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Hypochlorous acid reacts with the model iron(1I) complex, ferrocyanide (Fe(CN):-) in aqueous 
solution with the rate constant 220 f IS dm3 mol-' s-I. Free hydroxyl radicals are formed in this 
reaction in 27% yield as shown by the hydroxylation of benzoate to give a product distribution identical 
to that of free (radiolytically generated) hydroxyl radicals. This reaction is three orders of magnitude 
faster than the analogous reaction involving hydrogen peroxide (the Fenton reaction). suggesting that 
the hypochlorous acid generated by activated neutrophils may be a source of hydroxyl radicals. 
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INTRODUCTION 

Activated neutrophils produce the enzyme myeloperoxidase, which uses hydrogen 
peroxide (H202) to oxidize chloride to hypochlorous acid (HOCl).' This compound 
reacts with many biological  molecule^^*^ and may therefore be involved in many 
beneficial but also some deleterious biological processes.' On the other hand, 
HOCl is formed at the expense of hydrogen peroxide, which is itself implicated in 
biological damage, possibly due to its capacity to form hydroxyl radicals via the 
Haber-Weiss reaction: 

(1) 
It is therefore conceivable that myeloperoxidase could have a protective effect by 
decreasing the levels of H202 and preventing the formation of hydroxyl radicals.' 
However, we have recently shown that HOCl reacts with superoxide anion to 
produce hydroxyl radicals, in a reaction analogous to the Haber-Weiss reaction but 
which is six orders of magnitude faster in the absence of metal ions? 

(2) 
Following the analogy between H202 and HOCl represented by equations (1) 

and (2), we considered the possibility of hydroxyl radical formation in the Fenton- 
type reaction (3): 

(3) 

H202 + 02.- --* 'OH + OH- + O2 

HOCl + 02*-  -+ 'OH + C1- + 0, 

HOCl + Fe(I1) -+ 'OH + CI- + Fe(II1) 

*Correspondence to L.P. Candeias, Gray Laboratory, PO Box 100. Mount Vernon Hospital, 
Northwood, Middlesex HA6 2JR, United Kingdom. Tel: 010-44-923 82 86 11, Fax: 010-44-923 83 52 10 
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242 L.P. CANDEIAS ET AL. 

Since catalytically active metal ions, especially iron, may be present in biological 

In this exploratory study we used as model compounds the hexacyano complexes 
of iron, ferrocyanide Fe(CN),4- and ferricyanide Fe(CN)d-. These complexes 
have several advantages over more biologically relevant forms of iron: both Fe(I1) 
and Fe(II1) forms are soluble over wide pH ranges, their absorption spectra are 
markedly different, the reduction potential of Fe(CN)d- is well known (Eo = 0.36 V 
vs NHE), and the ferrous form is relatively unreactive and can be kept in aerated 
solution for some time (at least one hour) before oxidation is noticeable. Ferro- 
cyanide is known to reduce hypochiorous acid,'.' but the products of the reaction 
have not been identified. In the present work we have used the hydroxylation of 
benzoate to quantify the formation of hydroxyl radical in reaction (3). 

reaction (3) can contribute to the effects of phagocytic cells. 

MATERIALS AND METHODS 

Solutions of hypochlorous acid (1 -10 mmol dm-') were prepared by diluting sodium 
hypochlorite solutions (Aldrich) in 10 mmol dm-3 phosphate buffer at pH 7. The 
concentration was determined by measuring the absorption at 254 nm (the isobestic 
point of the spectra of HOCl and OC1-) and using ~ 2 5 4  ",,, = 56 dm' mol-l cm-'." 
These solutions (protected from light) were stable for > 2 h. Hydrogen peroxide 
(100 volumes), potassium salts of ferrocyanide and ferricyanide, benzoic acid and 
hydroxylated derivatives, L-ascorbic acid and phosphate buffers were from Merck 
and of analytical grade. The H202 content of the commercial solutions was verified 
by the triiodide assay." Fresh solutions were prepared in water purified by a Milli- 
Q system (Millipore). 

Kinetic measurements were performed with a Hewlett-Packard 8452A diode- 
array spectrophotometer. Solutions were mixed in 1 x 1 cm quartz cells stirred 
magnetically under conditions such that the mixing time was - 1 s. Formation 
of Fe(CN)d- was monitored at 420nm and the yields calculated using &",,, = 
1020 dm' mol-' cm-I, or for better signal to noise ratio by averaging the absorp- 
tion in the range 410-430nm. 

Fluorescence was measured with a Perkin Elmer LS5OB luminescence spectro- 
meter. Formation of salicylate was monitored by its fluorescence (Lx = 305 nm, 
A,,,, = 410nm) in stirred solutions in quartz cells in the spectrometer. In order 
to avoid photolysis of the solution by the excitation light, the spectrometer was 
programmed to take readings at fixed time intervals and to cut off the excitation 
light between readings. 

Non-linear-least-squares fits to the data were performed using Origin (MicroCal, 
Northampton MA, USA) weighed by the standard error of replicate measurements 
when appropriate. 

Formation of 0- (salicylate), m- and g-hydroxybenzoate from benzoate was quan- 
tified by HPLC using a Hichrom RPB column (100 x 4.6mm) with detection by 
UV absorption (229 and 254 nm) and fluorescence ( Lx = 295 nm, he,,, = 410 nm). 
Elution was achieved with a linear gradient (20% to 50% in 5min) of 75% 
acetonitrile in water against 0.02 mol dm-' H3P0, and 0.02 mol dm-' KH2P04. 

Ionizing radiation (y-radiation) was from a '%o source with an activity of - lo00 Ci. Solutions were placed in 50 ml glass syringes at a distance of the source 
such that they received a radiation dose of 8. I f 0.1 Gy min-I, as determined by 
Fricke dosimetry.I2 

All the measurements were performed at room temperature (20 f l°C). 
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REACTION OF HOCl WITH FERROCYANIDE 243 

RESULTS 

Rate of Reaction of Ferrocyanide with Hypochlorous Acid 

Solutions of potassium ferrocyanide (K,Fe(CN),) in phosphate buffer (10 mmol 
dm-’ at pH7.0) are colourless, but on addition of hypochlorous acid (HOCI) 
they rapidly became yellow. The absorption spectrum of the final mixture had a 
maximum at 420 nm, characteristic of the ferricyanide anion (Fe(CN)d-). With 
0.1 mmol dm-3 K,Fe(CN), and excess HOCl (0.35 to 1 mmol dm-’) the absorption 
at 420 nm increased exponentially, i.e. followed pseudo-first order kinetics (inset of 
Figure 1). The pseudo-first order rate constant kobs was proportional to the 
concentration of HOCl (Figure l), showing that the reaction is also first order 
in HOCl. From the slope of the plot of /robs against the concentration of HOCl, 
the second order rate constant for the reaction was determined: k = 129 f 7 dm’ 
mol-Is-’. The yield of Fe(CN)d-, determined from the absorption at 420nm on 
completion of the reaction, was 99 f 4% relative to the initial concentration of 
Fe(CN):- and independent of the concentration of HOCl, when the latter was 
present in excess. Under conditions of excess ferrocyanide the reaction did not 
follow simple first order kinetics, in agreement with previous observations.* 

Similar experiments were performed in which hydrogen peroxide (H202) was 
used instead of HOCl. It was observed that the concentration of H20, necessary 
to form ferricyanide in the time-scale of seconds was in the molar range, in 
agreement with the observations reported in the literature.” 

At pH 7 hypochlorous acid (pK ,  = 7.6)” exists as an equilibrium mixture of 
HOCl and OC1- (hypochlorite). In order to determine which of these species is 
responsible for the oxidation of ferrocyanide to ferricyanide, we measured the rate 
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FIGURE I Pseudo-first order rate (kobs) for the reaction of hypochlorous acid with ferrocyanide 
(0. I mmol dm’) in 10 mmol dm-’ phosphate buffer at pH 7.0. Inset: Increase of absorption observed 
in the presence of O.% mmol dm-3 HOCI. 
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FIGURE 2 pH dependence of the rate constant for the reaction of hypochlorous acid with ferrocyanide 
in 10 rnrnol drn-' phosphate buffer. The line is the weighed non-linear least squares fit to a p K  curve. 

of the reaction at a function of pH (Figure 2). The rate of ferricyanide formation 
decreased with increasing pH in the range 5 to 9, from which we conclude that HOCl 
reacts with Fe(CN);- faster that its conjugate base OC1-. Fitting to the appro- 
priate function for a pH-dependent reaction assuming a single pKa (using non- 
linear least squares) revealed an inflection point at pH = 7.0 f 0.2, close to the 
reported pKa of hypochlorous acid (7.6)." The rate constants for the reaction 
of HOCl and OC1- obtained from the fit (solid line) were k,,, = 220 f 15 and 
k,- = 15 f 13 dm3 mol-'s-' respectively. The value of km,- is not significantly 
different from zero but literature data are available* from which the rate constant 
for the reaction of hypochlorite with ferrocyanide at pH 9.45 can be estimated as 
k = 0.0936 f O.OOO4. However, on the basis of kH,/ = 220 dm3 mol-ls-', even 
assuming k,- = 0, we would predict an apparent rate constant at pH 9.45 of 
1 dm3 mol-l s-I. 

Hydroxylation of Benzoate by Hypochlorous Acid and Ferrocyanide 

When the reaction of ferrocyanide (0.1 mmol dm-j) with hypochlorous acid (up to 
50pmol dm-3 in 10 mmol dm-' phosphate a t  pH 6.9) was carried out in the pre- 
sence of 5 mmol dm-' benzoate, salicylate was formed, as shown by the develop- 
ment of fluorescence (bx = 305 nm, &,,, = 410 nm). No formation of salicylate 
was detected in the absence of either hypochlorous acid or ferrocyanide. The yield 
of salicylate was determined by measuring the fluorescence of the solutions after 
addition of variable concentrations of hypochlorous acid. The concentration of 
salicylate was proportional to the concentration of hypochlorous acid (up to 
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REACTION OF HOCl WITH FERROCYANIDE 245 

50 pmol dm-’); the yield of salicylate determined from the slope of the linear 
dependence was 6.2 * 0.1%. Formation of salicylate was also observed under 
conditions of excess hypochlorous acid, but the slow reaction of HOCl with 
salicylate precluded the accurate determination of the yield. HPLC analysis of 
the solution of benzoate and ferrocyanide (0.1 mmol dm-’) and to which HOCl 
50 pmol dm-’ was added, showed that m- and p-hydroxybenzoate were also formed 
and that the isomeric distribution (orfho : mefa :para) was 2.0 f 0.1 : 1.1 f 0.1 : 1. 
No other retained peaks were observed in the HPLC elution. 

The hydroxylation of benzoate is suggestive of the formation of hydroxyl radicals 
(’OH)14 on reaction of ferrocyanide with hypochlorous acid. To test this, we com- 
pared the product distribution with that obtained when free hydroxyl radicals were 
generated by ionizing radiation. The product distribution is affected by the reac- 
tion conditions,14 due to often incomplete conversion of the intermediate hydro- 
xycyclohexadienyl radicals to hydroxylated products.’s Therefore we irradiated 
solutions identical to those used in the HOCl + ferrocyanide experiments, i.e. 
containing 5 mmol dm-’ benzoate and 0.1 mmol dm-’ Fe(CN),4-, but without 
HOCl. Under these conditions, salicylate was formed with yield 23 f 1% relative 
to the hydroxyl radicals generated by the irradiation. The isomeric distribution was 
1.8 f 0.1 : 1.1 f 0.1 : 1 of o- : m- :p-hydroxybenzoate, similar to that obtained in 
the HOCl + ferrocyanide experiment, showing that free hydroxyl radicals are 
formed also in the latter case. On the basis of the yield of salicylate on the reac- 
tion of ’OH with benzoate (23%) and on the reaction of HOCl with ferrocyanide 
(6.2%) the yield of hydroxyl radicals formed on reaction of HOCl with ferrocyanide 
can be estimated as 6.2%/23% = 27%. 

Hydroxyla fion of Benzoa re by HOCI/Ferricyanide/Ascorbate 
The incubation of hydrogen peroxide with iron(II1) (usually in the form of the 
EDTA complex) and ascorbate is a common method to generate hydroxyl radicals 
(or species with similar reactivity).16 We tested the ability of ferricyanide to undergo 
similar reactions by incubating H202 (1 mmol dm-’) with ferricyanide (0.1 mmol 
dm-’) and ascorbate (0.1 mmol dm-’) in the presence of benzoate (5 mmol dm-’ 
in 10 mmol dm-’ phosphate at pH 6.9). A time-dependent increase of fluorescence 
was observed (Figure 3), showing the hydroxylation of benzoate to salicylate. After 
12 min incubation the concentration of salicylate reached a maximum at 2.6 pmol 
dm-’. The reaction mixture incubated for ca. 15min was analyzed by HPLC, 
showing the formation of hydroxylated derivatives of benzoate in the proportions 
1.6 f 0.1 : 1.3 f 0.1 : 1 (orfho : mefa :para). 

The same experiment was repeated but replacing Hz02 by hypochlorous acid. 
Formation of salicylate was also observed but its formation was much faster that 
in the hydrogen peroxide system: the maximum yield, reached after ca. 2 min was 
2.5 pmol dm-’ of salicylate and after ca. 6 min the fluorescence started to decrease 
(Figure 3). probably due to further reaction of salycilate with HOCl. In a reaction 
mixture incubated for 3 min salicylate was largely predominant over m- and p -  
hydroxybenzoate (concentration ratio 12.0 f 0.1 : 2.9 f 0.1 : 1, orfho : mefa : para). 
At least four other secondary products were formed in this system. 
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-0- HOCl 
-0- H,O, 
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FIGURE 3 Formation of salicylate (measured by fluorescence) in a solution of 5 mmol dm-3 
benzoate, 0.1 mmol dm-3 ferricyanide. 0. I mmol dm-3 ascorbate and 1 mmol dm-j of hydrogen 
peroxide (open symbols) or hypochlorous acid (solid symbols). 

DISCUSSION 

We have shown that hypochlorous acid oxidizes ferrocyanide to ferricyanide with 
rate constant k = 220 f 15 dm-' mol-l s-I. The conjugate base of hypochlorous 
acid, the hypochlorite anion, is a much weaker oxidant and therefore the rate of 
oxidation of ferrocyanide by equilibrium mixtures of hypochlorous acid and hypo- 
chlorite decreases with increasing pH in the range 5 to 9. At pH 7.0 the rate constant 
is 129 f 7 dm'mol-l s-I. 

Hypochlorous acid and ferrocyanide hydroxylate benzoate to o-, m- and p- 
hydroxybenzoate, in an isomeric distribution which is very similar to that produced 
by radiolytically-generated hydroxyl radicals ( * OH) under comparable conditions. 
Singlet oxygen can also hydroxylate aromatic compounds, but leading to a distri- 
bution of isomers different of that produced by hydroxyl  radical^."^^^ Therefore, 
the similar isomer distribution obtained with HOCl + ferrocyanide and by radio- 
lysis lead to the conclusion that 'OH is formed on reaction of hypochlorous acid 
with ferrocyanide: 

(4) 

Formally, the one-electron reduction of hypochlorous acid can yield either hydro- 

Fe(CN),4- + HOCl + Fe(CN),'- + C1- + 'OH 

xyl radicals or chlorine atoms: 

HOCl + e- -+ 'OH + C1- 

HOCl + e- + OH- + CI' 
( 5 )  

(6)  

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
2/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



REACTION OF HOCl WITH FERROCYANIDE 241 

Both redox semi-equations have positive Gibbs free energy change at 298 K 
of semi- 

equation ( 5 )  (3.9 kJ mol-') is lower than that of semi-equation (6) (124.5 kJ mol-'). 
Therefore, the formation of 'OH on one-electron reduction of HOCl is thermo- 
dynamically favoured over the formation of C1' . 

The primary product of the outer-sphere one-electron reduction of HOCl is the 
radical anion HOC1'-; this species is also formed on the reaction of hydroxyl 
radical with chloride anion (k = 4.3 x 1O9dm3mol-' s - ' ) : ~  

'OH + C1- HOC1'- (7) 

= -FAEo), as calculated from literature data," but 

Pulse radiolysis studiesM have shown that this reaction is reversible (K = 0.7). It 
can thus be predicted that, in the absence of chloride, HOC1'- decomposes into 
'OH and Cl- with rate constant k = 6.1 x 10'dm3m01-'s-'. HOC1'- can also 
decay into C1' and OH- but at pH7 the rate constant for this rection is only 
2100dm3mol-'s-'.20 On the basis of these kinetic arguments it can be predicted 
that in neutral solution and in the absence of chloride the products of the outer- 
sphere one-electron reduction of HOCl are 'OH and C1- (eqn. 5) .  

However, our results show that the yield of hydroxyl radicals on reaction of 
hypochlorous acid with ferrocyanide is only 27%; we conclude that alternative 
parallel reaction mechanisms are effective. Inner-sphere electron transfer is a 
possible mechanism and the involvement of an intermediate with life-time in the 
millisecond range supports this hypothesis.' The two-electron oxidation of HOCl 
is thermodynamically more favourable (AGO, = -46 kJ mol-I) than the one- 
electron reaction and the oxidation of ferrocyanide could, in principle be a two- 
electron process forming the iron(1V) complex Fe(CN);-. We found no evidence 
for such a complex, either in the absorption spectra or in the benzoate hydroxylation 
experiments. 

The reaction of ferrocyanide with hypochlorous acid generating hydroxyl radicals 
(eqn.4) is analogous to the Fenton-type reaction (8): 

(8) 
However, the rate of reaction (8) at pH 7 is only 0.22 dm3 mol-' s-',I3 three orders 
of magnitude lower than the rate constant for the HOC1-analogous reaction (4). 

The ascorbate/ferricyanide system provides a further comparison between hypo- 
chlorous acid and hydrogen peroxide. Both systems induced hydroxylation of 
benzoate, although the product distributions were distinct, and in either case 
different from the 'OH fingerprint. It is not clear at this stage if this reflects 
formation of reactive species other than free hydroxyl radicals or if reactions of the 
intermediate hydroxycyclohexadienyl radicals affect the isomer distribution. Also 
additional products were formed in the HOCl system, which could be the result 
of further oxidation of the hydroxylated benzoates with HOCl. Nevertheless, it is 
clear that hypochlorous acid induced hydroxylation of benzoate much faster than 
hydrogen peroxide. 

Fe(CN),4- + H202 -+ Fe(CN);- + OH- + 'OH 

CONCLUSIONS 

We have shown that hypochlorous acid is able to participate in reactions similar 
to those usually invoked to explain the biological effects of hydrogen peroxide: 
the formation of hydroxyl radicals on reaction with superoxide6 (Haber-Weiss 
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248 L.P. CANDEIAS ET AL. 

reaction) or with iron(I1) (Fenton reaction), although in the latter case the formation 
of ’OH is not quantitative. Furthermore, the rate constants for the HOCl reactions 
are six or three orders of magnitude higher than the H,O, reactions, for the 
Haber-Weiss or the Fenton-type reactions, respectively. 

It is presently not known if the hexacyano complexes of iron used in this study 
are representative of the biologically relevant forms of iron. However, our results 
suggest that in activated neutrophils, hypochlorous acid, rather than hydrogen 
peroxide, could be the oxidant reacting with superoxide and/or metal ions to 
generate hydroxyl radicals. The enzyme myeloperoxidase converts H,O, into HOCl 
and can therefore determine which of the pathways prevails. The influence of anti- 
oxidants and other biological molecules in this balance must also be  ons side red.^'-^^ 
Hypochlorous acid reacts with amino and thiol groups,’ although absolute rate 
constants are lacking. On the other hand, the concentration of H,O, is limited 
enzymatically by catalase and peroxidases (including myeloperoxidase), whereas 
similar pathways for the decay of HOCl are not known. 
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