 The CV of complex 6 is similar to that of 5 and shows 

also two irreversible oxidation processes.51 The first one at Epa = 0.72 v vs. Ag/AgCl is 

associated with the depopulation of the metal(dx2-y2)-ligand antibonding SOMO which 

becomes the LUMO of the strongly preferred singlet ground state of 6
+, after admixing 

significant π-type phenolato character. Interestingly, our DFT results on 6’
2+

 indicate that 

the second oxidation wave recorded at 1.04 V vs. Ag/AgCl can be approximated to the 

relocalization of the unpaired electron on the metal(dx2-y2)-ligand antibonding MO, however 

with some ligand π-type participation (metal spin density = 0.39; see also Fig. S7),‡ 

associated with full depopulation of a phenolato π-type bonding MO, similarly to 52+.  

The cyclic voltammograms (Fig. 10) of the heterobimetallic derivatives 7 and 8 are 

similar and display both two quasi-reversible one-electron oxidation waves at E1/2
1(7) = 

0.65 V (ipa/ipc equal to 0.93, ∆Ep = 70 mV), E1/2
2(7) = 0.93 V (ipa/ipc equal to 0.90, ∆Ep = 

160 mV), and E1/2
1(8) = 0.63 V (ipa/ipc equal to 0.92, ∆Ep = 60 mV)and E1/2

2(8) = 0.94 V 

(ipa/ipc equal to 0.97, ∆Ep = 150 mV). In each case, the first oxido-reduction wave (E1/2
1) is 

associated with the oxidation of the ferrocenyl moiety,18,19,46 with ferrocene/ferrocenium 

redox potentials cathodically shifted upon complexation of the enaminone core compared 

to that of the protonated ligand 4. However, the spin density plots of 7+ and 8+ show fairly 

large delocalization on the ligand (Fig. S7)‡ with moderate Fe spin density values (0.50 and 
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0.47 for 7+ and 8+, respectively). The Cu spin density remains almost unchanged on going 

from 8 to 8+ (0.45 and 0.48, respectively). The strong electron withdrawing effect of the 

acyl-type substituent in 4 is partially lost with the formation of the six-membered 

heterometallacycle.18a,19b The second redox wave (E1/2
2) which we attribute to the 

generation of the doubly oxidized products 72+ and 82+ at the Pt electrode, is computed to 

occur both at the iron and M(II) centers, together with additional ONO participation in the 

case of the more delocalized 72+
 complex (Fig. S7).‡ The metal spin densities are 1.10 (Fe) 

and 0.48 (Ni) in 72+ and 1.06 (Fe) and 0.12 (Cu) in 82+.  

 

 
 

Fig. 10 Cyclic voltammograms of diprotonated ligand 4 (black line), complex 7 (red line) 

and complex 8 (green line), recorded in dichloromethane containing 0.1 M n-Bu4N
+PF6

- as 

supporting electrolyte on a Platinum disk working electrode, at 293 K and scan rate = 0.1 

Vs-1.  
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Conclusion 

In this contribution, we have synthesized and systematically characterized using FT-IR, 

NMR and UV-vis absorption spectra, four new four-coordinate square planar nickel(II) and 

copper(II) based ONO tridentate Schiff base complexes as well as their diprotonated Schiff 

base precursors resulting from monocondensation of 1-substituted anisyl and ferrocenyl 

butan-1,3-dione and 2-aminophenol. Reactions of these dianionic tridentate ligands with 

metal(II) salts in presence of pyridine afforded the desired [(R-ONO)M(py)] complexes. 

Single crystal X-ray structures have been determined for all the compounds, revealing a 

noncentrosymmetric packing structure for the [(An-ONO)Ni(py)] derivative 5. Electronic 

structural characterization through electrochemical, UV-vis absorption spectroscopy, and 

computational methods has shown the low-energy optical transition to be HOMO-LUMO 

in character. All the compounds exhibit second-order NLO responses and the values of β1.91 

measured via the HLS technique in dichloromethane are relatively large for the 

mononuclear [(An-ONO)M(py)] species 5 and 6 that are very simple structures. This work 

represents a first step toward the elaboration of extended and more complex push-pull 

architectures, taking advantage of the lability of the pyridine ancillary ligand. It was very 

important to demonstrate that these building blocks are able to display relatively high first-

order hyperpolarisabilities, in spite of the small extent of conjugated π-electrons. In that 

prospect, work on new Schiff base building blocks bearing electron withdrawing groups 

has started. 

  

Experimental  
 

General considerations 

Manipulations of air-sensitive compounds were carried out under a dry dinitrogen or 

argon atmosphere using conventional Schlenk techniques. The solvents were dried and 

distilled according to standard procedures.52 The compound 1-(4-methoxyphenyl )-1,3-

butanedione (1)53 and 1-ferrocenyl-1,3-butanedione (2)19c ferrocenyl = Fc = CpFe(η5-

C5H4), Cp = ηηηη
5-C5H5) were synthesized according to literature procedures. All other 

chemicals were purchased from commercial sources and used without further purification. 

Solid-state IR spectra were recorded on a Perkin-Elmer, Model Spectrum One, FT-IR 
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spectrophotometer with KBr disks in the 4000 to 400 cm-1 range. Electronic spectra were 

obtained with a Thermo Scientific, Helios Omega, spectrophotometer. The 1H and 13C 

NMR spectra were measured on either a Bruker AvanceIII 400 or a Bruker Avance 500 

Instrument. The chemical shifts (δH and δC) were referenced relative to tetramethylsilane 

(TMS), using the residual solvent resonances of the deuterated solvent used as internal 

standards and expressed in parts per million (ppm). 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: br = broad, s = singlet, d = doublet, t = triplet, m = 

multiplet. 1H and 13C NMR chemical shift assignments are supported by data obtained from 
1H-1H COSY, 1H-13C HMQC, and 1H-13C HMBC NMR experiments, and are given 

according to the numbering scheme of ORTEPS views (Figs. 1-3). High resolution electro-

spray ionization mass spectra (ESI-MS) were acquired on a WATERS Q-TOF II 

spectrometer at the Centre Régional de Mesures Physiques de l’Ouest (CRMPO, Rennes). 

Elemental analyses were conducted on a Thermo-FINNIGAN Flash EA 1112 CHNS/O 

analyzer by the Microanalytical Service of the CRMPO at the University of Rennes 1, 

France. Cyclic voltammetry (CV) measurements were performed using a Radiometer 

Analytical model PGZ 100 all-in one potentiostat. A three-electrode cell was used, 

equipped with a platinum wire auxiliary electrode, a platinum working electrode, and 

Ag/AgCl as the reference electrode. Dichloromethane solutions were 1.0 mM in the 

compound under study and 0.1 M in the supporting electrolyte n-Bu4N
+PF6

- with voltage 

scan rate of 100 mVs-1. Melting points were determined in evacuated capillaries on a Kofler 

Bristoline melting point apparatus and were not corrected. 

4-MeO-C6H4-C(O)CH=C(CH3)N(H)-C6H4-2-OH (3). A three necked round 

bottom flask equipped with a Dean-Stark apparatus was loaded with a magnetic stir bar, 1-

(4-methoxyphenyl)-butane-1,3-dione (1) (500 mg, 2.61 mmol), 2-aminophenol (334.5 mg, 

3.07 mmol, 1.17 equiv) and 10 mL of toluene. The reaction mixture was refluxed for 2 h. 

At room temperature (rt), the reaction was monitored by TLC on aluminum plates coated 

with neutral silica gel (60 F254, Merck) with petroleum ether-diethyl ether mixture (1:1) as 

eluent, to ensure the complete consumption of the starting diketone. Then, 8 mL of diethyl 

ether were added and the solution stored at -30 °C overnight. The resulting microcrystalline 

solid formed was collected by filtration, washed with 3 x 2 mL portion of cold petroleum 
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ether-diethyl ether mixture (1:1), and dried under vacuum. Slow evaporation (5 days) of a 

solution of the compound in dichloromethane provided 650 mg (2.30 mmol, 88% yield) of 

colorless microcrystals. A suitable crystal from this crop was used for X-ray structure 

determination. mp 180-183 °C. Found: C, 72.12; H, 6.10; N, 5.12. C17H17NO3 requires C, 

72.07; H, 6.05; N, 4.94%. FT-IR (KBr, cm-1): 3150(m) ν(O-H), 3073(w) ν(N-H), 3044(w) 

ν(C-H aryl), 2928(w) ν(C-H alkyl), 2844(w) νsym(CH3), 1593(s), 1532(m) ν(C…O) and 

ν(C…C), 1519(s) δ(N-H), 1458(m) δ(O-H), 1257(s) νasym(CH3-O-aryl), 1208(m) ν(C-O), 

760(s) δ(C-H). 1H NMR (400 MHz, CDCl3, 315 K): δH 1.71 (s, 3 H, CH3), 3.84 (s, 3 H, 

OCH3), 5.67 (s, 1 H, CH=C), 6.83 (td, 3
JH,H = 7.4 and 7.7 Hz, 4

JH,H = 1.6 Hz, 1 H, H-4), 

6.92 (d, 3
JH,H = 9.2 Hz, 2 H, H-13,15), 7.01 (d, 3

JH,H = 8.3 Hz, 1 H, H-6), 7.02 (dd, 3
JH,H = 

7.7 Hz, 4JH,H = 1.6 Hz, 1 H, H-3), 7.15 (ddd, 3JH,H = 7.4 and 8.3 Hz, 4JH,H = 1.6 Hz, 1 H, H-

5), 7.85 (d, 3
JH,H = 9.0 Hz, 2 H, H-12,16), 12.27 (s, 1 H, NH); OH proton resonance not 

observed. 13C{1H} NMR (100 MHz, CDCl3, 315 K): δC 19.89 (CH3), 55.41 (OCH3), 94.30 

(C-9), 113.59 (C-13,15), 117.02 (C-6), 120.08 (C-4), 125.59 (C-2), 127.64 (C-3), 128.48 

(C-5), 129.25 (C-12,16), 132.72 (C-11), 152.33 (C-1), 162.14 (C-14), 164.21 (C-7), 188.10 

(C-10). 

CpFe(ηηηη
5
-C5H4)-C(O)CH=C(CH3)N(H)-C6H4-2-OH (4). This organometallic 

compound was synthesized following a procedure similar to that described above for the 

organic enaminone 3, using in this case, 300 mg (1.11 mmol) of ferrocenoylacetone and 

121.1 mg (1.11 mmol) of 2-aminophenol in 10 mL of toluene. Recrystallization by slow 

evaporation (5 days) of a diethyl ether solution of the compound afforded 345 mg (0.96 

mmol, 86% yield) of 4 as orange microcrystals. A suitable single crystal from this crop was 

selected for X-ray structure determination. Mp 95-98 °C. Found: C, 66.44; H, 5.49; N, 3.64. 

C20H19FeNO2 requires C, 66.50; H, 5.26; N, 3.88%. FT-IR (KBr, cm-1): 3427(w) νsym(O-H), 

3377(m) ν(N-H), 3088(w) ν(C-H aryl), 2963(w) ν(C-H alkyl), 1592(s), 1537(m) ν(C…O) 

and ν(C…C), 1491(m) δ(N-H), 1445(w) δ(O-H) 752(s) δ(C-H). 1H NMR (400 MHz, 

CDCl3, 298 K): δH 1.73 (s, 3 H, CH3), 4.17 (s, 5 H, C5H5), 4.38 (br t, 3
JH,H = 1.8 Hz, 2 H, 

Hα C5H4), 4.73 (br t, 3JH,H =1.8 Hz, 2 H, Hβ C5H4), 5.30 (s, 1 H, CH=C), 6.84 (t, 3JH,H = 7.5 

Hz, 1 H, H-4), 7.04 and 7.05 (2 x dd, 3JH,H = 7.5 Hz, 4JH,H = 1.1 Hz, 2 x 1 H, H-3 and H-6), 

7.16 (br t, 3
JH,H = 7.2 Hz, 1 H, H-5), 11.80 (br s, 1 H, NH); OH proton resonance not 

observed. 13C{1H} NMR (100 MHz, CDCl3, 298 K): δC 20.05(C-8), 68.64 (Cα C5H4), 69.91 
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(C5H5), 70.95 (Cβ C5H4), 82.26 (Cipso C5H4), 95.80 (C-9), 117.04 (C-6), 119.86 (C-4), 

125.79 (C-2), 127.65 (C-3), 128.21 (C-5), 152.44 (C-1), 161.85 (C-7), 193.0 (C-10). 

 [{4-MeO-C6H4-C(O)CH=C(CH3)N-C6H4-2-O}Ni(NC5H5)] (5). A Schlenk tube 

was charged with a magnetic stir bar, compound 3 (380 mg, 1.05 mmol), potassium tert-

butoxide (354 mg, 3.16 mmol) and 3 mL of THF. After 5 min of stirring a dark red 

precipitate formed and the reaction mixture was vigorously stirred for 25 min. Then, 0.25 

mL (3.0 mmol) of pyridine was added slowly. After 10 min of stirring, a solution of 

Ni(NO3)2·6H2O (437 mg, 1.5 mmol) in 1.5 mL of THF was added dropwise and the stirring 

was continued for 15 min. The reaction mixture was vigorously stirred for 12 h. The 

reaction was quenched with 5 mL of EtOH giving a light brown precipitate. The solid 

material was filtered off, washed with 3 x 3 mL portion of cold mixture of THF and EtOH 

(1:1), diethyl ether (2 x 3 mL portion), and dried under vacuum for 2 h. Slow evaporation 

(4 days) of a solution of the compound in dichloromethane deposited 318 mg (72% yield) 

of compound 5 as dark-brown microcrystals. A suitable monocrystal from this crop was 

used for X-ray structure determination. Mp 170-172 °C. Found: C, 62.30; H, 4.63; N, 6.50. 

C22H22NiN2O3 requires C, 62.75; H, 5.27; N, 6.65%. FT-IR (KBr, cm-1): 3049(w) ν(C-H 

aryl), 2932(w) ν(C-H alkyl), 2832(w) νsym(CH3), 1604(s) ν(C…O), ν(C…N) and/or ν(C…C), 

1557(s), 1244(s) νasym(CH3-O-aryl), 764(s) δ(C-H). 1H NMR (400 MHz, CD2Cl2, 298 K): 

δH 2.61(s, 3 H, CH3), 3.85 (s, 3 H, OCH3), 5.97 (s, 1 H, H-9), 6.44 (t, 3
JH,H = 7.3 Hz, 1 H, 

H-4), 6.64 (d, 3
JH,H = 7.3 Hz, 1 H, H-6), 6.81 (t, 3

JH,H = 7.3 Hz, 1 H, H-5), 6.88 (d, 3
JH,H = 

8.8 Hz, 2 H, H-13 and 15), 7.37 (d, 3JH,H = 8.0 Hz, 1 H, H-3), 7.46 (br s, 2 H, H-19 and 21), 

7.61 (d, 3
JH,H = 8.8 Hz, 2 H, H-12 and 16), 7.88 (t, 3

JH,H = 7.4 Hz, 1 H, H-20), 8.73 (br s, 2 

H, H-18 and 22). 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): δC 25.25 (CH3), 55.28 

(OCH3), 101.00 (C-9), 113.11 (C-4), 113.47 (C-13 and 15), 115.70 (C-6), 121.10 (C-3), 

124.01 (C-19 and 21),124.74 (C-5), 127.95 (C-12 and 16), 129.71 (C-11), 138.01 (C-20), 

142.50 (C-2), 150.30 (C-18 and 22), 160.96 (C-14), 161.85 (C-7), 164.56 (C-1), 168.72 (C-

10).  

 [{4-MeO-C6H4-C(O)CH=C(CH3)N-C6H4-2-O}Cu(NC5H4-4-CMe3] (6).
23 This 

known complex, albeit previously prepared using a slightly different modus operandi, was 

synthesized following a procedure similar to that described for complex 5 using, in this 

case, 3 (350 mg, 1.24 mmol), potassium tert-butoxide (416 mg, 3.72 mmol), 3.5 mL of 
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THF, 0.44 mL (3.0 mmol) of 4-tert-butylpyridine and a solution of Cu(NO3)2·3H2O (300 

mg, 1.24 mmol) in 1.5 mL of THF. Yield: 506 mg (75%) of a dark-green microcrystalline 

solid. Compound 6 was identified by comparison of its melting point and FT-IR spectral 

data with those of an authentic sample.23  

 [{CpFe(ηηηη
5
-C5H4)-C(O)CH=C(CH3)N-C6H4-2-O}Ni(NC5H5)] (7). The synthesis 

of this complex was carried out following a procedure similar to that described for complex 

5 using, in this case, 4 (380 mg, 1.05 mmol), potassium tert-butoxide (354 mg, 3.16 mmol), 

3 mL of THF, 0.25 mL (3.0 mmol) of pyridine and a solution of Ni(NO3)2·6H2O (437 mg, 

1.5 mmol) in 1.5 mL of THF. Yield: 390.7 mg (75%) of orange microcrystals that were 

isolated upon slow evaporation (5 days) of a solution of the compound in dichloromethane. 

A suitable crystal from this crop was used for X-ray structure determination. Mp 168-170 

°C. Found: C, 60.37; H, 4.53; N, 5.49. C25H22FeN2NiO2 requires C, 60.42; H, 4.46; N, 

5.64%. ESI MS (m/z), calcd for C25H22N2O2
56Fe58Ni: 496.03841, found: 496.0385 (0 ppm) 

[M.+]. FT-IR (KBr, cm-1): 3118-3080(w) ν(C-H aryl), 2926(w) ν(C-H alkyl), 1606(m) 

ν(C…O), ν(C…N) and/or ν(C…C), 1562(s), 1504(m)-1408(s) ν(C…C) py, 754(s) δ(C-H). 1H 

NMR (500 MHz, CD2Cl2, 253 K): δH 2.49 (s, 3 H, CH3), 4.15 (s, 5 H, C5H5), 4.28 (br s, 2 

H, Hβ C5H4), 4.50 (br s, 2 H, Hα C5H4), 5.60 (s, 1 H, H-9), 6.39 (t, 3
JH,H = 7.8 Hz, 1 H, H-

4), 6.64 (d, 3
JH,H = 7.9 Hz, 1 H, H-6), 6.75 (t, 3

JH,H = 7.5 Hz, 1 H, H-5), 7.29(d, 3
JH,H = 7.3 

Hz, 1 H, H-3), 7.45 (t, 3
JH,H = 6.3 Hz, 2 H, H-22 and 24), 7.86 (t, 3

JH,H = 7.6 Hz, 1 H, H-

23), 8.62 (d, 3JH,H = 4.6 Hz, 2 H, H-21 and 25). 13C{1H} NMR (125 MHz, CD2Cl2, 298 K): 

δC 25.31 (CH3), 67.62 (Cα C5H4), 69.72 (C5H5), 70.05 (Cβ C5H4), 81.31 (Cipso C5H4), 

101.26 (C-9), 113.12 (C-4), 115.84 (C-6), 120.13 (C-3), 124.44 (C-5), 142.72 (C-2), 160.70 

(C-7), 164.07 (C-1), 172.92 (C-10); NC5H5 not observed. 

 [{CpFe(ηηηη
5
-C5H4)-C(O)CH=C(CH3)N-C6H4-2-O}Cu(NC5H5)] (8). This complex 

was synthesized following a similar procedure to that described for complex 5 using, in this 

case, 4 (380 mg, 1.05 mmol), potassium tert-butoxide (354 mg, 3.16 mmol), 3 mL of THF, 

0.25 mL (3.0 mmol) of pyridine and a solution of Cu(NO3)2·3H2O (362.4 mg, 1.5 mmol) in 

1.5 mL of THF. Slow evaporation (4 days) of a solution of the compound in 

dichloromethane deposited 368.9 mg (70% yield) of 8 as dark-brown microcrystals. A 

suitable monocrystal from this crop was used for X-ray structure determination. mp 163-

166 °C. Found: C, 59.56; H, 4.22; N, 5.61. C25O2H22N2FeCu requires C, 59.83; H, 4.42; N, 
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5.58%. ESI MS (m/z), calcd for C25H22N2O2
56Fe63Cu: 501,03267, found: 501.0330 (1 ppm) 

[M.+]. FT-IR (KBr, cm-1): 3111-3050(w) ν(C-H aryl), 1607(w) ν(C…O), ν(C…N) and/or 

ν(C…C), 1567(s), 1504(m)-1412(s) ν(C…C py), 753(s) δ(C-H).  

 

X-ray crystal structure determinations 

A crystal of appropriate size and shape of compounds 3, 4, 5, 7 and 8 was coated in 

Paratone-N oil, mounted on a cryoloop and transferred to the cold gas stream of the cooling 

device. Intensity data were collected at T = 150(2) K on a Bruker APEXII AXS 

diffractometer using Mo-Kα radiation (λ = 0.71073 Å), equipped with a bidimensional 

CCD detector, and were corrected for absorption effects using multiscanned reflections. All 

structures were solved by direct methods using the SIR97 program,54 and then refined with 

full-matrix least-square methods based on F2 (SHELXL-97),55 with the aid of the WINGX
 

program.56 In 3, the H(1) atom was found in Fourier difference maps and refined. The 

disorder observed for the oxygen atom of the o-phenol rings was modelled using two 

positions with fixed 0.50 and 0.50 occupancy factors for each oxygen. For 4, the 

contribution of the disordered solvents to the calculated structure factors was estimated 

following the BYPASS algorithm,57 implemented as the SQUEEZE option in PLATON.58 A 

new data set, free of solvent contribution, was then used in the final refinement. The 

disorder observed for the carbon atoms of the free cyclopentadienyl ring of the third 

crystallographically independent molecule 4C was modelled using two positions per carbon 

with fixed 0.50 and 0.50 occupancy factors for each carbon. All non-hydrogen atoms were 

refined with anisotropic atomic displacement parameters. Hydrogen atoms were placed in 

their geometrically idealized positions and constrained to ride on their parent atoms. A 

summary of the details about the data collection and refinement for the X-ray structures of 

the five compounds are documented in Table 4, and additional crystallographic details are 

in the CIF files (ESI).‡ ORTEP views were drawn using OLEX2 software.59  
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Table 4 Crystallographic data, details of data collection and structure refinement 

parameters for compounds 3, 4, 5, 7 and 8 

 

 

HLS measurements 

The first order hyperpolarizabilities β1.91 of compounds 3-8 were acquired using the 

HLS technique60 at 1.91 µm. The measurements were carried out with 10-2 M solutions in 

  3 4 5 7 8 

 
Empirical formula 

 
C17 H17 N O3 

 
C60 H54 Fe3 N3 O6 

 
C44 H40 N4 Ni2 O6 

 
C25 H22 Fe 
N2 Ni O2 

 
C50 H44 Cu2 
Fe2 N4 O4 
 

Formula weight 283.32 1080.61 838.22 497.01 1003.67 
Collection T (K) 150(2) 150(2) 150(2) 150(2) 150(2) 
Crystal size (mm) 0.43 x 0.33 x 0.18 0.54 x 0.37 x 0.23 0.58 x 0.15 x 0.06 0.50 x 0.08 x 

0.03 
0.40 x 0.35 
x 0.09 

Crystal system tetragonal triclinic orthorhombic orthorhombic monoclinic 
space group P-4 21 c P-1 P21 21 21 Pc a b P21/a 

a (Å) 19.8481(7) 14.3007(7) 7.2819(2) 7.5236(5) 7.5792(5) 
b (Å) 19.8481(7) 14.7917(6) 21.2966(6) 22.6943(12) 23.0612(13) 
c (Å) 7.1359(3) 15.2273(6) 23.7759(7) 23.9482(15) 23.4845(15) 
α (°) 90 95.987(2) 90 90 90 
β (°) 90 109.006(2) 90 90 90.527 
γ (°) 90 105.734(2) 90 90 90 
Z 8 2 4 8 4 
Dcalcd (g.cm-3) 1.339 1.253 1.510 1.615 1.624 

V (Å3) 2811.17(15) 2864.9(2) 3687.16(18) 4089.0(4) 4104.6(4) 

Abs. coeff. (mm-1) 0.092 0.799 1.079 1.656 1.769 

F(000) 1200 1122 1744 2048 2056 
θ range (°) 3.52 to 27.48 2.93 to 27.48 2.93 to 27.45 2.98 to 27.48 2.95 to 

27.75 
range h, k ,l -25/19, -18/25, -6/9 -18/18, -19/17, -17/19 -8/9, -26/27, -27/30 -9/9, -28/29, 

-31/23 
-9/9, -29/29, 
-30/29 

No. Refl. collected 11631 41885 32926 18668 34974 
No. Indepent Refl. 1825 

[R(int) = 0.0429] 
12931 
[R(int) = 0.0498] 

8401 
[R(int) = 0.0503] 

4653 
[R(int) = 
0.0668] 

34974 
[R(int) = 
0.00] 

Comp. to θmax (%) 99.5 98.5 99.6 99.4 99.5 (θ = 
25.0°) 

Max/min transmission 0.984/0.841 0.832/0.694 0.937/0.777 0.952/0.760 0.853/0.660 
Data / restraints / parameters 1825/0/197 12931/0/619 8401/0/509 4653/0/281 34974/0/562 
Final R indices [I>2σ(I)] R1 = 0.0762 

wR2 = 0.1605 

R1 = 0.0569 
wR2 = 0.1537 

R1 = 0.0368 
wR2 = 0.064 

R1 = 0.0449 
wR2 = 0.0947 

R1 = 0.0591 
wR2 = 
0.1436 

R indices (all data) R1 = 0.0827 
wR2 = 0.1635 

R1 = 0.0824 
wR2 = 0.165 

R1 = 0.0496 
wR2 = 0.0676 

R1 = 0.0841 
wR2 = 0.1097 

R1 = 0.0763 
wR2 = 0.159 

Goodness-of-fit on (F2) 1.273 1.088 1.049 1.088 1.036 

Largest diff. peak/hole (e A-3) 0.332/-0.355 1.795/-1.075 0.457/-0.367 0.567/-0.651 1.06 /-1.206 
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dichloromethane following a well-established procedure.18,22 Ethyl violet 1.0 x 10-2 M in 

dichloromethane was used as reference, its octupolar β value being 170 x 10-30 esu at 1.91 

µm.61 

 

Computational details 

DFT calculations62 were carried out using the Amsterdam Density Functional 

(ADF2012) program.63 Geometry optimizations were performed with the PW91 

functional64 and the standard TZ2P basis set65 was used in all the calculations.62 The frozen-

core approximation was used to treat the core shells up to 1s for C, N and O, and up to 3p 

for Fe, Ni and Cu.62 Spin-unrestricted calculations were carried out on the odd-electrons 

systems. The optimized geometries of all species were characterized as true minima on 

their potential energy surfaces using vibrational frequency calculations. In the case of 

complex 6, the simplified model 6’, in which the tert-Butyl group was replaced by 

hydrogen, was considered. For each compound, calculations have been performed 

considering the isolated molecule (vacuum state) as well as applying solvent (CH2Cl2) 

effect corrections using the Conductor like Screening Model (COSMO)66 included in the 

ADF package. The TD-DFT67 method implemented in the ADF package was applied to 

calculate the UV-vis electronic absorption transitions on the PW91-optimized geometries, 

using the hybrid B3LYP functional,68 and with and without solvent (CH2Cl2) COSMO 

corrections. UV-vis spectra were simulated from the computed TD-DFT transitions and 

their oscillator strengths by using the SWizard program,69 each transition being associated 

with a Gaussian function of half-height width equal to 3000 cm-1. The optimized 

geometries were drawn using the MOLDEN program.70  
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