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QUINOLINE-5-SULFONIC ACID
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Department of Chemistry, University of Tsukuba, Sakura, Nithari, Ibaraki 305, Japan

and

HISAHIKO EINAGA'
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(Recelved July 19, 1982)

Studies have been made on the coordination behavior of aluminum(II) with 8-hydroxy-7-{(8'~
hydroxy-3', 6'-disulfo-1‘'-naphthyl)azo] quinoline-5-sulfonic acid (H, hns)* which is capable of acting
as a bidentate or a terdentate ligand. The ligand serves as an O-N-O terdentate one with coordination
of the gzo nitrogen atom to form a mono-hns complex, (Althns)(H, O), }2-, which involves two fused
six-membered chelate rings. Formation of the complex proceeds through three different pathways
from a kinetic viewpoint, i.e., reactions of [Al(H,0),]** with Hhns*", [AI(OH)(H,0),]** with
H, hns?", and [AI(OH)(H, 0), ] ** with Hhns*". The coordination mechanism is discussed.

INTRODUCTION

The selectivity of coordination mode is one of the fundamental functions of coordinating
ligands but is not fully and systematically understood at the present time. In our previous
paper,? octahedral coordination of aluminum(III) ion with 8-hydroxy-7-{(6'-sulfo-2'-
naphthyl)azo] quinoline-5-sulfonic acid (ngs, Hangs),! capable of exhibiting two dif-
ferent coordination modes, was chosen as a relevant model for the investigation of selec-
tivity in coordination. It was found? that nqs' coordinates to aluminum(lII) not with the
azophenol but with the quinolinol group to selectively form a mono-ngqs complex,
[Al(ngs)H;0)4], which involves a five-membered chelate ring. The complex further
undergoes reaction with 8-quinolinol-5-sulfonic acid (hqs, H;hgs)! to form a mixed-
ligand c?f)mplex, [Al(ngs)(hgs), ]+, involving quinolinol fragments as the sole coordinated
groups.

In the present work, 8-hydroxy-7-[8'-hydroxy-3', 6'-disulfo-1'-naphthyl)azo)] qui-
noline-5-sulfonic acid (hns, Hshns),! a ligand capable of exhibiting two different coor-
dination modes either by a dihydroxyazo or a quinolinol fragment, was synthesized and
its coordination reaction with the aluminum(lll) ion was studied by
spectrophotometric methods.

EXPERIMENTAL
Reagents

The ligand hns was synthesized by the diazotization of 1-amino-8-naphthol-3, 6-disul-

1'To whom correspondences should be addressed.
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fonic acid, followed by coupling of the diazonium salt with hgs. The product was extrac-
ted with methanol, evaporated to dryness, and applied to a column of Dowex SOW-X8
(100-200 mesh, H* form) after being dissolved in water. Calcd. for C49H,3N30, S, -
4H,0: C, 36.36; H, 3.37; N, 6.70%. Found: C,35.80;H, 3.19; N, 6.38%. The purity of the
ligand was examined by potentiometric titration with sodium hydroxide. The ligand 2-
[(8'-hydroxy-3', 6'-disulfo-1'-naphthyl)azo] -1-naphthol-4-sulfonic acid (dns, Hydns)"
was also synthesized by a procedure similar to that for the preparation of hns. An
aqueous aluminum(III) nitrate solution was prepared as previously described.’
All other chemicals were of analytical or equivalent grade.

Measurements

Spectrophotometric measurements were made with JASCO spectrophotometers, models
UVIDEC-1 and SS-25, a stopped-flow apparatus, model SFC-5, a data processor, model,
DP-500, and a WATANABE SOKKI X-Y recorder, model WX-441, being attached to the
latter. Equilibrium and kinetic measurements were carried out in aqueous media at
25.0 £ 0.1° and 4 = 0.1 mol dm™® (NaQl). The protonation and stability constants were
determined by measuring absorbances at 300 and 305 nm for the former and at 310 nm
for the latter, respectively. For the kinetic runs the metal ion was used in a large excess in
order to maintain pseudo-first-order kinetic conditions at controlled hydrogen ion con-
centrations. The rate constant, Kpea, Was calculated according to the following equation.

InAeq/(Aeq — A) = Kobad * t

Here, Aqq and A refer to absorbances at 310 nm at equilibrium and at time t, respectively.
Hydrogen ion concentration was measured with a HORIBA pH meter, model F7-8S, with
a combination glass and calomel electrode and calculated according to the relation,
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- log [H'] = pHpeqs + logfu+

where fii+ is activity coefficient of the hydrogen ion in 0.1 mol dm™® aqueous sodium
chloride at 25° with the value of 0.83.* Hydrogen ion concentrations were adjusted with
buffer solutions; sodium acetate-acetic acid, ammonis-ammonium chloride, sodium
borate-hydrochloric acid, and sodium borate-sodium hydroxide were used for determina-
tion of the protonation constants of the ligands, sodium acetate-acetic acid for determina-
tion of stability and kinetic constants. Concentrations of the buffer solutions were kept
as low as possible (usually less than 107 mol dm™) so as to maintain constant ionic
strength. The acetate buffer at such a low concentration range was confirmed to exert no
significant effect on complex formation under the chosen equilibrium and kinetic
conditions.

RESULTS

Electronic absorption spectra

Absorption spectra of hns and its aluminum(IIf) complex are shown in Figures 1 and 2.
As the absorption spectra of hns (Fig. 1) indicate, protonation at the naphtholic and phe-
nolic oxygen atoms peri and ortho to the azo group causes a distinct hypsochromic shift
of the 7 - #* transition due to the azo group around 18,000 cm’! and protonation at the
phenolic oxygen atom causes a marked spectral change around the 28,000 cm ' region
due to perturbation of the # & #* transitions of the heterocyclic ring. As can be seen
from Figures 1 and 2, coordination of the ligand anion (hns*") to aluminum(III) causes a
hypsochromic shift of the = -+ #* transition due to the azo group from 17,240 cm™® for
hns®*~ to 17,730 cm™? for the complex, and a spectral change due to complex formation
around the 28,000 cm™* region is the same as that observed during protonation. Figure 2
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FIGURE 1  Absorption spectra of hns. 1, hns*"(pH 11.89); 2, Hhns*"(pH 10.22); 3, H,hns*“(pH
5.21);and 4, H, hns*~(pH 2.42).
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FIGURE 2 Absorption spectra of hns and dns and their aluminum (I1I) complexes. 1, hns (H, hns* )
(pH 4.78); 2, [AKhns)(H,0),]1* (pH 4.35): 3, dns (H,dns’") (pH 5.14); and [Al(dns)(H,0),]*"
(pH 4.97). Curves 3 and 4 were shifted 0.500 unit downward along the log e axis in order to make
comparison of the spectra of 1 and 2 with those of 3 and 4 easy.

reveals that the absorption spectrum of the aluminum(III) complex with hns bears a close
resemblance to that with dns, the latter ligand acting as a terdentate. These spectral
features demonstrate that hns coordinates to the aluminum(III) ion not with its quino-
linol group, as nqs does,? but selectively with its dihydroxyazo group as an O-N-O type
ligand to form two fused six-membered chelate rings.

The composition of the complex was estimated by the methods of continuous varia-
tions and molar ratio.’ Changes in absorbances at 310 and 560 nm with mole fraction of
metal ion or with ligand-to-metal ratio gave a maximum or a distinct inflection at the
point corresponding to a mono-hns complex. Hence the result is consistent with the for-
mation of the hns complex, [Alhns)}(H;0)3]}?". The difficulty of forming a bis-hns
complex may be attributed to steric factors, especially bulkiness, of the ligand itself.

Figure 3 shows that the absorption spectrum changes steadily with increasing metal-to-
ligand ratio, showing isosbestic points at 266, 298, 394, and 572 nm, and that the
spectrum remains practically unchanged beyond the ratio of unity. Hence the mono-hns
complex is the sole complex formed in the reaction of aluminum(III) ion with hns.

Formation and Stability

The protonation constants of hns were determined spectrophotometrically in the first
instance at the conditions specified earlier. Analysis of absorbance data at 305 nm was
performed by the aid of (7).

1og (A¢i-ynns — A)(A — Ainns) = log Ky + log [H'] )
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FIGURE 3  Absorption spectra of the aluminum(IIl)-hns system at different metal-to-ligand ratios.
{AN(1ID)]/[hns] molar ratio: 1, 0; 2, 0.5; 3,1.0;and 4, 1.5 " 2.0. Ligand concentration: 6.00 X 107
mol dm™. pH 4.60.

Here, i ( = 1 ~ 3) refers to number of protons associated with the ligand species.
Equation (/) can be derived from (2) ~v (4) and Beer’s law in conjunction with A-1)hns,
Ainns, and A, which refer to absorbances of solutions containing species H;_;hns(¢-ij”
alone, Hihns(5~ alone, and both of them, respectively; K;, is an equilibrium constant for
the protonation at the naphtholic oxygen atom (i = 1), K, is that at the phenolic oxygen
atom (i = 2), and K, is that at the heterocyclic nitrogen atom (i = 3).

K, = [Hhns*)/[hns*"] [H') #)]
Ka2 = [H,hns"]/ [ths"] [H*] 3
K.3 = [H3hns®"]/[H,hns*"] [H'] @

The protonation constants are summarized in Table I together with those of related

ligands.
From the characteristic spectral features of the mono-hns complex, the protonation
constants of hns, and the hydrolysis constant of aluminum(IlIl) ion, Koy,

Kon = [[AOHXH,0)s]*] [H*)/[[AI(H,0)s]*]
logKou = —4.49°

©))

the mono-hns complex formation is expressed by
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TABLE |
Protonation constants of the ligands.

Ligand Protonation constants® Reference
Log Ky) Log K, Log Ky,
hns 11.46 + 0.06 8.33+0.04 3.81+005 present work
Log Ky, Log Kg,
hqs 897+0.10 406+ 0.11 3
nqs 762t 0.05 3001008

3The data are for 0.1 mol dm™ aqueous sodium chioride at 25°.

[Al(H,0)¢]* + H;hns®” = = [AlhnsXH,0),]* + 2H*

)
Keq = [[Al(hns)(H;0)3]1%7]] [H*}*/[[Al(H;0)6]*] [H;hns*"]
and additionally, with increased acidity, by
[AIG1,0))> + Hyhn™™ =22 [Al(hns)H,0) )7 + 3H°
Y]

Keq = [[Al(hns)(H,0),] ] [H'13/[[Al(H,0)6]>] [H3hns?"] = Koq/Kas
On the basis of equations (8) N (11), the following relations are derived.
Cai = [[AI(H,0)¢]*] + [[AI(OHXH,0)s]*] + [[Al(hns)}(H,0)5]%"] €))

Chrs = [H3hns®] + [H;hns*") + [[Al(hns)H,;0),]%7] ¢))
A = e3unns[Hshns® ] + €aynng[Hahns*™) + €,y [[Al(hns)(H,0)3] %) 10)
Amin = 1(€2Hmns + GSMmKtSIW])/(l +K,, [W])' Chns an

Here, e,mm,, €3Hhns, and €1, are the molar.absorption coefficients of species Hyhns®",
Hyhns®", and the mono-hns complex, respectively. Eq. (12) can be derived from Eq. (6).
This equation concerns the hydrogen ion dependence of absorbance difference between
a solution containing both metal jon and ligand and a solution without metal jon
(A — Amin), provided that the mono-hns complex is present in such a concentration
that its quadratic concentration term can be neglected relative to the total concentrations
of aluminum(IT) (C;) and of hns (Cupg ).

A= Amin) = (Cat + Cra)/(€11 — Amin/Crns)CaiCnns + (1 + Ky [H'])
x (1 + Kou/[H']) [H']? Keq(€1s ~ Amin/Chns)CA1Chna (12)

Experimental data were plotted as shown in Figure 4, from which log Keq was determined
to be —3.92 £ 0.05.
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FIGURE 4  Relation between 1/(A — Amin) and (1 + Kgg [H*]) (1 + Koy/[H *]) [H*]*. Capt
1.50 X 107" mol dm™ and Cp,,: 3.00 X 10™* mol dm=*. Absorbance at 310 nm,

TABLE 11
Stability constants and related data,
Complex Log 8 —AG /] mol™ s Remarks
{AXhns) (H,0),)?~ 16,03+ 0.10 915+ 0.6 present work, § = 8,,
[AXnqs) (H,0),} 7.88:0.18 450110 ref. no, 2,8=8,,.
[AKhgs) (H,0),]* 9241 0.14 527+:08 ref.no, 3,8 =8,,,

SCalculated by the relation, —AG® = RT 1n g, without extrapolation to the zero ionic strength, All
the data are for 0.1 mol dm™ aqueous sodium chioride at 25°,

The stability constant §;; was calculated using the following definition and relation,

B1n = [{Al(hns)(H,0),] | J/{{AI(H; 0)s) * [hms-] = Ka K.,K,q (13)
and results are summarized in Table II together with the related data.

Kinerics and Mechanism

Based on the foregoing results, the mono-hns complex is formed by the reaction of
(Al(H;0)¢]* and [Al(OHXH;0)s]** with H3hns?", H,hns®", and Hhns*". Hence six
reaction pathways are anticipated and the corresponding rate equation is given as follows.
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d[{Al(hns)(H;0),] %] /dt

= (kn [H,hns"] + ki [H,hns"] + ks [mlm"])[[Al(HzO)el“] + (kn [H3hﬂ32_]
+ ka3 [H;hns*™] + ko [Hhns*'])[[AI(OHXH,0)s] %] - 1 ko5 [H')? 0]
(k3 + kegg)[H']? + (kese + kogs)[H'] + kae | [[AlChns)(H,0),]%7)

Here, kj is the forward rate constant for the reaction pathway of [AI(OH);(H,0); + ] i+
(i = 2 and 3) with H,.;hns" (i =2 ~v 4) and k_ is the corresponding reverse rate constant.
In these cases, protolytic processes were assumed to be always at equilibrium since they
are very fast compared with coordination processes.’

Under the pseudo-first-order kinetic conditions with respect to the aluminum(1II) con-
centration, Eq. (15), which provides a correlation between hydrogen ion conentration
and modified rate constant Kgpeq, can be deduced from Eq. (14).

Kobsd = k52 Ka1 KaaKes [H']? + (kas + k22 K3 Kon)Ke 1 Keg [H']? +
(ks + k23Ke2Kon)Ka1 [H'] + k2Kq1 Kon 15)

Kobad = Kovea/ 1 1/B1 + CA/I(1 + Ko [H'] + KayKop [H')? +
KaiKar Ko [P X1 + Kou/[HD] (16)
Here, the total concentration of aluminum(IlI) C,, is given as follows.
Car = [[AI(H,0)]*] + [[AI(OH)H,0)s1%] an

Hence, actual reaction pathways can be deduced on the basis of best-fit treatments of
experimental data to Kopeg vs. [H*] correlations compared with theoretical ones. Figure 5
shows a linear relation between kgpeg and [H'] . Consequently, the mono-hns complex is
formed by the reactions of [Al(H,0)¢]3* with Hhns* (kis) and of [AI(OH)H,0)s]*
with H,hns*"(k,3) and Hhns* (ko). Kinetic data are summarized in Table III together
with those for related complexes.

DISCUSSION

In the present work, a new multidentate ligand, hns, was synthesized to investigate its co-
ordination behavior toward the aluminum(III) ion and to compare it with the behavior of
ngs,? in order to gain more information about selectivity in coordination mode as regards
multidentate azoquinolinol and related ligands. The present ligand can assume either of
two different coordination modes; as an O-N type bidentate involving the quinolinol
group or as an O-N-O type tertendate with the dihydroxyazo group. The absorption
spectra indicate that hns serves as a terdentate ligand via donation of the azo nitrogen
atom, the coordinate bond of which is weaker than that of the heterocyclic nitrogen
atom as illustrated in the case of nqs.? Comparison of the stability constants and related
data for the hns complex with those for the nqs and the hqs complexes (Table II) indica-
tes that an increase in the number of chelate rings contributes predominantly to the



19: 58 23 January 2011

Downl oaded At:

AL(II) DIHYDROXYAZO COMPLEXES 227

-
(=]
(=]

1 (-)" -kobsd /dm?3 moi's™

50

- A i e i It

0 2 4 6 8 10
10>IH*) / mol dm™

FIGURE 5  Relation between kgpgeg and [H*]. Ca;: 1.00 X 107 ~ 2.00 X 10™ mol dm™ and
Chng: 1.00 X 107 moldm™. Absorbance at 310 nm.,

enhancement of stability of the aluminum(III) complexes in the first place and, con-
sequently, the lower donor ability (basicity) of the azo nitrogen atom relative to that of
the heterocyclic nitrogen atom is compensated for by the formation of fused chelate
rings. Hence it can be suggested that the change from monohydroxyazo to dihydroxyazo
character in the multidentate ligands is effective for selective coordination, the latter
being capable of exhibiting a coordination mode different from that of the former.

TABLE III
Kinetic constants for the formation of the aluminum(III) complexes.
Pathway® Kinetic constant/dm® mol™ §~:b Remarks® Reference
Al** + Hhns*"(k,,) and present
AIOH™ + H, hns?7(k,,) k,, + K, Ky Kop: (2.96 £ 0.40) X 10* K, = Kgy(hng) work
present

AIOH?* + Hhns*"(k,,) k,: (4284030) X 10° AGL:409:02  work

AP* + nqs*(k,,) and
AIOH™ + Hnqs?T(k,;) Ky, +k,,Kg Kopy:(19.820.6) X 10° K¢ =Ky (ngs)
AIOH** + nqs*(k,,) ky: (12:0.7) X 10° AGh:44%1 2

A" + hqs?7(k,,) and
AIOH* + Hhqs(k,,)  kyy, +k;,, Ky Koy: (69£0.6) X 10° Ky =Ky (hqs) 3

8 Abbreviations: AI’*, [AKH,0), ]**; AIOH*, [AKOH) (H,0),]*. PThe data are for 0.1 mol dm™
aqueous sodium chloride at 25‘. €AGF for the condition ied® was calculated by the relation,
—AGE =RT(Inky - In kT/h), where R is the gas constant, T the temperature, k the Boltzmann
constant, and h the Planck constant, respectively, in kJ mol™.
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We were unable to detect the formation of the bis-hns complex even with a large
excess of hns. Examination of molecular models reveals that hns assumes a planar struc-
ture with the meridional configuration in octahedral coordination. Incapability of form-
ing the bis-hns complex can be attributed to the bulkiness of the coordinated hns, which
inhibits coordination of the second hns by steric interference and/or repulsive inter-
actions between the anionic mono-hns complex and the higher anionic species H;hns®”
and Hhns*".

There remains an ambiguity as to the donor atom in the azo group. The terdentate hns
can afford either two six-membered chelate rings by donation of the nitrogen atom
bound to the naphthalene ring or five- and seven-membered chelate rings by donation of
the nitrogen atom bound to the quinoline ring. It has been reported® that the
aluminum(IIT) complex of the terdentate ligand 1-[(2'-hydroxy-5'-sulfo-1'-phenyl)azo]
-2-naphthol (Solochrome Violet R, Hjhpn), [Al(hpn)(H,0),], with five- and six-
membered chelate rings has the stability constant log 8 = 18.4 (- AG® = 105 kImol™;
p = 0,25°). Since the six-membered chelate ring is nearly as stable as the five-membered
one and more stable than the seven-membered one’ for the complex with planar coor-
dination, it can be argued that hns forms two six-membered rather than five- and seven-
membered chelate rings in its complex. This is also supported by examination of
molecular models.

In accordance with the kinetic data, the mono-hns complex is formed through the
reaction pathways of [Al(H;0)s]* with Hhns*" and [AI(OHXH,0)]?* with H;hns®"
and Hhns*". In our previous studies,?*® it was concluded that the deprotonated phenolic
oxygen atom'? of the quinolinol group coordinates in the first place to the metal ion
upon substitution of a coordinated water molecule and acts initially as a unidentate
ligand (this refers to the rate-determining step) and the nitrogen atom then undergoes co-
ordination to complete the formation of a five-membered chelate ring in the following
step. Comparison of the kinetic constants for the hns complex with those for the nqs and
the hqs complexes (Table III) indicates that the rate-determining step for the formation
of the hns complex is identical to that for the nqs and the hqs complexes. Moreover, the
naphtholic oxygen atom'® of hns in the mono- and di-protonated states is blocked by
protons. Hence it may be presumed that the deprotonated phenolic oxygen atom of the
dihydroxyazo group coordinates to the metal ion as a unidentate ligand, which process
may be assigned to the rate-determining step. Then, the nitrogen atom of the azo group
may coordinate to the metal atom to form a six-membered chelate ring, followed by co-
ordination of the naphtholic oxygen atom upon liberation of its proton to complete the
formation of fused two six-membered chelate rings with meridional configuration,

The assignment of the rate-determining step was supported b3y kinetic parameters k3
and ky, for the hns complex. As Table III shows, k3 is 40 dm® mol! s at most since
Kaamng)Kon is about 7 x 10%; hence kj; is 10* times smaller than k4. This means that,
in the k,; pathway, the phenolic oxygen atom is blocked by proton with respect to its
access and coordination to the metal atom.
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