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A new title multidentate ligand (CAHQS) containing both carboxyphenylazo and 8-quinolinol
fragments has been prepared for the first time. Proton dissociation processes of CAHQS and
coordination selectivities of CAHQS toward VO(IV), Ni(Il), Zn(II), and Cd(II) have been probed by
means of clectronic spectroscopy, polarography, and Raman spectroscopy of the complexes in
aqueous solutions. It has been shown that the selectivity of CAHQS toward such metal ions is
dependent on steric factors in the chelate ring formed, not on HSAB properties of the coordination
sites in CAHQS and of such metal ions. Complexing equilibria and stability constants are also
reported.

KEYWORDS: Multidentate, coordination selectivity, VO(IV), Ni(Il), Zn(II), Cd(l), stability
constants

INTRODUCTION

It is generally known that the coordination selectivity of various metal ions toward

a multidentate ligand containing more than two groups of potentially chelating
donor atoms would be governed by 1) basicity of a donating atom in the ligands,

* Author for correspondence.
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2) the kind of metal ion (HSAB properties), 3) size-match of the chelate ring formed
for a metal ion, 4) steric restrictions of the ligands, and so on. This selectivity is,
however, not fully and systematically understood at the present time.

In previous papers, the coordination selectivity of the multidentate ligand,
7-[(3,5-dihalo-2-pyridyl)azo]-8-hydroxyquinoline-5-sulfonic acid (X,PAHQS,'-¢
Scheme 1), was studied in detail. In this case, it was clearly shown that X,PAHQS
coordinated in aqueous solution selectively by using N,N,O-sites toward Cd(II)' as
a soft acid, and Fe(I), Ni(Il)' and Zn(I)' as border line acids. By N,N,O-
complexation, two five-membered rings, scarcely strained by inspection of molec-
ular models, are formed (Scheme 1). For VO(IV)? and VO,(V)® as hard acids,
X,PAHQS coordinated sclectively by using N,O-bidentate sites in the 8-quinolinol
moiety. In the case of X,PAHQS, selectivity is mainly governed by HSAB
properties. We reported also the coordination selectivity of the analogous multi-
dentate ligand, 7-[(2-hydroxy-5-sulfophenyl)azo]-8-hydroxyquinoline-5-sulfonic
acid (SPAHQS,” Scheme 1), toward Fe(Il), Ni(1), Zn(II), Cd(Il), and VO(IV) to
investigate effects of variation of ring-members formed by chelation. That is, if
SPAHQS acts as an O,N,O-terdentate ligand, the chelate formed is expected to have
one five-membered and one six-membered ring as illustrated in Scheme 1. As a
result, it was shown that SPAHQS coordinated selectively by N,O-bidentate sites
regardless of metal ion hardness.

Here we extend our study to a newly prepared multidentate higand 7-[(3,5-
dichloro-2-carboxyphenyl)azo]-8-hydroxyquinoline-5-sulfonic ~ acid  (CAHQS,
Scheme 1) to judge effects of ring-member variation on selectivity. That is, if
CAHQS acts as a terdentate ligand toward metal ions by using O,N,O-sites, two
six-membered rings would be expected to form as illustrated in Scheme 1, and thus
the study of CAHQS makes clearer the effect of the ring-member formed by
complexations on coordination selectivities,

This paper describes, first, proton dissociation processes of CAHQS and of
analogous ligands (vide infra), then coordination selectivities toward Ni(IT), VO(1V),
Zn(Il), and Cd(II) by means of the electronic spectroscopy, polarography, and
Raman spectroscopy. Finally, complexing equilibria and stability constants were
analyzed spectrophotometrically. For comparative purposes 2-[(3,5-dichloro-2-
carboxyphenyl)azo]-1-hydroxynaphthalene-4-sulfonic acid (a« CANS) and 1-[(3,5-
dichloro-2-carboxyphenyl)azo]-2-hydroxynaphthalene-6-sulfonic acid (f CANS) as
analogues of & CANS were prepared to explore the coordination role of the N-atom
in the 8-quinolinol moiety in CAHQS, as shown also in Scheme 1.

EXPERIMENTAL

Reagents

CAHQS was synthesized through a coupling reaction as follows. Commercial
2-amino-3,5-dichlorobenzoic acid (2.06 g, 10 mmol) in MeOH (100 cm?) acidificd
with conc. HCI (20 cm?®) was diazotizated at 0°C by the usual method.® The MeOH
solution containing the diazotizated benzoic acid was added to an equimolar
solution of commercial 8-hydroxyquinoline-S-sulfonic acid dissolved in aqueous
alkali. Crude product was then obtained by stirring the mixture at 0°C for 2h. The
product was purified by recrystallization from aqueous solution, then dried over
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Scheme 1 Chemical formulae of new ligands synthesized and assumed ring-members of chelate
compounds.

P,O; in vacuo. Yield, 54%; mp (decomp.) > 300°C. Found: C, 34.98; H, 2.51; N,
7.49%. Calcd. for C,4H,;N;0SCI,Na,-3.5H,0 (two Na ions in this formula are
attached as carboxylate and sulfonate): C, 34.99; H, 2.57; N, 7.65%. IR: 1385



17:18 23 January 2011

Downl oaded At:

382 A NEW MULTIDENTATE LIGAND

(Vnon); 1694 (ve_o) ecm™'. '"H NMR (DMSO-dy): J = 8.08 (1H, d, J = 2.4 Hz),
8.31 (1H, m), 8.34 (1H, d,J = 2.4 Hz), 8.54 (1H, s), 9.34 (1H, dd, J = 1.6, 5.4 Hz),
9.73 (1H, dd, J = 1.6, 8.6 Hz).

o« CANS was synthesized by a procedure similar to that for CAHQS, except that
1-naphthol-4-sulfonic acid was used instead of 8-hydroxyquinoline-5-sulfonic acid
as coupling component. Yield, 28%; mp (decomp.) > 300°C. Found: C, 36.39; H,
1.86; N, 5.04%. Calcd. for C,,HgN,O¢SCl,Na,-2HCI (Cl- from HCIl was deter-
mined by titration with Ag*): C, 36.58; H, 1.81; N, 5.02%. IR: 1370 (vy - n); 1711
(Ve- o) cm™ !, 'H NMR (DMSO-dy): 6 = 7.93-8.23 (3H, m), 8.10 (1H, s), 8.35 (1H,
d, J = 2.4 Hz), 8.78 (IH, dd, J = 1.6, 7.0 Hz), 9.05 (1H, dd, J = 1.6, 7.0 Hz).

B CANS was also synthesized by the same procedure for CAHQS and o CANS
by using 2-naphthol-6-sulfonic acid instead of 8-hydroxyquinoline-5-sulfonic acid
for CAHQS. Yield, 70%; mp (decomp.) > 300°C. Found: C, 42.26; H, 1.86; N,
5.56%. Caled. for C,;HgN,OSCLLNa,: C, 42.08; H, 1.66; N, 5.77%. IR: 1374
("non); 1711 (o) cm ', 'H NMR (DMSO-d,): 6 = 7.00 (1H, d, J = 9.0 Hz),
7.70 (1H, d, J = 2.4 Hz), 7.94 (1H, d, J = 7.6 Hz), 8.07 (1H, d, J = 9.0 Hz), 8.10
(1H, d, J = 1.0 Hz), 8.30 (1H, d, J = 7.6 Hz).

Aqueous Ni(II), VO(IV), Zn(Il), and Cd(II) solutions were prepared as perchlo-
rates. The concentrations of the metal ions were determined by the usual EDTA
titration. All other chemicals used were of analytical or equivalent grade.

Measurements

'"H NMR spectra were obtained on a JEOL PMX60-SI NMR spectrometer. IR
spectra were recorded on a JASCO A-102 spectrometer (KBr disk). Dissociation
constants of the ligands and stability constants of the complexes were measured
spectrophotometrically on a Hitachi 220A recording spectrophotometer. Polaro-
grams were recorded on a Yanaco P-1100 polarographic analyzer in an aqueous
solution containing 0.1 mol dm~3 KNO,; as supporting electrolyte, and 0.01%
gelatin as maximum suppressor. A three-electrode cell was used, in which the
working electrode was a dropping mercury electrode (DME); the auxiliary electrode
was a platinum coil. A saturated calomel electrode (SCE) was used as the reference
electrode. The DME had the following characteristicss m =2.02mgs™!,
t = 1.00 s/drop at 0.5V vs SCE, in electrolytic solution at pH 7.0. Raman spectra
were recorded on a JASCO R-800 spectrometer equipped with an NEC GLG 3200
Ar* laser as exciting light source. The pH values of the sample solutions for both
spectrophotometric and polarographic measurements were adjusted by an appro-
priate buffer solution, and were read instantly after the measurements on a
Hitachi-Horiba F-13 pH meter.

RESULTS AND DISCUSSION

Electronic spectra and dissociation constants of CAHQS

Figure 1 shows the electronic spectra of CAHQS at various pH values. The fully
protonated ligand species (curve a) gives two dominant peaks at 19,500 cm™
corresponding to the 7* < 7 transition of the azo group®'® and around 28,000 cm™'
due to the quinoline ring.''*'2 The absorption bands are shifted hypsochromically
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Figure 1 Absorption spectra of CAHQS in aqueous solution at various pH values; pH: a = 0.01
(species H3;L); b =2.23 (species H,L); c=5.14 (species HL); d=9.64 (species L),
[CAHQS] = 1.00 x 10-°> mol dm -%, 25.0 + 0.5°C.

upon deprotonation (curves b-d). Among them, the shift in the
19,500-21,500 cm~! region reflects deprotonation at the quinolinolate oxygen
atom, whereas the shift in the 28,000-34,500 cm ~! region reflects protonation at
the quinoline nitrogen atom as well as protonation at the quinolinolate oxygen
atom. Proton dissociation processes of CAHQS are shown in Scheme 2. The
sequence of the dissociations is first that from - COOH, then from HN *-, and finally
from HO -, on the basis of the basicity of the ligating groups which decreases in the
order'? quinolinolate > quinoline > carboxylate > azo group. The dissociation con-
stants obtained are listed in Table 1 together with those of o« CANS and g CANS.

Electronic spectra of metal complexes

Figure 2 shows the electronic spectra of free CAHQS and related ligands, and of the
metal complexes with them. The peak of the species H,L of CAHQS at 19,100 cm ™"

Table 1 Dissociation Constants,?

Ligand pPKa, pK.z PK.s
CAHQS 1.20 2.82 7.56
« CANS 2.20° 8.74¢
B CANS 2170 11.32¢

2 Aqueous solution, u = 0.1 (KNO,), 25.0 + 0.5°C. " Carboxylate. < Naphtholate; The errors are
within +0.05 in pK,; units.
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Scheme 2 Dissociation processes of CAHQS.

1

due to the m* <« 7 transition of the azo group (curve a) was shifted to 23,200 cm™
upon VO(IV) -CAHQS complexation (curve b). Here, only VO(IV) among the metal
ions studied reacts with the species in the H,L form as summarized in Table 1. The
frequency difference between the peak of the species H,L and that of the VO(IV)
-CAHQS complex amounts to ca 4,000 cm ™', Likewise, the absorption maximum at
20,500 cm™! for free CAHQS in the HL form (curve ¢) was shifted to 21,400 cm™'
by Ni(II) complexation (curve d) and to 21,600 cm™' by Cd(II) (curve ¢). These
shifts toward higher frequencies strongly suggest that CAHQS coordinates to these
metal ions only with the 8-quinolinolate moiety as an N,O-bidentate ligand.>°
Although a spectrum of the CAHQS-Zn(IT) complex is not shown in Figure 2, both
of the above features, and trends of shifts are the same as those for other complexes
(see Table 2). On the other hand, the peaks of the n* <z transitions of the azo
groups for the species HL of free « CANS and # CANS (curves f and i, 20,000 cm™)
were shifted to lower frequencies, where the shifts are not so large compared with
those of CAHQS complexations but amount to ca 700 cm™' accompanying
complexation with VO(IV) (curves g and j), and with Ni(Il) (curves h and k). These
inverse shifts upon complexation with « CANS and  CANS strongly indicate that
« CANS and f CANS act as O,N,O (O atom of carboxylate, one of the N atoms in
the azo group, O atom in 8-quinolinolate) terdentate ligands.>® The spectra for the
sets of @ CANS and g CANS with Cd(II) and Zn(II) have not been shown in Figure
2 because neither colour changes due to complexation nor isosbestic points
attributed to complexation equilibria were observed at any pH.
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Figure 2 Absorption spectra of mixture of metal ions and ligands in aqueous solution at various pH
values; a = free CAHQS at pH 2.23 (H,L); b = CAHQS + VO(IV) at pH 2.25; ¢ = free CAHQS at pH
5.14 (HL); d = CAHQS + Ni(Il) at pH 5.42; ¢ = CAHQS + Cd(II) at pH 5.21; f = free o CANS at pH
4.97 (HL), g = o« CANS + VO(IV) at pH 5.13; h = o« CANS + Ni(II) at pH 5.46; i = free § CANS
at pH 6.86 (HL); j = BCANS + VO(IV) at pH 5.00; k = § CANS + Ni(1I}) at pH 6.50; [ligand) =

1.00 x 10~° mo! dm %, [metal] = 1.00 x 10~* mol dm -3, y = 0.1 (KNO;), 25.0 + 0.5°C.

Table 2 Compiexing pH range, equilibrium mode, and stability constants for complexes.?

Ligand pH Range Equilibrium Venax! 103 (Emax/ 10%)® logB,
CAHQS 1.21-3.15 VO + H,L. < VOL + 2H 23.2(1.02) 15.94
a4 2.89-4.86 Ni+ HL « NiL + H 21.4(1.14) 10.71
i 3.54-5.74 Zn + HL «» ZnL + H 21.0(1.10) 10.35
" 4.20-6.52 Cd+HL « CdL +H 21.6(1.06) 8.93
« CANS 2.86-4.52 VO +HL « VOL + H 19.3(1.18) 14.68
" 4.75-6.17 Ni + HL <= NiL + H 19.3(1.06) 11.43
B CANS 2.24-5.09 VO + HL < VOL + H 19.4(1.27) 19.17
” 4.82-7.71 Ni + HL. « NiL + H 19.4(1.07) 13.75

# Aqueous solution, i = 0.1 (KNO3), 25.0 + 0.5°C. ® 7* < 7 absorption of azo group; All errors are

within +0.05 in log#, units.
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Polarograms of ligands and their metal complexes

To investigate the coordination mode of the multidentate ligands containing azo
groups against metal ions, comparison of reduction potentials for the azo group in
the free ligand and in the metal complex is quite useful to judge whether the N atom
in the azo group coordinates to metal ion or not."*%7 Figure 3 shows the relation
between pH and reduction potentials of the azo groups for free CAHQS and its
VO(IV), Ni(Il), Zn(IT), and Cd(II) complexes over pH 2-12. It is seen to hold a
linear relation for free CAHQS (solid line, E;,, = - 0.07pH + 0.15, r = 0.999) and
its complexes through the pH range studied.

The potential variations with pH for free « CANS (solid line, E,,; =
-0.07pH + 0.10, r = 0.999) and its VO(IV) and Ni(Il) complexes are shown in
Figure 4. The potentials for the VO(IV) complex at pH < 3 are almost the same as
those of free « CANS, and at pH 3-6 they are shifted to a negative region, showing
stabilization by a negative shift effect.!-'#~'® At pH > 6 the potentials lie again on
the line of the free ligand. This means that the VO(IV) complex is dissociated at

o} o vov)
@ Ni(ll)
- © Zn(1l)
@ Cd(i1)
63 ]
&)
9 |
w
2 |
Z
o =0.50
Py
m A
|
I N T e e
0 4.00 8.00 12.00
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Figure 3 Relation between pH and half-wave potentials of CAHQS and its metal complexes with
VO(@1V), Ni(II), Zn(ll), and Cd(IT). The solid line is the potential variation of free CAHQS.
[CAHQS] = [metal] = 2.50 x 104 mol dm "3, u = 0.1 (KNO,), 0.01% gelatin, 24 = 2°C.
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Figore 4 Relation between pH and half-wave potentials of « CANS and its metal complexes with
VO(IV) and Ni(Il). The solid line indicates the potential variation of free « CANS. Experimental
conditions are the same as those in Figure 3.

pH > 6 by the hydrolysis of the VO(IV) ion.%%!7 Likewise, the potential variations
for the Ni(Il) complex with o« CANS at pH > 4 are also largely shifted to the
negative side by the same effect.!-!41¢

The potential variations for free § CANS (solid line, E;,, = -0.07pH + 0.08,
r = 0.999) and its VO(IV) and Ni(II) complexes are given in Figure 5. The trends
are quite close to those of the « CANS systems shown in Figure 4.

These polarographic results strongly indicate that the azo group in the ligand
CAHQS does not coordinate to the metal ions regardless of their hardness. In other
words, the metal ions coordinate selectively to the 8-quinolinol moiety in CAHQS
as an N,O-bidentate, whereas the ligands o CANS and B CANS act as terdentates
by using O,N,O-ligating sites.’->¢:7
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Figure 5 Relation between pH and half-wave potentials of § CANS and its metal complexes with
VO(1V) and Ni(Il). The solid line shows potential variation of free f§ CANS. All experimental
conditions are the same as those in Figure 3.

Resonance Raman Spectra

The Raman bands due to stretching vibrations of an azo group in various azo
compounds are known to appear in the 1,200-1,700 cm ' region.”"'® In a previous
paper,” the Raman bands of SPAHQS in this region were carefully measured in
either D,O or H,0O medium, and the spectra observed in both solutions were
evidently attributed to the azo group stretching vibrations. Figure 6 depicts the
Raman spectra of the free ligands and their metal complexes in aqueous solution at
several pH values. The spectrum of free CAHQS at pH 8.33 (a-1) shows bands at
1,390, 1,420, 1,470, and 1,595 cm ~'. The bands of the complexes CAHQS-VO(IV)
at pH 3.96 (a-2) and CAHQS-Ni (II) at pH 6.25 (a-3) are almost the same. This
result evidently indicates that there is no participation of the N atoms of the azo
group in CAHQS in coordination with VO(IV) and Ni(II). In other words, CAHQS
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Figure 6 Resonance Raman spectra of ligands and their VO(IV) and Ni(IT) complexes in aqueous
solution. a-1 = free CAHQS at pH 8.33; a-2 = CAHQS + VO(IV) at pH 3.96; a-3 = CAHQS + Ni(Il)
at pH 6.25; b-1 = free « CANS at pH 9.98; b-2 = « CANS + VO(IV) at pH 4.96: b-3 =
« CANS + Ni(II) at pH 6.25; c¢-1 = free § CANS at pH 12.35; ¢c-2 = § CANS + VO(IV) at pH 4.85:
¢c-3 = B CANS + VO(IV} at pH 8.06. A wavclength of 476.5 nm was used for the CAHQS and
a CANS systems, and 457.9 nm for the § CANS systems, as excitation light source.

coordinates with only the 8-quinolinolate moiety’ regardless of the hardness of the
metal ions. The bands for free « CANS at pH 9.98 (b-1) observed at 1,286, 1,458,
around 1,560, and 1,610 cm™' are shifted toward lower frequency regions upon
complexations with VO(IV) at pH 4.96 (b-2) and with Ni(II) at pH 6.25 (b-3). The
frequency difference between free « CANS and its metal complexes amounts to
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8-23 cm ~'. Likewise, the bands for free §# CANS at pH 12.35 (c-1) at 1,240, 1,340,
1,414, 1,458, 1,480, 1,560 cm™' are shifted by 12-32cm™! toward the lower
frequency region by complexations with VO(IV) at pH 4.85 (c¢-2) and with Ni(II) at
pH 8.06 (c-3). These results for « CANS and g CANS systems clearly show (as well
as those from the spectroscopic and polarographic studies) that both ligands
coordinate with VO(IV) and Ni(I) by O,N,O-sites as terdentate ligands. Thus for
CAHQS, which has an electronegative N atom in 8-quinolinol, it seems that metal
ions coordinate to N,O-sites in 8-qunolinol to avoid steric restriction by O,N,O-
chelation. For « CANS and 8 CANS, which have no electronegative N atoms of an
8-quinolinol moiety, it seems likely that O,N,O-sites must be used for coordination
toward VO(IV) and Ni(II).

Complexing equilibria and calculation of stability constants

Except for the sets of Zn(II) and Cd(II) with « CANS and 8 CANS, the solutions
containing the ligands and metal ions (ligand: metal ion = 1:10) showed spectro-
scopic changes with pH variation, having clear isosbestic points in the pH ranges as
shown in Table 2. The stability constants were calculated by the following
equations, where C,, stands for the initial concentrations of metal ions.

In equilibria for CAHQS of the type M + HL <« ML + H* (M = Ni(II), Zn(Il),
and Cd(II)), equation (/) was used.

logf, = log(IMLY/[M][L}]) = log(IML}/{HL])
-pH - logCy + pK,3 (1)

In the case of VO + H,L < VOL + 2H" for CAHQS, equation (2) was applied for
the calculation.

logB = log([VOL)/[VO][L)) = log({VOL)/[H,L)])
-2pH - logCvyo + pKas + pKa3 (2)

For the complexation of « CANS and f CANS with VO(IV) and Ni(Il) in the type
M + HL <« ML + H*, equation (3) was used.

logh = log(IML}/[M][L]) = log(IMLJ/[HL])
-pH - logCy + pKa> 3

K., in equation (3) corresponds to the proton dissociation of naphtholate HO- (see
Scheme 2 and Table 1). In any case, the released proton numbers upon complex-
ations were determined graphically from the slope of the straight line between pH
vs the first term of the right hand side in each equation. All compositions of the
complexes (M:L) were confirmed by the continuous variation method.

The stability constants, which are corrected finally by the side reaction
coefficients!® of metal ions, are listed in Table 2. For the stability constants of the
Ni(II) complexes with the three ligands, it can be seen that the constants decrease
in the order § CANS>> o« CANS> CAHQS. This can be interpreted by the chelate
effect, i.e., the CAHQS complex has only one chelate ring from N,O-bidentate
chelation, and for the o CANS and f CANS complexes two chelate rings are
formed by O,N,O-complexations. Furthermore, the sequence f CANS >> o« CANS
(Alogf, = 2.32) is interpreted by the pK,, values for « CANS (8.74) and 8 CANS
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(11.32), ie., the difference in pK,, value between @ CANS and § CANS
(ApK,, = 2.58) reflects directly on the stability constants defined in equation (3).

In summary, the electronic spectra,>® polarograms,

1.2.6,7 and Raman spectra’

show that CAHQS selectively coordinates to VO(IV) (hard acid), Ni(1I) (border line
acid), Zn(II) (border line acid), and Cd(1I) (soft acid) at only the 8-quinolinol moiety
as one of the fragments of CAHQS, regardless of the HSAB properties of the metal
ions and ligating atoms (Scheme 3). Accordingly, selectivity is governed by steric
restrictions in the complexes formed.

SOs”
Ci

N s O

0, N
C—0" \M/
4

Scheme 3 N,O-chelation of CAHQS.
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