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Abstract

Three new Schiff bases compounds (L1-L2-L3) were synthesized by a condensation reaction in 1:1
molar ratios of dehydroacetic acid (3-acetyl-6-methyl-2H-pyran-2,4(3H)-dione) and 4-fluoro/4-
chloro/4-bromo aniline in ethanol, the products were obtained in excellent yields. Their structures
were characterized by spectroscopic techniques (FT-IR and 1H-NMR) and single-crystal X-ray
diffraction. The three compounds display zwitterionic forms, with cationic iminium and anionic
enolate groups.The aromatic ring and dehydroacetic acid ring are in a trans position with respect to
the C=N bond. Calculations in the framework of the density-functional theory (DFT) were carried
out to determine the optimized structures and electronic properties as the HOMO-LUMO energy gap.
Hirshfeld surface analysis was used to support the packed crystal lattice 3D network intermolecular
forces. The NH form is found to be more stable than OH form. On the other hand, the in situ generated
copper (I1) complexes were examined for their catalytic activities and were found to catalyze the
oxidation reaction of catechol to o-quinone under atmospheric dioxygen. The present study reveals
that the rate of oxidation depends on the nature of the substituents in the phenyl ring, the counter
anion and the concentration of ligand. The combination L1(Cu(CH3COO)>) gives the highest rate.

Keywords:Schiff base; Zwitterionic form; X-Ray; Catecholase; Hirshfeld surface; DFT.



1. Introduction

Schiff bases are important compounds owing to their wide range of biological activities and
industrial applications [1,2]. They have also been used as ligands in coordination chemistry[3,4].N-
substituted o-hydroxyimines have been reported to display thermochromism and photochromism in
the solid state by H-atom transfer from the hydroxy O atom to the N atom, the features of
photochromism are used in some application areas such as measuring and controlling radiation
intensity, imaging systems and optical computers [5,6]. In general, O-hydroxy Schiff bases exhibit
two possible tautomeric forms, the phenol-imine (or benzenoid) and keto—amine (or quinoid) forms.
Depending on the tautomers, two types of intra-molecular hydrogen bonds are possible: O—H- - -N
in benzenoid and N-H- - -O in quinoidtautomers. O-hydroxy Schiff bases have been previously
observed in the keto form, in the enol form or in enol/keto mixtures [7,8]. Another form of the Schiff
base compounds is also their zwitterionic form [9-12]. Zwitterions of Schiff bases have an ionic intra-
molecular hydrogen bond (N*-H- - -O") and their N*~H bond lengths are longer than the standard
interatomic separations observed in neutral N-H bonds (0.87 A). The other ionic bonds in the
zwitterions C-O', is not a key indicator as distinctive as N*—H bond, because NH forms of Schiff
bases in solid state can be regarded as a resonance hybrid of two canonical structures, the quinoidal
and zwitterionic forms [13].

Cu(ll) complexes formed from Schiff base ligands have been important model compounds in
studying the physical and chemical behavior of biological copper systems [14]. As an important
example, numerous biomimetic approaches were devoted to the synthesis of binuclear Cu(ll) ion
complexes with various ligands to reproduce catecholase activity [15,16]. Notable progress has been
made to mimic catecholase activity using copper complexes coordinated to multidentate Schiff bases
ligands [17-19]. It is now well known that proteins containing copper (metal-protein) play a very
important role in transport, activation, and metabolism of dioxygen in living organisms [20].

In this paper, we present the full structural characterization and theoretical studies of new
zwitterionic  Schiff bases : 6-methyl-2-oxo-3-[1-(p-fluoriminio)ethyl]-2H-pyran-4-olate (L1), 6-
methyl-2-0x0-3-[1-(p-chloriminio)ethyl]-2H-pyran-4-olate  (L2) and 6-methyl-2-0x0-3-[1-(p-
bromoriminio)ethyl]-2H-pyran-4-olate (L3). New copper (I1) complex were prepared and evaluated
for their catecholase activities at aerobic conditions. Experimental results are compared with

theoretical results led in the framework of the density-functional theory.



2. Experimental
2. 1. Materials and physical measurements

All chemicals were purchased from Sigma- Aldrich and were used without further purification.
Thin layer chromatography (TLC) was performed by using Merck silica gel (60 F254) plates (0.25
mm) and visualized under Ultraviolet light (UV). Melting points were determined with a digital
melting point apparatus using capillary technique. Infrared (IR) spectra were recorded with a
Shimadzu FTIR-8010M spectrometer between 400 and 4000 cm™ (KBr disks). The *H RMN spectra
were recorded on a Jeol GSX WB spectrometer at 270 MHz in CDCls. The chemical shifts, d, are
given in parts per million (relative to TMS). The UV-Visible spectra were recorded in DMSO
between 200-800 nm using JASCO V- 650 spectrophotometer with quartz cells of 1 cm path length.

2.2. X-ray crystallographic study

X-ray single-crystal diffraction data were collected at 293Kfor L1-L2 and 150 K for L3 on a
BrukerAPEX Il CCD diffractometer equipped with a graphite monochromator using Mo Ka radiation
(A =0.71073 A). The structures were solved by direct methods using the SIR2002 program [21] and
refined on F2 by full matrix least-squares [22]. Unit cell refinement using all observed reflections and
data reduction were performed using SAINT. All non hydrogen atoms were refined anisotropically
and the hydrogens (except hydrogen atoms attached to N atom) were included in geometric positions.
The hydrogen atoms bound to N atom were located in difference Fourier map and their coordinates
were refined with displacement parameters. The final difference Fourier maps showed no peaks of

chemical significance.

2.3. Computational details

The ground state of the three compounds have been fully optimized within the Density Functional
Theory method[23] (DFT) using the Gaussian09 program package [24].The exchange and correlation
functional was modeled within the hybrid Becke’s three parameters and the Lee—Yang—Parr function
(B3LYP) [25,26]. Atomic basis sets were 6-31+G(d,p) basis set[27].Vibrational frequencies were
calculated to guarantee that the optimized structures are local minima. Such a level of approximation
was previously shown to be quite adapted for a structural and electronic characterization of molecular

complexes.

2.4. Catecholase activity measurements



Kinetic measurements were made spectrophotometrically on UV-Vis spectrophotometer,
following the appearance of o-quinone over time at 25°C (390 nm absorbance maximum, € = 1600 L
mol* cm™in methanol [28]. The complexes were prepared in situ by successively mixing 0.3 mL of
a solution (2. 10°M) of CuXz, nH20 (X= CH3COO", Br, CI, NOs", or SO4*), with 0.15 mL of a

solution (2. 10-*M) of ligand, then adding 2 mL of a solution of catechol at a concentration of 10 M.

2.5. General procedure for synthesis of the Schiff base

To a hot ethanolic solution (15 mL) of dehydroaceticacid (0.01 mol) was added 0.01 mol of 4-
fluoro aniline for (L1),4-chloro aniline for (L2) or 4-bromo aniline for (L3). The resulting solution
was refluxed for 3 hand the reaction was monitored by TLC (CH2Cl>: MeOH, 5:1). After standing 5
days for (L1) needles crystals were filtered off, washed with small amounts of cold ethanol.(L2) and
(L3) were filtered and recrystallized from a mixture of ethanol and a few drops of distilled

water,single crystals are obtained after two weeks. The reaction scheme is shown in schema 1.

Scheme. 1 The synthesis schematic for L1 (R=F), L2 (R=CI) and L3 (R=Br).

3. Result and discussion

3.1. Analytical data

3.1.1. (E)-6-methyl-2-o0x0-3-[1-(p-fluoriminio)ethyl]-2H-pyran-4-olate(L1): A white crystals were
obtained. Yield: 61%, m.p. 410 K.'H NMR (CDCls), dppm: 2.15 (s, 3H, CH3); 2.55 (s, 3H, CHasacetyl);
5.75 (s, 1H,CHpyr); the aromatic protons appear as multiple signal in the 7.2-6.5 range;13.5 (s,Ho-
..~ ).Solubility: Soluble in MeOH, DMSO, DMF, CHCIs and hot EtOH.

3.1.2. (E)-6-methyl-2-o0x0-3-[1-(p-chloriminio)ethyl]-2H-pyran-4-olate (L2):A white solid was
obtained. Yield41%, m.p. 413 K. *H NMR (CDCls), 6 ppm: 2.15 (s, 3H, CHs); 2.57 (s, 3H, CHasacetyl);
5.74 (s, 1H, CHpyr);the aromatic protons appear as multiple signal in the 7.42-6.9 range; 15.3 (s, Ho-
1...N).Solubility: Soluble in MeOH, DMSO, DMF and hot EtOH.



3.1.3.(E)-6-methyl-2-0x0-3-[1-(p-bromoriminio)ethyl]-2H-pyran-4-olate(L3): A light beige solid
was obtained.Yield48%,463 K. *H NMR (CDClIs), dppm:2.14 (s, 3H, CHs); 2.63 (s, 3H, CHaacetyl);5.8
(s, 1H, CHpyr); the aromatic protons appear as multiple signal in the 7.2-7.7 range; 15.5 (S, Ho-n.. N).
Solubility: Soluble in MeOH, DMSO, DMF and hot EtOH.

3.2. Infrared spectra

Infrared spectra of the three compounds are found to be quite similar. A zwitterionic form was
observed in the solid state for the three Compounds (see crystallographic data in the following
paragraph).The IR spectra data of molecules taken from KBr pellet, are in agreement with the
structure determined by the X-ray diffraction. The bands appearing around 3400 cm™ are assigned to
the O-...H-N" stretching [29]. The v(C=N) absorption bands are observed at 1555 and 1570 cm™ for
L1, L2 and L3 respectively as ArCH=Nar [30,31]. On the other hand, the bands observed between
1207 and 1275 cm™* are assigned to vC—O (phenolic) frequencies [32,33]. The absorption peak around
1610 cm™ is due to the CO stretching; the value appears to be lower than that for a typical C=0 group
(1712-1708 cm-1) and is indicate of the enolic form of the molecules, in which the proton is

transferred from the oxygen atom to the nitrogen atom.

3.3.UV-Vis analysis

The UV-Vis absorption spectra show one bands at 326, 331, and 330 nm for L1, L2, L3
compounds respectively, which might be assigned to the n-7* transitions [34].

3.3. Crystallographic studies of ligands

The main crystal parameters are reported in Table 1. The bond distances and angles are listed in
Table 2. The numbering schema and a displacement ellipsoid plot of L1, L2 and L3 are showed in
Fig 1. (L1) is crystallized in a monoclinic system in P21/c space group and with a four unit per cell
(Z=4), (L2) crystallized in a triclinic system in P-1 space group and with a two unit per cell (Z = 2)
and (L.3) crystallized in anorthorhombic system in Pnab space group and with eight unit per cell (Z =
8).



Table 1
Crystallographic data and structure refinement details for L1, L2 and L3.

Compound L1 L2 L3
Empirical formula C14H1203NF C14H1203NC| C14H1203NBI’
Formula weight, g/mol 261.25 277.70 322.16
Crystal description Needle Needle Prism
Space group P21/c P-1 Pnab
Crystal system Monoclinic Triclinic Orthorhombic
F(000) 544 288 1296
Unit cell dimensions
alA 4.0119(3) 7.5606(5) 9.6906(2)
b/A 23.6690(17) 8.7382(7) 9.9780(3)
c/A 12.8177(10) 10.2086(12) 26.7807(9)
a/° 90 85.018(4) 90
B/ 94.494(2) 79.311(3) 90
y/° 90 76.008(8) 90
VIA3 1213.40(16) 642.45(10) 2589.50(13)
z 4 2 8
Temperature/K 293(2) 293(2) 150(2)
Orangefordata 1.72-25.69 2.03-25.58 3.03/27.36
collection (°)
Radiation Mo Ka(A=0.71073) Mo Ka(A=0.71073) Mo Ka(A=0.71073)
Dcalcd (g/cm®) 1.430 1.436 1.653
p(mm-t) 0.111 0.300 3.178
Range/indices (h, k, I) -4<h<4 -§<h< 8 -8<h</12
-28 <k <28 -10<k<9 -12<h< 12
-15<1<15 -12<1<12 -34<1</21
Ref Nmb of reflections 118724 4176 11767
measured
Number of independent 2280 2248 2945
reflections
reflections with 1 > 2o(1) 1503 1059 2309
Number of parameters 209 173 174
Refinement method Full-matrix Full-matrix Full-matrix
least-squares on F2 least-squares on F2 least-squares on F2
Goodness-of-fit (GOF) 0.966 0.971 0.955
R [F2 >2 6 (F2)] 0.0336 0.1082 0.0403
wR(F2) 0.1311 0.1745 0.068
Rint 0.0519 0.0673 0.0293
Max / min &p (e /A%) 0.290/-0.287 0.379/-0.374 0.062/-0.308




016 =
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Fig. 1 View of the molecular structure of L1, L2 and L3 with the atom labeling.



The structures reported here adopt a zwitterionic form, with the phenolic H atom having been
transferred to the imino group. The H atom attached to N was located in a difference-Fourier map
and freely refined. The resulting iminium and hydroxyl groups are linked by an intramolecular N-
H...O hydrogen bond [0.90, 1.091 and 0.880 A] for L1, L2 and L3 respectively, comparable with the
similar zwitterions in the literature [35,36]. The bond distances shown in Table 2 indicate that the C-
Niminium bond length of [1.325(3), 1.352(6) and 1.325(3) A] in three compounds L1, L2 and L3,
respectively, agree with similar bond in related compounds 1-Dimethylamino-3-dimethyliminio-2-
(p-methoxyphenyl)prop-1-ene perchlorate and 1-Dimethylamino-3-dimethylimino-1-phenylprop-1-
ene perchlorate [37,38]. This distance is slightly longer than a typical C=N bond (1.269 A) [39], but
much shorter than the single carbon-nitrogen(1.409 A) [40], because of the resonance. The C—Omydroxy
bond length [1.260(3), 1.274(5) and 1.260 (2) A] respectively are intermediate between single and
double carbon to oxygen bond lengths (1.362 A, 1.222 A) [41]. The carbon-carbon bonds connecting
the enol and imine groups exhibit intermediate distances between a single and a double bond (Table
2), indicating the zwitterionic character of the title compounds [42].

In the three compounds, the aromatic ring and dehydroacetic acid ring are in trans position with
respect to the C=N bond, and the molecular configuration is determined by the presence of the
intramolecular hydrogen bond O"...H-N". The three molecules differ in the orientation of phenyl rings.
In L1 the dihedral angle between the two rings of aromatic and dehydroacetic acid is 37.35°, while it
is 68.18° and 51.23°in the case of L2 and L3 respectively. The iminium atom H participates in a
strong intramolecular hydrogenbond with the enolate atom O, which generates aS(6) ring motif [43].
Similar intramolecular hydrogen bonds were reported in the above-mentioned zwitterionic phenolates
[44,45]. This six-membered pseudocycle is almost planar, the maximum deviation from the mean
plane being 0.018 A for atom C4 in L1, and 0.109 for atom N in L2 and 0.021 in L3 for atom H7.

In the crystal, molecules of L1 are aligned head to foot along b axis, in columns parallel to [0 0
1] axis and the structure is stabilized by three kinds of C—H---O interactions. This arrangement
separates the equivalent groups in columns by 4.012 (1) A (Fig. 4, Table 3).

Molecules of L2 exhibit one intermolecular hydrogen bond N5-H2...03. In the crystal,
molecules are aligned along c axis; forming layers that extend in zigzag parallel to the plane (b, ¢)
(see Fig. 5). There are no other significant intermolecular contacts. In the crystal packing of L3, the
structure is stabilized by four kinds of C—H-:-O interactions alternating zigzag chains along the ¢
axis (Fig. 6, Table 3).


http://journals.iucr.org/e/issues/2004/04/00/ci6331/index.html
http://journals.iucr.org/e/issues/2004/04/00/ci6331/index.html
http://journals.iucr.org/e/issues/2004/04/00/ci6342/index.html
http://journals.iucr.org/e/issues/2004/04/00/ci6342/index.html

Table 2

Selected bond distances (A) and angles (°) for ligands.

Bond lengths (A) Bond angles (°)
L1
F1-C9 1.359(3) C8-N1-H12 110.3(19)
03-C7 1.260(3) C8-C4-C7 121.7(2)
C4-C8 1.419(4 03-C7-C4 123.1(2)
C4-C7 1.440(4) N1-C8-C4 117.3(2)
N1-C8 1.325(3)
N1-H12 0.90(3)
L2
Cl01-C008 1.731(5) C015-C007-C013 121.4(4)
0003-C015  1.274(5) N005-C013-C007 117.2(4)
N005-C013  1.352(6) 0003-C015-C007 123.5(4)
C007-C015  1.417(6) H3-N05-C013 120.55
C00-C013 1.431(6)
N005-H2 1.090
L3
Bri-C1 1.900(2) C8- N7-H7 115.1
N7-C8 1.322(3) N7-C8-C10 117.30(17)
C8-C10 1.433(3) C8-C10-C15 120.33(18)
C10-C15 1.451(3) 018-C15-C10 123.60(18)
C15-018 1.260(2)
N7-H7 0.88

Table 3

Distances (A) and angles (°) of hydrogen bond for L1, L2 and L3.
D-H...A | d(D-H) | dH...A) | d(D-A) | D-H-A
L1
N1-H12... O3 0.91(3) 1.72(3) 2.545(3) 150(3)
C12—Hl1...02 |0.92(3) 2.49(3) 3.236(3) 139(2)
C10—H5...02 | 0.94(3) 2.30(3) 2.762(4) 109(2)
C10 —H6... O3 1.04(4) 2.40(4) 3.311(4) 145(3)
L2
NOO5—H2... 0003 | 1.0900 | 1.7400 | 2.535(5) | 126.00
L3
N7-H7...018 0.8800 1.7600 2.528(2) 144.00
C3-H3...016 0.9500 2.5700 3.472(3) 158.00
C9-H9B...016 0.9800 2.3100 2.787(3) 109.00
C9-H9C...018 0.9800 2.4900 3.252(2) 134.00
Cl4-H14...016 0.9500 2.5800 3.524(3) 172.00




(b)

Fig. 2 Cell packing. H atoms have been omitted for clarity (a) and hydrogen bonding (b) for L1.
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Fig. 3 Cell packing for L2.

(a) (b)

Fig. 4 Cell packing. H atoms have been omitted for clarity (a) and hydrogen bonding (b) for L3.

11



3.4. Computational Study

Table 4.

Bond lengths (A) and angles (°) for L1, L2 and L3.Experimental data are given in parentheses (in
bold).X designs the halogen atom (X=Br,Cl and F).

Bond length (A)

L1

L2

L3

X(1)-C(2)
C(7)-N(12)
C(14)-C(19)
C(19)-C(25)
C(19)-0(31)
N(12)-H(13)

1.357 (1.359)
1.422 (1.422)
1.341 (1.324)
1.464 (1.442)
1.258 (1.210)
1.042 (0.904)

1.755 (1.731)
1.420 (1.436)
1.341 (1.351)
1.464 (1.435)
1.258 (1.212)
1.042 (1.043)

1.900 (1.900)
1419 (1.417)
1341 (1.321)
1.464  (1.451)
1258  (1.259)
1.042  (0.879)

Angle (°)
C(7)-N(12)-H(13)
H(13)-N(12)-C(14)
C(7)-N(12)-C(14)
C(19)-C(25)-0(31)

118.30 (118.90)
112,51 (110.44)
129.16 (130.63)
123.26 (128.09)

118.17 (124.90)
112.42 (114.37)
129.38 (124.90)
123.24 (130.42)

118.13 (115.14)
112.41 (115.10)
129.45 (129.75)
123.23 (123.60)

The DFT-optimized parameters (bond lengths, angles) are given in Table 4. They are in good

agreement with the experimental data. The calculated bond distance C(19)-C(25) is slightly longer

than experimental values within 0.013-0.029 A for the three compounds. The calculated C-N and C-

O bond distances for the three compounds which are most important of tautometric forms, are also in

good agreement with experiment, since C(7)- N(12) and (C19)-O(31) bond distances are slightly
longer than experimental values within 0.002-0.016 A and 0.001-0.048 A for L2 and L3 respectively.

The calculated bond angles for the three compounds with B3LYP levels are all very similar to the

experimental values with slight deviations within 0.6-7.18°. These results are in agreement with the

expect delocalization in the molecule and confirmed by a bond angle C(7)-N(12)-C(14)~129°

showing a sp? hybridization on the N(12) atom.

3.5 Frontier molecular orbitals (FMOs)
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The frontier molecular orbitals (FMOs) play an important role in the electric proprieties. The
energy gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) is an indicator of the stability and optical polarizability of a molecule.
The Schiff bases display two possible forms of intermolecular hydrogen bonds: the phenol-imine
(OH), and Keto-amine (NH) forms (fig. 5). The contour plot and energy of frontier orbitals HOMO
and LUMO for the two forms are reproduced in fig. 5.

The keto-amine (NH) forms which were preferably compared with phenol-imine (OH) forms
decrease the HOMO level and increase the LUMO level implying a more stability. The electronic
structure for the phenol-imine (OH) shows an intra-ligand charge transfer from HOMO to LUMO,
while the keto-amine (NH) forms have a charge transfer n-* (fig. 5). Clearly the keto-amine form is

in agreement with stability of three compounds.

4.29 eV 431eV 438 eV
4.12 eV 4.15eV 416 eV

Keto-amine (NH) Phenol-amine (OH)

Fig. 5 The frontier molecular orbitals for the two possible tautomeric forms, the keto-amine (NH) L1,
L2 and L3 the phenol-imine (OH) forms of the title Schiff base compounds L1', L2" and L3'.HOMO-
LUMO gap is given.

3.6. Electronic absorption spectra
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Theoretical UV-visible absorption spectra of L1, L2 and L3 using TDDFT are in clear agreement

with experimental results (fig.6). Calculated absorptions with wave length A (nm), oscillator strengths

() and main transitions with their contribution are illustrated in table 5. L1 exhibits a strong

absorption measured at 326 nm and theoretically obtained at 325 nm with a main contribution

associated to HOMO-1—LUMO and related to r-n* transition (fig S1 in SI). The absorption band

of L2 absorption wave length is found at 331nm, this band is calculated at 328 nm and mainly

involved the HOMO—LUMO transition and is assigned to m-n* character. The L3 shows an

experimental absorption at 330 nm which was calculated at 328 nm and attributed to
HOMO—LUMO transition with a m-n* character.

Table 5 : TD-DFT calculated excitations approximate assignments for L1, L2 and L3.

A Expt. A cal. Oscillator Assignment Contribution
(nm) (nm) Strength (Coeff %)
L1 326 325 0.132 HOMO-1—-LUMO 39.60
L2 331 328 0.246 HOMO—LUMO 45.22
L3 330 328 0.303 HOMO—LUMO 52.22
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Fig. 6 Experimental and simulated electronic absorption spectra of L1, L2 and L3.
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3.7 The Hirshfeld surface analysis

The Hirshfeld analysis reveal the presence of intermolecular interactions(intercontact) in
crystalline environment of the titled compounds. The normalized contact distance dnorm between
molecules in 3D is a parameter that includes distances of any surface point to the nearest nucleus
internal (di) and the nearest nucleus external to the surface (de) and the van der Waals radii of atoms
(rv4v) given by the equation:

B di 3 r;/dw de B r\édw

dnorm -
vdw vdw
r; I'e

1
The value of dnorm is negative or positive when intermolecular contacts are shorter or longer than r@W

respectively. The analyses of the Hirshfeld surface and fingerprint plots of the titled compound were
obtained using the crystal Explorer 3.0 package [46]. The overall two-dimensional (2D) fingerprint
plot of contact O...H/H...O and N...H/H...N are illustrated in fig. 6. The intermolecular interactions of
the O....H/H....O contact with a relative contribution of 21.9%, 25.5% and 25.9% for L3, L2 and L1
respectively have the most significant contribution to the total Hirsfeld surfaces. The spikes point out
the dominant interactions for the O...H/H...O contact. The contact appears as a pair of sharp spikes
where the (de,di) distributions correspond to de+di ~ 2.4 A, ~2.5A and ~2.46 A for L1, L2 and L3
respectively. These relative small values compared to the sum of the van der Waals radius (2.72 A)

reflect the relatively strong interaction between O and H.

de L1 e L1 d e
25.9% s ! 25.5%
2 i T Y H...0/0..H di
JAe 12 4 L3
é’y‘" de
. f‘i«-a
0.6%

p . 1.6%

NNHAEN =~ di | p.oO.H di | N..HH.N di

Fig. 7 Two-dimensionalfingerprint plots of L1, L2 and L3 for O..H/H..O and N...H contacts.de and
di represent the distances from the surface to nearest external and internal atoms. The blue color

represents increasing numbers of surface contributors at individual de/d;i points.
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Fig.8 Hirshfeld surfaces for visualizing the intermolecular contacts. The dnorm Values are mapped onto
the Hirshfeld surface using a red-blue-white colour scheme as follows: red regions represent closer
contacts and a negative dnorm Value; blue regions represent longer contacts and a positive dnorm Value;
and white regions represent the distance of contacts equal to exactly the vdW separation with a dnorm

value of zero.

The corresponding regions on the Hirshfeld surface mapped (fig. 7) appear as blue and light-red,
respectively in the red region hydrogen acceptors and in the blue region hydrogen donor for providing
more detailed information on the intermolecular interaction influential in the crystal. The presence of
an intermolecular ionic hydrogen bond N*-H.... O of length 1.634, 1.787 and 1.658 A respectively
for L1, L2 and L3 leading to the stabilization of zwitterionic form. The NH form becomes
zwitterionic since it can facilitate such stabilization. These result verify the zwitterionic character and

underline that the molecules are linked by weak C-H....O hydrogen bonds.

3.8. Catecholase studies
The progress of the catechol oxidation reaction is conveniently followed monitoring the strong
absorbance peak of o-quinone in the UV/Vis spectrophotometer (Scheme 2). The metal complex

(prepared in situ from metal salt and the ligand) [47] and a solution of catechol were added together
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in the spectrophotometric cell at 25°C [48,49]. Formation of o-quinone was monitored by the increase
in absorbance at 390 and 400 nm as a function of time. Table 6 gives absorbances of Cu(ll) complexes
generated in situ after 60 min by mixing metallic salts Cu(CH3COO),, CuBr2, CuCl,, Cu(NOs) 2 and
CuSOg4 and ligands L1-L3 (2/1) and catechol. The oxidation rates are shown in Table 7.

o) 5 i
OH I’UZO o
RT -
OH Ligand / Metal o
Catechol ()-quinone

Scheme. 2 Catecholase reaction.

We note that the catalytic activity varies from a complex to the other one, the obtained results for
Cu(CH3COO):salt are grouped in (Fig. 8) and the Vmax rates of the catechol oxidation were calculated
in a time range of 5 min where the slope of the absorbance graph is maximal and collected in Table
6. In this part, we take one equivalent of ligand for two equivalents of metallic salt.

All copper complexes catalyze the oxidation reaction of catechol to o-quinone, but with oxidation
rate values ranging from 0.04 pmol L™*min"to 20.06 pmol.L.min%. In fact, the first rate concerns
the complexes formed from L2 and metallic salts CuBr; and CuCl, (weak catalysts) and the second
one concerns the complex formed from L1and metallic salt Cu(CHsCOO)2 (best catalyst) (Table 7).
The difference between the catalytic activities from a complex to another depends strongly on both
the structure of the ligand and the action of the anion. Indeed, most ligands have a low absorbance
with all the anions except in the case of acetate anion where the values of the absorbance are high
(Table 6).

Table 6

Absorbance of the mixture of Cu(ll) and cathecolafter 60 min(umol L min™).

Ligand/metallicsalt Cu(CH3COO), | CuBr: CuCl; | Cu(NOs)2 CuSOq4
L1 1.928 1.418 0.945 0.3619 0.948
L. 1.6937 0.0386 0.0387 | 0.0961 0.2678
Ls 1.348 1.312 0.292 0.554 0.574
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Table 7
Oxydation rate of cathecoloxydation in methanol (umol.L".min).
Ligand/metallicsalt | Cu(CH3COOQ); | CuBr; CuCl; Cu(NO3), CuSOg4

La 20.06 12.34 9.83 3.73 6.18
L2 17.63 0.4 0.4 1.00 2.79
Lsl 4.04 10.97 2.36 491 5.96

The differences in activity observed during the oxidation reaction was found to be influenced by:
(a) The nature of the anion associated with the metal: the anions that bind tightly with copper cannot
be easily displaced by the substrate, thereby reducing the catalytic power as in the case of NOgz",
SO, CI, Br ions. In complexes with anions that form weaker bonds with the metal center, the
substrate has no problem to coordinate to the metal because it can easily replace the weakly bound
anions and consequently promotes the oxidation reaction of catechol with higher rate as in the case
of CHsCOO'.

(b) The nature of the substituent in the para position of the benzene ring : the ligand with the most
electronegative substituent provides an important catalytic activity as the complexes of the ligands
with substituent less electronegative, the electron attractor group can increase the complexing

properties of the ligand [50,51].

Effects of the nature of anion and the ligand

In the CH3COO- case (Fig. 8), all ligands show high values of absorbance in time.In bromides,
chlorides, nitrates, and sulfates (Fig. 9 — 12), Cu-L1 complex seams the best oxidation catalyst with
a highest value of rate (12.34 umol L'min—), whereas with the other ligands [52,53] the rate values
are located in the same gap but are still low within the range of 0.4 and 1 pmol L+ min+(L2). The
comparison between the catalytic activity of the complexes of copper (I1) and the three four ligands
L1, L2 and L3 (Table 6) shows that Cu-L2 complexes are observed to be the lowest active, except

in the case of NO3™ anion.

18



2,5

1,5

=4—11/CH3CO0-
=i—13/CH3COO0-

«=he=12/CH3COO0-

0 5 10 15 20 25 30 35 40 45 50 55 60

Fig. 9 Oxidation of catechol in presence of acetate.
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Fig. 10 Oxidation of catechol in presence of bromide.
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Fig. 11 Oxidation of catechol in presence of chloride.
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Fig. 12 Oxidation of catechol in presence of nitrate.
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Fig. 13 Oxidation of catechol in the presence of sulfate.

Effects of the ligand concentration on the cathecolaseactivity

Evolution of catechol oxidation into o-quinone is followed by varying the ratio of equivalent
ligand L1/metallic salt Cu(CH3COO)2. Three tests were carried out in ratio: 1/1, 2/1 and 1/2. The
results indicate that the test with the ratio L2/Cu(CH3C0O0),=3 leads to the higher oxidation rate value
(20.06mmol Lt mint). For the ratio 1/1, the maximum value of the rate is 15.27mmolL* min. For

the ratio 2/1, the rate value have reached a maximum of 12.38mmol L* min (Fig. 13).

2,5
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== lequivalent ligand /2equivalent CH3COO-

2equivalent ligand/1lequivalent CH3COO-

0,5 -
o
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0 5 10 15 20 25 30 35 40 45 50 55 60

Fig. 14 Catechol oxidation in methanol, in presence of formed L1 copper complexes

with different concentrations.
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4. Conclusion

We report here the synthesis of three new Schiff bases derivatives of dehydroacetic acid 6-methyl-
2-0x0-3-[1-(p-fluoriminio)ethyl]-2H-pyran-4-olate (L1),6-methyl-2-o0x0-3-[1-(p-chloriminio)ethyl]-
2H-pyran-4-olate (L2) and 6-methyl-2-oxo0-3-[1-(p-bromoriminio)ethyl]-2H-pyran-4-olate (L3),with
good yields. The X-ray structures of the three compounds have been investigated for the first time
herein. The oxidation reaction of catechol is very efficient to give o-quinone by complexes of copper
(11), obtained with the three ligands (L1-L3). Structural and electronic properties have been
investigated at DFT/B3LYP level and the analyses of the Hirshfeld surface are in good agreement
with the experimental data. Copper (I1) complexes were generated in situ and our results show that
all the complexes catalyze the aerobic oxidation of catechol to the corresponding o-quinone.
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