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Photoreduction by amines of oxoisoaporphine dyes occurs via a stepwise mechanism of electron-proton-
electron transfer that leads to the metastable N-hydrogen oxoisoaporphine anion. During photoreduction that
occurs from the triplet manifold of the oxoisoaporphine, a radical ionA-•, a neutral-hydrogenated radical
A-NH •, and the metastable ionA-NH - of the oxoisoaporphine are formed. We present time-resolved
spectroscopic data and quantum mechanical semiempirical PM3 and ZINDO/S results for the transient species
formed during the flash photolysis of oxoisoaporphines in the presence of amines. These calculations reproduce
adequately the experimental spectra of the triplet-triplet absorption near 450 nm, and that of neutral
hydrogenated radical of the studied oxoisoaporphines centered at 390 nm. A transient absorption observed
near 490 nm, for all of the studied systems, was explained by considering the formation of radical ion pair
between the radical anion of the oxoisoaporphine,A-•, and the radical cation of the amine, whose ZINDO/S
calculated spectra generate the strongest transition near the experimentally observed absorption maximum at
490 nm, supporting the formation of a radical ion pair complex as the first step of the photoreduction.

Introduction

In the photoreduction of many chromophores by electron
donors, excited-state quenching by electron transfer from the
reductant leads to transient ion-radical pairs, but due to back
electron transfer, there are no permanent chemical changes.1

For some compounds, electron-transfer quenching generates
basic radical anions that are easily protonated, and semireduced
free radicals accumulate.2,3 Disproportionation of the radical can
generate, among other compounds, stable or metastable products
of two-electron reduction or dihydro compounds. Although the
photochemistry of these systems is unusual, similar reversible
mechanisms involving electron-proton-electron transfer
have been reported for reactions of ketones, quinone derivatives,
and thioindigo dyes,2-4 and, more recently, for quinoxalin-2-
ones,5,6 electron-deficient azaarenes,7 and 2,3-dihydro-oxoi-
soaporfinas.8

It is generally accepted that for some donor-acceptor pairs,
excited-state quenching proceeds via sequential transfer of a
single electron,SET, followed by proton and a second electron
transfer, resulting in a net hydride transfer within the quenching
complex.9 This process leads to reactive even-electron ion pairs
which are, however, more stable kinetically than ion-radical
pairs.3 The reaction should then be reversible and one or both
of the reactants will be recyclable, but examples are relatively
rare, because the reversibility of the system depends largely on
the thermodynamic stability of these intermediates or metastable
products relative to other reaction pathways.10

Oxoisoaporphines are a family of oxoisoquinoline-derived
alkaloids that have been isolated fromMenispermaceaeas the
sole known natural source.11 In traditional Chinese medicine,
the rhizomes of the plants are used as an analgesic; antipyretic

and cytotoxic activity has been reported.12-14 Photoreduction
by tertiary amines of synthetic derivatives of oxoisoapor-
phines,15-17 A, 5,6-dimethoxy-, 5-methoxy-, and 2,3-dihydro-
7H-dibenzo[de,h]quinolin-7-one, Scheme 1, in oxygen-free
solutions, generates long-lived semireduced metastable photo-
products, A-NH-, in a stepwise mechanism of electron-
proton-electron transfer with a limiting quantum yield ap-
proaching 0.1 at high amine concentrations.8 The A-NH-

photoproducts revert in the dark to the initial oxoisoaporphine,
a process accelerated by oxygen admission to the reaction cell.
When photoreduction is performed in the presence of triethy-
lamine, TEA, with any of the studied oxoisoaporphines, among
the respectiveA-NH-, N,N-diethyl-1,3-butadienylamine is found
as the principal photooxidation product of TEA.18

Changes in charge density on methylene carbons C2 and C3
upon conversion of oxoisoaporphinesA3 to the corresponding
A3-NH- anion, calculated by using PM3 semiempirical quan-
tum method, were consistent with the changes of the1H NMR
chemical shift of the respective protons. The increase in charge
density from-0.053 to-0.096 calculated for C2 fits with the
upfield shift of the C2 methylene protons from 4.05 to 3.5 ppm.
For C3, the decrease in the calculated charge density from
-0.074 to-0.053 is in agreement with the downfield shift from
2.86 to 3.15 ppm observed in the1H NMR spectra;8 see Scheme
1. Semiempirical quantum mechanical calculations have been
used successfully for electronic spectral prediction of neutral
molecules, cation-radicals and dications of carotenoids,19 buta-
diene derivatives,20 and, more recently, for phthalocyanines;21

also we have used this methods to calculate spectroscopic
transitions for transient species of 3-phenylquinoxalin-2-ones.6

In the present work, our interest is to verify how simple
semiempirical quantum mechanical calculations can account for
the observed UV-visible spectral changes in the photoreduction
of the studied oxoisoaporphines.
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We present a semiempirical quantum mechanical PM322 and
ZINDO/S23,24 study of the photoreduced N-hydrogen oxoi-
soaporphine anion,A-NH-, of three synthetic derivatives: 5,6-
dimethoxy-, 5-methoxy-, and 2,3-dihydro-7H-dibenzo[de,h]-
quinolin-7-one, designated compoundsA1, A2, and A3,
respectively.

Calculated spectra, employing the PM3 minimized geometries
of isolatedA-NH- anions, were obtained by using ZINDO/S,
and compared with the respective experimental spectra of the
semireduced metastable anions. Although these spectra were
calculated disregarding any solvent effect, they nicely fit the
experimental spectra with respect to the maxima of the absorp-
tion bands and the oscillator strength of relative molar absorption
intensities at wavelengths over 300 nm. The use of more
sophisticated methods, TD-DFT/B3LYP/6-31G*,25,26 fails to
predict the experimental absorption band ofA-NH- metastable
ion.

We have previously reported8 that this photoreaction proceeds
mainly, if not exclusively, from the triplet manifold of the
oxoisoaporphines, through the stepwise mechanism outlined in
Scheme 2. The proposed mechanism shows the conversion of
oxoisoaporphineA into the N-hydrogen anion,A-NH-, through
the radical anionA-•, and the neutral radicalA-NH •. Concomi-
tant with these species, the respective radical cation,Et2N+‚
CH2CH3, and the TEA deprotonated radical,Et2NC‚HCH3, are
formed, up to the imine cation final product,Et2N+dCHCH3,
formed together withA-NH-. Imine cation may lead to
diethylvinylamine with the final formation ofN,N-diethyl-1,3-
butadienylamine with quantum yield near 0.03 or react with
H2O, present in the medium, giving acetaldehyde and diethy-
lamine, as detected by NMR.8,18

Results

Semiempirical Quantum Calculations.Semiempirical mo-
lecular orbital calculations at PM3 level22 (HyperChem 6.0
software) were performed to minimize geometries of the product
moleculesA-NH- of Scheme 2.

The procedure was as follows: for a single molecule of
oxoisoaporphine, the geometry was first optimized by using
MM+ molecular mechanics27 followed by unrestricted geo-
metrical optimization at the semiempirical level PM3.

To generate the semireduced species,A-NH-, the optimiza-
tion was performed by adding a hydrogen to the N atom of the
optimized structure ofA, and setting the proper multiplicity and
charge, performing the unrestricted geometry optimization for
the N-hydrogenated anionA-NH-. With optimized geometry
of A-NH-, electronic spectra were calculated by ZINDO/S,
optimized specifically for UV-vis spectroscopy. The calculated
spectra were obtained, for each one of the photoreduction
products of the studied oxoisoaporphines, with the restricted
Hartree-Fock configuration interaction, with orbital criteria
using the first 5 unoccupied and 5 occupied MO and weighting
overlap factors values of 1.267 and 0.585 used forσ-σ and
ππ overlap respectively.6,19,20The results obtained by including
more MO (10+ 10) increase the number of absorption lines in

the high-energy region below 300 nm, without affecting the
spectrally interesting region.

The relevant spectroscopically active transitions, at wave-
length> 250 nm, calculated for the metastableA-NH- anion
of the oxoisoaporphinesA1, A2, and A3 are summarized in
Table 1, together with spectroscopic experimental data.

Although calculations were made for isolated species, all of
the calculated spectra show active absorptions compatible with
experimental results obtained from photolysis of deoxygenated
solutions of the oxoisoporphines in the presence of amines. After
a few minutes of photolysis, UV-vis spectra shows significant
changes, resulting in the rapid appearance of new absorption
bands with isosbestic points at 301 and 378 nm forA1; at 307
and 370 nm forA2; and at 282 and 358 nm forA3, data show
in Figure 1 for oxoisoaporphineA3. Isosbestic points indicate
the clean formation of a single product that has been inequivo-
cally identified as the semireduced N-hydrogenated anion,
A-NH-, of the respective oxoisoaporphine.8

The strong amine absorption at lower wavelength under our
experimental conditions precludes comparisons below 300 nm.
Good agreement between experimental and calculated photo-
product spectra can be attributed to the small changes in the
dipole moment of the states involved, which precludes large
solvent-induced Stokes shifts.28 Figure 2 shows the agreement
between calculated ZINDO/S/PM3 and experimental spectra for
the oxoisoaporphines anionsA1-NH- andA2-NH-.

More time-consuming spectral calculations were made for
the oxoisoaporphine anionA3-NH-, using time-dependent
perturbation DFT at B3LYP/6-31G*25,26 level of theory for the

SCHEME 1

Figure 1. 2,3-Dihydro-oxoisoaporphineA3 spectra during photore-
duction with TEA.

TABLE 1: ZINDO/S/PM3 Calculated Spectra and
Experimental Molar Absorption Coefficients for the
N-Hydrogen Anion A-NH-

A-NH-
λ nm

(calculated)
oscillator
strength

λmaxima

nm
ε × 103

M-1 cm-1

A1-NH- 462.9 0.228 468 4.53
412.9 0.579 405 8.65
391.0 0.071 386 4.92
279.3 0.135 278
252.0 0.227 268

A2-NH- 454.8 0.231 450 4.11
404.5 0.569 394 7.06
382.0 0.065 374 4.01
274.8 0.136 284 2.51
249.9 0.592 270 2.69

A3-NH- 446.3 0.229 452
400.5 0.568 398
375.3 0.050 378
272.0 0.135 342
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isolated molecule and by considering the Tomasi29 solvation
model for acetonitrile with the previously minimized DFT-
B3LYP/6-31G* structure ofA3. The results show discrepancies
both with the experimental and with the ZINDO/PM3 calculated

spectrum by generating an unobserved absorption near 550 nm,
as shown in Figure 3.

Good results for calculated spectra ofA-NH-, obtained from
semiempirical methods, encouraged us to calculate the spectra
of the photoreduction intermediates appearing in Scheme 2, that
is, the excited triplet state3A, the radical anion of the
oxoisoaporphineA-•, and the neutral radicalA-NH •, and
compare these calculated spectra with the experimental spectra
obtained by using laser flash photolysis in the presence of
suitable amines.

Calculations were performed on the optimized neutral mol-
eculesA, for the ground, S0, and first excited electronic states,
singlet S1 and triplet T1, by using the ground state PM3
optimized geometry. To obtain the geometry for the relaxed
first excited triplet state, a new optimization was made, but
now setting the multiplicity of the lowest excited state to 3.
This geometrically relaxed triplet was used for the next
calculations.

The anion radicalA-• was generated by setting the proper
charge and multiplicity to the relaxed triplet T1 geometry and
was optimized to obtain the geometry and the spectra.

The neutral radical,A-NH •, was generated by adding a
hydrogen to the N atom of the optimized structure ofA-•, setting
the proper multiplicity and charge and then performing the
unrestricted geometrical optimization. With optimized geom-
etries of each one of the species mentioned in the preceding
paragraphs, electronic spectra were calculated by using ZIN-
DO/S method on the predicted PM3 most stable conformations.
Results of these calculations are summarized in Table 2 for the
three transient species, where only the spectroscopically active
transitions with wavelength greater than 350 nm are considered.

Geometries for the transient intermediates obtained from the
optimized ground state of the respective oxoisoaporphine by
setting the proper charge and multiplicity and performing the
unrestricted PM3 geometrical optimization were nearly identical
to those obtained by the procedure described in preceding
paragraphs, without significant changes in the ZINDO/S cal-
culated spectra.

Figure 2. 5-Methoxy-2,3-dihydro-oxoisoaporphineA2-NH- anion,
ZINDO/S/PM3 calculated and experimental spectra after complete
photoreduction by TEA (Figure 1S forA1-NH-).

Figure 3. OxoisoaporphineA3-NH- anion, calculated by ZINDO/S
(0); TD-DFT B3LYP/6-31G* vacuum (///); solvated acetonitrile
(\\\); and experimental spectra (-) after complete photoreduction by
TEA.

SCHEME 2
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Transient Spectroscopy.The transient absorption spectra of
the three oxoisoaporphines in nitrogen purged acetonitrile
solutions show absorption bands with maximum at 440 nm and
a shoulder at 475 nm forA1, and maxima at 470 and 450 nm
for oxoisoaporphinesA2 and A3, respectively. All of the
transient spectra show ground-state depletion in the overlapped
spectral range below 400 nm. These absorptions have monoex-
ponential decays with lifetimes of about 50( 2 and 70( 1.5
µs, for oxoisoaporphineA2 andA3, respectively, and a much
more shorter lifetime forA1 near 1.6( 0.3 µs. These signals
disappear in oxygenated solutions and can be clearly assigned
to the triplet excited species3A; see transient spectra in Figure
4 for 5,6-dimethoxy-2,3-dihydro-oxoisoaporphine,A1, together
with the ZINDO/S calculated transition for the respective triplet
and Figure 2S forA2 andA3. Triplet quantum yields,ΦT, of
0.38, 0.42, and 0.55 forA1, A2, and A3, respectively, were
measured by energy transfer toâ-carotene, as explained in the
Experimental Section.

A good agreement between experimental and calculated
spectra for the T-T absorption of the dimethoxy-oxoisoapor-
phineA1, that reproduce the maximum near 450 nm and the
shoulder at 475 nm, was found. Although the fit between
experimental and calculated T-T absorption spectra forA3 and
A2 was not so good, the more intense calculated transitions
were close to the experimental maximum with less than 30 nm
of difference, reproducing the main features of experimental
spectra.

In the presence of amines, significant spectral changes occur
concomitant with the change in decay profiles from monoex-
ponential to multiexponential with a long-lived residual absorp-
tion that remains when amine concentrations are increased.

When non-hydrogen donating amines such as 2,2,6,6-tetram-
ethylpiperidine, TMP, or DABCO were used as electron donors

for 3A, new absorption bands appear in the transient spectra.
These new absorptions were attributed to the radical anionA-•

of the respective oxoisoaporphine, because with these amines
only single electron-transfer quenching of triplet oxoisoapor-
phine is possible, with no further reactions due to the lack of a
transferableR-H; see Scheme 2. Triplet quenching constants,
kET, vary from near the diffusion limit for DABCO withkET )
4.3 × 109 to 2.5× 107 M-1 s-1 for TMP.

Figure 5a show the transient spectra obtained for 2,3-dihydro-
oxoisoaporphine,A3, in the presence of DABCO 0.1 mM. The
spectra show a maximum at 485 nm attributed to the radical
anion A3-• and a shoulder at 465 nm that was attributed to
DABCO+• cation radical;30 both absorptions decay with a
lifetime of about 20µs related to the back electron-transfer
process, of the ion radical pair leading to the initial reactants,
with a kinetic constantk-ET ) 5 × 104 s-1 estimated from the
absorption decay. The low value for this constant is consistent
with spin-forbidden electron back transfer.5,6 Similar results were
obtained with TMP as the electron donor, but, due to the lower
kET as compared with DABCO, we are able to observe the
radical anion absorption at 485 nm and the triplet decay at 450
nm with lifetimes of 230 and 10µs, respectively; see Figure
5b. Both transient spectra show the absorption band at 485 nm
attributed toA3-•.

Flash photolysis of oxoisoaporphineA3, in the presence of
excess of the non-hydrogen-donating amine triphenylamine,
TPA, show the characteristic absorption of the radical cation,
TPA+•, near 650 nm,31 the sharp band with a maximum at 490
nm due to absorption of radical anion, and a broad band near
400 nm, whose absorbance increases with the amine concentra-
tion, Figure 6. Aromatic amines are known for their ability to
form exciplexes;32-34 thus absorption due to an exciplex with a
considerable character of a charge-transfer complex cannot be
disregarded, but the signal at 400 nm could be attributed to
tetraphenylbenzidine whose formation from the reaction between
TPA+• and ground TPA or by dimerization of TPA+• radical
cation35 has been reported in similar systems. Also is apparent
a red shift in the maximum of the band at 490-500 nm that
occurs at times longer than the maximum absorption of
tetraphenylbenzidine, suggesting the formation of an adduct
between theA3-• radical cation and tetraphenylbenzidine. Molar
absorptivity estimation of the radical anionA3-• could be made

Figure 4. Triplet-triplet absorption spectra of 5,6-dimethoxy-2,3-
dihydro-oxoisoaporphine, taken 0.5µs after laser pulse.

TABLE 2: ZINDO/S/PM3 Calculated Spectra for the
Transient Species; Excited Triplet State3A, Radical Anion
A-•, and the Neutral N-Hydrogen Radical A-NH• of
2,3-Dihydro-oxoisoaporphine (Table 1S for A1 and A2)

transient species 3A A -• A-NH•

868.2 (0.050) 860.8 (0.050) 538.0 (0.075)
655.2 (0.006) 616.0 (0.212) 497.3 (0.002)
585.3 (0.031) 441.4 (0.032) 478.0 (0.033)
495.1 (0.103) 439.0 (0.001) 416.6 (0.012)

λ nm (osc. strength) 421.4 (0.605) 385.1 (0.051) 384.5 (0.005)
416.5 (0.037) 361.3 (0.065) 376.9 (0.020)
371.1 (0.015) 343.2 (0.136) 362.0 (0.157)

350.1 (0.003)
340.1 (0.282)
312.5 (0.099)

Figure 5. Transient spectra obtained for 2,3-dihydro-oxoisoaporphine,
A3 in the presence of: (a) DABCO 0.1 mM and (b) TMP 10 mM.
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from the absorbance of TPA+• andA3-• at 647 and 485 nm,
respectively, by assuming a stoichiometric relationship between
the ion radical species at short time after the laser pulse. From
the reportedε ) 1.3× 104 M-1 cm-1, at 647 nm31 for TPA+•,
an ε ) 2.0 × 104 M-1c m-1 at 485 nm can be estimated for
A3-•.

The transient spectrum of the radical anion of 5-methoxy-
2,3-dihydro-oxoisoaporphineA2-•, obtained in the presence of
DABCO 6.4× 10-4 M, presents two maxima: at 490 and 570
nm and a shoulder at 430 nm that may be due to residual
absorption of DABCO+• radical cation.30 The bands at 490 and
570 nm decay monoexponentially, with equal lifetime, indicating
that they are absorptions of the same speciesA2-•, decaying
with a constant rate of 2× 104 s-1. In Figure 7, the spectra are
shown at 5, 10, and 50µs after the laser shot.

When hydrogen donating amines were used, the photoreduc-
tion continued with the formation of hydrogenated neutral
radicalA-NH •, that after the second electron transfer generates
the metastable photoproductA-NH - with more complex
transient spectra due to the simultaneous absorption of the
transients species. However, the previously identified absorption
due to the triplet and to the radical anion of the oxoisoaporphine
and the kinetic evolution of them allow the assignment of the
neutral radicalA-NH • absorption.

In the laser flash photolysis of oxoisoaporphineA3, in the
presence of TEA, the three transients species could be observed
on different time scales. First, at short time after the laser shot,
the known triplet absorption, with maximum at 450 nm, appears.
The radical anion with absorption maximum near 490 nm
appears with a longer lifetime, together with growth of a new
absorption band centered at 390 nm, Figure 8b. This new
absorption could be attributed to the neutral N-hydrogen radical
A3-NH•. The decay and growth, curves of Figure 8a, show that
formation of radical anionA3-•, monitored at 490 nm, occurs
almost immediately after the laser shot; roughly 50% of their
amplitude is reached in less than 1µs, as expected for their
electron-transfer rate,kET ) 6,7× 108 M-1 s-1, followed by a
monoexponential rise, while the proton transfer from TEA+• to
A3-• occurs on a longer time scale as shown in Figure 8a where
the growth and decay of the absorptions attributed toA3-• and
A3-NH• were shown. In the condition of the experiment, [TEA]
) 2.4× 10-5 M, the triplet decay with aτ ) 10 ( 1.8µs, that
agrees with the growth time of radical anionA3-• at 490 nm,
τ ) 9.7 ( 1.8 µs, which decays with a rate constant of 1.6×
104 s-1, estimated from the lifetime of near 62µs. From the
growth time of the signal attributed toA3-NH•, at 400 nm,τ )
165 ( 11 µs, a rate constant for protonation ofA3-•, kH+ )
6.1 × 103 s-1 was estimated by assuming that the radical ion
pair stays in the solvent cage as suggested by the monoexpo-
nential decay of absorption assigned to the radical anion.
However, the rate constant for decay ofA3-• is 2.6 times greater
than the rate constant of the proton transfer, which should be
the rate-limiting step for the formation of the metastable
photoproductA-NH- reported previously.8

Similar results were obtained with tribenzylamine (data not
shown) with the observation of absorption bands maxima
slightly shifted to the red at 500 nm for the radical anion,A3-•,
and 415 nm for the N-hydrogen neutral radical,A3-NH•, with
respect to TEA. The red shift could be attributed to interaction
of the transient species with ground tribenzylamine.

With the twoR-H donor amines, it was possible to observe
the generation of the neutral radicalA3-NH• with a maximum
of absorption near 400 nm in agreement with the PM3/ZINDO/S
calculated spectra, that predicts the stronger transition at 362
nm for A3-NH• and at 374 and 367 nm forA1 andA2 neutral
radicals, respectively; see Table 2. The greater inconsistency
between the experimental and calculated spectra is observed
for A3-NH• with an energy difference of∼0.33 eV, that could

Figure 6. Evolution of the absorption spectra of 2,3-dihydro-
oxoisoaporphineA3 in the presence of 0.2 (upper) and 0.41 (lower)
mM TPA.

Figure 7. Transient spectra of 5-metoxi-2,3-dihidro-oxoisoaporphine
in the presence of 6.4× 10-4 M DABCO.

Figure 8. (a) Growth and decay curves for signals of radical anion
A3-• (dot-line) and neutral N-hydrogen radicalA-NH • (solid-line) and
(b) transient spectra ofA3 in the presence of [TEA] 2.39× 10-5 M,
1.0 and 150µs after the laser shot.
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be attributed to the approximations in the calculation method
used, where only the isolated species were considered disregard-
ing any solvent effect. Despite this, the experimental spectrum
is well reproduced with respect to the wavelength of maximal
absorption, and some transitions between 530 and 560 nm could
be seen in the experimental spectra shown in Figures 5 and 6.

For all of the studied systems, an experimental transient
absorption is observed near 490 nm irrespective of the oxoi-
soaporphine or the amine used. Because it appears in the
presence of nonR-H donating amines, where the only possible
process is the photoinduced electron transfer, its was assigned
to the respective radical anionA-•.

However, the ZINDO/S/PM3 spectral calculation made for
the isolated oxoisoaporphine radical anionA-• does not predict
absorptions near 490 nm, where its appears, predicting the
strongest transitions above 600 nm (transition not observed
experimentally; see Table 2); therefore, the isolated radical anion
could not be responsible for absorption at 490 nm.

A more realistic approach to calculation should consider the
associated radical cation of the amine, formed in the photoin-
duced electron transfer, with the optimization of the whole
molecular system. Optimizations of the molecular systems were
made, first by a fully separated optimization of the oxoisoapor-
phine radical anion,A-•, and amine radical cation R3N+• at PM3
level, then both molecules were merged and fully optimized as
a molecular system by using Molecular Mechanics method
MM+, followed by a single point triplet state ZINDO/S
calculation to estimate the absorption spectra. Several optimiza-
tions with different initial locations for the amino nitrogen with
respect to the oxoisoaporphine were made to find the most stable
conformation for the molecular system, obtaining geometries

similar to those shown in Figure 9 forA3-•/TEA+• andTMP+•

systems, where the distances of amine N to O of CdO of the
oxoisoaporphine vary between 2.4 and 2.6 Å. The calculated
spectra for the systems formed by DABCO, TMP, and TEA
radical cation and 2,3-dihydro-oxoisoaporphine radical anion,
A3-•, are summarized in Table 3 and forA1-• and A2-• in
Table 2S.

All of the considered systems, Table 3 and Table 2S, generate
the strongest transition near the experimentally observed absorp-
tion maximum at 490 nm, suggesting that the absorbing species
are the radical ion pairs and not the isolated radical anion of
the oxoisoaporphines, validating also the estimation of a first-
order back electron-transfer rate constant in the 104 s-1 range.

The same calculations were repeated by considering the
singlet state of the former molecular systems obtaining active
transitions at wavelength below 350 nm disregarding photoin-
duced electron transfer involving the excited singlet state of
the oxoisoaporphines.

The good fit between the transient absorption at 490 nm and
the calculated spectra of the ion radical pair permits us to
conclude that the observed absorption should be attributed to
the ion radical pair in triplet state or to a triplet exciplex with
a great charge-transfer character, supporting our assumptions
about the triplet nature of the photoreactive state.

These theoretical results support the reaction mechanism with
the formation of a long-lived triplet ion radical pair that decays
by the spin-forbidden back electron transfer in competition with
the proton-transfer process as the probable rate-limiting step in
the presence ofR-H donating amines.

Conclusions

The triplet-triplet absorptions of the three studied oxoi-
soaporphines were characterized, next to the intermediate
transients generated in the photoreduction of the oxoisoapor-
phines, that were generated with amines capable or not of
donatingR-H, making possible the assignment of the bands of
absorption of the radical anion of the oxoisoaporphine to 490
nm and of the hydrogenated neutral radical to 390 nm.
Semiempirical quantum mechanical calculations of the absorp-
tion spectra of the intermediates, calculated using ZINDO/S on
the optimized PM3 geometry, reproduce the experimental
spectra of the triplets and of the neutral hydrogenated radical.
The calculated spectra for the isolated radical anion differ
notably from the experimentally obtained ones, but when
considering the radical cation of the amine, the calculated
spectrum reproduces adequately that obtained experimentally,
supporting the formation of a radical ion pair complex as the
first step of photoreduction.

Semiempirical quantum mechanical methods used in this
work allow us to conclude that the observed absorption at 490
nm should be attributed to the radical ion pair or to an exciplex,
with a great character of charge-transfer complex, formed by

Figure 9. Conformation of ion radical pair forA3-•/TEA +• andA3-•/
TMP +• systems; hydrogen atoms have been omitted for clarity.

TABLE 3: ZINDO/S/MM + Calculated Spectra for the Ion
Radical Pair A-•/Amine+• for 2,3-Dihydro-oxoisoaporphine,
A3; See Text

amine+• DABCO TMP TEA

1510.9 (0.013) 1515.7 (0.001) 1460.8 (0.035)
1146.1 (0.011) 1389.0 (0.061) 1266.6 (0.036)
624.6 (0.002) 799.2 (0.007) 1041.5 (0.017)
483.6 (0.208) 588.0 (0.173) 575.6 (0.175)

λ nm (osc. strength) 453.6 (0.004) 449.8 (0.477) 449.7 (0.507)
449.1 (0.047) 438.4 (0.173) 439.7 (0.082)
340.2 (0.009) 370.2 (0.021) 337.3 (0.033)

335.5 (0.056)
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the oxoisoaporphine and the amine. These results show how a
simple, rapid, and low demanding computing method provides
good spectral results that permit us to assign absorption spectra
to transient species.

The transient species detected in the present work support
the stepwise mechanism of transfer of electron, proton, electron,
previously proposed for the photoreduction of 2,3-dihydro-
oxoisoaporphines.

Experimental Section

Acetonitrile, HPLC, or spectroscopic grade was used as
received. Triethylamine, TEA, Aldrich, was stored over potas-
sium hydroxide prior to vacuum distillation trap-to-trap, and
2,2,6,6-tetramethylpiperidine, TMP, Aldrich 99+%, was also
vacuum distilled. Both amines were sealed into glass tubes at
10-4 Hg mm and stored at-18 °C. Before each experiment, a
new tube was opened to ensure freshness of the amine.

DABCO, Aldrich, was used as received. DABCO solutions
were prepared immediately before use. Triphenylamine, Aldrich
98%, was purified by recrystallization from methanol.

Synthesis of oxoisoaporphines A1, A2, and A3was
achieved by the procedure reported by Favre et al.15 and by
Walker et al.16 and completely characterized as reported
previously.17

Laser flash photolysisexperiments were performed on the
instrument described previously.6,36 Optimal results were ob-
tained with solutions with absorbance 0.6 at the excitation
wavelength. Solutions (3 mL) of oxoisoaporphine, with absor-
bances between 0.2 and 0.6 at 355 nm, were purged with N2

for 20 min in a 10 mm fluorescence quartz cell sealed with a
septum. Immediately after purging, an aliquot of pure or diluted
amine was added through the septum for the quenching or
spectral experiments. Bimolecular rate constants were obtained
from slopes of Stern-Volmer type plots of 1/τ versus [quench-
er]. For decay of an ion-radical pair, first-order rate constants
were estimated from the inverse of lifetime of the monoexpo-
nential decay of the respective absorptions.

Transient spectra in the presence of amines were monitored
typically with not more than 4 laser pulses for each monitored
wavelength. When flash photolysis was made in the presence
of TEA, the integrities of solutions were assured by taking 10
min rest intervals between each wavelength measurement. Also,
the UV spectra of solutions were checked after a few laser shots.

Triplet quantum yields for oxoisoaporphines were measured
by energy transfer toâ-carotene with benzophenone as standard.
The measurements were made by monitoring the 520 nm∆OD
corresponding toâ-carotene triplets37 of solutions of oxoi-
soaporphine and benzophenone in acetonitrile, whose absor-
bances at 355 nm were matched approximately to 0.2. Aliquots
of â-carotene in benzene were added to the former N2 purged
solutions to reach a plateau in the absorption signal at 520 nm,
to ensure complete energy transfer toâ-carotene. To the
oxoisoaporphina solutions was added the same quantity of
â-carotene, and∆OD at 520 nm was measured attenuating the
laser power with glass slides and measuring the impinging power
with a pyroelectric power meter Quantel model MPI-310.

The triplet quantum yield was calculated from the slope of
the plots of∆OD520 versus laser power, measured with the
oxoisoaporphine and benzophenone by using:ΦT ) (moxo/mbzph)
× ΦT

bzph, wheremoxo andmbzph were the slopes of the optical
densities ofâ-carotene triplet absorption at 520 nm sensitized,
respectively, by oxoisoaporphine and benzophenone, andΦT

bzph

is the triplet quantum yield of benzophenone38 taken as 1.00.
To be sure that no direct excitation ofâ-carotene takes place,

a cell with pure purged acetonitrile was irradiated with the same
aliquots used in the preceding experiments. In this cell, no
absorption at 520 nm was observed, indicating no direct
excitation ofâ-carotene. The integrities of the solutions were
monitored by UV spectrophotometry, and no more than 4 laser
pulses were used at each laser power. This procedure assumes
an energy transfer yield of 100%.

Quantum mechanical calculations were made using a
Windows version of HyperChem-6.01 by HyperCube, Inc. in a
compatible personal computer with an Intel Pentium 4 processor
of 2.0 GHz with 512 MB of RAM. The ZINDO/S IC
calculations were made with 5+ 5 MO; by including more
MO (10+ 10), a greater number of absorption lines in the high-
energy region beyond the range of UV spectrometers were
obtained, without affecting the spectrally interesting region.
DFT-B3LYP/6-31G* calculations were made by using the
Windows version of the Gaussian 03 suite of programs.39
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