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Synopsis. Ligand-substitution reactions of [Al(hq);] and
[Al(hq)(mhq),] (H(m)hq: (2-methyl-}8-quinolinol) with
H,edta have been studied at 25 °C and 1.0 mol dm~3 NaCl by
means of the stopped-flow spectrophotometric method.
Three concurrent reaction pathways, a dissociative activa-
tion one and two parallel associative activation ones, to
which Hyedta?~ and Hedta®~ contribute, are elucidated.

Only one ligand-substitution reaction kinetics of
aluminum(III) chelate complexes with multidentate
ligands has been studied,? although they are of fun-
damental importance in the elucidation of the kinetic
characteristics of aluminum(III). In our previous
paper,! a ligand-substitution reaction of an alumi-
num(III) complex containing 7-[(2-carboxyphenyl)-
azo]-8-hydroxy-5-quinolinesulfonic acid (Hspqs) with
8-hydroxy-5-quinolinesulfonic acid was studied; it was
found that the reaction proceeds with dissociative acti-
vation and with the liberation of one of the pgs®~ in
[Al(pgs),]*~ as the rate-determining step. In a subse-
quent investigation of the ligand-substitution reac-
tions of an aluminum(III) complex containing 8-
quinolinol (Hhq) and one containing Hhq and
2-methyl-8-quinolinol (Hmhq) with ethylenediamine-
N,N,N’,N’-tetraacetic acid (Hsedta); it was found,
besides the dissociative activation process, which has
been accepted as a general kinetic feature of aluminum-
(III) (vide infra), that there exist processes in which the
coordinating ligand participates and that these pro-
cesses take place concurrently. This paper will be con-
cerned with the ligand-substitution reaction kinetics
and mechanisms of [Al(hq);] and [Al(hq)(mhq),] with
H,edta.

Experimental

Complexes. [A(hq)3]-1/2H,0. This complex was pre-
pared from stoichiometric mixtures of aluminum(III) and
Hhq in an ethanolic aqueous solution of pH 5—6.2 Found:
C, 69.75; H, 4.05; N, 8.80%. Calcd for C,;H9N30;5Al1: C,
69.22; H, 4.08; N, 8.97%.

[Al(hq)(mhq),]- 1/2H,0. Hmhgq (3.2g, 0.020 mol) in 200
cm?® ethanol was added to AlK(SOy),- 12H,0 (4.7 g, 0.010
mol) in 200 cm3 of an aqueous solution below pH 4. To the
solution we then added Hhq (1.5 g, 0.010 mol) in 100 cm3 of
ethanol, and the resulting solution was adjusted to pH 5—6
with aqueous NHj to obtain a crystalline precipitate. The
complex was recrystallized from. acetone and was dried in
vacuo at 140°C for 7 h. Found: C, 70.38; H, 4.11; N, 8.87%.
Calcd for C29H23N303‘5A11 C, 7015; H, 4.66; N, 8.46%.

Measurements. Kinetic runs were carried out in an etha-
nolic aqueous solution (ethanol, 10 vol%) of 1.0 moldm™3
NaCl at 25.010.2°C on a JASCO stopped-flow spectropho-
tometer® under pseudo-first-order kinetic conditions with
respect to the Hyedta concentration. The change in the

absorbance with the time was followed at 260 nm, where the
aluminum(IIT) complexes of the 8-quinolinolate-type ligands
(1075—107% mol dm ™3, Amax: ca. 252 nm) showed a maximum
absorbance against the free ligand. The rate constant, Robsd,
was calculated from Eq. 1:

In (Ag— Ae)/(Ar— Aee) = kovsa t (1)

Here, 4, A:, and A stand for absorbances at the initial state,
at time ¢, and at equilibrium respectively. The hydrogen-ion
concentration was measured, in principle, according to the
literature procedure.® Analysis by the curve-fitting method
(vide infra) was carried out with an NEC PC-9801VM2 per-
sonal computer.

Results and Discussion

The ligand-substitution reaction kinetics of [Al-
(hg)n(mhq)s—»] (n=1 and 3) with Hyedta proceed in
weakly acidic aqueous media (pH 3.0—4.5), where
H,edta is present mainly in the species of Hsedta™,
Hyedta?~, Hedta3~ and slightly in that of H,edta.¥ The
preliminary absorption spectral study gave evidence
that [Al(hq).(mhq)s—»] turned quantitatively into
[Al(edta)]™ at equilibrium under the kinetic conditions
specified in the experimental section. The dependence
of the absorbance at a specified wavelength on the time
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Relation between konsa and —log[H*]. 1:
[Al(hq)s], 1.49X105moldm—3; and Ceaa, 3.79X
103moldm=3.  2: [Al(hq)(mhq)z], 1.53X10-%
moldm™3; and Ceqa, 3.78X103moldm™3. 1.0 mol
dm~3 NaCl (ethanol, 10 vol%), 25°C.
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conformed well to Eq. 1 for more than three half-life
periods under a constant total Hsedta concentration,
Cean, and hydrogen-ion concentration, —log [H*]; this
fact indicates that there is only one rate-determining
step in the ligand-substitution reaction. The experi-
mental data obtained under pseudo-first-order kinetic
conditions with respect to Ceaa are shown in Figs. 1
and 2. These data indicate that ko»a depends not only
on —log [H*] but also on Ceata; kobsa increases exponen-
tially with the increases in —log [H*] and in log C.ata.
The dependence of kobsa on Ceara implies that Hyedta
contributes to the ligand-substitution reaction.
Hence, the rate equation can be given as follows (cf.
Appendix):

—d[[Al(hq)x(mhQq)s—n]]/d¢ = kobsd[Al(hq)n(mhq)s—]]
kovsa = {kat[f2([H*]) + f( (H*])]Cean/fr (H*D}/[1
+ f5((H*]D)]Ceare/ fL([H*]) (2)

Equation 2 indicates that the kobsa vs. Ceata Curve at a
constant —log[H*] should be asymptotic to a limiting
line of:

kovsa o = [f([H*]) + fo((H*DV/ fo([H*]) 2)

with an increase in Ces. This is not the case for the
present investigation, as is evident from Fig. 2 for
[Al(hq);]. Therefore, the contribution of the f3([H*])
and fy((H*]) terms in Eq. 2 should be negligible; any
possibilities can be excluded of the ko process and
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Fig. 2. Relation between kobsa and log Ceawa. [Al(hq)s],
1.49X10-5moldm—3; and -—log[H*], 3.83.
1.0 mol dm=3 NaCl (ethanol, 10 vol%), 25°C.
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hence of any contribution of a mechanism in which a
coordinated ligand is replaced by an entering ligand in
the outer-sphere complex as the mechanistic rate-
determining step. Accordingly, Eq. 2 can be simpli-
fied as follows:

kovss=kaHf2([H*])/ f([H*])]Coa (3)

It is reasonable to assume that the presence of Hedta
species and the contribution of the ki, pathway to the
kinetics can be neglected above —log[H*] of 3 (vide
infra). Therefore, Eq. 3 can be modified to Eq. 4:

kobsa = kat kisCeara + {(kiz — ki3)Ka2[H*]
+ (kit — ki3)}Ceann/ (Ka3Ka2[ HY P+ Koo[HY] + 1) (4)

Equation 4 can be analyzed for the kobsa vs. —log[H?]
relation by means of the curve-fitting method® with a
normalized curve of:

Y=(av+b)/((Ki3/Ka2)®+v+1}+¢c, X=—logv (5)

with a=(kip—kiz)Ceata, b=(kir—ki3)Cedra, and c=ka+ki3Ceata.
Likewise, Eq. 4 can be analyzed for the kobsa vs. log
Cedna relation with a normalized curve of:

Y =a'utc, X' =logu (6)

with a’=f,([H*1)/fi((H*]) and ¢’=ks. Hence, the kij's
and k4 can be estimated from the a, b, ¢, and ¢’ con-
stants and the experimental parameter of Cean. These
rate constants can then be refined by using the a’ con-
stant, the K,;’s, and the experimental parameter of
—log[H*]. The kovsa vs. —log [H*] and the Kobsa vs. log
Ceaa relations in Figs. 1 and 2 were used for the analy-
sis; the rate constants thus estimated are summarized
in Table 1. The ki; rate constant was found to be
negligibly smaller than k4, which indicates that the ki,
pathway, like the ki, one, does not contribute to the
ligand-substitution processes. Hence, the substitution
reaction of [Al(hq)(mhq)3-»] with Hyedta is concluded
to proceed through the k4 and the k;; (j: 1 and 2) path-
ways, to the latter of which Hyedta?™ and Hedta3~ con-
tribute, as the rate-determining steps.

It was found in the present investigation that the
ligand-substitution reaction of [Al(hq),(mhq)s-x]
with Hyedta proceeds through three reaction path-
ways, irrespective of the composition of the starting
complex. The rate constants decrease in the following
order: ki>>ki2>ka (kis=kie=0). Each rate constant
differs slightly with different compositions of the
complex. Therefore, we would like to focus our atten-
tion first on the reaction kinetics of [Al(hq)s).

The dissociative activation pathway (ka) of [Al(hq)s]
is considered to originate from the nature of the alumi-
num(III) of an octahedral coordination.® In fact, the
ka of 7X1072 571 of [Al(hq);] is in fairly good agreement
with that of 3X10~2 57! of [Al(pgs),*~," when differen-

Table 1. Rate Constants for the Ligand-Substitution Reactions
Complex ka/s71 kip/mol~l'dm3s™!  k;/mol"1dm3s™! Remarks
[Al(hq)s] (7.310.5)X10"2 3.6+0.2 (1.3010.05)X103  This work?
[Al(hq)(mhq),]  (7.5£0.5)X10"2 4.040.2 (2.3840.05)X108  This work?
[Al(pgs), P~ (3.00£0.43)X1072 — — Ref. No. 1P

a) 1.0 moldm™3 NaCl (ethanol, 10 vol%), 25°C. b) 0.1 moldm™3 NaCl, 25 °C.
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ces in the configuration and the chelate-ring structure
of these two complexes are taken into consideration.
The dissociative activation pathway may be initiated
by a cleavage of the metal-oxygen bond of the coordi-
nated quinolinolato ligand, for the Al-O bond of
[Al(hq)s] has been estimated, by the 1H NMR spectral”
and the magnetic circular dichroism spectral® studies,
to be dominantly ionic and highly labile.

There are two parallel associative activation path-
ways (ki1 and ki2) in competition with the dissociative
activation one (ka). The ki rate constant, to which
Hedta®~ relates, is about three orders of magnitude
larger than the ki rate constant, to which Hyedta?~
relates. This difference in the rate constants can not be
ascribed simply to formation of the outer-sphere com-
plex with the entering ligand by ionic or related inter-
action, because [Al(hq);] has no formal charge and
because no experimental evidence on the formation of
the outer-sphere complex was obtained; the difference
can, however, be ascribed to numbers of the protons
blocking the coordination sites of the entering ligand.

Two associative activation mechanisms, the associa-
tive (4) and the associative interchange (I.), can possi-
bly explain the ki and ki2 pathways. However, the I,
mechanism may be more probable than the 4 one in
view of the facts that aluminum(III) of a small ionic
radius prefers intrinsically to take the dissociative
interchange (I3) mechanism'? and that the ki1 and ki
pathways do not become appreciable until the concen-
tration of the entering ligand reaches a high point
compared with that of the starting complex. These
reaction pathways may be initiated by the substitu-
tional interchange of the coordinated bulky quinolin-
olato ligand with the glycinate ligating group of
H,edta, probably to form an intermediate of the
[Al(hq)y(Hedta-O,N)]?~ type.

No appreciable differences were noticed in the rate
constants of [Al(hq)s] and [Al(hq)(mhq);]. These two
ligands may take an equal opportunity to leave in the
first step.

Appendix

The following general expression of ke can be derived
from the text:

4 4
ko + 3 ki [H; edta=1] + 53 hos Kool H edta®]
j=1 j=

kobsd = 1
1+ Z; Kosi[H; edta® 7]
i=

(A1)
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Here, kg, kij, and ko are the rate constants for the dissociative
activation, the associative activation, and the outer-sphere
complex related reaction processes, while Ko is the forma-
tion constant for the outer-sphere complex. Equation Al

1’ -
can, by using Cea (= X} [Hjedta*77)), be rearranged to Eq. 2
=1

with:

f([HY]) = (KatKa3Ka2[ HY P+ Ka3Kao[H 2

+ Ko[H]+ )Ka[H*], (A2)
FoA[H']) = (kKKK H P+ kisKa3Kao[ H ]2

+ kieKoo[HY ]+ ka)Ka[HT), (A3)
So[H) = (KoutKutKaKaa[ H* P+ KooK 5K o[ H P

+ KoeKa[H'] + Ko )Ka[HY], (A4)

f4([H+]) = (kos4Kos4Ka4Ka3Kn2[H+]3 + kos3Kos3Ka3K32[H+]2
+ koszKoszKaZ[H+] + koleosl)Kal[H+]; (A5)

where the K,s are the protonation constants of Hyedta
(K =[H,edta® )~ )/[H*][H,— edta®"], j: 1—4).9
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