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ABSTRACT: The initial steps of the activation of tirapazamine (TPZ,
1, 3-amino-1,2,4-benzotriazine 1,4-N,N-dioxide) under hypoxic con-
ditions consist of the one-electron reduction of 1 to radical anion 2
and the protonation of 2 at O(N4) or O(N1) to form neutral radicals
3 and 4, respectively. There are some questions, however, as to
whether radicals 3 and/or 4 will then undergo N—OH homolyses 3 —
S + :OH and 4 — 6 + -OH or, alternatively, whether 3 and/or 4 may
react by dehydration and form aminyl radicals via 3 — 11 + H,O and 4
— 12 + H,0 or phenyl radicals via 3 — 17 + H,O. These outcomes
might depend on the chemistry after the homolysis of 3 and/or 4, that
is, dehydration may be the result of a two-step sequence that involves
N—OH homolysis and formation of -OH aggregates of 5 and 6

Homolysis/ Hydroxyl

Dehydration / Phenyl

Homolysis / C3-Rad.
Homolysis / N2-Rad.
Homolysis / Phenyl

followed by H-abstraction within the -OH aggregates to form hydrates of aminyls 11 and 12 or of phenyl 17. We studied these
processes with configuration interaction theory, perturbation theory, and density functional theory. All stationary structures of
OH aggregates of § and 6, of H,O aggregates of 11, 12, and 17, and of the transition state structures for H-abstraction were
located and characterized by vibrational analysis and with methods of electron and spin-density analysis. The doublet radical 17 is
a normal spin-polarized radical, whereas the doublet radicals 11 and 12 feature quartet instabilities. The computed reaction
energies and activation barriers allow for dehydration in principle, but the productivity of all of these channels should be low for
kinetic and dynamic reasons. With a view to plausible scenarios for the generation of latent aryl radical species without
dehydration, we scanned the potential energy surfaces of 2—4 as a function of the (O)N1-Y (Y = CSa, N2) and (O)N4—Z (Z =
C4a, C3) bond lengths. The elongation of any one of these bonds by 0.5 A requires less than 2S5 kcal/mol, and this finding
strongly suggests the possibility of bimolecular reactions of the spin-trap molecules with 2—4 concomitant with triazene ring-

opening.

B INTRODUCTION

Tirapazamine (TPZ, 1, 3-amino-1,2,4-benzotriazine 1,4-N-
dioxide) selectively damages the DNA of solid tumor cells
under hypoxic conditions." The mechanism of TPZ-mediated
DNA strand cleavage has been studied extensively using
experimental and theoretical approaches by the groups of
Laderoute,®™® Lloyd,6 Patterson,” Gates," ' Anderson, ¢ !®
and Li,"” and several mechanistic proposals have been advanced
concerning the identities of the toxicologically active species
and their formations. There exists general agreement that one-
electron reduction of 1 gives 2 and that 2 may be protonated to
3 and/or 4. Questions remain regarding the subsequent
chemistry.

The first question concerns the nature of the reactive species
generated from 3 and/or 4. One option is homolysis leading to
S and/or 6 and the formation of reactive OH radicals. The
alternative is dehydration of 3 and/or 4 and the formation of
reactive organic radicals of the types 11, 12, 17, and 18. In the
latter case, the additional question arises as to whether the
dehydration is a concerted or a stepwise process.
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In normally oxygenated cells, the primary TPZ metabolite 2
(3-amino-1,2,4-benzotriazine 1,4-N-dioxide anion) is rapidly
oxidized back to 1. The radical anion 2 has been detected by
EPR spectroscopy,®'® and all interpretations agree that the
radical is mostly located in the (N1,0) region. In the hypoxic
environment of solid tumors, the anion radical 2 has a longer
lifetime and can be protonated to form the neutral isomeric
radicals 3 and/or 4, respectively.z""5 Laderoute, Wardman, and
Rauth considered the C3-centered radical to be most important
(LWR radical) based on semiempirical computations,” whereas
Lloyd et al. argued in support of the N-centered nitroxide
radical (LDRMB radical),’ and higher level electron and spin-
densitzr analysis provided strong evidence in support of the
latter.*°

It is one option for 3 and/or 4 to undergo N—OH bond
homolysis, and the hydroxyl radical®'>'* is a well-known DNA
damaging agent.”' Patterson and Taiwo detected the hydroxyl
adduct of the spin-trap DMPO (5,5-dimethyl-1-pyrroline N-
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Scheme 1. Overview of Proposed Mechanisms for TPZ Activation

LDRMP Radical 0® 17

T
&)
Z_
;! O
T T
-<§ §>—I
®
:z\ 2
z
z
\
I

© |
.o /H |
s o 1 WYY "
H6 1N2 H OH H
H,0
4/3/H
H7Y o\ N TS5
H Oe H OH
LWR Radical
O
2 © 3 ) H o “OH H,0 Ho 0®
1e @, OH @, 5 N
H Ney H N H ASY
o — 1. = P
° H N »{r” 81 H N rTrH TS3 H N7 SNH
H ®C|> 2 H OH H H H H
H N.
AN |
s
HNR
H OH . H *OH 0 H
"% H N 4 o H N 6 " H N .12
SN Z SN E 2’ Z N”
H NN TS2 Z>~yH H \N/&NH
Lo e ™ IR
° H Oy H o
-OH
TS6
H,0
18
Ho A N.
I;:‘N
H N/ N/H
he
©

Scheme 2. Stepwise Dehydration of 3 May Involve N—OH Homolysis and Aggregate Formation between 5 and OH Followed by
H-Abstraction and Formation of Hydrates 9 and/or 15
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oxide) indicative of -OH formation under these conditions.” A monoxide, and isomers § and 6 have been identified in previous
carbon-centered radical DMPO-R also was detected, but it was studies.'%*
unclear whether this radical was formed by the addition of As an alternative to simple N—OH homolysis, Anderson and
DMPO to 3, 4, or other species (i.e., DMSO).” The -OH loss co-workers recently discussed the concerted dehydration of 3
from 3 and/or 4, respectively, leads to the formation of isomers which may lead to the benzotriazinyl radical 11 (BTZ)"” and/
S and/or 6 of neutral, closed-shell 3-amino-1,2,4-benzotriazine or the aryl radical 17718 The analogous dehydration of isomer
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Table 1. Relative Isomer Stabilities and Activation Energies Computed at the B3LYP/6-31G* and QCI/6-31G*//B3LYP/6-

31G* Levels

DFT QCI//DFT
parameter AE AH, AHygg AGyq AE' AG’
OH Loss
E. 6vs$S 13.07 12.58 12.58 12.68 12.42 12.03
E,, 3a > 5+ OH 5.83 1.87 2.30 =7.74 0.52 -12.75
E., 4b - 6 + OH 19.86 16.08 16.40 6.58 11.54 —-1.74
E,, TS1 vs 3a 6.45 4.99 4.86 5.01 13.05 1161
E,, TS2 vs 4b 14.88 12.88 12.96 12.63 20.75 18.50
Water Loss, 1
E,, 11b vs 11a 0.53 0.50 0.52 0.47 0.35 0.29
E. 12b vs 12a 0.90 0.94 0.97 0.82 1.32 1.24
E. 12a vs 11a 0.40 0.47 0.54 0.38 —2.24 —-2.26
E,, 3a = 1la + H,0 -5.13 —9.46 —9.00 —19.86 —5.61 —20.34
E., 4b = 12a + H,0 —3.47 —7.37 —6.93 —17.84 —9.25 —23.62
Epgg S+ OH = 7 —12.69 -10.64 -10.60 —2.44 —6.41 3.84
Epgy 11 + H,O = 9 —7.46 —5.75 —-5.22 2.29 =7.72 2.03
Epgy 6 + OH — 8 —12.45 —10.47 —10.39 -2.33 —10.63 —0.51
Ejpgy 122 + H,O — 10 -7.39 —5.64 =5.14 2.38 —5.76 4.01
E,, 7 — TS3 9.65 6.52 6.19 7.00 24.18 21.53
Ew7—9 —5.43 —6.45 —-5.92 -7.39 —7.43 -9.39
E,, 8 > TS4 5.66 2.85 2.60 3.13 24.95 2242
E.,8—10 —18.27 —18.62 —18.08 —-19.71 —15.91 -17.3S5
Water Loss, 11

E., 3a = 17 + H,0 9.52 5.70 6.44 —4.79 9.39 —4.92
Epgy S+ OH — 13 —10.01 —8.12 -7.92 0.01 -9.17 0.85
Epgp 17 + H,O —> 15 —13.06 —10.44 —10.50 -1.13 —13.11 —1.18
E, 13 = TSS 13.97 9.64 9.62 10.14 25.22 21.39
E.» 13 = 17 + H,0 14.00 11.95 12.06 2.93 18.04 6.97

4 would lead to radicals 12 and 18. Anderson argued that the
presumed DMPO—OH spin-trap adduct was not formed by
OH addition to DMPO but instead is the result of oxidation of
DMPO to DMPO®* and subsequent hydration and deproto-
nation®® and showed that no OH adduct is formed with the
spin-trap DEPMPO ($-(diethoxyphosphoryl)-S-methyl-1-pyr-
roline N-oxide).'” More recently, Anderson and co-workers
studied the reactions of the putative intermediate 3 with the
spin-trap PBN (a-phenyl N-tertiary-butyl nitrone), and the
EPR spectra were assigned to radicals formed by addition of
PBN to C3 of 3 and to C8 of the aryl radical 17.'”'*
Anderson’s group explored the B3LYP/6-311+G(d,p) potential
energy surface with focus on isomer 3 and reported reaction
enthalpies AH|, of the homolysis reaction 3 — § + -OH and of
the two dehydration reactions leading to radicals 11a (11a =
(Z)-11) or 17. The reaction 3 — 5 + -OH was predicted to be
endothermic by AH, = 2.2 kcal/mol, the formations of BTZ
radical 11a to be exothermic by 10.9 kcal/mol, and the
dehydration of 3 to phenyl radical 17 to be slightly
endothermic by 0.5 kcal/mol, respectively.'® The same reaction
channels also were explored for four TPZ analogues 3-X in
which the amino group at C3 was replaced (X = H, CH,, Ph,
and OMe), and very similar scenarios were found: the N—OH
homolyses of 3-X are endothermic by 1.6 + 5.9 kcal/mol, the
formations of the BTZ-X analogues all are exothermic (AH, =
—1.7 + —19.4 kcal/mol), and the formations of the analogous
phenyl radicals are slightly endothermic (0.0 + 4.6 kcal/mol).

It is our premise that there may not be a fundamental
difference between the mechanistic proposals of N—OH
homolysis and dehydration and, instead, that the outcomes
might depend on the chemistry after homolysis of 3 and/or 4.
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Dehydration may be the result of a two-step reaction sequence
that involves unimolecular N—OH homolysis and subsequent
H-abstraction by -OH (Scheme 1), and this is illustrated in
more detail for the dehydration reactions of 3 in Scheme 2.%*
The homolysis of 3 (or 4) would form aggregate 7 (or 8)
between the OH radical and 5 (or 6) and subsequent H-
abstraction would lead to aggregate 9 (or 10) between water
and 11 (or 12). In analogy, the homolysis of 3 (or 4) might
form aggregate 13 (or 14) between the OH radical and § (or
6), and subsequent H-abstraction from the arene could then
lead to aggregate 15 (or 16) between water and 17 (or 18). To
test this premise, we have explored the stepwise paths for the
dehydrations 3 = 11 + H,0 and 4 — 12 + H,O as well as the
dehydration 3 — 17 + H,O. In light of the results obtained for
the two dehydration modes of 3, the dehydration of 4 — 18 +
H,O was not studied. The dehydration reactions were studied
with the same theoretical methods which were employed in the
study of 1—6 in the preceding article®® (density functional
theory, perturbation theory, and configuration interaction
theory). While the computed reactions energies and the
activation barriers (rate constants) allow for the dehydration
reactions in principle, we will discuss kinetic and dynamic
reasons that diminish the productivity for the dehydration paths
and especially for the path to aryl formation. Scans of the
potential energy surfaces of 2—4 as a function of the (O)N1-Y
(Y = CSa, N2) and (O)N4—Z (Z = C4a, C3) bond lengths are
discussed, and their analysis points to the possibility of
bimolecular reactions of the spin-trap molecules with 2—4
concomitant with triazene ring-opening.
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Table 2. Relative Isomer Stabilities and Activation Energies Computed at the MP2(full)/6-31G* and QCI/6-31G*//MP2(full)/

6-31G* Levels

MP2 QCI//MP2
parameter AE AH, AH,oq AG,g8 AFE' AG’
OH Loss
E. 6vs S 13.64 13.05 13.05 13.12 14.05 13.53
E,,3a > 5+ OH —22.70 —29.95 —28.99 —40.06 -1.72 —19.08
E., 4b - 6 + OH —-12.37 —20.11 —19.29 —29.98 11.54 —6.07
E,, TS1 vs 3a 36.08 33.75 33.77 33.59 14.16 11.67
E,., TS2 vs 4b 39.94 36.09 36.54 35.24 20.15 15.45
Water Loss, 1
E., 11b vs 11a 0.36 0.37 0.37 0.36 035 035
E.p, 12b vs 12a 1.42 1.87 1.90 1.54 222 2.34
E. 12a vs 11a —3.38 -2.13 —2.02 —248 3.16 4.06
E.., 3a — 1la + H,0 21.52 15.54 16.19 5.02 —5.94 —22.44
E., 4b = 12a + H,0 14.83 10.2 10.82 —0.51 -3.56 —18.90
EAgg, 5+0OH—-7 —-11.71 —9.60 —9.55 -1.07 -11.17 —0.53
Epgp 11 + HO — 9 —8.13 —6.39 —5.86 1.55 =7.71 1.97
EAgg, 6+ OH—> 8 —11.81 —9.60 —9.61 -0.97 —10.59 0.25
Epgg 12 + H,O — 10 —-8.25 —6.24 —5.78 191 =7.15 3.01
E,, 7 — TS3 74.19 73.65 72.86 74.28 25.42 25.51
Ew7—9 47.79 48.70 48.87 47.69 —0.76 —0.86
E,, 8 —» TS4a 72.83 72.36 71.58 73.15 27.00 27.32
E., 8 — 10 30.75 33.68 33.93 32.36 —11.67 —10.06
Water Loss, 11

E.» 3a = 17 + H,0 —5.20 —8.99 —8.06 —19.70 9.40 -5.10
Epgy S+ OH — 13 —9.94 -7.93 =7.77 0.24 -9.30 0.88
Epgp 17 + H,O > 15 —-12.26 —9.93 —9.89 —0.75 —12.54 —1.03
E,, 13 = TSS 33.12 33.36 32.89 34.25 29.16 30.29
E.» 13 = 17 + H,0 27.44 28.89 28.70 20.12 20.42 13.10

B COMPUTATIONAL METHODS
S

Calculations were carried out using the Gaussian 09 program” on a
64-processer SGI Altix system and a multivendor compute cluster with
170 compute nodes (Dell, IBM, ACT) and over 1000 Intel 64 Xeon
processor cores.

Potential Energy Surface Analysis. All structures were
optimized with the hybrid density functional method B3LYP*® and
with second-order Moller—Plesset perturbation theory (MP2),*” and
in conjunction with the 6-31G* basis set. Harmonic vibrational
analyses were performed for all stationary structures at both levels and
employed to compute vibrational zero-point energies (VZPE), thermal
energies (TE), and molecular entropies (S). In the potential energy
surface analyses, restricted wave functions were employed for closed
shell systems (RB3LYP, RMP2) and unrestricted theory was employed
(UB3LYP, UMP2) for open-shell systems. The results obtained at the
B3LYP/6-31G* and MP2(full)/6-31G* levels are listed in Tables S1
and S2, respectively, as Supporting Information. The relative and
activation energies computed at the B3LYP/6-31G* and MP2(full)/6-
31G* levels, respectively, are reported in Tables 1 and 2, respectively.
The reported data include energies AE, enthalpies at 0 K (AH = AE +
AVZPE) and 298 K (AH,4 = AE + ATE), and free enthalpies (AG
= AH,y3 — T-AS).

We also performed single-point energy calculations with the
configuration interaction method QCISD? using the same basis set
and the B3LYP and MP2 optimized geometries, respectively. The QCI
total energies are included in Tables S1 and S2 (Supporting
Information), and Tables 1 and 2 contain AE’ and AG’ values
computed with the QCISD energies. The AG’ values include the
thermochemical corrections computed at the level of optimization,
that is, AG' = AE’ + (AG - AE).

Electron and Spin-Density Analysis. We discussed the concepts
of electron and spin-density distributions in some detail in the
preceding article,”® and the ideas about spin-delocalization and spin-
polarization® ' are relevant to the present study as well. Spin

polarization intrinsically is an electron correlation effect, and the
quality and reliability of spin-density distributions increases with the
quality of the correlation treatment. To ensure that the spin densities
are reliable requires the computation of highly correlated wave
functions with variational correlation methods, and we employ the
QCISD level as our standard.

We previously discussed spin-free singlet ground states of 1, §, and
6 and the low-lying spin-polarized excited states SP-1, SP-5, and SP-6.
One speaks of a “triplet instability” in cases of singlet states in which
the biradical wave function is preferred over the closed-shell wave
function and important examples include ozone, 0;°*** some
conjugated macrocycles,*® fullerenes and nanotubes,® and nitro
compounds and related species.’® The term “triplet instability” is
used to denote the number of unpaired electrons (biradical) and not
necessarily the net spin (singlet or triplet). Here, we will encounter
doublet radicals which exhibit a so-called “quartet instability.” As with
the use of the term “triplet instability,” the term “quartet instability”
denotes the number of unpaired electrons (triradical rather than a
monoradical) and not the net spin (doublet or quartet).

In Tables 4 and 5 are listed the Mulliken spin populations and the
Mulliken populations, respectively. In both tables, we report the results
obtained at the QCI//DFT and QCI//MP2 levels. Spin populations
for hydrogen atoms are included with the spin population of the atom
to which the H atoms are attached. The values X, and X, provide the
overall spin populations of the heterocyclic arc (N1-N2—C3—N4
with exocyclic attachments) and of the benzene ring (C4a—CSa—C5—
C6—C7—C8 with attached H-atoms), respectively. To assess the
overall extent of spin polarization, we define and report the parameters
%, and Xy, that is, the sums of the spin populations of all fragments
with net a- or -spin populations, respectively. Similarly, to assess the
extent of charge distribution within the two ring systems, we define the
parameters ®; and ©,, respectively, in analogy to X, and X,
respectively. To quantify the notion of “internal polarization,” we
define and the parameter ©, as the sums the charges of all fragments
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Figure 1. Free enthalpy surfaces for reactions of isomers 3 (solid) and 4 (dashed) as computed at the QCI//DFT (blue) and QCI//MP2 (red)
levels. N—OH homolyses may lead to dehydration products if hydroxyl engages in hydrogen abstraction. In addition to the paths for the formation of
aminyl radicals (blue, red), the paths for H-abstraction at C8 and formation of phenyl radicals are shown (green and orange). See text for details.

with net (+)-charge. In analogy, the parameter ©_ equals the sums the
charges of all fragments with net (—)-charge and ®_ = -0, — 1,
where n is the overall charge of the system.

The analysis of spin-density distributions informs us about the
relative importance of the various resonance forms, and QCI spin-
density distributions are shown in Figure 3 for two values of p° based
on the MP2 and DFT structures. The surface plot computed with the
higher setting of p¥ = 0.002 e au™ allows for the identification of the
major radical sides and of the major mechanism of spin delocalization,
while the lower setting of p° = 0.0004 e au™ reveals details of spin
polarization. We discuss only QCI spin densities throughout this
article and the spin-density distributions computed at the DFT and
MP2 levels are provided in Supporting Information.

B RESULTS AND DISCUSSION

N—OH Homolysis and Product Aggregation. We have
previously discussed the free enthalpy surfaces of the N—OH
homolysis reactions of isomers 3 (solid) and 4 (dashed), and
the results obtained at the QCI//DFT (blue) and QCI//MP2
(red) levels are illustrated in the left part of Figure 1 based on
the AG’ data. The QCI//DFT and QCI//MP2 activation
barriers AG’ for hydroxyl loss from 3 are 11.6 and 11.7 kcal/
mol, respectively. By contrast, the activation barriers AG’ for
hydroxyl radical loss from 4 are 18.5 and 15.5 kcal/mol,
respectively. The activation barriers computed at the QClI-level
for the reaction via TS1 are consistent with the experimental
dissociation energy of AG,, = 14 kcal/mol estimated in
neutralization—reionization mass spectrometry experiments.13

The hydrogen abstraction by the HO radical, the second step
of the stepwise dehydration of isomers 3 and 4, respectively,
begins with the hydroxyl-molecule aggregates 7 and 8 as
substrates, proceeds via the hydrogen transfer transition state

638

structures TS3 and TS4, and leads to the hydrates 9 and 10 of
the dehydration products 11 and 12, respectively. In Figure 1,
we show the energy levels of the hydroxyl aggregates to the
right of the energy levels of the free homolysis products, and
the respective levels are connected to guide the eye. Of course,
the intrinsic reaction path for the dehydration of 3 (or 4) would
connect TS1 (or TS2) directly to 7 (or 8) and then on to TS3
(or TS4).

It might seem odd that several aggregates are placed above
the levels of the free constituents in Figure 1. The reaction
energies AE and AE' for the aggregations S + OH — 7and 6 +
OH — 8 and the hydrate formations 11 + H,O — 9 and 12 +
H,0 — 10 all are negative (Tables 1 and 2). However, the
aggregation free enthalpies AG and AG' are much less
exothermic or even slightly endothermic because of the entropy
loss upon association.

The products of N—OH homolysis may quickly separate
after the transition state structure TS1 has been traversed, and
this outcome is most likely in gas phase. In solution, however, it
is plausible that the separation of § and OH is slowed, that OH
remains in the proximity of §, and that radical-molecule
aggregate 7 is formed. Similarly, the homolysis reaction of 4
may lead to aggregate 8 after TS2 is traversed. Molecular
models of the B3LYP/6-31G* optimized structures of
aggregates 7 and 8 are shown in Figure 2. The MP2/6-31G*
structures look the same to the eye, and noticeable differences
will be discussed.

The hydroxyl in 7 is well positioned for H-abstraction from
the amino group of 5§ and hydrate 9 can be formed via
transition state structure TS3. The overall outcome of this
sequence is the dehydration of 3a to 11; 3a —(TS1) — 7

dx.doi.org/10.1021/tx200546u | Chem. Res. Toxicol. 2012, 25, 634—645
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11a

17

Figure 2. Stationary structures along the paths for dehydration of
isomers 3 and 4 via stepwise, radical elimination mechanisms to
products 11a, 12a, and 17. The hydroxyl aggregates 7, 8, and 13 are
the substrates for H-abstraction and lead to the product hydrates 9, 10,
and 18.

—(TS3) - 9 — 1la + H,0 (Scheme 2). The analogous
sequence of events for isomer 4 involves the path 4b —(TS2)
— 8 —(TS4) — 10 — 12a + H,0, where 8 is the aggregate
6-(-OH), and 10 is the hydrate 12-(H,0). The respective
stationary structures are shown on the left and center columns
of Figure 2. The DFT-structure TS4 shown in Figure 2 has its
equivalent in structure TS4a on the MP2 level. On the MP2
potential energy surface, we also located a structure TS4b in
which the hydroxyl-O is located more closely to N2 (Table 3).
Paths exist from 4 to 10 that go through aggregates with short
contacts between N2 and the hydroxyl-O, but these paths offer
no energetic advantage.

An alternative to H-abstraction from the amino group in the
hydroxyl-molecule aggregates 7 or 8 might involve the
abstraction of a benzene-H and especially of the benzene-H
which is closest to the N—OH bond that undergoes homolysis.
The overall outcomes of these sequence are the dehydration of
3a to 17 via the path 3a —(TS1) — 13 —(TS5) — 15 > 17 +
H,0 (Scheme 2) and the dehydration of 4b to 18 via the path
4b —(TS2) — 14 —(TS6) — 16 — 18 + H,0. We studied this
option for isomer 3, and the respective structures are shown in
the right columns of Figure 2.

Products of Dehydration: Aminyl-1,2,4-Benzotriazene
Monoxides versus the Phenyl Radical. Phenyl radical 17 is
a mostly localized o-radical with only modest spin delocaliza-
tion and/or spin polarization and no options for isomers. The
aminyl systems are capable of forming geometrical isomers, and
we studied the isomers 11a and 12a which result by abstraction
of the amino-H that is close to the hydroxyl in aggregates 7 and

639

Table 3. Selected Geometry Parameters Computed at DFT
and MP2 Levels

molecule distance  value distance value distance value
DFT
7 (O)Hto 1889 (H)O to 2060  N-H 1.017
N4 H(NH,)
8 (O)Hto 1944 (H)O to 2057  N-H 1.017
N2 H(NH,)
13 (O)Hto 1885 (H)O to 2598  C8—H  1.086
N4 H(C8)
TS3 (O)Hto 2721 (H)Oto 1.254 N--H 1.177
N4 H(NH,)
TS4 (O)Hto 2947 (H)O to 1375  N-H 1.116
N2 H(NH,)
TS5  (O)Hto 2265 (H)O to 1156  Cs8—H 1333
N4 H(C8)
9 (O)Hto 2254 O-H 0971 N-H 2361
N4
10 (O)Hto 2451 O-H 0.972 N--H 2221
N2
15 (O)Hto 1984 (H,)O to 1.940
N4 H(NH,)
MP2
7 (O)Hto 1941 (H)O to 2.166 N-H 1.015
N4 H(NH,)
8 (O)Hto 1996 (H)O to 2149 N-H 1.017
N2 H(NH,)
13 (O)Hto 1936 (H)O to 2614  C8-H  1.086
N4 H(C8)
TS3  (O)Hto 2548 (H)Oto 1172 N--H 1227
N4 H(NH,)
TS4a (O)Hto 2350 (H)O to 1245 N--H 1158
N2 H(NH,)
TS4b (O)Hto 2236 (H)Oto 1.169 N--H 1.341
N2 H(NH,)
TS5  (O)Hto 2401 (H)O to 1130 C8—H 1330
N4 H(C8)
9 (O)Hto 2135 O-H 0969  N-H 2.682
N4
10 (O)Hto 2495 O-H 0972 N-H 2206
N2
15 (O)Hto 2050 (H,)O to 1.968
N4 H(NH,)

8, respectively. Isomers 11a and 12a both are (Z)-configured,
and they are slightly preferred over the respective (E)-isomers
11b and 12b, respectively, at all levels (Tables 1 and 2). The
difference in the stabilities of isomers 11a and 12a is much less
clear. The values computed at the levels of optimization have
the opposite sign, and curiously, the QCI//DFT and QCI//
MP2 data still have opposite signs, but the signs are reversed
compared to the level of optimization. This pronounced
theoretical level dependency indicates that the electronic
structures of 11 and 12 must be very different.

The dehydration products 11a and 12a formally are aminyl
radicals (11A and 12A in Scheme 3), and delocalization of the
unpaired electron gives rise to resonance forms with an
exocyclic imine group. Allyl delocalization over the 1,3-
diazaallyl system (blue shading) would place spin density on
N4 in 11B and 12B. The B forms are aza-analogues of the
benzyl radical (gray shading), and we show 11C and 12C to
collectively refer to resonance forms that describe spin
delocalization into the benzene ring. One major difference
between the electronic structures of 11 and 12 concerns the
possibility of delocalizing spin onto oxygen. Spin delocalization
from N to O is easily possible in 12 (ie, 12B < 12D).
However, spin delocalization onto O and/or N2 would require
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Scheme 3. Electronic Structure of Radicals 11a and 12a
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quinoid resonance structures, and the geometry of 11a suggests
that quinoid structures 11Cq and 11Dq are not important; the
bond length d(C,—N1) greatly exceeds d(C,—N4) on the
DFT and MP2 potential energy surfaces (DFT, d(C,,—N1) =
1426 A, d(C,,—N4) = 1350 A; MP2, d(C,,—N1) = 1.414 A,
d(Ca—N4) = 1.349 A). Radical 11a may still show spin density
on O and N2 because the ONN moiety (yellow shading) is a
1,3-dipole, and 1,3-diradical forms contribute to its description.

The spin populations show two-thirds of a full spin on the
NH group of 11a, and this radical truly is an aminyl system
(11A). Most of the a-spin remains in the triazene aminyl
moiety (X, = 0.81) with some delocalization into the benzene
ring (X, = 0.19). Hwoever, the major center of spin density in
12a is the NO group (12B, 12D) with a combined spin
population of p*(NO) = 0.81, a much smaller spin density
p’(NH) = 022 on the NH group, and hardly any spin
delocalization into the benzene ring (X, = 0.07). The
geometries reflect these electronic structures in that the
exocyclic CN bond is much longer in 11a than in 12a (DFT,
d(C3—NH) = 1.333 A in 11a, d(C3—NH) = 1.282 A in 12a;
MP2, d(C3—NH) = 1.331 A in 11a, d(C3—NH) = 1.236 A in
12a).

The electronic structures of 11a and 12a are particularly
interesting because neither one of them is a “normal” radical.
Doublet radicals will frequently feature 1 < X, < 1.2 and —0.2 <
%4 < 0, and data of this type describe a “normal” system with
one unpaired electron and some spin polarization. The phenyl
radical 17 exemplifies such a case (Table 4). Instead, 1la
features a quartet instability (X, ~ 2, X; & —1) in the QCI//
DFT and QCI//MP2 densities. In the case of 12a, the QCI
density is sensitive to the structure. The QCI//MP2 wave
function of 12a is merely on the verge of quartet instability (X,
~ 1.5, X5 & —0.5), whereas the QCI//DFT wave function of
12a shows quartet instability (X, & 2.5, X3 & —1.5) on the
verge of further uncoupling. In cases of heavy spin polarization
and/or spin delocalization, one has reasons to prefer DFT-
optimized structures over MP2-optimized structures, and
hence, we consider the QCI//DFT wave function to be
physically more realistic.

The quartet instability in 11a is associated with extreme spin
polarization of the benzene ring; the C4a, HCS and HC7
moieties all feature f-spin populations of almost 0.2 alternating
with a-spin populations of almost equal magnitude on the CSa,
HC6, and HC8 moieties. This spin polarization pattern results
in almost one full a-spin and one full f-spin in the benzene
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Table 4. Mulliken Spin Populations Computed at the QCI
Level

QCI//DFT QCI//MP2

atom/group” 11a 12a 17 11a 12a 17
O(N1), —0.182 —0.022 —0.153 —0.015

HO(N1)
N1 —0.165 0.362 0.063 —-0.153 —-0.051 0.057
N2 0.309 —0.360 0.009 0.268 0.066 —0.027
C3 —0.290 —-0.047 -—0.020 -—-0.279 -—0.115 0.024
(C3)NHH 0.648 0.177 0.001 0.666 0.221 0.003
N4 0.476 0.300 0.013 0.465 0.275 —-0.015
O(N4), 0.495 0.537

HO(N4)
Z 0.795 0.926 0.045 0.814 0.934 0.027
C4a —0.213 —0.378 0.040 —0.186 —0.128 0.004
CSa 0.280 0.292 —0.093 0.249 0.120 —0.035
HCS —0.197 —-0.301 0.006 —0.159 —0.078 0.032
HC6 0.272 0.384 0.010 0.231 0.115 0.007
HC7 —0.178 —0.320 —0.051 —0.140 —0.080 —0.045
HCS8, C8 0.241 0.397 1.044 0.191 0.116 1.009
Z, 0.205 0.074 0.955 0.186 0.066 0.973
2, 2.224 2.406 1.186 2.071 1.451 1.137
Zﬂ —1.224 -1406 -0.186 -—1.071 -0.451 —0.137

“See Scheme 1 for atom numbering.

ring. We suggest notation 11Q to describe this spintronic
situation (Scheme 3), that is, the benzene 7-system uncouples
to a singlet diradical. The spin polarization of the benzene ring
in 12a is analogous, and notation 12Q can be used while
keeping in mind that the uncoupling of the benzene 7-system
to a singlet diradical is accompanied by more spin polarization.

The spin density distributions of 11a and 12a (Figure 3)
show large and alternating spin densities on all carbon atoms of
their benzene rings with a-spin in the vicinities of C5a, C6, and
C8 and with f-spin in the basins of C4a, CS, and C7. Both
isomers 1la and 12a also feature a-spin on the imine-NH
group, on C3 and on N4, but only 1la allows for spin
alternation along every bond of the triazine ring.

Reaction Energies and Activation Barriers for Dehy-
dration to Aminyl Radicals. We have shown above that
doublets 11 and 12 are prone to quartet instabilities. This
feature causes the theoretical level dependency of their relative
stability and also affects the computed reaction energies of the
dehydration reactions 3a — 11a + H,O and 4b — 12a + H,O.
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Table 5. Mulliken Atom and Fragment Charges Computed
at the QCI Level

QCI//DFT QCI//MP2

atom/group® 11a 12a 17 11a 12a 17
O(N1), —0.420 —0463 —0436 —0427

HO(N1)
N1 0.093 -0.229 0.136 0.094 —0.206 0.065
N2 -0.270 -0.216 -—-0.307 —0.268 —0.203 —0.285
C3 0.515 0.595 0.659 0.518 0.591 0.636
(C3)NH,I -0.157 -0.189 —-0.055 -0.157 -0.176 —0.052
N4 —0.440 -0.233 -—-0.539 -—-0436 -—-0.270 —0.528
O(N4), —0.380 —0.366

HO(N4)
0, —-0.679 —0.651 —0.569 —0.684 —0.630 —0.590
C4a 0.214 0.344 0.240 0.208 0.364 0.228
C3sa 0.269 0.128 0.209 0.276 0.110 0.240
HCS 0.075 0.067 0.087 0.083 0.048 0.090
HC6 0.032 0.017 0.002 0.028 0.023 —0.001
HC7 0.037 0.045 0.015 0.037 0.027 0.006
HC8, C8 0.053 0.050 0.015 0.053 0.057 0.028
9, = -0, 0.679 0.651 0.569 0.684 0.630 0.590
0, 1.287 1.246 1.365 1.296 1.221 1.292
0_=-0, —1.287 -—1246 —-1365 —1296 —1.221 —1.292
“See Scheme 1 for atom numbering.

QCI/MP2 QCI/DFT
p =0.002 p =0.0004 =0.002 =0.0004

s s 2 0
e W 22 N

Figure 3. Spin-density distributions computed at the UQCISD level
based on the MP2 (left) and DFT structures, respectively, for radicals
11, 12, and 17. See text for details.

At the very least, the QCI level computations consistently show
that the dehydration reactions clearly are exothermic and
exergonic (Tables 1 and 2) and that dehydration therefore
cannot be dismissed as a potential reaction channel. The QCI
level dehydration free enthalpies corroborate and strengthen
the conclusion reached by Anderson based on DFT levels
data.'®

The most pertinent values in the present context are the
activation energies for the H-abstraction reactions 7 —(TS3) —
9 (Figure 1, solid curves) and 8 —(TS4) — 10 (Figure 1,
dashed curves) and the AG’,,(QCI//DFT) values are 21.5 and
22.4 kcal/mol, respectively, while the respective AG’,,(QCI//
MP2) values are 25.5 and 27.3 kcal/mol.

For isomers 3 and 4, the PES analysis at the QCI//DFT level
shows that (a) the activation barriers for H-abstraction from the
NH, group are more than twice as high as the barriers for N—
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OH homolysis and that (b) the energy of the H-abstraction
transition state structure is about the same as that of the
homolysis transition state structure. This thermodynamic
scenario allows for stepwise dehydration to occur in principle.
Whether the stepwise dehydration does occur depends on the
rate of separation of the products of N—OH homolysis.
Dehydration could be quantitative if the H-abstraction can
occur right after N—OH homolysis. The longer the hydroxyl
aggregate exists, the more it will equilibrate thermally, and the
ratio of the probabilities for dehydration relative to separation
decreases as the hydroxyl aggregate becomes thermally
equilibrated. It is important to realize that the separation of
hydroxyl does not require the transport of OH by diffusion but
that the high mobility of hydroxyl radical in water is due to low-
barrier H-transfer between hydroxyl and water.’” Recent
isotopic labeling studies in the context of 3-methyl-1,2,4-
benzotriazine 1,4-dioxide have provided evidence that HO-
goes “free” without H-abstraction from the 3-methyl-1,2,4-
benzotriazine 1-oxide metabolite.*®

Reaction Energies and Activation Barriers for Dehy-
dration to Phenyl Radicals. Dehydration with phenyl
formation is included in the free enthalpy surface diagram
(Figure 1; QCI//DFT in green and QCI//MP2 in orange), the
overall reaction 3a — 17 + H,O is exothermic at every level
(Tables 1 and 2), and this is in agreement with the
computations by Anderson.'® Our best value for dehydration
with phenyl formation is AG',,(QCI//DFT) = —4.9 kcal/mol.
Interestingly, the energy of the transition state structure TSS is
rather similar to the energy of TS3, and we find AG',,(QCI//
DFT) = 214 kcal/mol for the dehydration reaction and
AG’,.(QCI//DFT) = 14.4 kcal/mol for the reverse reaction 17
+ H,0 — 13.

The characteristics of the intrinsic reaction path computed
for the formation of 17 can be consistent with the proposed
formation of the spin-trap adduct of the kinetic dehydration
product 17 if the spin-trap adduct is formed fast and
irreversibly. However, if 17 had any significant lifetime, its
fast back reaction to 13 would have to lead to the production of
the thermodynamically preferred products $ and/or 12. This is
a major cause for doubt about the relevance of 17 in the
presence or absence of a spin trap because it is hard to imagine
how any substrate could compete effectively with the back-
reaction of 17 with water. The back-reaction 17 + H,0O — 13 is
a pseudo-first order reaction with a small activation barrier
(Figure 1). The capture of 17 by a spin trap also would have a
low activation barrier, but it is a bimolecular reaction.

Alternatives to Dehydration: Spin Traps and Triazene
Ring-Opening. To interpret the EPR spectra obtained by spin
trapping of the reduction products of 1, Anderson invoked
radicals formed by addition of PBN to C3 of 3 and to C8 of the
aryl radical 17."”'® We have argued above that it is clear that a
spin trap would not compete successfully for 17, and we have
shown in the preceding article®® that 3 and 4 are not C3-
centered radicals and, instead, that high spin densities occur in
the (N1,0)-region of 3 and in the (N4,0)-region of 4,
respectively. The spin density analysis supports and corrobo-
rates the LDRMP-radical notation originally suggested by Lloyd
et al.® for 3, this conclusion is fully consistent with EPR spectra
of the reduction product of 1, and this finding casts doubt on
the assumption that the spin-trap PBN would add to C3 of 3.

The pK,(3) = 6 was reported based on the observation of the
disproportionation reaction of 3 to § and 1. Our studies show
very low proton affinities of radical anion 2 and suggest that the
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Scheme 4. CN Bond Dissociations of 2 Leading to Phenyl (A,B) and C3-Centered (D) Radicals”
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“The NN bond dissociation leads to an N2-centered radical (C). Paths similar to A (B) and C (D) may occur in the respective protonated species 3

(4).

pK, of radical [2+H] might even be lower than 6. In neutral or
basic solution, one should expect [2]/[3] > 1, and EPR
measurements might report on spin-trap adducts of radical
anion 2, rather than the neutral radical 3.

Faced with these inconsistencies, one must ask whether there
might be reaction channels for the generation of aryl radical
species other than the proposed dehydration pathway. One
possible resolution consists in the dissociation of the C5a—N1
bond (A) or of the C4a—N4 bond (B) in 2 (Scheme 4).
Dissociations A and B turn an (N,O)-centered radical into a
nitroso compound and a phenyl radical. The (N4,0) region
does not participate in A, and essentially the same process
might occur for 3a. Similarly, the (N1,0) region does not
participate in B, and this dissociation might occur in 4b. We
scanned the potential energy surfaces of 2 and of the
protonated systems 3 or 4 as a function of the C35a—N1
and/or C4a—N4 bonds at the B3LYP/6-31G* level, and the
results are shown in Figure 4.

Stretching the C5a—N1 bond has much the same effect in 2
and 3, and an elongation of about 1 A requires roughly S0 kcal/
mol. Similarly, an elongation of the C4a—N4 bond in 2 or 4 by
about 1 A requires >60 kcal/mol. None of these modes of
dissociation will occur as a unimolecular reaction. However, the
important point here is the recognition that elongation of the
C5a—N1 bond converts the (N1,0)-centered radicals of 2 and
3 into latent CSa-centered phenyl radicals (A) and that C4a—
N4 bond elongation converts the (N4,0)-centered radicals of 2
and 4 into latent (or nascent) C4a-centered phenyl radicals
(B). The activation barriers of the bimolecular reactions of a
spin-trap molecule with 2 or 3 at CSa or with 2 or 4 at C4a,
respectively, would be much less than the energy required for
unassisted bond dissociation.

In the same spirit, we considered the dissociations of the
N2—N1 bond (C) and of the C3—N4 bond (D) in 2 (Scheme
4) to convert an (N,O)-centered radical into either an N2- or a
C3-centered radical, respectively. As with A and B, the
dissociation C also may occur in 3a, while process D also
might occur in 4b. The scans of the B3LYP/6-31G* potential
energy surfaces of 2 and of 3 or 4 as a function of the N2—N1
and/or C3—N4 bonds are shown in Figure 4b. Stretching the
N2—-NT1 bond is quite different in 2 and 3: An elongation of
about 1 A requires only about 35 kcal/mol in 2, while the same
elongation requires close to 60 kcal/mol in 3. An elongation of
the C3—N4 bond by 1 A requires about 60 kcal/mol in 2 or 4.
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While the unimolecular dissociations will not occur at the
temperatures of spin-trapping experiments, the important point
is again that the bimolecular reactions of a spin trap with 2 or 3
at N2 or with 2 or 4 at C3, respectively, would require much
less activation energy than unassisted bond dissociation. The
plots in Figure 4 show that bond elongation by about 0.5 A
requires about 35 kcal/mol and that the barrier of the
bimolecular reaction would be lowered by the partial formation
of the new bond. While the addition of spin traps to C3 of 2 or
protonated 2 is not likely, these results suggest that spin traps
may react at C3 by substitution, ie., addition to C3 with
concomitant triazene ring-opening.

With a view to bimolecular reactions, the segments with
bond elongations of up to 0.6 A are the most significant regions
of the dissociation paths A—D. In addition to the B3LYP/6-
31G* level, we also computed the important segment of each
of the four paths of the radical anion 2 with the addition of
diffuse functions to the basis set at the DFT level (B3LYP/6-
31+G*) and at the QCI level (QCISD/6-31+G*//B3LYP/6-
31+G*). The results are shown in Figure S; the theoretical level
effects are found to be modest, and the higher level QCI data
corroborate the DFT data.

B CONCLUSIONS

The theoretical study of TPZ chemistry is nontrivial because
extended conjugation and near-degeneracies cause complicated
patterns of spin delocalization and spin polarization including
quartet instabilities of doublet radicals. We presented results of
density functional theory, of second-order and higher-order
perturbation theory, and of quadratic configuration interaction
theory. Relative and reaction energies, activation energies,
populations, and spin density distributions computed at the
QCI//DFT and QCI//MP2 levels were presented. Variational
CI theory is essential for the adequate computation of spin-
density distributions, the QCI results are qualitatively similar,
and we tend to favor QCI//DFT over QCI//MP2 results.

The doublet radical 17 is a normal spin-polarized radical (X,
< 12 and ¥4 > —0.2). The doublet radicals 11 and 12 feature
quartet instabilities; 11 is a doublet triradical (X, ~ 2, X5 &
—1), and 12 is is a heavily spin-polarized doublet triradical (%,
~ 2.5, X5~ —1.5). Most of the net electron spin of 11 and 12 is
located in the triazine moiety, and this spin density causes the
uncoupling of electrons in the benzene ring,
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Figure 4. Scans of the potential energy surfaces of 2 and of 3 or 4 as a
function of X—N(O) bond elongation. Energies are in kcal/mol
relative to the radical anion 2 or the protonated anion 3 or 4,
respectively. (a) Path A: CSa—N1 bond elongation in 2 (blue,
diamond, solid) and 3 (red, square, solid). Path B: C4a—N4 bond
elongation in 2 (blue, diamond, dashed) and 4 (green, square, dash).
(b) Path C: N2—N1 bond elongation in 2 (blue, diamond, solid) and
3 (red, square, solid). Path D: C3—N4 bond elongation in 2 (blue,
diamond, dashed) and 4 (green, square, dash).

We have explored the stepwise paths for the dehydrations to
aminyl radicals (3a —(TS1) —» 7 —(TS3) — 9 — 1la + H,0
and 4b —(TS2) — 8 —(TS4) — 10 — 12a + H,0), and one
path to a phenyl radical 17 (3a —(TS1) — 13 —(TS5) — 15
— 17 + H,0). All stationary structures of OH aggregates of §
and 6, of H,O aggregates of 11, 12, and 17, and of the
transition state structures for H-abstraction were located and
characterized by vibrational analysis. The computed reactions
energies and the activation barriers allow for the dehydration
reactions to occur in principle. The productivity of all of these
dehydration paths should be seriously impeded, however,
because the hydroxyl radical may escape its weakly bound
aggregates with $ or 6 prior to H-abstraction. Indeed, isotopic
labeling studies in the context of 3-methyl-1,2,4-benzotriazine
1,4-dioxide have provided evidence that HO- escapes without
H-abstraction from the 3-methyl-1,2,4-benzotriazine 1-oxide
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Figure S. Scans of the potential energy surfaces of 2 as a function of
X—N(O) bond elongation in kcal/mol relative to the radical anion 2
for three theoretical levels DFT/6-31G* (blue), DFT/6-31+G*
(orange), and QCISD/6-31+G*//DFT/6-31+G* (black). (a) Path
A: C5a—N1 bond elongation (solid). Path B: C4a—N4 bond
elongation (dashed). (b) Path C: N2—N1 bond elongation in 2
(solid). Path D: C3—N4 bond elongation in 2 (dashed).

metabolite.>”

Moreover, the dehydration leading to aryl
formation is endothermic relative to aggregate 7, and the
most likely reaction of the hydrate of 17 is its back-reaction to
7. The results of the potential energy surface analyses have
several important implications.

If 3 and/or 4 are formed by protonation of 2, N—OH
homolysis is the most likely option. Some dehydration might
occur by a stepwise process after N—OH homolysis, but such
dehydration can never be quantitative, and the dehydration to
phenyl radical should be entirely unproductive.

With a view to plausible scenarios that allow for aryl radical
species without having to invoke dehydration, we considered
the bond dissociations A—D in 2 and the analogous reactions of
3 and 4. Scans of the potential energy surfaces of 2—4 as a
function of the (O)N1-Y (Y = CSa, N2) and (O)N4—-Z (Z =
C4a, C3) bond lengths show that the elongation of any one of
these bonds by 0.5 A requires less than 25 kcal/mol. This
finding strongly suggests the possibility of bimolecular reactions
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of the spin trap molecules with 2—4 concomitant with triazene
ring-opening.

Comprehensive experimental studies are needed of the
structures and hyperfine coupling constants of the spin trap
adducts together with theoretical studies of their potential
energy surfaces and their spin density distributions. It is hoped
that the results of the present study provides a suitable
conceptual framework for these mechanistic studies.
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Two tables with energies and thermochemical parameters
computed at the levels B3LYP/6-31G* and QCI/6-31G*//
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