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The formation of an iron(Il) complex with 8-hydroxy-7-(8-quinolyl)azo-5-quinolinesulfonic acid (QHQS,
Haghgs) has been investigated on the basis of the electronic absorption spectra, the equilibrium, and the
stopped-flow kinetics in a 0.10 mol dm-3 aqueous sodium chloride solution at 25 °C with a view to elucidating
the coordination selectivity of the ligand. A 1:2 (metal:ligand) complex forms in an acidic medium with a
selective coordination of QHQS to iron(Il), with its 2-(8-quinolylazo)phenol moiety acting as a terdentate
ligand. The complex formation reaction proceeds through a single pathway of Fe2t with Hghgs, a ligand
species singly protonated at the phenolate oxygen, with the rate constant (ke1) of kz=(3.16%0.20)X105
mol-1dm3s-1, to form a mono-ligand complex as the rate-determining step. The coordination of the ligand by
8-quinolyl nitrogen, followed by a rate-determining bonding of phenolato oxygen, was suggested as the

reaction mechanism.

The coordination selectivity of multidentate ligands
having aromatic and/or heterocyclic backbone, which
restrict the ligand to one among two or several possi-
ble coordination modes, is one of our recent concerns.
In our previous papers,? the coordination selectivity
has been studied, from thermodynamic and kinetic
points of view, on aluminum(IIl) complexes with 7-
substituted 8-hydroxy-5-quinolinesulfonate ligands,
in which the substituents have ligating groups. It
has been found that these multidentate ligands show a
selective coordination to aluminum(III), with either
one of two possible coordination modes, depending
on the nature of the ligating substituents and that, in
special cases, they show a linkage isomerism?!®
between these two possible coordination modes.
Now, a new concern arises as to what this sort of
coordination selectivity becomes on going from alu-
minum(III), a non-transition metal ion of an octahe-
dral coordination, to a transition metal ion of the same
coordination structure, and from the multidentate
ligands showing O-N-O and O-N coordination
modes?! to those showing N-N-O and O-N modes.
As a typical example of a transition metal ion, iron(II)
is of much interest because it has a high affinity to
nitrogen as well as to oxygen-donor atoms and
because it plays a significant role in bioinorganic
chemistry.

In the present work, 8-hydroxy-7-(8-quinolyl)azo-5-
quinolinesulfonic acid (QHQS, Haxghgs)—which is
capable of taking either one of two possible coordina-
tion modes—as the N-N-O terdentate (2-(8-quinolyl-

azo)phenol moiety) or the N-O bidentate (8-
SO3H
i O
N
\ N OH
QHQS

quinolinol moiety), was synthesized for the first time,
and its coordination selectivity to iron(II) was studied
on the basis of the electronic absorption spectra, the
equilibrium, and the kinetics. The coordination
reaction mechanism of QHQS to iron(II) will be dis-
cussed in detail.

Experimental

Reagents. The QHQS ligand was synthesized by the
diazotization of 8-aminoquinoline with sodium nitrite in
aqueous sulfuric acid, followed by the coupling of the
diazonium salt with 8-hydroxy-5-quinolinesulfonic acid
(HQS, Hzhgs) in an alkaline aqueous solution of pH 9—10,
which had been kept steady by the addition of sodium
carbonate. The crude product was isolated from an acidi-
fied solution of pH 3—4 by the use of acetic acid and was
purified by recrystallization from an aqueous solution, with
its acidity changed by the addition of hydrochloric acid.
Calcd for Ci1sH11N4O4sSNa - 2H20 - 0.5HCI: C, 47.29; H, 3.42;
N, 12.26%. Found: C, 47.13; H, 3.61; N, 12.04%.

The related ligands, 4-hydroxy-3-(8-quinolyl)azo-1-
naphthalenesulfonic acid (QNS, Hagns) and 8-hydroxy-7-
phenylazo-5-quinolinesulfonic acid (PHQS, Haphqs), were
synthesized in the same way as QHQS, but by using 4-
hydroxy-1-naphthalenesulfonic acid in place of HQS in the
case of QNS, and aniline in place of 8-aminoquinoline in
the case of PHQS, respectively.

An aqueous iron(Il) solution was prepared from
(NHy4)2Fe(SOs)2 - 6H20 supplied by the Kanto Chemical Co.,
Ltd., Tokyo, and was slightly acidified with sulfuric acid in
order to prevent the hydrolysis of iron(II). The absence of
traces of iron(IIl) in the stock solution was checked by
studying its reaction with 2-hydroxy-5-sulfobenzoic acid
(sufosalicylic acid). The iron(II) stock solution was stand-
ardized with an ethylenediamine-N,N,N’,N’-tetraacetic acid
(EDTA) solution. All the other reagents used were of an
analytical or equivalent grade and were used without further
purification.

Measurements. The electronic absorption spectral meas-
urements were carried out by using JASCO spectropho-
tometers, models UVIDEC-1IM and -610A. The protona-
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tion and stability constants were determined spectropho-
tometrically at 510 nm and at 500 nm (log B:1) and at 550 nm
(log B2) respectively. Stopped-flow kinetic measurements
were made with a JASCO spectrophotometer, model SS-25,
to which were attached a stopped-flow apparatus (model
SFC-5), a data processor (model DP-500), and a Watanabe
Sokki X-Y recorder (model WX-441). Kinetic runs were
made at 550 nm under pseudo-first-order kinetic conditions
with an excess of the ligand. The observed rate constant,
kobsa, was calculated from Eq. 1:

ln {(Aeo_AO)/(Aoo_At)}=kobsd t (l)

where Ao, 4:, and A« stand for the absorbances at the initial
state, at time ¢, and at equilibrium respectively.

The equilibrium and kinetic measurements were carried
out at 25.0£0.1°C in an aqueous 0.10 moldm=3 sodium
chloride solution. The stability and the rate constants were
constant within the limits of experimental error when
sodium chloride was replaced by sodium perchlorate.

The pH of the solution was measured with an Orion
Research pH meter, model 801A, with two electrodes, one
glass and one saturated calomel. The hydrogen-ion con-
centration was calculated from the measured pH value,
PHueas, according to Eq. 2:

—log [H+] = pHmcas + 10ng+ (2)

The activity coefficient of the hydrogen ion, fu+, of 0.83 was
taken from the literature;? the value was in good agreement
with that obtained when a solution containing 0.010
mol dm~2 HCI and 0.090 mol dm=-3 NaCl at 25 °C is defined
as —log[H*]=2.00.% The hydrogen-ion concentration was
adjusted with chloroacetic acid-sodium chloroacetate and
acetic acid-sodium acetate buffer solutions, the concentra-
tions of which were maintained as low as possible (usually
below 102 moldm-2 for the former and 10-3 moldm-3 for
the latter in total concentration) in order to confirm that
they had no influence on the complex-formation reaction of
iron(II) with QHQS.

Results and Discussion

Electronic Absorption Spectra. Figure 1 shows the
electronic absorption spectra of QHQS in variously
protonated forms. The ghqgs?- species (pH 12.08)
gives an intense absorption maximum at 20.5X103
cm-!, corresponding to the n* «— 7z transition of the azo
group, and absorption maxima and shoulder at
30.0X103, at 33.8X103, and around 39X103 cm~! respec-
tively, assignable to the n* « 7 transitions of the quin-
oline rings.) The protonations at phenolate oxygen
and 8-quinolinol nitrogen cause a bathochromic shift
of the 7* « 7 transition of the azo group; the absorp-
tion peak around 20X103 cm~! decreases its intensity
to show a shoulder attributable to the appearance of
an intense absorption maximum at 25.2X103 cm=! of
Hsqghgs®™. These spectral changes with the protona-
tion, characteristic in the (15—27)X10% cm-! region,
can be used for the determination of the protonation
constants of QHQS.

Absorption spectrum of the iron(II) complex with
QHQS is depicted in Fig. 2, together with that of the
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Fig. 1. Absorption spectra of QHQS.
1: pH 12.08 (ghgs?-); 2: pH 4.78 (Hghgs™); 3: pH
2.14 (characteristic for Heqhgs); and 4: pH 1.05
(Hsqghgs™).

log € / moltdm3cm
~

w
T

15 20 25 30 35 40
0 /10%emt

Fig. 2. Absorption spectra of QHQS, QNS, PHQS,
and their iron(II) complexes.
1: Fe(ghgs) (pH 4.78); 1’: Hqhqgs~ (pH 4.78); 2:
Fe(gns) (pH 4.78); 2’: Hgns~ (pH 4.78); 3: Fe(phqgs)
(pH 4.78); and 3’: Hphqs~ (pH 4.78). Curves 2 and
2/ are shifted downward for 1 unit and those 3 and
3’ for 2 units for clarity.

ligand species Hqghgs~ (pH 4.78). The coordination
of QHQS to iron(Il) is especially remarkable in the
spectral region of the (12—25)X103 cm~-!region: The
absorption maximum of Hqhgs~ in the 7n* « 7 transi-
tion region of the azo chromophore shifts hypsochro-
mically upon the coordination, and an absorption
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maximum at 13.4X103 cm-!, with a shoulder around
15X10% cm~! of a magnitude of the molar-absorption
coefficient of the order of 103, appears in the lowest-
energy region; this maximum can be assigned to the
metal-to-ligand charge-transfer (CT) bands. These
absorption spectral features can be used to analyze the
coordination of the azo group of QHQS to iron(II).

Coordination Selectivity of QHQS to Iron(II).
The QHQS ligand has two coordination modes attrib-
utable to steric hindrance, either with the N-N-O
terdentate or with the N-O bidentate. Figure 2 also
depicts the absorption spectra of iron(II) complexes
and the free ligand of QNS, which functions solely as
the N-N-0 terdentate, and of PHQS, which functions
solely as the N-O bidentate. The change in the spec-
tral features on the coordination of QHQS to iron(II)
in the CT and azo-chromophore #n* « 7 transition
regions is in good agreement with that of QNS to
iron(II), but is quite different from that of PHQS to
iron(II). Specifically, the 7n*<«xm transitions of
Hqghgs~ and Hqgns- show, on coordination to iron(II),
a hypsochromic shift from 20>X108 to 21>X103 cm-1, but
the n*<« 7 transition of Hphgs- shows a hypso-
chromic shift from 20X102 to 25X108 cm~!; moreover,
the CT band of the former has a distinct band with
a maximum and a shoulder, whereas that of the latter
has only a shoulder. These results reflect the fact that
the coordinated iron(II) chromophore is different
between the former, i.e., the iron(II) complexes with
QHQS and QNS, and the latter, i.e., the iron(II)
complex with PHQS.

Hence, QHQS may be concluded to show coordina-
tion selectivity as the N-N-O terdentate. Inciden-
tally, the iron(II) complexes with QHQS and QNS
were found to form in an acidic aqueous solution with
as low a pH value as 1.5, where the coordination of
PHQS to iron(II) was not observed at all; an increase
in the pH of the solution to above 3 was necessary for
the formation of the iron(II) complex with PHQS.

Stability. The protonation constants, K; (1=1—3),
of QHQS,

K. =[Highgs® 9")/[H*][H,-,qhqgs® "] 3)

were determined spectrophotometrically by using
these relations:
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At =AY+ (45— A%)/(1 + Ka[H*)) 4)

A =A5+{(45— A%+ (45— A5KL[H} + (1 + K [HY]
+ Ka2K.s[HT]?) (5

which can be derived by assuming conformity to
Beer’s law for all the coexisting ligand species. In
Egs. 4and 5, A%, A%, A5, and A’ refer to the absorbance
of a solution of the ghgs?-, Hqhqgs~, Haghgs, and
Hsqghgs™ ligand species respectively, while A" refers to
the absorbance of a solution in which ghgs?~ and
Hqghgs- (Eq. 4) or Hghgs-, Hzghgs, and Hsghgs™t
coexist (Eq. 5) at the hydrogen-ion concentration of
[H*]. Equations 4 and 5 were solved by the curve
fitting method?® to estimate Ka for the former and Ko
and K3 for the latter from the experimental data plots
of A" vs. —log [H*] (—log[H*]>7 for Ka and —log
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Fig. 3. Relation between absorbance and —log [H*]
for QHQS.
[QHQS]: 5.65X10-5 (1) and 3.25X10-5 mol dm~3 (2).
A:510 nm. 0.10 moldm~3 (NaCl), 25°C. Curve 1
is a theoretical one drawn by using log Kaneng) of
3.70 and log Ka(qynm) of 1.73 mol-tdm3. Curve 2 is
the one drawn by using log Kaphon) of 8.42 mol-1!
dma3.

Table 1. Protonation and Stability Constants

log K. log K, logK.

08 Detanth 08 Rattansy 08 Ratehom Remarks References

mol-1dm? mol-1dm3 mol-1dm?3
QHQS 1.7340.10 3.70£0.10 8.42+0.10 0.10 moldm=3 (NaCl), 25°C  This work
HQS — 4.0610.11 8.971+0.10 0.10 mol dm~-2 (NaCl), 25°C 1b

log B1 log B
mol-1dm? mol-2dm8

[Fe(ghgs)2]2- 11.88+0.20 21.910.5 0.10 moldm=-3 (NaCl), 25°C  This work
[Fe(hgs)s]¢-* 8.4 15.1 0.0l moldm=3( — ), 20°C 12

a) The value of log 83 has been reported to be 21.75 mol-3dm? (0.3 mol dm-3 (NaCl), 25 °C).12)
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[H*]<6 for K2 and Kas).

From the experimental data given in Fig. 3, log K.,
log K.z, and log K.z were determined to be 8.42+0.10,
3.70%0.10, and 1.73+0.10 mol-!dm3 respectively (cf.
Table 1). By means of a comparison of these proto-
nation constants with those of ligands with related
structures!) and a consideration of the spectral char-
acteristics (vide supra), Ka1 was assigned to the proto-
nation at the phenolate oxygen (K.=Kapnon)); Ka2, to
that at the 8-quinolinol nitrogen (K.2=Ka.nqnm); and
K3, to that at the 8-quinolyl nitrogen (K:.3=Kaqynm))-

The molar-ratio and continuous variation methods
revealed that the composition of the iron(II) complex
with QHQS had 1:2 (metal:ligand) ratio at ca. pH
4.8. Additionally, a clear inflection point was
noticed on the molar-ratio plot of unity at pH 1.5.
On the basis of the hydrolysis constant of iron(II)
(log Kreor=—9.5 moldm=—3 (1.0 mol dm-3(NaClOy),
25°C); Kreon=[FeOH*][H*]/[Fe2*]%) and the proto-
nation constants of QHQS, the following relation can
be derived between the absorbance of the iron(II)-
QHQS system and the total concentration of iron(II),
Cwm, under the conditions of Cy>>CyL below pH 2,
where Ct is the total concentration of QHQS:®

(A=A win)/ (Amax—A)=P1C0/ (Kagynmn[ H 1+ 1)Kapnom[H]  (6)

Here, Amin, Amax, and A4 stand for the absorbances of a
solution of the ligand, of the mono-ligand complex,
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Fig. 4. Dependence of absorbance on total concen-

tration of iron(II) for estimation of 81 and on con-
centration of phen for that of Bs.
1: Cr: 1.00X10-5 mol dm~3; —log [H*]: 1.44; and 4:
500 nm. 2: Cyr:4.46X10-5 mol dm~3; Cm: 6.71X10~€
moldm=3; —log[H']: 4.82; and A: 550 nm. 0.10
moldm~2 (NaCl), 25°C. Curve 1 is a theoretical
one drawn by using log Kaphon) of 8.42, log Kaqynn)
of 1.73, and log B; of 11.88 mol-1dm3. Curve 2 is
the one drawn by using log Kaphon) of 8.42 mol-1
dm?, log Bre(phen); of 21.15 mol~3dm? (0.1 mol dm-3
(=), 25°C),® and log B2 of 21.9 mol~2 dm¢.
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and of a solution in which the mono-ligand complex
and the free ligand coexist at the hydrogen-ion con-
centration of [H*]. The experimental plots obtained
at 500 nm are given in Fig. 4 (line 1), from which the
stability constant of the mono-ligand complex (Bi=
[Fe((H)ghgs)*]/[Fe?*][(H)qhqs~]), where (H)ghgs-
specifies the ligand species protonated at the non-
coordinating 8-quinolinol nitrogen) was calculated to
be log $1=11.88+0.20 mol-! dm3 (cf. Table 1).

The stability constant of the bis-ligand complex
was determined by using a ligand-substitution reac-
tion with 1,10-phenanthroline (phen). It was found
that, at the wavelength of 550 nm, the absorbances due
to the iron(II) complex with phen as well as those due
to the free metal ion and the phen ligand species were
negligibly small as compared with those due to the
iron(II) complex with QHQS and the free QHQS
species. Furthermore, [Fe(phen)s]2t has as an excep-
tionally high stability constant as compared with the
stability constants of Fe(phen)?t and Fe(phen)z2*.5)
Hence, the following relation can be derived between
the absorbance of the reaction system and the total
concentration of phen, Cpnen, under the experimental
conditions of C.>>>Cwm and Cphen > 3Cwm at a constant
pH of 4.9, where the ligand substitution reaction
proceeds to a reasonable degree depending on Cphen
(=[phen]+3Cm(Amax’—A")/(Amax’—Amin’)),  assuming
the conformity to Beer’s law and the material balance:

(Amax'—A")/ (A"~ Amin’)=BreiphemgKapnom? H* 2 phen]t/ BoC1?
™

Here, Anax’, Amin’, and A’ stand for the absorbances of a
solution in which the ligand-substitution does not
take place, one that takes place quantitatively, and one
that takes place in fractions at the hydrogen-ion con-
centration of [H*]. The experimental plots are given
in Fig. 4 (line 2), from which the stability constant, B2
(=[[Fe(ghgs)2]>-1/[Fe2*][qhqgs?-]2), was calculated to
be logB2=21.9%0.5 mol-2dm® with the use of
log Bre(phen; of 21.15 mol-3dm® (0.1 moldm—3—),
25°C)® (cf. Table 1).

Kinetics and Mechanism. The complex-formation-
reaction kinetics were followed spectrophotometri-
cally in the acidity region of pH 2.5—4.5 under the
conditions of C.>>Cwm. A single exponential absor-
bance vs. time curve was obtained; the logarithmic
absorbance change-with-time plots were linear for
more than 3.5 half-life periods. Furthermore, at a
constant [H*], kousa increased linearly with an increase
of Cvr in the range of C./Cw of 6.6—26.4 and could be
extrapolated to the point of origin within the limits of
experimental error. Hence, it is deduced that the
complex-formation reaction of iron(II) with QHQS
proceeds through the coordination of the first QHQS
to iron(II) as the rate-determining step.

Considerations of the hydrolysis constant of iron(II)
and the protonation constants of QHQS indicate that,
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in a weakly acidic aqueous solution in which the
complex-formation reaction proceeds, iron(II) and
QHQS may be expected to contribute to the reaction
in the forms of Fe?* for the former and Hghgs~ and
ghgs?- for the latter.® Additionally, the protonation
and deprotonation processes can reasonably be
assumed to be always in equilibrium when compared
with the coordination reaction process.” Hence, the
following relation can be derived:

d[[Fe(ghgs)2]*-}/" dt=kobsd([[Fe(qhqs)2]2‘]w—[[Fe(qhQS)zlz']zg)

kovsa=(ka1Kapnom[ H* 1+ ke2) CL/{(Kaigynm[ HY 1) Kapnow[ HY 1}
9)

where k2; (7=1 and 2) refers to the rate constant for the
pathway of Fe2t with Ho—jqhqs’™ and the suffix ®, to
the equilibrium state. In Fig. 5, kobsa’ (=kobsa(Ka(qyNm)-
[HH]+1)Kapnom[HT]CL™Y) is plotted against [H*] on
the basis of the experimental data. The linear rela-
tion between konsa’ and [H*] with a zero intercept
indicates that the formation of the iron(II) complex
with QHQS proceeds through a unique reaction path-

w
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Fig. 5. Dependence of kobsa’ on [HY].
kobsa"=kobsa(Kaiqynm [H]+1) Kagnom[H*] CL-L. Cu:
4.46X 10-5 mol dm=3; Cm: 6.71X10-¢ mol dm~3; and
A: 550 nm.  0.10 mol dm~3 (NaCl), 25 °C.
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way of Fe2t with Hqhgs-. The rate constant, ka1, is
given in Table 2.

Several kinetic data on the iron(II) complex-
formation reaction have been reported. Those of spe-
cial interest to the present investigation are collected
in Table 2. All these data relate to the rate constants
of the first ligand-coordination to iron(II) as the rate-
determining step. The rate constant for the forma-
tion pathway of Fe2t with Hqhgs~ is of a reasonable
magnitude when compared with those compiled in
Table 2, when differences in the formal charges of the
ligands are taken into consideration. It can be
deduced from Table 2 that the rate constant for the
formation of pyridine nitrogen to iron(II) is of the
order of 5X104—2X105 mol-1dm3s-1 at 25°C. How-
ever, no reliable rate constant can be estimated for the
donation of phenolato oxygen to iron(II), because
there have been no literature data on the oxygen-
donating ligands except for one report on acetohy-
droxamic acid. In this report, the observed rate con-
stants have been analyzed by assuming only a pathway
of Fe2t with a monoprotonated ligand species and
with a complete neglect of the contribution of the
pathway of Fe?* with a deprotonated ligand species;
taking that contribution into account would result in
an over-estimation of the rate constant for the forma-
tion reaction pathway.

On the basis of this knowledge of the kinetics of the
iron(II) complexes, our findings can not simply be
attributed to a pathway in which a direct donation of
phenolato oxygen to iron(Il) is the mechanistic rate-
determining step. Preferably, it can be considered
reasonable to explain our results on the basis of a
rapid donation of 8-quinolyl nitrogen to iron(II),
followed by a chelate-ring closure through the dona-
tion of phenolato oxygen as the mechanistic rate-
determining step. In fact, iron(II) forms a mono-
ligand complex with the stability constants (log Bi)
of 0.718 and 0.6 mol-1dm39 0.5 mol dm-3 (pyridine+
HNOs3), 25°C; Biwy=[Fepy?*]/[Fe2t][py]), but no sta-
bility constant data have been reported on the iron(II)
complex with phenol and related oxygen-donating
ligands. In case this rapid donation of 8-quinolyl
nitrogen precedes the rate-determining phenolato-
oxygen donation, then kg1 can be approximated in a

Table 2. Rate Constants for Iron(II) Complexes with QHQS and Related Ligands

Ligand” Pathway kij/mol-1dm3s~1 Remarks References
QHQS Fezt+Hqhgs™ (k21) (3.16£0.20)X105 0.10 mol dm~3 (NaCl), 25°C This work
tpy Fezt+tpy (kz) 5.6X10¢  Variable ( — ), 25°C” 13

8.0£0.5)X104P) -
tpy Fe2t+tpy (ko) ((2‘1 :|:0.3§><1 049 0.10 mol dm—3 (NaClOy), 25°C 14
bpy Fe2t+bpy (ko) 1.6X105  Variable ( — ), 25°CY 15
tptz Fe2t+tptz (kzo) 1.3X105 0.1 moldm=3 (KCl), 25°C 16
CH3CONHOH(HL) Fe2t+HL (k2) (6.6910.20)X104 0.10 moldm=3 (NaNOQs), 10°C 17

a) tpy: 2,2:6%,2”-terpyridine; bpy: 2,2’-bipyridine; tptz: 2,4,6-tri(2-pyridyl)-1,3,5-triazine; and

CH3CONHOH: acetohydroxamic acid. b) CL>=>>Cwu.

ionic strength.

¢) Cv>>CyL. d) No adjustment to a constant
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reasonable way by a product of the stability constant
of an intermediate, Fe(Hghgs-N)*, i.e., the stability
constant, Bre-N, and the chelate-ring-closure rate con-
stant, kaier). By using By as a first approximation
to Bre-N, then ko) can be calculated to be (6—8)X
104s-1.  This value is about 50 times as small as the
rate constants for the coordinated water exchange,
3.2X106 51 (0.1 mol dm-3(HC104), 25 °C)1 and (4.39+
0.25)X108 s-1 (0.0546—0.378 moldm-3 (HClOy), 25
°C),1t based on the YONMR data, but it can be
considered of a reasonable magnitude for the kinetic
characteristics of iron(II) as a member of the first-row
transition-metal divalent cations. Before the general
features of the multidentate ligand kinetics of iron(II)
can be established, more kinetic data will be required
on the formation reaction of iron(II) with phenolato
oxygen-containing multidentate ligands; this will be
the purpose of our succeeding investigation. How-
ever, it can be stated that the complex formation of
QHQS as a terdentate N-N-0 ligand to iron(II) pro-
ceeds with a rapid donation of the first QHQS
through its 8-quinolyl nitrogen, followed by a chelate-
ring closure, with the coordination of the phenolato
oxygen as the mechanistic rate-determining step and
that of azo nitrogen to complete a fused chelate-ring
structure.
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