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Abstract

The toxicity of arenediazonium ions is believed to result from the appearance of very reactive compounds during the dediazoniation
process. In the case of thep-hydroxybenzenediazonium ion (PDQ), radical species generated during dediazoniation could potentially initiate
lipid peroxidation. The data obtained in spectrophotometric experiments suggest that an interaction between PDQ and linoleic acid (LA)
gives rise to the characteristic absorption of oxidized products deriving from LA, both in the presence and absence of a mixed micellar
medium containing the surfactant Tween 20 (Tw20). Spectroscopic evidence also clearly points to the interference of these processes in
the dediazoniation of PDQ. Analysis by reverse-phase, high-pressure liquid chromatography (HPLC) confirms that the decomposition of
PDQ in a mixed micellar medium induces the peroxidation of both LA and methyl linoleate (MEL), thus causing the appearance of peaks
characteristic of dienic conjugated hydroperoxides. The same products are observed after interaction between LA and the water-soluble
2,2′-azobis (2-amidinopropane), a frequently used initiator of lipid peroxidation. The proportion of isomers produced during the peroxidation
process agrees well with that reported for reactions mediated by free radicals. A further chromatographic analysis of the decomposition of
PDQ in the presence of 2-methylcyclohexa-2,5-diene-1-carboxylic acid (CHD) shows that phenol and quinone are the main products of the
reaction. These results are discussed on the understanding that aryl and peroxyl radicals abstract a hydrogen atom from CHD, in accordance
with our general scheme for PDQ dediazoniation described in a previous publication.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Arenediazonium ions have mutagenic and carcinogenic
capacity[1–10]. Nevertheless, the mechanisms involved in
their genotoxicity are not fully understood. Thus in early
studies it was suggested that the arenediazonium ions them-
selves exerted direct genotoxic activity[11,12]. Along sim-
ilar lines indirect evidence has been found to suggest the
formation of triazene adducts of adenine in DNA[13]. The
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formation of a triazene adduct has also been considered to
be an intermediate step in the arylation of adenine residues
in DNA [14]. The idea has also been put forward that the
observed damage caused to DNA might be the result of the
simultaneous action of arenediazonium ions and aryl radi-
cals deriving from them[5]. A direct attack on DNA by aryl
radicals would also explain the genotoxic activity attributed
to arenediazonium ions in the light of the easy in vitro aryl-
ation caused by aryl radicals to both natural and synthetic
nucleobases, nucleosides and polynucleotides[15] and their
ability to produce unspecific DNA strand breakage[16–19].
It must also be born in mind that the presence in a biological
medium of a number of reductants will increase the chance
of aryl radical formation. Apart from this, other pathways
have been suggested, such as the capacity of carbon-centered
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Scheme 1.

radicals deriving from thep-methylbenzenediazonium ion
to activate the AP-1 system and thus stimulate the phospho-
rylation of ERK1, ERK2 and p38 proteins in a similar way
to that observed for superoxide anion and hydroxyl radicals
[20]. Whatever the final answer, it seems fairly evident that
the toxicity of arenediazonium ions derives from the ap-
pearance during the dediazoniation processes of very reac-
tive compounds, the aryl radical and aryl cation, which are
the intermediates in the homolytic or heterolytic dediazoni-
ation mechanisms, respectively[21]. It has been suggested
by several authors[22] that both mechanisms may operate
simultaneous and competitively, depending upon the exper-
imental conditions under which dediazoniation occurs[23].

p-Hydroxybenzenediazonium (PDQ) is an arenediazo-
nium ion present in the inedible mushroomAgaricus xan-
thodermus[24]. It cleaves DNA[17], is responsible for
the formation of the C8-guanine adduct[25] and causes
tumors when repeatedly administered as a sulphate salt by
subcutaneous injection[26].

In a previous publication we reported on the dediazonia-
tion of PDQ in a neutral aqueous medium[27]. We proposed
that in darkness and in the absence of reductants dediazoni-
ation occurs via a homolytic mechanism (seeScheme 1fur-
ther) started by the hydroxide anion (pathway 1 inScheme 1)
but accelerated by other reductants (pathways 2 and 3 in
Scheme 1), namely hydroquinone and the semiquinone rad-
ical, which formed during the initial reaction.

In Scheme 1peroxyl radicals are taken to be formed dur-
ing PDQ dediazoniation. The commonly accepted mecha-
nism for the initiation of lipid peroxidation involves a rapid
reaction between molecular oxygen and carbon-centered
radicals and thus the resulting peroxyl radical (ROO) is
usually considered to be the initiating species responsible

for abstracting hydrogen atoms from substrates susceptible
to peroxidation. The process of lipid peroxidation, though
still not completely understood, is associated with a number
of pathological states, including diabetes, atherosclerosis,
macular degeneration, ischemia-reperfusion lesions, cancer,
and several neurological disorders[28–33]. This paper deals
with possible oxidative effects induced by the appearance
of radicals during the dediazoniation of PDQ in a neutral
aqueous medium (Scheme 1).

2. Experimental

2.1. Materials

p-Hydroxybenzenediazonium tetrafluorborate (PDQ)
was obtained according to the procedure described else-
where [34] and stored at−18◦C in darkness. Linoleic
acid [cis,cis-9,12-octadecadienoic acid (LA)], methyl
linoleate (MEL), surfactant [polyoxyethylensorbitan sodium
monolaurate (Tw20)], water-soluble azo initiator ABAP,
2,2′-azobis (2-amidinopropane) hydrochloride, (97% pure)
and 2-methyl-2,5-cyclohexadiene-1-carboxylic acid (CHD)
came from Sigma (Madrid, Spain). LA and MEL were
stored at−4◦C under argon. Redistilled phenol (Ph) (99%
pure) and 1,4 benzoquinone (Q) were from Aldrich (Madrid,
Spain) and hydroquinone (HQ) from Panreac (Madrid,
Spain). All reagents were used as received without further
purification. Phosphate buffers of ionic strengths 0.1 and
0.05 M (pH 7.2) were used after filtering through Chelex 100
resin (50–100 dry mesh, sodium salt) from Aldrich (Madrid,
Spain). Glacial acetic acid came from Panreac (Madrid,
Spain), and acetonitrile and methanol (both high-pressure
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liquid chromatography (HPLC) gradient grade) from Merck
(Madrid, Spain) were used for chromatographic analyses.
Doubly distilled water from a Millipore system was always
used.

2.2. Instrumental

Spectrophotometric measurements were made in a Cin-
tra 10 Spectrophotometer (GBC Scientific Equipment,
Hucoa Erlöss, Madrid, Spain) equipped with a Frigomix
external thermostatic water bath (B. Braun-Biotech S.A.,
Barcelona, Spain). HPLC was done in a Merck-Hitachi
Liquid Chromatograph (Merck KgaA, Merck Farma y
Qúımica S.A.,VWR International S.L., Barcelona, Spain)
equipped with a LaChrom L-7100 pump, an L-4500 diode
array detector and a D-7000 interface. All computations
were performed using the Merck D-7000 HSM data system.
Aqueous phases were filtered through a Millipore system
with 0.45�m pore size. A Kromasil C18 analytical column
(Technokroma, Spain), 250 mm× 4.6 mm, with 5�m parti-
cle size, and a LiChrospher C18 100 column guard (Merck
KgaA, Merck Farma y Qúımica, S.A.VWR International
S.L. Barcelona, Spain).

pH measurements were made in a calibrated Crison GLP
22 pH/potentiometer (Crison Instruments S.A., Barcelona,
Spain). Calibrations were made with Crison buffer refer-
ences (pH 4 and 7).

2.3. Methods

In experiments involving the use of Tw20, the surfactant
concentrations were always above the critical micellar con-
centration, 0.006 g/100 ml, in water, at 20◦C [35] to ensure
the formation of mixed micelles.

All samples containing PDQ were handled in darkness
to avoid photodediazoniation[27]. Spectrophometric and
chromatographic measurements involving PDQ were rou-
tinely carried out with aliquots of solutions kept at 37◦C in
darkness.

2.3.1. Preparation of samples for spectrophotometric
analysis of LA decomposition in an aqueous buffered
medium

Spectrophotometric experiments made in the absence of
mixed micelles consisted of mechanically stirring the appro-
priate quantities of LA (0.475 ml, 0.212 M) for 10 s in up
to 50 ml Chelex-filtered phosphate buffer (0.1 M, pH 7.2) at
37◦C. These solutions were used to follow the decomposi-
tion of LA. Phosphate buffer was used as a blank.

2.3.2. Preparation of samples for spectrophotometric
analysis of the influence of PDQ on LA decomposition in
an aqueous buffered medium

The influence of PDQ was studied by preparing an LA
solution in phosphate buffer as described above. Simultane-
ously a solution of PDQ (100 ml, 2.5×10−5 M) was prepared

in the same buffer and divided into two aliquots (50 ml),
into one of which the LA solution (0.475 ml, 0.212 M) was
added up to the required concentration. The other aliquot
received an equal volume of buffer to be used as a blank.

2.3.3. Preparation of samples for spectrophotometric
analysis of the influence of PDQ on LA and MEL
decomposition in an aqueous buffered medium in the
presence of the surfactant Tw20

For experiments with mixed micelles a solution of the
surfactant was prepared by stirring 0.008–0.020 g of Tw20
into 100 ml of a solution of PDQ (2.5×10−5 M) in phosphate
buffer (0.1 M, pH 7.2) at 37◦C. From this solution equal
volumes (50 ml) were separated and appropriate quantities
of LA (0.475 ml, 0.21 M) or MEL (0.400 ml, 0.19 M) added
to one of the aliquots. The other received the same volume
of buffer. Appropriate volumes of a recently prepared PDQ
solution were then added to both reaction mixtures. The
solution containing only Tw20+ PDQ was used as a blank.

2.3.4. Preparation of samples for spectrophotometric
analysis of LA and MEL decomposition in an aqueous
buffered medium with the surfactant Tw20

A solution of Tw20 was prepared (0.008–0.020 g/100 ml
phosphate buffer) and 50 ml aliquots were taken to be mixed
with the appropriate quantities of either LA (0.475 ml,
0.21 M) or MEL (0.800 ml, 0.19 M). A blank aliquot re-
ceived the same volume of buffer.

2.3.5. Preparation of samples for chromatographic analysis
A Tw20 solution (960–970 mg) was prepared in phosphate

buffer (0.05 M, pH 7.2) and the required volume of a newly
prepared solution of PDQ or ABAP was added. A suitable
quantity of LA (28�l) was then added to the reaction mix-
ture. The samples were kept in darkness at 37◦C and shaken
slowly for up to 72 h, during which time they were analysed
by chromatography. A solution of CHD in phosphate buffer
(0.05 M, pH 7.2) was used when required.

Prior to use, all solvents were degassed ultrasonically
to exclude as much dissolved oxygen as possible. The
headspaces of all flasks were purged with nitrogen to ex-
clude oxygen. The injection volume was 20�l. The mobile
phases used were acetonitrile:water (30:70) and (70:30)
with 1 ml min−1 isocratic flow in both cases. The spectral
range of the analysis was 220–500 nm and the wavelength
was set at 233 nm.

3. Results and discussion

3.1. Spectrophotometric analysis

The absorption spectra registered with aliquots of buffered
solutions of PDQ (2.5× 10−5 M in phosphate buffer 0.1 M,
pH = 7.2) in the presence of LA 2.0×10−3 M, kept in dark-
ness at 37◦C, are set out inFig. 1. For every measurement
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Fig. 1. Absorption spectra registered with aliquots of a buffered solu-
tion (phosphate buffer 0.1 M, pH 7.2) of PDQ (2.5 × 10−5 M) with LA
(2.0 × 10−3 M), kept in darkness at 37◦C. Aliquots of a PDQ solution
without LA were used as blanks in each measurement.

an aliquot of the PDQ solution without LA was used as a
blank. It can be seen that absorbance ca. 233 and 350 nm in-
creased significantly with time. The observed variation ca.
233 nm is much more pronounced than that obtained with a
buffered solution of LA 2.0× 10−3 M, as can be seen from
the data plotted inFig. 2. It is clear that LA is oxidised
more quickly during PDQ dediazoniation, thus producing
more absorption ca. 233 nm than during the normal process
of auto-oxidation.

Likewise, the significant increase in absorbance mea-
sured ca. 350 nm (Fig. 1) is explicable bearing in mind that

Fig. 2. Plots of the absorbance values measured at 233 nm vs. time.
Spectroscopic data obtained with aliquots of buffered solutions (phosphate
buffer 0.1 M, pH 7.2) of LA (2.2 × 10−3 M) kept in darkness at 37◦C
(1) with PDQ (2.5 × 10−5 M); (2) without PDQ. Aliquots of the PDQ
solution without LA were used as blanks for each measurement in (1)
and the buffer was used as a blank in (2).

Fig. 3. Change in the molar-absorption coeffiecient with the wavelength
for solutions of PDQ in phosphate buffer pH 7.2.

the absorption spectrum of PDQ in a phosphate-buffered
aqueous medium (Fig. 3) presents a band with its maximum
at 350 nm (ε: 41990 l mol−1 cm−1) [34] and, as mentioned
in Section 2.3.2., the spectra were recorded using the PDQ
solution without LA as a blank. Therefore the observed
increase in absorption ca. 350 nm is a consequence of a de-
crease in the dediazoniation rate of PDQ in the presence of
LA, which concentrates the PDQ in the sample compared
to the blank. We checked this by comparing the difference
in absorbance at 350 nm between a sample containing LA
and PDQ and one containing only PDQ. In both cases the
blank was an aliquot of the PDQ solution. As expected the
absorbance measurements made using both cuvettes with
the same PDQ solution always gave absorbance readings
close to zero whilst the absorbance measured using the sam-
ple containing PDQ and LA once more increased with time
(Fig. 4). An increase in the absorption at 233 nm, the re-
gion where hydroperoxides absorb, might also be expected
simultaneously with the changes in absorption observed at
350 nm, as a consequence of the decrease in the dediazoni-
ation rate of PDQ. Nevertheless, no interference from PDQ
should be found since the PDQ molar-absorption coefficient
at 233 nm is about 2.3 × 103 l mol−1 cm−1 (Fig. 3) whilst
the hydroperoxides present a molar-absorption coefficient
of about 2.5 × 105 l mol−1 cm−1 [36]. Thus, taking the
maximum value of absorbance observed at 350 nm (approx-
imately 0.45, as shown inFig. 1), it is possible to calculate
the difference in PDQ concentration between the sample
and the blank, which turns out to be 1.1 × 10−5 M and
would thus give an absorbance value of 0.023 at 233 nm,
which is very small compared to the observed value of
absorbance of >2 (Fig. 1).

The spectrophotometric data strongly suggest that LA in-
terferes with PDQ dediazoniation by diverting radicals de-
rived from PDQ to LA peroxidation in such a way that
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Fig. 4. Plots of the absorbance values measured at 350 nm vs. time.
Spectroscopic data obtained with aliquots of buffered solutions (phosphate
buffer 0.1 M, pH 7.2) of PDQ (2.5 × 10−5 M) kept in darkness at 37◦C
(1) with LA (2.2 × 10−3 M); (2) without LA. In both cases aliquots of
PDQ solutions without LA were used as blanks.

they are prevented from forming active reductants such as
semiquinone, which increase the PDQ dediazoniation rate,
as depicted inScheme 1.

A complementary spectrophotometric analysis of the in-
teraction between PDQ and LA was also carried out in a
mixed micellar medium made with the non-ionic surfactant
Tw20, since this system is used in the subsequent chro-
matographic analysis. At the concentrations used in these
experiments some small absorption caused by Tw20 was
observed in the range of 233–236 nm (<0.01), which did
not affect the spectrophotometric analyses because the blank
employed in the measurements was a buffered solution con-
taining Tw20 at the same concentration as that in the sam-
ples. It was also observed that 1.5× 10−4 M Tw20 increased
the auto-oxidation rates of LA (1.8 × 10−3 M), which in
principle might be put down to hydroperoxide contaminants
of Tw20 [37–39]. A quantitative analysis of hydroperoxides
by reaction with KI [40] confirmed the presence of such
compounds within a concentration range of 11–23�mol/g
Tw20.

Although the surfactant induces an increase in LA and
MEL peroxidation, supported by evidence of low oxidative
stability for both lipid substrates in Tw20 emulsion[41],
the changes in absorbance at 233 nm registered in the same
system but in the presence of PDQ were much more marked,
especially after 24 h.Fig. 5shows the variation in absorbance
at 233 nm recorded with a buffered PDQ solution 2.5 ×
10−5 M (phosphate buffer 0.1 M, pH 7.2) in the presence of
Tw20 (1.4 × 10−4 M) and LA (2.0 × 10−3 M) compared to
an identical solution without PDQ.

Similar results to those depicted inFig. 5were found when
MEL 1.5×10−3 M was used as a peroxidation substrate (data
not shown) but in this case auto-oxidation was practically

Fig. 5. Plots of the absorbance values measured at 233 nm vs. time.
Spectroscopic data obtained with aliquots of LA (2.2× 10−5 M) buffered
solutions (phosphate buffer 0.1 M, pH 7.2) plus Tw20 (1.4 × 10−4 M),
kept in darkness at 37◦C (1) with PDQ (2.5 × 10−5 M) and (2) without
PDQ. In the first case aliquots of (PDQ+ Tw20) solution without LA
were used as blanks. In the second case the buffered solution of Tw20
was used as a blank.

negligible after 10 h and only rose to an absorbance value
of 0.1 after 24 h. In the presence of PDQ, as with LA, the
increase in absorbance was more noticeable, rising to 0.4
after 24 h.

Taking the spectrophotometric results as a whole, they
agree in that the absorption spectra recorded with LA and
MEL in the presence of PDQ register an increase in ab-
sorbance at 233 nm, which is characteristic of the appearance
of peroxidation products, probably hydroperoxides, deriv-
ing from LA and MEL. The method used for this analysis
also allowed us to establish that the interaction of PDQ with
peroxidable substrates is concomitant with a decrease in the
PDQ dediazoniation rate.

3.2. Chromatographic analysis

The spectroscopic monitoring of LA and MEL peroxida-
tion processes has well-known limitations[42] since other
compounds produced during peroxidation apart from hy-
droperoxides may absorb in this UV region, for which reason
other methods of simultaneous analysis at different wave-
lengths have been proposed[43]. This prompted us to con-
firm the results obtained in our spectrophotometric analyses
and so we made a direct chromatographic study of the de-
composition of PDQ in a mixed micellar medium made with
the non-ionic surfactant Tw20. Mixed micelles have been
used in the past with satisfactory results in the separation
of hydroperoxides derived from LA by micellar electroki-
netic chromatography[44,45]. HPLC analysis indicates that
PDQ (8.34 × 10−5 M) produces an increase in the perox-
idation of LA (0.015 M) in a buffered medium (phosphate
buffer 0.05 M, pH 7.2) plus Tw20 (0.13 M), as can be in-
ferred from the appearance of four chromatographic signals
with retention times of between 14 and 18 min (Fig. 6). The
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Fig. 6. Chromatograms registered with LA (0.015 M) buffered solutions
(phosphate buffer 0.05 M, pH 7.2) plus Tw20 (0.13 M) with (1) PDQ
(8.34×10−5 M) and (2) ABAP (4.26×10−3 M). Samples kept for 20 h in
darkness at 37◦C in a thermostatically regulated bath with slow agitation.
Wavelength: 233 nm.

signals agree excellently with those produced by the thermo-
labile azocompound ABAP (4.26 × 10−3 M), a frequently
used initiator of lipid peroxidation[46].

A similar four-signal response has been attributed
to dienic conjugated hydroperoxides by other authors
[36,37,47–51]and thus we made no further attempts at
characterization. These chromatographic signals are the re-
sult of a hydrogen atom being abstracted from LA and the
subsequent reaction of the LA radical with molecular oxy-
gen to form a first group consisting of an unsolved couple
of peaks (Fig. 6, peaks a and b), corresponding to isomers 9
and 13-cis-trans (c,t), dienic hydroperoxides characterised
by an absorption maximum located at 235 nm, and a second
group (Fig. 6, peaks c and d) formed by two well-separated
peaks, corresponding to isomers 9 and 13-trans-trans (t,t),
the absorption spectra of which display a maximum at
232 nm[51,52]. We calculated the values for the quotient
of the areas corresponding to the chromatographic signals
of isomers,c,t/t,t, from the chromatograms registered at
different times for a sample containing LA, Tw20 and PDQ,
kept in darkness at 37◦C, which were 0.15, 0.29 and 0.52
respectively. Although the surfactant can affect the stability
of the hydroperoxides[53] and the proportion of isomers
may undergo variations for various reasons, such as lipid
temperature, concentration or isomerization reactions[54],
the experimental values are close to the range of 0.18–0.24
considered to be characteristic of processes mediated by
radicals and clearly different from that which might be
expected of a peroxidation process involving an oxygen
singlet[48].

In summary, the appearance in our chromatographic
analysis of characteristic signals corresponding to dienic

conjugated hydroperoxides indicates that LA peroxidation
takes place in the presence of PDQ. Such products were also
observed when peroxidation was induced by the thermola-
bile azocompound ABAP. Furthermore, the proportion of
isomers generated is in accordance with a process mediated
by radical species.

Additional experiments using MEL as a substrate gave
similar results to those already described for LA.

Nevertheless, the peroxidation of LA and MEL is a chain
reaction. Thus any possible interaction with the aryl and
peroxyl radicals derived from the dediazoniation of PDQ
is limited to the initial hydrogen-abstraction step, and the
subsequent formation of hydroperoxides can occur together
with (i) the formation of hydroperoxide as a result of LA
and MEL auto-oxidation; (ii) the reduction of the hydroper-
oxydes, which would contribute to the propagation of the
peroxidative effects; (iii) other reactions that provoke the
transformation of hydroperoxides. As a consequence, the
number of products resulting from the peroxidation of LA
and MEL makes it difficult to distinguish which radical
deriving from PDQ triggers the peroxidation process. To
find out more about the oxidation induced by PDQ we
made complementary experiments using CHD as a sub-
strate, which also has one allylic position but permits a
simpler mechanistic approach. This compound has given
excellent results in chromatographic studies of photo-
chemical processes affecting drugs with benzophenone-like
chromophores[55]. A chromatographic analysis of the in-
teraction between PDQ and CHD was made after changing
the experimental conditions used in the study of LA and
MEL peroxidation. Preliminary experiments consisted of
choosing suitable mobile phase and reagent concentrations.
Both reagents (PDQ and CHD) are ionic compounds which
present an electrical charge under the experimental condi-
tions used for our analysis. In fact CHD is present at pH 7
as a carboxylate anion because its pKa value is 4.00[56].
Likewise PDQ has a pKa value of 3.33, as calculated from
spectrophotometric measurements at 348 nm with the PDQ
solutions in the pH range 1.03–11.20 (Fig. 7) according to
the Henderson–Hasselbach equation.

According to the pKa value for PDQ, the species present
in solution at pH 7 is the deprotonated molecule, which can
be formulated as a hybrid containing at least two canonical
forms with a major contribution of the quinoid form[27].

Thus under the chromatographic conditions used, both
compounds should elute with the solvent front together with
all the other electrolytes. To satisfy our interest in finding out
the number and distribution of the reaction product, whilst
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Fig. 7. (A) Absorption spectra registered with PDQ solutions
(1.0× 10−5 M) in a aqueous medium at different pH values (a) 1.03; (b)
2.03; (c) 2.94; (d) 3.70; (e) 3.98; (f) 4.48; (g) 11.20. (B) Plot of the pH
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Henderson–Hasselbach equation.A348(pH = 11) is the absorbance mea-
sured at 348 nm with the PDQ solution at pH 11.20 andA348(pH = 1)
corresponds to the absorbance measured at 345 nm with the PDQ solution
at pH 1.03.A represents the absorbance measured at an intermediate pH.

bearing in mind that some difficulties might be found in the
quantification of CHD and PDQ, we made several differ-
ent chromatograms with PDQ concentrations ranging from
7.3×10−5 M to 3.7×10−3 M and CHD concentrations from
7.5× 10−4 M to 3.7× 10−2 M. Too high a concentration of
PDQ unfailingly produced saturation and widening of the
chromatographic signal because of its high molar-absorption
coefficient. Moreover, although a high PDQ concentration
leads to more rapid decomposition, it also increases the in-
cidence of side reactions. We finally chose concentrations of
4.9 × 10−4 M for PDQ and 4.0 × 10−3 M for CHD. When
using acetonitrile:water as the mobile phase, the separation
of some polar by-products could not be achieved due to
the proximity of the reagents’ chromatographic signals as
well as the strong absorption of PDQ. Nevertheless, this
mobile phase should allow a good separation of the some-
what more apolar main reaction products, i.e. hydroquinone
(HQ), 1,4-benzoquinone (Q) and phenol (Ph). Experiments
made with the reagents and these three main products al-
lowed us to verify that their retention times when using ace-
tonitrile:water as the mobile phase appear in the following

Fig. 8. Chromatogram registered with buffered solutions (phosphate buffer
0.05 M, pH 7.2) of PDQ (4.9×10−4 M) and CHD (4.0×10−3 M) plus Ph
(1.0×10−3 M) and a solution of HQ partially oxidized to Q. Wavelength:
233 nm.

order: CHD< PDQ < HQ < Q < Ph. Fig. 8 shows the
chromatogram obtained with these compounds using ace-
tonitrile:water (30:70), where it can be seen that a satisfac-
tory separation of the reaction products was achieved. Under
experimental conditions similar to ours Q has been reported
by other authors to elute before Ph[57–59]. In principle
this phenomenon might be considered surprising because,
although phenol (pKa = 9.98) is practically non-dissociated
at pH 7, its dipole moment is not equal to zero, as expected
for Q. Nevertheless, the experimentally observed elution or-
der could be determined not just by polarity but also by con-
comitant processes, such as adsorption for example, which
would facilitate the retention of phenol.

Buffered solutions (phosphate buffer 0.05 M, pH 7.2) of
PDQ (4.9×10−4 M) and CHD (4.0×10−3 M) kept in dark-
ness at 37◦C were used for the analysis of the interaction
of PDQ with CHD. Separate samples of PDQ and CHD at
the same concentrations were also kept under identical ex-
perimental conditions. The CHD solution proved to be very
stable during the time involved in our experiments. The data
for the areas of the peaks (Table 1) indicate that the sub-
strate remained practically untouched after 24 h. PDQ, on the
other hand, clearly decomposed, apparently via a first-order
reaction withkobs = 3.5 × 10−3 min−1, calculated taking
the area values (Table 1), in close accordance withkobs =
3.3 × 10−3 min−1, obtained from spectroscopic measure-
ments (data not shown), leading to the appearance of HQ
and Q as described elsewhere[27]. In Table 1it can be seen
that HQ and Q appeared almost simultaneously. More HQ
was generated than Q since the chromatographic signal cor-
responding to HQ is greater both in height and area than that
for Q, even taking into account that the molar-absorption
coefficient of HQ at 236 nm is approximately 10% of that
displayed by Q. It is also important to indicate that in these
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Table 1
Values of the areas of the peaks corresponding to the chromatographic signals obtained in the analysis at different times

Time (min)

0 70 150 218 315 528 1420

(A) CHD solution (4.0 × 10−3 M)
Area CHD 581160 568681 642902 544503 601124 14577 739936

Time (min) Area* Time (min) Area**

PDQ HQ Q PDQ HQ Q Ph

(B) PDQ solution (4.9 × 10−4 M)
0 751396 39552 25117 0 743180 0 2850 0

80 586667 74521 97845 80 751216 0 8840 0
150 492471 54645 81900 145 827228 0 20260 0
224 362937 122753 139307 225 839844 0 50350 6740
320 240110 129321 103801 410 836499 0 59855 11570
520 129989 162750 148337 615 731204 5605 61110 25770

1410 0 66555 99610 1500 32290 22447 4357 43740

Values of the same parameter measured for the dediazoniation products in the absence (*) and presence (**) of CHD (4.0×10−3 M). Wavelength: 233 nm.

chromatograms the signal corresponding to phenol could not
be detected even when the detection capacity of the chro-
matograph was raised to its maximum (rank of absorbance
units from 0 to 0.005) or the wavelength set at the maximum
for phenol absorption (271 nm).

The chromatograms corresponding to mixtures of PDQ
and CHD show the disappearance of the signal correspond-
ing to PDQ followed by the appearance of Q, HQ and Ph. It
can be seen inTable 1that on this occasion HQ did not ap-
pear simultaneously with Q, although the height of the peak
for Q is similar to that obtained in the experiment made with
PDQ alone. Since it is possible to detect HQ, the process of
interaction with CHD under our experimental conditions did
not completely interrupt the pathway of PDQ dediazoniation
via semiquinone (Scheme 1). Furthermore, it is important to

Fig. 9. Plots of the areas of the peaks corresponding to the chromato-
graphic signal of PDQ measured at 233 nm at different times during the
decomposition of PDQ (4.9× 10−4 M) kept in darkness at 37◦C without
(1) and with (2) CHD (4.0 × 10−3 M).

note that the heterolytic formation of HQ can be ruled out
because the appearance of its chromatographic signal was
delayed until approximately 7 h.

To illustrate the experimental behaviour observed for the
decomposition of PDQ the plots of the areas of the peaks
measured at 233 nm during its decomposition both in the
presence and absence of CHD are set out inFig. 9, where
it can clearly be seen that the presence of CHD delays the
process.

As a whole, the results obtained in these experiments go
to support the conclusions reached in the previous spec-
trophotometric and chromatographic studies using LA and
MEL as peroxidation substrates. As far as the results ob-
tained with CHD are concerned, it is very possible that
the radicals formed during the dediazoniation of PDQ ab-
stracted an allylic hydrogen from CHD, thus leading to the
formation of phenol if the radical deriving from PDQ is
the aryl radical, or phenylhydroperoxide if it is the per-
oxyl radical which abstracts the hydrogen atom (Scheme 2,
A). An additional reaction (Scheme 2, B) explains how the

OH O O2H

O O2O

COOH

CH3

O N N

O OO O2H

(A)

(B)

O2

H
+

_

_ _
·_

·

CHD

+

H2O_

Scheme 2.
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decomposition of phenylhydroperoxide would take place to
form quinone.

The appearance of phenol can be put down to competi-
tion between CHD and molecular oxygen to react with the
aryl radical. Since the concentrations of CHD and O2 are
similar (1.2–1.3×10−3 M for molecular oxygen at 760 Torr
of O2 and 25◦C [60]) and the reaction of the aryl radi-
cal with oxygen has a second-order rate constant of around
2.0 × 109 M−1 s−1 [61], the delay in the appearance of the
chromatographic signal for phenol (Table 1) suggests that
the reaction of the aryl radical with CHD is only viable when
the oxygen concentration diminishes.

It is noteworthy that later chromatographic results can be
put down to a reaction between the peroxyl radical and CHD
(Scheme 2). It is well-known that peroxyl radicals play an
important role in chemistry and biology[62]. They are in-
volved in many radical chain reactions but their decompo-
sition to form alkoxyl radicals[63–66] often renders them
difficult to detect directly. The data presented in this paper
indicate that the peroxidation of LA and MEL can be put
down to a radical attack deriving from the dediazoniation of
PDQ but they do not distinguish between effects caused by
aryl radicals and those of peroxyl radicals. Nevertheless, the
results of our simple chromatographic analysis using CHD
as an oxidizable substrate allow us to make the reasonable
assumption that peroxyl radicals abstract a hydrogen atom
from CHD to form quinone and this may be taken as in-
direct evidence of the involvement of this radical in PDQ
dediazoniation, as proposed inScheme 1.
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