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Kinetics of Reactions of Catechol (o-Dihydroxybenzene) and Quinol
(p-Dihydroxybenzene) with Oxidizing Metal lons present in Excess: The
Reactions with Iron(m), Vanadium(v), and Thallium(u) in Aqueous Per-
chloric Acid Solution

By Ezio Pelizzetti, Edoardo Mentasti, Edmondo Pramauro, and Guido Saini,” Istituto di Chimica Analitica,
Universita di Torino, italy

The reactions of catechol with excesses of Fe"!, V¥, and TI!I jons and of quinol with an excess of VY have been
studied by means of a stopped-flow technigue in agueous acid solution (HCIO,) at 25-0 °C. Kinetic dependences
on the reagent concentrations, different from those obtained in the presence of excess of the dihydroxybenzene,
have been found for the reactions with Fe'™ and VV jons, while the same kinetic dependence has been found for the

reaction with TH*,

THE kinetics and mechanism of oxidation of phenols with
metal ions has been investigated mainly by working with
the phenols present in excess. In previous papers the
kinetics of oxidation of excess of catechol (o-dihydroxy-
benzene, H,cat) with aqueous Felll VV?2 and T
ions 8 were investigated. Further experiments with an
excess of Fe™ or VV jons showed a different kinetic
dependence on reactant and hydrogen-ion concentrations.
This prompted a kinetic study of the reaction of catechol
with the above oxidants (as well as with TI™) present
in large excess. It was also of interest to investigate
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Proposed schemes of reaction are discussed.

ranges were: [Felll] = 1.0 x 1072—3-0 x 1072, [Hycat] =

2:0 x 10%, [H*] = 0-10—0-40 (HCIO,), and I = 1-00m
(NaClO,), for the reaction Fell | catechol; [VV] =
10 x 10%—1-0 x 102, [H,cat] = 1.0 x 107, [H*] =

0-50—1-00 (HCIO,), and I = 1-00m (NaClO,), for the
reaction VV 4 catechol; [VV] = 1-5 x 103—7-0 x 1073,
[H,quin] = 2-0 x 1074, [H*] = 0-30—5-00 (HCIO,), and I =
5-00M (NaClO,), for the reaction VV - quinol; and [TIH] =
10 X 10730 x 107, [Hyat] = 1-0 x 10%, [H*] =
1-00—2-00 (HClOy), and I = 2:00m (NaClQ,), for the
reaction TIII - catechol. Measurements were carried out
at 25-0 4+ 0-1 °C.

Fe2'(aq) + 2-qno

> 2 Fe¥"laq) + 0-qno

{3, is the formation constant of the complex [Fe(Hcat)]?+, K, the hydrolysis constant of Fe3+t, and Ky the

acid-dissociation constant of [Fe{Hcat)]2+

the reaction between quinol (p-dihydroxybenzene,
H,quin) and an excess of VV ions; this reaction, in
excess of quinol, was previously studied by Wells and
Kuritsyn.4

EXPERIMENTAL

The reagents and procedure were as described previ-
ously.'™ In the present experiments, the oxidation
product of catechol (Hjcat) was o-quinone (0-qno), as
shown by its absorption spectrum. The reaction between
quinol (H,quin) and VV ions was followed at 370 nm; the
reaction product was p-quinone (p-qno). Concentration

1 (@) E. Mentasti and E. Pellizzetti, J.C.S. Dalton, 1973, 2605;
(b) E. Mentasti, E. Pelizzetti, and G. Saini, ibid., p. 2609.

2 B, Pelizzetti, E. Mentasti, and G. Saini, Gazzetta, in the

TESS.
P e" SE. Pelizzetti, E. Mentasti, and G. Saini, J.C.S. Dalton, 1974,
721.

RESULTS

FeUl - Catechol.—The increase in absorbance at 390 nm
(due to o-gno) was first order with respect to [H,cat] (the
reagent not in excess). Observed rate constants kg, at
various (H"] and [Fe!!l] values are given in Table 1.

The rate of reaction depends on [Felll?, where # is a
number between 1 and 2, which in turn is a function of
[H*]. By recalling the previously suggested scheme of
reaction,® in excess of catechol, and taking into account
the fact that, when Fel™ ions are present in large excess,
the reverse reduction due to Fell can be neglected, Scheme
(1) can be proposed. No account has been taken of dis-
sociated species of catechol because of its low dissociation
constant (pK, ca. 10).> Also the complex [Fe(H,cat)]*"(aq)

4 C.F. Wellsand L. V. Kuritsyn, J. Chem. Soc. (4), 1970, 1372.

5 L. G. Sillen and A. E. Martell, ‘ Stability Constants of Metal-
ion Complexes,” Special Publ. No. 17, The Chemical Society,
London, 1964.
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can either rcact with another Felll jon giving the final
products of reaction (Fel' and o-qno) or decompose into
Fe™ and Hcat’; Hcat® is rapidly oxidized to o-qno by
another Fel'l jon (as shown previously).

TaBLE 1
Values of the observed rate constant 44,5 (s7!) for the
oxidation of catechol with Fel™ jons (25-0 °C, I = 1-00,
‘H,cat], = 2-0 x 10™)

[HCIO ) /x

o e I \
M 0-10 0-12 014 0-17 020 0-25 0-40
1-0 0-042 0-029 0-024 0-018 0-014 0-0078 0-0055
13 0-063 0-043 0-039 0-029 0-021 0-015 0-0080
I-5 0079 0-055 0:045 0-032 0-026 0-016 0-0092
2.0) 0-12  0-089 0-070 0-049 0-038 0-028 0-013
2.3 0-11  0-098 0-064 0-052 0-035 0-016
2-5 0-11 0-055 0-037 0-018
30 0-14 0-075 0-048 0-024

The kinetic expression which can be deduced, assuming
that reactions of hydrolysis and complex formation are fast
compared with the electron transfer and that Fe!l, in the
[H*] range investigated, is mainly present as Fe?¥, is as
in equation (1). Here R is the equilibrium constant of

diHgeat's  (kB,K,[H*T 4 o[FellT)) [Hcat)r M
1374 UL+ (B + ]\yeq[H—r]"l)[FeIH][Hﬂﬂ
the  reaction  Fed" + H,cat === [Fe(cat)]*(aq) + 2H"

(4-3 x 10 2 mol I'1),2® and «, is given by equation (2).

oy = BB i H E',—-._l 4 (kB2 + kaKeq) [H+]_2 —+
lrs'Klffeq[H‘:']‘:’ (2)

Since the data of a previous paper,!® where formation of
the complex {Fe(cat)]*(aq) was investigated, showed that
at [H*] = 0-10M there was no evidence of formation of a
protonated !Fe(Hcat)]?**(aq) species, it follows that the
acid-dissociation constant Ky of the complex [Fe(Hcat)]%*-
(aq) should be >0-1 mol 1%, and B, < 2-6 X 102 1 mol™.
Thus the term (8K, + Ko [H*])[Fel™[H*]™ in the most
unfavourable case assumes the value of ca. 0-1 and will be
neglected in the following treatment. Equations (1) and
(2) can then be simplified to give (3). Figure 1 shows plots,

Koo/ [FeT] = /B K [H ™ + ay[Fe™T] (3)

according to cquation (3), at various [H¥]. From the
intercepts the value of the constant %,8,K,, which has the
same meaning as the constant %, given previously,? was
evaluated as (-20 s7% (¢f. 0:19 %), from which ¢ £,8; = 1:2 x
10 1 mol™® s7'. TFurthermore, from gradients of the plots
in Figure I, the dependence on [H*}? was assessed and a
value of 2-2 s 1 calculated for (2,8, K,% + AgKeq)-

It is to be noted that, in this [H*] range, the dimer
species (Fe—O—Fe)*" 1s present in less than 19 of [Fell].67
The participation of this species in the redox reaction can
be excluded since the rate of formation of the dimer ® is
low compared with that of the redox reaction; in fact,
under the present experimental conditions, the kinetic
treatment used and the suggested reaction scheme should
not be applicable.

VV &+ Cuatechol.—The absorbance of the solution at
505 nm increased very rapidly due to formation of a
[VV(H,cat)1*(aq) complex whose stability constant is

¢ R. M. Milburn, J. Amer. Chem. Soc., 1957, 79, 537.

7 R. M. Milburn, J. Amer. Chem. Soc., 1955, 77, 1352; D. D.

Perrin, J. Chem. Soc., 19569, 1710.
8 H. Wendt and H. Strehlow, Z. Elektrockem., 1960, 34, 131.
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ca. 4 X 1021 mol?; 2 the absorbance then decreased with
first-order kinetics with respect to Hycat (the reagent not in
excess). Values of the observed rate constant kg at
different experimental conditions are given in Table 2.
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FiGurRE 1 Plots of kge/[Felll] against [Felll] for the reaction of
Felll with catechol at [H,cat], = 2:0 x 1074, I = 1-00Mm,

25:0 °C, and [HClO,] as follows: (a), 0-10; (b), 0-12; (c), 0-14;
(d), 0-17; and (e), 0-20M
TABLE 2
Values of the observed rate constant 102k, (s7!) for the
oxidation of catechol with VV jons (25:0 °C, I = 1-00,
[Hicat], = 1:0 x 107%m)

[HCIO,]/m
103[VV]/mM 0-50 060 070 0-85 100
10 13 14 21 23
2-0 4-0 4.2 60 7-4
30 7-6 83 13 14
4-0 6-1 10 11 17 19
5-0 95 17 18 23 26
7-0 15 26 29 38 44
100 24 39 45 55 63

The order with respect to {VV]r does not correspond to a
whole number (first order was found when VV was not in
excess). A mechanism consistent with the experimental
results, taking into account the scheme suggested for
catechol in excess, is shown in Scheme (2). The corre-
sponding kinetic expression which can be deduced, assum-
ing that reactions of protonation and complex formation
are fast compared with electron transfer, is in equation
(4), where a, is given by (5). Since K,[H*] <€ 1 (ref. 2) and

_dHatly (V¥
@ I K
[H,cat]z

T BVl K E T By P

%y = Ry + (Ba'Ky + kK HT] + kKK [H™? (5)

K, H*] €1, equation (6)
R Xa sk

P T4 BV

equation (6), by plotting [VV]r/kqps” as a function of 1/[VV]p
a straight line is obtained with intercept 1/a, and gradient
1/258,. Such a plot, corresponding to [H*] = 1-00mM, is

is obtained. According to

(6)
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shown in Figure 2. The average value obtained for B,
from the experimental data was (3+7 4 0-7) x 102 1 mol™,
in agreement with that obtained directly from spectro-
photometric data (ca. 4 x 1021 mol™!).2 «, Values showed

[vior)]taq) % [V¥(Hzcat)]* (aq)

Hel ag H||#3

[V(OH), % {aq) HL;‘%—“ [VViHacat)] 2*(ag)

J.C.S. Dalton

The decay in absorbance is first order in [H,quin] (the
reagent not in excess) and values of the pseudo-first-order
rate constant kg’ are given in Table 3. It is to be noted
that Zqps” is proportional to [VV]?, where #u is a number

[vioH1,]" taq)
k,
[VioH)3]?* ()
3 q
5
4 2«
2V0““lag)+ 0-gno
[v(oH)]*taq) 3 4
kg
[vion3)*(aq)
kg’ J

ScHEME 2 K, = [V(OH),**]/{V(OH),*][H*], K; = [VY(H,cat)*+]/[VV(H,cat)*][H+*], and B, and B, are formation
constants of the intermediate complexes

a dependence on [HT], indicating that, in the [H*] range
investigated, paths (4’) and/or (5) are preferred. Accord-
ingly (K, 4+ R;K;) has been estimated to be 7412 mol™2s™L.

VV + Quinol—Even in excess of V¥, as previously

between 1 and 2. By applying to this system the consider-
ations previously suggested, Scheme (3) can be proposed.
The corresponding kinetic expression which can be deduced
with the same previous assumptions is as in equation (7)

_ diHsquin]r  Ba{(ks + A¢'A[H™) + [VV]r(hy + 4K [H] + kK [H'] 4 ky'K K [H']?)}{VV][Hyquinjr

at 1 B VVIa(l T Ky (HY) @

reported for reaction in the presence of excess of quinol*
an initial rise in absorbance followed by a decay was

.—m 4
3
g
~
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FIGURE 2 Plot of [VV]r/kes' against 1/[VV] for the reaction of
VVions with catecholat [Hycat], = 1:0 x 1074, [HCIO,] = 1-00,
I = 1-00M and 25-0 °C
TasLr: 3
Values of the pseudo-first-order rate constant kqps” (s71) for
the oxidation of quinol by VV ions (25:0 °C, I = 5-00,
[H,quin] = 2-0 x 107M)

[HCIO,] /™

109[VV¥ig/m 030 050 100 200 300 500
1-5 34 53 62 10 16 26
2.0 45 7.1 86 14 23 37
2:5 5.1 90 12 17 30 46
3-0 71 11 15 23 40 60
35 84 14 18 26 55 81
4-0 10 16 22 33 58 96
50 13 21 28 46 80 138
7-0 20 30 42 69 118 207

observed at 370 nm. This can be ascribed to formation of
intermediate complexes.

where K, 8, = B,K;. Assuming that [V(OH),™] = [VV]r
{K,H*] € 1 (refs. 2 and 4)}, equation (8) is then obtained.

kops 1 VVip(1 + K [H* .

[Vg}r + B4[ ]T(B4 5[ ]) —y -+ Oﬂs["v]T (8)
where

4 Y = ke + he'Ky[HY] (9)
an

oy = kg + (ke K,y + koK) [H™) 4 k'K K [H*]2 (10)

Figure 3 shows plots of the experimental data according
to equation (8), calculated by using values of 8, (5:5 1 mol™?)

(a)

/s7

144, VI (1 £ H*)

-3 kobs

10

%8909 87/
1 |

2 6
103v I /m

FIGURE 3 Plot of left-hand side of cquation (8) against [VV]p
for the reaction of VV ions and quinol at I = 5-00M, 250 °C,
and [HCIO,] as follows: (a), 5:00; (&), 3-00; (c), 2:00; (d), 1:00;
(e), 0-50; and (f), 0-30m

and K, (3-2 1 mol?) reported by Wells and Kuritsyn.*
Figure 4 shows the dependence of oy/[H*] on [H*]; it can
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be seen that path (7) does not contribute significantly.
From the intercept (R,/K, + kek;) = (5:6 4+ 2-2) x 10*
12 mol'? s and kK, = (90 + 3-6) x 10° 12 mol™ s™! can
be obtained. The paths (7°) and (8) are kinetically indistin-
guishable. Intercepts of the plots in Figure 3, plotted as a

VO“*laq) + p-qno

fnst‘[V(OH)‘]'(uql

v02*(aq) + Hquin®

Hoquin

V(OH),|" (agq} ==/—= vV (H,quin)|” (aq)
8

H*{| A H*| X5

Ha9
[V(OH)3]2'(uq).:-—;__;:: [ViH2quin)] 2*(aq)

lks,
r 3 .
VO© (aq} + Hquin
tast [V(OH)L]’(uq)

v02*{aq) + p-gqno

SCHEME 3 N, =
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showed a linear dependence on [H*]l. The above observ-
ations are the same as those found previously with excess
of catechol.®

Therefore the mechanism suggested for the reaction in
the presence of excess of catechol can be assumed to apply

) 2 VO2*(aq) + £-qno

[vioH13) % fa)

[V(OH)**]/[V(OH),*][H*], K; = [VV(H,quin)?*]/[VVY(H,quin)*][H"], and B, and B; are formation

constants of the complexes [VY(H,quin)}+(aq) and [VV(H,quin)}?*(aq)

X 10% and k¢ =
102

function of [H¥], gave kg = +
(11 = 0-4) » 10% s [¢f. (33 + 0:9) ¥
0-3) x 102 <" respectively 4].

and (1-3 &

/%ol %s™

{H)

{H*1/m

FiGuRE 4 Plot of a,/[H*] against [H*] for the reaction
between VV ions and quinol at I = 5-:00M and 25-0 °C

T . Catechol.—No spectrophotometric evidence of
complex formation was found. Kinetic runs were moni-
tored at 390 nm. The absorbance increased with time and
the kinetics were first order in [Hycat]. Pseudo-first-order
rate constants Rqps’’’ are given in Table 4. The reaction
was also first order in [Ty, The expression ky""/(1 +
K JH*T"), where %y’ is the second-order rate constant

% G. Biedermann, Rec. Tvav. chim., 1956, 75, 716; T. E.
Rogers and G. M. Waind, Trans. Faraday Soc., 1961, 57, 1360.

also when TI™ jons are in excess. From the present
experiments, &, was found to be (1-3 4 0-1) X 10°1mols7,

TABLE 4
Values of the observed rate constant kq.'"’ (s7!) for the
oxidation of catechol with TII jons (25-0 °C, I = 200,
[Hycatly = 1-0 x 107%)

[HCIO,]/m
108[TIHI) /1 1-00 1-50 2-00
1- 87 6-4 4.9
16 14 9.2 7.6
2.0 18 12 10
2:5 23 15 12
3.0 30 19 15

in agreement with the value given previously.? (The same

value, as previously, was assumed for Kg.%?)

T3*(aq)

1o

[T10H]**(aq)

- k
Hycat [flm(Hzcut)]z {aq) —-= T1"(aq)+2-gno

DISCUSSION

The experimental results suggest that in the oxidation
of catechol with Fe!! jons in excess, the rate-determin-
ing step is mainly oxidation of intermediate complexes,
in equilibrium with the reactants, by means of Felll;
there are two alternative paths, kinetically indistinguish-
able, i.e. the reaction of the ion [FeOH]%*(aq) with
[Fe(Hcat)]?"(aq) and/or Fed*(aq) with [Fe(cat)]*(aq).
Of the few papers on the oxidation of organic compounds
by Fel'l ions, a first-order dependence on the reactants
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was observed with acetoin !® (the experiments were
carried out with a large excess of organic substrate). It
is noteworthy that in the oxidation of quinol with Felt
ions in excess! (where no evidence of intermediate
complexes was found), no term in [Fe™!]2 was found.
However, experimental data on the oxidation of sulphite
ion (in presence of an excess of metal ion) are in agree-
ment with an equation which includes a term pro-
portional to [Felll)212

When the oxidation of catechol is carried out with
VYV ions in excess, there are two alternative paths for
the rate-determining step, 7.c. reaction of [V(OH)4]**(aq)
ions with [VV(H,cat)]*(aq) and/or [V(OH)]*(aq) with
[VV(Hgcat)]?>*(aq). Similar behaviour is proposed for
the reaction of quinol with an excess of VV ions. A
second-order dependence on VV has already been found
in other oxidation reactions (formaldehyde,1® chloral, 4
malonic acid,® and arsenious acid 1%). This kinetic
behaviour was explained by assuming formation of
intermediate complexes such as (I).

H
| 2
Hw _0—=V{OH);*"
C
H~" S0-=V{OH};2*
l
H
(1)
10 7. K. Thomas, G. Trudel, and S. Bywater, J. Phys. Chem.,
1960, 64, 51.
1 . H. Baxendale, H. R. Hardy, and 1. H. Sutcliffe, Trans.

Faraday Soc., 1951, 47, 963.
12 PD. G. Karraker, J. Phys. Chem., 1963, 67, 871.

J.C.S. Dalton

Kinetic dependences on the reactants in the oxidation
of catechol with TI'™™ jons do not change in the presence
or absence of an excess of the oxidant.

The occurrence of these different mechanisms does
not seem to depend simply on the number of electrons
transferred. However, it is relevant that the redox
reaction occurs through interaction of the oxidizing
metal ion and the organic substrate, with the possibility
of intermediate complex formation, the stability of
which depends both on the cation and the organic
molecule. In particular, for one-electron oxidants, it is
suggested that, when formation of a stable complex
does not occur (s.e. for Fe™ and quinol), the kinetic
behaviour does not change in the presence or absence of
an excess of the oxidant. On the other hand, when
intermediate-complex formation occurs (.. with Feltl -
catechol, VV 4- catechol, and VV + quinol) two com-
petitive paths are expected, one being direct decom-
position of the complex with formation of the products
of reaction, the other being further reaction of the
complex with another oxidizing ion. Additional work
on a number of redox reactions is required in order to
clarify this point.
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