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Introduction

p-diketones have three reactive sites, the two
carbonyl groups, and the central carbon atom with
three substituents sites such as R1, Rz, and Rs. They
have been documented as ligands and extracting

Ry H H

R1 SR R3 R1 r,’\\\ R3
oo . :
O -0 Oy°
Type | Type II

agents for numerous of metals [1-3] S-diketones
act as neutral, monoanionic, and dianionic f-
diketones ligand under appropriate conditions.
Metal $-diketone showed complexes in four types
I, 11, I1I, and 1V, as displayed in Scheme 1 [4].
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Scheme 1: Coordination modes of $-diketone [4]

X-ray crystallography discovered additional
patterns of these types of complexes due to the
development of X-rays apart from the common
classical 0,0-bidentate chelates [5]. B-diketones
and their complexes are characterized and
extensively studied by 'H-NMR, 13C-NMR, IR, UV-
visible spectroscopies, X-ray diffraction, cyclic

voltammetry, and thermal analysis techniques [6-

In fact, f-diketones exist in both tautomeric keto

and enol forms. Tautomerization depends
strongly on the substituents R;, R, and R; as
donating, or withdrawing groups, and depends
also on temperature, concentration, solvent, and
phase. The tautomeric keto form is more stable in
polar solvents than the tautomeric enol form

which is more stable in nonpolar solvents (Scheme

9]. 2) [10].
(0] O Ol/H\O
R1MR3 a— R1)\%R3
Rz Rz
Keto Enol

Scheme 2: Tautomerization of S-diketone [11]

The tautomerization was studied in a gas phase by
Gas electron diffraction [11, 12], in the solution by
IR and NMR techniques, and in the solid state by X-
ray crystal diffraction [13].

Our objectives of this study were initially to
synthesize and investigate properties of adducts
complexes: CuABpy and CuA-CIBpy that were
formed among the copper (II) complexes of
acetylacetone and 3-chloroacetylacetone: CuA and
CuA-C], 4,4’ -Bipyridine.
Likewise, this stdy aimed to follow the formation
of these two adducts CuABpy and CuA-CIBpy in
solution as well as the formation of the adducts
CuAV;and CuA-ClV; occured with both copper (II)
complexes with propylene spacered bis-viologen:
V,2+.2PFs. Next, the formation of redox-induced -
dimers of the coordinated bis-viologen moieties
within the adducts: CuAV; and CuA-ClV, was
aimed to be investigated.

respectively  with

Experimental
Chemical Reagents

Reagents and solvents were commercially sourced
and used without further purification. 2,4-
Pentanedione, 3-Chloro-2,4-pentanedione, 4,4°-
Bipyridine, Iron(ID)tetrafluoroborate
hexahydrate, Zinc(Il)tetrafluoroborate hydrate,
Copper(IDtetrafluoroborate hexahydrate, and
Anhydrous copper(Il) acetate were from BHD.
Methanol, Acetonitrile, and Dimethylformamide
were from Chem-Lab/Belgium. Dichloromethane,
Diethyl ether, Chloroform, Acetone, Hexane, and
Benzene were from Romil/England. Absolute
ethanol was from Haymankimia/ England and
Ethyl acetate was from Scharlau/Eu.

Instrumentation

FT-IR spectra are recorded for solid samples discs
by using Csl pellets over the spectral range from
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150 to 4000 cm?! by using SHIMADZU/FT-IR
Affinity-1 spectrophotometer and the UV-visible
absorption spectra over the spectral range from
200 to 900 nm are recorded on a T90+ UV-visible
spectrometer (PG Instruments Ltd) by using
conventional quartz cell having an optical path
length of 1cm. The uncorrected melting points of
the prepared viologen derivatives were measured
by using melting point/SMP3 at Department of
Chemistry, College of Science, University of Thi-
Qar, Iraqg. Mass spectra are recorded by using 5973
Network Mass Selective Detector manufactured
by Agilent Technology (HP) with ion source of
Electron Impact (EI) 70 ev in the Department of
Chemistry, Tehran University, Iran. The
thermogravimetric analysis of metal complexes
were recorded on TGA-50, in Department of
Chemistry, College of education for pure Science,
University of Basra. The XRD measurements of

s
C
\O/ “\O

complexes were carried out by using Panalytical
diffractometer with Cu Ka radiation, Iran.

Syntheses of Cu(1l) Complexes

Synthesis of bis(acetylacetonato) copper (Il), CuA
[7]

A solution of acetyl acetone (1 mL, 9.730 mmol, 2
eq) dissolved in 2 ml of methanol was added
gradually during 15 minutes with stirring into a
solution of copper acetate (0.884 g, 4.865 mmol, 1
eq) dissolved in 36 ml of methanol-water mixture
(1:1). The mixture was refluxed for 2 hours with
stirring. The resulting precipitate was collected by
filtration, washed with water, methanol, and then
dried under vacuum to afford the complex CuA as
blue solid, yield (1.2 g, 95%), m.p.: 230 °C. It is
soluble in acetonitrile, chloroform, and DMF. It is
not soluble in water, methanol, ethanol, ethyl
acetate, acetone, diethyl ether, benzene, and
hexane (Scheme 3, Table 1).

o\

Scheme 3: bis(acetylacetonato) copper (II), CuA

Synthesis of bis(3-chloroacetylacetonato) copper,
CuA-Cl[7]

A solution of 3-chloro-acetyl acetone (1 ml, 8.850
mmol, 2 eq) dissolved in 2 ml of methanol was
added gradually during 15 minutes with stirring
into a solution of copper acetate (0.804 g, 4.426
mmol, 1 eq) dissolved in 36 ml of methanol-water

hours with stirring. The resulting precipitate was
collected by filtration, washed with water,
methanol, and then dried under vacuum to afford
the complex CuA-Cl as greenish-grey solid, yield
(14 g 97%), mp.. 273 °C. It is soluble in
acetonitrile, chloroform, methanol, ethanol, ethyl
acetate, acetone, DCM, and DMF. It is not soluble in

mixture (1:1). The mixture was refluxed for 2 water, diethyl ether, benzene, and hexane
(Scheme 4).
e} (@]
o N Cl
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Scheme 4: bis(3-chloroacetylacetonato) copper, CuA-Cl

Synthesis of CuApy complex [14]

4,4 -Bipyridine (0.59 g, 3.82 mmol, 10 eq)
dissolved in minimum amount of acetonitrile was
added with 24 hours stirring into a solution of CuA
complex (0.1 g, 0.382 mmol, 1 eq) dissolved in
minimum amount of acetonitrile. The resulting
precipitate was collected by filtration, washed

with acetonitrile, and then dried under vacuum to
afford CuApy as cyan solid, yield (0.15 g, 94%),
m.p.: 195°C. It is soluble in DMF. It is not soluble in
water, methanol, ethanol, ether, hexane, benzene,
and ethyl

acetonitrile, chloroform,

acetate (Scheme 5).

acetone,
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Scheme 5: CuApy complex
Table 1: Physical properties of complexes

Compound Color M.wt (g/mol) M.p (°C)
Blue

O K o,
SO el N\ 4 :
\ o o 261.76 230
CuA o
Greenish-grey
Cl C Cl
Q\;o/ L\oi

330.65 273
CuA-ClI
S O\C<o \ Cyan
o +™o
X | 417.95 195
g
SN
CuABpy

= ‘ X

X 486.84 191
- i

= | - i

CuA-CIBpy

The syntheses of each CuA and CuA-Cl are done in
one step that involves complexion reaction
Four complexes are synthesized as follows: between 2 equivalents of acetyl acetone or 3-

Syntheses of bis(acetylacetonato) copper (1I), CuA, chloro-acetyl acetone with 1 equivalent of copper

and bis(3-chloroacetylacetonato) copper, CuA-Cl —acetate to afford CuA as a blue solid in yield 95%
complexes or CuA-Cl as a greenish-grey solid in yield 97%

(Scheme 6).

Syntheses of Cu(ll)Complexes
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(@] Methanol :

H,0 (1:1)

2R, -+ Cu(CH5CO0O0),

\ /CLK ) R

0] Reflux. 2 hours

R,= H: acetylacetone or
ClI: 3-chloro acetylacetone

R,= H: CuA or Cl: CuA-ClI

Scheme 6: Syntheses of CuA and CuA-Cl

Syntheses of CuABpy and CuA-CIBpy complexes

The syntheses of CuABpy and CuA-ClBpy are done
in one step that involves a reaction of big amount

R,= H: CuA or Cl: CuA-CI

(10 equivalents) of 4,4-Bipyridine with CuA or
CuA-Cl complexes to afford CuABpy as a cyan solid
in yield 94% or CuA-Clpy as a green solid in yield
95% (Scheme 7).

o)

o)
Ng,
o)

o

= = \
A K

Acetonltrlle

R,= H: CuABpy or Cl: CuA-CIBpy

Scheme 7: Syntheses of CuABpy and CuA-CIBpy

Results and Discussion

Mass spectra of copper (II) complexes and their
adducts

The electron impact mass spectra of complexes:
CuA, CuA-Cl, and their adducts: CuABpy and CuA-
CIBpy were recorded and showed peaks occurred
at m/z= 261, 331, 417, and 487, respectively
which were due to their molecular ions. These
complexes structures were more confirmed by the

A

CuA \
e T,

T N

(.
Ay

1 T
1000 500 150

T%

CuABpy

T L T
2500 2000 1500
Wavenumber (cm™)

T T
4000 3500 3000

appearance of other important peaks at m/z= 247,
293, 261, and 368 which were attributed to loss of
one methyl group, chlorine atom, one bipyridine
moiety, and both chlorine atom and methyl group,
respectively [15].

FT-IR spectroscopy of copper (II) complexes and
their adducts

FT-IR spectra of the complexes: Cu4, CuA-Cl, and
their adducts: CuABpy and CuA-CIBpy are
recorded and displayed in Figure 1 (Table 2).

B yy
CuA-Cl

T / {J

T%
S

CuA-ClIBpy |

T T T y T
2500 2000 1500 1000 500 150

Wavenumber (cm’)

T T
4000 3500 2000

Figure 1: FT-IR spectra of (A) CuA and CuABpy, (B) CuA-Cl and CuA-CIBpy
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Table 2: Important infrared data of copper (II) complexes

CuA CuABpy CuA-Cl CuA-CIBpy Assignment
v, cm1 v, cm! v, cmt v, cm!
3441, 3348 3444,3336 vO0-H of H20
3001 3039 3008 3055, 3001 vC-H of both aromatic and C=C-H
2920 2908 2920 2920 Aliphatic vC-H
1577,1539 1585,1519 1573 1577,1539 v C====C coupled withv C====C +
vC=N
1415,1354 1410,1396 | 1423,1381 1423,1381, 1338 Aliphatic C-H bending
1207,1184 1265,1207 1292 1280, 1207 vC-0
1080 1068 uC-N
1018 1006 1033 1033 Out-of-plane rocking of CH3
933 918,817 925, 806 914, 844, 810 Bending C-H of aromatic + vC-Cl
779 756 ---- ---- Bending C-H of olefinic
682, 651, 609 663, 601 628 617 vCu-0
586, 497 567,520 vCu-N
455 428 462 439 Ring deformation

Both CuA-Cl and its adducts show two bands at
3441 cm! and 3348 cm! for CuA-Cl as well as
3444 cm'! and 3336 cm! for CuA-CIBpy could be
attributed to vO-H of H,0 [16]. The bands at 3001
cm ! of CuA, 3039 cm! of CuABpy, 3008 cm'! of
CuA-Cl, and 3055 cm' and 3001 of CuA-ClBpy,
these bands are attributed to stretching vibrations
of both aromatic and C=C-H groups which confirm
the coordination with bipyridine moiety. The
metal complexes indicated bands at 2920 cm-! of
CuA, 2908 cm! of CuABpy, 2920 cm! of CuA-Cl,
and 2920 cm! of CuA-CIBpy that are attributed to
aliphatic C-H stretching vibrations [17].

The bands at 1577 cm-1, 1539 cm! of CuA, 1585
cm! and 1519 cm! of CuABpy, 1573 cm! of CuA-
Cl, and 1577 cm! and 1539 cm-! of CuA-CIBpy are
assigned to the stretching of C=C coupled with the
stretching of both C=0 and C=N groups in
coordinated bipyridine moiety. The C-H bending
vibrations occurred at 1415 cm-! and 1354 cm!
for CuA, 1410 cm?! and 1396 cm for CuABpy,
1423 cm?! and 1381 cm! for CuA-Cl, 1423 cm-},
and 1381 cm and 1338 cm! for CuA-CIBpy. The
bandsat1207 cm-1and 1184 cm-! of CuA, 1265 cm-
1,1207 cm! of CuABpy, 1292 cm! of CuA-Cl, and
1280 cm? and 1207 cm?! of CuA-ClBpy are
assigned to the C-O bending coupled to stretching
vibrations in C-CO-C group.

For adducts compounds: CuABpy and CuA-ClBpy,
the bands at 1080 cm?! and 1068 cm' were

observed, respectively, these bands which are
absent precursor complexes,
attributed to C-N bending vibrations which is
another evidence to the coordination with
bipyridine moiety. The FT-IR spectra showed out
of plane bending vibrations of CH3z groups at 1018
cm-1, 1006 cm1, 1033 cm-L, and 1033 cm-! of CuA,
CuABpy, CuA-Cl, and CuA-CIBpy, respectively.

The bands happened at 808-933 cm-! included out
of a plane bending of aromatic C-H and stretching
of C-Cl. The bands at 779 cm-! of CuA and 756 cm-
1 of CuABpy are for out of plane bending vibrations
of olefinic C=C-H groups. CuA showed bands at
682 cmt, 651 cm! and 609 cm1, CuABpy at 663
cm, 601 cmt, CuA-Cl at 628 cm!, and CuA-CIBpy
at 617 cm-! which are assigned as vCu-0. Adducts
showed bands of CuABpy at 586 cm-! and 497 cm-
Land of CuA-ClBpy at 567 cm and 520 cm-! which
could be attributed to vCu-N. whereas, the bands
at 455 cmt, 428 cm, 462 cm!, and 439 cm-! of
Cujd, CuABpy, CuA-Cl, and CuA-ClBpy are
attributed to the ring deformation, respectively
[18, 19].

in their are

X-ray diffraction of the complexes

The XRD pattern of the complexes: CuA, CuA-Cl,
and their adducts: CuABpy and CuA-ClBpy are
recorded and depicted in Figure 2.
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Figure 2: The XRD pattern of the CuA, CuA-Cl, CuABpy, and CuA-CIBpy complexes

The XRD patterns are shown at angles 100 < 20 <
800. The largest peaks are observed at around
11.849,10.449,17.169, and 22.89° for CuA, CuA-Cl,
CuABpy, and CuA-ClBpy. The crystallite size D and
the strain € are calculated from both Scherrer
method and Williamson-Hall methods. Scherrer
equation is widely used to estimate the crystallite
size D from the measured diffraction peak profile.
Scherrer equation submitted in Equation 1.

KA 1
D= ? cos6 (1)

Where, D represents the crystallite size, K is the
shape factor (Scherrer constant equal to 0.94), A is
the wavelength of radiation in nanometer (A equal
to 0.15405 nm for Cu), B is full width at half
maximum FWHM of the peak in radians, and 0 is
the diffraction angle of the peak [20, 21]. The
Scherrer equation will be less reliable if a full
width at half maximum FWHM caused by the

instrumental broadening is bigger than that
caused by the physical broadening [22]. The
average model in Scherrer Equation included
calculating crystallite sizes and averaging them.
Table 3 contains the data for calculating the
average crystallite sizes based on the Scherrer
equation [23].

The Scherrer equation is the simple model which
takes into account only the physical broadening
the broadening.
Whereas, the Williamson-Hall model overcomes
this problem [24].

and removes instrumental

B cosB = %ﬂ + 4¢ sinf (2)

According to Equation 2, plot of 8 cos8 (Y-axis) vs.
4 sin® (X-axis) can be a linear relationship with a
slope equal to the strain (¢) and the intercept is
KA/D [25,26] See Figure 3.
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Table 3: Values of crystallite size D calculated from average model in Scherrer Equation

KA
——— of CuA — CIBpy

KA KA
Bcose °f CuA Brcose OfCua -0l 5 cosg O CUABPY Brcos0
41.01391863 104.649722 18.23257467 41.00416969
14.9231493 78.57186385 20.5303835 32.82044877
18.31065166 62.90185791 41.23366631 27.39123286
27.52153559 52.54823063 23.58651957 27.51223619
20.89774205 52.65398275 27.69472737 27.57234335
20.96192061 79.25392505 23.82143172 27.76070715
21.00723202 45.93197396 27.84337244 27.79269228
21.15223862 80.61279625 55.70304702 21.05187269
14.14665191 53.86815736 55.77480995 42.18721661
21.50189739 46.28274445 23.93162333 33.8127533
22.10485227 46.58562312 28.01985742 42.40770217
29.81544921 54.52488075 28.17674002 33.98937782
54.58175452 33.93934352 28.36706286
65.59558694 24.37517463 28.48662867
54.85065834 28.53290045 21.5104507
55.15127325 28.82967968 28.87052277
55.2152876 28.88754901 17.3748177
47.53362944 21.76088956 21.81607223
41.85519501 29.19762841 29.18011429
42.01203996 14.71727681 43.93697226
33.85874535 29.64745553 29.5723419
42.88442111 22.37577562 22.2909518
43.08217536 29.99808102 15.02507787
57.59138021 22.56867422 15.12142969
58.22580178 11.5909374 18.2780284
39.06960615 12.28055233 5.812241174
30.06637457 23.5927505
30.32424565 19.0321134
23.34572698
15.86066874
averages
22.77976994 51.64967763 27.43271813 34.0857923
287|Page
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Figure 3: The UDM plot of the complexes: CuA, CuA-Cl, and their adducts: CuABpy and CuA-CIBpy

Table 4: Values of crystallite sizes and strain according to Williamson-Hall model

CuA CuA-Cl CuABpy CuA-CIBpy
D/nm € € D/nm D/nm € D/nm €
22.83 5.464 x10* | 5.843x10+* 57.21 27.92 3.831x10+# 32.83 2.578x104

The crystallite sizes were obtained from the UDM
plots are 22.83, 57.21, 27.92, and 32.83 nm for
Cujh, CuA-Cl, CuABpy, CuA-ClBpy,
respectively. The values of crystalline sizes
calculated from both methods are comparable and
these values of the chlorinated complexes CuA-Cl
and its adducts, CuA-CIBpy, are bigger than those
of analogues CuA and its adducts CuABpy,
respectively. Strain values were similar and

and

[~ = 0 OATASCUA
+ =0 ST NCUA
A 0 S hCu Azetane
®
el
2
g
T o A T ey
T T T T
00 600 700 800 800

Wavelength {(nm)

occurred at 5.464x104, 5.843x10-4, 3.831x10-4,
and 2.578x10-* for CuA, CuA-Cl, CuABpy, and CuA-
ClBpy, respectively [21, 22, 25].

UV-Visible spectrometry of copper (11) complexes
Figure 4 represents electronic absorption spectra
of CuA and CuA-Cl along with that of Cu(II) acetate
in acetonitrile.

14
- - 0 S ICUA &
v v 0 S UGUACY
— 0 S UCU Azetete
@
-
e
8
=
Ry
. ]
200 00 400 500 600 700 800 900

Wavelength (nm)

Figure 4: UV-visible spectra of (A) CuA complex, and Copper(II) acetate, (B) CuA-Cl complex, and Copper(1I)
acetate in acetonitrile at r.t by using quartz cell with path length of 1 cm
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The d-d transition bands of CuA, CuA-Cl, and Cu(II)
acetate occurred at 670 nm (2B1g—2A;g), 700 nm
(2B1g—2A1g), 648nm (2Eg—2T2g),
respectively.[27]. The d-d transition bands of CuA
and CuA-Cl are shifted to longer wavelengths by
22 nm and 52 nm, respectively compared with
that of Cu(Il) acetate which reflects that
complexation happened the ligand
acetylacetone (2,4-Pentanedione) is stronger than
the ligand 3-chloroacetylacetone (3-
chloropentane-2,4-dione) [28].

The absorption spectra of the complexes are
recorded different
concentrations: low at 0.05 mM and high at 0.5
mM. These spectra of low and high concentrations
showed clearly the UV and visible absorption
bands, respectively. The electronic absorption
data are listed in Table 3, and also see Figures 5-7.
The visible absorption spectra of CuA showed two
bands at 536 nm (2Bi1g—2Bg), and 658 nm
(2B1g—2A1g) in chloroform; one band at 658 nm
(2B1g—2A1g) in acetonitrile and one band at 631
nm (2Big—2Aig) in DMF. These bands are
attributed to the transitions within d-orbitals of

and

and

in solvents at two

. e 53 1 PP
o CuA in chloroform prssnnmm

Absarbance
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copper ion of the CuA complex which indicates a
square planar geometry[27].

The d-d transitions of CuA-Cl are noted at 409 nm
(2B1ig—2Eg), 531 nm (2Bi1g—2B2g), and 668 nm
(2B1g—2A1g) in benzene; 423 nm (2B1g—2Eg) and
682 nm (2Big—2A:g) in chloroform; 410 nm
(2Big—2Eg), 538 nm (2Big—2?B:g), 420 nm
(2B1g—2Eg), and 616 nm (2B1g—2A1g) in DCM; 409
nm (2B1g—2Eg) and 657 nm (2B1g—2A:g) in ethyl
acetate; 700 nm (2B1g—2A1g) in acetonitrile; 414
nm (2Big—2Eg) and 636 nm (2B1g—2A:g) in
ethanol; 417 nm (2Big—2Eg) and 658 nm
(2B1ig—2A1g) in DMF which indicate a square
planar geometry. The transitions (2Big—2Aig),
(2B1g—2B2g), and (2Big—2Eg) are very close in
energy and appear as a single broad band [29].
The d-d transitions of CuA-Cl are shifted to a
longer wavelength compared with those of CuA.
The shifting was 24 nm in chloroform, 30 nm in
acetonitrile, and 27 nm in DMF. Thus, shifts are
another evidence that the ligand acetylacetone
(2,4-Pentanedione) is stronger than the ligand 3-
chloroacetylacetone (3-chloropentane-2,4-dione)
[28].
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Figure 5: UV-visible spectra of 0.5 mM (solid line) and 0.05 mM (dotted line) of CuA complex in different solvent
atr.t by using quartz cell with path length of 1 cm
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Figure 6: UV-visible spectra of 0.5 mM (solid line) and 0.05 mM (dotted line) of CuA-Cl complex in different
solvent at r.t by using quartz cell with path length of 1 cm
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Figure 7: UV-visible spectra of 0.5 mM (solid line) and 0.05 mM (dotted line) of CuABpy and CuA-ClBpy complex
in DMF at r.t by using quartz cell with path length of 1 cm

The ligand transitions of CuA complex are noted at
250 nm, 296 nm, and 370 nm in chloroform; 300
nm, 319 nm, and 381 nm in acetonitrile; 278 nm
and 361 nm in DMF attributed to the coincidence
between n—m" and m—T" electronic transitions
which were attributed to the margin of both the
n—m" and m—m" electronic transitions [30]. As for
CuA-Cl complex occurred at 336 nm and 393 nm
in benzene; 251 nm and 319 nm in chloroform;
256 nm, 306 nm, and 336 nm in DCM; 336 nm, and
381 nm in acetone; 336 nm and 384 nm in ethyl
acetate; 251 nm, 291 nm, 377 nm, and 396 nm in
acetonitrile; 327 nm and 375 nm in ethanol; 285

nm and 377 nm in DMF. Due to insolubility, the
electronic absorption spectra of the adducts
CuABpy and CuA-ClBpy are only recorded in DMF.
The visible absorption transitions of CuABpy and
CuA-CIBpy are observed at 644 nm (2B1—2E) and
635 nm (2B1—2E), respectively which are collected
with a square pyramidal geometry [31,32]. The
ligand transitions of adducts occurred at 307 nm,
313 nm, and 336 nm for CuABpy complex and at
321 nm and 379 nm for CuA-CIBpy complex which
are attributed to m—m" electronic transitions [33,
34] (Table 5).

Table 5: The electronic absorption data of complexes

Complex Solvent Amax/nm (e/M~1.cm™1)
CuA-Cl Benzene 304(41380), 336 (55200), 393 (2320), 409 (2330), 531 (390), 668 (380)
CuA Chloroform 250 (5920), 296 (10500), 370 (1260), 536 (140), 658 (170)
CuA-Cl Chloroform 251 (28140), 319 (45280), 423 (3520), 682 (1170)
CuA-Cl DCM 256 (20960), 306 (41560), 336 (54220), 391 (2330), 410 (2260), 538 (420), 655
(430)
CuA-Cl Acetone 336 (40120), 381 (2040), 408 (1670), 616 (460)
CuA-Cl | Ethyl acetate 265(25480), 336 (43680), 384 (2150), 409 (1850), 657 (520)
CuA Acetonitrile 300 (30920), 319 (4080), 381 (330), 670 (50)
CuA-Cl Acetonitrile 251 (18540), 291 (21400), 377 (2130), 396 (3900), 700 (430)
CuA-Cl Ethanol 327 (39460), 375 (1970), 414 (1150), 636 (600)
CuA DMF 278 (4080), 361 (694), 631 (126)
CuA-Cl DMF 285 (28020), 357(7160), 377 (2100), 417 (1250), 658 (496)
CuABpy DMF 307 (35560), 313 (4320), 336 (6450), 358(1990), 388 (770), 644 (240)
CuA-ClBpy DMF 321 (31580), 379 (2870), 635 (1960)

Interaction of copper complexes with ligands

(formation of adducts)

Interaction of CuA and CuA-Cl as acceptors and 4,4 -
bipyridine, Bpy as donor
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The interaction between the acceptor: CuA, CuA-
Cl, and the donor, Bpy was studied in solution by
the UV-Visible spectroscopy. The resulted adduct:
CuABpy and CuA-CIBpy were attained by mixing 1
and 2 equivalents of 4,4 -bipyridine with low and
high concentrations of CuA and CuA-Cl complexes
in DMF media.

The UV-Visible spectra of both CuA complex (black
line) and its mixture with leq (blue line) and 2eq
(red line) of 4,4 -bipyridine, Bpy are recorded in
DMF media at two concentrations of CuA: low at
0.05 mM and high at 0.5 mM, as demonstrated in
Figures 8 (A and B) and 11 (A and B), respectively.
The electronic absorption data are listed in Table
4.
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At low concentrations of CuA and Bpy mixtures,
the d-d transitions of CuA occurred at 620 nm and
883 nm are shifted to 619 nm, 882 nm (blue shifts)
as well as 631 nm and 896 nm (red shifts) for CuA
mixtures with 1 eq and 2 eq Bpy, respectively. It
seems that the differences in the d-d transitions
noted for CuA and 2 eq of Bpy are more obvious
than those of CuA and 1 eq Bpy compared with d-
d transitions of free CuA. The bigger differences in
d-d transitions could be correlated to the bigger
interaction happened between Cu (II) ion and Bpy
to afford the adduct compound CuABpy at the 2 eq
Bpy, as illustrated in Table 4 and Figure 8.
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Figure 8: UV-Visible absorption spectra of 0.05 mM CuA (black lines in A and B), mixture of 0.05 mM CuA with
leq Bpy (blue line in A), and mixture of 0.05 mM CuA with 2eq Bpy (blue line in B) in DMF at r.t by using quartz
cell with path length of 1 cm

At high concentrations of CuA and Bpy mixtures,
the d-d transitions of CuA occurred at 671 nm is
shifted to 638 nm (blue shift) and 640 nm (blue
shift) for CuA mixtures with 1 eq and 2 eq Bpy,
respectively. It seems that the differences in the d-
d transitions noted for mixture of CuA and 2 eq of

25

——0.3mM CuA
! —— Q0 $mM CuA+TeqBpy|

Absorbance

Wavelength (nm)

Bpy are as same as those of mixture of CuA and 1
eq Bpy compared with d-d transitions of free CuA.
These differences in d-d transitions could be due
to the complexation of Cu (II) ion to Bpy moiety to
afford the adduct compound CuABpy, as indicated
in Table 4 and Figure 9.
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Figure 9: UV-Visible absorption spectra of 0.5 mM CuA (black lines in A and B), mixture of 0.5 mM CuA with leq
Bpy (red line in A), and mixture of 0.5 mM CuA with 2eq Bpy (red line in B) in DMF at r.t by using quartz cell with
path length of 1 cm
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The complex, CuA is dissolved in the minimum
amount of acetonitrile and mixed with big amount
of 4,4°-bipyridine which is 10 eq. It was obtained
directly the adduct, CuABpy as Cyan precipitate, as
described in the item 3.3.1. and 3.4.1.1. It was
noted that the solubility and the color of the
adduct were very different from that of the
CuA The UV-visible
absorption spectra are recorded for CuABpy at
two concentrations 0.05 mM and 0.5 mM. The
spectra are depicted in Figure 10-A, see the

precursor, complex.

electronic absorption data in Table 4.
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The UV-visible absorption spectrum for CuABpy at
the concentration of 0.5 mM is compared with the
UV-visible absorption spectrum for the precursor,
CuA, and the mixture of 0.5 mM CuA with 2 eq Bpy,
as depicted in Figure 10-B. The electronic
absorption data are listed in Table 8. Compared
the spectra of the adduct CuABpy with those of the
mixtures of CuA and Bpy, it is clear that the adduct
has been formed in these mixture and its higher
amount is presented in the mixture of 0.5 mM CuA
with 2 eq of Bpy.
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Figure 10: UV-visible absorption spectra of (A) 0.05 mM (dotted line) and 0.5 mM (solid line) of CuABpy
complex (B) 0.5 mM CuA (black line), mixture of 0.5 mM CuA with 2eq Bpy (red line), and 0.5 mM of CuABpy
complex in DMF at r.t by using quartz cell with path length of 1 cm

Table 8: The electronic absorption data of 0.5mM and 1mM of V22*.2PFs, CuA and CuA-Cl complexes and their
mixture with 1 and 2 equivalent of V22+.2PF¢, 0.5mM, and 1mM of V22+.2PF¢, CuA, and CuA-Cl complexes and
their mixture reduced by activated zinc powder at DMF

Complex

Amax/nm (g/M~1.cm™1)

0.5mM CuA +1eq V22+.2PFs+24 hour

316 (4130), 359 (490), 625 (60)

0.5mM CuA +1eq V22+.2PFe¢+ Zn

328 (2310), 359 (990), 384 (770), 608 (310)

0.5mM CuA +2eq V22*.2PF¢+24 hour

324 (4310), 336 (3690), 359 (1048) 621 (120)

0.5mM CuA +2eq V22+.2PFs+ Zn

327 (4310), 358 (3690), 382 (1048), 392 (480), 590 (288)

0.5mM CuA-Cl+1eq V2%*.2PFe¢+24 hour

306 (2160), 359 (410), 444 (160), 850 (30)

0.5mM CuA-Cl+1leq V22*.2PF¢+Zn

281 (3050), 359 (650), 592 (460)-900 (270)

0.5mM CuA-Cl+2eq V22+.2PFe¢+24 hour

316 (4090), 359 (460), 816 (40)

0.5mM CuA-Cl+2eq V22+.2PFs+Zn

326 (4770), 359 (2300), 382 (1540), 611 (290)

The UV-Visible spectra of both CuA-Cl complex
(the black line) and its mixture with 1eq (the blue
line) and 2eq (the red line) of 4,4 -Bipyridine are
recorded in DMF media at two concentrations of

CuA-Cl: low at 0.05 mM and high at 0.5 mM as
shown in Figures 11 (A and B) and 14 (A and B),
respectively. The electronic absorption data are
listed in Table 4.
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Figure 11: UV-Visible absorption spectra of 0.05 mM CuA (black lines in A and B), 0.05 mM CuA with 1eq Bpy
(blue line in A), and 0.05 mM CuA with 2eq Bpy (blue line in B) in DMF at r.t by using quartz cell with path length
of 1 cm

Atlow concentrations of CuA-Cl and Bpy mixtures,
the d-d transitions of CuA-Cl occurred at 605 nm
is shifted to 608 nm (red shifts) and 619 nm (red
shifts) for CuA-Cl mixtures with 1 eq and 2 eq Bpy,
respectively. It seems that the differences in the d-
d transitions noted for CuA-Cl and 2 eq of Bpy are
more obvious than those of CuA-Cl and 1 eq Bpy
compared with d-d transitions of free CuA-Cl.
Besides, a new band appeared at 882 nm and 884
nm for CuA-Cl mixtures with 1 eq and 2 eq Bpy,
respectively. The appearance of a new band and
the differences in d-d transitions in mixture
solutions could be correlated to the interaction
happened between Cu (II) ion and Bpy and the
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formation of adduct compound CuA-ClBpy at the 2
eq Bpy.

At high concentrations of CuA-Cl and Bpy
mixtures, the d-d transitions of CuA-Cl occurred at
725 nm is shifted to 630 nm (blue shift) and 628
nm (blue shift) for CuA-Cl mixtures with 1 eq and
2 eq Bpy, respectively. It seems that the
differences in the d-d transitions noted for CuA-Cl
and 2 eq of Bpy are as same as those of CuA-Cl and
1 eq Bpy compared with d-d transitions of free
CuA-Cl. These differences in d-d transitions of
mixtures of CuA-Cl and Bpy could be due to the
complexation of Cu (II) ion to Bpy to afford the
adduct compound CuA-ClBpy.

30
= 0.52: M1 CuA-Ci
B [ 0.5\ Cun-Cisdeabsy]
25+
o 204 /
o
=
<
E=]
5 154 f s
B I Y
2 | s W
104 I( W-M\
O -4
a=l ] o vy
5 A D R T
00 T T T T T T
200 300 400 500 600 700 800 900

Wavelength (nm)

Figure 12: UV-Visible absorption spectra of 0.5 mM CuA (black lines in A and B), 0.5 mM CuA with 1leq Bpy (red
line in A), and 0.5 mM CuA with 2eq Bpy (red line in B) in DMF at r.t by using quartz cell with path length of 1 cm

The complex, CuA-Cl is dissolved in the minimum  directly the adduct, CuA-CIBpy as a green

precipitate, as described in the item 3.3.2. and

3.4.1.2. It was noted that the solubility and the
294 |Page

amount of acetonitrile and mixed with big amount
of 4,4*-bipyridine which is 10 eq. It was obtained
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color of the adduct were different from that of the
precursor, CuA-Cl complex. The UV-visible
absorption spectra are recorded for CuA-ClBpy at
two concentrations 0.05 mM and 0.5 mM. The
spectra are depicted in Figure 13-A, see the
electronic absorption data in Table 4.

The UV-visible absorption spectrum for CuABpy at
the concentration of 0.05 mM is compared with
the UV-visible absorption spectrum for the

20
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precursor, CuA, and the mixture of 0.05 mM CuA
with 1 eq Bpy, as demonstrated in Figure 13-B.
The electronic absorption data are depicted in
Table 4. Compared the spectra of the adduct
CuABpy with those of the mixtures of CuA and Bpy,
itis clear that the adduct has been formed in these
mixture and its higher amount is present in the
mixture of 0.05 mM CuA with 1 eq of Bpy [14, 35].
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Figure 13: UV-visible absorption spectra of (A) 0.05 mM (dotted line) and 0.5 mM (solid line) of CuA-ClBpy
complex (B) 0.5 mM CuA-Cl (black line), mixture of 0.5 mM CuA-Cl with 2eq Bpy (red line), and 0.5 mM of CuA-
CIBpy complex in DMF at r.t by using quartz cell with path length of 1 cm

Interaction of CuA and CuA-Cl as acceptors and
bisviologen, V»2*.2PFs as donor

The interaction between the acceptors: CuA and
CuA-Cl with donor, V:2+.2PFs was studied in
solution by UV-Visible spectroscopy. The
dissolved adducts was attained by mixing 1 and 2
equivalent of V,2+.2PFs with high concentrations
of CuA and CuA-CI complexes, 0.5 mM.
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The mixtures of 0.5 mM CuA with 1 and 2 eq
V,2+.2PF¢ are recorded by using 1 eq and 2 eq
V,2+.2PF¢ as blanks, respectively. This step is done
to eliminate the spectrum of V,2+.2PF¢ from the
spectrum of the mixture of V,2+.2PF¢ and CuA.
These spectra are shown in Figures 14 and 15. The
electronic absorption data are listed in Table 5.
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Figure 14: UV-Visible absorption spectra of 0.5 mM CuA (black lines in A and B), mixture of 0.5 mM CuA with
leq V22+.2PFs (red line in A), and mixture of 0.5 mM CuA with 2eq V22+.2PFs (red line in B) in DMF at r.t by using
quartz cell with path length of 1 cm. Blank for mixtures = DMF+ V22+.2PFe¢-
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Figure 15: UV-Visible absorption spectra of 0.5 mM and 1 mM V22+.2PFs: black lines in A and B, respectively,
mixture of 0.5 mM CuA with leq V2%2*.2PF¢ (blue line in A), and mixture of 0.5 mM CuA with 2eq V22+.2PFs (red
line in B) in DMF at r.t by using quartz cell with path length of 1 cm. Blank for mixtures = DMF+ V2+2PFs-

After stirring of the mixtures for 10 minutes, the
UV-Visible absorption spectra are recorded. The
d-d transition of CuA at 671 nm is shifted to 634
nm (blue shift) for mixture of 0.5 mM CuA with 1
eq V22+.2PF¢ and 644 nm (blue shift) for mixture
of 0.5 mM CuA with 2 eq V;2*. 2PF¢. The UV-Visible

absorption spectra are recorded again for the
same mixtures after 24 hours to follow if the
interactions among CuA and V;2+.2PFs have been
increased or not. These spectra are indicated in
Figures 16 and 17. The electronic absorption data
are listed in Table 5.
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Figure 16: UV-Visible absorption spectra of 0.5 mM and 1 mM V;2+.2PFs (black lines in A and B) respectively,
mixture of 0.5 mM CuA with 1leq V2%2*.2PF¢ (blue line in A), and mixture of 0.5 mM CuA with 2eq V22+.2PFs (red
line in B) in DMF after 24 hours at r.t using quartz cell with path length of 1 cm. Blank = DMF+ V22+.2PF¢
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Figure 17: UV-Visible absorption spectra of 0.5 mM and 1 mM V2%*.2PFe: black lines in A and B respectively,
mixture of 0.5 mM CuA with 1leq V22*.2PF¢ (blue line in A), and mixture of 0.5 mM CuA with 2eq V22+.2PF¢ (red
line in B) in DMF after 24 hours at r.t by using quartz cell with path length of 1 cm. Blank for mixtures= DMF+
V22+.2PF¢
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[t was noted that the d-d transition of mixture of
CuA with 1 eq V»2*.2PFs after 24 hours is shifted
from 634 nm (after 10 minutes stirring) to 639 nm
(red shift) for the same mixture. Also, the d-d
transition of mixture of CuA with 2 eq V;2*.2PF¢
after 24 hours is shifted from 644 nm to 671 nm
(red shift) for the same mixture. It seems that the
differences in the d-d transitions noted for CuA
with 2 eq of V,2+.2PF¢ are more obvious than those
of CuA with 1 eq V22+.2PF¢-. The bigger differences
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in d-d transitions could be correlated to the
increase of interaction between Cu (II) ion and
V,2+.2PFs to afford the adduct solution.

The mixtures of 0.5 mM CuA-Cl with 1 and 2 eq
V,2+.2PF¢ are recorded at using 1 eq and 2 eq
V,2+.2PF¢ as blanks, respectively. This step is done
to eliminate the spectrum of V;2+.2PFs from the
spectrum of the mixture of V,2+.2PF¢ and CuA-CL
These spectra are shown in Figures 18 and 19. The
electronic absorption data are listed in Table 6.

30 —
pree O S CuA-CH
B ——0.5mM CuA-Cis 2eq V2|
25
204

Absorbance
&

500
Wavelength (nm)

Figure 18: UV-Visible absorption spectra of 0.5 mM CuA-ClI (black lines in A and B), mixtures of 0.5 mM CuA-Cl
with 1leq V22+.2PF¢ (red line in A), and mixtures of 0.5 mM CuA-Cl with 2eq V22*.2PF¢ (red line in B) in DMF atr.t
by using quartz cell with path length of 1 cm. Blank for mixtures = DMF+ V32+.2PF¢
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Figure 19: UV-Visible absorption spectra of 0.5 mM and 1 mM V22+.2PFs (black lines in A and B) respectively,
mixture of 0.5 mM CuA-Cl with 1eq V22*.2PF¢ (blue line in A), and mixture of 0.5 mM CuA-Cl with 2eq V22+.2PF¢
(red line in B) in DMF at r.t by using quartz cell with path length of 1 cm. Blank for mixtures= DMF+ V22+.2PF¢

The d-d transitions of CuA-Cl occurred at 712 nm
is shifted to 838 nm (red shifts) and 844 nm (red
shift) for CuA-Cl mixtures with 1 eq and 2 eq
V.2+.2PFs, respectively. Besides, a new band at

445 nm, 549 appeared for CuA-Cl mixtures with 1
eq V22+.2PF¢as well as 445nm and 545 nm for
CuA-Cl mixtures with 2 eq V,2+.2PFs [36, 37].

297 |Page

Archive of SID.ir



Archive of SID.ir

Gatea A.H., et al. /]. Med. Chem. Sci. 2023, 6(2) 280-303

Table 6: The electronic absorption data of 0.5 mM and 1mM of V22*.2PF¢", CuA and CuA-Cl complexes and their
mixture with 1 and 2equivalent of V22+.2PFs- in DMF. Blank for mixtures = DMF+V22*.2PF¢

Complex Amax/nm (e/M~1.cm™1)
0.5mM CuA 321 (4130), 359 (770), 671 (200)
0.5mM V2. 2PFs 317 (3960), 359 (410), 652 (30)
1mM V22*.2PFs 312 (3750)
0.5mM CuA+1leq V22*.2PFs 324 (2022), 359 (380), 634 (40)

0.5mM CuA +1eq V22*.2PF¢+24 hour 323 (2160), 359 (410), 385 (160), 639 (30)
332 (2770), 336 (2860), 359 (900), 644 (100)
323 (2740), 336 (2810), 359 (860), 385 (360), 671 (70)
0.5mM CuA-Cl 330 (4430), 336 (5070), 358 (1620), 372 (900), 712 (270)
0.5mM CuA-Cl+1eq V22+.2PFs 326 (1010), 359 (530), 445 (90), 549 (50), 838 (80)

328 (60), 359 (490), 445 (90), 545 (30), 844 (70)

0.5mM CuA+2eq V22+.2PF¢

0.5mM CuA +2eq V22+.2PFs+24 hour

0.5mM CuA-Cl+2eq V22*.2PF¢

Reduction of mixtures of CuA and CuA-Cl with activated zinc powder under argon atmosphere.
bisviologen, Vz?*.2PFg Also, the spectra are recorded for 0.5 mM
V;2+2PFs and 1 mM V;2+.2PFs solutions that have
reduced by activated zinc powder. These spectra
are shown in Figure 20. The electronic absorption

The UV-Visible absorption spectra are recorded
after performing the reduction process for the
previous mixtures, 0.5 mM CuA with 1 eq )
V,2+.2PFg, and 0.5 mM CuA with 2 eq V,2+2PFs by 93t arereportedin Table 7.

Table 7: The electronic absorption data of CuA and CuA-Cl complexes and their mixtures with 4,4°-Bipyridine
along with those of the adducts CuABpy and CuA-CIBpy
Complex Amax/nm (g/M~1.cm™1)

0.05mM CuA 304 (34400), 359 (1560), 620 (280), 883 (120)
0.05mM CuA+1eq Bpy 300 (34940), 359 (1320), 619 (200), 882 (100)
0.05mM CuA+2eq Bpy 306 (37240), 359 (2560), 631 (300), 896 (240)

0.5mM CuA 321 (4130), 359 (770), 671 (200)

0.5mM CuA+1eq Bpy

327 (4220), 336 (3530), 359 (1190), 638 (130)

0.5mM CuA+2eq Bpy

328 (4350), 336 (4420) 359 (1400), 385 (600), 640 (190)

0.05mM CuABpy

307 (35560), 388 (770)

0.5mM CuABpy

313 (4320), 336 (6450), 358(1990) 644 (240),

0.05mM CuA-Cl

278 (17640), 313 (24480), 359 (3660), 605 (800)

0.05mM CuA-Cl +1eq Bpy

291 (32980), 312 (32880), 359 (3820), 608 (800), 882 (580)

0.05mM CuA-Cl+2eq Bpy

289 (32600), 328 (8800), 359 (2660), 619 (500), 884 (360)

0.5mM CuA-Cl

318 (4370), 336 (5070), 359 (1570), 725 (2780)

0.5mM CuA-Cl+1leq Bpy

318 (4510), 367 (1090), 420 (480), 630 (240)

0.5mM CuA-Cl+2eq Bpy

318 (4440), 359 (2250), 369 (970), 418 (420), 628 (200)

0.05mM CuA-ClBpy

321 (31580)

0.5mM CuA-CIBpy

379 (870), 635 (1960)
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Figure 20: UV-Visible absorption spectra of mixture of 0.5 mM CuA with 1leq V22+*.2PF¢(black line in A), and
mixture of 0.5 mM CuA with 2eq V2%2*.2PF¢ (black line in B) after 24 hours and their reduced solutions by
activated zinc powder (purple lines in A and B) in DMF at r.t by using quartz cell with path length of 1 cm

After adding activated zinc powder to the
mixtures of CuA and V,2+.2PF¢ with stirring for 10
minutes under argon atmosphere, the UV-Visible
absorption spectra are recorded for these
mixtures. The absorption spectrum of mixture of
0.5 mM CuA with reduced 1eq V,2+.2PFs showed a
new band at 384 nm and the d-d transition at 625
nm is blue shift to 608 nm. A wide band was
appeared in the range of 608-900 nm. On the other
hand, the absorption spectrum of mixture of 0.5
mM CuA with 2eq V,2+.2PFs showed a new band at
392 nm and a blue shift for the d-d transition from
600 nm to 590 nm. These observations are
attributed to the formation of m-dimer among two
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viologen radicals that latter occurred after
reduction by two electrons of V,2+.2PFs within the
structure of the adducts.

The UV-Visible absorption spectra are recorded
after performing the reduction process for the
previous mixtures, 0.5 mM CuA-Cl with 1 eq
V,2+.2PF¢,and 0.5 mM CuA-Cl with 2 eq V22+.2PF¢
by the activated zinc powder under argon
atmosphere. In addition, the spectra are recorded
for 05 mM Vy22PFs and 1 mM
V,2+.2PFs solutions that have been reduced by
zinc powder. These spectra are
demonstrated in Figure 21. The electronic
absorption data are listed in Table 6.

activated
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Figure 21: UV-Visible absorption spectra of mixture of 0.5 mM CuA-Cl with 1eq V22+.2PF¢ (black line in A), and
mixture of 0.5 mM CuA-Cl with 2eq V22*.2PFs (black line in B) after 24 hours, and its reduced by activated zinc
powder (purple line in A and B) in DMF at r.t by using quartz cell with path length of 1 cm

After adding activated zinc powder to the
mixtures of CuA-Cl and V,2+.2PF¢with stirring for

10 minutes, the UV-Visible absorption spectra are
recorded for these mixtures. The absorption
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spectrum of mixture of 0.5 mM CuA-Cl with leq
V,2+.2PF¢ showed a wide band in range of 592-900
nm. On the other hand, the absorption spectrum of
mixture of 0.5 mM CuA-Cl with 2eq V,2+.2PF¢
revealed a new band at 382 nm and a blue shift for
the d-d transition from 816 nm to 611 nm. These

\ \Rz

R,= H: CuA or Cl: CuA-ClI

Form of dication V22*.2PF¢ moiety

within adduct structure

observations are attributed to the formation of -
dimer among two viologen radicals that latter
occurred after reduction by two electrons of
V,2+.2PF¢- within the structure of the adducts [38,
39].

N \ / N \ / N
V2" 2PFg
DMF
Ro
=

Form of m-dimerized V2%* moiety

within adduct structure

Scheme 8: reduction of V,2+.2PFs moieties

Conclusion

Four copper (II): CuA and CuA-Cl and their
adducts CuABpy and CuA-ClBpy are synthesized
and characterized them by mass, FT-IR, XRD
diffraction, and UV-Visible spectrometries.

the interaction of copper (II)
complexes: CuA and CuA-Cl with 4,4 -bipyridine
led to the formation of the adducts: CuABpy and
CuA-CIBpy. The formation of adducts in solution
was studied and confirmed by the UV-Visible
absorption spectroscopy. The absorption spectra
of mixtures of the complexes with 4,4 -bipyridine

In solution,

are compared with those of both the precursor
complexes and the solid adducts in DMF media.
The adducts: CuAV; and CuA-ClV; formed in DMF
media are reduced by activated zinc powder and
followed by absorption spectroscopy. The
reduction of V,2+.2PFs moieties afforded the m-
dimerized viologen radicals V.2* within the
structures of the adducts: CuAV; and CuA-ClV;
themselves
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