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Abstract: Tirapazamine (3-amino-1,2,4-benzotriazine 1,4-dioxide), the lead bioreductive drug with selective
toxicity for hypoxic cells in tumors, is thought to act by forming an active oxidizing radical of high one-
electron reduction potential, E(1), when reduced by reductases. It has a dual mechanism of action, both
generating DNA radicals, following its one-electron reduction and subsequently oxidizing these DNA radicals
to form labile cations or hydrolyzable lactones through transferring an O atom, resulting in DNA strand
breaks. These parallel secondary reactions have been proposed to be also initiated by its two-electron
reduced metabolite, the 1-oxide. We have used pulse radiolysis to show that the benzotriazinyl radical of
a highly soluble analogue of tirapazamine, the 3-(N,N-dimethyl-1,2-ethanediamine) analogue, is able to
oxidize tirapazamine itself. We have found that both tirapazamine and the 1-oxides are in equilibrium with
their respective benzotriazinyl radicals, with high concentrations of the more soluble 1-oxide maintaining a
high concentration of the more reactive oxidizing radical of tirapazamine. The one-electron reduction
potentials, E(1), of the 1-oxides and related compounds have been measured and, together with the E(1)
values of tirapazamine and the 2-nitroimidazole radiosensitizer, misonidazole, are shown to predict the
published percentages of electron transfer. This radical chemistry study gives an insight into the mechanisms
of the potentiation of radical damage, reported for DNA, that underlies the hypoxic cytotoxicity of electron
affinic compounds. The E(1) values of the benzotriazinyl radicals of the benzotriazine compounds govern
the position of the redox equilibria, which determine the amount of initial radical damage. The E(1) values
of the 1,4-dioxides and 1-oxide compounds govern the degree of potentiation of the initial radical damage
once formed.

Introduction

There is currently much interest in exploiting tumor hypoxia
to produce cytotoxins from prodrugs which selectively attack
chemo- and radioresistant hypoxic tumor cells.1 The drug,
tirapazamine (3-amino-1,2,4-benzotriazine 1,4-dioxide,1), is the
most clinically advanced bioreductive prodrug using this
strategy.2,3 Both the known major two-electron metabolite (the
1-oxide,4), and the four-electron reduced metabolite (noroxide,
6) of 1 are relatively nontoxic to hypoxic cells,4 and research
efforts directed to understanding the cytotoxicity of1 have
mainly focused on the species formed following its one-electron
reduction. There is universal agreement that the oxygen-
sensitive, one-electron reduction of1 by reductases under
hypoxia leads to the formation of an active radical species that
induces DNA damage leading to strand breaks and that such
lesions underlie the cytotoxicity of1.5-8 Initial one-electron

reduction of1 results in its reducing radical anion,2/3,9 and it
has been proposed that this species subsequently eliminates the
•OH radical as the oxidizing species.10 We have presented both
spectral and kinetic evidence that3 undergoes a transformation
to the benzotriazinyl radical,5, Scheme 1, which is an oxidizing
species of one-electron reduction potentialE(5/4) ) 1.31 V,
capable of causing radical damage on DNA,11,12 and that this
redox parameter tracks the hypoxic cytotoxicity to mammalian
cells of a series of analogues of1.13

1 has also been shown to oxidize the initial radical damage
to components of DNA through the formation and breakdown
of adducts producing one-electron-reduced species,2/3, and in
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the case of the oxidation of sugar radicals, a labile sugar
cation.12,14-16 In addition to this electron-transfer event, it has
been shown, both experimentally in a model system14,16 and
theoretically,17 that an O-atom from theN-oxide moiety of1
can be donated to the radical site on the deoxyribose of DNA.
Both the oxidation of carbon-centered radicals by electron-
affinic compounds to form labile cations (as the basis of
radiosensitization18) and the transfer of an O atom (which fixes
the radical damage19) are presumed to be cytotoxic events.
Recently, it has been reported that the hypoxic cytotoxicity of
1 to mammalian cells can be increased through the co-
administration of high concentrations of its 1-oxide metabolite,
4, or its more water-soluble form, the 3-(N,N-dimethyl-1,2-
ethanediamine) analogue,8.20 The mechanism of this potentia-
tion appears to be different from that of the nitroimidazole
radiosensitizers, misonidazole and metronidazole, that act as
DNA radical oxidants, since similarly high concentrations of
these compounds do not act as potentiators of the cytotoxicity
of 1. In this study we further examine the redox properties of
1 and of the benzotriazine mono-N-oxide derivatives4 and8,
as well as the interactions between their radical forms, to help
gain a fuller understanding of the observed potentiation of
cytotoxicity as well as the molecular mechanisms of cytotoxicity
and radiosensitization.

Results

Benzotriazinyl radicals (e.g.5) are rapidly produced upon
the one-electron oxidation of their 1-oxide analogues by the
SO4

•- radical.11 The benzotriazinyl radicals5 and9 (the 3-(N,N-
dimethyl-1,2-ethanediamine) analogue of5) were found to
oxidize the redox indicator 1,2,4-trimethoxybenzene, TMB, to
different extents. Whereas near complete electron transfer from
TMB to 5, to form its one-electron oxidized form, the radical
TMB+•, is expected and observed, sinceE(TMB+•/TMB) ) 1.13

V21 andE(5/4) ) 1.31 V,11 an equilibrium 1 was established
on the 200-µs time scale between the one-electron-oxidized
forms of 8 and TMB, species10 and TMB+•.

The equilibrium constantK1 of 0.35( 0.18, determined from
absorbance changes at 460 nm for three mixtures varying the
concentrations of TMB and8 (0.1-1.0 mM), gives a calculated
value of E ) 1.18 ( 0.02 V. This is somewhat lower than
previous reported 1.27( 0.01 V using 1,4-dimethoxybenzene,
DMB, as the redox indicator (E(DMB+•/DMB) ) 1.30 V21)
where equilibrium was established on a much shorter time
scale.12 On close examination it was observed that an initial
radical,9, is formed by the reaction of the SO4

•- radical with
8, which exhibits a similar absorption spectrum to that seen on
the oxidation of4, and undergoes a fast transformation (k )
1.0 × 104 s-1at pH 7), independent of the concentration of8,
to form the radical,10, with an absorbance band centered near
350 nm. The absorption spectra of9 and 10 are presented in
Figure 1.

As such a transformation is not observed with4, or for
compounds with 3-NHR substituted side chains that do not
contain the dimethylamine moiety (data not shown), we interpret
this as an intramolecular rearrangement of the initially formed
benzotriazinyl radical on the aromatic ring system, to form a
radical of lower one-electron reduction potential, involving the
side-chain amine. The formation of radical10 from 9 occurs
above pH 4 with an apparent pKa of 6.10 ( 0.18, Figure 2.
The rate constant for this reaction increases with pH, plateauing
to ca. 5× 104 s-1 above pH 10. As is common for oxidizing
radicals,10 was found not to react with O2.

The SO4
•- radical was found also to oxidize1 at 5.0( 2.0

× 109 M-1 s-1 to produce the spectrum presented in Figure 3,
and a redox equilibrium 2 between this new radical species,
11, and TMB was established.

From the measuredK2 of 1.02( 0.07, a value forE(11/1) )
1.15 ( 0.01 V is calculated. On thermodynamic grounds,
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Scheme 1. Reduction of Tirapazamine

Figure 1. Absorption difference spectra of radicals, relative to those of
parent compound, at (O) 20 µs and (2) 300 µs following pulse radiolysis
(2.5 Gy) of 8 (300 µM) in N2-saturated solutions containing potassium
peroxodisulfate (15 mM), 2-methyl-2-propanol (0.2 M) at pH 7.0. (Insert)
Oscilloscope trace of the change in transmittance following pulse radiolysis.

TMB+• + 8 y\z
K1

TMB + 10 + H+ (1)

TMB+• + 1 y\z
K2

TMB + 11 (2)
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the radicals5, 9, and10are expected to oxidize1 to radical11,
as well as forming an equilibrium between11 and8. The slow
formation of the benzotriazinyl radical5 (∼100 s-1 11),
following the one-electron reduction of1, and the poor solubility
of 4 which can be oxidized to radical5 by the SO4

•- radical
prevented the pulse radiolysis investigation of the reaction of
radical 5 with 1 which requires approximately millimolar
concentrations to quickly establish redox equilibria. However,
the higher solubility of8 enabled it to be used to produce radical
10 and to study its reaction with1, equilibrium 3.

The data obtained for three mixtures of8 and1 were used to
calculateK3 as 3.50( 0.97, and hence∆E (E(10, H+/8) -
E(11/1)) ) 0.040 V, consistent with the difference in one-
electron reduction potentials obtained above.

Similarly, employing redox equilibria to determine one-
electron reduction potentials,E(1), we have used methyl

viologen, MV2+, to measure a value for the benzotriazine
4-oxide, 7, and triquat, TQ2+, for the 2-oxide analogue, the
noroxide,6, and the related quinoxaline 1,4-dioxide. These data,
along with the one-electron reduction potentials of the radical
species, are presented in Table 1.

Discussion

The above results demonstrate that benzotriazinyl radicals
derived from benzotriazine oxides undergo complex reactions.
A new transient species,10, is formed following the formation
of benzotriazinyl radical9 via an intramolecular process
involving theN,N-dimethylamine moiety of the 3-NHR alkyl
side chain. Electron transfer from the nonbonding pair electrons
of theN,N-dimethylamine moiety to the benzotriazinyl radical,
forming a N-radical cation, is a possible mechanism. The
calculated pKa of the side-chain amine of8 is 8.65( 0.28 (ACD
pKa calculator, v7.1, ACD Inc, Toronto Canada). This is
expected to decrease on formation of the benzotriazinyl radical,
which could account for the apparent shift in pKa to 6.1, Figure
2. Similar removal of an electron from trimethylamine results
in the formation of aN-radical cation with an optical absorption
spectrum centered near 260 nm (ε ) 3300 M-1 cm-1) due to
transition of the unpaired p electron.24 Thus, the grow-in of the
large absorption band centered near 350 nm (ε ) ∼5500 M-1

cm-1) cannot be accounted for by a shift of the radical from
the benzotriazinyl ring to the side chain. The position, width,
and intensity of the new band is reminiscent ofσ-σ* absorption
bands arising from three-electron-bonded radicals known to be
formed between heteroatoms.25-28 In these systems a geo-
metrically favorable overlap of a nonbonding p-orbital pair of
electrons on one atom with an unpaired p-electron of another
atom is thought to form a 2σ-1σ* three-electron bond in an
intramolecular process.29 While neutral S-N three-electron-
bonded species28,30,31and N-N+ three-electron-bonded cationic
species are known,32-34 we believe10 may well be the first
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Figure 2. Changes in absorption (b) and in the rate constant (0) for the
formation with pH of the transient species centered at 350 nm, following
pulse radiolysis of the solution in Figure 1.

Figure 3. Absorption difference spectrum of the radical, relative to parent
compound, at (1) 200µs following the pulse radiolysis (2.5 Gy) of1 (150
µM) in N2-saturated solution containing potassium peroxodisulfate (15 mM),
2-methyl-2-propanol (0.2 M) at pH 7.0. (Insert) Oscilloscope trace of the
change in transmittance at 470 nm following pulse radiolysis under the
same conditions for a mixture of8 (500 µM) and 1 (100 µM).

Table 1. One-Electron Reduction Potentials

benzotriazine 1,4 dioxide A E(A/A•-)/Vb E(A•,H+/A)/Vb

3-NH21,4-dioxide -0.456c,d (1) 1.15g(11)

benzotriazine N-oxide, B E(B/B•-)/Vb E(B•,H+/B)/Vb

3-NH2 1-oxide -0.568e(4) 1.31f(5)
3-NHRa1-oxide -0.502e(8) 1.27e(9)

1.18g(10)
3-NH2 4-oxide -0.378g(7) 1.14g

3-NH2 2-oxide -0.650g 1.19g

3-NH2 noroxide -0.561g(6) 1.20g

quinoxaline, C E(C/C•-)/Vb

1,4-dioxide -0.574g

a R ) CH2CH2N+H(CH3)2. b Error( 0.01 V. c Reference 22.d Reference
23. e Reference 12.f Reference 11.g This work.

10 + 1 + H+ y\z
K3

8 + 11 (3)
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example of a neutrally charged N-N three-electron-bonded
species. Formation of such a species is probably due in part to
the benzotriazinyl radical being relatively stabilized by having
the unpaired electron spread over more than one nitrogen atom,
and the 3-NHR side-chain forming a six-membered ring,
permitting favorable overlap of the lone pair of electrons on
the dimethylamine, Scheme 2.

This study provides new insights into the mechanism by
which high concentrations of benzotriazine monoN-oxides can
potentiate the cytotoxicity of1. The benzotriazinyl radical5,
produced following the one-electron reduction of1, Scheme 1,
can react either with target DNA to produce radical damage on
DNA, or with 1 itself in a competitive reaction to produce the
less oxidizing11 radical. In the presence of excess8, the redox
equilibrium (Scheme 3) comes into play, effectively maintaining
a higher concentration of the more oxidizing radicals (5 and
10) by driving the equilibrium toward the left-hand side with
an expected increase in the damage on DNA, giving rise to
cytotoxicity, Scheme 3.

However, the above scenario assumes that the concentration
of 1 will be high enough to compete with the reaction of5/10
with a target molecule such as DNA. This may well be the case
when1 is reduced by reductases in the cytoplasm of cells and
diffusion to the nuclear target is compromised by the reaction
of 5 with 1 in Scheme 3. The fact that it is possible to achieve
high levels of4 in vivo (ca. 50-80 µM), which results in an
increase in the cytotoxicity of1,20 supports the contention that
the redox equilibrium, Scheme 3, is active in vivo.

Only the benzotriazine 1,4-dioxides, and not their mono
N-oxide derivatives, undergo enzymatic one-electron reduction
to form a radical which can damage DNA. However, both

classes of compounds can potentiate the DNA damage.14-16 The
well-known dependency of radiosensitization on the one-electron
reduction potential,E(1), of electron-affinic compounds36 is
mirrored by the Hammettσ constants of substituents.35 Similarly,
compounds of higher electron affinity show both enhanced
efficiency of electron transfer from DNA radicals in model
systems, and enhanced DNA bond breakage by releasing
phosphate from 5′-purine nucleotides37 and the forming of their
radical anions.12 The extent of16O incorporation into 2-deoxy-
ribonolactone from theN-oxide moieties of1, 4, 7, and
quinoxaline 1,4-dioxide and from the nitro group of the
2-nitroimidazole, misonidazole, in the presence of solvent H2

18O
has been taken as a measure of O-atom transfer from these
compounds to the test C1′-nucleotide radical.16 The inverse
analysis of these data, namely the percentage of electron transfer
from the C1′-nucleotide radical to the electron-affinic com-
pounds, tracks theE(1) values of the compounds measured in
the present study, Figure 4.

As increased cytotoxicity and radiosensitization abilities
qualitatively correspond to higherE(1) values for these com-
pounds,23,38 we conclude that O-atom transfer is a far less
cytotoxic event compared to electron transfer from the nucle-
otide radical to the oxidizing compounds. This study supports
the contention that the oxidation of a sugar radical on DNA,
by electron transfer to aromatic electron-affinic nitroarenes and
N-oxide compounds, underlies the major component of both
radiosensitization and cytotoxicity.

Experimental Section
Chemicals. All reagents used were of analytical grade. Sodium

hydroxide, perchloric acid, and phosphate buffers were obtained from
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Scheme 2. Formation and Rearrangement of Benzotriazinyl Radicals of 8

Scheme 3. Redox Equilibrium
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Merck, and all other reagents were from Aldrich Chemical Co. All
solutions were prepared in water purified by the Millipore “Milli-Q”
system. Solution pH values were adjusted by the phosphate salts (5
mM) and either NaOH or HClO4 when necessary.

Tirapazamine,1,39 1-oxide, 4,39 2-oxide,40 4-oxide, 7,40 noroxide,
6,40 compound8,12 and quinoxaline 1,4-dioxide41 were synthesized as
previously described.

Methods. Pulse radiolysis experiments were carried out at room
temperature (22( 1 °C) using a 4 MeV linear accelerator, equipped
with optical detection, to deliver a typical absorbed dose of 2-3 Gy in
200 ns.42 The radiolysis of water produces three well-characterized
reactive radical species and molecular products (concentrations inµM
per absorbed dose of 1 Gy (J Kg-1) given in parentheses).

Rapid one-electron oxidation of the benzotriazine 1,4-dioxide,1, A,
and the benzotriazineN-oxides, B, was carried out using the sulfate
radical (E0 SO4

•-/SO4
2- ) ca. +2.5 V43) produced in N2-saturated

solution containing 0.2 M 2-methylpropan-2-ol and 20 mM peroxo-
disulfate. The radical yield, (G value) of11/B+• in this systems is 0.28
µM Gy-1.

The one-electron reduction potentials of the compounds were
determined at pH 7.0 (5 mM phosphate buffer) by establishing redox
equilibria between three mixtures of the one-electron reduced com-
pounds and the reference compounds methyl viologen (E(MV2+/MV+•)
) -447( 7 mV) and triquat (E(TQ2+/TQ+•) ) -548( 7 mV)44 and
calculating∆E values from the equilibrium constants,Ke, using the
Nernst equation, as described in the literature.45 Similarly, the one-
electron reduction potentials of the radicals formed upon the one-
electron oxidation of the compounds were determined using mixtures
containing the reference compound 1,4-dimethoxybenzene (E(DMB+•/
DMB) ) 1.30( 0.01 V) or 1,2,4-trimethoxybenzene (E(TMB+•/TMB)
) 1.15 ( 0.02 V).21
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Figure 4. Dependence of the incorporation of18O from solvent H2
18O into

2′-deoxyribonolactone, following anaerobic photolysis of its precursor, on
the one-electron reduction potential of the oxidizing compound. Incorpora-
tion data interpolated from ref 16.

H2O ' e-
aq(0.28)+ •OH(0.28)+ H•(0.06)+ H2(0.04)+

H2O2(0.07)+ H3O
+(0.28)

e-
aq + S2O8

2- f SO4
•- + SO4

2- (4)

•OH(H•) + (CH3)3COH f •CH2(CH3)2COH + H2O(H2) (5)

SO4
•- + 1/B f SO4

2- + 11/B+• (6)

MV+•/TQ+• + B/C y\z
Ke

MV2+/TQ2+ + B•-/C•- (7)

DMB+•/TMB+• + 1/B y\z
Ke

DMB/TMB + 11/B+• (8)
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