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8-HYDROXY-7-[(2'-CARBOXY-1'-PHENYL)-
AZO]QUINOLINE-5-SULFONIC ACID

IKUKO OHKURA, KIYOSHI FUJIWARA, KEN-ICHI OKAMOTO
and JINSAI HIDAKA
Department of Chemistry, University of Tsukuba, Sakura. Niihari, Ibaraki 305. Japan
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(Received October 22, 1983)

The coordination behavior of aluminum(Ill) with 8-hydroxy-7-](2'-carboxy-1'-phenyl)azojquinoline-5-
sulfonic acid (H,pqs) was examined. This quinolinol derivative functions as a terdentate ligand of the O-
N-O type to form mono- and bis-(O-N-O) complexes by way of the reaction of [Al(H,0)** with Hpqs*~
and pgs’” and of [AKOH)H,0),]** with H,pgs” and Hpqs*~. The ligand substituion reaction of
|Al(pgs),]*~ with 8-quinolinol-3-sulfonic acid was also studied in connection with its reaction
mechanism.

INTRODUCTION

In our previous studies,'” the aluminum(IIl) ion was found to form octahedral
complexes with 8-hydroxy-7-[(6'-sulfo-2’-naphthyl)azo]-quinoline-5-sulfonic acid
{H;ngs)* and with §8-hydroxy-7-[(8'-hydroxy-3'. 6’-disulfo-1'-naphthyl)azo]quinoline-
S-sulfonic acid (Hs(hns).* the selective coordination sites of these ligands being the
quinolinol group for the former and the dihydroxyazo group for the latter.

In the present work. 8-hydroxy-7-[(2'-carboxy-1'-phenyl)azo|-quinoline-5-sulfonic
acid (H;pgs).* a ligand capable of exhibiting two different coordination modes

COzH
-—N\\ OH N
N 2
Va
SO3H
pPgs

either by a carboxyhydroxyazo group or a quinolinol one, was synthesized, and the
formation of an aluminum(IIl) complex with the ligand was studied kinetically.
Furthermore, the ligand substitution reaction of the aluminum(III) complex with 8-
quinolinol-5-sulfonic acid (H,hqgs)* was studied in order to characterize the specific
features of the coordination of aluminum(IIl) with pgs.*

* To whom correspondence should be addressed.
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EXPERIMENTAL

Reagents .

The diazotization of o-aminobenzoic acid and the coupling of the resulting
diazonium salt with hqs* afforded pqs. The product was purified by repeated
recrystallization from weakly acidic aqueous solution and dried in vacuo. Purity of
the ligand was checked by clemental analysis. 2-[(2’-Carboxyl-1'-phenyl)azo]-1-
naphthol-4-sulfonic acid (H,pns)® was synthesized by a procedure similar to that
for pgs. An aqueous aluminum(IIl) nitrate solution was prepared as described
elsewhere.® All the chemicals used were of analytical or equivalent grade.

Measurements .

Spectrophotometric measurements were made on JASCO spectrophotometers as
described previously.? Equilibrium and kinetic measurements were carried out at
250 £ 0.1° in 0.1 mol dm™ aqueous sodium chloride. The protonation and stability
constants were determined spectrophotometrically by measuring absorbances at
330 and 495 nm for the former and at 320 nm for the latter. respectively. The rate
constants for the formation of the aluminum(ill) complex with pgs were obtained
from the absorbance change at 320 nm under the pseudo-first-order kinetic
conditions with respect to the metal ion, while those for the ligand substitution
reaction were obtained from the absorbance change at 500 nm under pseudo-first-
order kinetic conditions with respect to hqgs. The rate constant. kgpeq. was
calculated according to the following equation.

In Aeq/(Acq — A) = kepsa't ()

Here. A, and A, refer to absorbances at equilibrium and at time t. respectively.
Hydrogen ion concentration was measured with the pH meter as described
elsewhere’ and calculated according to the relation.

- log [H+] = pHpeas + lOg fH+ 2)

where fy+ is the activity coefficient of hydrogen ion in 0.1 mol dm= aqueous
sodium chloride at 25° (fy+ = 0.83%). The hydrogen ion concentration was
adjusted with aqueous buffer solutions as specified in the previous paper.?

RESULTS AND DISCUSSION

Electronic Absorprion Specira .

Figure 1 shows absorption spectra of pgs at various pH's. The fully deprotonated
ligand species. pqs®~. gives three dominant peaks corresponding to = — m* transitions at
21.500 cm™ due to the azo group and at 31.800 cm™ and around 40,000 cm™ due to
the quinoline and benzene rings. These absorption bands are shifted
bathochromically upon protonation. Among them. the spectral shifts in the 18,000~
21.000 and 36,000-40.000 cm™ regions reflect protonation at the quinolinolate
oxygen atom. whereas the shift in the 28.000-32.000 cm™ region reflects
protonations at the quinoline nitrogen atom and the carboxylate group as wel as
the protonation at the quinolinolate oxygen atom. because the basicity of the
ligating groups decreases in the order’?¢ quinolinolate > quinoline > carboxylate
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FIGURE |  Absorption spectra of pqs: 1. pH 11.86 (pqs*"): 2, pH 6.40 (Hpgs¥): 3. pH 3.56; and 4. pH 2.04
(H,pgs).
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FIGURE 2 Absorption spectra of aluminum(II) complexes with pgs, pns. and hgs: 1. [Al(pgs),])*”
(pH4.25): 2, Hpqs™ (pH 5.83); 3, [Al(pns),|*” (pH 4.30); 4, Hpas? (pH 5.85), and 5. [Al(hqs),|*~ (pH 5.80). Curves
3 and 4 were shifted by 0.5 units downward vertically.
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> azo group. Figure 2 shows absorption spectra of the aluminum(IIl) complexes
with pqs and related ligands. Coordination of pgs* to aluminum(III) causes
similar bathochromic shifts as is seen in Figures 1 and 2. Furthermore, it is evident
from Figure 2 that the carboxyhydroxyazo group of pqs coordinates to
aluminum(III) selectively because the absorption spectrum characteristic of the pqs
complex is comparable to that of the pns complex but not to that of the hqgs
complex. Hence. pqs functions as an O-N-O type terdentate ligand toward
aluminum(II).

The composition of the pqgs complex was estiamted by the method of
continuous variation. A sharp and single maximum was observed clearly at 0.67
ligand mole fraction. indicating that the bis-pqs complex is formed. This is in
contrast with compiexes of ngs'? and hns’® having a naphthalene ring. This
indicates that the benzene ring in the 8-hydroxy-7-phenylazoquinoline ligand does
not cause any steric hindrance in the formation of the bis
(terdentato)aluminum(IIl) complex.

Formation and Stability .

The protonation constants. K;; (i = 1-3). of pgs are correlated with absorbance by
equation (3)

log (AGnpas — AN/(A — Aipgs) = log K, + log [HY] 3

Here. i refers to the number of protons associated with the ligand species; A(i.y)pgs:
Aipgse and A, are absorbances of solutions containing the ligand species
Hi.,pgs“?- alone. H;pqst* alone. and both of them together, respectively.
Inspection of the pH dependence of the absorption spectrum of the ligand
(cf Figure 1) together with our previous results'?® revealed that K;,, K,,. and K,,
correspond to protonations at the quinolinolate oxygen. the heterocyclic nitrogen,
and the carboxylate oxygen atoms, respectively. and that K,, and K,, can be
determined from absorbance changes at 495 nm and K,; from that at 330 nm. The
protonation constants are summarized in Table L

In  slightly acidic aqueous  solution. aluminum(lll) (Kog =
[[AI(OH) H,0),>*] [H)/[[AI(H,0)]*t]. log Koy = —4.49") and pqgs are present
mainly in the forms of [Al(H,O)¢’* and Hpgqs?" respectively. The formation
equilibria for the pgs complex are expressed as follows.

Keqs
[AH,0)’* + Hpgs*” = [Al(pgs)(H,0);] + H*

Keqz
[Al(pgs}H,0),] + Hpgs®™ & [Al(pgs),]** + H?*

TABLE I
Protonation constants of ligands.
Ligand Protonation constants? References
Log K,, Loz K,, Log K,,

pgs 9.02 + 0.04 363+ 011 334+ 005 present work
ngs 7.62 £ 0.05 3.00 + 0.08 1

hqgs 892 £ 0.10 4.06 + 0.11 2

Log K,, Log K,, Log K,
hns 11.46 £ 0.06 833+ 0.04 3.81 £ 0.05 3

2 The data are for 0.1 mol dm™ aqueous sodium chloride at 25°.
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Under the conditions that a total concentration of aluminum(III), Cy,,, is in large excess
over that of the ligand, C,g, the following relation can be derived for the first
stage.

(AmL — AD/A - Ap) = 1 + (I/Keq,Cap { (1 + Ky[HT]
+ KaKa[H'?) (1 + Kow/[H]) } [(HY] @)

Here, Ay and Ap refer to absorbances of the mono-pgs complex and the ligand,
respectively. Ay was estimated from molar absorption coefficient of the mono-pqs
complex.

Likewise, the following relation is derived for the bis-pqs complex under the
condition 2Cx = Cpgs.

3 log(Amr, — A) — log(A — Ap) = log(AmL: — Ap)*/4KeqiKeq:Car’
+ log {[HP(I + Ky [H"] + KoKy [HPP (1 + Kow/[H'])) &)
Here, Ay, refers to the absorbance of the bis-pqs complex.

Experimental data obtained under these conditions were plotted as
shown in Figures 3 and 4, from which log K¢u = 084 = 0.04 and

4
3.
<
.-
2k
1
0 2 4 6

10% g, (tH')

FIGURE 3 Correlation between f(A) and g((H']). f(A) = (Ay, — AP/(A — Ay and
g([H) = (1 + K,[H] + K K, [H) (1 + Kou/[H DHT]. Cy: 400 X 107 mol dm™, C,, /C 1 1/20, and
absorbance at 320 nm.
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FIGURE 4 Correlation between f,{A) and g,([H™]). f,{A) =3 log(Ay, — A) — log(A — A} and g([HH=

log HT] +  KpH'l + K K H PP+ Kou/{H' Cyp 492 X0 107 moldm™.
Cpqsz 9.84 X 107*mol dm™. and absorbance at 320 nm.

log K.qiKey; = -1.20 £ 0.05 were obtained. Stability constants, B, (= Key;Ky) and
B.: (= Ko Keg:Ky ). were calculated therefrom and are summarized in Table I1.

TABLE 1l _
Thermodynamic parameters for coordination equilibria.
Complex Log B8 —AG" kJ mol Remarks
|Al{pgs)iH,0),} 9.86 = (08 563+ 03 present work, B = B,
|Al(pgs),|* 16,84 £ 0.13 961 £ 0K present work, 8= B,
|Althns)H,0p,)* 16.03 £ 0.10 9L3 = 06 rel. no. X B =B,
[Altngs)H, O, TAN 01K 150 = 10 el no. L. =8,
[Alchgsy H,On )™ 924 = 0.4 27 x 0N ref. no. 2. B = B,
|AlthysiiH, 0.} 1761 = 024 1005 + 1.4 ref. no. 2. = B,
[Althgs),)* 2470 £ 035 1410 % 20 ref. no. 2. B = B,
+ Calculated by the relation. —AG™ = RT In B. without extrapolation to zero ionic strength, All the

data arc tor 0.1 mol dm™ aqueous sodium chloride at 257,

Formation Kinetics.

In the light of our previous results.!-® the rate-determining step in the formation of
aluminum(Ill) complexes with arylazoquinolinol ligands'is the coordination of the
first ligand to the aquaaluminum(III) ion. Furthermore. based on the foregoing results,
the pgs complex is formed kinetically by the reactions of [AlH,0)*" and
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[AXOH)(H,0),]** with H;pas, H,pqs™. Hpgs®, pgs®~. Hence, eight reaction pathways
are proposed here with the rate equation given below.

d[[Al(pgs)(H,0),]]/dt
= (ky[Hspas| + kyu[Hopgs'] + ky[Hpgs™| + kiy[pgs™])

X [[AH,0)*] + (kyp[Hspgs] + ky[Hipgs] + ky[Hpgs™]

+ kylpas™)) [[A(OH)(H,0)*"]

- (k—so[H+]3 + (kg + lizo)[Hﬂz + (ks + k—Zl)[H+]

+ (ks + k) + ko [OH)D[[Al(pgs)(H,0)]] (6)
Here, kj; refers to the rate constant for the forward reaction pathway of
[AI(OH); {(H,0)3+ili+ (1 = 2 and 3) with H,_; pgs” (j = 0-3) and k_; to that for the
corresponding reverse reaction. In these cases, protolytic processes were assumed to be
always at equilibrium.!-* Under the pseudo-first-order kinetic conditions with respect
to the aluminum(IIl) ion, Eq. (7) is deduced from Eq. (6).

k’obsd = ksoKalKazK33[H+]3 + (k.u + kzoKasKOH)Ka1K32[H+]2
+ (ky + kZlKalKOH)Kﬂl[H+] + (ky T kpKaKon)
+ ko Kou[H] (7)

Kobsa = konsd/ {1/Bu + Call + KalHT] + Ky Ky[HFJ?

+ KalKalzKaJ[H+]3)(1 + KOH/[H+])} (8)
Tm 6}
E
o
'3
15
.}g ot
©
Ig o
[o]
2t
O 1 — - 1 L
1 2

10*tH’} / mol dm™3

FIGURE 5  Correlation between k., and [H*]. C,: (309-464) X 10” mol dm™
c’pqs. 6.18 X 10" mol dm™3, and absorbance at 320 nm.
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TABLE III
Kinetic constants for various coordination reactions.

Pathwave Kinetic constant mol™ dm? P Remarks References

A" 4+ Hpgstik,,) and
he + kK Koy (238 £030)X 10 K, =K

n a2 pqst present work

AIOH*™ = H,pgv'tk,))

AT = pys*iik,,) and

ko + KK Koyt (926 20300 X108 K = Kyjnge present work
AIOH'™ + Hpys*ik,,)
Alpgs + pystikg,) Ko 129 206X 100 K= (300 + 042 present work
X 1072 57!
AP + Hhns*(k,,) and
K + KK Koy 1296 2 040 X 100 K, = Ky, 3

AlOH*™ + H,hnsik,,)

AT+ nge7ok,) and
Ky + koK Koyt (198 £ 06X 105 K, =K

altngs)

AlIOH'™ + Hnys*tk,,)
Alngs = hgyik,,) Kopr (1733 0.203 X 1F 2
APT + hygsTik,,) and

T

Ky + kK Koy (69 T 06) X 108 K, = Kuhge

AIOH™ + Hhys(k,)

+ Abbreviations: A", [AlCH,O1) 0 AIOH™ . {AKOH)NH,0)1**: Alpgs. [AltpasiH,0),: and Alngs.
[AltngsiH O}, P The data are for 0.1 mol dm™ ayueous sodium chioride at 25°

Here. (4 is total concentration of aluminum(IIl). Figure 5 indicates that a linear
relation apparently holds between the modified rate constant. K’ gy and [H']. The
kinetic parameters are summarized in Table IIL

Substitution Kinetics.

A preliminary study by electronic spectroscopy revealed that a large excess of hgs
causes a ligand substitution reaction of [Al(pys),]*~ with hqs to form [Al(hqgs);]*~. This
substitution reaction was followed under pseudo-first-order kinetic conditions with
respect to hys,

The observed rate constant is generally expressed by (9).

2
Komsa = Kp [Hophas?]™ 0)
Q

where pis avariable and mis a constant(m = 0 or 1). The value of k,,,y depends neither
on the concentration of hgs nor on that of hydrogen ion as is clearly seen from Figure 6.
This means that the ligand substitution reaction proceeds by a dissociative mechanism
to form the mono-pys complex and the rate-determining step is the liberation of one of
the coordinated pgs species. as follows.

93 5
[Alpgs), | T [AlpYsKHON] + pys™
rapid
[AlpysiH,0),| + 3H,  hgs —> [Althgs),]” + pgs*™ + 3(2-pH’
equil.

past + QG-pH* = H,. pas-

—df|Alpyshlidt = Kgy[[Alpas)*] = kes[[AlpgsKH,O)]] [pgs™] (10)
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FIGURE 6  Correlation between k., and [H*]. Capgs), 316 X 107 moldm™, Cy 0 @, 1.26 X 107

®, 1.58 X 107*. and O. 1.90 X 107 mol dm™, and absorbance at 500 nm.
Kovsd = K[l + (Bu/Ba) {Cpge/(1 + Kay[H*] + KoK H'J?
+ KauKa:Kas[HTH
= ko, (under the experimental conditions) (1)

Here. €', refers to the total concentration of pgs. The rate constants k_; and ko3, which
are calculated by the relation,

Koy = Ko3B,2/Bus (12)

are given in the Table 1L

As observed with hns.? pgs can function either as an O-N type bidentate or as an
O-N-O type terdentate ligand. The present spectroscopic studies indicate that pqgs
coordinates to aluminum(III) specificially as a terdentate ligand due to the chelate
effect brought about by the carboxylate group ortho to the azo group.

Formation of the pgs complex proceeds through the reactions of [A(H,0)¢]** with
Hpgs* and pgs* and those of [AI(OH)(H,0),]** with H,pqs~ and Hpgs®", to give the
mono-pqs complex, which undergoes rapid coordination with the second pgs ligand to
yield the bis-pqs complex. Comparison of the kinetic parameters shows that the fully
deprotonated pqs ligand coordinates to aluminum(III) faster than the singly and
doubly protonated species. As is seen from Table III, magnitudes of the kinetic
parameters for the pgs complex are comparable to those for aluminum(IIl) complexes
with related ligands.!”® Therefore, the kinetic rate-determining step must remain the
same irrespective of the nature of all these ligands: ie, donation via the quinolinolate
oxygen atom to the aquaaluminum(III) ion. This rate-determining step is followed by
interactions of the carboxylate and azo groups with the cationic
aluminum(IIl) -unidentate pqs complex to complete the formation of the mono-pqs
complex with two six-membered chelate rings.
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In order to obtain further information on the kinetic behavior of the second pgs
ligand resulting in the formation of the bis-pqs complex. a ligand substitution reaction
with hgs was studied. The substitution (aquation) of the bis-pgs complex was found to
proceed through a dissociative mechanism. Besides those studies by 'H-. " O-, 7Al-,
and 'P-NMR methods®-'° this may be the first kinetic evidence supporting the notion
that chelated aluminum(I1l) complexes with octahedral coordination spheres utilise a
dissociative (or dissociative interchange) substitution mechanism with a multidentate
ligand. The rate constant for the coordination of the second pgs ligand is
(2.9 + 0.5y x 10° mol™! dm? s7!. which is close to that for the coordination of hgs to the
mono-ngs complex. (1.75 = 0.30) x 10°* mol™* dm® s7'.* This implies that the coordina-
tion of the second ligand to the mono-(O-N-O or O-N) complex (anation) is little
influenced by the nature of the coordinated ligand and that it proceeds in the same way
as in coordination to the aqua-aluminum(Iil) ion.

In conclusion, the k,, process contributes much to the overall reaction relative to the
k;; process on the basis of the fact that k,, K, Koy 1s greater than K;;. because k;; should
not exceed kg’

REFERENCES AND NOTES

i K. Havashi. Ko Okamoto, J. Hidaka, and H. kinaga. /. Chem . See.. Dalton Trans .. 1377 (1982).

2 k. Havashi T Ohsawa. K. Okamoto. J. Hidaka. and H. Einaga. J. Coord. Chem., 12, 243 (1983).

3 H Iwasakic K Okamoto, J. Hidaka, and H. Einaga. J. Coord . Chem ., 12, 219 (1983).

4. Abbreviations: pgs. 8-hydroxy-7-[(2-carboxyl-1’-phenyhazol-quinoline-3-sulfonic  acid (H,pgs). pns.
2-{(2'-carboxy-1'-phenyhazo}-1-naphthol-4-sulfonic  acid  (H,pns).  ngs, 8-hydroxy-7-{(6'-sulfo-
2-naphthyljazolquinoline-3-sulfonic acid (H,ngsk: hns. 8-hydroxy-7-{(8'-hydroxy-3".6'-disulfo-
I-naphthy hazo|-quinoline-3-sulfonic acid (H.hns): and hys. 8-quinolinul-3-sulfonic acid (H;hgs).
Hopgs ™ Ho pny™ and H,_ngs"™ (i =0-3. H_ | hns'= (i = 0-3), and H, - hgs'™ (j" = 0-2) indicate the
1onic species of the individual lgands.

2o ) Kielland. J o Amer. Chem . Soc.. 89, 1675 (1937,

a A Albert and E.P. Serjeant. “Tonization Cosntants of Acids and Bases™ (Methuen, London. 1962).
Chapter N

T LP Holmes, DL Coleand EM. Evring J. Phyvy. Chem . 72, 301 (1968).

N D Fratand RE Connick J. dmer. Chem Soc. 90, 608 {1968).

9 LS Frankel and E.P. Danielson. frnorg. Chenm . 11, 1964 (1972,

10, 1-1 Delpuech. MR Khuddar, AA Peguy, and P.R. Rubini /. Amer. Chem. Soc.. 97, 3373 (1975).



