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Abstract

2-[a-(acetyloxime)ethylidenehydrazino]-4,6-dimethylquinoline (MHQ) and its Cu complexes have been synthesized
and characterized by elemental analysis and electronic, vibrational, electron, spin resonance and mass spectra. The
mononuclear, binuclear and dimeric chelates have been isolated by reaction of the ligand with different Cu' salts (nitrate,
perchlorate, sulfate, acetate, chloride and bromide) in addition to Cu' iodide) in molar ratio 1:1 and 1:2 (metal:ligand). The
results showed that the ligand acts as bidentate (NN or NO) and tridentate (NNN or NNO). Multilinear regression analysis
(MLRA) of the d-d transitions of Cu-MHQ complexes in different solvents vs. Guttmann parameters (AN, DN and €) and
solvato parameters (o, f and n*) have been determined. Full geometrical and structural optimizations of the ligand and its
metal complexes have been performed by a PM3 study by using the hyperchem program.
Keywords:_Quinoline, hydrazones, copper complexes, molecular modeling, ESR spectra.

1. Introduction

For decades, hydrazones and their metal
complexes have attracted a great interest because of
their excellent applications and biological activities
such as antibacterial, antioxidant, anticonvulsant,
anti-inflammatory,  antifungal,  antidepressant,
antiviral  analgesic, antimalarial, antiplatelet,
antimycobacterial and vasodilator and antitumor.*”
Quinoline-based  compounds have different
important pharmacological activities.®® Also, the
quinoline ligands form important complexes, which
have many applications at different fields. Oximes
play an important role in development of
coordination chemistry due to their versatile
bonding.'*!5 The current work is an extension to our
previous  studies including  quinoline-based
complexes'®?* and our interest in investigation of
the effect on anions on complexation?, especially
for Cu(Il) complexes.?628 Thus, we anticipated that
the interaction of the oximic MHQ hydrazone with
Cu'" ions would create novel complexes. Based on
the foregoing facts and in an attempt to investigate
the effect of anion of the metal salt on the formed
chelates, a new hydrazone ligand; MHQ (H.L) was
synthesized and allowed to react with several Cu'-
salts e.g. NOs" ClOs, AcO", SOs#, CI- and Br in

addition to Cu' as Cul. The ligand and its copper
complexes were characterized by elemental analysis
and electronic, vibrational, electron spin resonance
and mass spectra. These reactions afforded
mononuclear and binuclear complexes including
paramagnetic and diamagnetic complexes. In
another attempt, the MHQ was allowed to react with
Cu'nitrate in presence of triethyl amine (NEts) in
methanol, (1 : 1 : 1; Cu" / MHQ / NEts). This
reaction afforded a dimeric complex 7 with no sign
for adduct formation (Scheme 2) i.e. a base
catalyzed dimerization occurs. In  addition,
multilinear regression analysis (MLRA) of the d-d
transitions of Cu-MHQ complexes in different
solvents vs. Guttmann parameters (AN, DN and ¢)
and solvato parameters (o, B and n*) have been
determined. The structural optimizations of the
ligand and its metal complexes have been
performed by a PM3 study by using the hyperchem
program.

2. Experimental
2.1 Materials

Nitrate, perchlorate, sulfate, acetate, chloride
and bromide of Cu" in addition to Cu' iodide,
disodium salt of EDTA, organic solvents, p-
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toluidine, ethyl acetoacetate, phosphorus
oxychloride, hydrazine hydrate, biacetylmonoxime,
trimethylamine, hexamine and murexide were
Merck, BDH, Aldrich and Fluka.

2.2 Preparation of hydrazone

The preparation of 2-hydrazino-4,6-
dimethylquinoline (HQ) is described in our previous
publication.'®2* The mixture of HQ (0.01 mol.) with
biacetylmonoxime (0.01 mol.) was heated under
reflux for 1/2 hour. After cooling, the yellow
monoxime ligand, 2-[o-
(acetyloxime)ethylidenehydrazino]-4,6-
dimethylquinoline (MHQ) (Scheme 1) was filtered
off, washed with ether and the crystallization is
performed by using ethanol. Table 1 showed
elemental analysis, and colour of the ligand; 80 %
yield; m.p 256 °C.

Scheme 1.Tautomric structure of the MHQ ligand.

2.3 Preparation of the complexes

Methanolic solutions of the metal salts (1 mmol)
were added with constant stirring to the methanolic
solution of MHQ hydrazone (1 or 2 mmol). The
reaction mixture was heated under reflux for ca 5 —
7 hours on a water bath. The precipitated solid
complex (Scheme 2) was filtered off, washed
several times with methanol and finally washed
with diethyl ether and then dried in vacuo, yield =
60 — 80 %.

2.4 Measurements

IR spectra (4000-400 cm™) were recorded on a
BRUKER Vector 22 spectrometer (Germany) using
KBr pellets. UV-Visible spectra were recorded on a
Jasco V-550 UV/VIS spectrophotometer. Mass
spectra were recorded at 70 eV on a gas
chromatographic GCMSqp 1000-ex Shimadzu mass
spectrometer. ESR spectra were recorded on Bruker
Elexsys, E500 operated at X-band frequency. Molar
conductance's of millimolar solutions of the solid
complexes in DMF were measured on the Corning
conductivity meter NY 14831 model 441 (USA).
Magnetic susceptibilities of the complexes were
measured by the Gouy method at room temperature
using a Johnson Matthey Alfa MKI magnetic
susceptibility balance with Hg[Co(CNS).] as a

calibrant. The effective magnetic moments were
calculated from the expression per. = 2.828 (ym.T)Y?
BM, where ym is the molar susceptibility corrected
using Pascal’s constants for the diamagnetism of all
atoms in the compound. Microanalyses of carbon,
hydrogen and nitrogen were carried out on W. C.
Heraeus Hanau elemental analyzer and Perkin-
Elmer 2400 CHN elemental analyzer. The melting
point of the ligand and decomposition temperatures
of the complexes were determined using Rumo-
3600 melting point apparatus.
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Scheme 2. Metal complexes of the MHQ ligand.

2.5 Molecular orbital calculations

The optimized structures of hydrazone ligand
and its metal complexes were done by Hyperchem
7.52 program, using PM3 level.

3. Results and discussion
3.1. Characterization of the ligand

IR spectrum of the ligand (Table 2) showed
strong to medium broad characteristic bands at
3336, 2917 and 1610 cm for the ligand. These
bands refer to the stretching vibrational modes of
NH, OH---N and C=N (azomethine), respectively.
The mass spectrum of the MHQ ligand (Fig. 3a)
showed molecular ion and base peaks at m/z 305
and 172, respectively, which is in an agreement
with its formula weight. Scheme 3. shows the mass
fragmentation patterns of MHQ. Three bands at
234, 309 and 355 nm appeared at the electronic
absorption spectrum of the oxime ligand. These
bands may be assigned to = - «* transitions of the
quinoline ring,'® phenyl rings and/or azomethine
groups,**724 charge transfer (CT) and the low
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intensity n - 7* forbidden transitions, respectively.?®
The elemental analysis data and spectral studies
confirm the structure of MHQ.

3.2. Characterization of the metal complexes

The coordinating sites of MHQ are the
nitrogens of the quinoline ring, azomethine linkage
and oximic group in addition to the oximic oxygen
(Scheme 1).

The MHQ hydrazone (H.L) was allowed to
react with all metal ions used in the mole ratio 1:1;
metal ion: ligand. Also, the mole ratio 1:2; metal
ion: ligand was tried, but always afforded the same
products as in 1:1 ratio. The results of elemental
analyses (Table 1) agreed well with the proposed
formula.

The isolated solid complexes are colored
(green — brown), stable in atmospheric air, non-
hygroscopic, and insoluble in water and diethyl
ether, but partially soluble in alcohols (methanol
and ethanol) and completely soluble in DMF and
DMSO. Also, most complexes have high melting
points, > 300 °C (an exception: the acetato complex
5, m.p. = 162-164 °C), indicating their strong bonds
and high thermal stability.

The reaction of the hydrazone (H;L) with the
various copper salts afforded dimeric complexes
(7), binuclear complexes (4, 6 and 8) and
mononuclear complexes (1-3 and 5). To our
findings, in the present study, the complexes formed
via oximato bridges complexes.!4%% The chemistry
of oximes has recently been reviewed.'* It has now
become apparent that the bridging ability of the
oximato ligands is more readily accessible than was
previously thought* 2 j.e. the oximato group (=N-
0O) can function as a bridge to bind two metal ions
in various ways.**1% The coordinating ability of the
SO4% anions in complex 6 was checked by BaCl,
solution, where no white precipitate is observed
which is compatible with the molar conductance
data (Table 3).

3.2.1. IR spectra
The main IR absorption bands for the
synthesized complexes are shown in Figs. 1a-1b and
Table 2. The observed bands may be classified into
those originating from the ligands, those emanating
from the counter-balancing anions and those arise
from the bonds formed between metal ions and
coordinating sites. The mode of bonding of the
ligand with different copper salts was investigated
by comparing the IR spectra of the solid complexes
with that of the free ligand (Table 2).
Inspection of the data (Table 2) reveals the
following:
(1 All complexes exhibit a broad band
centered at 3474 - 3394 cm which is
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(i)

(iii)

(iv)

(v)

(vi)

(vii)

(viii)

(ix)

attributed to v(OH) of water and /or
methanol molecules associated with
complex formation,#a7.24b:30

The band located at 3336 cm™ due to
v(NH) of the free ligand disappeared
or overlapped with v(OH) for all
complexes.

The strong band located at 1610 cm™
(v€C = N, azomethine) of the free
ligand was shifted by + 13 cm™ as a
result of complexation.?#3031-32 Thijs
can guide to assume the participation
of the azomethine group in chelation
through resonating phenomena.

The absorption bands with variable
intensity in the frequency range 1585 -
1415 cm? corresponding to the
quinoline ring vibrations of the free
ligand are highly altered as a result of
complexation.

For most complexes, the broad band
centered at 2917 cm™ assignable to
v(OH ---- N) of the oximic group of
the free MHQ ligand disappeared,
indicating proton displacement by the
metal ions and hence a covalent
linkage.

The ionic character of the NOz™ anion
in complex 2 was supported by
appearance of a new band around
1384 cm? (Table 2).3 This is
consistent with the conductance
measurements.*

The ionic character of the ClO4 anion
(Te—symmetry) in complex 1 was
achieved by the strong broad splitted
bands at = 1108 and 1078 cm™(vs) and
the weak band at 928 cm™(v4).

In the sulfato complex 6, the strong
chelating bidentate ability of the SO4*
group was supported by the
appearance of v3(S-0) stretching
bandat 1148 cm™, in addition to vi(S—
O) weak band at 879 cm™, (Table 2).
This provides strong evidence that the
high Tq-symmetry of the SO> ion is
lowered by complex formation.?%

In the acetato complex 5, the two
bands at 1573 cm™ (vC=0) and 1516
cm?® (vC-0O), suggest the bidentate
chelating fashion of the acetate ion.**
3 The separation of these bands, Av =
57 cm? is comparable to the cited
values®-3 for the bidentate character
of the AcO" group. It is evident that
the v(C=N, quinoline) may be
overlapped with v(COO’) of the
acetate group (Table 2).
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x) Support of the above interpretation is
the appearance of the non — ligand
bands in the ranges 580-540 cm,

v(M-O) and 540-480 cm?, v(M-
N).7240.3036

3.2.2. Conductance measurements

Molar conductances of millimolar solutions
of complexes in DMF were determined at room
temperature (Table 3). The molar conductance for
complexes 1-3 shows values of 79 - 65 ohm™ cm?
mol, within the expected range for 1:1 electrolytes,
indicating that the NO3, ClO4 and Br™ anions are
not coordinated to the metal ions.™

The chloro (4) and iodo (8) complexes
showed a certain degree of conductivity, A =41 and
39 ohmcm? mol?, respectively. This could be
explained on the basis of partial solvolysis®3" of the
complexes by DMF molecules i.e. an exchange
between DMF molecules and the coordinated CI- or
I ions. On other hand, the molar conductance values
of the other complexes show low values (4 - 13)
ohm* cm? mol, suggesting the absence of the ionic
Character.4a*7*24b'3° 38,39

3.2.3. Electronic spectra and magnetic studies

The electronic spectra as well as the
magnetic susceptibilities (Table 3) of the complexes
provide a diagnosis of their stereochemistry. As we
have mentioned before, MHQ was allowed to react
with several Cu"-salts (NOs" ClIO4, AcO", SO4%, CI-
and Br) in addition to Cu' as Cu | (Schemel). In
case of Cu'—perchlorate, the reaction was carried
out by refluxing or stirring at room temperature.

Based on the magnetic moment data at room
temperature for copper complexes (Table 3), the
complexes could be classified into two main
categories:

> Diamagnetic for complexes 1-3 (Cu"-
complexes) and 8 (Cu'- complex).

» Paramagnetic for complexes 4-7, these
complexes have magnetic moments within
the range 0.88 — 1.62 pg/Cu" ion indicating
the presence of one unpaired electron-d°
system.

» The dimeric and binuclear complexes 4, 6
and 7 have a subnormal magnetic moment
(0.88 - 1.05) suggesting a strong
antiferromagnetic  exchange interaction
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between the Cu'—ions of the crystal i.e. the
possibility of spin—coupled system or
intermolecular interaction.#a24.40

The electronic spectra of Cu'-complex
(8) in DMF showed no d—d transitions as
expected for d¥-system and the pale
brown color of the complex is dominated
by a charge transfer transition from ligand
to Cu'-ion; band at 331 nm. However, this
band was observed at 433 nm in Nujol
mull. Also, the Cu'-complex 8 has a Tgq
geometry as expected for d%-systems.

Due to Jahn — Teller effect and because of
the low symmetry of the environment around Cu'-
ion (d°), detailed interpretations of the spectral and
magnetic data are somewhat complicated.***? The
electronic spectra of Cu'"-complexes (4-6) showed
a charge transfer band (L — Cu?*) in the region
331-449 nm as a result of complex formation. In
addition, a d-d transition band in the region 500 -
596 nm which can be assigned to 2Big— 2Eq
transition of the Cu'-ion in tetragonally elongated
octahedron or square planar geometry.*>* The wine
red color of the dimeric complex 7, [Cu"L(H20)]. is
dominated only by a charge transfer transition from
the deprotonated hydrazone to Cu'-ions; band at
462 nm (Table 3).

The green Cu'"'-MHQ complexes 1 and 2
showed the spin allowed d—d transition at =~ 509 nm
(612 and 628 nm in Nujol mull) which is close to
those reported for square planar Cu''-complexes.*>
4 0On the other hand, the reddish brown color of
Cu""-MHQ complex 3 is dominated only by a
charge transfer band at = 340 nm (no d—d transition
in the measured range).

3.2.4. ESR spectrometry
The ESR spectrum of complex 2 (Fig. 2) showed a
sharp isotropic signal at giso = 2.04 which may be
attributed to a conduction ESR band of metallic
copper.® The presence of metallic copper (Cu?)
species could be explained on the basis of one
electron transfer between the copper species as
shown below:

3Cu* -2 Cu* + Cu°

The pattern of the g - value together with the
shape of the ESR signal are comparable to those
reported in literature for Cu®.4 On the other hand,
the ESR spectrum of the dimeric complex 7 (Fig. 2)
showed a considerable broad isotropic signal at giso
= 1.95. This broadening accounts for: i) Equal and
high symmetry around the two Cu'"-ions. ii)
Electron delocalization in the formed chelate rings.
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Tablel. Analytical and physical data of the MHQ complexes.

No. Complex Elemental Analysis; % Found/(Calc.)
(M. F)) F.Wt Color C H N M
MHQ 270 Yellow 66.40 6.50 2072 | -
CisH1sN4O (66.66) | (6.60) | (20.74)
1 [Cu"L(H,0)]CIOx 449 Green 39.922 4.66% 12.632 | -----
CuC15H18N406Cl crystals 40.61° | 3.99* | 11.97°
(40.09) | (4.01) | (12.47) (14.14)
2 [Cu"L(H.0)]NOs.MeOH 443.5 Green 43.77 5.37 16.84 | -
CuCi6H22Ns0s crystals (43.29) | (4.96) | (15.78) (14.32)
3 [Cu"'L(MeOH)]Br 443.4 | Reddish- 42.95 443 | - | -
CuCi6H20N402Br Brown (43.30) | (4.51) | (12.63) | (14.32)
4 [Cu,'" (HL)CI3(H20)] 520.5 Green 34.69 3.56 10.26 23.75
Cu2Ci5H19N402Cl3 (34.58) | (3.65) | (10.76) | (24.40)
5 [Cu"(HL)ACcO(H20),] 4275 | Reddish- 48.03 5.17 11.46 13.75
CuCi7H24N40s Brown (47.72) | (5.61) | (13.10) | (14.85)
6 [Cuy"(HL)2S04(H20)4].2%2 H,0 878 Green 40.95 5.08 12.53 14.00
CuzC30H47Ng012.55 (41.00) | (5.35) | (12.76) | (14.46)
7 [Cu"L(H0)]2 699 Wine 51.48 4.67 15.76 17.95
Cu2C30H36Ns04 Red (51.50) | (5.15) | (16.02) | (18.17)
8 [Cuy'(H,L)1,(MeOH),].MeOH 747 Pale 29.43 3.52 871 | -
Cu,C18H30N404l2 brown (28.92) (4.02) (7.50) (17.00)
* 12 by reflux and 1° by stirring.
Table 2. Selected IR absorption bands (cm™) of the MHQ complexes.
Complex IR spectral bands cm™
vNH/OH(OH group v(C=N) v(C=N) Other bands
or H,0 or methanol) | free/ coord. (quinoline)
HaL 3336 1610 1579, 1497, 1452, 1403 2917; OH....N
12 3474 1609 1534, 1444 (1108, 1078); v3(CI-O)
1° 3474 1607 1540, 1442
2 3425 1612 1539,1505 (1407, 1385); v(NO3)
3 3446 1606 1584, 1517, 1460
4 3418 1611 1530, 1415
5 3419 600 | ... 1573; vas(CO0O"), 1516; vs(COO")
6 3426 1611 1539, 1498 (1148, 1120, 1094); v3(S-0)
7 3394 1623 1579, 1546
8 3425 1608 1585, 1519, 1457

* 12 py reflux and 1° by stirring.

2750

z z 1750 1500
snumber cml

. IR spectrum of [Cu"'L(H20)].CIO4 (1%) by reflux.
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Fig. 1b. IR spectrum of [Cu'"L(H20)].ClO4 (1°) by stirring.
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Table 3. Electronic spectra, magnetic moments and molar conductivity data of the MHQ complexes.

No. Amax (nm) Amax (nm) Meff (Hcomp.) A
(DMF) Nujol mull Mg ohm- cm? mol
HaL 234, 309, 355 — --- —
1 5092, 330, 268 612, 440, 320 Diamagnetic? 70
509°, 331, 267 612,442, 320 Diamagnetic® 67
2 509, 326, 268 628, 440, 325 Diamagnetic 79
3 340, 271 334 Diamagnetic 65
4 384 596, 415 0.88 (1.25) 41
5 500, 331 502 1.62 10
6 509, 449 449 1.05 (1.48) 6.0
7 462, 334 465, 352 1.05 (1.49) 4.0
8 331 433 Diamagnetic 39
* 12 by reflux and 1° by stirring.
! g5 Complex 1 2 7
‘ Molecular ion peak 449 441 698.2
i Cacld. F.W. 449 4435 699
‘ Base peak 272 252 172

ARLRERRARRRRRERRERE S

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
Fleid (6]

Fig. 2. ESR spectrum of [Cu"L(H,0)], (7).

500

3.2.5. Mass spectrometry

Mass spectrometry begins by ionizing a
sample and the resultant ions are separated and then
plotted as a ratio of mass-to-charge; m/zvs. %
relative abundance. Figs. 3 show the mass spectra of
complexes 1, 2, and 7, as representative examples.
The molecular ion peaks (F.W.) as well as the base
peaks are shown below:
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Obviously, the molecular ion peaks agree
well with the F.W. of the complexes. However, the
differences between found and calculated m/z
values are due to the effect of isotopes. Also, it is
obvious that the most abundant ions i.e. the more
stable species (the base peak) for Cu'"'-complexes (1
and 2) have the highest m/z values (272 and 252
amu, respectively) which correspond to the
following charged species:

Hence, this indicates the highest stability of
Cu"'-complexes.

On the other hand, complex 7 showed the
base peak at m/z = 172. This provides strong
evidence that the most abundant species (more
stable species) contains the quinoline ring and
corresponds to the following charged species.
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In general, the fragmentation patterns of the
complexes show similar fragments to those of the
free MHQ hydrazone i.e. the fragmentation patterns
detect the places at which the ligand or the complex
prefers to fragment. Finally, the molecular ion peaks
confirmed the proposed formulae of the complexes.
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Fig. 3b. [Cu'“L(Hzo)].CIO4 (1) and
[Cu"'L(H,0)].NO3.MeOH(2).

The arguments supporting the Cu"'-MHQ
structure (1-3) begin with the observation that a
diamagnetic complex was obtained as well as the
analytical and spectral data (Tables 1 & 3). The
evidences that support the Cu''-structure can be
summarized in the following:

(i) Diamagnetism  indicates  either Cu'-
structure with d'° configuration or Cu'"'-
structure with d®—configuration*-" (square
planar) similar to that of Ni"-square planar;

cd Reduction of Oxidation gl

{d* - Diamagnetic) (- Paramagnetic) (&- Square planar
Diamagnetic)
(i) The electronic spectra (Table 3) showed

one spin - allowed d-d transition at = 509
nm with a high ¢ value indicating an
appreciable covalency in the Cu - N
bonds.*® This is compatible with square
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planar d8-systems. Also, two additional
intense bands at =~ 440 and 320 nm were
observed which may be assigned to L —
Cu"" CT and intra - ligand transitions.

(iii) The results of elemental analysis as well
as the mass spectra are coincident
completely with the suggested structures.

(iv) The lack of ESR signal characterized for
Cu'l-square planar complexes (see Fig.
2).48

Other considerations:

> It is well known that all Cu'"'-complexes
are diamagnetic with square or five-
coordination of Cu'' (an exception;
KsCuFg).*

> It was found that Cu"' is stabilized by
tetradentate  imine-oxime  ligands*®5!
which are similar to the MHQ ligand,;
hydrazone-oxime.

> Also, it was found that Cu''-complexes
with 5- membered chelate rings - similar
to that obtained in our case - are
independent of pH.*® This supports our
interpretation.*®

(v)  The stabilization of the higher oxidation
states of transition metal ions; silver(ll1),
copper(H1), nickel(I11, 1V) and cobalt(1V)
by oximic ligands is attributed to both the
n-donor character of the oxime group and
the negative charge on the oximato-
oxygen which partially neutralizes the
positive charge on the metal ion.®° In
general, Cu"'-complexes have an
important role in biological redox
systems such as galactose oxidase®%?,
where Cu'"' is reduced to Cu'.

3.2.6. Spectrophotometric studies on the metal
chelates of MHQ ligand

Metallic complexes are often
solvatochromic, i.e., the colors of their solutions
change remarkably according to the nature of the
solvent. This study includes two main parts:

1) UV/Vis spectra in pure solvents.
2) UV/Vis spectra in binary solvent
mixtures.
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3.2.6.1 UV/Vis spectra of copper-MHQ complexes
in pure solvents

The electronic absorption spectra of the
present chelates in solution and as Nujol mulls were
studied in the visible region. The visible absorption
spectra of copper-MHQ complexes in different
organic solvents (Fig. 4 & Table 4) show a broad
band in the visible region that could be assigned to
transfer of an electron to the dx?-y? orbital .5*

A procedure used for the treatment of the
experimental results in which the shift of the vmax
values of a series of copper-MHQ complexes
measured in twelve pure solvents, (protic: MeOH,
EtOH, 2-PrOH, n-BuOH and n-PenOH; and apraotic:
DMF, DMSO, CHCI3, Benzene, Me,CO, 1,4-Diox,
and EtAc) was first correlated with each one of the
solvent parameters (AN, DN, n*, o, B, ...etc)®
individually to assess for reasonable explanation.
Then, to provide an independent interpretation of
the vmax results in different pure solvents, the linear
solvation energy relationship (LSER) method, based
on Kamlet-Taft, multi-parameters has been
performed using two, three or four solvent
parameters for a given solvent. Finally, a conclusion
was reached by taking into account only those
parameters, which gave satisfactory in the linear
regression. Good multi-parametric correlations were
obtained when two solvent parameters were
considered. The general relationship can be
expressed by the following equation (1):

0
Ve =0T 4 a Xy +b Xo + ¢ Xz + (1)

0

Where, Y max is the value of the vmax in the
virtual absence of solvent. X;, X, and Xs are
different solvent parameters. a, b and c are
coefficients of Xi, X and X3 which can be obtained
by multiple linear regression analysis (MLRA).

The solvatochromic shift of the vmax values
for some of the current complexes as shown in Fig.
4 was correlated at first with polarity-polarizability
().

The correlations were found to be
unsatisfactory (correlation coefficients, r’~ 3%). On
the other hand, when the acidity scale (o) or the
acceptor number (AN) of Mayer and Gutmann
parameters, were correlated individually with the
vmax Values, relatively good correlations (r>~ 90%)
were obtained.

However, multi-parameter correlations were
improved further (r’~ 98%). Correlations of vmax
with * and o olvatochromic parameters of Kamlet
and Taft were given in Table 5 with correlation
coefficients (r?) in the range 94.4 — 97.4.
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The relative percentage influence of n* and
o 0N vmax Values was calculated directly from the n*
and o coefficients and was found to be in the range
40 - 13% and 60 - 87%, respectively. Another
multi-parametric  correlation was applied by
involving the [ parameter as an independent
variable. However, the multiple correlation
coefficient did not significantly differ from that
obtained through the two parameters (7* and o).
This consequence suggests that the influence of f
term on the vma Vvalues may be considered as
negligible.

From the data given in Table 5, it can be
deduced that the capability of copper-complexes to
form hydrogen bond with proton donor solvents (as
measured by the o term) plays an important role in
determining vmax. The positive sign of a coefficients
(Table 5) indicates that, the hydrogen bond formed
for the copper-complexes in protic solvents may
stabilize the ground state rather than the excited
state, resulting in hypsochromic shift. Moreover, the
positive sign of n* coefficient (except for complex
4) as indicated in Table 5, suggests that the ground
state is more polar than the excited state. This seems
an entirely reasonable assumption, as the polarity—
polarizability, > of the solvent increases the ground
state becomes more stabilized than the excited state.
This produces a hypsochromic shift of the
absorption band (positive sign of the n* coefficient).

Another good correlation was also found
when the acceptor and donor numbers (AN and DN)
of Gutmann, which measure the ability of solvent as
an electron acceptor or electron donor; respectively
were used as independent variables. The results
obtained were collected in Table 5. These results
demonstrate that, both solvent Lewis acidity
(measured by the AN) and Lewis basicity
(measured by the DN) are important to explain the
observed variation in the vmax values of the copper-
complexes with the solvent nature, with a relative
contributions 69.4-94.7% and 30.6-5.3% for AN
and DN; respectively.

When dielectric constant (¢ was included in
the correlation, the correlation coefficients didn't
significantly differ from that obtained when only
DN and AN were only considered. These results
suggest a negligible influence of ¢ term on the vmax
values except for complex 4°. This correlates well
with the spectral data of the copper-complexes, if
one assumes that the structure of the copper-MHQ
complexes plays an important role in the d-d
electronic transition responsible for the long-
wavelength absorption band and its solvatochromic
behavior.
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Furthermore, the positive sign of AN
coefficients indicates that the current copper-MHQ
complexes are able to donate an electron pair to a
solvent with high Lewis acidity. Therefore, Lewis
acid-base interactions of the copper-MHQ
complexes with the solvent molecules would also
stabilize the ground state more than the excited
state, resulting again in a hypsochromic shift of the
d-d absorption band.

The main term that quantifies the Lewis
acidity parameter (AN) of solvent is relatively
important for copper complexes, as reflected from
the magnitude of its coefficient, and its higher
contribution percentage (Table 5). The positive sign
of this coefficient indicates blue shift as the
solvent's Lewis acidity increases. However, the
effect of solvent's Lewis basicity term, DN is less
significant as indicated from the low contribution
percentage and/or the negative sign of its
coefficient, leading to red shift as the donor strength
of solvent increases. The former case might arises
because, on one hand when a solvent exhibiting
strong acceptor properties, it will decline the
coordination of anion (preferentially solvating the
anion), i.e., weaken the interaction between the
anion and the central copper ion. On the other hand,
the solvent accept the lone pair of electrons on the
non-coordinated nitrogens, of MHQ ligand, i.e. act
as electron-attracting centers. Consequently, the d-d
absorption band shifted to a higher frequency as the
solvent's acceptor property increases. However, in
the latter case when the donor strength of the
solvent increased, the solvent preferably
coordinated the central metal ion forming an
octahedral geometry, so the d-d band shifted to a
lower frequency.

The quality of the fits obtained with the
presented multi-parametric correlations for copper-
complexes in the current study 1, 2 and 4 are
similar. On the basis of these results, it could be
concluded that both the solvent electron accepting
character (AN), or capability to donate a proton in a
solute-solvent hydrogen bond donor (o), as well as
the solvent polarity-polarizablity (n*) properties are
the most important factors necessary to explain the
dependence of the shift of the vmax values on the
solvent nature. The relative contributions of these
correlations suggest that, the shifts of the wvmax
depend mainly on the AN and o parameters rather
than t* parameter.

Moreover, the relative contribution values
given indicate generally, AN, o and * parameters
are affected by the nature of the anion of the copper-
complexes. Thus, the copper-complex which has
chloride anion show a lower relative contribution
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for AN parameter, chloride (69.4%) < perchlorate
(79.8%) < nitrate (94.7%). This finding agrees well
with the trend of relative contributions for n*
parameter: chloride (13.3%) < perchlorate (25.2%)
< nitrate (40.1%). However, opposite trend was
found in case of o parameter where: chloride
(86.7%) > perchlorate (74.8%) > nitrate (59.5%).

3.2.6.2. UV/Vis spectra in binary solvent mixtures
(preferential solvation studies on metal-MHQ
complexes)

Solvent mixtures have become an important
subject of research because of their frequent use and
the wide field of application they offer.% The most
important feature of these mixed solvents is the
gradual variation of properties they show when their
composition is gradually modified.

Therefore, it is currently considerable
interest in the study of physicochemical phenomena
in mixed solvent systems and their interpretation in
terms of preferential solvation of solutes by one of
the component solvents in the mixture.>’

0.4

e 1id-Diox.
0.af “umus EtAc,
- EtOH

| o~ MeOH
} /AN —  DMF

htnmi

Fig. 4. Electronic absorption spectrum of
[Cu"L(H,0)].NO3.MeOH( 2) in different solvents
at 25 °C.

The goal of this study is to monitor the effect
of solute-solvent and solvent-solvent interactions on
the preferential solvation characteristics. For this
purpose, the d-d bands of complexes in binary
solvent mixtures have been used as indicator solutes

(Fig. 5).

Fig. 5. Preferential solvation of
[Cu"L(H20)].NO3.MeOH(2) in DMF-H0 solution
at 25°C; the mole fraction of H,O varied from Xu20

=0 (1) - X120 =0.70 (16)
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Studying the solvatochromic and preferential
solvation phenomenon of MHQ with Cu(ll) metal
ion for providing an insight into the microscopic
characteristics of the cybotactic zone of solutes in
mixed solvents. Table 6 gives the shift of the vmax
values of the current complexes measured in
aqueous-DMF binary solvent mixtures (AB) at
varied molar fractions of the component A (water).

Fig. 6 shows some representative examples
of the vmax values as a function of molar fractions of
the component A in the bulk solution mixtures. The
functional relationship of vmax vs. Xa is non-linear
for the most of the complexes under investigation.
This is very similar to the partial vapor pressure
with Xa plots for binary solvent mixtures. It is well
established that the non-linearity of the vmax vs. Xa
plots arises due to preferential solvation of the
present complexes which arises commonly, and
because it modifies the neighborhood of the solute.
57

Different criteria were used to assess the type
and extent of the preferential solvation of the
complexes in binary solvent mixtures, viz. the local

L
molar fraction (XA), excess function (AX), iso-
IS0
solvation point (XB ) and preferential solvation
constant (Kasg) parameters. Local molar fraction of
the component solvents can be calculated as
described earlier.562

21.5 -
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Fig. 6 Frequencies (vexpik) Of absorption bands of
MHQ complexes (1 & 2) vs. Xnz0 & local molar

fractions ( X k) for the preferential solvation of

these complexes vs. bulk molar fractions Xu2o of
binary (H.0-DMF) solvent at 25 °C.
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Table 7 lists the calculated values of the
L
local molar fractions (XA). Fig. 6 shows the
L

functional relationship of >(Avs. the bulk molar
fractions (Xa), which is non-linear for all complexes
in this study. The deviation from ideality, straight
lines which represent the situation where local and
bulk molar fractions are the same, indicating again
to the specific interactions of the complex with the
components of the solvent mixture.5® The type and
extent of deviation from the straight line, excess
function (AX)

L
:XA ‘XA

AX

It may be taken as quantitative criteria of
preferential solvation. The positive value of AX
means the preference of component A (water) over
the component B. The >AX values at all fractions
could be used to quantify the extent of this
preference, vide infra.

The iso-solvation point (X', refers to the
solvent composition in the bulk at which vmax of the
complexes in the binary solvent mixture lies
midway between those of vmax in pure solvent

1SO

components. The calculated Xg values for the
present complexes in the binary mixtures are given
in Table 8. The type and extent of preferential
X iso

B
iso

values. The negative deviation appears when "B
1SO

< 0.5, and the positive deviation occurs when “"B
> 0.5, which indicates, the preference of component
B (DMF) over the component A, in the former
situation, and the opposite trend for the latter one.5®

1SO

Table 8 shows that, the values of Xg < 0.5,
for most complexes in water mixed with DMF,
indicating preferential solvation by the component
B (DMF).5% A more quantitative method to
estimate the extent of preferential solvation of the
complexes in binary solvent mixtures can be judged
by the preferential solvation parameter Kasg, using
the thermodynamic model®® according to the
following equation:

(YA / YB ) local

AB T
(Xa?Xe)ou (2) where Ya and Yg
represent local molar fractions of components A and
B in the solvation shell and Xa and Xg refer to the
same quantity in the bulk solvent. The parameter
Kas measures the tendency of the indicator
complex to be solvated with the solvent A in

solvation could be also concluded from

preference to the solvent B. According to equation
mentioned above, the plot of (Ya/Ys) vs (Xa/Xg)
will give straight line with slope Kam, which
represent the preferential solvation constant. One
can calculate Kapg using equation (2) and the
calculated values are given in Table 8. These Kas
values concerning preferential solvation are the
same as discussed above but they do allow a better
inter-system comparison to be made. Kag< 1,
means preference of component B (DMF) over
component A (H20), in contrast Kas> 1 refers to
the opposite trend. The conclusion given above can
be extracted, for the studied complexes, from the
data in Table 8. These data show that: Kag < 1 for
most complexes. Specifying preferential solvation
of the indicator complex by the component DMF in
the former case and water in the latter case,
respectively.

All possible combinations have been

checked for the calculated preferential solvation
iso

parameters, Kag, ZAX and “"B given in Table 8

using multiple linear regression analysis. The best
fits obtained, yield the following:

X iso
B
r=0.98

= 0457 + 0.11 XAX — 0.03 Kag

The correlation coefficients value can be
used to judge the agreement between the different
criteria chosen in the present work. The agreement
is very well, indicating the simplicity in the present
system.

Table 8. Preferential solvation parameters of the
MHQ complexes in binary of water (A)-DMF (B)
solvent mixtures at 25 °C.

No. YAv 2AX Xal  Xgi*® Kas dev.
0

type

1 78572  -0.77 064 0.36 0.48 -ve

2 2057.1  -1.39 072 0.28 0.39 -ve
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The preferential solvation could be assigned
to the net results of solvent-solvent and solute-
solvent interactions. The former interaction might
lead to form a new solvent species (Sag) via donor-
acceptor or hydrogen bonding interactions. This
new solvent species can have properties, which are
quiet different from those of pure solvents water (A)
and DMF (B).%® (Suggest the formation of Sag, the
ratio 1:1 molar fraction for solvents A and B was
taken for the sake of simplicity). The co-solvent
DMF which has a higher DN should interact with
water, leading to decrease the extent of water
cluster.
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3.2.7. Molecular modeling of the metal chelates of MHQ ligand 2) The good correlation between length of

The heat of formation (Table 9) of the
tautomeric form (1) is more positive than that of the
tautomer (I1), showing that the tautomer (I) is less
stable than the other. The sulphate complex (6) has
highest values of heat of formation, dipole moment,
LUMO energy, HOMO energy and AEgs than that
the other complexes.

The best correlations between theoretical and
experimental data (Table 9-10) obtained from pm3
level, we can conclude the following remarks:

1) Enomo increases, as stability of complexes
decreases and the length of the bonds
(N19-020 & N14-C15) decreases
[complexes 1-3, 6].

H
m/z 156 (46.47%)

+H

o] HCN“»J

m/z 130 (8.44%) m/z 157 (22.42%)

CH,C=CH

Pk

H m/z 117 (6.95%)

m/z 90(2.98%) m/z 9l (8.95%)

H // -CH %\l B\ H sz

H +
N—N ‘
| CHC=N
N H,
H,C
+ H C m/z 172 (12.39%)

m/z 171 (22.61%)

\gﬁ gowdl

C16-N19 and Amax indicates that increasing
of Amax leads to decreasing stability of the
complexes, thus the length of C16-N19
bonds decreases [complexes 3, 6-8].

Length of C16-N19 = 1.81 (+0.09151) - 0.00110
(£0.0002162) Amax ~ R-Sq = 92.8%
Eromo = 9.19 (+0.02113) - 11.0 (0.0160) Length
of N19-020 R-Sq = 100.0%
Eromo = 15.7 (£0.3227) - 14.1 (0.2311) Length of
N14-C15 R-Sq = 99.9%

3) Values of energy gap (2.702-8.042 eV)
indicate that the prepared compounds are
potentially interesting electronic transitions
as a result of their narrow energy gapes.>®

M*miz 270 (6.44%) 7
(M+1)miz 271 (2.30%) 3
(M+2)Tn/z 272 (0.60%)

-CH,=C=NOH H,C
(M-OH) m/z 253 (3.87%)
Z CH,=C=NH

; /

miz 212 (100%) |+H

m/z 213 (16.91%)

- HCN

m/z 144 (12.69%)

Scheme 3. Mass fragmentation patterns of MHQ ligand.
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Table 4. Electronic absorption spectral data of copper-MHQ complexes in different solvents.
No. MeOH EtOH 2-PrOH ButOH PenOH DMF DMSO CHCl,4 Benzene Me,CO 1.4-Diox. EtAc.
1 490 494 402 498 498 509 362 403 509 509 515 509
324 326 324 Sh. 333 324 Sh. 345 311 Sh. 323 314 Sh. 306 336 Sh.
2 491 496 404 498 500 509 364 Sh. 404 513 509 516 511
325 235 330 330 324 308 328 312 Sh 328 Sh.
4 490 402 402 402 399 510 504 522sh. - 400 Sh. 512 506
325 Sh. 323 Sh. 324 Sh. 325 Sh. 326 Sh. 323 Sh. 367 Sh. 392 Sh. 332 328 Sh. 328 Sh.
Table 5a. Linear regression analysis (LRA) of the d—d transitions of Cu-MHQ complexes in different solvents vs. (AN, DN, &, a, B and *).
AN DN € a B *
No. o108 AN r? v°/103 DN - vo/10° € r? Vo103 a r? v/103 B r2 Vo108 o* r?
1 19.34 235 91.0 19.37 226 464 19.58 142 305 19.59 805 9438 19.31 1002 384 2022 648 438
2 19.27 244 9438 19.26 25,5 578 19.50 164 39.1 19.53 802 941 19.19 1133 49 20.00 -384 1.7
42 19.35 249 876 19.01 37 48.3 19.64 9.7 19.8 19.63 790 94.2 19.15 1258 245 2020 -577 53
40 25.35 -10.7 153 25.49 -19 84.7 25.63 -334 88.3 25.30 -485  39.6 25.51 -841 875 24.70 635 4.2
42 Cu — MHQ complex in MeOH, DMF, 1,4-Dioxane and EtAc. solvents.
Table 5b.Multilinear regression analysis (MLRA) of the d—d transitions of Cu-MHQ complexes in different solvents vs. (Guttmann parameters; AN, DN and ).
No. Vo/10° £ DN r? vo/103 £ AN r2 Vo103 DN AN r?
a % b % a % c % b % c %
1 19.37 1.9 8.5 205 915 466 19.34 0.03 0.1 235 999 910 19.38 -766 202 302 798 9438
2 19.27 35 14 215 86 58.5 19.25 2.44 9.6 231 904 954 19.27 -1.48 5.3 26.7 947  95.6
42 17.39 -51.8 247 158 75.3 100 19.38 -562 161 292 839 915 19.54 -134 306 304 694 896
4b 25.63 -20.2 67 -9.96 33 84.7 25.72 -32 88.3 -426 117 905 25.30 -254 672 124 328 957
42 Cu — MHQ complex in MeOH, DMF, 1,4-Dioxane and EtAc solvents.
Table 5c.Multilinear regression analysis (MLRA) of the d—d transitions of Cu-MHQ complexes in different solvents vs. (solvato parameters; o, § and *).
No. a B 2 o i r2 B ™ 12
vo/103 a/10® % b/103 % vo/103 a/103 % c/10® % Vos/103 b/10° % c/10® %
1 19.58 0.8 98 0.016 2 94.8 19.40 0.83 74.8 0.28 252 956 20.00 1.18 49 -1.23 51 54.4
2 19.44 35 14 0.24 86 95.4 19.16 0.85 59.5 0.57 40.1 974 19.76 1.28 559 -101 441 598
42 19.62 0.78 95.7 0.035 4.3 94.2 19.71 0.78 86.7 -012 133 944 19.93 3.62 53.1 -3.2 46.9 99.6
40 25.53 0.39 24.2 -1.22 75.8 953 27.46 -1.15 264 -3.2 736 724 26.37 -1.04 444 -1.3 556 100

42 Cu — MHQ complex in MeOH, DMF, 1,4-Dioxane and EtAc solvents.
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Table 5d. Multilinear regression analysis (MLRA) of the d—d transitions of Cu-MHQ complexes in different solvents vs. (AN, DN, g, a, B andrn™*).

No. MLRA using Gutmann parameter, Eq.1 MLRA using solvato parameter, Eq.2
Vo103 € DN AN r? V5103 a B * r?
a % b % C % A % b % c %
1 19.38 1.59 3.87 -9.33 22.69 30.2 73.44 95.00 19.37 897 59.76 -168 11.19 436 29.05 96.00
2 19.28 3.22 9.27 -4.90 14.11 26.60 76.61 96.20 19.16 852 59.92 -1.00 0.07 569 40.01 97.40
42 17.50 -49.4 24.68 149 74.43 1.79 0.89 19.88 170 23.74 289 40.36 -257 35.89
4b 25.48 -14.2 38.06 -16.2 34.42 -6.91 18.52 26.45 -55.4 2.23 -1007 40.58 -1419 57.19

42 Cu— MHQ complex in MeOH, DMF, 1,4-Dioxane and EtAc solvents.

Table 6. Frequencies (vexpikk) Of the absorption bands of MHQ complexes at various bulk molar fractions of solvent (Xa) at 25°C.

No. Complex / Xnzo 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
1 [CuML(H20)]CIO4 19.65 19.74 19.80 19.86 19.91 20.03 20.14 20.29 20.44 20.59 20.71
2 [Cu"'L(H20)]NO3.MeOH 19.65 19.71 19.80 19.86 19.94 20.07 20.19 20.33 20.54 20.76 21.06

Table 7. Local molar fractions ( X ,k) for the preferential solvation of MHQ complexes at various bulk molar fractions of binary (H.O-DMF) solvent (Xa) at 25°C.

No. Complex / Xnz0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
1 [Cu"L(H20)]CIO4 0.09 0.14 0.20 0.25 0.36 0.47 0.60 0.75 0.88
2 [Cu"'L(H,0)]NOs.MeOH 0.05 0.11 0.15 0.21 0.30 0.38 0.48 0.64 0.79
Table 9. Structural parameters of the free H,L ligand and its metal complexes.
No. Property Heat of Dipole HOMO LUMO AEgap | @ X S o n
Formation, moment | Energy, [eV] | Energy, [eV]
kcal/mol
HL? 65.63036 3.335 -8.4174 -0.39295 8.024 2.418 4.405 0.125 0.249 4.012
HL" 62.983695 2.219 -7.65578 -0.80163 6.854 2.609 4.229 0.146 0.292 3.427
12 [Cu"'L(H,0)]CIO,4 -50.7681312 3.806 -4.240007 -0.55734 3.683 1.562 2.399 0.272 0.543 1.841
3 [Cu"'L(MeOH)]Br -37.88395 3.546 -4.187561 0.65233 4.84 0.646 1.768 0.207 0.413 2.42
4 [Cuz" (HL)CI3(H,0)] -136.49411 10.38 -7.846422 -1.42088 6.426 3.341 4.634 0.156 0.311 3.213
5 [Cu"(HL)AcO(H20),] -231.209366 3.803 -3.482198 -0.78015 2.702 1.681 2.131 0.37 0.74 1.351
6 | [Cu,"(HL)>SO4(H20)4].2%2 H20 -394.22900 17.47 -8.151398 -1.21327 | 6.938 3.16 | 4.682 0.144 | 0.288 | 3.469
7 [Cu"L(H.0)]. -155.11235 1.852 -7.72776 -0.52078 7.207 2.36 4.124 0.139 0.278 3.603
8 [Cuy'(H,L)1(MeOH),].MeOH -105.241386 4.413 -8.120422 -0.83964 7.281 2.757 4.48 0.137 0.275 3.64

L2 tautomer (12), L° tautomer (11°).
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Table 10. The selected bond lengths of optimized structures of the free HoL ligand and its metal complexes.

Bond Ligand Complex
HL? HL® 1) (2) 3) 4) (5) (6) (7) (8)
N19-020 1.393 1.391 1.225 1.221 1467 1227 1582 1.603 1451
N19-C16 1.305 1.315 1.429 1.442 1377 1372 1291 1309 1.349
N14-C15 1.310 1.331 1411 1.406 1.383 1.357 1463 1.363 1.326
N7(Q)-C8 1.342 1.407 1.389 1385 1368 1345 1320 1.379 1.337
N7(Q)-M 1.909
020-M 1.845 1901 1.948
N19-M 1.863 1.889 1881  -—-- 1.883 1.988
N14-M 1.885 1.894 1899 1903 2.069 1.915 1.949

HL? tautomer (12), HL® tautomer (11°) and M = Cu.

Conclusions

Reaction of different Cu(ll) salts NOs" ClOq’,
AcOr, SO4%, CI" and Br in addition to Cu' as Cul.
with  2-[a-(acetyloxime)ethylidenehydrazino]-4,6-
dimethylquinoline (MHQ) yield mononuclear,
binuclear and dimeric complexes. The structures of
the prepared complexes have been characterized by
elemental analysis and electronic, vibrational,
electron, spin resonance and mass spectra.
Multilinear regression analysis (MLRA) of the d-d
transitions of Cu-MHQ complexes in different
solvents vs. Guttmann parameters (AN, DN and g)
and solvato parameters (o, B and ©*) have been
determined. The structural optimizations of the
ligand and its metal complexes have been
performed by a PM3 study by using the hyperchem
program.
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