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Autooxidation of tetraehlorohydroquinone in aqueous media 
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The oxidation of tetrachlomhydrequinone in an aqueous solution at pH 7.40 is an autocata- 
lytic reaction (sigmoid kinetic curves). The interaction of the tettaehloro-1,4-semiquinone radi- 
cal anion with dioxygen occurs with the rate constant k 2 equal to 95:3 L m o r  t s -I (22--37 *C). 
Superoxidr dismutase does not affect the maximum rate of tetraehlorohydroquinone oxidation. 
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Quinones are present in almost all respiratory cells of  
animals and plants. More than 1500 quinones possess 
anti tumor activity, t,z which resulted in their wide use as 
anti tumor medicines. However,  such important param- 
eters of  quinones and hydroquinones as rate constants o f  
the reaction o f  quinone  with hydroquinone (kl), of  
disproportionation o f  semiquinone radical anions (k._ 0 ,  
and of  interaction of  semiquinone radical anions with 
dioxygen (k, z) are insufficiently studied. The number of  
works devoted to studying in detail the oxidation of  
hydroquinones in aqueous media is l imi t ed )  The rate 
constants o f  disproportionation o f  many semiquinone 
radical anions in aqueous media have reeently been 
determined 4 by a pulse radiolysis technique. 

This work is devoted to the oxidation of  tetrachloro- 
hydroquinone in an aqueous solution. Published data on 
the oxidation of  this compound are scarce. Only the rate 
of  absorption of  dioxygen measured by the Clark electrode 
is presented, s Tetraehlorohydroquinone was obtained s di- 
rectly in an oxidative cell in 0.1 M Tris-HCI buffer 
(pH 7.40) by the reduction of  tetraehloro-l ,4-benzo- 
quinone (100 mmol  L - l )  with sodium tetrahydddoborate 
(200 mmol L - t )  at 20 *C and then, without the subse- 
quent isolation o f  hydroquinone from the reaction mix- 
ture, the rate of  dioxygen absorption was measured as a 
value 30-fold higher than that obtained in this work. 

Experimental  

Tetrachloro-t,4-benzoquinone (Q) (Sigma) and superoxide 
dismutase (SOD)-(Sigma)were used: Tetrachlorohydro~none- 
(QH2) was obtained by the reduction of Q with zinc powder 
(commercially available) in AcOlt with heating. QH 2 was oxi- 
dized in a 0.05 M phosphate buffer ~pH 7.40) purified from 
traces of metals with variable valence using Chelex-I00 reagent 
(Bio-Rad, Richmond (CA), USA). Absorption of O 2 during 
oxidation of QH 2 was studied on a Yellow Springs Instrument. 
Co Model 5300 Biological Oxygen Monitor with a Clark 
electrode. The concentration of tetrachloro-l,4-semiquinone 

radical anions (Q ' ' 3  during oxidation of QH l in the phosphate 
buffer at 22 *C was monitored by ESR 0/arian E-12) and UV 
spectroscopy. The ESR spectrum of the Q ' -  radical anion is 
a singlet, AH = 0.80+0.05 G, g = 2.00535+0.00001. UV spec- 
tra during oxidation of QH 2 in the phosphate buffer were 
recorded on a Specord UV-VIS spectrophotometer in 
themaostatted cells. Reference solutions were prepared in differ- 
ent systems for different methods of nnal30sis: for recording UV 
spectra, [QH2] = 1 �9 10 -2 trml L -I in the MeOH + 1- 10 -3 N 
HCl system, [Qi = 1-10 -~ tool L -!  in MeOH; for record- 
ing ESR spectra, [QHI] " 5.10 -3 mol L -i in ButOH, 
[Q] = 1-10 -2 mol L -1 in DMSO; mad for oxidation on the 
Clark electrode, [QH2] = 2.4" 10 -2 tool L -! in the MeOH + 
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Fig. I. UV spectra of QH 2 (1), Q (2), and Q ' -  (3) in the 
phosphate buffer (22 *C): 1, [QH2I = 30 ~tmol L -I,  Lma x = 
218 nm, e = 30000 L mow | era-I;  kmax = 327 nm, 

= 5800 L tool -I cm-l; 2, [QI = 20 p.mol L - l ,  hma x = 
204 nm, r = 17000 L mol -t era-t; ~.max = 294 nm, e = 
21000 L tool -I cm-t; and 3, [Q ' - I  = 78 lamol L -t ,  3.ma x = 
461 nm, e = 6600 L tool - l  cm -t. 
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!" 10 -3 N HC! system, [Q] = 0.6-10 -3 tool L -I in DMSO. 
The extinction coefficient of Q was detemained in the phosphate 
buffer + MeOH (3 : 1) mixture because of its poor solubility in 
the pure buffer. The extinction coefficient of Q ' -  was deter- 
mined from the ESR and UV spectra obtained during the 
oxidation of QH 2 (100 mmol L -I) in the phosphate buffer at 
22 *C. The UV spectra of QH2, Q, and Q ' -  are presented in 
Fig. I. 
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Fig. 2. UV spectra recorded during oxidation of QH 2 
(45 ttmol L -t) in the phosphate buffer (22 ~ cell thickness 
I cm: 1, at the bcginnin8 of oxidation; 2, after 24 rain; 
3, after 32 rain; and 4, after 46 rain. 

Results and Discussion 

The UV spectra for different stages o f  oxidation o f  
QH 2 (45 ttmol L - I )  in the phospha te  buffer at 22 *C are 
presented in Fig. 2. One of  the absorpt ion bands o f  Q H  2 
(7,~nax = 327 tun) does not bear informat ion,  because the 
Q ' -  radical anion appearing dur ing  the QH 2 oxidation 
also absorbs in this region. The absorpt ion  band of  Q H  2 in 
the region o f  218 nm bears little informat ion  and, hence,  
it was used only as a control o f  the  concentrat ion o f  Q H  2 
introduced. The products of  QH 2 oxidat ion ,  whose struc- 
ture was not studied, contribute t o  this spectral region. 
Change in the concentrations o f  Q and Q ' -  were moni -  
tored by absorption bands of  Q (Xma x = 294 run) and 
Q ' -  (kma x = 461 rim). The ESR and UV spectroscopic 
data for the Q ' -  radical anion at 461 nm are p r e ~ n t e d  in 
Fig. 3. The extinction coefficient o f  the  Q ' -  radical 
anions was determined from the  slope angle: at k = 
461 rim, e = 6600 L mol - I  cm -1. The good coincidence 
of  the shapes of  the kinetic curves for accumulat ion and 
consumption of  Q ' -  radical anions  obtained by different 
methods (ESR and UV spectra) u n d e r  the same condi-  
tions of  QH 2 oxidation indicates tha t  the oxidation prod-  
uets have no effect on the shape  and position of  the 
absorption band at 461 rim; therefore,  the determinat ion 
of  the concentration o f  Q ' -  radical  anions is always very 
accurate.. The curves of  the changing concentrations o f  
QH 2, Q ' - ,  Q, and O 2 during Q H  2 oxidation are pre-  
sented in F'~ 4 (by the data o f  UV spectroscopy and 
measurements using the Clark electrode) .  
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Fig. 3. a. Changes in the concentration of Q ' -  radical anions during oxidation of QH 2 (100 mmol L -I)  in the phosphate buffer 
at 22 ~ by ESR (I) and UV spectroscopy (2) data. b. Concentration dependence of the optical density of Q" - radical anions 
(Xma x = 461 rim). 
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Fig. 4. Kinetic curves of consumption of QH 2 (/), absorption of O 2 (2), accumulation and consumption of Q ' -  (3), and 
accumulation of Q (4) during oxidation of QH 2 (45 lamol L - I )  in the phosphate buffer at different temperatures (a, b) and after 
addition of Q (c): a, 22 *C; b, 37 ~ and c, 22 ~ [QI ~ 1 pmol L -1. 

According to the material balance, the following corre- 
lation between the initial concentration of  QH 2 ([QH210) 
and the concentrations of  products of  its oxidation should 
be fulfilled ill the oxidizing system at any moment: 

[QH2h > [QHzlt + [ Q ' - !  + [QI + [PI, (1) 

where [QH2] t is the  current  concentrat ion of  QH2, and 
P are unknown products  o f  QH 2 oxidation. It follows 
from inequality (1) that  the  [QH2] t value satisfies the 
correlat ion 

[QH2I, :; [QH210 - [ Q ' - I  - [Q! - [P]- (2) 

Since the concentra t ion  of  the Q ' -  radical anions 
earl be de termined with a high accuracy (their  contribu- 
t ion to the react ion course is the major one, according 
to Fig. 4), and the concentra t ion of  Q is low (especiall~ 
in the  first ha l f  o f  the oxidat ion process), it is probable 
that  the concentra t ion of  products P at this stage o f  
oxidation is also low. Therefore,  we can conclude that 
the kinetic curve o f  QH 2 consumption found by Eq. (2) 
reflects sufficiently accurately the real oxidation process. 

As can be seen in Fig. 4, the kinetic curves are 
sigmoid, which is characterist ic o f  autocatalyt ic  pro-  
cesses. The kinetic curves obtained in other  exper iments  
on QH 2 oxidation have similar sigrnoid shapes (Table 1). 

The dependences  of  the maximum rate o f  hydro-  
quinone oxidat ion (Ro~) on [QH21 at different t empera-  
tures are.presented in Fig. 5. The  linear charac ter  o f  the 
dependences  indicates that Ro2 is a function o f  the 
concentrat ion o f  QH2: 

/ ~  =/[QH2I.  (3) 

The effective rate constants  of  oxida t ion  ker r = 
2" 10 -3 s - t  (37 ~ and I �9 10 -3  s -1 (22 ~ were ob- 
tained from the slopes of  the corresponding lines. The 
linear dependence of  Ro2 on [QH2] suggests that  0 2 is 
absorbed by the Q ' -  radicals (Scheme 1, react ion 2) 
which are formed in reaction 1. 

In  this ease, according to Eq. (3), the rate of  Q H  2 
oxidation is determined by the value 

k2[Q'-l[021 = kadQl'121. (4) 

Table 1. Maximum rates of consumption of QH2, absorption of 02, accumulation and consumption 
of Q" -, and accumulation of Q during oxidation of QH 2 (45 ~tmol L -I)  in the phosphate buffer at 
different temperatures and different concentrations of Q additives 

T [Qh _Rg. HZ. l0 g RO 2. 108 p,Q.~,um, t0 s RO.,o~. l0 s / ~ .  t08 x, 

/~ /lamol L -I tool L -I /rrtin 
f 

22 0 2.7 4.2 3.9 2.3 0.9 24 
22 0.5 4.9 -- 5.0 2.5 1.4 15 
22 1.0 8.3 4.9 6.3 2.7 1.9 10 
22 2.5 9.6 6.3 7.2 3.5 2.1 10 
22 4.0 19.0 7.2 7.9 4.0 2.0 7 
37 0 24.0 7.1 15.0 6.0 2.6 6 

* | n f l e c t i o n  po in t .  
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Scheme 1 

QH 2 ~ -OH + H + - ;~ Q 2 - + 2 H  + 

Q H 2 + Q  , Q ' - + Q ' - + 2 H  + 

2 H + + Q ' - + Q  " -  = Q H 2 + Q  

O ' -  + O2 = Q + O2"- 

(reaction/7) 

( r e a c t i o n / )  

(react ion - 1 )  

(reaction 2) 

It therefore follows that 

k z = ktff[QH2l/([Q'-lIO2l). (5) 

The information on the concentrations of  QH 2, Q ' ,  
and O 2 (see Fig. 4, a, b) made it possible to f'md very 
important values from Eq. (5): rate constants o f  the 
interaction o f  the Q ' -  radical anions with dioxygen (/~) 
at 22 and 37 *C, which are equal to 8.9 L tool - t  s - !  
(22 *C) and 6.0 L m o i - '  s - I  (37 *C). Therefore, the k 2 
value for the Q ' -  radical anion is the same at different 
temperatures within the error limits. It is seen in Fig. 4, 
a - - e  that the kinetic curves o f  the changing concentra- 
tion o f  Q ' -  radical anions during QH2 oxidation pass 
through a maximum in all eases. The position of  the 
maximum (inflection point) corresponds to the moment  
at which the rate o f  accumulation o f  the Q ' -  radical 
anions is equal to the rate of  their consumption, Le., 
d [ Q ' - l / d t  = 0. The concentration o f  QH:z in the system 
is low to the moment  corresponding to the point of  the 
maximum. If  the consumption of  the Q ' -  radical anions 
is considered to be mainly due, in this case, to reaction 2 
(see Scheme 1), we can write 

RO.- 0 ~  = / 2 [ Q ' - I [ O 2 I ;  (6) 

it therefore follows that 

k2 = P,Q.~-~'/([Q'-l[Ozl). (7) 

According to the data in Table 1 and Fig. 4, a--c, 
k 2 = 6 L mol - I  s - l  (22 ~ and 11.7 L mol - t  s - I  
(37 ~ Thus, the k 2 values found by different methods 
are close, and the average k 2 value within the experi- 
mental error is equal to 9+3 L tool - I  s -I .  

The rate constant k2 for the radical anion under 
study differs strongly (by 4 orders of  magni tude) f rom 
the k2 value for the radical anion of  unsubstituted hydro- 
quinonefl This is probably related to the specificity of  
the structure of  the Q ' -  radical anion, with all H atoms 
substituted by electron-withdrawing CI atoms, due to 
which its external shell is a continuous electronegative 
zone; the latter results, most likely, in such a low k 2 
value. As a result, the interaction o f  tetrachloro- 
semiqui,mne radical anions with dioxygen occurs with 
low rates and is characterized by very low activation 
energies. 
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Fig. 5. Concentration dependences o f  the maximum oxidation 
rate of hydroquinone (Ro2) at 22 *C (/) and 37 *C (2); @ is 
oxidation of QH z in the presence o f  500 SOD units. 

In reaction 2 (see Scheme 1), O 2 " -  radical anions 
are formed, which can substantially affect the oxidation 
of  QH 2. As follows from the published data, the oxida- 
tion o f  hydroquinone is complete ly  retarded by the 
inverse reaction: 

O + 0 2 " -  ,= Q ' -  + 02.  ( react ion - 2 )  

Reaction - 2  proceeds with a high rate, suppressing 
the direct reaction 2, because k_ 2 >> k2. a The superoxide 
dismutase enzyme reacts with the  O 2 " -  radical anions at 
a high rate (k 3 = 5- 109 L mol - t  s - t )  to form hydrogen 
peroxide and inactive products 6 (conventionally desig- 
nated as (SOD)) and thus efficiently removing the 0 2 " -  
radical anions from the system 

SOD + O2"- .= H202 + (SOD). (reaction 3) 

Therefore, the introduction o f  SOD into the reaction 
system makes it possible to estimate the contribution of  
reaction - 2  to the oxidation o f  QH 2. When QH 2 
(100 /amol L - l )  is oxidized in the  phosphate buffer at 
37 ~ in the presence of  500 S O D  units, the maximum 
r a t e  o f  Q H  2 oxidation remains  unchanged (R o = 
RO.z,SOD = 1.8" 10 -7 L tool -I  s - t ,  see Fig. 5). ~his 
confirms that reaction - 2  is insignificant in QH 2 oxida- 
tion. 

The inflection point on the kinetic curve of  changing 
[ Q ' - I  corresponds to the max imum rate of  Q accumula- 
tion regardless of the temperature and Q additives to 
oxidized QH 2. At this point, the ratio of  the concentra- 
tion of  the Q ' -  radical anions to  that of  Q is always 
constant: [ Q ' - I / I Q I  = 6+I .  This implies that the in- 
flection point corresponds to the moment  when only 1/6 
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Fig. 6. Changes in the maximum rates of eonsumptipn of QH 2 
(/), absorption of O 2 (2), accumulation of Q ' -  (3) and Q (4), 
arid position of the inflection point (t) of the oxidation of QH 2 
(5) at different concentrations of Q additives during oxidation 
of QH 2 (45 lamol L -t) in the phosphate buffer at 22 *C (data 
in Table I). 

of  the Q formed in reaction 2 (see Scheme 1) remains 
in the oxidized system (Q accumulates). The remaining 
portion of  Q again enters reaction L This multiple 
participation of  Q in the reaction with QH 2 is the reason 
for its low concentration. This occurs until QH2 is 
present in the system. 

The addition o f  Q to QH 2 results in the acceleration 
of  the QH l oxidation (see Fig. 4, c). Based on the data 
in Table 1, we plotted the dependences of  the changing 
rates of  QH 2 consumption,  Q ' -  and Q accumulation, 
and O 2 absorption and the position of  the inflection 
point for QH 2 oxidation on the concentration of  Q 
additives (Fig. 6). The rates of  Q-H2 c0n~_umptiQn,_ Q ' -  
and Q accumulation, and O 2 absorption in the presence 
of  Q additives increase in different manners. Within the 
Q concentration range below i lamol L - I ,  all rates in- 
crease, and the time of  achievement of the inflection 
point shortens sharply. At a content o f Q  > 1 rtmol L - l ,  
only the rate o f  Q accumulation remains unchanged, 
and this does not change the time of  achievement of  the 
inflection point. 

It was shown by ESR spectroscopy that in an inert 
medium (Ar) tile Q ' -  radical anions that appeared in 

[Q �9 -]/lamol L -I 
I / [ Q ' -  ! �9 I0-5/L m o r  t 
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lrlg, 7. Kinetic curve (/) of decay of Q ' -  radicals (82 limol L -I) 
formed in the reaction of  QH 2 (50 limol L - t )  with Q 
(62 limol L -t)  in an inert medium (/it-) in the phosphate 
buffer at 22 *C and its anamorphosis (2) in the coordinates 
I/[Q" -]--t. 

the reaction o f  QH2 with Q decay in reaction - 1 "  at an 
average rate o f  I% min - I  to form products, whose 
structure was not studied: 

2 H + + Q' -  + Q' -  = Products. (reaction --I*) 

As fol lows from Fig. 7, the Q ' -  radical anions decay 
in a second-order reaction w i th  the rate constant k_ t. = 
2.1 L tool - I  s - t  according to the equat ion 

I / [Q ' - ]  = ll[Q'-10 + 2.1t. (8) 

The k_ l, rate constant is very low and, perhaps, the Q ' -  
radical anions decay via this channel only when other, 
faster routes are absent. 

It is well known that benzoquinones and hydro- 
quinones at a molar ratio o f  1 : I form quinhydrones. 
Benzoquinone and hydroquinones in quinhydrones re- 
tain their individual character (mobility). In this case, 
the presence o f  electron-withdrawing Cl atoms in ben- 
zoquinone and hydroquinone results in the formation of  
very stable quinhydrones. The UV spectra o f  solutions of  
Q (33 lxmol L - t )  and QH2 (31 ~tmol L - t )  before and 
after mixing in an 0 2 atmosphere at 22 ~ are presented 
in Fig. 8. The optical density of  the spectrum obtained 
after mixing Q with QH 2 in the region of  218 nm is the 
sum of  the optical densities of  Q and QH2, A new band 
close to the absorption band of  benzoquinone (294 nm) 
appears in the region of  300 rim. The bands in the 
region of  400 nm and further belong to the Q ' -  radical 
anions only. The formation of  quinhydrone results in an 
unusual change in the optical densities during the QH 2 
oxidation. Immediately after mixing of  Q and QH2, the 
optical density in the region of  218 nm begins to de- 
crease, and the absorption band in the region of  294 nm 
disappears. A new absorption band appears at 300 nm, 
and its optical density increases rapidly (~2 rain) by a 



886 Russ.Chem.Bull., Yol. 48, No. 5, May, 1999 Pisarenko 

D 

1.5 3 

1.0 

0.5 

" ~ ~  

0200 250 300 350 400 ~./nm 

Fig. 8. UV spectrum of Q (33 ttmol L -I) (/) and QH l 
(31 lamoi L -l) (2) in the system phosphate buffer + MeOH 
(3 : 1) in an 02 atmosphere at 22 *C and Q + QH 2 immedi- 
ately afar mixing (3), after ~7 rain (4), and after -20 rain (5). 

Table 2. Concentration of Q ' -  radical anions formed 
during mixing of solutions of Q and QH 2 with different 
initial concentrations (22 *C) 

Entry [QH2] [QI [Q'-I  Medium 
pmoi L -I /ttmol L -I (%) (method) 

1 31 33 29 (45) 02 (UV) 
2 18 21 15 (38) 02 (UV) 
3 62 50 82 (73) ha" (ESR) 
4 44 12 29 (52) 02 (UV) 
5 42 15 36 (63) Ar (ESR) 
6 11 33 18 (41) 02 (UV) 

very small value and then remains unchanged during the 
whole observed process of  QH 2 oxidation (25 rain). The 
behavior of the Q ' -  radical anions is unusual. Their 
concentration within 6 min remained unchanged (the 
optical density at kma x = 461 nm remains unchanged), 
and only afterwards does the Q ' -  radical anions begin 
to be consumed. A similar spectral pattern is observed 

when solutions of Q and QH 2 with concentrations of  18 
and 21 ttmol L -t ,  respectively, are mixed. When mix- 
ing solutions of Q and QH 2 with different initial con- 
centrations, the shapes of the spectra and the kinetics of 
the behavior of the components are different. Thus, 
reaction 1" proceeds during the oxidation of QH 2 when 
the molar concentrations of the formed Q and remain- 
ing QH 2 are equalized: 

Q + QH 2 ,, [Q...QH2I ~, Q ' - .  (reaction 1") 

The concentrations of the Q ' -  radical anions formed 
during mixing of solutions of Q and QH a with different 
initial concentrations are presented in Table 2. When 
[Q! = [QH21 (entries I and 2) or [QI is three-fold 
higher than [QH2] (entry 6), --40~ Q ' -  radical anions 
appear in the system. If [QH2I > [Q1 by 1--3 times 
(entries 3--5), 50--70% Q ' -  radical anions are formed. 

Thus, the oxidation of tetraehlorohydroquinone in 
the buffer solution with pH 7.40 occurs autoeatalytically 
(sigmoid kinetic curves). The tetraehlorohydroquinone-- 
tetraehloro-l,4-benzoquinone system is responsible for 
autocat_a!ysis. The reaction of the tetraehloro-1,4-semi- 
quinone radical anion with diox'ygen occurs with k 2 = 
9+3 L tool - t  s -1 (22--37 *C). 

The author thanks V. A. Roginsky for critical re- 
marks and interest in this work. 
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