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Abstract—Several naphthoquinones and anthraquinones were chosen as simple models of the anthra-
cycline drugs and their semiquinone radical anions were generated by various methods. With the
exception of 1,4-naphthoquinone, all of the quinones studied gave radicals that were highly reactive
with oxygen, but which, in its absence, were stable over a limited pH range. The radicals were studied
using electron spin resonance (ESR) spectroscopy and an examination was made of the effect on the
distribution of the unpaired electron, of introducing various groups into the conjugated ring system.
Hydroxyl groups capable of participating in strong intramolecular hydrogen bonding with neighbouring
carbonyl groups had a marked influence on electron distribution and reduced the effects of intermolecular
hydrogen bonding of the radicals with solvent molecules.

Endogenous quinones play a vital role in many bio-
logically important processes, while quinone drugs
such as adriamycin are amongst the most important
agents used in the treatment of human cancers.
Unresolved ESR spectra have been observed on
incubation of adriamycin with microsomal systems
[1] and it has been shown that the radicals readily
form covalent complexes with DNA [2]. This reac-
tion may be damaging, or damage may be produced
by superoxide anions formed at a biologically impor-
tant target through reaction of oxygen with the
semiquinone radical anion:

QA+02—~)Q+OZ_

The formation of superoxide in microsomal incu-
bations containing quinone anticancer drugs has
been demonstrated by spin trapping [3]. Spin trap-
ping also provides evidence of hydroxyl radical pro-
duction which is inhibited by catalase, but not by
superoxide dismutase [4]. The proposed mechanism
is:

2057 + 2H" - H,0, + O,
Q +H.0.—-Q+ OH™ + OH"

Recently it was shown [3] that adriamycin can be
actively cytotoxic without entering the cell, possible
by inducing peroxidation of lipid membranes.

The anthracycline anticancer drugs contain both
quinone and hydroquinone structures. The hydroxyl
derivatives naphthazarin (5,8-dihydroxy-1,4-naph-
thoquinone), juglone  (5-hydroxy-1,4-naphtho-
quinone) and quinizarin (1,4-dihydroxy-9,10-anthra-
quinone) have now been employed as models,
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together with some related quinones. Pulse radiolysis
studies have shown that long-lived semiquinone rad-
ical anions of naphthazarin [6] and quinizarin [7]
should be observed at about pH 8.5, where the
equilibrium between the various forms of the qui-
nones represented as 2Q™ = Q + Q°” is significantly
over to the left. The stability of the semiquinones
has now been confirmed using ESR, and the for-
mation and behaviour of radicals from naphtho-
quinone and anthraquinone have been compared
with those of their hydroxy derivatives. ESR studies
of radicals from adriamycin and other anthracycline
drugs will be reported in a subsequent paper.

MATERIALS AND METHODS

Chemicals. The sodium salt and methyl ester of
quinizarin-2-sulphonate and the methyl ester of
quinizarin-6-sulphonate were synthesized by Miss P.
M. Hayes and Dr. J. M. Bruce, Manchester Uni-
versity. Naphthazarin was synthesized and purified
from 1,5-dinitronaphthalene [8]. All other chemicals
were analytical grade reagents. Sodium dodecyl sul-
phate (SDS). anthraquinone-1-,-2- and -2,6-sul-
phonates, juglone and quinizarin were purified by
recrystallization. Anthraquinone was purified by
sublimation and propan-2-ol was purified by reflux-
ing with 2,4-dinitrophenylhydrazine and H,SO, for
24 hr, followed by double-distillation.

Radical formation. Radicals were produced by the
following methods: ionizing radiation, UV photo-
lysis, electrolysis or chemical reduction using ascor-
bic acid. Unless otherwise stated, the radicals
observed were not influenced by the method of gen-
eration and, with most of the quinones studied, all
methods could be employed.

Aqueous solutions were prepared containing
107*-10"* M quinone. When the solubility of the
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quinone was too low, propan-2-ol was added to
concentrations of 0.5-4 M. The pH was adjusted to
the required value and the solutions were thoroughly
purged with argon or nitrogen. Samples were trans-
ferred anoxically to a flat quartz ESR cell or I mm
i.d. glass capillary. In some cases, solutions were
similarly prepared using deuterium oxide. Radiation
doses were given in a single pulse of between 10 and
400 Gy, using a 10 MeV electron accelerator. Where
propan-2-ol was not necessary to increase solubility,
as with naphthazarin solutions. 107" M sodium for-
mate was added. UV irradiation of aqueous solutions
containing approximately 2 M propan-2-ol was car-
ried out in the microwave cavity of the ESR spec-
trometer, using unfiltered light from a mercury lamp.
Formation of the semiquinone was generally slow,
taking 5-10 min, but once formed the radicals were
stable. even in the absence of illumination. In an
alternative procedure. aqueous micellar solutions of
the quinones were photolysed [9]. SDS, Triton X-
100 or cetyltrimethylammonium chloride (CTAC)
was used at a concentration much greater than the
critical micellar concentration. Electrolytic genera-
tion of the radicals was carried out in siry in a
standard flat quartz ESR cell using aqueous solutions
containing 107" M tetraethylammonium p-toluene-
sulphonate as supporting electrolyte. In certain
cases, dimethylformamide (DMF) or dimethyl sulph-
oxide (DMSO) solutions were used, with the same
supporting electrolyte. Chemical reduction of qui-
nones was achieved in alkaline solution using an
excess of ascorbic acid. In this case, deoxygenation
was not essential.

ESR measurements. Spectra were recorded at
room temperature, using a Varian E-9 X-band spec-
trometer in conjunction with a Nicolet 1170 signal
averager and Hewlett Packard HP-85 microcom-
puter. Spectra were obtained at an incident micro-
wave power of 5 mW and the magnetic field was
modulated at 100 kHz with an amplitude of 0.05 G
or less. The field was calibrated using a Mn™' stan-
dard in an Hg.: dual cavity. Spectra were stored on
magnetic discs as 1000 data points.

In several cases. analysis of the ESR spectrum was
greatly facilitated by ENDOR measurements. kindly
made by Drs. C. C. Rowlands and J. C. Evans at
University College. Cardiff. Details of these
measurements will be published elsewhere.

RESULTS AND DISCUSSION

Delivery of single pulses of electrons to dilute
aqueous solutions of quinones containing a high con-
centration of formate ions produces semiquinone
radical anions by the following reactions:

H.O ~H' es. OH
"OH + HCO7 — H.0 - CO7
H' + HCO? — H. + CO7Y
eag + O—Q
CO7r ~Q—-Q +CO:

Propan-2-ol similarly scavenges the radiolysis prod-
ucts of water giving radicals [CH:C(OH)CHz:] that
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can react with the quinones. The mechanism of pho-
tochemical production of semiquinones in aqueous
solutions containing propan-2-ol is believed to occur
[10] as follows:

Q + hv— Q*(S)— Q*(T)
Q*(T) + CH:.CH(OH)CH,
— CH:C(OH)CH: + QH°
OH — Q° - H"

Photochemical generation of the radicals in miceliar
systems is believed to occur in a similar manner, the
excited triplet state of the quinone abstracting a
hydrogen atom from the surfactant and the semi-
quinone radical anion being stabilized by the micelle

[9].
1.4-Naphthoquinone

The radical anion of naphthoquinone formed
spontaneously in aqueous alkaline solution and gave
a spectrum showing a triplet of quintets where
al=a' =30 G and dl=dl=d'=4all =0.6G.
This is in agreement with previous reports of the
semiquinone in aqueous alkaline medium [11. 12].
but differs markedly from the spectrum obtained by
electrolytic reduction of 1.4-naphthoquinone in
DMF [13], where the hyperfine splitting of the pro-
tons on Cs and Cy was only half the splitting of those
on Ceand C; giving a triplet of septets. The possibility
that hydroxylation might have occurred in alkaline
solution could be discounted since the spectrum was
unaffected when water was replaced by deuterium
oxide and differed from the reported spectrum of
2-hydroxy-naphthosemiquinone {14]. Addition of
1% water to DMF significantly altered the hyperfine
pattern of the electrolytically generated radical,
while in 509% water the spectrum corresponded to
that observed in aqueous alkali, confirming that the
differences between spectra in water and DMF are
due to solvent effects as reported previously {15].

2-Methyl-1. 4-naphthoquinone

The 2-methyl derivative of naphthoquinone did
not form the semiquinone spontaneously in alkaline
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Fig. 1. ESR spectrum of the semiquinone radical anion

produced from 2-methvl-1.4-naphthoquinone by (a) elec-

tron irradiation in anoxic. aqueous 2 M propan-2-ol at pH
8.30 (b) clectrolysis in DMF.
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solution, but irradiation of an anoxic, aqueous
solution at pH 8.3, containing 2 M propan-2-ol, gave
a stable radical with a 5 X 5 spectral pattern (Fig.
1a) This was 1nterpreted as afh =3.02 G,
afl =2.37Gandal = af' = a¥ = af' = 0.66 G. A sim-
ilar spectrum was obtained on electrolysis of an
alkaline, aqueous solution, while electrolysis of a
DMSO or DMF solution gave a spectrum (Fig. 1b)
showing inequivalence of the two pazrs of protons
on Csz and Cs7, whereat® = 2.70G, aff ~3.04 G,

as = ar = 0.68 G and as = a3 = 0.34 G, the difference
from the aqueous case being again attributed to a
solvent effect.

Juglone

Semiquinone radicals were not detected by ESR
in anoxic aqueous solutions of juglone, either fol-
lowing electron irradiation or during in situ UV
irradiation in the presence of propan-2-ol. The rad-
ical could be detected in aqueous, alkaline solutions
containing ascorbic acid and a very weak signal was
detected during in situ electrolysis of aqueous, alka-
line solutions of juglone. The semiquinone radical
anions of juglone were readily detected in anoxic,
aqueous micellar systems using SDS, Triton X-100
or CTAC exposed to UV light. Under these con-
ditions, the radical population was stable, but dis-
appeared on exposure to air. The optimum pH for
radical formation was found to be 12 and radicals
were not detected at a pH below 6.

The spectrum of the juglone radical in D,O was
identical to that obtained in water, with the exception
of the loss of a small doublet splitting (Fig. 2a, b),
which identifies the hydroxyl proton. The hyperfine
splittings were assigned as follows:

o at=al=30G
5 AN al=al=125G
'\\ t _ al=06G
O--H--O aft=03G

a
b
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Fig. 2. ESR spectrum of the semiquinone produced by UV
irradiation of juglone in SDS micelles at pH 11.7 in (a)
H.O: (b) D.O.
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A value of ¥ greater than that of af' is consistent
with the splittings previously proposed [16] for 1-
hydroxyanthraquinone, although the values may be
reversed. The results can be compared with those
of Piette er al. [13]), who generated the radical
electrolytically, in DMF, when af'=4.01G,

1=264G, af'=1.05G, a;=ay=0.78G, and
a$™ = 0.34 G. Once again, the solvent has a marked
effect on the splittings.

Naphthazarin

Semiquinone radicals of naphthazarin were readily
produced by any of the methods tried. The radicals
were stable in deoxygenated, aqueous solution, but
decayed rapidly in the presence of air. The magni-
tude of the ESR signal was dependent on the pH of
the solution, being maximal at pH 8.5 and undetected
below pH 7 or above pH 11 (Fig. 3) in agreement
with the stability of the radical as measured by pulse
radiolysis [6]. No change in the nature of the radical
was detectable over this range and from its ESR
spectrum the radical could be positively identified
as the monoanion:

O-H--0

O--H--O
When naphthazarin was reduced with ascorbic acid
at pH 8.5, a relatively weak spectrum of the ascorbyl
radical was also detected and by comparison of the

separation of the centres of the two spectra and the
reported g-value of 2.0052 for the ascorbyl radical

0
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Fig. 3. Effect of pH on the relative concentration of

naphthazarin radical anions observed in anoxic, aqueous

solutions containing 10™* M naphthazarin, 107' M sodium

formate. 107° M buffer and given a radiation dose of 280 Gy

with a single pulse of electrons. Inset: ESR spectrum of
the radical.
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[17], a g-value of 2.0040 was obtained for the
naphthazarin radical. The spectrum was a quintet of
triplets, intramolecular hydrogen bonding producing
equivalence of all the ring protons. The measured
hyperfine splittings were afi= af =afl =a¥ =
2.36 G and P = aP" = 0.58 G. The assignment of
the triplet splitting to the hydroxyl protons was con-
firmed by irradiation of naphthazarin in DO, when
the spectrum collapsed to a 1:4:6:4:1 quintet. The
spectrum of the naphthazarin radical anion produced
by electron irradiation of naphthazarin in water gave
splitting constants which agreed closely with those
reported previously for the radical produced by air
oxidation of an alkaline, aqueous or alcoholic sol-
ution of 1,4,5.8-tetrahydroxy-naphthalene [18]. The
lack of stability noted in the earlier report is no
doubt due to the presence of oxygen. Production of
the radical by electrolysis in aprotic solvents [13,
19. 20] caused little change in the hyperfine splittings
compared with those measured in aqueous media.
From INDO calculations it has been inferred [20]
that the strong intramolecular O-H-O hydrogen
bond is linear.

9.10-Anthraquinone

UV photolysis of an anoxic solution of anthra-
quinone in 2 M propan-2-ol in water at pH 13 gave
a spectrum that could be analysed as a quintet of
quintets. where o =al'=al' =4 =095G and
al' =a' = @t = af' = 0.58 G. The radical was also
produced at pH 13 by reduction of the quinone with
ascorbic acid. At this pH ascorbyl radicals are
unstable and are not detected. The spectrum of the
anthrasemiquinone radical anion is reported to show
a marked solvent effect [15, 21], the hyperfine split-
ting of protons at C,. Cs, Cs and C; being reduced
to 0.30 G in DMSO, although that at C,, Ci. Cs and
C; is only slightly affected.

9.10-Anthraquinone-2 6-disulphonate

Reduction of an aqueous solution of
anthraquinone-2.6-disulphonate with ascorbic acid

L
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Fig. 4. ESR spectrum of the semiquinone produced from

9.10-anthraquinone-2.6-disulphonate by (a) irradiation in

2M propan-2-ol at pH 13 with a dose of 400 Gy: (b)
electrolytic reduction in DMSO.
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Fig. 5. ESR spectrum of the semiquinone produced by
irradiation of 9,10-anthraquinone-2-sulphonate in anoxic.
aqueous 2 M propan-2-ol at pH 13,

at pH 13 gave an 1l-line spectrum (Fig. 4a). inter-
preted as a triplet of quintets. Closer analysis showed
that the quintets resulted from overlap of two almost
equivalent triplet splittings. This was confirmed by
ENDOR measurements. The probable assignment
of the splittings is:

al=a'=123G
alsoral's =0.40 G

al'sorally =0.39G

H
3

The radical was also produced. under anoxic con-
ditions, by electron or UV irradiation of solutions
in 2 M propan-2-ol at pH 13. Electrolysis of anthra-
quinone-2.6-disulphonate in DMSO gave a 13-line
spectrum (Fig. 4b) due to less overlap of the quintets.
Under these conditions. the triplet and quintet split-
tings were 1.06 and 0.26 G. respectively.

9,10-Anthraquinone-2-sulphonate

Electron or UV irradiation of the quinone in
anoxic, aqueous 2 M propan-2-ol at pH 13, or reduc-
tion of the quinone with ascorbic acid. gave a 21-
line spectrum due to extensive overlap (Fig. 5).
ENDOR measurements showed six different split-
ting constants and the ESR spectrum was analysed
as a 2X2X2X2X3x2 pattern. A probable
assignment of the splittings is as follows:

O

50;

a'=1.24G.dl'=0.97G
a'=0.79G.al' =0.75G

a' =a! = 0.33G.a' = 0.28G
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Fig. 6. ESR spectrum of the semiquinone produced by
reduction of aqueous 9,10-anthraquinone-1-sulphonate
with ascorbic acid at pH 13.

Electrolysis in DMF gave a spectrum, which,
although not well-resolved, appeared to be a quartet
of quintets, interpreted as due to af' =~ af' ~ o' =
1.1Gandal' =all = all =~ af' = 0.2 G.

9,10-Anthraquinone-1-sulphonate

Electron or UV irradiation of anthraquinone-1-
sulphonate in anoxic, aqueous 2 M propan-2-ol at
pH 13 gave a spectrum closely resembling that of
the 9,10-anthrasemiquinone radical anion, with pos-
sible contributions from another radical. In contrast,
reduction with ascorbic acid produced a radical giv-
ing a 12-line spectrum, which could be further
resolved and clearly showed a small doublet splitting
(Fig. 6). The spectrum appeared to be a
2 x 4 x 3 x 2 pattern and the splittings were con-
firmed by ENDOR. Consequently, the most prob-
able assignment appears to be:

o) SO, ' =132G
adl=al=d'=092G
dl=a'=047G

O a!=0.18G

The poorly resolved 12-line spectrum corresponds
with a previously published spectrum [22]. However,
these authors also report a 19-line spectrum which
does not correspond with our more highly resolved
spectrum. The large central peak of the published
spectrum suggests at least partial loss of the sul-
phonate group. From our results it appears that both
photolysis and ionizing radiation cause loss of the
sulphonate group and formation of the anthrase-
miquinone radical anion. ENDOR measurements of
irradiated samples of anthraquinone-1-sulphonate
show the presence of two additional lines identical
to those of the 9.,10-anthrasemiquinone radical.
These lines are generally absent in samples of the
sulphonate reduced with ascorbic acid. In such mix-
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Fig. 7. ESR spectrum of the semiquinone produced by UV
irradiation of quinizarin in anoxic solution at pH 9 con-
taining 4 M propan-2-ol in (a) H,O; (b) D,O.

tures, the ascorbyl radical can be detected at pH 9,
but not the semiquinone, while at pH 10 neither
radical is detected. A marked effect of solvent on
the hyperfine splittings of the semiquinone was
observed when the radical was generated by elec-
trolytic reduction in DMF.
Quinizarin

Due to the very low solubility of quinizarin in
water (ca 2 X 107°M), a 4 M propan-2-ol solution
was used. The radical produced by electron or UV
irradiation was stable under anoxic conditions, but
disappeared in air: maximum radical yield was
observed at pH 9. The spectrum (Fig. 7a) approxi-
mated to a 3 X 3 x 5 pattern due to four pairs of
protons, two of which gave similar splittings. The
radical was assigned to a radical anion with strong
intramolecular hydrogen bonding between the
hydroxyl protons and the carbonyl groups:

O-H--0
aAl=a=205G
af! =a=090G
H_ H_ -OH _ JOH _ 0.58G
O--H--O as asg aj aj

Assignment of the hydroxyl proton splittings was
confirmed by formation of the radical in D,O, when
the quintet collapsed to a triplet, with no significant
changes in the other hyperfine splittings. This pro-
duced only minor changes in the centre of the spec-
trum, but was noticeable as a loss of two lines in the
wings of the spectrum (Fig. 7b). Other authors report
spectra of quinizarin semiquinone produced by
reduction of quinizarin with zinc in DMF containing
5% aqueous KOH [23], reduction with sodium
dithionite in 60% (v/v) ethanol in water [16], elec-
trolytic reduction in DMF [19] or aerobic oxidation
of 1.4,9,10-tetrahydroxyanthracene in alkaline
ethanol [18]. These differ only slightly from the
spectrum presented here. showing that solvent has
little effect in this case. In another paper [24] the
radical was reported to be produced by reduction of
quinizarin in water, using borohydride, with free
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Fig. 8. ESR spectrum of the semiquinone produced by

¢lectron irradiation of quinizarin-2-sulphonate in anoxic

solution at pH 9 containing 2 M propan-2-ol in (a) H;O;
(b) D,O.

access to air. The high solubility in water of quini-
zarin reported by these authors, the apparent sta-
bility of the radical in air, and the lack of a deuterium
effect lead us to question the purity of their sample.
Moreover, their interpretation of the spectrum is
inconsistent with that published by others and with
the pK, of the radical, which will be in anionic form
at pH 7.4.

Quinizarin-2-sulphonate

The sodium sulphonate is more soluble than quin-
izarin and spectra were obtained by electron or UV
irradiation in 2M propan-2-ol in water or D;O at
pH 9, but not on UV irradiation of a SDS micellar
system. The radical gave a complex ESR spectrum
in water (Fig. 8a) which changed in D,O (Fig. 8b).
With the aid of ENDOR measurements on a D;O
solution, four hyperfine splittings were found. The
spectrum of the radical in water showed an additional
triplet splitting from two equivalent hydroxyl pro-
tons. A tentative assignment of hyperfine couplings
was made as follows:

atl =254 G
TH-Q o7 af =0.95G
At =073G
al=al=0352G
O--H--0

af = af" =0.43G

The spectrum obtained from the methyl sulphonate
in agueous solution was indistinguishable from that
of the sodium salt.

Methyl quinizarin-6-sulphonate

A radical was observed on electron or UV irra-
diation of a solution of methyl quinizarin-6-sulphon-
ate in aqueous propan-2-ol at pH 11. The spectrum
(Fig. 9a) was complex and differed from that
obtained in a D-0 solution. ENDOR measurements
on the radical in D;O showed five different hyperfine
splittings from the five ring protons. Spectra in water

N. J. F. Dopp and T. MUKHERIEE

Gauss

Fig. 9. ESR spectrum of the semiquinone produced by UV
irradiation of methyl quinizarin-6-sulphonate in anoxic sol-
ution at pH 11 containing 2 M propan-2-ol in H:O.

have not been sufficiently well-resolved to determine
the splitting constants of the two hydroxyl protons,
but a value of ca. 0.4 G would be expected by com-
parison with the other quinizarin derivatives. A pos-
sible assignment of the hyperfine couplings is as
follows:

e=2.03G
O-H-O a:=1.82G

a=118G

MeOSO, as=0.51G
O-H-0 as=0.30G

In z-electron radicals the unpaired-electron den-
sity p; on a carbon atom C, can be represented by
the approximate relationship [25]:

al'=Qp,

where al! is the hyperfine coupling of the proton on
C; and Q is a constant for a particular radical. For
the semiquinones, Q has an approximate value of
23.7G [26] and the relationship can be used to
estimate the distribution of the unpaired electron in
the carbo-skeleton of the semiquinone radical anions
reported above. In aqueous solution, the electron
density in the quinoid ring of 1.4-naphthosemiqui-
none is higher than that in the unsubstitated ring.
The unpaired electron density on C: or Ciis 10-15%
while that on Ce or C- is only 2-3%. Introduction
of a hydroxyl group in the S-position doubles the
electron density at C; and C- while having little effect
on the density at C,, Cs or Cs. This strongly suggests
transfer of unpaired-electron density from the oxy-
gen atoms of the semiquinone structure by means
of intramolecular hydrogen bonding. Naphthazarin
contains hydroxyl groups at both Cs and Cs positions
and hydrogen bonding leads to complete equivalence
of the two rings. Consequently the electron density
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on Cs and G, of the naphthazarin semiquinone is
increased 4-fold compared with that of naphtho-
semiquinone, while the electron density on C; and
C; is reduced by only 20%. Similar effects of intra-
molecular hydrogen bonding are observed in aprotic
solvents, but the distribution of the unpaired-elec-
tron density is also affected by complexes between
the solvent and polar substituents in the radical. In
the 1.4-naphthosemiquinone radical anion the elec-
tron density on Csy is ca. 2.5% in aqueous media,
while in DMF it is reduced to 1.4%. A similar effect
is observed in 2-methyl-1,4-naphthosemiquinone. In
this case an aprotic solvent also reduces the hyperfine
coupling of the methyl protons and increases the
coupling of the proton on Cs. In juglone semiquinone
radicals a greater delocalization of electron density
onto the benzenoid ring is observed in aqueous media
due to strong radical solvent interactions. In
naphthazarin semiquinone, the presence of strong
intramolecular hydrogen bonding even in aprotic
solvents reduces the effect of intermolecular hydro-
gen bonding associated with the solvent. Similar
effects of solvent and hydroxyl substituents on
unpaired-electron distribution were observed in the
anthrasemiquinones  studied. Introduction of
hydroxyl groups at C, and C, approximately double
the electron density at C; and C; compared with that
in anthrasemiquinone, while the electron density at
Cs.s.7 or (g is little affected. Introduction of a sul-
phonate group into the ring in either anthraquinone
or quinizarin produces considerable distortion of the
electron distribution within that ring without appar-
ently changing, to any great extent, the overall elec-
tron density in the ring.

All of the semiquinones studied, with the excep-
tion of 1,4-naphthosemiquinone, are highly reactive
towards oxygen, but in its absence are stable over
a limited pH range. The optimum pH for stability
is lowered by the presence of the hydroxyl groups
capable of hydrogen bonding with the carbonyl
groups. This may be of significance for the action of
the anthracycline drugs at physiological pH.

Analysis of the ESR spectra of semiquinone rad-
ical anions for model compounds provides a valuable
basis on which to interpret the spectra of radicals
from the anthracycline antitumour agents. Further-
more, it demonstrates how the unpaired-electron
distribution and hence the reactivity of specific sites
in the aromatic rings of the radicals are influenced
by the proton availability of the surrounding medium
and by substitution of certain groups into the mol-
ecules, in particular those leading to intramolecular
hydrogen bonding.
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