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ABSTRACT: The thermally induced intermolecular electron transfer reaction in
acetonitrile between the tetracyanoethylene (TCNE), a π-electron acceptor with a large
electron affinity, and six oxoisoaporphines (2,3-dihydro-7H-dibenzo[de,h]quinolin-7-one,
5-methoxy-2,3-dihydro-7H-dibenzo[de,h]quinolin-7-one, 1-azabenzo[de]anthracen-7-one,
5-methoxy-1-azabenzo[de]anthracen-7-one, 7H-benzo[e]perimidin-7-one, and 2-methyl-
7h-benzo[e]perimidin-7-one) is reported. Spectral and kinetic characteristics are presented
for radical cations derived from these six oxoisoaporphines either generated by a thermal
reaction or generated radiolytically in argon-saturated 1,2-dichloroethane, oxygen-saturated
acetone, and acetonitrile. The radical cations of oxoisoaporphines are insensitive to oxygen
and are mostly characterized by absorption maxima of their most intense bands located at
λmax = 400−410 nm, except of the radical cations derived from 2,3-dihydrooxoisoapor-
phines. For the latter compounds, the absorption maxima of the most intense absorption
bands are located at λmax = 290−295 nm. Their locations are independent of the presence
of functional groups and the solvents used. They are formed in bimolecular processes with pseudo-first-order rate constants
ranging from 2.1 × 105 to 1.5 × 106 s−1 (in solutions containing 10−4 M of the substrate), depending on the derivative and the
solvent used. They are stable either when formed via the electron-transfer reaction with TCNE or when generated in isolation in
pulse radiolysis of Ar-saturated 1,2-dichloroethane. In acetone and acetonitrile they decay predominantly by first-order kinetics
with the first-order rate constants ranging from 2.3 × 104 to 5.1 × 104 s−1. Formation of dimeric radical cations for all of the
oxoisoaporphines studied was observed in acetonitrile solutions, and for azaoxoisoaporphines also in acetone solutions. The
experimental spectra show a reasonably good agreement with the ZINDO/S semiempirical quantum mechanical calculations of
radical cation absorptions.

■ INTRODUCTION

Oxoisoaporphines, azaoxoisoaporphines, and oxoaporphines
are alkaloids structurally related to phenalenones.1−4 They
have been isolated from above-ground parts of plants belonging
to different families such as Annonaceae,5,6 Lauraceae,7

Magnoliaceae,8 Fumariaceae,9,10 Menispermaceae,11−14 and Pa-
paveraceae.15,16 Of these three alkaloid families (oxoisoapor-
phines, azaoxoisoaporphines, and oxoaporphines) only the last
has thus far been positively identified as phototoxic
phytoalexins.1,2,17 Phototoxicity of these compounds had been
attributed mainly to its 1O2 generation.

1 They are synthesized
by plants as a defense against pathogen agents or mechanical
injuries. For instance, oxoglaucine is a phytoalexin from the
Magnoliaceae family that is elicited in the plant after mechanical
injury but its reduced form, glaucine, is present in healthy
plants.8 Upon mechanical injury, glaucine is rapidly oxidized to
oxoglaucine in planta via chemical (enzymatic oxidation) and
photooxidation processes, in particular by 1O2.

16−18

Two mechanisms of phototoxin action have been proposed:
(i) a direct photooxidation of biologically relevant molecules by

either electron or hydrogen abstraction and a subsequent
reaction of the radical species formed with nearby oxygen
molecules (type I mechanism) or (ii) an electronic excitation
energy transfer from the phototoxin to molecular oxygen to
form 1O2 (type II mechanism).19 There is no doubt that
formation of radical ions (radical cations, in particular) derived
from these alkaloids should accompany electron-transfer
reactions. Therefore, spectral and kinetic properties of
oxoisoaporphine radical cations might be of relevance to
electron-transfer processes occurring in phytoalexins and
connected potentially with their activity against pathogens.
Some derivatives of these phenalenones-like alkaloids,

especially those of 7H-benzo[e]perimidin-7-one containing
two N atoms, have received considerable attention due to
their antineoplastic activity and cytotoxicity against different
tumoral cell lines.20−24 These compounds, synthesized as

Received: March 10, 2014
Revised: May 2, 2014
Published: May 6, 2014

Article

pubs.acs.org/JPCA

© 2014 American Chemical Society 3775 dx.doi.org/10.1021/jp502406u | J. Phys. Chem. A 2014, 118, 3775−3786

pubs.acs.org/JPCA


noncardiotoxic alternatives of anthraquinone antitumor drugs,
exhibit in vitro and in vivo cytotoxic activity toward multidrug
resistant cell lines.22,23 It was claimed that they had poor
oxidizing ability due to their low efficiency in stimulating
oxygen radical formation caused by their low enzyme substrate
properties toward NADH dehydrogenase.22−24

There have been only a few studies concerning the
generation of radical ions from oxoisoaporphines.25−30 The
preliminary results, concerning radical cations derived from
oxoisoaporphines, have been reported for 2,3-dihydrooxoisoa-
porphine (A1 in Chart 1) and its 5-methoxy derivative (A2 in
Chart 1) in our earlier paper.26 An influence of the methoxy
substitution in the aromatic ring on the position of the
absorption bands was observed. In O2-saturated acetonitrile, the
radical cations of A1 were characterized by a strong nondescript
absorption band with no distinct λmax in the range 350−450 nm
(its principal absorption band is probably located at λ < 350
nm). On the other hand, the radical cations of A2, under the
same conditions, showed a maximum at λmax = 420 nm. The
substantial red shift of the absorption maximum was
rationalized by an increase of charge density due to the
presence of a methoxy group. These experimental observations
were confirmed by the ZINDO/S calculations of the most
intense absorption for both radical cations.26

In the present work we have undertaken a detailed study of
the spectral and kinetic behavior of radical cations derived from
six oxoisoaporphines (A1−A6) (Chart 1) produced as a result
of thermal electron-transfer reactions between them and TCNE
in acetonitrile (Experimental Procedures).
Various types of reactions between electron donors of low

ionization potential and acceptors of large electron affinity, i.e.,
π-electron acceptors, have been reported.31,32 Some of them
involved electron-donor−acceptor (EDA) complexes [D,
A],33−36 which were the precursors for the generation of
“radical ion pairs” [ D•+, A•−] obtained by either one-electron
chemical or photosensitized oxidations. The EDA complexes
[D, A], may coexist in equilibrium with the charge-transfer
complexes [D•+, A•−]. The latter may be present either in the
form of a contact radical ion pair (CRIP) or in strongly polar
solvents, e.g., acetonitrile, as a solvent separated radical ion pair
(SSRIP).37,38

Additional insight into the details of the oxidation
mechanism of oxoisoaporphines (A1−A6, Chart 1) was gained
by comparing the spectral and kinetic behaviors of radical
cations derived from oxoisoaporphines formed as a result of
radiation-induced charge transfer between oxoisoaporphines
and radical cations derived from organic solvents of various
polarity (1,2-dichloroethane (1,2-DCE), acetone, and acetoni-
trile). These solvents are well-known for pulse radiolysis
generation of radical cation precursors.39 We have initiated
primarily this study to generate isolated oxoisoaporphine radical
cations and to study their spectra and kinetic behavior.
Semiempirical quantum mechanical calculations PM3 and
ZINDO/S have been performed to assist in the interpretation
of the data and compared with the spectra obtained in the
thermally induced and radiation-induced reactions.

■ EXPERIMENTAL PROCEDURES
Materials. All the chemical compounds used for the

experiments were of the purest commercially available grade
and were used as received. Acetonitrile (HPLC grade), acetone
(99,7% purity with <0.2% of water), and 1,2-DCE (>99%
purity) were purchased from J. T. Baker or Merck and from
Sigma-Aldrich, respectively.

Synthesis of Oxoisoaporphines. 2,3-Dihydro-7H-
dibenzo[de,h]quinolin-7-one (A1, Chart 1), 5-methoxy-2,3-
dihydro-7H-dibenzo[de,h]quinolin-7-one (A2, Chart 1), 1-
azabenzo[de]anthracen-7-one (A3, Chart 1), and 5-methoxy-
1-azabenzo[de]anthracen-7-one (A4, Chart 1) were obtained by
the procedure reported by Fabre et al.40 and by Walker et al.,41

and completely characterized as reported previously.42−44

Synthesis of 7H-benzo[e]perimidin-7-one (A5, Chart 1) and
its 2-methyl substituted derivative, 2-methyl-7H-benzo[e]-
perimidin-7-one (A6, Chart 1) was performed by cyclization
of 1-aminoanthraquinone either with N,N-dimethylformamide
dimethylacetal or with N,N-dimethylacetamide dimethylacetal
with phosphorus oxy chloride, respectively. In situ cyclization of
the intermediates formed was accomplished by an addition of
ammonium acetate in hot ethanol.20,23

Preparation of Solutions. All solutions for thermal
generation of radical cations were prepared in square quartz
cells and contained 10−4 M of oxoisoaporphines with 10−2 M
TCNE in 3 mL of acetonitrile. Cells were provided with a

Chart 1. Structures of Oxoisoaporphine Derivatives and Respective Radical Cations under Study
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magnetic stirrer to ensure homogeneity of solutions during the
experiments. All experiments were performed at 25 °C, except
for azaoxoisoaporphine A5, performed at 50 °C.
All solutions for pulse radiolysis experiments were prepared

freshly before experiments with organic solvent and contained
10−4 M of the oxoisoaporphines. Acetonitrile and acetone
solutions were subsequently purged for at least 30 min per 200
mL of sample with O2 and 1,2-DCE solutions with Ar before
irradiation.
UV−Vis Spectrophotometry. Changes in the absorbance

occurring during thermal reactions between the respective
oxoisoaporphines and TCNE were monitored using a diode
array spectrophotometer UV−visible 8453 Agilent. Due to the
small changes in absorbances observed during the experiments,
the absorbances measured at time t = 0 were taken as the
spectral blank, and the spectra measured thus constitute the
difference between the absorbances measured at time t = tn and
t = 0. Such an experimental approach allowed us to appreciate
small differences in absorbances measured, thus recording
absorption bands of the products.
Oxidation by Tetracyanoethylene (TCNE). The tetra-

cyanoethylene (TCNE), a π-acceptor of electrons with a
reduction potential Ered = 0.24 V vs SCE,45 which is equivalent
to a reduction potential, Ered = 0.48 V vs NHE,46 forms stable
radical anions in solutions that can be isolated as salts. Electron-
transfer reactions involving TCNE and suitable electron donors
are usually fast enough and can be easily observed. Therefore,
TCNE has been widely used in either thermal (involving EDA
complexes)37,38,45,47,48 or photochemical49−52 generation of
oxidized species such as radical cations and/or neutral species
derived from various organic compounds.
In the presence of an appropriate substrate, the radical anion,

TCNE•−, characterized by a broad structured absorption band
centered at λ = 425 nm, can be generated by an electron
transfer from a substrate to TCNE (eq 1).46,53−56 The radical
anion (TCNE•−), in a recombination reaction, is able to form
the diamagnetic dimeric anion (TCNE)2

2−, (eq 2), absorbing
between 450 and 600 nm,57,58 and a paramagnetic dimeric
radical anion ((TCNE)2

•−) (eq 3), absorbing in the near IR
over 1000 nm,46,53−56 in a reaction with an excess of TCNE.
Although, the latter species should be the predominant in our
experimental conditions, it was not spectrally accessible for us.

+ → +•+ •−A TCNE A TCNE (1)

+ →•− •− −TCNE TCNE (TCNE)2
2

(2)

+ →•− •−TCNE TCNE (TCNE)2 (3)

Pulse Radiolysis. Pulse radiolysis experiments were
performed using a pulse radiolysis setup based on the 10
MeV electron linear accelerator (LAE 10) at the INCT with
typical pulse lengths of 7−10 ns. The data acquisition system
allows for kinetic traces to be displayed on multiple time scales.
A detailed description of the experimental setup for optical
measurements has been given elsewhere along with the basic
details of the equipment and the data collection system.59,60

The irradiation cell was supplied with a fresh solution by
continuous and controlled flow. The dose per pulse determined
by thiocyanate dosimetry was on the order of 18−20 Gy (1 Gy
= 1 J kg−1). Radiolytic yields are given in SI units as μmol J−1,
i.e., the number of product species in micromoles that are
generated for every joule of energy absorbed by the solution.

All experiments were performed with a continuous flow of
sample solutions at room temperature (∼20 °C). Experimental
error limits are ±10% unless specifically noted.

Radiolysis of 1,2-DCE. Pulse irradiation of Ar-saturated
1,2-DCE leads to the 1,2-DCE-derived radical cation and
solvated electrons (eq 4). In 1,2-DCE, the solvated electrons do
not persist because of the dissociative capture by the parent 1,2-
DCE molecule (eq 5).

∼ ∼ → +•+ −ClCH CH Cl ClCH CH Cl e2 2 2 2 solv (4)

+ → +− • −e ClCH CH Cl ClCH CH Clsolv 2 2 2 2 (5)

The 1,2-DCE-derived radical cations remain available for
diffusional charge transfer to an added solute (eq 6). Two
kinetically distinct cationic species have been implicated,
namely, a radical cation (assigned as ClCH2CH2Cl

•+ or
ClCHCH2

•+ with G = 0.07 μmol J−1) and a carbocation
(assigned as ClCH2CH2

+ in either linear or cyclic chloronium
cation form with G = 0.02 μmol J−1).61

+

→ = +

•+ •+

•+

ClCH CH Cl /ClCHCH S

ClCH CH Cl/ClCH CH S
2 2 2

2 2 2 (6)

Radiolysis of Acetonitrile. Pulse irradiation of Ar-
saturated neat acetonitrile leads to the formation of the
acetonitrile positive ions and electrons/negative ions (eqs 7 and
8). Triplet states are also formed by a solute radical ion
recombination (eqs 9 and 10). Low yields of G (∼0.02 μmol
J−1) for the oxidizing species62 and G (∼0.03 μmol J−1) for the
triplets63,64 were measured. On the other hand, the yield of
reducing species was found in the range of G = 0.1067−0.1606
μmol J−1.64,65

∼ ∼ → +•+ −CH CN CH CN e3 3 solv (7)

+ →− •−e CH CN CH CNsolv 3 3 (8)

+ → *•+ •−CH CN CH CN 2 CH CN3 3
3

3 (9)

+ → *•+ −CH CN e CH CN3 solv
3

3 (10)

When this solvent is O2-saturated, only radical cations of a
solute are formed (ionization potential of CH3CN is ≈12 eV)66
(eq 11).

+ → +•+ •+CH CN S CH CN S3 3 (11)

Solute radical anions are not formed because their
precursors, solvated electrons and/or solvent radical anions,
are scavenged by O2 (eq 12).

+ → +− •− •−e /CH CN O O CH CNsolv 3 2 2 3 (12)

Oxygen also serves as a strong quencher for the triplets of
solutes and solvents.

Radiolysis of Acetone. Pulse irradiation of Ar-saturated
acetone leads to relatively long-lived radical ions (eqs 13 and
14) and triplet states (formed via geminate recombination, eq
15).67−70 The free ions and triplet yields were measured to be
0.078 and 0.104 μmol J−1, respectively.71 Of particular interest
in the present study is the molecular radical cation of acetone
that is involved in charge transfer to a solute that leads to the
respective radical cation (eq 16).

∼ ∼ → +•+ −
 (CH ) C O (CH ) C O e3 2 3 2 dry (13)
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+ →− •−
 e (CH ) C O (CH ) C Odry 3 2 3 2 (14)

+ → *•+ •−
  (CH ) C O (CH ) C O 2 (CH ) C O3 2 3 2 3

3
2

(15)

+ → +•+ •+
 (CH ) C O S (CH ) C O S3 2 3 2 (16)

In O2-saturated acetone only radical cations of a solute (S•+)
are formed. Solute radical anions (S•−) are not formed because
their precursors, acetone radical anions ((CH3)2CO•−), are
scavenged (similar to the behavior in acetonitrile, vide supra) by
O2. Oxygen also serves as a strong quencher for the triplets of
solutes and solvents.
Quantum Mechanical Calculations. Calculated spectra

employing the PM3 minimized geometries for isolated
oxoisoaporphine-derived radical cations were obtained by
using ZINDO/S, by considering 10 + 10 excited states IC
single point ZINDO/S method.
For the oxoisoaporphine radical cation dimers, the optimized

structures of the ground state molecule and the respective
radical cation were merged together and optimized by using
molecular mechanic MM+ to obtain the dimer structures. These
structures were optimized at the PM3 level, and finally the
spectra were calculated by a single point IC ZINDO/S using
the orbital criterion taking 10 + 10 orbital. All calculations were
done by using HyperChem 8.0.

■ RESULTS AND DISCUSSION
2,3-Dihydrooxoisoaporphines, A1 and A2. 2,3-Dihy-

dro-7H-dibenzo[de,h]quinolin-7-one (A1). Mixing of acetoni-
trile solutions containing separately TCNE and A1 generates
significant changes in the UV−vis spectra with the evolution of
time on the minute time domain. A well-resolved band with
λmax = 295 nm appeared together with a broad band between
320 and 450 nm and a second-one, less intense, centered at λmax
= 515 nm (Figure 1A). These spectral changes can be
tentatively attributed to the formation of A1•+ and the TCNE
radical anion, TCNE•−, formed according to eq 1 (Exper-
imental Procedures). The first species was characterized by a
broad absorption band ranged between 370 and 410 nm,26 and
the second one by a structured absorption band centered at
λmax = 425 nm, respectively.46,53−56

A broad absorption band located between 450 and 600 nm
can be assigned to the diamagnetic dimeric anion (TCNE)2

2−,
which is formed according to eq 2 (Experimental Proce-
dures).57,58 Thus, the presence of this species is additional
evidence for the formation, albeit indirect, of A1•+.
Interestingly, absorbances recorded at λ = 295, 350, and 415

nm showed similar temporal behaviors (Figure 1A, inset),
however, different from that recorded at λ = 515 nm. This
observation clearly showed that absorption bands of radical
cations A1•+ and TNCE•− radical anions located in the spectral
region between 295 and 415 nm were formed simultaneously
according to eq 1. On the other hand, different temporal
behavior observed at λ = 515 nm and characterized by a plateau
established after 10 min following the mixing of solutions
confirms the formation of another species, i.e., the diamagnetic
dimeric anion (TCNE)2

2−.
Moreover, semiempirical quantum mechanical calculations

for the radical cation A•+ predicted a strong absorption in the
325 nm region and less intense absorption between 370 and
430 nm, thus showing a fairly good agreement with the
experimental spectra shown in Figure 1A.

Pulse radiolysis of Ar-saturated 1,2-DCE solutions containing
A1 led to a transient absorption spectrum that was fully
developed within the range of 100 μs (Figure 1B, inset). The
spectrum consisted of a distinctive absorption band with λmax =
355 nm and a strong nondescript absorption band with λmax
located below 300 nm (Figure 1B). It is noteworthy that for
this solvent it was possible to extend optical measurements
down to 300 nm, contrary to acetonitrile26 and acetone
solutions (vide inf ra). These two bands were identical with
those obtained via a thermal reaction of A1 with TCNE (Figure
1A). Therefore, we assigned the 295 and 355 nm bands to
A1•+. The most reasonable precursor responsible for its
formation is the solvent radical cation ClCH2CH2Cl

•+ (eq 17).

+ → +•+ •+ClCH CH Cl A1 ClCH CH Cl A12 2 2 2 (17)

The absorption trace recorded at 355 nm was stable over the
time domain of 200 μs and slowly decayed over the
submillisecond time domain (Figure 1B, right inset).
Pulse radiolysis of a solution of A1 in O2-saturated acetone

(Figure S1 in the Supporting Information) yielded a spectrum
with features similar to those observed earlier by us in oxygen-
saturated acetonitrile solutions.26 The absorption spectrum
recorded at 10 μs exhibited a strong nondescript absorption
band with no distinct λmax at the wavelengths in the range 350−
650 nm. The 350 nm band was fully developed within the range
of 10 μs, and the formation kinetics recorded at λ = 350 nm
with k = (2.2 ± 0.6) × 105 s−1 were slightly slower than the
analogous formation kinetics in O2-saturated acetonitrile (k =
3.8 ± 0.04) × 105 s−1.26 Reasonably, the radical cation A1•+ is

Figure 1. (A) Absorption spectra for the reaction mixture containing
A1/TCNE in Ar-saturated acetonitrile at time t = 0 (black), 15 (red),
and 50 min (green). The shaded vertical bars represent position and
oscillator strength ( f) of the calculated electronic transitions for A1•+.
Inset: temporal evolution of absorbances recorded at different
wavelengths. (B) Transient absorption spectra observed 1 μs (□),
120 μs (○), and 1 ms (△) after pulse irradiation of an Ar-saturated
1,2-DCE solution containing 1 × 10−4 M of A1. Insets: time profiles
representing a growth and decay at λ = 355 nm at different time scales
(Note: In this and all the following graphics, the insets’ y-axes have the
same units as in the main plots).
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responsible for the absorption below 390 nm. With a further
lapse of time, the absorption in the region of 350−650 nm
decreased in intensity, however, not uniformly. The decay
kinetics observed at λ = 420 and 500 nm were slightly slower
than that observed at λ = 350 nm. This observation resembled
the spectral and kinetic features recorded earlier in O2-saturated
acetonitrile,26 however, in not so distinctly a pronounced way.
Very plausibly, it might suggest an involvement of a dimeric
radical cation ((A1)2

•+) formed as the product of an association
of A1•+ and its parent A1 molecule (eq 18).

+ ⇆•+ •+A1 A1 (A1)2 (18)

5-Methoxy-2,3-dihydro-7H-dibenzo[de,h]quinolin-7-one
(A2). Similarly, as for A1, mixing of acetonitrile solutions
containing separately A2 and TCNE resulted in an appearance
of two strong absorption bands with λmax = 290 and 415 nm,
which can be tentatively attributed to the radical cation A2•+

and the TCNE•− radical anion (Figure 2A).
A weakly developed absorption band with λmax = 345 nm can

be attributed to A2•+, on the basis of the spectral features of
A2•+ observed in 1,2-DCE solutions (vide inf ra). Moreover, it is
reasonable to assume that two additional absorption maxima
observed in 1,2-DCE and assigned to A2•+ were masked by a
strong absorption caused by the presence of the TCNE•−

radical anion. The very low intensity of the absorption band
with λ = 515 nm showed a very small contribution from
(TCNE)2

2−. Both bands at λ = 290 and 415 nm grew with a
similar rate constant (k = (4.4 ± 0.04) × 10−4 s−1).
Similarly, as for A1, the transient absorption spectra obtained

after electron irradiation in Ar-saturated 1,2-DCE containing
A2 were slow to develop and reached a plateau within the range
of hundreds of microseconds (Figure 2B). The absorption
spectrum was characterized by three distinct absorption
maxima located at λmax = 345, 385, and 405 nm. Within the
first 20 μs after the pulse the absorption spectrum started to
form uniformly at all wavelengths. The absorbances recorded at
λ = 345, 385, and 405 nm grew nearly with the same rate
constant k = (2.1 ± 0.03) × 105 s−1. This indicates that all three
absorption maxima can be attributed to the same transient
species A2•+. Moreover, these absorptions were reasonably well
reproduced by the ZINDO/S calculation for A2•+, as shown by
the bars in Figure 2B. Interestingly, within the 20−300 μs time
domain the absorbances at λmax continued to increase further
without forming any new absorption bands. This last
observation suggests that radical cations of A2 (A2•+) are
formed in 1,2-DCE via two independent processes.
Similar transient absorption spectra were observed in O2-

saturated acetonitrile,26 and acetone solutions (Figure 2C). A
transient absorption spectrum recorded 6 μs after the electron
pulse in acetone solutions was dominated by a distinctive
absorption band with λmax = 410 nm with two weakly
developed narrow blue- and red-edge shoulders in the range
of 385−395 and 440−460 nm, respectively (Figure 2C). The
formation kinetics recorded at λ = 415 nm with k = (5.8 ± 0.7)
× 105 s−1 were slightly faster than the analogous formation
kinetics in O2-saturated acetonitrile (k = 4.6 ± 0.09) × 105

s−1.26 The region below λ = 350 nm was not accessible for
measurements due to a strong absorption of the parent
compound and the solvent. It is noteworthy that, with the
further lapse of time, the absorption spectrum decayed
uniformly at all wavelengths suggesting a very small, if any,
contribution from the dimeric species (A2)2

•+ in acetone.
These transient spectra were very similar to the analogous

spectrum recorded earlier in O2-saturated acetonitrile and
assigned by us to the radical cation derived from A2 (A2•+,
Chart 1),26 and to those obtained in the presence of TCNE,
Figure 2A.
The spectral differences between these spectra obtained by

different techniques are expected, due to the solvents used and
the presence of several TCNE species in the thermal
experiments. Moreover, a substantial influence of the
substitution with the methoxy group in the position 5 of the
aromatic ring on the location of the maxima of A1•+ and A2•+

observed earlier in acetonitrile was also clearly seen in acetone
and dichloroethane with a red-shift of about 50 nm.

Oxoisoaporphines, A3 and A4. 1-Azabenzo[de]-
anthracen-7-one (A3). Mixing of acetonitrile solutions
containing separately A3 and TCNE solutions generated
rapid changes in the spectra with the appearance of the

Figure 2. (A) Absorption spectra for the reaction mixture containing
A2/TCNE in Ar-saturated acetonitrile at time t = 0 (black), 15 (red),
and 50 min (green). The inset shows the kinetic profiles at different
wavelengths. (B) Transient absorption spectra observed at 4 μs (□),
240 μs (○), and 1 ms (△) after pulse irradiation of an Ar-saturated
1,2-DCE solution containing 1 × 10−4 M of A2. Insets: time profiles
recorded at different wavelengths. The shaded vertical bars represent
the position and oscillator strength ( f) of the calculated electronic
transitions for A2•+. (C) Transient absorption spectra observed at 2
(□), 6 (○), 60 (△), and 120 μs (▽) after pulse irradiation of an O2-
saturated acetone solution containing 1 × 10−4 M of A2. Insets: time
profiles recorded at λ = 410 nm (□). The shaded vertical bars
represent the position and oscillator strength ( f) of the calculated
electronic transitions for (A2)2

•+.
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absorption band with λmax = 515 nm, attributed to (TCNE)2
2−,

and three distinctly developed bands with λmax located at 335,
387, and 408 nm. They can be attributed to the radical cation
A3•+. Location of these absorption bands revealed a reasonably
good correlation with the calculated electronic transitions for
A3•+, albeit the lower energy transitions were not observed
(Figure 3A). It is noteworthy that the absorptions between 335
and 408 nm grew with a similar rate constant k = (2.0 ± 0.06)
× 10−4 s−1 (insert in Figure 3A).

Pulse radiolysis of Ar-saturated 1,2-DCE solutions containing
10−4 M A3 resulted in the appearance of the absorption spectra,
which were very similar to those observed in the thermal
reaction and assigned to A3•+ (Figure 3B). The absorption
spectrum recorded 100 μs after the electron pulse exhibited two
distinct albeit narrow absorption bands with λmax = 390 and 410
nm. A weak absorption band with λmax = 340 nm was also seen
(Figure 3B). The formation of the more intense 410 nm band
was fully developed within 12 μs and matched the formation
kinetics of the 390 nm band (Figure 3, left inset). The
absorbances recorded at λ = 410 and 390 nm grew with k =
(2.3 ± 0.05) × 105 s−1. With the lapse of time, the spectra
recorded did not change their spectral features significantly in
the vicinity of the earlier observed absorption maxima.
Interestingly, the 390 and 410 nm bands grew further over
the 500 μs time domain (Figure 3B, right inset); however, over
the same time domain the 340 nm absorption band slowly
disappeared (Figure 3B, right inset).
The transient absorption spectra recorded at various times

after pulse irradiation of O2-saturated acetone solution
containing 10−4 M A3 are presented in Figure 4A. The
absorption spectrum recorded at 8 μs after the pulse exhibited

two absorption bands of various intensities with maxima
located at λmax = 390 and 410 nm (Figure 4A). The formation
of the more intense 410 nm band was fully developed within 8
μs and matched the formation kinetics of the 390 nm band.
The absorbances recorded at λ = 410 and 390 nm grew with k
= (4.5 ± 1.4) × 105 s−1. This observation, taken together with
the fact that decay kinetics observed at these two wavelengths
were nearly similar, suggests the existence of only one species
(Figure 4A, inset). Because the spectral features were very
similar to those observed in 1,2 DCE solutions (Figure 3B), the
spectrum was also assigned to A3•+ (Chart 1).
Additional support for this assignment was obtained by

comparison with the absorption spectra obtained after pulse
irradiation of O2-saturated acetonitrile solution containing 10−4

M A3 (Figure 4B). The transient absorption spectrum obtained
6 μs after the pulse consisted of a strong absorption band with a
maximum located at λmax = 405 nm, a blue-edge shoulder in the
390−400 nm range, and a weak absorption band with λmax =
460 nm (Figure 4B). The formation kinetics recorded at λ =
405 nm with k = (5.7 ± 0.2) × 105 s−1 nearly matched the
formation kinetics at λ = 390 nm. Interestingly, a third
absorption band with λmax = 460 nm developed further with k =
(1.6 ± 0.04) × 105 s−1 (Figure 4B, left inset). Moreover, the
observed changes of the ratio r = Gε405/Gε460 calculated at
different lapsed times strongly suggest the presence of a second
cationic species in acetonitrile. This statement is also consistent
with the fact that decay kinetics observed at λmax = 405 and 460
nm were also different, with the first-order rate constants k =
(2.7 ± 0.06) × 104 s−1 and k = (8.2 ± 0.2) × 103 s−1,
respectively (Figure 4B, right inset). Therefore, the absorption
band with λmax = 405 nm and a blue-edge shoulder in 390−400
nm range are assigned to A3•+.

Figure 3. (A) Absorption spectra for the reaction mixture containing
A3/TCNE in Ar-saturated acetonitrile solutions at time t = 0 (black),
15 (red), and 55 min (green). The inset shows the kinetic profiles at
different wavelengths. The shaded vertical bars represent the position
and oscillator strength ( f) of the calculated electronic transitions for
A3•+. (B) Transient absorption spectra observed at 1.2 μs (□), 100 μs
(○), and 1 ms (△) after pulse irradiation of an Ar-saturated 1,2-DCE
solution containing 1 × 10−4 M of A3. Insets: time profiles of the
transient at different wavelengths.

Figure 4. (A) Transient absorption spectra observed 8 (□), 24 (○),
and 100 μs (△) after pulse irradiation of an O2-saturated acetone
solution containing 1 × 10−4 M of A3. Insets: time profiles of the
transient at λ = 390 and 410 nm. (B) Transient absorption spectra
observed 6 (□), 25 (○), and 100 μs (△) after pulse irradiation of an
O2-saturated acetonitrile solution containing 1 × 10−4 M of OIA.
Insets: time profiles of the transient at different wavelengths. The
shaded vertical bars represent the position and oscillator strength ( f)
of the calculated electronic transitions for (A3)2

•+.
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By analogy to acetonitrile solutions containing A1 and A2
(where 500 nm band developed at longer times after pulse
irradiation)26 the 460 nm band was tentatively assigned to a
dimeric radical cation ((A3)2

•+) formed as a product of the
association of A3•+ and its parent molecule A3 (eq 19).

+ ⇆•+ •+A3 A3 (A3)2 (19)

5-Methoxy-1-azabenzo[de]anthracen-7-one (A4). The
thermal reaction between A4 and TNCE showed nearly the
same behavior when A3 was involved, with the fast appearance
of the absorption band at λmax = 515 nm assigned to
(TCNE)2

2−. Hence, the other absorption bands with maxima
located at 340, 380, and 400 nm corresponds to A4•+ (Figure
S2A in the Supporting Information).
Pulse radiolysis of Ar-saturated 1,2-DCE solutions containing

10−4 M A4 (Figure S2B in the Supporting Information)
provided more arguments for the spectral assignment. The
absorption spectrum recorded 12 μs after the pulse exhibited
three distinct albeit narrow absorption bands with λmax = 345,
385, and 405 nm, matching almost exactly those obtained in the
thermal process. The more intense 405 nm band was fully
developed within 12 μs and matched the formation kinetics of
the 385 and 345 nm bands, with a rate constant k = (4.2 ±
0.07) × 105 s−1. With the lapse of time the spectra recorded did
not change their spectral features significantly in the vicinity of
the earlier observed absorption maxima. Similarly to 1,2-DCE
solutions containing A3, the 385 and 405 nm bands grew
further over the 500 μs time domain while the 345 nm band
slowly decayed.
More insight can be obtained from the spectral evolutions

observed after irradiation in acetonitrile solution containing A4.
They were similar to those observed for A1, A2, and A3. The
transient absorption spectrum obtained 2 μs after the pulse
consisted of a strong absorption band located at λmax = 400 nm,
a weaker blue-edge shoulder in the 370−400 nm range, and a
red-edge shoulder in the range of 430−490 nm (Figure S2C in
Supporting Information). With the further lapse of time, the
absorption spectrum in the 350−430 nm region decreased in
intensity; however, the spectra observed at 48 μs after the pulse
were characterized by a distinct absorption maximum at λmax =
460 nm (Figure S2C in the Supporting Information).
The formation kinetics recorded at λ = 400 nm with k = (7.8

± 2.7) × 105 s−1 matched reasonably well the formation
kinetics at λ = 370 nm with k = (9.4 ± 4.8) × 105 s−1.
Interestingly, a third absorption band with λmax = 460 nm
developed further with k = (1.3 ± 0.02) × 105 s−1 (Figure 4B,
left inset). Again a close inspection of the spectra showed that
the ratio r = Gε400/Gε460 was not constant at times 2, 12, and
48 μs. This observation, taken together with the fact that both
the formation and decay kinetics observed at λmax = 400 and
460 nm were different, confirmed the existence of a dimeric
radical cation (A4)2

•+ formed as the product of the association
of A4•+ and its parent molecule, A4 (eq 20).

+ ⇆•+ •+A4 A4 (A4)2 (20)

On the other hand, in O2-saturated acetone solution (data
not shown), the transient absorption spectra with maxima
located at λmax = 380 and a shoulder at 400 nm decreased
uniformly in intensity and disappeared within 50 μs after the
pulse. This observation shows again the existence of only one
species in acetone, namely A4•+ (Chart 1), and the absence of
any absorption band which might be assigned to the dimeric
species (A4)2

•+.

Azaoxoisoaporphines, A5 and A6. 7H-Benzo[e]-
perimidin-7-one (A5). The thermal reaction between A5 and
TCNE showed spectral and kinetic features (Figure 5A) similar

to those observed with the oxoisoaporphines derivatives (A3
and A4) with the fast appearance of the absorption band at λmax

= 515 nm assigned to (TCNE)2
2− and the structured shoulder

ranged between 400 and 425 nm assigned to TCNE•−. A
strong absorption band with λmax = 398 nm together with the
weak absorption bands with λmax at 375, 355, and 320 nm can
be attributed to A5•+. Absorbances recorded at λ = 398 and 375
nm showed similar temporal behaviors (Figure 5A, inset)
confirming that these absorption bands can be attributed to the
same species, namely A5•+. The calculated electronic transitions
reproduced very well the absorption maxima observed at λ =
398, 375, 355, and 320 nm (Figure 5A).
Pulse radiolysis of Ar-saturated 1,2-DCE solutions containing

10−4 M A5 resulted in the appearance of the absorption spectra
(Figure 5B) that were very similar to those observed in Ar-
saturated 1,2-DCE solutions containing A2−A4 derivatives
(except A1). The absorption spectrum recorded 6 μs after the
pulse exhibited two distinct albeit narrow absorption bands
with λmax = 380 and 400 nm, which matched closely those
observed in the thermal reaction and the calculated spectra
(Figure 5B). This includes the third absorption band with λmax

= 320 nm, which was blue-shifted compared to A3•+ and A4•+,
and it also was well represented by calculations. The more
intense 400 nm band was fully developed within 6 μs with the
first-order rate constant k = (1.5 ± 0.04) × 106 s−1 and was

Figure 5. (A) Absorption spectra for the reaction mixture containing
A5/TCNE in Ar-saturated acetonitrile at time t = 0 (black), 10 (red),
and 60 min (green). The inset shows the kinetic profiles at different
wavelengths. The shaded vertical bars represent the position and
oscillator strength ( f) of the calculated electronic transitions for A5•+.
(B) Transient absorption spectra observed at 0.24 (□), 6 (○), and 800
μs (△) after pulse irradiation of an Ar-saturated 1,2-DCE solution
containing 10−4 M of A5. Insets: time profiles of the transient at λ =
320, 380, and 400 nm.
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faster than those measured for A3 and A4. With a lapse of time
up to 240 μs, the absorption band with λmax = 400 nm remained
constant and started to decay slowly over the millisecond time
domain. These results corroborate the assignment of the
observed spectra in the system containing A5/TCNE in
acetonitrile to the radical cation A5•+.
Upon pulse radiolysis of an O2-saturated acetone solution of

10−4 M A5, a transient absorption was observed with two
maxima located at λmax = 400 and 470 nm (Figure.S3A in the
Supporting Information). Interestingly, the kinetic traces
recorded were characterized by distinctly different time profiles.
The rates of formation and decay of the 400 nm absorption
band were faster in comparison to those of the 470 nm
absorption band (Figure S3A in the Supporting Information,
insets). The 400 nm band was fully developed within the range
of 2.4 μs with the first-order rate constant k = (1.1 ± 0.1) × 106

s−1 while the 470 nm band was fully developed within the range
of 8 μs with the first-order rate constant k = (2.7 ± 0.6) × 105

s−1 (Figure S3A in the Supporting Information, left inset).
The 400 nm band decayed in a first-order process with k =

(5.1 ± 0.2) × 104 s−1, and a delayed decay of the 470 nm band
was observed with k = (1.5 ± 0.07) × 104 s−1 (Figure S3A in
the Supporting Information, right inset). Again a close
inspection of spectra showed that the ratio r = Gε400/Gε470
calculated at different times (0.6, 8, and 20 μs) was not
constant. By analogy to similar observations in acetonitrile
solutions, the most plausible interpretation appears to be in
terms of existence of two different radical cationic species: the
radical cation A5•+ and the dimeric radical cation (A5)2

•+.
The features of the spectral evolution in O2-saturated

acetonitrile solution containing A5 observed after irradiation
were similar to those observed earlier for A1, A2, and A3. The
transient absorption spectrum obtained 3.2 μs after the pulse
consisted of a strong absorption band located at λmax = 400 nm,
a very narrow blue-edge shoulder in the 370−380 nm range
and a red-edge shoulder in the range 430−470 nm (Figure S3B
in the Supporting Information). The 400 nm band was
developed with the first-order rate constant k = (9.8 ± 0.3) ×
105 s−1 while the 440 nm band was fully developed with the
first-order rate constant k = (3.2 ± 0.3) × 105 s−1 (Figure S3A
in the Supporting Information, left inset).
While in the time range 3.2−20 μs the absorption spectrum

in the 350−430 nm region decreased with the rate constant k400
= (4.4 ± 0.1) × 104 s−1, the intensity of the red-edge shoulder
remained nearly constant. It started decaying on the submilli-
second time domain with the rate constant k440 = (6.7 ± 0.6) ×
103 s−1. These observations suggest again the existence of two
radical cationic species A5•+ and (A5)2

•+ in acetonitrile.
2-Methyl-7H-benzo[e]perimidin-7-one (A6). The thermal

reaction of A6 with TCNE revealed features similar to those
observed with A5. A fast formation of partly overlapping
absorption bands with λmax at 315, 357, 377, 400, and 515 nm
was produced (Figure 6A). A broad structured shoulder ranged
between 420 and 480 nm and the absorption band with λmax =
515 nm were attributed to TCNE•− and (TCNE)2

2−,
respectively. The remaining absorption bands below 410 nm
were assigned to A6•+. These absorptions closely match the
calculated electronic transitions for A6•+; however, the
calculated electronic transitions at λ = 450 and 500 nm were
not present in 1,2-DCE solutions (Figure 6B).
Pulse radiolysis of Ar-saturated 1,2-DCE solutions containing

10−4 M A6 resulted in the absorption spectra (Figure 6B) that
were very similar to those formed during the thermal reaction

between A6 and TNCE (Figure 6A). The transient absorption
spectrum recorded 16 μs after the pulse exhibited four distinct
albeit narrow absorption bands with λmax = 315, 360, 380, and
400 nm (Figure 6B). The more intense 400 nm band was fully
developed within 16 μs with the first-order rate constant k =
(3.6 ± 0.02) × 105 s−1, which was slower than that measured
for A5. With the lapse of time the spectra recorded do not
change their spectral features in the vicinity of the earlier
observed absorption maxima.
Similarly to 1,2-DCE solutions containing A3 and A4, the

315, 360, 380, and 400 nm bands grew further over the 500 μs
time domain.
Pulse radiolysis of O2-saturated acetone and acetonitrile

solutions containing A6 yielded absorption spectra with similar
features (Figure S4A and B in the Supporting Information).
The transient absorption spectra obtained at 4.8 μs after the
pulse consisted of three absorption bands of various intensities
with maxima located at λmax = 350, 380, and 400/405 nm for
both acetone and acetonitrile solutions, respectively.
With the further lapse of time, the absorption spectrum in

the 350−420 nm decreased in intensity; however, a red-edge
shoulder in the range 430−460 nm developed within the time
range 4.8−20 μs. For both solvents the 400 and 405 nm bands
were fully developed within the range of 4.8 μs with the first-
order rate constants k = (5.3 ± 0.5) × 105 and k = (5.4 ± 0.2)
× 105 s−1 for acetone and acetonitrile, respectively (left insets in
Figure S4A and B in the Supporting Information). On the other
hand, the 430 nm band was fully developed within the range of
8 μs with the first-order rate constants k = (1.3 ± 0.4) × 105

and k = (3.0 ± 0.2) × 105 s−1 for acetone and acetonitrile,

Figure 6. (A) Absorption spectra for the reaction mixture containing
A6/TCNE in acetonitrile at time t = 0 (black), 5 (red), and 10 min
(green). The inset shows the kinetic profiles at different wavelengths.
The shaded vertical bars represent the position and oscillator strength
( f) of the calculated electronic transitions for A6•+. (B) Transient
absorption spectra observed at 1 μs (□), 16 μs (○), and 1 ms (△)
after pulse irradiation of Ar-saturated 1,2-DCE solution containing
10−4 M of A6. Insets: time profiles of the transient at different
wavelengths.
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respectively (right insets in Figure 9A and B in the Supporting
Information).
In acetone, the 400 nm band decayed by a first-order process

with k = (3.3 ± 0.07) × 104 s−1, and a delayed decay of the 430
nm absorption was observed with k = (1.9 ± 0.2) × 104 s−1

(right inset in Figure S4A in the Supporting Information). On
the other hand, in acetonitrile, the 405 nm band decayed by a
first-order process with k = (2.3 ± 0.05) × 104 s−1, and a
delayed decay of the 430 nm absorption was observed with k =
(1.6 ± 0.1) × 104 s−1 (right inset in Figure S4B in the
Supporting Information). Again, a close inspection of the
spectra in acetone and acetonitrile shows that the ratio r =
Gε400/405/Gε430 calculated at 4.8, 20, 40, and 100 μs was not
constant. These observations are consistent with the existence
of two radical cationic species derived from A6, A6•+ and
(A6)2

•+, however, with a lower efficiency in acetone. The
absorption of this dimeric radical cation was reproduced fairly
well by the quantum mechanical calculations.

■ CONCLUSIONS
Experimental data as well as theoretical spectral calculations for
oxoisoaporphine derivatives (OIA) show unequivocally that the
oxoisoaporphines radical cations can be formed in thermally
induced electron-transfer reactions with a suitable electron
acceptor, TCNE (eq 21).

+ → +•+ •−OIA TCNE OIA TCNE (21)

The radical cations of oxoisoaporphines are mostly
characterized by absorption maxima of the most intense
bands located at λmax = 400−410 nm, except for the radical
cations derived from 2,3-dihydrooxoisoaporphines. For these
compounds, the absorption maxima of the most intense
absorption bands were located at λmax = 290−295 nm
(Supporting Information, Table S1). Their locations were

independent of the presence of functional groups and the
solvents used. These absorbing species were formed in
bimolecular processes (eq 22) with the pseudo-first-order rate
constants ranging from 2.1 × 105 to 1.5 × 106 s−1, Table 1,
depending on the derivative and the solvent (S) used.

+ → +•+ •+OIA S OIA S (22)

In acetone and acetonitrile the transient species decayed
predominantly by a first-order kinetics with the first-order rate
constants ranging from 1.1× 104 to 5.1 × 104 s−1 (Table 2),
although they were nearly stable in 1,2-dichloroethane and very
stable in the thermal reaction with TCNE.
The time evolution of transient spectra and kinetic behavior

at various wavelengths strongly suggest that, at relatively low
concentrations of oxoisoaporphines (10−4 M), the radical
cations derived from all oxoisoaporphines studied underwent
aggregation with the oxoisoaporphine ground states in
acetonitrile and those derived from the azaoxoisoaporphines
additionally in acetone (eq 23).

+ →•+ •+OIA OIA (OIA)2 (23)

The dimeric radical cations were characterized by absorption
bands with maxima that were red-shifted by ∼50−100 nm
(relative to the monomeric radical cations) (Table S1,
Supporting Information). Interestingly, such an aggregation
did not occur in Ar-saturated 1,2-dichloroethane.
The position of the absorption maxima and the respective

oscillator strengths for the radical cations were calculated for
the “isolated” species, disregarding any solvent effect. None-
theless, they fit nicely to the experimental spectra as far as the
relative position of the absorption maxima and the oscillator
strengths are concerned. Some discrepancies observed, with
respect to the experimental and calculated absorption maxima,
can be rationalized by the solvent Stokes shifts effect.

Table 1. Pseudo-First-Order Rate Constants for the Formation of Radical Cations (A•+) and Dimeric Radical Cations (A2
•+) (in

Italic), Derived from 10−4 M Oxoisoaporphine Derivatives

k × 10−5 s−1

A1•+ A2•+ A3•+ A4•+ A5•+ A6•+

solvent (A1)2
•+ (A2)2

•+ (A3)2
•+ (A4)2

•+ (A5)2
•+ (A6)2

•+

1,2-DCE 5.6 ± 0.25 2.1 ± 0.03 2.3 ± 0.05 4.2 ± 0.07 15 ± 0.4 3.6 ± 0.02
acetone 2.2 ± 0.6 5.8 ± 0.7 4.5 ± 1.4 6.7 ± 2.9 11 ± 1 5.3 ± 0.5

nm nm nm nm 2.7 ± 0.6 1.3 ± 0.4
acetonitrile 3.8 ± 0.04a 4.6 ± 0.09a 5.7 ± 0.2 7.8 ± 2.7c 9.8 ± 0.3 5.4 ± 0.2

9.4 ± 4.8d (7.9 ± 0.06)b (5.1 ± 0.05)b

0.85 ± 0.04a 1.1 ± 0.1a 1.6 ± 0.04 1.3 ± 0.02 3.2 ± 0.3 3.0 ± 0.2
(0.41 ± 0.06)b (0.11 ± 0.01)b

aReference 26; nm = not measured. bBimolecular rate constants ×109 M−1 s−1 (Supporting Information). The bimolecular rate constant can be
estimated as the pseudo-first-order rate constant/[A]0.

cAt 400 nm. dAt 370 nm.

Table 2. Rate Constants for the Decay of Radical Cations (A•+) and Dimeric Radical Cations (A2
•+) (Italic) Derived from

Oxoisoaporphine Derivatives

k × 10−4 s−1

A1•+ A2•+ A3•+ A4•+ A5•+ A6•+

solvent (A1)2
•+ (A2)2

•+ (A3)2
•+ (A4)2

•+ (A5)2
•+ (A6)2

•+

acetone 1.4 ± 0.08 2.7 ± 0.05 4.3 ± 0.15 4.7 ± 0.6 5.1 ± 0.2 3.3 ± 0.07
nm nm nm nm 1.5 ± 0.07 1.9 ± 0.2

acetonitrile 1.3 ± 0.03 1.1 ± 0.01 2.7 ± 0.06 a 4.4 ± 0.1 2.3 ± 0.05
0.5 ± 0.01 0.5 ± 0.02 0.82 ± 0.02 a 0.67 ± 0.06 1.6 ± 0.1

aGround depletion observed at long time; nm = rate constant not measured.
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The results of this study suggest that these oxoisoaporphines
working as phytoalexins, besides a photochemical component
operating in the presence of oxygen and light, may have a
thermal role that operates in the dark in the presence of a
suitable electron acceptor.
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