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A novel dinuclear copper(Il) complex 2 bearing double u,-oxo bridges has been obtained by in situ Cu'
ion catalysis and complexation with the H,O, oxidant of C.I. Disperse Yellow 79 (1), where a new dia-
nionic ligand is in situ formed having an additional phenolic group and it coordinates with the central
Cu''ion as a tridentate chelating ligand. Furthermore, both of the starting material 1 and the final neutral
dye-metal product 2 have been structurally and spectrally characterized and compared, where azo-

hydrazone tautomerism has been observed before and after metal-ion complexation. To the best of our
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knowledge, this is the first structural report about the heterocyclic dyes having quinoline-2,4-dione
skeleton and the corresponding azo-hydrazone tautomerism between them.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Significant progress has been made over the past years in the
area of azo dyes and their metal complexes because of their wide
versatility in textile dyeing and polyamide fiber coloring [1—4].
Recently, azo compounds are known to be involved in a number of
biological reactions [5], nonlinear optical elements [6,7], printing
systems [8] and optical storage of information [9,10]. Aromatic
heterocycles azo dyes have shown brilliant color and chromophoric
strength, especially for their excellent properties on light and
sublimation fastness [11,12]. C.I. Disperse Yellow 79 (1) having
1-methyl-quinoline-2,4-dione backbone is one of them showing
excellent textile discharge printing property for polyester fiber. As
for some azo dyes having aromatic coupling components, it has
been proved that one hydroxyl group can be added to the aromatic
unit forming an oxidized azo compound and its dye-metal
complexes in the presence of H,0, and a Cu" ion, which is directed
by the electronic effects of their substituted group(s) [13]. The
introduction of an electron-withdrawing phenolic group and
a metal center into the dye molecule can improve the electron
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acceptor behavior of azo chromophore and the delocalized
m-system of resulting dye molecules [14,15].

X-ray single-crystal diffraction is a very powerful tool to investigate
tautomerisms because it provides detailed information on molecular
conformation and supramolecular interactions in the solid state
[16—18]. We have previously reported structural, spectral and density
function theory computational studies of a series of C.I. Disperse
Yellow dyes (114,119, 126, 211, 241) having the same 1-alkyl-5-cyano-
2-hydroxy-4-methyl-6-pyridone coupling components, and our
results demonstrate that this family of dyes exists in the hydrazone
form instead of the conventionally regarded azo form both at 120
and 291 K [19—22]. In addition, we have mentioned the first obser-
vation of azo-hydrazone and cis-trans tautomerisms for Disperse
Yellow dyes and their nickel(Il) and copper(Il) complexes, where two
cyano-extended one-dimensional copper(ll) dye-metal coordination
polymers are described [22]. Now we are further exploring the
conformational investigations on aromatic heterocyclic disperse dyes
as well as preparation and properties of new dye-metal complexes.

As an extensive study in this area, we select herein a cyano-free
heterocyclic dye (1) bearing a different 1-methyl-quinoline-2,4-dione
backbone and characterize its structure. Furthermore, we prepare
a novel dinuclear copper(Il) complex (2) by in situ Cu' ion catalysis
and complexation with the Hy0, oxidant of 1, and study the azo-
hydrazone tautomerism and alteration of spectral properties between
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Scheme 1. Schematic illustration of the preparation of dinuclear Cu'" complex 2 where
chemical azo-hydrazone tautomerism between the pyridine-2,6-dione form in 1 and
the 2-hydroxy-6-pyridone form in the in situ formed ligand in 2 takes place before and
after metal-ion complexation.

1 and 2 before and after metal-ion complexation (Scheme 1). By
checking the latest version of CCDC databases (CSD version of 5.32
updated to November 2010) on quinoline-based azo dyes, it is found
that there is only one structural report on a copper(Il)-hydrazone
complex of N-(4-methyl-quinolin-2-yl)-N'-(phenyl-pyridin-2-yl-
methylene)-hydrazine, which is suggested to be potentially anti-
cancer and anti-inflammatory [23]. So this work is the first structural
report on the aromatic heterocyclic dyes having quinoline-2,4-dione
skeleton and corresponding azo-hydrazone tautomerism between
the dye molecule and its neutral dye-metal complex.

2. Experimental section
2.1. Materials and measurements

C.L Disperse Yellow 79 (1) was purchased directly from commercial
sources. All other reagents and solvents were of analytical grade and
used without further purification. Acceptable yellow single crystals of
1 suitable for X-ray diffraction measurement were produced by slow

Table 1

Crystal and structural refinement data for compounds 1 and 2.
Compound 1 2
Empirical formula C16H12N404 CuyC33H4Ng0q2
Formula weight 324.30 839.69
Crystral size (mm) 0.12 x0.10 x 0.10 0.10 x 0.10 x 0.10
Crystal system Triclinic Triclinic
Space group P1 P1
a, A 7.8700(14) 7.7302(12)
b, A 8.0484(15) 8.2404(12)
¢ A 11.469(2) 13.782(2)
o, deg 94.770(2) 89.723(2)
g, deg 92.856(3) 83.928(1)
v, deg 95.972(2) 62.528(2)
Vv, A3 718.8(2) 773.6(2)
Z|Deatcd (Mg m™3) 2/1.498 1/1.802
F(000) 336 426
w(mm1) 0.870 1.459
max/min transmission 0.9895/0.9838 0.8678/0.8218
himin/max —8/9 -9/9
kmin/kmax *9/9 *8/9
lmin/lmax *9/]3 7]3/16
Absorption correction Multi-scan Multi-scan
Data collected [unique 3625/2499 3870 /2679
Final R indices [I> 20(I)] R1=10.0440, R1=0.0476,

WR2 =0.1222 wR2 =0.1071
R indices (all data) R1=0.1019, R1=0.0801,
WR2 =0.1375 WR2 = 0.1481

S 0.941 0.950
Afe A3 (max, min) 0.169/-0.137 0.495/-0.535

evaporation of its methanol solution after several weeks in air at room
temperature.

Elemental analyses (EA) for carbon, hydrogen, and nitrogen
were performed on a Perkin—Elmer 1400C analyzer. 'H NMR
spectra were obtained in a Bruker 500 MHz NMR spectrometer.
Infrared (IR) spectra (4000—400cm~!) were recorded using
a Nicolet FT-IR 170X spectrophotometer on KBr disks. Electrospray
ionization mass spectra (ESI-MS) were recorded on a Finnigan MAT
SSQ 710 mass spectrometer in a scan range of 200—2000 amu.
UV—Vis spectra were recorded with a Shimadzu UV-3150 double-
beam spectrophotometer using a Pyrex cell with a path length of
10 mm. Powder X-ray diffraction (PXRD) measurements were
performed on a Philips X’pert MPD Pro X-ray diffractometer using
Cu Ke radiation (4=0.15418 nm), in which the X-ray tube was
operated at 40 kV and 40 mA at room temperature. TGA—DSC
(thermogravimetry analysis—differential scanning calorimeter)
experiments were carried out by a NETZSCH STA449C thermogra-
vimetric analyzer instrument in the nitrogen flow from 10 to 800 °C
at a heating rate of 10.0 °Cmin~".

2.2. Preparation of dinuclear copper(Il) complex 2

Cu(CH3C00);-H»0 (0.042 g, 0.21 mmol) and C.I. Disperse Yellow
79 (0.068g, 0.21 mmol) were dissolved in 30 cm? N,N'-dime-
thylformamide and the mixture was cooled to 0 °C with ice water
bath, and then an aqueous solution of 30% hydrogen peroxide
(6 cm®) was added dropwise in order that the temperature of

Table 2
Bond lengths [A] and angles [°] for compounds 1 and 2.
1 2
C1-N2 1.320(3) Cul-02 1.893(4)
Cc1-C2 1.467(3) Cul—N3 1.928(4)
C1-C5 1.471(3) Cul1-05 1.938(3)
c2-01 1.242(2) Cul-06 2.034(3)
C2—N1 1.369(3) Cu1-05 2.267(4)
C3—-N1 1.407(3) Cul—Cu1? 3.129(1)
C5-02 1.231(3) C1-N2 1.380(7)
C10—N1 1.461(3) C1-C5 1.413(7)
C11-N3 1.402(3) C1-C2 1.468(7)
C14—N4 1.457(3) C2-01 1.252(6)
N2—N3 1.298(2) C2—-N1 1.346(7)
N4—-04 1.222(3) C3—-N1 1.405(6)
N4—-03 1.226(3) C5-02 1.287(6)
C10—N1 1.473(7)
N2—-C1-C2 124.3(2) C11-N3 1.399(7)
N2—-C1-C5 114.8(2) C12-05 1.335(6)
C2—C1-C5 120.9(2) C14—N4 1.479(7)
01-C2—-N1 120.8(2) N3—-N2 1.290(6)
01-C2—-C1 120.7(2) N4—-04 1.219(6)
N1-C2—C1 118.5(2) N4—-03 1.224(6)
C6—C3—N1 119.6(2) 05—Cu1? 2.267(4)
C4—C3—N1 120.8(2)
02—-C5—-C4 121.9(2) 02—Cul—-N3 91.8(2)
02-C5—C1 122.0(2) 02—Cul-05 176.3(2)
C4—-C5-C1 116.1(2) N3—Cul-05 84.8(2)
C16—C11—-N3 118.1(2) 02—Cul1-06 93.5(2)
C12—C11-N3 121.4(2) N3—Cul-06 148.9(2)
C13—C14—-N4 119.7(3) 05—Cul-06 90.2(2)
C15—C14—N4 119.2(3) 02—Cu1-05? 96.7(2)
C2—-N1-C3 122.4(2) N3—Cu1-05% 122.6(2)
C2—-N1-C10 118.4(2) 05—Cu1-—05? 84.2(2)
C3-N1-C10 119.2(2) 06—Cul1-05 87.1(1)
N3-N2—C1 119.8(2) 02—Cul—Cul? 134.6(1)
N2-N3-C11 120.3(2) N3—Cul—Cu1? 109.5(1)
04—N4-03 122.7(2) 05—Cul—Cul? 46.1(1)
04—-N4—-C14 118.4(3) 06—Cul—Cul? 88.0(1)
03-N4-C14 118.9(3) 05a—Cul—Cul? 38.0(1)
Cu1-05—Cu1? 95.8(2)

Ry = =||Fo| — |Fc||/=|Fo|, Ry = [S[w(Fo? — Fc?)?]/sw(Fo®)?]'/2.

Symmetry code: a=-x+1, -y, —z+ 1.



Table 3

Hydrogen bonding parameters (A, °) in compounds 1 and 2.
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D—H---A D-H H-A D--A /DHA  Symmetry code
1
N3—-H3---01 0.86 1.89 2.570(2) 135
C7—H7---04 0.93 2.52 3.430(4) 166 x-1,1+y,z-1
C10—-H10C---02 096  2.59 3.433(3) 146 x,1+y,z
2
06—H6A---01 0.85 1.94 2.736(6) 155 X, -y, 1-z
06—H6B---01 0.85 2.09 2.879(6) 155 1+x,y-1,z
C8—H8---04 0.93 2.53 3.222(8) 131 xy-1,1+4z
C16—H16---06 0.93 2.58 3.506(7) 171 x—1,1+y,z

Absorbtion

3.5-
3.0-
2.54
2.0
1.54
1.0-
0.5-

0.0

M TN

—_2

reaction mixture did not exceed 5 °C. The color of solution turned
out to be vermillion after 10 mins’ reaction, and the mixture was
stirred at 0—5 °C for 5 h. The mixture was then filtered and the
filtrate was condensed to 5cm® by a rotatory evaporator. The
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Fig. 2. UV—Vis spectra of the 1 and 2 in their 5.0 x 10~ mol/L methanol solutions.
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Fig. 3. The simulative (black line) and experimental (red line) powder X-ray diffraction
patterns for dinuclear copper(Il) complex 2 (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.).

residue was filtered and the black precipitates were filtered,
washed by methanol and dried in vacuo. Yield: 0.051 g (56.5%)
based on metal. Red brown single crystals of 2 suitable for X-ray
structural analysis were obtained from a mixture of DMF and
methanol in a ratio of 1:3 (v/v) via 15 days’ slow evaporation in air
at room temperature. Elemental anal. Calcd for CuyC32H24Ng0O12: C,
45.77; H, 2.88; N, 13.35%. Found: C, 45.96; H, 3.09; N, 13.11%. Main
FT-IR absorptions (KBr pellets, », cm~!): 3400(b), 1601(vs), 1503(vs),
1441(m), 1411(m), 1365(m), 1331(vs), 1308(vs), 1249(w), 1216(m),
1126(s), 1067(m), 874(m), 817(m), 759(m) and 616(m). UV/Vis in
methanol: Amax =222 (65205), 268 (34542), 398 (23846), 414
(23278) and 518 (44256) nm. Negative ion ESI-MS in methanol
(mfz): 835.17 (100%).

2.3. X-ray data collection and solution
Single-crystal samples of 1 and 2 were glue-covered and

mounted on glass fibers for data collection on a Bruker SMART 1K
CCD area detector at 291(2) K using graphite mono-chromated Mo

Fig. 5. ORTEP drawing of C.I. Disperse Yellow 79 (1) with the atom-numbering scheme.
Displacement ellipsoids are drawn at the 30% probability level.

Ko radiation (1= 0.71073 A). The collected data were reduced by
using the program SAINT [24] and empirical absorption corrections
were done by SADABS [25] program. The crystal systems were
determined by Laue symmetry and the space groups were assigned
on the basis of systematic absences by using XPREP. The structures
were solved by direct method and refined by least-squares method.
All non-hydrogen atoms were refined on F> by full-matrix least-
squares procedure using anisotropic displacement parameters,
while hydrogen atoms were inserted in the calculated positions
assigned fixed isotropic thermal parameters at 1.2 times of the
equivalent isotropic U of the atoms to which they are attached
(1.5 times for the methyl groups) and allowed to ride on their
respective parent atoms. All calculations were carried out on a PC
computer with the SHELXTL PC program package [26] and molec-
ular graphics were drawn by using XSHELL, XP and ChemDraw
software. The summary of the crystal data, experimental details
and refinement results for 1 and 2 is listed in Table 1. Selected bond
distances and bond angles are given in Table 2, while versatile
hydrogen bonding interactions in 1 and 2 are listed in Table 3.

3. Results and discussion
3.1. Syntheses and spectral characterizations

In this work, a novel dinuclear copper(Il) complex (2) has been
successfully yielded by the excess H,0O, oxidation of C.I. Disperse
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Fig. 4. Diagram of TGA-DSC for complex 2.
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Yellow 79 (1) in the presence of a Cu'' ion, where the Cu'' ion acts as
a catalyst and a metal center for complexation simultaneously.
Compared with 1, a new ligand in 2 is in situ formed bearing an
additional phenolic group, where a new coordination site of
phenolic O atom is generated. Negative ion ESI-MS studies of 1 and
2 give molecular ion peaks at m/z=323.75 (100% strength for 1)
and 835.17 (100% strength for 2), respectively, as can be seen in
Fig. 1. Moreover, '"H NMR spectrum of 1 in the CDCl; solvent exhibits
a single peak at 16.27 ppm, indicative of the existence of a hydra-
zone proton.

UV—vis spectra of azo dyes are generally affected by their
chemical structures such as chromophores, substituted groups,
number of azo groups, metal ions, pH values, solvents and so on
[27—-30]. In order to explore and compare the differences of 1 and 2
before and after Cu'l ion in situ catalysis and complexation, UV—vis
spectra of 1 and 2 in their 5.0 x 10~ mol/L methanol solutions are
determined, and the results are shown in Fig. 2. Yellow compound 1
shows a broad absorption peak centered at 415 nm, which can be
assigned as typical 7—7* transitions between the aromatic rings and
the azo unit of dye molecule. In contrast, the 7—#* transition
absorption peak of red brown complex 2 is red-shifted to 518 nm
exhibiting a large bathochromic shift of 103 nm. Furthermore, the
molar extinction coefficients of 2 at 222 and 518 nm (¢ = 65,205 and
44,256) are significantly increased compared with those of 1 at 224
and 416 nm (e = 8076 and 7724). In addition, a splitting of the n—*
transition of the conjugated chromophore is observed at 398 and

414nm in 2. The strong hyperchromic effects after metal-ion
complexation cannot be ascribed to d—d electron transitions of the
Cu®* jons, which are generally too weak and may easily be obscured
by the strong absorption band of the azo ligand [31—33]. In this case,
they are believed to originate from at least two aspects: On the one
hand, the presence of an additional electron-attracting phenolic
group in the in situ formed dianionic ligand showing planar tri-
dentate chelating coordination fashion; On the other hand, the
construction of stable fused five-membered and six-membered
chelating rings in dinuclear copper(Il) complex 2 and the delocal-
ization of lone electron pairs of N and O coordination atoms after the
formation of multiple coordination bonds.

The pure phase of dinuclear copper(ll) complex 2 is also
confirmed by PXRD patterns as illustrated in Fig. 3. TGA—DSC study
of 1 reveals that it starts to decompose from 200 °C with an
exothermic DSC peak at 262 °C. In comparison, DTA—DSC study of 2
shows a 4.11% weight loss (Calcd. 4.29%) in the range of 95—165 °C
with an exothermic DSC peak at 138 °C (Fig. 4), corresponding to
the loss of two coordination water molecules. After that it can keep
unchangeable till 420 °C, and finally it starts to decompose with
a sharp endothermic DSC peak at 429 °C. Here one can see that the
thermal stability of dinuclear copper(ll) complex 2 is much higher
than that of C.I. Disperse Yellow 79 after metal-ion complexation.

3.2. Structural description of Disperse Yellow azo dye 1

The molecular structure of 1 with atom-numbering scheme is
shown in Fig. 5. It crystallizes in the triclinic P1 space group without
the presence of any solvent molecule. As a common feature of azo
dyes, all the non-hydrogen atoms in 1 are essentially coplanar with
the mean deviation from least-squares plane of 0.026(3)A. The
dihedral angle between the phenyl and the quinoline rings is 1.2(2)°.
The whole dye molecule adopts the Z configuration and the methyl
group bonded to the quinoline nitrogen atom is positioned at the
same side of the H3 atom of N3. Like our previously reported 1-
alkyl-5-cyano-2-hydroxy-4-methyl-6-pyridone based C.I. Disperse
Yellow dyes, 1-methyl-quinoline-2,4-dione based C.I. Disperse
Yellow dye 79 also exhibits the hydrazone form in the solid state,
which can be deduced from the related bond lengths. Additionally,
an obvious Q peak is found near atom N3 when solving the struc-
ture, where the X-ray diffraction data are in the high quality.
Furthermore, the hydrazone hydrogen atom is involved in the
intramolecular hydrogen bonding with the oxygen atom (02) at 2-
position of quinoline group forming a six-membered hydrogen-
bonded ring.

Strong m— stacking and weak intermolecular C—H---O hydrogen
bonding interactions can be observed in the crystal packing of 1. As
shown in Fig. 6, three kinds of offset m— stacking interactions are
found between the phenyl and the quinoline rings from contiguous
molecules with the centroid-to-centroid contacts of 3.502(3),
3.843(3) and 4.066(3) A, respectively, forming an ordered layer
packing structure.

05(9) 3.502(3)A
e = _\" N S = -
3.843(IA /

Fig. 7. Perspective view of 7—m stacking and hydrogen bonding interactions in the layer packing structure of 1.
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Fig. 8. Perspective view of 7— stacking and hydrogen bonding interactions in the packing structure of 2.

3.3. Structural description of neutral dye-metal complex 2

The molecular structure of neutral dye-metal complex 2 with
atom-numbering scheme is shown in Fig. 7. It also crystallizes in the
triclinic PT space group. The dianion of oxidant of 1 in this case serves
as a tridentate chelating ligand, and one of the oxygen atoms (0O5)
adopts a up-bridging mode linking adjacent two Cu'! centers. Thus,
a dinuclear copper(ll) complex bearing double uy-oxo bridges is
formed where another coordination water molecule occupies the
fifth coordination site. The separation between Cul---CulA(1 — x, -y,
1—2)is3.129(1) A, and the coordination geometry of each copper(Il)
ion is severely Jahn-Teller distorted pyramidal with a 7 value of 0.456
[34]. The apical Cu1l—05A bond length is 2.267(4) A, which is much
longer than the other four Cu—0 and Cu—N bond lengths in the basal
plane (1.893(4)—2.034(3) A).

In this in situ formed dianionic tridentate chelating ligand, all
the non-hydrogen atoms are also essentially coplanar with the
mean deviation from least-squares plane of 0.049(6) A. The dihe-
dral angle between the phenyl and the quinoline rings is 5.0(2)°
and the oxygen atom of coordination water molecule (06) is
1.076(6) A above the least-squares plane.

It is worthwhile to mention that chemical azo-hydrazone
tautomerism between the pyridine-2,6-dione form in 1 and the 2-
hydroxy-6-pyridone form in the in situ formed ligand in 2 takes
place before and after metal-ion complexation, which is evidenced
by the variation of related bond lengths. The continuously con-
nected N3—N2, N2—C1, C1-C2 and C2—01 bond lengths in 1 are
1.298(2), 1.320(3), 1.467(3) and 1.242(2) A. In contrast, these four
bond lengths in 2 are elongated or shortened as 1.290(6), 1.380(7),
1.468(7) and 1.252(6) A, indicative of the shifts of partially delo-
calized single and double-bond character.

As can be seen in Fig. 8, 7—= stacking interactions are observed
between the phenyl and the quinoline rings of neighboring dinu-
clear copper(Il) molecules. They are packed in a head-to-tail fashion
with the centroid-to-centroid separations of 3.761(8) A. In addition,
the structure is further stabilized by strong O—H---O intermolecular
hydrogen bonds between both of the hydrogen atoms of water
molecule and one of the oxygen atoms (01) of quinoline unit.

4. Conclusion

In summary, a novel dinuclear copper(ll) complex 2 bearing
double uy-oxo bridges has been obtained by in situ Cu' ion catalysis
and complexation with the H,0; oxidant of 1, where a new ligand is
in situ formed having an additional phenolic group and it coordi-
nates with the central Cu' ion as a tridentate chelating ligand. X-ray

single-crystal diffraction analyses of 1 and 2 reveal azo-hydrazone
tautomerism before and after metal-ion complexation, and UV—vis
spectral comparison of 1 and 2 demonstrates strong hyperchromic
effects after metal-ion complexation because of the formation of an
additional electron-attracting phenolic group and stable fused five-
membered and six-membered chelating rings. To the best of our
knowledge, this is the first structural report about the heterocyclic
dyes having quinoline-2,4-dione skeleton and the corresponding
azo-hydrazone tautomerism between them.
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the supplementary crystallographic data for this paper. These data can
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html [or from the Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB2 1EZ, UK; Fax: (internat.) +44-1223/336-033;
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