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The coordination reaction of 8-hydroxy-7-[(2-hydroxy-5-carboxyphenyl)azo]-5-quinolinesulfonic acid
(hcgs) to aluminum(III) has been investigated spectrophotometrically in a weakly acidic aqueous solution (pH
2—5) with 0.1 mol dm™2 NaCl at 22.0 °C; the thermodynamic stability, kinetics, and mechanism of the formation
of the aluminum(III) complex were deduced. The ligand rapidly coordinates to aluminum(III), with its 8-
quinolinol (O-N) moiety, to form a yellow complex (metal : ligand=1: 1), and then the complex slowly changes,
via an intramolecular rearrangement, to a red complex with its dihydroxyazo (O-N-O) moiety, thus showing a
linkage isomerism. In the first coordination process, the complex is formed mainly via a pathway of the reaction

of AIOH?* with Hhcgs®".

The coordination reaction mechanism of aluminum(III) with related ligands, 4-

hydroxy-3-[(2-hydroxy-5-carboxyphenyl)azo]-1-naphthalenesulfonic and 7-[(4-carboxyphenyl)azo]-8-hydroxy-5-

quinolinesulfonic acid, is also discussed.

The selectivity of coordination modes! in metal
complexes is one of the fundamental functions of mul-
tidentate ligands because of their steric restrictions. In
our previous papers,!=* the reactions of aluminum-
(III) with such multidentate ligands as 8-hydroxy-7-
[(6-sulfo-2-naphthyl)azo]-5-quinolinesulfonic acid
(ngs),2 7-[(3,6-disulfo-8-hydroxy-1-naphthyl)azo]-8-
hydroxy-5-quinolinesulfonic acid (hns),¥ and 7-
[(2-carboxyphenyl)azo]-8-hydroxy-5-quinolinesulfonic
acid (pgs),? have been investigated. The selective
coordination sites of these ligands were found to be the
8-quinolinol moiety for ngs, the dihydroxyazo moiety
for hns, and the carboxyhydroxyazo moiety for pgs.
These findings mean that the coordination ability of
the azo nitrogen atom is lower than that of the quino-
line nitrogen atom, but that the fused chelate ring
structure facilitates the coordination of the azo nitro-
gen atom in the aluminum(IIl) complex. Further-
more, it has been found that these ligands react with
aluminum(III) with a single rate-determining step to
form mono-ligand complexes, which involve a five-
membered chelate ring with the O-N coordination
mode for ngs? and two six-membered fused chelate
rings with the O-N-O coordination mode for hns® and
pgs.*

In this work, 8-hydroxy-7-[(2-hydroxy-5-carboxy-
phenyl)azo]-5-quinolinesulfonic acid (hcgs, 1), which
potentially coordinates to aluminum(III) either with
the dihydroxyazo (O-N-O) moiety to form five- and

six-membered fused chelate rings or with the 8-
quinolinol (O-N) moiety to form a five-membered
chelate ring, was synthesized for the first time in order
to investigate its coordination behavior to aluminum-
(IIT). It was found that hcgs initially reacts with
aluminum(IIl) to form a yellow complex with the
O-N coordination mode, but finally forms a red com-
plex with the O-N-O mode; the complex shows a link-
age isomerism. This paper will be concerned with a
detailed investigation of the equilibrium, kinetics, and
mechanism of the aluminum(III) complex with hcgs.

Experimental

Reagents. The ligand, hcgs, was synthesized by the di-
azotization of 3-amino-4-hydroxybenzoic acid and by cou-
pling to 8-hydroxy-5-quinolinesulfonic acid in a conven-
tional way. The crude product was purified by a repeated
salting-out of the aqueous solution with NaCl at pH 7—8.
Found: C, 31.77; H, 3.18; N, 6.80%. Calcd for C;gH;(N;O;-
SNa-2NaCl-4.5H,0: C,31.54; H, 3.14; N, 6.90%.

In order to compare them, the ligands, 4-hydroxy-3-[(2-
hydroxy-5-carboxyphenyl)azo]-1-naphthalenesulfonic acid
(hcns, 2) and 7-[(4-carboxyphenyl)azo]-8-hydroxy-5-qui-
nolinesulfonic acid (cqgs, 3), were synthesized by the diazoti-
zation of 3-amino-4-hydroxybenzoic acid and coupling to
1-naphthol-4-sulfonic acid, and by the diazotization of 4-
aminobenzoic acid and coupling to 8-hydroxy-5-quinoline-
sulfonic acid, respectively. These ligands were then purified
by repeated precipitations from an alkaline aqueous solu-
tion by means of acidification with HCl. Found: C, 38.44;
H, 3.68; N, 5.34%. Calcd for C;;H;;N;O,SNa - NaCl - 3.5H,0:
C,38.38; H, 3.41; N, 5.27%. Found: C, 43.89; H, 3.43; N,
9.54%. Calcd for Cy6H;(N30¢SNa - 2.5H,0: C,43.64; H, 3.43;
N, 9.54%.

An aqueous aluminum(III) solution was prepared by pre-
cipitating Al(OH); from an aqueous solution of AIK-
(SOy)z - 12H,0 with alkali, after which the hydroxide was
dissolved in water with a minimum amount of HCl. The
solution was acidified slightly to prevent the hydrolysis of
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aluminum(III) ions. It was then standardized by the EDTA
titration method. All the other chemicals used were of an
analytical or equivalent grade.

Measurements. Electronic absorption spectral measure-
ments were made on JASCO spectrophotometers, models
UVIDEC-505 and -601C. The rapid kinetic measurements
were done on a JASCO spectrophotometer, model SS-25, to
which a stopped flow apparatus, model SFC-5, a data pro-
cessor, model DP-500, and a RIKADENKI X-Y recorder,
model RW-11, were attached. The slow kinetic runs were
monitored on a JASCO spectrophotometer, model UVIDEC-
1. All the kinetic runs were carried out in an aqueous solu-
tion of 0.1 mol dm™3 NaCl at 22.010.1 °C under pseudo-first-
order kinetic conditions with respect to the aluminum(III)
concentration (ligand concentration: (1—7)X1075 mol dm™3).
The absorbance changes with time were followed at 495 nm
for the aluminum(III) complex with hcgs, at 375 nm for
that with hcns, and at 490 nm for that with cqs. The com-
plex formation can be clearly recognized at these wave-
lengths, which correspond to the maxima or shoulders in the
spectra of the ligands. The observed rate constant, kobsa, was
calculated from the slope of the linear relation —In(4;—A4;)
vs. t on the basis of Eq. 1:

In[(4i— A1)/ (Ai— Ar)] = kobsa* ¢ (1)

where A4;, A:, and A¢ stand for the absorbances at the initial
state, at time ¢, and at the equilibrium state of the kinetic
process respectively. The kopsa1) and kobsa2) values for the
first and second steps in the case of hcgs were calculated
separately on the basis of Eq. 1, because the two steps take
place according to different time scales. The 4, vs. ¢t data
were separately simulated on an NEC personal computer,
model PC-9801E.

The pH value, pHmes, was measured with a HORIBA pH
meter, model F7-SS, equipped with glass and 3.33 moldm™3
KCI calomel electrodes. The hydrogen ion concentration,
—log[H™"], was calculated from pHpeas according to Eq. 2:

- lOg[H+] = pHmeas+ 10g _fH+ (2)

The activity coefficient of the hydrogen ion, fu+ (0.923), was
estimated by defining a solution containing 0.0100 mol dm™3
HCI and 0.0900 mol dm™3 NaCl at 22 °C as —log[H*]=2.00.
An acetic acid-sodium acetate buffer solution of less than
0.01 moldm™3 was used to adjust the hydrogen ion
concentration.

Results

Electronic Absorption Spectra. Figures 1 and 2
show the absorption spectra of hcgs and its aluminum-
(III) complexes, together with those of aluminum(III)
complexes of hcns and cqs for comparison. The fully
deprotonated species, hcgs*™, gives its dominant peaks
corresponding to m*«m transitions in the 20.0X103
cm™!region due to the azo group and at 33.0X103 cm™!
due to the quinoline and benzene rings. The same
spectral features were observed in cqs®~ and hcns?~.
Protonations at the coordination sites in hcqs*~ cause
characteristic spectral shifts, which were used for the
estimation of the protonation constants.

In the hcgs-aluminum(III) system, the absorbance
at 495 nm, which corresponds to an absorption maxi-
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Fig. 1. Absorption spectra of hcqgs: (———-), Hshcgs™

(pH 2.4); (—), Hz2hcgs?™ (pH 5.0); (-—- ), Hhegs®—
(pH 8.0); and (———), hcqgst~ (pH 12.0).
0.1 moldm=3 NaCl, 22°C (cf. Table 1).
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Fig. 2. Absorption spectra of aluminum(III) com-
plexes with hcgs, hens, andcgsatpH 4.5: 1, (———),
Al(Hhcgs-O,N); 2, (—), Al(hcgs-O,N,0)~; 3,
(-———-), Al(cqgs)~; and 4, (--—-), Al(hcns)~. Curves 3
and 4 are shifted 0.5 unit downward for clarity.
0.1 moldm~23 NaCl, 22°C.

mum wavelength of Hjhcqgs?™ (at pH 4.5), decreased
rapidly to attain a constant value within 10 s; after-
wards, the absorbance began to increase slowly with
the time to reach a limiting value after 10 min. The
rate of the slow process was independent of the alumi-
num(III) concentration. Curve (1) in Fig. 2 shows the
absorption spectrum when the absorbance at 495 nm is
at its minimum. Upon standing, the absorption spec-
trum changes gradually with the time to Curve (2), but
thereafter it does not change. Figure 3 depicts the
absorption spectral change with the time in the slow
process. The four isosbestic points at 457, 357, 323,
and 292 nm indicate that the yellow complex corre-
sponding to Curve (1) changes quantitatively to the red
complex corresponding to Curve (2) in Fig. 2. Fur-
thermore, Fig. 2 clearly demonstrates that Curve (1) con-
forms well to the absorption spectrum (Curve(3)) of
the aluminum(III) complex with cqgs, which coordi-
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nates solely with the 8-quinolinol moiety, and that
Curve (2) conforms well to that (Curve(4)) of the alu-
minum(III) complex with hcns, which coordinates
solely with the dihydroxyazo moiety.

Hence, it can be inferred that hcgs rapidly coordi-
nates to aluminum(III) to give the yellow complex as a
bidentate ligand with the O-N moiety and that it then
rearranges to the red complex as a terdentate ligand
with the O-N-O moiety:

Hyhegs?~ + AlS+ 40, Aj(Hhegs-O,N)
red yellow

242, Al(hegs-O,N, O)
red
Protonations of Ligands and Stabilities of Com-
plexes

Protonation. The protonation constants, K, (i=
1—4), of hcgs:

K.i=[Hihcgqs*"")/[H;.1hcqs®)-][H*] (3)
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Fig. 3. Absorption spectral change with time of
aluminum(IIl) complex with hcgs. (———),
Hzhcqs?—; (-~ ), spectrum corresponding to yellow
complex; (=), spectrum corresponding to red
complex; (——), intermediate spectra from yellow to

red complex recorded at 1, 1.5min; 2, 3.5min; 3, 6
min; 4, 9min; and 5, 12min. Ca, 4.7X10*
moldm=3; Cpeqs, 2.16X10-5moldm=3, pH 4.5, 0.1
moldm™3 NaCl, 22°C.
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were determined spectrophotometrically? with the aid
of Eq. 4:

log {(Ai-1)hegs — Ax)/(Ax — A(ijhcys) }
=log K,i+log[H*] (4)

where A (i1)heqs, 4(i)heqs, and Ax refer to the absorbances
of solutions containing the ligand species H;)
hcqs®i)- alone, H;hcqs*?)- alone, and both of them
respectively. Absorbance measurements were made at
the following wavelengths: hcgs, 585, 345, and 295 nm
(K,1), 585 nm (K,5), 550 and 360 nm (K,3), and 360 nm
(K,4); hens, 580 and 335 nm (K,;), 508 and 265 nm (K ),
and 527 nm (K,3); cgs, 525 and 435 nm (K,;), 530 nm
(K.2), and 510 nm (K,3). The protonation constants of
hcgs, together with those of hcns and cqs, are summar-
ized in Table 1. A mutual comparison of these protona-
tion constants and a comparison with those of the
related ligands'~* indicate that, in the case of hegs, K,
corresponds to the protonation at the phenolate oxy-
gen; K,,, to that at the quinolinolate oxygen; K,3, to
that at the heterocyclic nitrogen; and K4, to that at the
carboxylate oxygen atoms.

The compositions of the hcgs complexes were esti-
mated by the method of continuous variation.® A
sharp and single maximum at the ligand mole fraction
of 0.5 was obtained for both the yellow and red com-
plexes at 400, 497, and 270 nm, indicating that com-
plexes with a 1:1 (Al:hcgs) composition are formed.
The formation of the 1:1 complexes was also con-
firmed in the aluminum(III) complex with hcns (at
380 and 325 nm) and in that with cqs (at 519.5 and 320
nm).

Determination of Stability Constants. On the basis
of the characteristic spectral features of the hcgs com-
plexes, the protonation constants of hcqgs, and the
hydrolysis constant® of aluminum(IIl), Kou(=10"%4%
defined as Kon=[AIOH?**|[H*]/[AI3*]), the 1:1 red
complex formation equilibrium related to the Hyhcqs?~
species at pH 2.69 can be defined as follows:

AT 4+ H,hcqs?™ Al(hcgs)~+2H* (5)
q

The following materials balance relations hold for the
present system:

Car=[AB*]+[AIOH?*]+[Al(hcgs)] (6)

Table 1. Protonations of Ligands and Stabilities of Complexes
(0.10 mol dm™3 NaCl, 22 °C)
Ligand hcgs hcns cqs Remark
I 10.2610.04 10.8410.06 — Phenolate
II 6.3610.05 6.7410.05 7.40%0.08 Quinolinolate, naphtholate
111 2.9840.05 — 2.431+0.05 Quinoline
v 3.6010.10 4.25%0.05 2.90+0.05  Carboxylate
Complex  Al(hcgs-O,N,0)” Al(hcns)~ Al(cqgs)
log Bn 14.1510.10 15.2710.10 7.4910.10

I) log(Ka;/mol™! dm?3) for hcgs, hens; 1) log(Ka./mol™! dm3) for hcgs, hens, log(Ka,/
mol~! dm?) for cgs; III) log(K.3/mol™! dm?®) for hcgs, log(Ka/mol~! dm?®) for cgs; 1V)
log(Kas/mol™! dm?) for hcgs, log(Ka3/mol™! dm3) for hcns, cgs.
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Cheqs=[Hohcgs?~J+H[Hhcqs®™]
+{hcgs* ]+ Al(hcgs)™] (7

Equation 8 can be derived thus from Egs. 5—7:

log a/r(1—a) =log Bi;—log K,,K,, —2log[H*]
+log[Al3t] (8)

a=[Al(hcqs)"}/ Cheqs
T =K K [HY?/(1+ K [HY ]+ KK o[HP)
[AIB*]=(Cai— aCheqs)/(1 + Kou/[H*])

The experimental data are given in Fig. 4; the plot of
log a/r(1—a) vs. log[A13%] is linear, with a unit slope.
The log B1; (B11=[Al(hcgs)~]/[A13*][hcgs?~]) value was
determined to be 14.1510.10 from the intercept; the
stability constants are shown in Table 1.

Likewise, the 1:1 complex formation equilibrium
related to Hegs?™ at pH 3.56 and to Hyhens?™ at pH
2.83 can be defined as follows:

AB* + Hceqs?™ Al(cgs)”+H?* 9)

APt +H,hens2~ === Al(hcns)"+2H* (10)
For cqgs:

log a/r(1 — a)=log B; — logK,, — log[H*]
+log[AB]  (11)

r=K, [HY)/(1+ K, [H]+ K, K [HTP)
For hcns:

log a/7(1 —a)=log B;;— log K,;K,, —2log[H*]
+log[AI’Y] (12)

T=KaKa[HYP/(1+ Ky [HY ]+ KK [HYP)

The experimental data are plotted in Fig. 4 to obtain a
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Fig. 4. Relations between loga/r(1—a) and

log[Al3+]. 0.1 moldm~2 NaCl, 22°C. 1, for 1:1 hcgs
complex(red), pH 2.69 (formate buffer), at 550 nm; 2,
for 1:1 cqs complex, pH 3.56 (acetate buffer), at
405nm; and 3, for 1:1 hcns complex, pH 2.83
(formate buffer), at 520 nm.
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log B; value of 7.491£0.12 for the 1 : 1 cqs complex and
a log B value of 15.2710.10 for the 1 : 1 hcns complex;
the stability constants are shown in Table 1.

Kinetics and Mechanism. The formation of the
hcgs complex can be treated in term of two consecutive
reactions with different time scales: The rapid coordi-
nation of hcgs to aluminum(III) to form the yellow
complex, Al(Hhcgs-O,N), followed by a slow intramo-
lecular change to the red complex, Al(hcqs-O,N,0)".
Each reaction step obeyed the first-order kinetics. A
linear relation was obtained between the logarithmic
absorbance change with time for more than 3.5 half-
life periods for each step at 495 nm.

Rapid Process. By taking into consideration” the
protonation constants of hcgs, the hydrolysis constant
of aluminum(III), the stability constant of the 1:1
complexes, and the more rapid attainment of equili-
bria for the protolytic process® as compared with the
complex formation process, which proceeds at pH 2—
5, the rapid formation of Al(Hhcqs-O,N) can be consi-
dered to proceed as is shown in Scheme 1. Six possible

(Hyhcgs ™k (2H*
e oS
A® . 1H2hcqsz'r—;- Al(Hhcgs-Q,N) * { W

Hhcgs®”

rH.hcgs™ (kg rH*
3

» s [ _\}\

ALOH“+{H,hcgs? AlHhogsQ N) ¢ 5

ore || k2 o

Hhcqs?™

+H*||-H*

OH™

Scheme 1.

reaction pathways are proposed here, with their rate
equations:

d[Al(Hhcgs-O,N))/dt
= {ka)[Hshcqs™]+ ks[Hzheqs?™] + k[ Hhegs® T} APF]
+ {ka1[Hshcgs™] + kg Hphegs?"]
+ kys[Hhcgs®~]}[Al OH?t)
- {k—g][H+]2 + (k-39 + k-2 )[H+] + (k-33+ k-2)
+k—23[OH™]}[Al(Hhcgs-O,N)] (13)

Here, k;j refers to the rate constant for the forward
reaction pathway of AIOH:, (:=2 and 3) with
H4—jhcqsi™, while k—;; refers to the rate constant for the
corresponding backward reaction pathway. Under the
pseudo-first-order kinetic conditions with respect to
the aluminum(III) concentration, the relation 14
between the modified rate constant, kfpsaq), which can
be defined by Eq. 15 from the kobsq) determined exper-
imentally by using Eq. 1, while [H*] can be derived
thus from Eq. 13:

Robsay= k31 KosK o[ H 2+ (ksz + ko1 K 3K on)K o[ HY]
+ (kgs + kggK oKon) + kpsKou[HY]™! (14)
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Table 2. Kinetic Parameters (0.10 mol dm™3 NaCl, 22 °C)
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Pathway Rate constant/mol™! dm?3 s™! Remark
AlIOH?*+Hhcqgs®™ (ky3) kos: (1.37£0.35)X10°  First step
Al(hcgs-O,N)(OH) — Ewv: (3.4310.45)X103  kmv/s™!,
second step
AB*+4cqs3(ks3) and AIOH?2Y+Hcqs? (kgs) kaztkyKaKon: (1.3410.40)X105  K.=Kai(cqs)
AlOH2*+cqs3(kgs) ka3: (7.20£0.30)X10°  Kou=Komal
A*+Hhcns3"(k33) and AIOH2 +Hyhens?™(kg,) kagthoKaKon: (4.441£0.46)X102  Ka9=Kaz(hcns)

AlOH2++Hhcns3'(k23)

ko3: (3.9110.35)X103

Eébsd(y = kovsa(1y/{1/B’ 11+ Ca/[(KasKao[ HT TP
+ K [HT]+ 1)1 + Kou/[H*])]} (15)

where Ca refers to the total concentration of alumi-
num(III) and B}, to the stability constant of Al(Hhcgs-
O,N), which was tentatively estimated to be the same as
that of Al(cgs). Figure 5 shows the experimental data
plotted on the relation of kdbsd(1) vs. [H*]; a linear rela-
tion with an intercept of zero, which indicates that
Al(Hhcqs-O,N) is formed through the reaction path-
way of AIOH?* with Hhcqs®~. The rate constant, ka3,
is given in Table 2.

Slow Process. In the slow process, the observed rate
constant, Robsd(2), does not depend on Ca at a constant
hydrogen ion concentration; this is in contrast to the
rapid process, in which kobsa(1) is linearly dependent on
Ca. This fact indicates that the slow process (the
second reaction step) corresponds to an intramolecular
rearrangement of the hcgs complex between two pos-
sible coordination modes of the ligand.

Scheme 2 shows the equilibria among possible
complex species of Al(Hhcgs-O,N). Hence, the forma-
tion of the red complex, Al(hcgs-O,N,0)~, can be
expected via four possible reaction pathways, with the
rate equations given as follows:

d[Al(hcgs-O,N,0))/dt
= — d[Al(Hhcqs-O,N)}/dt
= k[[I] + ku[n] + km[HI] + klv[IV]
— {k-[H* ]+ (k- + k—m)
+ k—1v[OH™]}[Al(hcgs-O,N,O)] (16)

By defining the modified rate constant, klpsa(2), which
can be defined by the use of Eq. 17 from the kobsd(2)
value determined experimentally by using Eq. 1:

kébsa@) = kobsa@)/ {1/ BT
+1/[(1 + K, [H*)) (1 + Kow/[H]D]} (17)

Eq. 18 can then be derived:

Kinsae) = kiK' [HY] + (ku+ kK Kdn)
+ kivKSu[H*] ™! (18)

Here, ki, ku, ki, and kv are the rate constants for the
forward pathways of the second reaction step related to
the complex species of I, II, III, and IV; k—y, k—p1, k—111,
and kv are those for the reverse pathways correspond-
ing to each species; 87, is the stability constant of
Al(hcqs-O,N,0)~ with reference to Al(Hhcgs-O,N,);
K3, and K. are the protonation constants of the

- -
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1075 kébsd(2)/s™

o

10”7 kébsdy/mol™ dm3 s

] 1 1 1 0
2 3 4 5

105 tH*)mol™ dm3

Fig. 5. Relation between kipsqgq) and 1/[H*] in the
first step (1), and between kéusa2) and 1/[H*] in the
second step (2): Ca, 4.7X107*moldm=3; Chcqs,
2.16X10-5moldm=3; 0.1 moldm—3 NaCl, 22°C;
absorbance at 495 nm.

Scheme 2.

complex species II and IV corresponding to the K,
values of hcgs, and Kdu and K&y are the hydrolysis
constants of aluminum(III) in the complex species
I and II respectively. In the following treatments,
for convenience, K.\ and K.j were approximated to
K.;, and K34 and Koy, to Kon. Figure 5 shows a linear
relation with a zero intercept between khsq2) and
[H*]". That is, the intramolecular rearrangement
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takes place through the pathway of the complex spe-
cies IV. The rate constant, kyv, is given in Table 2.

Formation of the cgs and the hcns Complexes. The
kinetics of the formation of aluminum(III) complexes
with cqs and hens were also studied under pseudo-first-
order kinetic conditions with respect to the aluminum-
(ITI) concentration. The coordination reaction of cqs
to aluminum(III) was rapid, just as in the case of the
first step of that of hcgs to aluminum(IIl); a linear
relation was found between the logarithmic absor-
bance change with time for more than 3.5 half-life
periods at 316, 400, and 495 nm. On the contrary, the
coordination reaction of hcns to aluminum(III) was
rather slow as compared with that of cqs, and the reac-
tion rate was of the same order as that of the second
step of the hcgs complex; a linear relation was
obtained between the logarithmic absorbance change
with time for more than 3.5 half-life periods at 495
nm.

The same mathematical treatments as in the case of
the rapid process of the hcqs complex were carried out
for the cgs and the hens complexes in order to deduce
the reaction pathways; similar relations between the
modefied rate constant, kpsa, and [H*] were derived as
follows:

For the cqs complex:

Kobsa= kg1 KK o[H 2+ (kgp + ky1 K oK ow)K[H]
+ (k33 t+ kyeK 1 Kon) + kpsKon[Ht]™? (17)
For the hcns complex:
K Gosa = koK K o[ HY B+ (kgs + koK oK on)K [H]
+ (k3s + ky3K 1 Kou) + kpKon[H]™? (18)

Here, ki; have the usual meanings. The plots of the
experimental data in Fig. 6 indicate a linear relation
between kéwsa and 1/[H*] for the cqs complex and a
linear relation between klwa and [H*] for the hcns

105[H")/ mol dm?3

0 2 4 6 8 10 12
_ T T T T T

m; 1.5 -lOTm
° ™
s I
3 10 5
o
o 44 2
& |- 1%

O 1 1 1 1 1 1

0 1+ 2 3 4 5 6
1075 [H'1/mol™ dm3

Fig. 6. Relation between k4pa and 1/[H+]for 1:1 cqs
complex at 490nm (1); and between k%sa and [H+)
for 1:1 hens complex at 375, 330, and 265 nm (2). Ca,
4.7X104mol dm=3; Ccqs Or Cheans, 2.4X10-5mol dm=3;
0.1 moldm~23 NaCl, 22°C.
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complex. The kinetic parameters are summarized in
Table 2.

Discussion

The ligand hcgs shows coordination behavior uni-
que to aluminum(III); namely, it forms two types of
complexes, Al(Hhcgs-O,N) (yellow) and Al(hcgs-
O,N,0)~ (red),” which are in the linkage isomerism.
This is unlike hns and pgs, which coordinate selec-
tively to aluminum(III) only with one of the two coor-
dination modes, although the linkage isomerism is
possible for hns and pqgs as well as for hcgs. The
molecular models of the ligand species suggest that
hcgs is stabilized more to a trans-O,0 form (phenolate
and quinolinolate oxygen atoms) with regard to the
azo group by the intramolecular hydrogen bonds,
whereas hns is less stabilized to the trans-O,0 form
with the intramolecular hydrogen bonds, while pgs
has no such hydrogen bonds for the stabilization of the
trans-0,0 form. Hence, it can tentatively be inferred
that the hydroxyl group ortho to the azo group on the
aromatic ring opposite the 8-quinolinol moiety is pre-
requisite for the linkage isomerism.

The ligand hcqgs first coordinates to aluminum(III)
with the 8-quinolinol moiety to form the yellow com-
plex. The absorption spectral and kinetic evidence
indicates that the coordination behavior of hcgs to
aluminum(III) was superposable on that of cgs, which
functions as the O-N bidentate ligand, but was quite
different from that of hcns, which functions as the
O-N-O terdentate ligand. Taking the differences in
molecular structure of these ligands into considera-
tion,'® Table 2 clearly indicates that the rate constants
for each of the reaction pathways of hcgs and of cgs are
of the same magnitude as those for the corresponding
pathways of hns, ngs, pgs, and hgs.=4 Therefore, the
rate-determining steps of hcgs and cqs for their coor-
dination to aluminum(III) must be the same as those
of hns, ngs, pgs, and hqgs; donation via the 8-
quinolinolate oxygen atom to aluminum(III). Chelate
ring closure as the rate-determining step can proba-
bly be ruled out because the rate constants for cgs,
hcgs, ngs, and hgs, all having the O-N bidentate ring,
are intrinsically of the same magnitude, and they agree
with those of hns and pgs. Incidentally, the consider-
ably small rate constant for hcns compared with the
rate constants for hns and pqgs indicates that the che-
late ring closure. is the rate-determining step in the
coordination of hens to aluminum(III). Hence, it is
inferred that the formation of Al(Hhcgs-O,N) proceeds
through the coordination of the 8-quinolinolate oxy-
gen atom to aluminum(IIl) as the rate-determining
step,!=* followed by a rapid chelate ring closure to
form a five-membered chelate ring.

The formation of the red hcgs complex shows a
unique kinetic feature: The rate constant for the forma-
tion of the red complex is considerably smaller than
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that of the cqs complex; rather, it is in line with that of
the hcns complex. The molecular models of hegs and
hens indicate that the coordination of these ligands
with the O-N-O terdentate moieties requires transfor-
mation from the trans-0,0 to the cis-0O,0 form with
regard to the azo group by breaking the intramolecular
hydrogen bond(s) after the coordination through the
8-quinolinolate oxygen atom as unidentate ligands.
The small rate constants for the formation of the red
hcgs complex and of the hens complex reflect some
contribution of this transformation; therefore, it may
be concluded that the linkage isomerization of the yel-
low hcgs complex to the red one and the formation of
the hens complex proceed with the chelate ring closure
as the rate-determining step.

Finally, it should be noted that hcqs and the related
ligands can be classified into two groups with respect
to the experimental relation of the modified rate con-
stant, kopsa vs. [H*]; linear relations between képa and
[H*] hold for hens, hns, pgs, and hgs, whereas linear
relations between kf»a and [H*]™! hold for hegs, cqgs,
and ngs. The classification can be explained in terms
of the basicity (protonation constant) of the oxygen
donor atom on the quinoline ring; those ligands hav-
ing a higher basicity conform to the former relation,
while those having a lower basicity conform to the
latter relation. This evidence also supports the impor-
tant role of the oxygen atom in the 8-quinolinol
moiety on the reaction kinetics with aluminum(III),
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especially the rate-determining step, of hcgs and the
related multidentate ligands.
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