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Abstract: Tirapazamine (3-amino-1,2,4-benzotriazine 1,4-dioxide) is the lead bioreductive drug in clinical
trials as an anticancer agent to kill refractory hypoxic cells of solid tumors. It has long been known that,
upon metabolic one-electron reduction, tirapazamine induces lethal DNA double strand breaks in hypoxic
cells. These strand breaks arise from radical damage to the ribose moiety of DNA, and in this pulse radiolysis
and product analysis study we examine mechanistic aspects of the dual function of tirapazamine and
analogues in producing radicals of sufficient power to oxidize 2-deoxyribose to form radicals, as well as
the ability of the compounds to oxidize the resulting deoxyribose radicals to generate the strand breaks.
Both the rate of oxidation of 2-deoxyribose and the radical yield increase with the one-electron reduction
potentials of the putative benzotriazinyl radicals formed from the benzotriazine 1,4-dioxides. Subsequent
oxidation of the 2-deoxyribose radicals by the benzotriazine 1,4-dioxides and 1-oxides proceeds through
adduct formation followed by breakdown to form the radical anions of both species. The yield of the radical
anions increases with increasing one-electron reduction potentials of the compounds. We have previously
presented evidence that oxidizing benzotriazinyl radicals are formed following one-electron reduction of
the benzotriazine 1,4-dioxides. The reactions reported in this work represent the kinetic basis of a short
chain reaction leading to increased oxidation of 2-deoxyribose, a process which is dependent on the one-
electron reduction potential of the benzotriazinyl radicals that are above a threshold value of ca. 1.24 V.

Introduction

Tirapazamine, 3-amino-1,2,4-benzotriazine 1,4-dioxitle,
(TPZ), is a bioreductive drug, currently in phase Il/Ill clinical
trials in combination with radiotherapy and also with cisplatin-
based chemotherapy® TPZ is selectively toxic to hypoxic
cells#5 and consequently it is a useful adjunct to radiotherapy
and chemotherapy, which often fail to eliminate hypoxic cells
within tumors®’ TPZ is reduced by one-electron reductdsts
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to form a radical which is a precursor to the induction of lethal
double strand breaks in cellular DNA It has been proposed
from work with radical scavengéfsthat the *OH radical,
eliminated in a unimolecular reaction from one-electron reduced
TPZ (2/3), is the cytotoxic species (Scheme 1), although spin-
trap EPR experiments are inconclusivelWWe have recently
presented spectral and kinetic evidence that a unimolecular
reaction occurs to eliminate water and form a benzotriazinyl
radical, 5.6 This unimolecular reaction proceeds with a rate
constant of 112 24 s’ at pH 7 for TPZ and is accelerated in
analogues with electron-donating substituents on the A-ring.
Spectral studies with benzotriazine 1,4-dioxide analogues (A)
have shown that the same radicat)(i& formed on the one-
electron oxidation of their equivalent benzotriazine 1-oxides (B),
4 (Scheme 1}8

The abstraction of a H-atom from the deoxyribose backbone
of DNA is thought to be a prerequisite for the formation of
lethal strand breaks. Such a reaction by th#OH radical is
well-established, and we have shown that the benzotriazinyl
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Scheme 1. Formation of Radical Species from 1,2,4-Benzotriazine 1,4-Dioxides
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radical5 also abstracts an H-atom from the model compound 0.0002) and not;, (P = 0.0062). Regression analysis on the
2-deoxyribose (dR) with a rate constant of 3:70.5 x 1C° data for the six 6-substituted analoguesloand 4 gave the

M-1s1(eq 1)!6 following equations:
B"+dR—B+dR (1) E(AJA™T)/mV = —460+ 7 + (260+ 14)0,
Following the formation of similar sugar radicals on DNA, E(B/B")/mV = —577+ 8 + (332+ 27
m

the key event in the generation of strand breaks is mediated by
the formation (eq 2) and breakdown (eq 3) of an adduct formed
between a sugar radical and a further benzotriazine 1,4-dioxide
molecule'®20 This breakdown produces the one-electron
reduced benzotriazine 1,4-dioxidé&°() and a labile sugar
cation.

This difference in the dependency of the one-electron
reduction potentials ony, or oy, indicates that the positions of
the radical centers on the*Aand B~ species are different.
Whereas the A radical species may have its electron density
spread over the 1-oxide and 4-oxide positions (with possible

. involvement of the adjacent C3 position), it seems likely for
A + dR — [dR-A 2 Invo . . / g !
[ ] (2) B*~ that the radical center is on the 1-oxide position. There is
[dR-A]"— A"~ + dR" (—— products+ H")  (3) no simple dependency of tiiB*, H*/B) values on substituent
) ) ) _ ) constants. These values were measured by observing the kinetic

In this study, we investigate the redox properties of different gqyjlibrium between the radicals and oxidizable reference
benzotriazinyl radicals (B and report their reactivity with dR compounds, but it is commonly observed tpahas negative
together with the reactions between deoxyribose radicals andyajyes for radical reaction rates when substituents are of positive
both the benzotriazine 1,4-dioxide (A) and 1-oxide analogues ; gy 4+ 22
(B). Oxidation of 2-Deoxyribose (dR) by Benzotriazinyl Radi-
Results cals (B). The reaction between the benzotriazinyl radicaly (B
) . o and dR was studied for compounds of sufficient aqueous

‘One-Electron Reduction Potentials of Benzotriazine 1,4- g ypility by following the optical decay kinetics of the
Dioxides (A), 1-Oxides (B), and Benzotriazinyl Radicals (B. benzotriaziny! radicals in the presence of dR (8410 mM).

R(_edox equilibria were established (within a few tens of o benzotriaziny! radicals were produced quickiss(us) by
microseconds) between the one-electron reduced forms ofy,e gne_electron oxidation of analogues of benzotriazine 1-

compounds A and B and appropriate reference compounds, fromg .4 (0.5-1 mM) by the S@ radical, or, in the case of
which the one-electron reduction potentidi§\/A*") andE(B/ compoundl6, by the Se@- radical, as this compound reacts
B*), were calculated, and the values are presented in Table 1.,orma)ly with peroxodisulfate. Under these conditions there is
The one-electron reduction potentials of the benzotriazinyl nearly quantitative formation of the' Bs the S@- radical reacts
radicals E(B*, H*/B) produced upon the one-electron oxidation with dR one order of magnitude slower in rate at (3.8.07

of the benzotriazine 1-oxides by the $O radical, were M~1s71)23 than with the benzotriazine 1-oxides. The data were
similarly measured, and their va}lues are presented ir! .Tfa\ble L.treated as previously describ&dwhere plots of 14, against
Substitution of the 3-Nkigroup with the charged, solubilizing, jnjjia| radical concentration for a series of radiation doses give
3-NHR group raises the potential of boi{A/A*") and E(B/ straight lines with intercepts dependent on the dR concentration.
B")_bY ca. 36-60 mv b%“ lowers the potential (B, HJF_/B) The first-order rate constants, determined from the intercepts
by similar amount‘_s,. ,Wh'le thE(A/A*") values of 6-substituted ¢ tage plots, when plotted against the dR concentrations yield
analogues ol exhibit a strong dependency on Hammej{(P the second-order rate constants of thevsh dR. These second-

< 0.0001)7* this is not the case for the 6-substituted analogues jer rate constants are listed in Table 1k values. The
of 4 where theE(B/B*~) data correlate well witho, (P =
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Table 1. Compound Structures, One-Electron Reduction Potentials, and Kinetic Parameters
o- O-
8 11 7 8 1)
1 U
6~ 4ﬁ/)\NHR2 6 7 N7 “NHR,
|
O_
A (benzotriazine 1,4-dioxide) B (benzotriazine 1-oxide)
No. Class Ry R E(A/A") £ 0.0V 10k(2)Mt st 104 k(3)/s?
1 A H H —0.45@¢ 2.45+0.13 6.7+ 0.5
6 A H R —0.396 1.60+ 0.10 4.46+0.12
7 A 6-N(CH), H —0.668 3.03+0.18 6.92+ 0.53
8 A 7-N(CHg), H —0.53% 3.38+0.83 7.98+ 0.45
9 A 8-CHs H —0.51C0 2.21+0.14 4.94+ 0.06
10 A 6-OMe H —0.55%4 2.90+0.19 4.70+ 0.10
11 A 6-OMe R —0.500 1.27+ 0.05 5.16+ 0.23
12 A 6-CHs H —0.493 3.02+0.13 6.16+ 0.35
13 A 6-CHs R —0.440 1.69t 0.08 486+ 0.11
14 A 6-CR H —0.33% 1.78+0.05 6.94+ 0.13
15 A 6-Ck R’ —0.263 157+ 0.11 3.64+ 0.17
16 A 6-SQCH;z H —0.258 1.90+ 0.05 5.84+ 0.16
No. Class Ri Rz E(B/B*) + 0.0V E(B*, H*/B) + 0.0V 1075 k(1)yM-tst 1079k(2)M 1! 104 k(3)/s!
4 B H H —0.568 1.3¢ 3.74+ 0.5 1.60+ 0.06 7.47+£0.23
17 B H R —0.502 1.27 1.34:0.15 1.59+ 0.03 5.43+ 0.05
18 B 6-N(CH)2 H —0.647 1.16 0.42£ 0.03 ND? ND#e
19 B 7-N(CH)2 H —0.567 0.94 <0.1 ND? NDe
20 B 8-Chs H —0.581 1.30 ND ND® ND#®
21 B 6-OMe H —0.533 1.30 ND® ND® ND#®
22 B 6-OMe R —0.562 1.28 1.58 0.20 1.14+ 0.03 5.784+ 0.09
23 B 6-CH H —0.586 1.30 3.1& 0.23 ND? ND#&
24 B 6-Ch R’ —0.527 1.28 1.75 0.06 1.29+ 0.07 4.87+ 0.19
25 B 6-Ck H —0.455 1.27 ND NDe NDe
26 B 6-CR R —0.424 124 1.04- 0.09 2.76+0.13 7.52+0.14
27 B 6-SQCHs H —0.368 1.28 NDB NDe NDe

aR' = CH,CHN*H(CHa),. Pref 24.¢ref 21.9ref 16.¢ND = not determined due to insufficient solubility.

7.0
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Figure 1. Dependence of the rate constants for the oxidation of 2-deoxy-
ribose, dR, by benzotriazinyl radicals &(B*, H*/B).

T

1.20

T T

1.25 1.30

E(B, H'/B) IV

T

1.35

1.40

magnitude of thé(1) values increase with more positi#B°, !
H*/B) values (Figure 1). Regression analysis of the data gave and equal to the observed plateau in rate conskg8yt, These
the following equation:

logk(1))M s t=

(5.86+ 0.62)F(B*, H'/B) — (1.23+ 0.79) n=7

One-Electron Reduction of 1,2,4-Benzotriazines (A and
B) by Deoxyribose RadicalsDeoxyribose radicals, dRwere
found to react with all the benzotriazine 1,4-dioxide and 1-oxide

compounds of this study. The reactions were studiedJ@-N
saturated solutions containing excess dR (20 mM) to quantita-
tively scavenge theOH radicals, and the rate constants for a
series of concentrations of each compound+300 «M) with

dR* were determined by monitoring the formation of transient
absorption spectra. Two distinct kinetic phases were observed
for each compound: an initial phase that is dependent on
substrate concentration and a second phase that is independent
of substrate concentration. Representative spectral and kinetic
data for compound& and4 are presented in Figures 2 and 3.
The absorption spectra present at the end of each phase were
determined in solutions containirgl50xM of the compounds

to kinetically separate the spectra. The time-resolved spectra
have broadly similar characteristics with small differences in
absorption at a limited number of wavelengths (Figure 2). The
observed rate constant data at low concentrations of the
compounds were used to determine second-order rate constants,
k(2), of the first phase (Figure 3), while the second phase
proceeds at rate constants that are independent of concentration

data are presented in Table 1 and are consistent with the
formation of a transient adduct between & diRlical and each
compound, followed by the breakdown of the adduct to form a
new species. The absorption spectra at the end of the second
phase is the same as that produced upon the one-electron
reduction ofl by the CQ*~ specied* and the reduction of

(24) Laderoute, K.; Wardman, P.; Rauth, A. Biochem. Pharmacol1988
37, 1487-1495.
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Figure 2. Time-resolved spectra following reaction of dadicals withl
(150uM) (A) and 4 (300uM) (B). The N;O-saturated solutions contained 00

substrate and 2-deoxyribose (20 mM) at pH 7.0 (5 mM phosphate). Inserts ‘ " ' ‘ i "
in panel A and B display the oscilloscope trace for solution containing 75 0 50 100 150 200 250 300 350
uM of 1 and 300uM of 4, respectively. [4] /uM

. . . . igure 3. Rate of reduction of (A) and4 (B) by dR radicals as a function
(Figure 4), and hence they can be assigned as the radical anion f the substrate concentration. TheNsaturated solutions contained

A*~ and B™. The [K, of the radical anion ot was determined  variable substrate concentration and 2-deoxyribose (20 mM) at pH 7.0 (5
from its changes in absorbance with pH (Figure 4, insert) to be mM phosphate). Dashed line indicates the rate of reducki@), of 1/4 by

; ; ; 2-deoxyribose radicals. Insert in A displays the effect of pHk(®), the
?67].3 9::: 8}.3:6\2?:‘?)? tggﬁra;jig;n;]?;za:g;Lﬂgggiﬁgf&iﬂ;ed rate of{)reakdown of the adduct former:j getw&eand dR ra%icglis).
of overall electron transfer from the elRadicals, formed in pD- 8000
saturated solution, to each of the compounds was determined
at concentrations corresponding to the plateau region in Figure 6000 -
3 (=150 uM) by comparing each vyield to that formed by
electron transfer from the GO species (0.68M-Gy1) to _ 4000 A
methyl viologen radicals absorbing at 600 nm. The yield of '§
electron transfer from dRradicals to the compounds is s 2000
dependent ofe(A/A*7) or E(B/B*") (Figure 5), with: 4

@)
o

o
&
~
5
£9/a0°¢0L

pK.=9.73£0.10

103. OD/Gy

04

o 4
G/uM-Gy ' =
(0.65+ 0.09E(A/A")E(B/B*") + (0.624 0.04) n=9 2000 -

) ) ) —e— pH 110
However, these spectral studies alone cannot provide certainty ., ' ' ' ' ' '

as to the exact amount of electron transfer that has taken place 250 300 350 400 450 500 550 600

since the absorption spectra of the adduct intermediates and A Jnm

radical anions are similar. Figure 4. Absorption spectra of the radical anion4f100.M) following

Conductivity Studies. Further information on the degree of  the one-electron reduction by GO at high and low pH in MO-saturated
electron transfer from dRadicals was sought using conductivity solutions containing sodium formate (0.15 M). Insert displays the changes
detection. The I values of the radical species of one-electron Lnaﬁf;sgﬁﬂgc;ggglwaztd‘leigr?}:;é?d 330 nm @) from which the
reduced 1,4-dioxide benzotriazines are known te<gé®2*and
hence the counterion to the radical anions should be detectablel0.5+ 0.1 on the time scale seen for eq 3 above, (Figure 3). In
in basic solution as the loss of OHconductance due to these experiments, the tlRadicals were produced in J9-
neutralization. Little overall conductance change was observedsaturated solutions containing dR (20 mM), and each compound
for the reaction between drRind 1 at pH 4.5 as the radical (150u4M) was adjusted to alkaline pH with sodium hydroxide.
anion,?2, is protonated forming radic8l Losses in conductance  The measured losses in conductance can be compared to that
were observed for a subset of compounds in solutions at pHin N;O-saturated basic solutions of DMSO because of the
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Figure 5. Dependence of the yield of radical anions formed on reaction
of TPZ analogues with dfon E(A/A*~) or E(B/B*~). The yield of reducing
radicals was determined by electron transfer to methyl viologen M0
at 600 nm relative to electron transfer from the £Cspecies.
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Figure 6. (A) Changes in conductance following pulse radiolysis (2.5 Gy)
of N,O-saturated basic solutions of the compounds (24) and 2-deoxy-

ribose (50 mM) relative to that seen for dimethyl sulfoxide (1 mM). (B)
Conductivity yields as in A for benzotriazine 1,4-dioxides and 1-oxides.

-0.6

formation of sulfenic acid®25which under our experimental
conditions amounts te-0.063uS-Gy ! (Figure 6A). The loss

in conductance, measured at the end of eq 3, is dependent on

E(A/A*7) (Figure 6B), increasing te-0.0274 0.001uS Gy !
for 14 and16. The maximum possible yield of protons arising
from eqgs 2 and 3 for electron transfer from the* d&dical is

expected to be somewhat less than the yield of protons arising

ARTICLES
6000
B
pK.=3.45+0.01
4000 -
‘e
o
*_ 2000
£
w
g
0
—A— pH 2.40
—e— pH 7.0
—— pH 11.86
-2000 - . . . . . .
250 300 350 400 450 500 550 600 650
A /Inm

Figure 7. Radical spectra produced (at 26) following pulse radiolysis
(2.5 Gy) of4 (150uM) in Np-saturated solutions of potassium peroxodis-
ulfate (15 mM), 2-methyl-2-propanol (0.5 M),.Nat different pH. Inserts
A and B display the changes in absorbance with pH from which #e p
values of the radicals were determined.

from *OH radicals reacting with DMSO since a proportion of
the produced radical sites on dR will not be reducing in nature.
For comparison purposes, the change in conductance upon the
reaction of hydroxymethyl radicals with at pH 10.4 was
measured as-0.0524+ 0.0024S-Gy 1, which corresponds to a
radiation chemical yield of protons being formed of 0.52
uM-Gy~t (7% of the *OH radical yield of 0.56uM-Gy~*
reacting with methanol form the nonreducing £+ radicaf®).

The observed change in conductance upon the reaction®of dR
radicals withl is —0.020+ 0.0014S-Gy 1, which corresponds

to a radiation chemical yield of protons produced through eqs
2 and 3 of 0.38+ 0.01uM-GyL. This yield corresponds well
with that measured in the optical studies above G+30.01
uM-Gy~%, which gives support to the mechanism of adduct
formation followed by breakdown to form the radical anion.
The benzotriazinyl radical, formed upon the one-electron
oxidation of4, gave different absorption spectra at pH 12, 7,
and 2.5 (Figure 7). Using differences in the absorption bands
at 510 and 345 nm, we determined radickl palues of 3.45

4+ 0.01 and 9.43t 0.15 (Figure 7, inserts). The second-order
decay kinetics of the benzotriazinyl radical was unaffected by
increasing ionic strength at pH 7, implying an uncharged species,
while at pH 12 an increase in decay rate was seen (data not
shown).

The observed losses in conductance upon the reaction*of dR
radicals with the benzotriazine 1-oxides at pH 10.3 are consider-
ably smaller than that measured for the benzotriazine 1,4-
dioxides of similar one-electron reduction potential. The small
change in conductance 6f0.007 + 0.001 uS-Gy* for 4,
compared to a measured yield of 0.230.01 uM-Gy? for
electron transfer, is understood by the one-electron reduced
product of the reaction being mainly protonated.

Temperature Studies. Thermodynamic parameters for the
reaction between the benzotriazinyl radiband dR, eq 1, and
the formation of the radical anidhand oxidized dR, eq 3, were
obtained from measuring the effect of temperature on these

(25) Asmus, K.-D.; Janata, E. lhhe Study of Fast Processes and Transient
Species by Electron Pulse Radiolydtaxendale, J. H., Busi, F., Eds.; D.
Reidel Publishing Company: Dordrecht, The Netherlands, 1982; Vol. 86,
pp 91-113.

(26) Asmus, K.-D.; Mockel, H.; Henglein, Al. Phys. Cheml973 77, 1218~
1221.
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Figure 8. (A) Temperature dependence of the reciprocal of the first half-
life of 5 on the initial radical concentration, formed with increasing radiation
dose, for 10 ©), 20 @), 25 (a), 30 (#), 40 (v), 45 (), and 50°C (@).
Radicals produced on the oxidation #1500 M) by the SQ°~ radical,
produced in a deaerated solution of peroxodisulfate (15 mM) and 2-meth-
ylpropanol-2-ol (0.2 M) at pH 7.0 (5 mM phosphate) in the presence of
300 uM 2-deoxyribose. (B) Eyring plots fok(1) (@), first-order rate
constants derived from the intercepts of plots from part A, k(3) (M),

the rate of breakdown of adduct formed on the one-electron reductibn of
by 2-deoxyribose radicals, are plotted as a function of temperature. The
N2O-saturated solution containdd(75 «M) and 2-deoxyribose (20 mM)

at pH 7.0 (5 mM phosphate).

order expected for the hydration and separation of a proton in
the transition staté’

Product Analysis Following y-Radiolysis. A subset of the
compounds was serially irradiated at a concentration ofidd0
in NoO-saturated solutions at pH 7 containing dR (20 mM),
and the samples were analyzed by HPLC for the loss of the
compounds and formation of their two-electron reduced prod-
ucts. The radiation chemical yield values were calculated from
plots of concentration lost or gained against accumulated
radiation dose, and these values are presented in Table 3. The
radiation chemical losses @fand12 are both greater than the
yield of the dR radicals, indicating that a short chain reaction
occurs. There is no evidence of such a chain reaction for
analogues3 and 15, which contain strongly electron-donating
and electron-withdrawing substituents, respectively. The occur-
rence of a chain reaction appears to be related to a threshold in
the reduction potential of the benzotriazinyl radic&&3*,H"/
B), lying in the region>1.24 t0<1.30 V. The expected maxima
in the yields of the two-electron reduced products, the benzo-
triazine 1-oxides, are equal to half the loss in the parent
benzotriazine 1,4-dioxides. The measured yields of the benzo-
triazine 1-oxides formed from, 12, and 15 are slightly less
than half the loss of the parent compounds, which may indicate
that the dR radicals may undergo minor attack at other sites.
Only a small loss in the benzotriazine 1-oxidland consequent
formation of the fully reduced norbenzotriazirgl( SR 4330)
is observed, possibly indicating that only a minor proportion
of the dR radicals can reduce this compound.

Discussion

The reaction between deoxyribose radicals;, @Rd benzo-
triazine compounds has been studied using both optical and
conductivity detection. The dRvas produced byOH radical
attack on deoxyribose, resulting in relatively indiscriminant
H-atom abstraction that, in the absence of added oxidants or
reductants, forms a range of fragmentation prodécBoth a
comparatively inert alkyl radical (H-atom abstraction from)C
and a number of reducing-hydroxyalkyl radicals are produced.

It is likely that the benzotriazinyl radic& abstracts an H-atom
more selectively than th®H radical from deoxyribose (eq 1),
decreasing the proportion of radicals at &nce the CG-H bond
strength at this position is greater than those of the other
positions?? It is clear that radicals are formed on deoxyribose

reactions. Equation 1 was studied as described above bysince steady-state radiolysis experiments shasvost through

producing 5 on oxidizing 4 with the SQ°~ radical in the
presence of dR (300M) and constructing kinetic plots ofti/,
for the loss in absorption at 345 nm vs initial radical concentra-

a short chain reaction when irradiated in the presence of excess
deoxyribose?°

Nitroaryl radiosensitizers, such as substituted nitrobenzenes

tions at each temperature (Figure 8A). The rate constant data,and the nitroimidazoles, have been reported to undergo a variety

derived from the intercepts of the plots, were then treated by
Arrhenius (not shown) and Eyring plots (Figure 8Rj1), to
obtain the thermodynamic parameters presented in Table 2.
Equation 3 was studied in J@-saturated solution containing
excess dR (20 mM) antl (75 uM) by monitoring the rate of
buildup in absorption at 560 nm with increasing temperature.
The Eyring plot of these data is presented in Figure IgB),

and the obtained parameters are given in Table 2. The activation(

energies of these two reactions are small and indicative of radical
reactions, while the negative entropy changes result in the
reactions being slower than normal. The large negative activation
entropy associated with eq 3 f85.8 J KX mol~! is of the
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of reactions with the radicals of DNA model compouriés*
Kinetic, esr, and spectral evidence point to the formation of

(27) Issacs, N. SPhysical Organic Chemistry2nd ed.; Longman Scientific &
Technical: Harlow, U.K., 1995.

(28) Hartmann, V.; von Sonntag, C.; Schulte-FrohlindeZDNaturforsch197Q
25B 1394-1404.

(29) Miaskiewicz, K.; Osman, Rl. Am. Chem. S0d.994 116, 232-238.

30) Wardman, P.; Dennis, M. F.; Everett, S. A.; Patel, K. B.; Stratford, M. R.
L.; Tracy, M. InFree Radicals and Oxidaté Stress: Enronment, Drugs
and Food Addities Rice-Evans, C. A., Halliwell, B., Lund, G. G., Eds.;
Portland Press: London, 1995; Vol. 61, pp ¥7D4.

(31) McMillan, M.; Norman, R. O. CJ. Chem. Soc. B968 590-597.

(32) Jagannadham, V.; SteenkenJSAm. Chem. S0d.984 106, 6542-6551.

(33) Steenken, S.; JagannadhamJVAm. Chem. Sod985 107, 6818-6826.

(34) Wardman, PRadiat. Phys. Chenml.984 24, 293-305.
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Table 2. Thermodynamic Parameters for the Oxidation of 2-Deoxyribose

by the Benzotriazinyl Radical of TPZ k(1) and the Breakdown of

the Adduct Formed upon One-Electron Reduction of Tirapazmine by 2-Deoxyribose Radicals k(3) at pH 7.0

E./kJ mol—!
reaction Arrhenius Plot Eyring Plot Als~t AH*kJ mol* AS# 13 Kt mol~!
k(1) +44.1+ 3.4 +44.0+ 3.7 2.540.1x 10 +41.6+ 3.5 —54.6+ 11.0
k(3) +22.1+1.1 +22.2+1.1 5.5+ 0.7 x 10° +19.7+ 1.0 —85.8+ 3.0

Table 3. Radiation Chemical Yield, G, for the Loss of Compounds on Reaction with 2-Deoxyribose Radicals and the Production of

Two-Electron Reduced Products (B and C)

compound number/R E(A/A"7) £ 0.01V E(B*,H*/B) + 0.01/V G(-A)M-Gy* G(+B)IM-Gy*
8, 7-N(CH)2 —0.535 0.94 —0.344+0.01 0.16+ 0.01
12, 6-CHs —0.493 1.30 —0.77+0.02 0.23+ 0.02
1L,H —0.456 1.32 —0.67+0.06 0.28+ 0.02
14, 6-CR; —0.335 1.27 —0.40+0.01 ND*

15, 6-CR 3-NHR —0.263 1.24 —0.31+0.01 0.14+ 0.01

E(B/B*7)/IV G(—B)/uM-Gy 1 G(+C)/M-Gy !

4, H 0.568+ 0.01 0.06+ 0.02 0.04+ 0.01

a ND = not determined because of insufficient solubility.

Scheme 2. One-Electron Reduction of Benzotriazine 1,4-Dioxides
by a-Hydroxyalkyl Radicals
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Scheme 3. One-Electron Reduction of Benzotriazine 1-Oxides by
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radical intermediates between both carbon-centered sugaradical, and the 1-oxide moiety possesses a higehpn that

radicals and pyrimidine radicals with an oxygen of the nitro
group to form a nitroxyl radical. The formation of such an
adduct with an oxygen of benzotriazine 1,4-dioxides is hard to

envisage as no satisfactory Lewis structures can be drawn.

Furthermore, our kinetic evidence that tlhehydroxyalkyl
radicals of deoxyribose form adducts with the benzotriazine 1,4-

of the dioxide species3.

Evidence for the existence of a chain reaction, following
reduction of the compounds by tiRadicals, is the observed
greater loss of the compounds (Table 3) over the yield of
electron transfer from the dRadicals in the pulse radiolysis
experiments (Figure 4). Whereas short chain reactions occur

dioxides and 1-oxides, which break down at rates independentfollowing the reduction of the benzotriazine 1,4-dioxidesnd

of the OH™ concentration and the nature of the substituents on
the benzotriazine, is in stark contrast to the adducts formed
betweena-hydroxyalkyl radicals and the nitro group of ni-
trobenzene compoundilt is likely that a different mechanism
operates for the benzotriazine 1,4-dioxides in thdtydroxy-
alkyl radicals add mainly to the N4 position to form a radical
adduct,28 (eq 2), followed by an intramolecular pathway of
elimination, which is non OH catalyzed (eq 3), to form the
radical anion2, which protonates at pH 7 to for@® (Scheme

2).

Similarly, one-electron reduction of the benzotriazine 1-oxides
by dR radicals can be envisaged as an initial addition to the
N1 position to form radical9 (eq 2), followed by elimination
(eq 3) to form radicaBO0. The prototropic property a30 (pKa
= 9.73) is considerably different from that &3 (pK, = 6.18)
and may indicate that a different radical center, such as N2, is
involved (Scheme 3) or the®0 quickly rearranges to a C3

12, this is not the case f8 and 14 nor for the benzotriazine
1-oxide, 4. These data imply that the benzotriazinyl radicals
formed following the reduction ofl and 12 can abstract a
H-atom from dR to propagate a chain. The apparent shortness
of the chain (two to three cycles) may well arise from the
compounding effects of the two-step reaction where only a small
fraction of reducing dRradicals are formed upon the reaction
of the benzotriazinyl radicals with dR compared to tkxH
radical. The reduction potentials of the benzotriazinyl radicals,
E(B*, H*/B), may well be a controlling factor as to whether a
chain reaction with dR takes place with a threshaltl.24 V.

The consistently lower yields of the benzotriazine 1-oxides (B)
compared to the loss of the benzotriazine 1,4-dioxides (A) of
the order<0.5 (Table 3) is evidence against the release of the
*OH radical from the one-electron reduced benzotriazine 1,4-
dioxides (Scheme 1) as then the concentration of the benzo-
triazine 1-oxides produced should equal the concentration of
the benzotriazine 1,4-dioxides that is consumed. The occurrence
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of the radical chain reaction, as modeled in the present study,
may well underlie the reported high efficacy of compoudds
and12to act as hypoxia-selective bioreductive drugs compared
to all 32 other analogues tested in vi#oAlso, the targeting of

1 to the DNA of hypoxic cells, by appending a DNA binding
moiety, results in a great increase in potefftyhich has been
correlated to the enhanced conversion of DNA radical damage
to double strand breakd.The results from the present study
provide a mechanistic model for how tirapazamine interacts with
the ribose component of DNA following its one-electron
reduction.

Experimental Section

Materials. All reagents used were of analytical grade. Sodium
formate, sodium hydroxide, perchloric acid, and phosphate buffers were
obtained from Merck, and potassium thiocyanate was obtained from
Riedel-de Haen. All other reagents were obtained from Aldrich
Chemical Co. All solutions were prepared in water purified by the
Millipore “Milli-Q” system. Solution pH values were adjusted using
the phosphate salts (5 mM) and either NaOH or HGl@en necessary.
Analyses were carried out in the Microchemical Laboratory, University
of Otago, Dunedin, NZ. Melting points were determined on an
Electrothermal 2300 melting point apparatus. NMR spectra were
obtained on a Bruker Avance 400 spectrometer at 400 MHZHor
and 100 MHz for'3C spectra. Spectra were obtained in Cp@iless
otherwise specified and are referenced taw$eChemical shifts and
coupling constants were recorded in units of parts per million and hertz,
respectively. Solutions in organic solvents were dried with anhydrous

for 20 min, and filtered. The solid was dissolved in DCM (150 mL)
and dried, and the solvent was evaporated. The residue was purified
by chromatography, eluting with 5% EtOAc/DCM, to give chloride
32(7.42 g, 68%) as a pale yellow solid: mp (EtOAc/DCM) 199
°C; *H NMR ¢ 8.30 (d,J = 9.6 Hz, 1H), 7.32 (ddJ = 9.6, 2.7 Hz,
1H), 7.19 (d,J = 2.7 Hz, 1H), 4.01 (s, 3H):*C NMR ¢ 166.3, 157.8,
150.2, 128.9, 123.9, 121.9, 105.7, 56.5. Anal. Calcd fgldCIN3O,:
C,45.4; H, 2.9; N, 19.9; Cl, 16.8. Found C, 45.2; H, 2.6; N, 19.9; ClI,
16.9%.

3-Chloro-6-methyl-1,2,4-benzotriazine 1-Oxide (33)Similarly,
reaction of 6-methyl-1,2,4-benzotriazin-3-amine 1-oxid8) (9.05 g,
51.4 mmol) gave chlorid@3 (7.86 g, 78%) as a pale yellow solid:
mp (EtOAc/DCM) 156-158°C; *H NMR ¢ 8.29 (d,J = 8.8 Hz, 1H),
7.74 (d,J = 1.7 Hz, 1H), 7.56 (ddJ = 8.8, 1.7 Hz, 1H), 2.61 (s, 3H).
Anal. Calcd for GHsCIN3O: C, 49.1; H, 3.1; N, 21.5. Found: C, 49.2;
H, 3.4; N, 21.5%.

3-Chloro-6-trifluoromethyl-1,2,4-benzotriazine 1-Oxide (34).Simi-
larly, reaction of 6-trifluoromethyl-1,2,4-benzotriazin-3-amine 1-oxide
(25) (1.15 g, 6.6 mmol) gave chloridg4 (375 mg, 33%) as a pale
yellow solid: mp (DCM/pet. ether) 118120 °C; *H NMR [(CDz)»-
S0] 6 8.52-8.57 (m, 2H), 8.15 (ddJ = 9.0, 1.8 Hz, 1H)23C NMR
[(CD3).SO] 6 156.6, 146.6, 135.8, 135.5 (@= 33 Hz), 126.6 (9] =
3 Hz), 126.1 (q,J) = 4 Hz), 126.6 (g = 274 Hz), 122.0. Anal. Calcd
for CgH3CIFsNsO: C, 38.5; H, 1.2; N, 16.8; F, 22.8. Found: C, 38.5;
H, 1.1; N, 16.7; F, 14.4%.

N1,N-Dimethyl-N?-(1-oxido-1,2,4-benzotriazin-3-yl)-1,2-ethanedi-
amine (17).N,N-Dimethylethanediamine (0.66 mL, 6.0 mmol) was
added to a stirred solution of 3-chloro-1,2,4-benzotriazine 1-8kide
35 (438 mg, 2.4 mmol) in DME (50 mL), and the solution was stirred

Na,SQ,. Solvents were evaporated under reduced pressure on a rotaryat reflux temperature for 2 h. The solution was cooled, the solvent was

evaporator. Thin-layer chromatography was carried out on aluminum-
backed silica gel plates (Merck 6055 with visualization of compo-
nents by UV light (254 nm) or exposure to Column chromatography
was carried out on silica gel (Merck 23@00 mesh). All compounds
designated for testing were analyzed>&9% purity by reverse-phase
HPLC using an Agilent 1100 liquid chromatograph, an Alltima G
u) stainless steel column (150 mm 3.2 mm i.d.). and an Agilent
1100 diode array detector. Chromatograms were run using various
gradients of aqueous (0.045 M ammonium formate and formic acid at
pH 3.5) and organic (80% MeCN/MilliQ water) phases. DCM refers
to dichloromethane, DME refers to dimethoxyethane, DMF refers to
dry dimethylformamide, ether refers to diethyl ether, EtOAc refers to
ethyl acetate, MeOH refers to methanol, and pet. ether refers to
petroleum ether, boiling point range was-4&0 °C. All solvents were
freshly distilled. Compounds, 4, and31 were prepared as previously
described® Compounds—9, 10, 12, 14, 16, 20, 21, 23, and25 were
prepared as previously describ@d.
3-Chloro-6-methoxy-1,2,4-benzotriazine 1-Oxide (32)Sodium
nitrite (7.14 g, 103.4 mmol) was added in portions to a stirred solution
of 6-methoxy-1,2,4-benzotriazin-3-amine 1-oxid&l)((9.94 g, 51.7
mmol) in trifluoroacetic acid (50 mL) at 8C, and the solution was
stirred at 20°C for 1 h. The solution was poured into ice water, filtered,
washed with water (% 50 mL), and dried. The solid was suspended
in POCE (80 mL), DMF (two drops) was added, and the mixture was
stirred at 100C for 3 h. The solution was poured into ice water, stirred

(35) Mason, J. C.; Tennant, G. Chem. Soc., B97Q 911-916.

(36) Anderson, R. F.; Denny, W. A.; Li, W.; Packer, J. E.; Tercel, M.; Wilson,
W. R. J. Phys. Chem1997, 101, 9704-9709.

(37) Wardman, PJ. Phys. Chem. Ref. Datt989 18, 1637-1755.

(38) Jonsson, M.; Lind, J.; Reitberger, T.; Eriksen, T. E.; MerenyiJ.&hys.
Chem.1993 97, 11278-11282.

(39) Jonsson, M.; Lind, J.; Eriksen, T. E.; Merenyi,JsGAm. Chem. S04994
116 1423-1427.

(40) Delahoussaye, Y.; Hay, M. P.; Pruijn, F. B.: Denny, W. A.; Brown, J. M.
Biochem. PharmacoR003 65, 1807—1815.

(41) Anderson, R. F.; Harris, T. A.; Hay, M. P.; Denny, W. 8hem. Res.
Toxicol. 2003 16, 1477-1483.
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evaporated, and the residue was partitioned between dilute aqueous
NH; (100 mL) and DCM (100 mL). The organic fraction was dried,
and the solvent was evaporated. The residue was purified by chroma-
tography, eluting with a gradient {0L0%) of MeOH/DCM, to give
1-oxide17 (514 mg, 91%) as a yellow solid: mp (MeOH/EtOAc) 121
123°C; 'H NMR [(CD3):SO] ¢ 8.13 (dd,J = 8.6, 1.1 Hz, 1H), 7.78
(ddd,J= 8.5, 7.0, 1.1 Hz, 1H), 7.72 (br s, 1H), 7.57 (brdds 8.5 Hz,
1H), 7.33 (dddJ = 8.6, 7.0, 1.3 Hz, 1H), 3.413.45 (m, 2H), 2.45
2.50 (m, 2H), 2.20 (s, 6H}3C NMR [(CD3),SO] 6 158.8, 148.3, 135.6,
129.9, 125.9, 124.4, 129.8, 57.6, 45.1 (2), 38.6. Anal. Calcd for
CuH1NsO: C, 56.6; H, 6.5; N, 30.0. Found: C, 56.8; H, 6.6; N, 30.4%.
N2-(6-Methoxy-1-oxido-1,2,4-benzotriazin-3-yl)N? N?-dimethyl-
1,2-ethanediamine (22)Similarly, reaction ofN,N-dimethylethanedi-
amine (1.33 mL, 12.1 mmol) and chlori@& (0.85 g, 4.04 mmol) gave
the amine22 (0.72 g, 68%), which was dissolved in HCl-saturated
MeOH. The solvent was evaporated, and the residue was crystallized
as a tan solid: mp (MeOH/EtOAc) 23@39 °C; 'H NMR [(CD3).-
SQO] 6 10.68 (br s, 1H), 8.07 (dJ = 9.3 Hz, 1H), 8.03 (br s, 1H),
6.95-6.99 (m, 2H), 3.92 (s, 3H), 3.78.76 (m, 2H), 3.36-3.35 (m,
2H), 2.81 (d,J = 4.9 Hz, 6H);**C NMR [(CDs),S0] 6 164.9, 159.0,
150.4,125.4,121.6,117.3,104.3, 55.2, 55.2, 42.3 (2), 35.8. Anal. Calcd
for C12H1sCINsO,: C, 48.1; H, 6.1; N, 23.4; Cl, 11.8. Found: C, 48.3;
H, 6.1; N, 23.6; Cl, 11.9%.
N*,N*-Dimethyl-N2-(6-methyl-1-oxido-1,2,4-benzotriazin-3-yl)-1,2-
ethanediamine (24) Similarly, reaction oiN,N-dimethylethanediamine
(705uL, 6.6 mmol) and chlorid83 (518 mg, 2.7 mmol) gave 1-oxide
24 (603 mg, 92%) as a yellow solid: mp (MeOH/EtOAc) H4B45
°C;H NMR ¢ 8.11 (d,J = 8.8 Hz, 1H), 7.35 (dJ = 1.7 Hz, 1H),
7.07 (dd,J = 8.8, 1.7 Hz, 1H), 5.89 (br s, 1H), 3.58.56 (m, 2H),
2.52-2.56 (m, 2H), 2.45 (s, 3H), 2.26 (s, 6HJC NMR 6 159.2, 149.1,
146.9,129.2,126.9, 125.3, 120.1, 57.5, 45.1 (2), 38.7, 22.0. Anal. Calcd
for C12H17NsO: C, 58.3; H, 6.9; N, 28.3. Found: C, 58.5; H, 7.1; N,
28.6%.
N2-(6-Trifluoromethyl-1-oxido-1,2,4-benzotriazin-3-yl)-N2,N2-
dimethyl-1,2-ethanediamine (26)Similarly, reaction ofN,N-dimeth-
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ylethanediamine (0.5 mL, 4.6 mmol) and chlori@é (305 mg, 1.2
mmol) gave the amin@6 (367 mg, 100%) as a yellow solid: mp
(MeOH/DCM) 159-161 °C; *H NMR ¢ 8.33 (d,J = 8.9 Hz, 1H),
7.87 (br s, 1H), 7.40 (ddl = 8.9, 1.5 Hz, 1H), 6.24 (br s, 1H), 3.53
3.58 (m, 2H), 2.572.60 (m, 2H), 2.28 (s, 6HRC NMR 6 159.4,
148.5, 136.8 (gJ = 33 Hz), 132.0, 127.1, 124.3 (4= 4 Hz), 121.9,
120.0 (9, J = 3 Hz), 57.3, 45.0 (2), 38.7. Anal. Calcd for
CioHiF3NsO: C, 47.8; H, 4.7; N, 23.3. Found: C, 48.0; H, 4.4; N,
23.1%.

6-(Methylsulfonyl)-1,2,4-benzotriazin-3-amine 1-Oxide (27)Hy-
drogen peroxide (70%, 0.55 mL, ca. 11 mmol) was added dropwise to
a stirred solution of trifluoroacetic anhydride (1.6 mL, 11.0 mmol) in
DCM (10 mL) at 5°C. The mixture was stirred at 8 for 5 min,
warmed to 20°C, stirred for 10 min, and cooled to°&. The mixture
was added to a stirred solution of 6-(methylsulfanyl)-1,2,4-benzotriazin-
3-amine 1-oxid&" (36) (230 mg, 1.1 mmol) in CHGI(20 mL) at 5°C,
and the mixture was stirred at & for 15 min. The solution was
carefully diluted with dilute aqueous NHsolution (20 mL). The
precipitate was purified by chromatography and eluted with 5% MeOH/
DCM to give 1-oxide27 (50 mg, 19%) as a yellow powder: mp
(MeOH/DCM) 288-292°C; *H NMR [(CD3),SO] 6 8.36 (d,J = 8.9
Hz, 1H), 8.04 (d,J = 1.9 Hz, 1H), 7.78 (ddJ = 8.9, 1.9 Hz, 1H),
7.72 (br s, 2H), 3.41 (s, 3H}C NMR [(CD3),SO] é 160.8, 148.4,
146.5, 138.1, 125.2, 122.0, 120.3, 42.7. Anal. Calcd fghlgll,OsS:

C, 40.0; H, 3.4; N, 23.3. Found: C, 40.7; H, 3.3; N, 22.7%.

N1 NI-Dimethyl-N2-(1,4-dioxido-1,2,4-benzotriazin-3-yl)-1,2-
ethanediamine (6).Hydrogen peroxide (70%, 0.7 mL, ca. 14.5 mmol)
was added dropwise to a stirred solution of trifluoroacetic anhydride
(2.1 mL, 14.5 mmol) in DCM (20 mL) at 3C. The mixture was stirred
at 5°C for 5 min, warmed to 20C, stirred for 10 min, and cooled to
5 °C. The mixture was added to a stirred solution of 1-oXidg338
mg, 1.5 mmol) and trifluoroacetic acid (22&., 2.9 mmol) in CHC}

(20 mL) at 5°C, and the mixture was stirred at 2C for 6 h. The
solution was carefully diluted with dilute aqueous Nsblution (20
mL), and the mixture was extracted with CHGb x 50 mL). The

(2), 38.8, 22.3. Anal. Calcd for @H17/NsO2: C, 54.7; H, 6.5; N, 26.6.
Found: C, 54.3; H, 6.7; N, 28.8%.

N2,N%-Dimethyl-N2-(6-trifluoromethyl-1,4-dioxido-1,2,4-benzo-
triazin-3-yl)-1,2-ethanediamine (15).Similarly, oxidation of 1-oxide
26(220 mg, 0.73 mmol) gave 1,4-dioxid® (187 mg, 80%) as a purple
solid: mp (MeOH/EtOAc) 179183 °C; *H NMR 6 8.59 (br s, 1H),
8.45 (d,J = 9.1 Hz, 1H), 7.65 (ddJ = 9.1, 1.7 Hz, 1H), 7.63 (br s,
1H), 3.63-3.67 (m, 2H), 2.66-2.65 (m, 2H), 2.30 (s, 6H}C NMR
0 150.4, 137.9, 137.0 (g1 = 33 Hz), 131.1, 123.4, 122.6 (4,= 3
Hz), 122.6 (qJ = 272 Hz), 116.0 (g = 4 Hz), 57.3, 45.2 (2), 38.9.
Anal. Calcd for GoH14FsNsO2: C, 45.4; H, 4.5; N, 22.1. Found: C,
45.3; H, 4.4; N, 21.9%.

Methods. Pulse radiolysis experiments were carried out using a 4
MeV linear accelerator and optical detection system as described
previously3® A temperature-controlled reaction cell was used to obtain
thermodynamic parameters and a conductivity cell to measure con-
ductance changes as previously descriSe@teady-state radiolysis
experiments were performed using®€o y-source delivering a dose
rate of 17 Gy min. Product analysis was by HPLC (Hewlett-Packard
Series 1100 coupled to a photodiode array detector) utilizing a reverse-
phase Alltima C-8 column 5 150 mm) and a solvent consisting of
80% acetonitrile in water and 0.45 M formate buffer (pH4.5) at a
flow rate of 0.5 mL mir®. A linear gradient was used in the mobile
phase.

The radiolysis of water produces well-characterized radical species
and molecular products (concentrations in micromolar per absorbed
dose of 1 Gy (J Kg') given in parentheses).

H,0 »> €, {0.28)+ "OH(0.28)+ H'(0.06)+ H,(0.04)+
H,0,(0.07)+ H,0(0.28)

One-electron reduction of substratésand B, for kinetic, redox,
and spectral studies were carried out in (i) deaerated solutions containing
propan-2-ol (0.2 M) to convert th®©H radicals to reducing propan-
2-oxyl radicals, (ii) deaerated solutions containing 2-methylpropan-2-

organic fraction was dried, and the solvent was evaporated. The residue?! (=1 M) to aid solubility of the 1-oxide compounds and scavenge

was purified by chromatography and eluted with a gradiertl(@nb)
of MeOH/DCM to give 1,4-dioxides (252 mg, 70%) as red needles:
mp (MeOH/EtOAc) 153-156 °C; 'H NMR 6 8.32 (d,J = 8.7 Hz,
1H), 8.29 (d,J = 8.7 Hz, 1H), 7.84 (dddJ = 8.7, 7.1, 1.3 Hz, 1H),
7.48 (ddd,J = 8.7, 7.1, 1.2 Hz, 1H), 7.45 (br s, 1H), 3:66.65 (m,
2H), 2.58-2.62 (m, 2H), 2.29 (s, 6HYC NMR 6 149.9, 138.4, 135.6,
130.4, 127.0, 121.6, 117.4, 57.4, 45.2 (2), 38.9. Anal. Calcd for
C1iH1sNsO,1/4H,0: C, 52.1; H, 6.2; N, 27.6. Found: C, 52.1; H,
6.0; N, 27.5%.
N*-(6-Methoxy-1,4-dioxido-1,2,4-benzotriazin-3-yl)N?N>-dimethyl-
1,2-ethanediamine (11)Similarly, oxidation of 1-oxide&22 (597 mg,
2.3 mmol) gave 1,4-dioxidé&1 (424 mg, 67%) as a red solid, which
was dissolved in HCl-saturated MeOH. The solvent was evaporated,
and the residue was crystallized to give the hydrochloride: mp (MeOH/
EtOAc) 170-174°C; 'H NMR [(CD3);SQ] 6 10.57 (br s, 1H), 8.45
(br s, 1H), 8.17 (dJ = 9.6 Hz, 1H), 7.39 (d,) = 2.6 Hz, 1H), 7.22
(dd,J = 9.6, 2.6 Hz, 1H), 4.01 (s, 3H), 3.78.82 (m, 2H), 3.33
3.37 (m, 2H), 2.82 (d) = 4.5 Hz, 6H);'3C NMR [(CD3),S0] 6 165.6,
150.1, 139.7, 125.7, 123.4, 119.4, 92.5, 56.8, 54.9, 42.3 (2), 36.0. Anal.
Calcd for G2H1sCINsO5:11/2H,0: C, 42.1; H, 6.2; N, 20.4. Found:
C, 42.0; H, 5.9; N, 20.0%.
N*,N2-Dimethyl-N?-(6-methyl-1,4-dioxido-1,2,4-benzotriazin-3-yl)-
1,2-ethanediamine (13)Simliarly, oxidation of 1-oxide&24 (566 mg,
2.3 mmol) gave 1,4-dioxidd3 (207 mg, 34%) as a red solid: mp
(MeOH/EtOAC) 187189 °C; *H NMR ¢ 8.19 (d,J = 9.0 Hz, 1H),
8.05 (d,J = 1.7 Hz, 1H), 7.44 (br s, 1H), 7.29 (dd,= 9.0, 1.7 Hz,
1H), 3.58-3.64 (m, 2H), 2.5%2.61 (m, 2H), 2.56 (s, 3H), 2.28 (2);
13C NMR 0 149.9, 148.0, 138.2, 129.3, 128.8, 121.4, 116.0, 57.4, 45.2

the*OH radicals, leaving the g, as the reducing species, and (iiy®¢
saturated solutions (to quantitatively convert thego *OH radicals)
containing either sodium formate (0.15 M) or 2-deoxyribose (20 mM)
to form reducing C@~ or dR radicals

€+ AIB—A"/B” (4)

"OH + (CH,),CHOH— (CH,),C’'OH + H,0 (5)
(CH,),C'OH + A/B — (CH,),CO+ A" /B +H"  (6)
*OH + (CH,);COH— *CH,(CH,),COH + H,0 7)
N,O + € g~ "OH+ OH™ + N, (8)

*OH/H" + HCOO /dR— H,0/H, + CO," /dR’ )

CO, /dR + A/B — A" /B"” 4+ CO,/dR"(dR + H") (10)

One-electron oxidation of benzotriazine 1-oxides (B) was carried
out by reaction with either the selenite radical (gelor sulfate radical
(SO ) produced by scavenging the.gby sodium selenate (50 mM)
or sodium peroxidodisulfate (25 mM) in deaerated solutions containing
2-methylpropan-2-ol (0.2 M) to scavenge ti@H radicals.

€ g+ SeQ? /S0 + HO—
SeQ /SO, +20H +/SO7 (11)

SeQ /SO, +B—B'+H" +SeQ” /SO (12)
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The one-electron reduction potentials of the compouB@sA*") Similarly, the one-electron reduction potentials of the benzotriazinyl
andE(B/B*") were determined at pH 7.0 (5 mM phosphate buffer) by radicals were determined using mixtures of the oxidized benzotriazine
establishing redox equilibria between three mixtures of the one-electron 1.oxides and the reference compound 1,2-dimethoxybenE¢Beg +/
reduced compounds and the reference compounds methyl viologenpyg)y = 1.30 + 0.1 V%) or, in the case of compouni7, aniline
(E(MVZF/MV ") = —447 £ 7 mV) or triquat E(TQ*"/TQ") = —548 (E(AN*/AN) = 1.08 \#9).

+ 7 mV) and calculatingAE values from the equilibrium constants,
Ke, using the Nernst equation, as described in the liter&ture.
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DMB™/AN"* + B=B"" + DMB/AN (14) JA048740L

Ke — —
MV TQ + AIB = MVZTQ?" + A /B (13)
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