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Abstract: Density functional theory methods are employed to investigate experimentally proposed mechanisms
by which the antitumor drug tirapazamine may react with a DNA sugaradical to give the sugar derivative
deoxyribonolactone, with concomitant DNA strand breakage. For the previously proposed minor pathway,
ionization of the sugar-Cradical by tirapazamine, the calculated ionization energy, and the electron affinity
of the models of the sugar:Qradical of DNA and tirapazamine suggest that tirapazamine must be protonated
to be able to oxidize the sugar‘Cadical. The preferred mechanism for reaction of tirapazamine with a sugar-
C/' radical, in agreement with experimental observations, is found to proceed by direct attackl-aixade

oxygen of tirapazamine at the sugas-@osition, followed by homolytic cleavage of the-XD bond of the

drug moiety. Possible alternative mechanisms are also investigated.

Introduction Scheme 1.Schematic lllustration of the Activation of

. . . Tirapazamine by One-Electron Enzymatic Reduction
A unique feature of many cancerous tumors is the existence B

of hypoxic regions, that is, regions of oxygen-poor c&lfsSuch ? i o
cells are often quite resistant to more conventional forms of NN R Ny r!le
antitumor treatment such as radiotherapy and chemothérapy. I A = | P —’Q Jorroe
Consequently, there has been considerable effort to identify Z* NHz N NH N ONH,

- OH

potential antitumor drugs that specifically target such cells. One
such class of potential hypoxia-specific drugs is the benzotri- 1 2
azine diN-oxides of which a particularly promising candidate Tirapazamine
is 3-amino-1,2,4-benzotriazine-1,4-dioxiti€, or tirapazamine
(shown in Scheme 1).

Tirapazamine has been the subject of extensive experimental

w

Scheme 2.Schematic lllustration of the Product Distribution
or the Reaction of Tirapazamine with a Sugaf-ONA

investigation$, 1 and has been shown to derive its biological adical

activity from its ability to cause DNA cleavage in hypoxic tumor ‘6C|>‘

cells. It is known that in vivo, under hypoxic conditions, Ny HO o
tirapazamine may undergo an enzymatic one-electron reduction C[ )”\ \‘Qﬂo
to form the activated intermediafe see Scheme 1. It has been u h!u NH; HO )
proposed thaR may abstract hydrogen directly from DNA. HOS o 160~ _ 70%)
However, it has been found thatdecomposes t8 releasing a ) L5 " o

hydroxyl radical, and it has been suggestatiat both2 and HO ’ \&180

*OH are involved in DNA cleavage. In either case, a sugar-C
radical is formed which then reacts further to give the corre-
§ponding deoxyribonolac_tone (Scheme 2) and the DNA strand o molecular oxyge®2 Thus, the involvement of and *OH

is cleaved. However, radical-mediated DNA cleavage dependsgoes not explain the remarkable selectivity of tirapazamine

*To whom correspondence should be addressed. E-mail: boyd@ toward hypoxic tumor cells.

HO

is.dal.ca. o . _ Experimentally, it has been suggestédthat for DNA
Eg \éitr‘é’ﬁq'és"l\ﬁag?r?twik'h'zagfugfgélmg?&er55;%%%43'26;‘33' exposed tg-radiolysis, the presence of tirapazamine increases
(3) Brown, J. M.Cancer Res1999 59, 5863. B the amount of strand cleavage. Hence, it has been proposed that
(4) Denny, W. A.; Wilson, W. RExpert Opin. Inest. Drug.200Q 9, tirapazamine may act as a molecular oxygen surrogate or mimic
28?59)- Brown, J. M.: Siim. B. GSemin. Radiat. Oncol9gs 6, 22 in radical-mediated DNA damage reactions. Hwang &t ahve
(6) Brown, J. M. Wang, L. HAnti-Cancer Drug Des1998 13, 529. performed a systematic experimental study of the reaction of
(7) Brown, J. M.Br. J. Cancer Res1993 53, 1163. tirapazamine with sugar«CDNA radicals. From oxygen isotope
. (8)TDanle||?939- Sl-:lGlaztgi, K. S.; Tronche, C.; Greenberg, MCWém. labeled product analysis of the final deoxyribonolactone it was
e(sé) Daas ) 85 “Chatterji, T.: MacGillivray, L. R.; Gates, KJSOrg found that the reaction proceeds predominantly by direct transfer
Chem.1998 63, 10027. T ' ' ’ of an N-oxide oxygen, in particular the QOoxygen, of the

gégoégwaggéJ.:Greenberg, M. M.; Fuchs, T.; Gates, KBichemistry tirapazamine moiety to the sugag-Gadical. Only a minor
1 , 14248.
(11) Daniels, J. S.; Gates, K. $. Am. Chem. Sod.996 118 3380. (12) Pogozelski, W. K.; Tullius, T. DChem. Re. 1998 98, 1089.
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Scheme 3. Schematic Illustration of the Experimentally Ho NH, HO Ou 1402
Proposed Mechanisms for the Reaction of the Sugar-C o 1. 13’;*3—'2
Radical with Tirapazamine . L
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o o Figure 1. The model system8and9 used in place of 2deoxyuridin-
6 1'-yl radical and tirapazamine, respectively. Selected optimized pa-
H,'® rameters of the neutral and cationic forms&#fnd the neutral and
anionic forms of9 are also shown.
HON o o
\'f—7= present paper, density functional theory methods have been used

to investigate the possible mechanisms by which tirapazamine
may act as a surrogate for molecular oxygen in radical-mediated
DNA cleavage. At the levels of theory employed in the present
study, the reactions of' 2leoxyuridin-1-yl radical with tira-
pazamine were modeled i8/and9, respectively (Figure 1).

amount was derived from direct attack of®lat the sugar-C
position (Scheme 2).

For the observed predominant direct oxygen transfer, Hwang
et al1® proposed the formation of the sugar-drug covalent adduct
intermediateb, which may then react further by two possible
mechanisms (see Scheme 3). In one mechanism, the cross-linke
N—O bond of intermediat& cleaves to produce an alkoxyl All geometry optimizations were performed with the B3LYP hybrid
radical. Subsequent reduction of the alkoxyl radical forms the density functional in conjunction with the 6-31G(d) basis set using the
sugar-derived specigswhich can then hydrolyze to produce GAUSSIAN 98 suite of program$. The B3LYP functional is a
the corresponding deoxyribonolactone which leads to cleavagecomPination of Becke's three-parameter hybrid exchange functiénal,
of the DNA strand. In the alternative mechanism, an initial #° implemented in GAUSSIAN 98,and the Lee Yang-Parr cor-
reduction of5 occurs to give the neutral intermediate The (13) (@) Wetmore, S. D.; Boyd, R. J.; Eriksson, L.A.Phys. ChenB
cross-linked N-O bond then breaks, and hydrogen transfer to 1998 102 5369. (b) Wetmore, S. D.; Himo, F.; Boyd, R. J.; Eriksson, L.
the xygen of the now cleaved+0 bond gives the sugar- &% P CIeUE 1998 102 1461, ©) liore S, b boyd R, J.
derived specie$ which, as described above, can then react poyd, R. J.; Eriksson, L. AJ. Phys. ChemB 1998 102, 10602. (e)
further to give deoxyribonolactone and DNA strand cleavage. Wetmore, S. D.; Boyd, R. J.; Eriksson, L. A. Phys. ChemB 1998 102,

i i i 7674.
Howeveg expe_rlments hdo _not differentiate between the two (14) Chatgilialoglu, C.; Ferreri, C.; Bazzanini, R.; Guerra, M.; Choi, S.;
propose re_aCt'on mechanisms. ] Emanuel, C. J.; Horner, J. H.; Newcomb, M. Am. Chem. So200Q 122,
For the minor pathway, Hwang et ®lsuggested that it may =~ 9525.
indicate an electron-transfer mechanism by which the sugar-__(15) (2) Ban, F.; Gauld, J. W.; Boyd, R.Jl.Phys. Chem. 2000 104,

, . . . . . . . 5080. (b) Ban, F.; Wetmore, S. D.; Boyd, R.1.Phys. ChemA 1999
Cy' radical activates tirapazamine, i.e., via formation of a sugar- 193°4303. (c) Ban, F.: Gauld J. W.; Boyd, R. . Phys. Chem. 2000

C,' cation intermediate. However, the exact mechanisms by 104 8583.
which such an electron transfer may occur were unclear. It has  (16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

. p M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
been suggestédhat the minor pathway may proceed via the R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K.

carbon-carbon covalent adduct intermedidteor may possibly N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
occur via the carbonoxygen covalent adduct intermedidie R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
(see Scheme 3)) Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
T . .. Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
The reliability and computational efficiency of DFT methods v.: Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
offers an attractive theoretical approach to gain insight into large Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T. A.; Al-Laham, M. A;

; i ; i i ; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
biological SyStggsd' Numerou_s blggglcal rad_lcals (?igélved from W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
the DNA based?* 9 sugar moiety;**14and amino acid$ have M.; Replogle, E. S.; Pople, J. A. GAUSSIAN 98; Gaussian, Inc.: Pittsburgh,

been extensively studied using density functional theory. In the PA, 1998.

gomputational Methods
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relation functional® Harmonic vibrational frequencies and zero-point
vibrational energy (ZPVE) corrections were calculated at the same level
of theory. Relative energies were obtained by performing single-point
calculations at the B3LYP level in conjunction with the 6-311G(d,p)
basis set using the above optimized geometries and with inclusion of
the appropriate scalédZPVE, i.e., B3LYP/6-311G(d,p)//B3LYP/6-
31G(d)+ ZPVE.

For all open- and closed-shell systems, the unrestricted (UB3LYP)
and restricted (RB3LYP) B3LYP procedures were used, respectively.
The symbols U and R have been neglected for simplicity. All energies
are in kJ mot?, unless otherwise specified. The optimized structures
of all species encountered in this present study are given in Table S1
of the Supporting Information.

Results and Discussion

Oxidation of the Sugar-C,' Radical by Tirapazamine.
Hwang et al® suggested that the sugai‘Gadical may be
oxidized by tirapazamine to form the sugas-Cation. The
feasibility of electron transfer from the sugag-Gadical to
tirapazamine was probed by comparing the calculated ionization
energy of8 and the calculated electron affinity of

The optimized structures of the sugas-@eutral radical8
and its cation, and of the neutral dri@nd its anion, are shown
in Figure 1. The sugar-Cradical center oB is pyramidal by
approximately 36, while the sugar-€ center of the corre-
sponding cation is planar. The shortenedNCand C-O bonds
in the cation indicate the presence of stronglectron delo-
calization across the ©C—N moiety. The optimized structure
of 9is a conjugated system with an almost planar structure. In
the corresponding anion, however, @otrudes out of the plane
of the six-membered 1,2,4-triazine ring by approximately 4
while the amino group is pyramidal. In both neut@eand the
anion, the two N-O bonds differ with the N0, bond having
relatively more double bond character than the-, bond.

The calculated ionization potential for the sugaf-adical
8 is 459.9 kJ mot!, while the calculated electron affinity &f
is just 60.7 kJ moil. Hence, due to the very large difference
between the ionization potential 8fand electron affinity o®
we conclude that it is unlikely that the sugas-@dical can be
oxidized by tirapazamine alone. The effect of protonation on
the ability of tirapazamine to oxidize the sugar radical was
investigated by comparing the electron affinity of protona3ed
with the ionization potential 08. We note that the calculated
proton affinity (PA) of the Q site of 9 is quite large, approx-
imately 896.4 kJ mol!, suggesting that tirapazamine may be
easily protonated. The calculated electron affinity of protonated
9is 588.4 kJ moil. Comparison with the calculated ionization
potential (459.9 kJ mol) for the sugar-¢ radical8 suggests
that protonated tirapazamine is more likely to be able to oxidize
the sugar-¢ radical to produce the corresponding cation.
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Figure 2. Schematic energy profile for the formation of (a) the carbon
carbon cross-linked product and (b) the sugac&tion via decomposi-
tion of the complexic.

covalent adduct intermediate were also examined. The triazine

ring of tirapazamine possesses several possible sites at which

the sugar-¢ radical may attack and form a covalently cross-

linked product. We began by examining the mechanism for

formation of a sugar-C—triazine-G cross-linked intermediate.
The addition of the drugd] to the sugar-¢ radical 8) leads

to the formation of the hydrogen-bonded complexlying 23.3

kJ moi~! lower in energy than the initial reactants (Figure 2a).

The C-C cross-linked productc can then be formed by attack

of the sugar-¢ radical at the @position of the 1,2,4-triazine

ring via transition structure (TS)b, at a cost of 34.1 kJ mol.

It should be noted that T&b lies higher in energy than the

initial reactants by 10.8 kJ mol. The productlc, which is

effectively a model of speciekin Scheme 3, lies 28.4 kJ nmdl

lower in energy than the initial reactants, and the radical center

We note, however, that the present calculations are performedis now localized on the PN-oxide oxygen.

without inclusion of solvent effects; they are gas-phase calcula-
tions. An experimental stué@yof the K, values of tirapazamine-
relatedN-oxide species suggested that, in fact, tirapazamine may
not be protonated under physiological conditions.

Formation of Deoxyribonolactone via a C-C Covalent
Adduct Intermediate. Possible reaction mechanisms by which
the deoxyribonolactone moiety may be formed via some

(17) (a) Becke, A. DJ. Chem. Physl993 98, 1372. (b) Becke, A. D.
J. Chem. Phys1993 98, 5648.

(18) Stephens, P. J.; Devlin, F. J.; Frisch, M. J.; Chabalowski, G. F.
Phys. Chem1994 98, 11623.

(19) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(20) Scott, A. P.; Radom, LJ. Phys. Chem1996 100 16502.

(21) Priyadarsini, K. I.; Dennis, M. F.; Naylor, M. A.; Stratford, M. R.
L.; Wardman, PJ. Am. Chem. S0d.996 118 5648.

All attempts to locate possible transition structures for
cleavage of the €C bond oflc by hydrolysis, i.e., by attack
of H,O at the sugar-C or triazine-G positions or by addition
across the €—C; bond, were unsuccessful. An alternative
possible mechanism is that the-C cross-link bond may break
heterolytically to give the corresponding sugar cation and
3-amino-1,2,4-triazine radical anion. However, as described
above, the triazine moiety has a relatively low electron affinity
while that of its protonated derivative is considerably higher.
Thus, we decided to examine the effects of protonation on the
C—C covalent adduct intermediafie, more specifically pro-
tonation at the @site.

Upon protonationlc was calculated to dissociate without a
barrier to form the complesd, which is illustrated schemati-
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cally in Figure 2b. Complegd is an intermolecularly hydrogen-
bonded complex between the sugaf-€ation and what can be
thought of as the protonated derivative of the 3-amino-1,2,4-
triazine anion. In other words, protonation of the-C covalent
adductlc at O, induces an intramolecular redox reaction, with
an electron transfer from the sugar to the drug moiety and
cleavage of the sugar:C-drug-G bond.

Energetically, the dissociation @t to give 1d upon addition
of a proton at the @position is favored by approximately 1133.1
kJ mol! (not shown), indicating a large proton affinity fac.
We note that at our present level of theory, the proton affinity
of H,0 is calculated to be approximately 700 kJ molThus,
the considerably larger proton affinity @t suggests that once
formed it may be easily protonated with little or no barrier to
give 1d. As mentioned above, the present calculations neglect
the effects of solvation. However, from an experimental study
of the K, values of tirapazamine-related radical species, the
radicals were more likely to be protonated under physiological
conditions than their closed-shell parents. Furthermore, they

suggested that the observed values may be due to protonation

of theN-oxide oxygen rather than at a nitrogen. The dissociation
of complex1d to the sugar-¢ cation and drug derivative (see
Figure 2b) is calculated to require approximately 136.7 kJfol
The inclusion of solvent effects would stabilize to a greater
extent the dissociated products thad, thus giving a lower

dissociation energy. The above results suggest that the decom-

position oflc may be an alternativiadirect oxidation reaction
pathway for the generation of the sugar-€ation.

The resulting fate of the sugarr€ation is still a matter of
much discussiof?23 Hence, possible reactions by which the
sugar-G cation may react directly with #D to give the resulting
deoxyribonolactone were also investigated.

Formation of Deoxyribonolactone by Reaction of HO
with the Sugar-C;' Cation. For our model system, the addition
of a single water molecule to the sugas-€ation results in the
formation of complexle, lying lower in energy by 47.1 kJ mol
(Figure 3a). The hydrolyzed produlyyis formed by the addition
of the water across the-€N bond via TS1f, at a cost of
approximately 178.6 kJ mol. We note thatlg lies 19.8 kJ
mol~t higher in energy than the initial reactants. The high barrier
for the hydrolysis of the sugar,Ccation by a single water is
probably due in part to the need to form a tight four-membered
ring in TS1f. Thus, we also considered the reaction of the sugar-
C,' cation with two HO molecules, as one may act as a base
to enhance the nucleophilicity of the other, or may assist in
stabilizing transition structures or intermediates.

Upon addition of two HO to the sugar-¢ cation, they are
able to form complexth (Figure 3b), which lies lower in energy
than the initial reactants by approximately 127.3 kJ Tholn
complex1h, the two water molecules have formed a hydrogen-
bond bridge between the amine group gt&hd with the—OH
group at G'. Addition of a water across the-N bond assisted
by another water is then able to proceed viall,Svith a barrier
of 115.6 kJ motl. The final complex formed]j, lies ap-
proximately 50.2 kJ moft lower in energy than the initial
reactants. In TSl it can be seen that one,8 moiety acts as
a proton donor to the amine N, while concomitantly acting as
a proton acceptor from theJ® moiety that is attacking the,C
center (see Figure 3b). It should also be noted thatliTiges
11.7 kJ mot! lower in energy than the initial reactants. Thus,

(22) Meijler, M. M.; Zelenko, O.; Sigman, D. 3. Am. Chem. So&997,
119 1135.
(23) Oyoshi, T.; Sugiyama, Hl. Am. Chem. So200Q 122 6313.
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Figure 3. Schematic energy profiles for the reaction of the sugar-C
cation with (a) one water molecule and (b) two water molecules.
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Figure 4. Schematic energy profile for formation of deoxyribonolac-
tone from the protonated sugag-8ydroxylated derivative.

it is possible for complexj to be formed directly from the
initial reactants via T, without passing througthh. Com-
parison of the above energetics of the mechanisms for hydrolysis
by one and two KO molecules also provides a very clear
example of the effect of explicitly including greater solvent
effects for some processes. To simplify the calculations
performed to determine the fate of complgx the complexed
H,0 moiety in1j was neglected, i.e., only reactionslafwere
considered (see Figure 4).

The G'—NH3; bond of1g may be cleaved via T3k with a
barrier of just 11.4 kJ mol to give the complexl, lower in
energy thanlg by 5 kJ mofl. The leaving NH group may
then abstract a proton from the;’€OH group to give the
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Figure 5. Schematic energy profile for the formation of the carbon
oxygen cross-linked intermediate.

deoxyribonolactone-NH4" complex1m, lying 111.8 kJ mot?
lower in energy tharilg. At the present level of theory, no
transition structure interconnectiiggand1m could be located
(as indicated by the hashed line in Figure 4). However, we note
that in1j the NH; moiety is only weakly complexed to the sugar-
C/' center ((Cy'+-*NH3) = 2.702 A) and is almost perpendicular
to the —OH™ group (ON—C;'—OH = 90.8). Thus, it is most
likely that any transition structure interconnectibhand 1m
will have quite small barriers (Figure 4). This may also explain
the difficulty in locating the transition structure.

The present calculations show the reaction of our model
system cation with one and two water moieties. In DNA itself,
the reactions may differ due to the presence of more solvent

and the nature of the nucleobase. Such calculations are not € 250

practical at the present level of theory. However, the end result
of the reaction of the cation with water will be the same:
formation of the deoxyribonolactone.

Formation of Deoxyribonolactone via a C-O Covalent
Adduct Intermediate. The predominant mechanism for forma-
tion of the deoxyribonolactone moiety was proposed to occur
via direct attack, and transfer, of aN-oxide oxygen of
tirapazamine, see Introduction (Scheme 3). In particular, it was
proposed to occur by formation of a bond between the sugar-
Cy' radical and tirapazamine vias(3b, which could then react
further to eventually give deoxyribonolactone. However, no such
covalent adduct intermediate was experimentally observed and
furthermore, the exact mechanisms by which it may eventually
form deoxyribonolactone were unclear. We began by examining
the mechanism for formation of the proposeg-60, covalent
adduct intermediate.

As mentioned previously, when the sugaf+«@dical and drug
interact they can form the intermolecularly hydrogen-bonded
complexla lying 23.3 kJ mot? lower in energy (Figure 5).
The O, N-oxide oxygen can then attack the sugat-@dical
site via TS2a, at a cost of just 16.3 kJ mol, to give the G —

O, covalent adduct intermedia@b which lies considerably
lower in energy by approximately 67.4 kJ malImportantly,
TS 2a lies 17.8 kJ mot! lower in energy than T4b, the
transition structure for formation of the-€C covalent adduct
intermediatelc (cf. Figure 2a). Furthermore, T&lies 7.0 kJ
mol~! lower in energy than the initial reactants. Thus, it is
possible that intermediab may form directly from the initial
reactants.

Possible reactions of the-«€D covalent adduct intermediate
2b were then examined. In particular, we examined formation
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Figure 6. Schematic energy profile for (a) mechanism A, (b)
mechanism B (part A), and (c) mechanism B (part B) (see text).

of the deoxyribonolactone moiety via homolytic cleavage of
the O,—N,4 bond (mechanism A) and via addition of hydrogen
(H°) to the drug-G radical site of2b (mechanism B). These

two mechanisms are the same as those proposed by Hwang et
al. (see Scheme 39.In addition, considering our previous
findings for the C-C covalent adduct intermediate, we also
examined the effects of protonation @b (mechanism C).

The schematic energy profile obtained for mechanism A is
shown in Figure 6a. The N4 bond of 2b may cleave
homolytically via TS2c at a cost of just 5.6 kJ mol, to give
complex2d, lying lower in energy tha2b by 112.6 kJ mot?.
Complex2d is an intermolecularly hydrogen-bonded complex
between the alkoxyl radical derivativ@d) of the sugar-¢
radical and the drug metabolit@f{. The small barrier to
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dissociation of2c may suggest why the €0 covalent adduct
intermediateb (see Scheme 3) was not observed experimentally.
We note tha®f corresponds to our model equivalent®fsee
Scheme 1). It requires just 31.0 kJ mbfor 2d to dissociate
completely to2e and 2f.

The calculated hydrogen affinity of the alkoxyl radi@adis
quite large, approximately 420.5 kJ méal This suggests that

such a radical species may relatively easily obtain a hydrogen

to form the sugar-Chydroxylated specie$,in Scheme 3. Once
the hydroxylated species is formed it may then react further to
give the corresponding deoxyribonolactone, with concomitant
cleavage of the DNA backbone.

For the proposéd alternative, mechanism B, the calculated
hydrogen affinity for the drug-€centered radicalb is just
241.3 kJ mott. This is quite a low hydrogen affinity on account
of the enhanced stability of the ring-carbon centered radical.
Furthermore, it is significantly lower than that of the alkoxyl
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Conclusions

Possible mechanisms by which tirapazamine may react with
DNA sugar-G' radicals to form the sugar derivative deoxy-
ribonolactone with concomitant cleavage of the DNA strand
have been investigated by use of the B3LYP density functional
theory method.

Experimentally proposed mechanisms involving ionization
of the sugar-¢ radical by tirapazamine were investigated. The
present results predict the electron affinity of tirapazamine to
be considerably lower than the ionization energy of the sugar-
Cy' radical. Thus, it is unlikely that the sugar‘@adical can be
oxidized by tirapazamine. However, the electron affinity of the
protonated form of tirapazamine is estimated to be greater than
the ionization energy of the sugag*@adical. Hence, protonation
of tirapazamine may be a prerequisite for it to oxidize the sugar-
C:' radical.

radical2e. This suggests that such a process may encounter a 1he proposed formation of a sugai-€drug-G covalent
considerable energy barrier, as predicted by the empirical @dduct intermediaté is found to occur with a modest barrier.

relationships of EvansPolanyi and Semend¥.For complete-

Protonation of the drug moiety of is predicted to result in

ness, however, we considered the reactions that the hydrogenatef&terolytic cleavage of the-€C bond, without a barrier, to give

derivative7 (see Scheme 3) may undergo to give the deoxy-
ribonolactone moiety. The addition of hydrogert)té the drug-

Cs radical center oRb gives2g in Figure 6b. The schematic
energy profiles obtained for further reactions2gfare shown

in Figure 6b (part A of mechanism B) for the formation of a
sugar-G' hydroxylated derivativej, and in Figure 6c¢ (part B

of mechanism B) for the formation of the sugar alkoxyl radical
2e In Figure 6b, an intermolecularly hydrogen-bonded com-
plex 2i between the sugar,Chydroxylated derivativegj) and

2f can form, lying lower in energy by 280.3 kJ mél However,

this reaction proceeds via T3 at a considerable cost of 176.3
kJ mol L. Thus, even iPgwere formed, it is unlikely that such

a reaction will occur. Alternatively, the £-N4 bond of2g may
undergo homolytic cleavage at a cost of 149.7 kJtht give

the alkoxyl radical 2¢) and the radical drug derivativek
(Figure 6¢). While this alternative mechanism still requires a
considerable amount of energy, it is significantly less than that
required for formation oRi from 2g. The alkoxyl radical formed
can then react as described previously to eventually form
deoxyribonolactone.

The protonation o2b (mechanism C) can conceivably occur
at several sites on the drug moiety, in particular at th@QD,
positions. Protonation at the bridging, @osition results in
cleavage of the ©-N,4 bond to give the sugar-Chydroxylated
derivative2j, while protonation at the Oposition results in a
shortening of the ®-N,4 bond and a lengthening of the sugar-
C,'—04 bond of2b, i.e., emphasizes the sugar-drug nature of
2b. As might be expected, the calculated proton affinity af O
(1029.0 kJ mot?) is higher than that of the bridging,@975.6
kJ mol1). Thus, while protonation ofb is not expected to
enhance the ability of tirapazamine to transfer an oxygen to
the sugar-¢ radical, it is not expected to inhibit or lead to

the sugar-¢ cation.

In both of the above mechanisms, the resulting sugar-C
cation will react with solution kO to give deoxyribonolactone
with inclusion of an oxygen from pD. At the present level of
theory, we are unable to distinguish which mechanism may be
responsible for the experimentally observed minor pathway: the
conversion of a sugarsCradical to deoxyribonolactone by
incorporation of an oxygen from a solution® molecule. It is
possible that both mechanisms occur to different degrees.

We find that the energetically preferred pathway, in agreement
with the experimental observations, occurs via direct attachment
of the O N-oxide oxygen of tirapazamine at the sugaf-C
radical center. This is predicted to be able to occur without a
barrier. The transfer of the oxygern,©an then be completed
by homolytic cleavage of the £-N4 bond, which proceeds with
a very small barrier of less than 6 kJ mblThe resulting sugar-
alkoxyl radical derivative can then relatively easily obtain a
hydrogen to form the sugar:Chydroxylated derivative, which
can then react further to give the deoxyribonolactone. The
present calculations suggest this to be the preferred mechanism
for formation of the experimentally observed major product:
formation of the deoxyribonolactone by incorporation of an
N-oxide oxygen. The experimentally proposed alternative,
involving addition of H to the drug-G position of the sugar-
C,'—0O4-drug intermediatéb, is predicted to not occur due to
the low hydrogen affinity ob.
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