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The photochemical reactivities of 3-hydroxy-1,2,3-benzotriazine-4(3H)-one (1a) and tris[3-hydroxy-1,2,3-
benzotriazine-4(3H)-one]iron(III) (1b) have been studied in solution and low temperature (5È77 K) glasses.
Photoexcitation (j P 345 nm) of 1a and 1b ultimately results in population of a ligand-centered excited state that
releases Electron paramagnetic resonance reveals the presence of S \ 1 and S \ 0 diradical intermediates uponN2 .
photolysis of 1a and 1b, respectively, at 4 K. These species convert to an S \ 1/2, nitrogen-centered monoradical
species G) upon warming to 77 K via H-atom abstraction from the matrix. In solution, the Ðrst(aN \ 23
intermediates observed upon photolyses (j \ 355 nm) of 1a and 1b are oxime ketenes (5 : j \ 385, 440 nm; 9 :
j \ 390, 430, 740 nm) that are formed from collapse of the diradical to generate a 4-membered b-lactam ring. The
decay kinetics for the oxime ketene 5 decay can be Ðtted to a biexponential expression representing a parallel
reaction mechanism with an element of reversibility. Thus, the data proposes the existence of an equilibrium
between the oxime ketene and the spectroscopically silent b-lactam intermediate, as well as a Ðrst or pseudo
Ðrst-order solvent-dependent pathway for the oxime ketene. The kinetics for formation and decay of the ketene are
strongly inÑuenced by the presence of the Fe(III) center, which leads to an increase in the lifetime of the diradical in
solution, and a retarded rate of formation for the oxime ketene 9. The solution lifetimes suggest that the diradical
intermediates only persist sufficiently long to react with bound solution substrates, whereas the ketene
intermediates have suitable kinetic viabilities to react bimolecularly in solution.

Introduction

The thermal or photochemical generation of radical interme-
diates and their subsequent reactivities are fundamentally
important for understanding chemical transformations in the
Ðelds of organic, inorganic, and biological chemistries. In
addition to basic research interests in these areas, the investi-
gation of diradical reactivity has also evolved due to the
potential for practical uses of these highly energetic starting
materials. Diazenes,1 terminal diazo compounds,2 and
benzotriazole3 derivatives have been employed as reagents for
synthetic chemistry and also as resists in photolithography
applications.4,5 Moreover, the discovery of the kinamycin
family of natural products,6,7 and their roles in DNA cleavage
chemistry has further extended interest in the thermal and
photochemical reactivities of synthetic analogs such as 9-
diazoÑuorene,8 benzotriazole,9,10 and various diazo
ketones.11

Metal ions, by virtue of their ability to adopt variable redox
states and stabilize unpaired electrons can also participate in
and, more importantly, induce ligand-based radical reactivity.
This frequently occurs via intramolecular thermal or photo-
chemical charge transfer reactions. Important examples
include the preparation of metalÈsemiquinone ligand radical
complexes, which serve as novel magnetic molecules,12 and
metalÈphenol radical structures that mimic key intermediates
in the galactose oxidase family of enzymes.13,14 The metalÈ
ligand charge transfer excited state luminescence15 and sub-
sequent DNA degrading reactivity16 of and[Ru(bpy)3]2`related derivatives are also examples of the important role

that metalÈligand radical reactivity can play in chemical and
biological reactions.

The instability of diazo compounds to redox processes and
the ability of metal ions to adopt variable redox states link
seemingly disparate chemical reactivities ; loss fromN2organic diazo compounds and metal-based photochemistry.
Cu(II) salts have been used in the thermal activation of termin-
al diazo units, which release and form Cu(I) as a syntheticN2strategy to couple organic fragments via radical pathways.2
The radical intermediates generated by this reaction as well as
those derived from the charge transfer induced photochemical
activation of 3-hydroxy-1,2,3-benzotriazine-4(3H)-one by
Fe(III),17 have recently been used to modify DNA.18,19 These
examples document the central role that metal ions can play
in the development of radical-based therapeutics.

Yet, fundamental questions exist regarding the precise
mechanism of metal-mediated loss, relative to that fromN2organic diazo analogs. Also of primary interest are the charac-
teristics of the intermediates following loss, as well as theN2kinetic viabilities of these intermediates for performing
unimolecular or bimolecular reactions with solution sub-
strates. Many of these important mechanistic issues have not
been thoroughly addressed. To this end, we report the photo-
chemical reactivities of 3-hydroxy-1,2,3-benzotriazine-4(3H)-
one (1a) and tris[3-hydroxy-1,2,3-benzotriazine-4(3H)-one]-
iron(III) (1b) both in solution at ambient temperature, and in
a 2-MeTHF glass from 4È77 K. The results document the for-
mation of diradical intermediates at low temperatures and
reveal important di†erences in the kinetics of evolution of the
intermediates in solution. Finally, the reactivity of 1b has
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broader implications in the emerging research Ðelds of photo-
medicine and environmentally relevant siderophore photo-
chemistry.20

Experimental

Materials

Acetonitrile, benzonitrile and 2-methyltetrahydrofuran were of
HPLC grade, while methanol and isopropyl alcohol were of
spectroscopic grade. All solvents used in measurements were
stored over activated 3 molecular sieves for at least 24 hA�
prior to use. NMR solvents (acetonitrile-d3 , methanol-d3)were also dried over 3 sieves prior to use. The ligand 3-A�
hydroxy-1,2,3-benzotriazine-4-(3H)-one (1a) was purchased
from Aldrich and the purity was conÐrmed by 1H NMR,
while tris(3-hydroxy-1,2,3-benzotriazine)iron(III) (1b) was pre-
pared and characterized as previously described.17

Physical measurements

Samples were prepared using volumetric glassware, and stan-
dard Schlenk and drybox techniques. Solvents were degassed
by either purging with for [1 h, or several freezeÈpumpÈN2thaw cycles. Electron paramagnetic resonance (EPR) spectra
of the metal compound and free ligand were obtained with
solution concentrations of ca. 2 mM, while the transient
absorption experiments were performed at concentrations of
ca. 6 mM for 1a, and 1È2 mM for the corresponding iron
complex 1b.

Electronic absorption spectra were collected on a Perkin-
Elmer Lambda 19 UV/VIS/NIR spectrometer at ambient tem-
perature. Fluorescence measurements were made using a
Perkin Elmer LS 50 B luminescence spectrometer equipped
with a Hamatatsu model R2371 PMT. Infrared spectra were
recorded on a Nicolet 510P FT-IR spectrometer. 1H and
13CM1HN NMR spectra were measured on a Varian VXR 400
spectrometer and referenced to the residual solvent signal. All
EPR spectra were recorded at X-band (9.5 GHz) on an ESP
300 Bruker spectrometer. Typical EPR conditions : microwave
power, 10 mW; modulation amplitude, 5È20 G; modulation
frequency, 100 kHz; receiver gain ; (2È5)] 104. EPR spectra
were simulated using a Monte Carlo method.21,22 Matrix
photolyses were performed directly in the EPR cavity with a
150 W Hg source coupled via a liquid light pipe (Oriel

Photolyses were performed at j P 345 nm, whered77557).
the cuto† wavelength was selected using a series of long wave-
length pass Ðlters (295, 320 and 345 nm). EPR spectra were
obtained after photolysis times ranging from 5 min to 1 h and
are plotted after the spectral subtraction of a control sample
containing a small amount of photogenerated matrix radical.
Quantum yield measurements for the photochemical reaction
of 1b are reported relative to and were moni-K3[Fe(C2O4)3]tored by the bleaching of the electronic spectrum at 435 nm.17

Transient absorption measurements were performed using
the third harmonic of a Coherent InÐnity 40-100 pulsed
Nd : YAG laser operating at a repetition rate of 12 Hz

(FWHM\ 5 ns) and an energy of ca. 2 mJ pulse~1. The
probe beam originated from a PTI model LPS-220 water
cooled 150 W Xe arc lamp and was chopped at a rate of 12
Hz (FWHM ca. 40 ms). White light was used to trigger the
photolysis pulse, which was synchronized in time using a
delay generator. The pump and probe beams converged on a
2 mm quartz cell at ca. 20¡. The probe beam was then focused
onto the entrance slit of an ISA model 340S single monochro-
mator (grating : 1200 groove mm~1), equipped with a Hama-
matsu R928P photomultiplier tube. The output from the
photomultiplier was fed through a variable gain broadband
ampliÐer and recorded on a Tektronix (TDS 380) digital
oscilloscope. Fluorescence from 1a and benzonitrile resulted
in the detection of a sharp (FWHM \ 10 ns) bleach in the
temporal proÐles of 1a and 1b. Control experiments demon-
strated that this had no e†ect on the rising edge of the
observed transients and, for clarity, these features have been
Ðltered from the temporal proÐles.

Photolyses of 1a and 1b

Photolysis of 1a in A solution of 1a (400CH
3
CH(OH)CH

3
.

ml, 20 mM) was photolysed with a 1000 W Xe lamp using
295, 320 and 345 nm cuto† Ðlters in a Pyrex Schlenk Ñask for
12 h at 288 K. After removal of the solvent in vacuo, the crude
photoproduct was dissolved in ca. 100 ml UnreactedCH2Cl2 .
starting material was then recovered by crystallization, with
Ðltration a†ording 5.82 ] 10~3 mol of 1a. The Ðltrate volume
was then reduced and the remaining material was separated
on silica gel, using a 1 : 1 hexanesÈethyl acetate mobile phase.
Of the total 378 mg of material recovered, 275 mg
(1.41] 10~3 mol, 65% of mol reacted) was identiÐed as iso-
propyl o-hydroxyaminobenzoate 1H NMR(C10H13NO3).d 9.24 (bs, 1H) ; 7.87 (d, 1H) ; 7.94 (t, 1H) ; 7.32 (d,(CD3OD):
1H) ; 6.85 (d, 1H) ; 6.69 (bs, 1H) ; 5.16 (sept, 1H) ; 1.31 (d, 6H).
13C NMR d 169.8, 154.5, 135.1, 130.8, 119.5, 116.9,(CD3OD):
114.5, 69.2, 22.0. MS (EI) : m/z 195.2 [M`, calc. for

195.2]C10H13NO3 :

Photolysis of 1b in The iron complex, 1bC
6
H

5
CN.

(1.10] 10~3 mol) was dissolved in 500 ml of degassed benzo-
nitrile. The resulting solution was then photolysed in 125 ml
increments in a 150 ml Pyrex Schlenk Ñask at j P 345 nm at
288 K for 9 h. After photolysis, all fractions were combined
and the benzonitrile was removed in vacuo. The resulting redÈ
orange solid was suspended in 200 ml methanol, and
3.35] 10~3 mol of 1a was added. The resultant slurry was
allowed to stir overnight at room temperature. The brick red
solid was then Ðltered o†, dried and identiÐed as 1b
(1.05] 10~3 mol) by comparison of the IR spectrum to that
of the starting material.17 The solvent was then removed from
the Ðltrate and the remaining material was dissolved in ca. 50
ml Excess 1a was then removed by recrystallizationCH2Cl2 .
(3.36] 10~3 mol) and characterized by 1H and 13C NMR.
The volume of the Ðltrate was reduced, and the mixture puri-
Ðed on silica gel using a 4 : 1 hexanesÈethyl acetate mobile
phase. A pure white solid was isolated (14 mg) and identiÐed
as 2-aminobenzoic acid by comparison of the analytical data
(1H, 13C NMR spectra and mass spectrum) to that of an
authentic sample (Aldrich). The yield of this product based on
mol of ligand reacted is 73%. 1H NMR d 7.82 (d,(CD3OD):
1H) ; 7.20 (t, 1H) ; 6.71 (d, 1H) ; 6.56 (t, 1H) ; 5.30 (bs, 3H). 13C
NMR d 171.6, 152.6, 135.0, 132.6, 117.7, 116.7,(CD3OD):
111.6. MS (EI) : m/z 137.1 [M`, calc. for 137.1].C7H7NO2 :

Results

Electronic structures of 1a and 1b

The electronic absorption spectrum of 1a has two strong, but
poorly resolved features at 295 (e \ 5845) and 315 nm
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(e \ 4484 M~1 cm~1). Under basic conditions, these tran-
sitions undergo a bathochromatic shift (340, e \ 6290 ; 390
nm, e \ 5061 M~1 cm~1). Upon complexation of 1a to a
ferric center, the electronic absorption spectrum of 1b
develops a broad absorption feature centered at 430 nm
(e \ 6290 M~1 cm~1) and a higher energy transition at 345
nm (e \ 11 573 M~1 cm~1) (Fig. 1).

Photolysis of 1a

Low temperature EPR studies. Photolysis of 1a in an
ethanol matrix with j P 345 nm at 4 K yields the EPR spec-
trum shown in Fig. 2(a) : a clear 6-line pattern centered at
g \ 2.0021, a half-Ðeld transition is observed at g \ 4.0235.
The zero Ðeld splitting parameters oD/hc o\ 0.017 cm~1 and
oE/hc o\ 0.003 cm~1 calculated directly from the spectrum
suggest an inter-electron separation of ca. 5 UponA� .23
warming the sample to temperatures above 30 K, the half-Ðeld
transition disappears and a new three line pattern centered at
g \ 2.0037 is observed [Fig. 2(b)]. Both the asymmetric split-
ting pattern and hyperÐne coupling constant measured(aN)24
at 77 K G) are solvent independent.25 Cooling the(aN \ 23
sample from 77 to 4 K yields a spectrum that is devoid of a
half-Ðeld transition but exhibits a sharp signal centered at
g \ 2.0035 that is superimposed upon a very broad and ill-
deÐned feature [Fig. 2(c)].

Fig. 1 Electronic absorption spectra of 1a and 1b in acetonitrile at
293 K; 1a (É É É), deprotonated 1a (ÈÉÈÉÈ) and 1b (ÈÈ).

Fig. 2 EPR spectra of 1a after 10 min of photolysis with j P 345 nm
in an ethanol glass at 4 K: (a) immediately following photolysis, (b)
after warming to 77 K (ÈÈ) along with simulation (È È È) (inset) and
(c) after returning to 4 K.

Fig. 3 Transient absorption spectrum of 1a in acetonitrile taken at
50 ns and 1.5 ls after the 355 nm, 5 ns laser pulse.(ÈÈ]È) (ÈÈ|È)
The temporal evolution of the absorption at 460 nm is shown in the
inset.

Photoreactivity in solution. Upon excitation of 1a in acetoni-
trile (j \ 355 nm), a single transient intermediate is imme-
diately observed 440 nm) that decays(jmax\ 385,
biexponentially ns, ls) on the nanosecond-(q1+ 277 q2 + 4.34
to-microsecond timescales (Fig. 3). In contrast, excitation of
1a in 2-propanol yields two transients (Fig. 4), the Ðrst of
which has a similar wavelength proÐle 440 nm) to(jmax\ 385,
that observed for photolysis of 1a in acetonitrile. In 2-
propanol, this transient is rapidly quenched ns) to(qq O 30
generate a second intermediate with a single absorption
maximum at 380 nm that decays biexponentially ns,(q1{ + 588

ls). When 10 molar equivalents of water are addedj2{+ 6.67
as a proton source to dry acetonitrile, the rapid quenching is
again observed (Fig. 5). Analysis of the products from a bulk
photolysis performed in 2-propanol yields isopropyl o-
hydroxyaminobenzoate (65%).

Photolysis of 1b

Low temperature EPR studies. Photolysis of 1b at 4 K in a
benzonitrileÈ2-MeTHF matrix results in the formation of an
EPR silent species in the g B 2 region [Fig. 6(a)]. Warming
the sample to 77 K with no additional photolysis results in a
spectrum [Fig. 6(b)] that is nearly identical to that observed
for the photolysis of 1a at 77 K [Fig. 2(b)].

Fig. 4 Transient absorption spectrum of 1a in 2-propanol taken at
50 and 400 ns after the laser pulse. The temporal(ÈÈ]È) (ÈÈ|È)
evolution of the absorption at 390 nm is shown in the inset.
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Fig. 5 A comparison of the short time features of the OD at 390 nm
of 1a in 2-propanol, acetonitrile and acetonitrile upon addition of 10
molar equivalents of water.

Photoreactivity in solution. Excitation of 1b in benzonitrile
(j \ 355 nm) yields a single transient that begins to form 240
ns s~1) after the pulse and has three absorp-(kf \ 1.6] 106
tion features at 390, 430 and 740 nm that decay mono-
exponentially s~1, Fig. 7). Analysis of the bulk(kd \ 5.2] 105

Fig. 6 EPR spectra of 1b after 30 min of photolysis with j P 345 nm
in a 2-MeTHFÈbenzonitrile (1 : 1) glass at (a) 4 (É É É) and (b) 77 K
(ÈÈ), along with the simulated spectrum (È È È). The residual signal
in the baseline of (a) derives from a small amount of matrix radical
generated upon photolysis that is not completely removed by spectral
subtraction.

Fig. 7 Transient absorption spectrum of 1b in benzonitrile taken at
1.5 ls (È]È) after the laser pulse. The temporal evolution of 9 at
430 nm is shown in the inset.

photoproduct mixture, from photolysis in benzonitrile, after
removal of the ferric center yields 2-aminobenzoic acid (73%).

Discussion

Electronic structures of 1a and 1b

The electronic absorption spectrum of 1a has two strong, but
poorly resolved features at 295 (e \ 5845) and 315 nm
(e \ 4484 M~1 cm~1) that are derived from pÈp* transitions
within the conjugated framework (Fig. 1). Under basic condi-
tions, these transitions undergo a bathochromatic shift (340,
e \ 6290 ; 390 nm, e \ 5061 M~1 cm~1), which reÑects the
interaction of the lone pair electrons with the conjugated p
system.27 The IR spectrum of 1a has a carbonyl stretch at
1673 cm~1 which, upon deprotonation, shifts to 1637 cm~1,
indicative of a delocalization of the negative charge about the
carbonyl and the naphthalanoid ring system. This observation
is consistent with the bathochromatic shift in the electronic
absorption spectrum upon deprotonation of 1a, as delocal-
ization of the charge about the ring generates quinoid reso-
nance forms that have absorption bands in the near UV and
visible spectral regions.

Coordination of deprotonated 1a to a ferric center results in
a shift of the carbonyl stretch to 1580 cm~1, indicative of a
metalÈoxygen bonding interaction with the hydroximate func-
tionality.28,29 Chelation of the hydroxamate linkage to Fe(III)
suggests an electronic structure that is most closely related to
that of Fe(III) hydroxamates and catecholates, where two sets
of ligand-to-metal charge transfer transitions are observed,

and nm) deriving from metalÈ(jmax \ 330 jmax \ 550È430
oxygen out-of-plane p-bonding interactions.28,30h32 Indeed,
the electronic absorption spectrum of 1b possesses a broad
absorption feature centered at 430 nm (e \ 6290 M~1 cm~1)
and a higher energy transition at 345 nm (e \ 11 573 M~1
cm~1) which derive from oxygen-to-iron ligand-to-metal
charge transfer (LMCT) transitions (Fig. 1). As a result, the
photoreactivity of 1b upon photolysis at j P 345 and j P 455
nm is similar, however, the higher energy transition possesses
a considerably larger extinction and quantum yield for reacti-
vity (/365 \ 2.1] 10~4, /436 \ 3.6] 10~5).17

Photolysis of 1a

Low temperature photoreactivity. Photolysis of 1a in an
ethanol matrix with j P 345 nm at 4 K yields the EPR spec-
trum shown in Fig. 2(a). The clear 6-line pattern and half-Ðeld
transition indicate that an S \ 1 diradical intermediate is gen-
erated upon photolysis.23,33,34 The irreversible changes
associated with warming the sample to temperatures above 30
K indicate a chemical reaction has occurred. Both the asym-
metric splitting pattern and hyperÐne coupling constant (aN)24
of the new signal measured at 77 K G) are solvent(aN \ 23
independent25 and are very similar to those observed for
simple nitroxyl radicals in both the presence25,35h38 and
absence33,39h43 of paramagnetic metal ions. However, the
observed intensity relationship within the 3-line pattern
(2 : 4.5 : 1) does vary somewhat from that reported for
nitroxyl radicals at 77 K.33,39h43 Cooling the sample from 77
to 4 K yields a spectrum that is devoid of a half-Ðeld tran-
sition but exhibits a sharp signal centered at g \ 2.0035 that is
superimposed upon a very broad and ill-deÐned feature [Fig.
2(c)]. The broad component may also be attributed to absorp-
tion from a nitroxyl radical exhibiting a slow spin relaxation
time at 4 K.37,44,45 Based on the temperature dependence of
the EPR signal, a diradical intermediate is formed upon pho-
tolysis of 1a at 4 K [Fig. 2(a)] and subsequently reacts with
the matrix at temperatures above ca. 30 K to yield the spec-
trum observed at 77 K [Fig. 2(b)]. This spectral proÐle can be
Ðt as a nitroxyl radical superimposed upon an isolated matrix
radical. In accordance with the mechanistic work on the
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photochemical degradation of 1,2,3-benzotriazine
systems,46,47 and the previously observed stepwise photo-
chemical release of from similar ring systems,48,49 theN2observed spectrum at 4 K [Fig. 2(a)] can be assigned to the
ring-opened diradical structure 2a (Scheme 1). This structure
is also consistent with the zero Ðeld splitting parameters calcu-
lated from the spectrum using the point dipole approximation.
Upon warming, 2a reacts to yield the highly unstable diradical
3a50 that then rapidly abstracts an H-atom from the matrix to
yield the nitroxyl radical 4a which is observed at 77 K
(Scheme 1).

Photoreactivity in solution. Excitation of 1a (j \ 355 nm) in
2-propanol yields two transients, the Ðrst of which has a
similar wavelength proÐle to that observed for photolysis of
1a in acetonitrile. In 2-propanol, this transient is rapidly
quenched to generate a second intermediate with a single
absorption maximum at 380 nm that decays biexponentially.
The rapid quenching of the transient species that is observed
in 2-propanol (Fig. 4, inset) has two potential origins : either
an H-atom abstraction pathway via a diradical intermediate
(cf. Fig. 2), or a proton transfer mechanism that is reÑective of
the acid/base chemistry of the intermediate. The absence of
quenching in dry acetonitrile is key to the elucidation of the
photochemistry observed in 2-propanol. When 10 molar
equivalents of water are added as a proton source to dry ace-
tonitrile, the same rapid quenching of the transient is indeed
observed (Fig. 5), indicating that the intermediate is basic
under these conditions. A SternÈVolmer treatment of the
quenching process yields a rate constant M~1kq \ 2.20] 107
s~1 (R2\ 0.95),51 indicating the observed quenching is a dif-
fusional process. Since the spectral proÐle suggests that the
Ðrst species observed upon photolysis of 1a is a chromophore
with both ketene nm)52 and oxime functionalities(jmax B 380
within an o-quinoid skeleton nm),49,53h60 the(jmaxB 440
transient species is assigned as the oxime ketene (5), where

protonation at the imine nitrogen is responsible for the quen-
ching observed in 2-propanol (Scheme 1). This is consistent
with previous reports on the thermal and photochemical
decomposition mechanisms of 1,2,3-benzotriazine systems.61
Since the pKa of a terminal imine nitrogen is ca. 12È14,49,62
and 2-propanol has a pKa of 16.5,63 the protonation step that
is responsible for the observed quenching must derive from
residual water in the 2-propanol solvent.

Once protonated, 5 rearranges to yield a highly unstable
species that forms and decomposes within 100 ns to produce
the ketene 6 (Scheme 1). The ketene 6 has an absorption
proÐle with a maximum at 380 nm that decays biexponen-
tially.52,56 The observed biexponential kinetics require a
mechanism that involves multiple decomposition pathways,64
employing both an equilibrium process with the valence tau-
tomeric ring closed form61,65 and a quenching reaction with
2-propanol to form isopropyl o-hydroxyaminobenzoate (7)
(Scheme 1). The temporal proÐle can be satisfactorily Ðt using
a parallel reaction mechanism that contains an element of
reversibility66h70 of the general form:

A AB

k~1

k1
B (1)

A ÈÈÕk2
C (2)

A(t) \ C1e~j1t ] C2 e~j2t (3)

where and are composite quantities that represent thej1 j2three competing rates.71 Although a unique solution for the Ðt
of the data exists for the parameters s~1 andj1\ 1.7 ] 106

s~1, the fact that these parameters are a con-j2\ 1.5 ] 105
voluted function of and does not allow the extrac-k1, k~1 k2tion of a unique solution for the individual rate
constants.66,67,70 Empirically, however, the individual rate
constants (105È106 s~1) can only vary by less than an order of

Scheme 1 Proposed photoreactivity of 1a after excitation (j P 345 or j \ 355 nm) in both a matrix environment (77 K), and solution (298 K).
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magnitude in order to maintain the quality of the Ðt. The
descriptions of the kinetics and spectral data are consistent
with the both isolation of the nucleophilic adduct 7 in a 65%
yield from the bulk photolysis of 1a in 2-propanol and the
previously reported reactivity of 1,2,3-triazine systems.61

Photolysis of 1b

Low temperature photoreactivity. In contrast to the photoly-
sis of 1a, excitation of 1b (j P 345 nm) at 4 K in a
benzonitrileÈ2-MeTHF matrix results in the formation of an
EPR silent species in the g B 2 region [Fig. 6(a)].25 Warming
the sample to 77 K with no additional photolysis results in a
spectrum that is nearly identical to that observed for the pho-
tolysis of 1b at 77 K [Fig. 2(b) and 6(b)]. Since warming to 77
K with no additional photolysis yields a new monoradical
EPR signal at g \ 2.0035, the EPR silent species at 4 K may
be either a zwitterion or an S \ 0 ligand diradical. Since the
reactivity of a zwitterion cannot produce a monoradical upon
warming, this species can be eliminated as the initial interme-
diate produced by the photolysis of 1b at 4 K. Although no
structural information can be obtained regarding the EPR
silent species, the formation of a spectral signature similar to
that of a nitroxyl monoradical at 77 K suggests that the EPR
silent species at 4 K is indeed an S \ 0 ligand diradical inter-
mediate. The well-documented instability of phenyl radicals in
hydrocarbon matrices50 necessitates the assignment of the 4 K
species to that of 2b, which, upon warming, reacts with the

matrix to yield the monoradical 4b observed at 77 K (Scheme
2). Although the formation of Fe(II) is detected upon photoly-
sis of 1b in solution, photolysis of 1b in the matrix at 77 K
reveals no bleaching of the optical spectrum, indicating that
Fe(II) is not initially formed upon photolysis and is produced
by the subsequent reactivity of the intermediates.

Photoreactivity in solution. Excitation of 1b in benzonitrile
(j \ 355 nm) yields a single transient that begins to form 240
ns after the pulse and has three absorption features at 390, 430
and 740 nm that decay monoexponentially (Fig. 7). The tem-
poral proÐle of the intermediate (Fig. 7, inset) has several
interesting features. First, growth of the transient signal does
not begin until 240 ns after the excitation pulse, indicating the
presence of intermediates with electronic spectra similar to
that of the ground state compound. To account for the
delayed rise, the temporal proÐle was Ðtted as the third species
in a reaction sequence of the general form:70

A ÈÈÕk1
B ÈÈ Õkf

C ÈÈÕkd
D (4)

C(t)\ A0 k1kf
C e~k1t

(kf[ k1)(kd [ k1)

]
e~kft

(kf[ k1)(kd [ kf)
[

e~kdt

(kd [ k1)(kd[ kf)
D

(5)

where s~1,72 s~1, s~1k1P 106 kf\ 1.6 ] 106 kd \ 5.2 ] 105
and the Ðrst two intermediates (A \ 3b , B\ 8) do not con-

Scheme 2 Proposed mechanism for the reactivity of 1b after excitation (j P 345 or j \ 355 nm) in either a benzonitrileÈ2-MeTHF matrix (77 K)
or benzonitrile solution (298 K) including subsequent product isolation steps.
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tribute signiÐcantly to a change in the optical density at the
experimental wavelength (Scheme 2). Secondly, the temporal
proÐle is una†ected by the addition of a variety of quenchers
such as 20 molar equivalents (20È40 mM) of 2-propanol,O2 ,
phenylisocyanate, methanol, or 3-propene-2-Fe(SO4) É 7H2O,
one-4-ol (Hacac). The absence of quenching upon addition of

eliminates the possibility of a triplet excited state orO2radical species as the observed transient, while the lack of
reactivity with Fe2` excludes a bimolecular redox reaction
and the addition of Hacac eliminates a ligand exchange reac-
tion.

The transient absorption results and the product analyses
(vide infra) lead to the following description of the photo-
chemical decomposition of 1b in benzonitrile. Upon photoly-
sis of 1b, a diradical intermediate is produced that is
structurally similar to that observed for the photo-
decomposition of 1a. The diradical 2b (Scheme 2) loses andN2collapses to form a four membered lactam ring 8, which has
been widely cited in reference to decomposition of 1,2,3-
benzotriazine systems.61 Once formed, 8 will not exhibit a
ligand centered absorption within the experimental window
since the lowest energy pÈp* transition of this ring system is at
ca. 270 nm.55 The lactam ring can subsequently open to the
coordinated oxime ketene 9 [species C in eqn. (4)],73 which is
detected via the rise s~1) and decay(kf\ 1.6 ] 106 (kd \ 5.2

s~1) of the absorbance at 390 and 440 nm. The lack of] 105
a quenching product upon photolysis of 1b indicates that the
evolving transient must be coordinated to the metal center
and thus would be sterically protected from bimolecular
attack by isocyanates and alcohols. Additionally, the peak at
740 nm may be attributed to an oxygen-to-iron LMCT tran-
sition within the transient intermediate, 9, that has been red-
shifted by imine nitrogen coordination to the metal.30,74
Considering the literature precedent for oxygen atom loss in
the thermolysis of 1a75,76 and coordinated oximes,77h79 we
propose that the decay of 9 involves loss of an oxygen atom
and a concerted rearrangement to metallocycle 10.80h84
Importantly, no new organic species are detected by conven-
tional chromatography, indicating that the photolysis pro-
ducts are indeed bound to the iron center. As a result,
2-aminobenzoic acid (11) could be isolated (73%) only after
removal of the metal by the addition of three equivalents of 1a
to a suspension of crude photoproduct. The structure of the
product, 11, conÐrms that the excitation of 1b ultimately leads
to a ligand-centered photoreaction that is similar to that
observed upon photolysis of free ligand 1a.

Our results document that photolysis of either 1a or the
Fe(III) compound 1b leads to the formation of S \ 1 or S \ 0
diradical intermediates, respectively, that persist only at tem-
peratures below 30 K and react in solution at room tem-
perature within ca. 200 ns of initiation. Detection of the
diradical intermediates suggests that photolysis of both ligand
and metal complex generate an excited state that promotes
homolysis of the NÈN bond adjacent to the ÈN2NÈ unit. For
1, this state is likely nÈp* in nature.85 However, formation of
the diradical intermediate upon photolysis of 1b reveals that
the initially prepared LMCT excited state contains either con-
siderable ligand character, or decays rapidly to a ligand local-
ized excited state that releases The results presentedN2 .
herein do not allow distinction between these possibilities.
These pathways are in contrast to the traditional mechanism
that is usually invoked to explain the photochemistry of com-
plexes such as where direct[Fe(ox)3]3~ (ox \ [C2O4]2~)
excitation into a LMCT transition leads to homolysis of the
FeÈO bond and reduction of the metal center to yield Fe2`.86

In consideration of the photoreactivities of 1a and 1b
toward solution substrates, the Ðrst species produced upon
photolysis of 1a is the oxime ketene 5 formed from the diradi-
cal 3a which has undergone unimolecular recombination via
formation of the 4-membered b-lactam ring within 10 ns. The

short lifetime of the diradical intermediate 3a mandates that,
unless the molecule is bound to a DNA substrate, the diradi-
cal intermediate cannot be the species responsible for degrada-
tion of DNA, since insufficient time exists for a
di†usion-controlled bimolecular reaction to occur in solution.
In contrast, the ketene intermediate, though unstable and sus-
ceptible to nucleophilic attack, possesses considerably retar-
ded decay kinetics relative to the diradical intermediate and
could therefore, as illustrated by 2-propanol quenching, par-
ticipate in bimolecular reactions to yield alkylated or modiÐed
DNA products.

The kinetics for formation and decay of the metal-
coordinated ketene intermediate 9 do not innocently parallel
those for the same intermediate formed upon photolysis of the
free ligand. Rather, the formation rate is somewhat slower due
to the steric strain involved in forming the 4-membered
lactam ring with the metal bound at the adjacent hydroxy-
mate functionality. This e†ectively increases the diradical (3b)
lifetime and increases the potential for H-atom abstraction or
addition reactions that involve the S \ 0 ligand diradical and
DNA substrates. Moreover, the metal-bound ketene interme-
diate is more stable than its uncoordinated counterpart, as it
is resistant to quenching by nucleophiles and only decays by
oxygen atom loss. These results suggest that DNA modiÐ-
cation by 1b likely proceeds via the diradical intermediate, but
a bimolecular oxidation step, as observed in the photolytic
deoxygenation of heterocyclic N-oxides,87 cannot be ruled
out.

Conclusions
We show that the photochemical decomposition of 3-
hydroxy-1,2,3-benzotriazine-4(3H)-one and tris[3-hydroxy-1,2,
3-benzotriazine-4(3H)-one]iron(III) initially occurs via lossN2to yield a diradical intermediate that decays rapidly to a
ketene in room temperature solution. The excited state that
gives rise to the homolytic cleavage of the NÈN bond in the
Fe(III) complex is ligand-to-metal charge transfer in nature,
but the reactivity is not derived from typical homolytic FeÈO
bond cleavage. Rather, a ligand localized excited state is pro-
duced by either an excited state decay pathway or through
direct excitation where the initial LMCT state is more delo-
calized and has considerable ligand character. The kinetics for
the decay of the ketene via a 4-membered b-lactam interme-
diate are inÑuenced by steric contributions associated with the
metal complex. The retardation in the rate of formation of this
species translates into an extended solution lifetime for the
diradical intermediate. Overall, the results have broad impli-
cations for the fundamental mechanistic aspects of inorganic
and organic photochemistry, as well as applications to the
burgeoning Ðelds of photomedicine and environmentally rele-
vant photochemical transformations.
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