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Sensitized by Pyrylium Salts 

I. Introduction 
Photoinduced-electron-transfer (PET) processes have 

attracted growing interest in the last de~ade.l-~ This 
has led to a better understanding of the involved 
mechanisms and to the development of new synthetic 
methodologies. In particular, PET reactions such as 

cycloadditions, cycloreversions, oxygenations, and frag- 
mentations have been extensively documented. 

When designing a PET experiment, a key point is 
selection of the sensitizer. In principle, many molecules 
are potentially useful for this purpose, but only a few 
have found application in practice. Cyanoaromatic 
compounds constitute at  the present moment the most 
important group of PET sensitizers. 

2,4,6-Triphenylpyrylium tetrafluoroborate (TPT) 
absorbs in the visible and is a good oxidizing agent in 
the excited state. It is easily accessible and highly 
soluble in organic solvents. Since it is a salt, there is 
no net charge separation associated to the electron- 
transfer step. Therefore the formation of free-radical 
ions is enhanced, while deactivation through back- 
electron transfer (BET) is reduced, in comparison with 
cyanoaromatics. Besides, TPT is also an efficient PET 
sensitizer in its triplet excited state. This allows 
generation of triplet radical ion pairs and thus exami- 
nation the effect of spin multiplicity on the fate of these 
intermediates. In the field of electron-transfer pho- 
tooxygenation, a unique property of TPT is that it 
produces neither singlet oxygen nor superoxide radical 
anions. Thus, TPT is a suitable photosensitizer to study 
the reactions of organic radical cations with molecular 
oxygen. 

The present review covers the literature appearing 
from the early 1960s through mid-1993. In the first 
section, the general properties of TPT relevant to ita 
use as a PET sensitizer are conveniently summarized. 
The body of the article is devoted to showing the wide 
applicability of this salt in promoting a variety of specific 
chemical transformations. Where data are available, 
the behavior of TPT is compared with that of other 
electron-transfer photosensitizers, including pyrylium 
salts with different counterions and/or different sub- 
stituents at  the heterocyclic ring, as well as cyanoaro- 
matics. The observed similarities and differences are 
clearly indicated and, if possible, justified. Finally, 
there is a short section devoted to the phototechno- 
logical applications of pyrylium salts, which provides 
key entries to the patent literature for the interested 
readers. 

II. General Propetfles of TPT Relevant to Its 
Use as PET Sensitizer 

A. Light Absorption and Emission 
A summary of the main physicochemical parameters 

of the 2,4,6-triphenylpyrylium cation (TP+) relevant 
to its use in photochemical electron-transfer processes 
are contained in Scheme 1 and Figures 1-3. 
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When using a photosensitizer, one of the most 
important characteristics to ensure its general ap- 
plicabilityis the UV-visabsorption spectrum. Ideally, 
the spectrum must have strong bands at long wave- 
lengths in the visible to allow selective excitation of the 
photosensitizer in the presence of a large variety of 
chromophores. Systematic studies on a large series of 
pyrylium salts can be found in the literature.”’-13 
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Figure 1. W-vis absorption spectrum of TPT in CH2Cl2. 
(Adapted from ref 13.) 

Scheme 1 

Tp 

Particularly, TPT exhibits two absorptions in CHzClz 
at 417 and 369 nm with extinction coefficients around 
29 500 and 42 500 dm3 mol-’ cmd, respectively (Figure 
1). According to the different charge distributions 
involved in the transition from the ground solvated 
state to the excited unsolvated state, increasing solvent 
polarityresults in a hypsochromic shift ofthe absorption 
maxima to shorter wavelengths. They have been 
ascribed as due to two independent chromophores: the 
2,6-diarylpyrylium substructure (longer wavelength) 
and the 4-arylpyrylium moiety (shorter wavelength). 
Depending on the UV spectrum of the PET-reaction 
partners, theTPTabsorption bandinthevisibleenables 
one to use a variety of glasses (Corning 0-51, Oriel 5146 
long pass filter, Toshiba UVD-35, or even Pyrex), as 
well as solutions (KZCrOd in aqueous NaZCO3 or 
mixtures of CuSOl and NaN02 in aqueous NH3, to cut 
off the undesired emission of conventional mercury 
lamps, thus avoiding direct photolysis of the sub- 
strates.“ 

Pyrylium salts have also characteristic emission 
spectra. Both fluorescence and phosphorescence can 
be generally ~bserved.~~J”” The strong bathochromic 
shift of the fluorescence (up to 70 nm) with the 
decreasing temperature has been rationalized as a 
reflection of the dramatic changes in solvation, reor- 
ganization, and relaxation of the solvent molecules due 
to modification of the charge distribution during 
electronic excitation. It is interesting to note that in 
contrast to the relatively high intersystem crossing 
efficiency of TPT, the fluorescence quantum yield of 
other 2,4,6-triarylpyrylium cations can be almost unity, 
especially for aromatic rings bearing methoxy sub- 
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Table 1. Spectroscopic and Photophysical Data of TPT and Other Related Pyrylium Cations14l*J1 

R* R4 Re XA- (nm) XF- (nm) 4F 7s (ns) 
Ph Ph Ph 417,369 465 0.52 2.9 
Ph H Ph 417 463 0.84 3.7 
p-CHaOC& p-CH3OC6H4 P-CH@C& 426,455 sh 529 0.95 4.0 
p-CH&C& Ph Ph 464,371 538 0.84 7.2 
Ph p-C&OCH3 Ph 432 511 0.28 4.7 
P-CH30C6Hi H p-CHsOCeH4 488 536 0.91 3.9 
Ph COOEt Ph 436,325 514 0.47 5.9 
P-(CHs)iNCsH4 Ph Ph 577,359 625 0.006 - 
Ph CH3 Ph 387 451 0.51 3.7 
p-BrCsH4 Ph Ph 412,359 485 0.28 2.1 
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Figure 2. Emission spectra of TP+C104-: (a) fluorescence 
at room temperature, and (b) phosphorescence at 77 K. 
(Adapted from ref 16.) 
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Figure 3. Transient absorption of TP+C104- in CH2Clz 
solution 4 ps after 347-nm laser excitation. (Adapted from 
ref 23.) 
stituents or other groups of medium donor strength. In 
fact, the strong fluorescence emission of some pyrylium 
cations is responsible for their excellent lasing properties 
that would make possible their use as Q-switches for 
ruby lasers.ls Furthermore, they can exhibit an ef- 
ficiency similar to that of Rhodamine 6G in dye lasers 
but expanding to an even wider range of tunable 
wavelengths.1e-22 In those cases, the phosphorescence 
is absent or remains under the detection limits of the 
instrument. The main data concerning the absorption 
and emission properties and other photophysical char- 
acteristics of TPT and other related pyrylium salts are 
contained in Table 1 and Figure 2. The transient T-T 
absorption of the TP+C104- triplet state23 is presented 
in Figure 3. 

6. Thermodynamics and Kinetics of Electron 
Transfer 

The reduction potential of pyrylium cations has been 
measured by cyclic voltammetry, second harmonic ac 
voltammetry, and polarographic methods.2k26 It has 
been found that TPT is not a good oxidizing agent in 
the ground state. However, during the experimental 
determination of homolytic and heterolytic C-C, C-0, 
and C-S bond dissociation energies by calorimetric 
measurements of the reaction between TP+ and fluo- 
renides,26  phenoxide^,^^ and thiophenoxides,= some 
spontaneous electron-transfer processes in the ground 
state with negative free energy changes have been 
established (Table 2). On the other hand, the reversion 
of electrogenerated pyranyl radicals to their cor- 
responding pyrylium cations, coupled with the reduc- 
tion of polycyclic aromatic hydrocarbon radical cations 
to their neutral molecules has allowed the generation 
of excited arene triplets and subsequent luminescence 
measurements without a previous photochemical ex- 
c i t a t i ~ n ~ ~ , ~ ~  (Scheme 2). 

Scheme 2 

T F Tp+ e 

ArH -e * ArH'+ -+ ArH 

The poor performance of TPT as electron acceptor 
in the ground state sharply contrasts with the exceed- 
ingly strong oxidizing power of TPT excited states3l~3~ 
as evidenced by its reduction potential calculated by 
applying the Rehm-Weller equation.33 An energy 
diagram outlining the different balances between the 
transfer of one electron from a donor (D) to the ground 
or excited state of TPT is presented in Scheme 3. 

When using this equation, two peculiarities of TPT 
have to be considered. Firstly, it  has been found that 
excited TPT can act as electron acceptor from the 
singlet and the triplet excited states. Since bothstates 
have different excitation energies, it follows that TPT 
must exhibit two different reduction potentials de- 
pending on the spin multiplicity involved in the reaction 
mechanism. These high values compare favorably with 
the reduction potentials of other widely used PET 
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Table 2. Heterolytic (A&) and Homolytic (A&) Bond Dissociation Energies and Enthalpy Changes for the 
Ground-State ET between TP+ and Some Fluorenides, Phenoxides, and Thiophenoxides”P3 

TP+ + A- + TP-A (1) 

TP‘ + A’ TP-A (2) 

TP+ + A- F? TP’ + A* (ET) = (1) - (2) 

A- 
-W 

(kcal/mol) 
-A& 

(kcal/mol) 
9-phenylfluorenide 
9-phenylthiofluorenide 
9-carbomethoxyfluorenide 
4-chlorophenoxide 
4-fluorophenoxide 
4-tert-butylphenoxide 
thiophenoxide 
4-methylthiophenoxide 
4-methoxythiophenoxide 

21.73 f 0.4 
18.02 f 0.45 
9.03 f 0.30 
9.21 f 0.22 

12.86 f 0.17 
13.57 f 0.68 

10.45 f 0.44 
11.47 f 0.63 

9.05 

14.10 
15.44 
13.99 
24.29 f 0.47 
23.84 f 0.33 
21.96 f 0.77 
16.87 f 0.23 
16.79 f 0.46 
16.77 f 0.66 

-7.63 
-2.58 

15.08 f 0.42 
10.98 f 0.28 
8.39 f 0.36 
7.82 f 0.20 
6.34 * 0.20 
5.30 f 0.19 

4.96 

Scheme 3 

E(TPT*PTPT”) = ca. 2.5 V vs SCE (SI) 
ca. 2.0 V vs SCE (TI) 

TPT” = TP‘ BFi 

sensitizers, for instance cyanoaromatics. Thus, the 
number of substrates capable of acting as possible 
electron donors is enlarged. The second point to be 
remarked is the negligible contribution of the Coulombic 
term to the total free energy change of the ET process, 
which is a direct consequence of the lack of net charge 
separation. As the pyrylium ring bears a positive 
charge, only charge exchange takes place when the 
radical cation of the donor is generated (Scheme 4). In 

Scheme 4 

Ph 

D +  [ m o p h  BF4- 

TPT 

* - D‘. + 
Ph Ph 

BFI‘ 
TPT’ 

this context, it has been found that L e  PET effic.mcy 
is generally higher for cationic sensitizers than for 
neutral sensitizers.% It has been reasoned that diffusion 
and escape to give free radical ions is enhanced by the 
lack of Coulombic attraction between the donor- 
acceptor (D-A) partners. Therefore, this factor reduces 
back-electron transfer (BET) within the contact pairs, 
which is the main pathway leading to deactivation of 
the photogenerated radical cations. 
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Figure 4. Plot of the logarithm of the rate constant for 
fluorescence quenching us the free-energy changes associated 
with the PET from donors to the singlet excited state of 
TPT (1) tetraphenylethylene, (2) 1,4-dimethoxybenzene, (3) 
trans-stilbene, (4) adamantylideneadamantane, (5) tri- 
phenylethylene, (6) biphenyl, (7) mesithylene, (8) 4-chloro- 
toluene, (9) toluene, (10) chlorobenzene, (11) benzene. 
(Adapted from ref 36.) 

Concerning the kinetics of PET reactions sensitized 
by TPT, it has been observed that the fluorescence 
quenching rate increases as the free energy changes of 
the electron transfer become more negat i~e3~a~ (Figure 
4). For practical purposes, it can be considered that 
the quenching is diffusion controlled when AG is less 
than -10 kcal mol-l. These experimental observations 
are in good agreement with the general relationship 
between the ET driving force and the free energy of 
activation for the “normal region”, as predicted by the 
Marcus theory.37 

C. Experimental Advantages 

Besides fulfilling the requirements of selectivity in 
the excitation and high oxidizing power, TPT gathers 
other important experimental advantages that make 
this compound one of the most convenient PET 
sensitizers. Thus, TPT is commercially available from 
some of the largest chemical suppliers and can be readily 
prepared by condensation of chalcone with acetophe- 
none using hydrotetrafluoroboric acid38 or directly in 
one step from acetophenone and benzaldehyde, using 
boron trifluoride. Likewise, the use of other Br6nsted 
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acids, like HClOd or even HOAc, as well as anion 
exchange gives access to other analogues. The synthesis 
and chemical behavior of pyrylium salts have been 
comprehensively reviewed e l ~ e w h e r e . ~ ~ * ~ ~ t ~  Moreover, 
TPT is highly soluble in some common organic solvents, 
and the photosensitization can be carried out adequately 
in dichloromethane or acetonitrile. After the photo- 
chemical reaction, the ionic nature of TPT allows its 
easy chromatographic separation from the reaction 
mixtures. The combination of all these characteristics 
makes TPT an experimentally friendly sensitizer. 

However, it  must be mentioned that the high oxida- 
tion power of TPT is not always convenient, as in certain 
cases the selectivity might be lost.31 Thus, the analogous 
tris(4-methoxypheny1)pyrylium tetrafluoroborate, with 
a lower oxidation power in its excited state, leads 
sometimes to better results. On the other hand, TPT 
and related pyrylium salts possess a strong Lewis acidity 
which can complicate the electron-transfer reactivity 
and can give rise to undesired side r e a ~ t i o n s . ~ ~  

Although TPT can be handled without any special 
precaution, it has to be emphasized that the perchlorate 
salt of TP+ can explode under extreme conditions of 
heating.41 Consequently, the storage and use of large 
amounts of this sensitizer is to be avoided. 

560 

540 
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D. Charge-Transfer Complexes 
Tle electron acceptor ability of pyrylium cations, both 

in the ground and excited states, is responsible for the 
formation of charge-transfer (CT) complexes, an in- 
termediate situation previous to the complete transfer 
of one electron. However, owing to the high reactivity 
of pyrylium toward nucleophiles, the nature of the CT 
complexes that can be formed is severely limited to 
those electron donors not yielding nucleophilic ring- 
opening products. In particular, the use of primary 
amines can be complicated by the formation of pyri- 
dinium heterocycles, whereas secondary or tertiary 
amines can yield addition-elimination products.ll 

The formation of CT complexes between phenyl- 
substituted pyrylium salts and a series of polycyclic 
condensed arenes and substituted benzenoid com- 
pounds has been s t ~ d i e d . ~ ~ ~ ~ ~  In those cases where a 
well-defined new absorption band due to the CT 
complexes could be resolved, a good correlation between 
the energy of the absorption maximum and the oxida- 
tion half-wave potential of the donors was established. 
Likewise, a linear relationship between the energy of 
the CT band maximum with anthracene and the 
reduction potential of the corresponding pyrylium 
cation was obtained (Figure 5).  The one-to-one stoi- 
chiometry of the CT complexes and their association 
constants were determined by plotting the optical 
densities of the CT band against the concentration of 
the donor. 

The emissive properties of pyrylium CT complexes 
with naphthalene and pyrene have been also studied*?" 
(Figure 6). Selective excitation at  low temperature of 
one of the partners of the CT complex gave the 
characteristic emission from this excited partner. 
Besides, a new weaker fluorescence (mirror image of 
the CT absorption) was detected. Its intensity in- 
creased significantly upon excitation of the character- 
istic CT band.44 Even specific structureless phospho- 
rescence at wavelengths longer than those due to either 

/ \  

450 500 550 600 650 700 
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Figure 6. Fluorescence due to the specific emission of the 
CT complex between TP+C104- and naphthalene at 77 K 
after 500-nm selected excitation of the CT band. (Adapted 
from ref 44.) 

the pyrylium or the donor (attributable to the CT) has 
been observed. 

In a very few cases, these CT complexes have been 
isolated in a crystalline form. This is the case for the 
TP+ salts with anions like 1,1,3,3-tetracyanopropenide 
and tricyanomethanide4 or 1,2,3,4,5pentacarbomethox- 
ycyclopentadienideqB or with neutral basic molecules 
like N-amino-4-(dicyanomethylene)-2,6-dimethyl-1,4- 
dihydr~pyrydine~~ (Chart 1). 

Chart 1 

NC+N 

COOMe 

Pyrylium iodides can also be included in this category. 
The red shift of the absorption spectrum of pyrylium 
iodides compared with other salts has been attributed 
to the formation of a true CT complex.- The same 
applies for the thiocyanates and selenocyanates.50 In 
general, pyranylradicals can be detected in the solutions 
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of pyrylium halides in nonpolar solvents, but they are 
not formed using polar solvents.51 This behavior can 
be easily interpreted in terms of the predominance of 
intimate contact ion pairs in apolar solvents or solvated 
free pyrylium and halide ions in polar media. 

E. Photolytic Generation of Pyranyl Radicals 
There is plenty of information about the generation 

and spectroscopic characterization of pyranyl radicals 
from the corresponding pyrylium cations after chem- 
icals- or electrochemical57-@' single-electron reduction. 
Dimerization is the major pathway undergone by these 
radicals. However, this is a reversible reaction: aryl 
substitution at  the 4-position of the pyrylium ring and 
higher temperatures shift the equilibrium to the pyranyl 
radical. 

2,4,6-Triphenylpyranyl (TP.) and other related 4-sub- 
stituted radicals can also be generated by mere ir- 
radiation of TPT in degassed THF or 1,2-dimethox- 
yethane, by electron transfer from the solvent, with 
relatively high quantum yields61*6z (Scheme 5). This 

Scheme 5 
Ph Ph 

hv 

Ph 
BF,' 

EPR 
UV -Vis spectroscopy 

time-resolved 
techniques 

BF; 

points out the excellent aptitude of excited TPT to 
accept one electron. TP' was identified by the electronic 
absorption (Figure 7) and the EPR spectra. Further- 
more, the resolved EPR hyperfine structure observed 
at  room temperature was in good agreement with that 
predicted by simulation. With decreasing temperature, 
the characteristic light red color of TP' in THF faded, 
while the intensity of the EPR signal decreased, 
indicating formation of the diamagnetic dimers. In the 
case of 4-aryl-substituted pyrylium ions, this process 
has been found to be reversible, as evidenced by the 
recovery of the original EPR intensity by warming up 
to room temperature. The enthalpies of dissociation 
of a series of pyranyl dimers could be established in 
this way. No radicals were detected when the pho- 
tolyses were carried out in acetonitrile, which is in 
agreement with the better electron donor ability of THF 
and ethers in general. 

Analogous photolysis in THF of 2,6-diphenyl- 
pyrylium tetrafluoroborate, in which substituents at 
the 4-position of the heterocyclic ring are lacking, gave 
irreversibly the corresponding 2,2',6,6'-tetraphenyl- 
substituted dimer. Evidence for the pyranyl radical 
could only be obtained using time-resolved spectros- 
copy.63 

Likewise, when using TPT as photosensitizer in the 
presence of electron donors, a second piece of evidence 
for the operation of a PET mechanism has been received 
by the detection in some cases of TP' using time- 
resolved techniques. 

0.4 
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300 350 400 450 500 550 600 

Wavlengh (nm) 

Figure 7. Absorption spectrum of TP' recorded upon 
irradiation of TP+ in THF. (Adapted from ref 61.) 

F. Lack of Singlet Oxygen Formation 

TPT is not able to participate in energy transfer from 
its excited triplet state to ground-state oxygen, at  least 
under the usual photooxygenation conditions.*@ 

Laser flash photolysis (LFP) of TPT (1.6 X 1W M) 
under argon gave a transient spectrum assigned to the 
T-T absorption of TPT (very broad band with a 
maximum at ca. 850 nm). Accordingly, it was efficiently 
quenched by dissolved oxygen with k,[023 = 1.3 X lo6 
s-l, On the other hand, LFP of TPT (ca. lo4 M) under 
argon, in the presence of different electron donors (1.4 
X 10-4 M), where quenching of the excited singlet state 
was not significant, gave transient spectra assigned to 
the pyranyl radical. The quenching rate constants (KqT) 
were in all cases ca. 10'0 dm3 mol-' s-' (diffusion 
controlled), in agreement with the fact that the free- 
energy changes were negative enough in the normal 
Marcus region. Under the preparative oxygenation 
conditions, the donors used are present in higher 
concentrations (10-2-10-1 M) and hence triplet TPT 
must be quenched more than 100 times more rapidly 
by the donors than by dissolved oxygen.36@ 

G. Lack of Superoxide Formation 

Very usually, after the electron-transfer step leading 
to formation of donor/acceptor radical ion pairs, the 
reduced species interacts with molecular oxygen, af- 
fording the superoxide radical anion. The latter may 
play a key role in electron-transfer photooxygenation, 
reacting with the oxidized form of the donor (Scheme 
6). 

Scheme 6 
hv D + A - D+' + A'- 

In the case of TPT, this is not possible because of 
thermodynamic reasons. Taking into account the 
known reduction potentials of TPT and oxygen, the 
calculated AG is +11.3 kcal mol-', if the Coulombic 
factor associated to charge separation is neglected 
(Scheme 7). 
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Figure 8. Cyclic voltammograms, recorded in the absence 
and presence of oxygen, of TPT (1.5 X 103 M) in CHzClz (A) 
and 9,lO-dicyanoanthracene (2.0 x 1V M) in MeCN (B). 
(Adapted from refs 36 and 64.) 

Scheme 7 
Ph 
I 

Ph 
I 

Ph Ph Ph Ph 

This was confirmed by laser flash photolysis experi- 
ments, which showed no influence of oxygen on the 
transient spectra of the pyranyl radical generated by 
quenching of excited TPT (singlet or triplet) by several 
donors.sla 

In the comparative study of TPT and DCA by cyclic 
voltammetry (Figure 8), the following facts were ob- 
served: (a) both photosensitizers exhibited reversible 
behavior under inert atmosphere, (b) TPT displayed 
typical EC voltammograms in the presence of oxygen, 
indicating that the pyranyl radical reacts with molecular 
oxygen, (c) the heights of the reduction current in the 
presence and absence of oxygen were markedly similar, 
suggesting that the resulting peroxy radical is electro- 
chemically inactive, and (d) in the presence of oxygen, 
the reduction of DCA showed a huge current increase, 
consistent with a mechanism in which DCA*- reduces 
molecular oxygen to superoxide, repeating this cycle 
until oxygen is consumed near the electrode.36@ 

The above observations were found to be consistent 
with the lack of superoxide generation in the TPT- 
photosensitized reactions and with the trapping of TP' 
by molecular oxygen (Scheme 8). 

Scheme 8 
Ph 
I 

Ph 
I ,oo' 

Ph Ph Ph 

The latter process was detected in the electrochemical 
time scale (seconds), but not in the laser flash photolysis 
time scale (microseconds). 

H. Suitability To Study the Reactions of Organic 
Radical Cations with Molecular Oxygen 

A common problem in the photooxygenation of olefins 
or other organic molecules is the involvement of several 
oxygen-derived species (molecular oxygen, singlet oxy- 
gen, superoxide radical anion) and the contribution of 
different reaction pathways to the formation of the final 
products. Hence, it is highly desirable to find "clean" 
photosensitizers, which operate by a single mechanism. 
In this context, TPT provides a powerful tool to 
elucidate the reactivity of radical cations with molecular 
oxygen, in view of the fact that it produces neither 
singlet oxygen nor superoxide upon photochemical 
excitation (see above).%@j The sequence of steps 
actually intervening are those of a chain reaction 
(Scheme 9): 

Scheme 9 
INITIATION: D + TP" - D+' + TP 

PROPAGATION D+' + 3 0 2  - DO*+' 
m+.+D - W , + D '  

Specific examples of such processes are presented in 
section 1II.H. 

I.  Suitability To Study Effects of Spin Multiplicity 
on the Reactivity of Radical Ions 

It has been mentioned that the quantum yield of 
fluorescence and intersystem crossing are comparable 
in the case of TPT. When electron donors are present 
at  high concentrations (for instance, 10-l M), most of 
the excited TPT singlets are quenched. Conversely, a t  
lower donor concentrations (typically 1W M) singlet 
quenching is negligible and triplet TPT becomes the 
predominant electron acceptor species. Formation of 
the pyranyl radical (indicative of the electron-transfer 
process) has been observed by laser flash photolysis 
under both sets of conditions (see section 1I.E). In this 
way, singlet or triplet radical ion pairs can be generated 
in the TPT-photosensitized reactions (Scheme lo)." 
Scheme 10 

Tp+ 'Tp+' > 1ID'k.TP.I D + Tp+ 

D Dif. - 
+p+* - 31D+wl - D+. + TP 

The triplet pairs appear to be more efficient in the 
generation of free radical ions, owing to the lower extent 
of back-electron transfer as compared with the singlet 
analogues. Further effects of spin multiplicity on the 
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reactivity of radical ion pairs constitute an interesting 
field for future investigations. 

Miranda and Gar& 

I I I .  PET Reactions Sensitized by TPT 

A. Cycloaddltlons 

The general current paradigm for the TPT-sensitized 
photocycloadditions of alkenes and dienes is presented 
in Scheme 11. It consists of a chain mechanism that 

Scheme 11 
- STEP 1 : Ionization 

>=( 

Jt 
STEPS 2 an 

or 

+m+ - 
3 in [2n+27t] cycloa litions 

>=<+>,t(- Z Z E  
TPT' (-TPT) 

- STEPS 2 and 3 in [4n+Zn] cycloadditions 

only requires catalytic amounts of pyrylium salt. Thus 
after light absorption, TPT in its singlet or triplet 
excited state accepts an electron from the electron-rich 
C=C double bond to generate pyranyl radical and the 
radical cation of the olefin. Addition of the latter species 
to another molecule of alkene or diene gives rise to the 
radical cation of the corresponding 12 + 21 or [4 + 21 
cycloadduct. Owing to the higher oxidation potential 
of these secondary intermediates, the final step of the 
chain is usually an electron transfer to form the neutral 
cycloadduct and a secondary nonphotochemically gen- 
erated alkene radical cation. This mechanism explains 
why the quantum yield of product formation can be 
higher than unity. 

B. [ 2 ~  4- 27r] Dlmerlzatlons 

TPT-sensitized irradiation of indene and 1,l-di- 
methylindene (ED*+/D = 1.68 V us SCE) in acetonitrile 
gave rise exclusively to the corresponding head-to-head 
dimers in a 97% anti stereoselectivitp (Scheme 12). 
This result contrasts with the poor regioselectivity 
achieved in the triplet state dimerization, where ap- 
preciable amounts of the head-to-tail dimers are also 
formed. Moreover, the possibility that an energy- 
transfer mechanism could be operating was conclusively 

Scheme 12 

m 1 MeCN 

hv (b436nm)  

TPT ( ~ x ~ O - ~ M )  
b 

(synmti = 3:97) 
2 

ruled out taking into account that the triplet state of 
TPT (ET = 53 kcal/mol) lies far below those of the 
indenes (ca. 60 kcal/mol) and that the outcome of the 
TPT-sensitized dimerization was unaffected by triplet 
quenchers. On the other hand, quenchers with low 
oxidation potential such as 1,2,4-trimethoxybenzene 
(ED.+/D = 1.12 V us SCE) efficiently suppressed the 
dimerization. However, the fact that the quantum yield 
was enhanced by the presence of oxygen still remains 
unexplained. 

According to the general mechanism accepted for the 
TPT-photosensitized cycloadditions (Scheme l l ) ,  the 
stereochemistry of indene dimerization is readily 
explained in terms of addition of the indene radical 
cation to another neutral molecule, to give the highly 
stabilized head-to-head distonic 1 ,Cradical cation. 

Likewise, it has been reported that the TPT- 
sensitized irradiation of phenyl vinyl ether in aceto- 
nitrile gives rise mainly to the cis and trans stereo- 
isomers of 1,2-diphenoxycyclobutane (Scheme 13). 
However, in this case formation of phenol and 2-methyl- 
3-phenoxypyridine as byproducts in equimolar amounts 
was also observed. These unexpected products have 
been explained as arising from trapping of the dimeric 
1,Cradical cation 4 by the solvent. 

Dimerization of phenyl vinyl ether has also been 
carried out using two polymer-bound 2,4,6-triaryl- 
substituted pyrylium cations. The obtention of these 
polymeric sensitizers is outlined in Scheme 14. This 
was the first attempt to obtain a pyrylium-based 
heterogeneous sensitizer. However, it was found that 
the efficiency of the heterocyclic centers to induce the 
photosensitized dimerization of phenyl vinyl ether was 
drastically diminished by the polymer backb0ne.3~~~9 A 
different approach to prepare this type of polymer- 
bound pyrylium salts, based on the attack of a metalated 
polystyrene to the 4-position of 2,6-diphenylpyrylium, 
followed by a final oxidation of the pyranyl-substituted 
polystyrene with trityl perchlorate, can also be found 
in the literat~re.~o 

Although the dimerization of trans-stilbene (TS) has 
not been observed at a preparative scale, laser flash 
photolysis studies have allowed one to detect dimeric 
radical cations of TS as transient species.71 Thus, upon 
408-nm excitation of a dichloromethane solution of TPT 
containing TS (4.7 X 10-4 M), TP' characterized by a 
weak absorption maximum at 550 nm was formed, 
together with another transient having a strong band 
at 480 nm, which was assigned to monomeric TS'+ 
(Figure 9). When the same experiment was carried out 
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Scheme 13 

PhO I =  "PT/?vleCN pho 
PhO nOPh 4- Ph0"OPh 
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Scheme 14 
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Polystyrene Ph 
i) McCOX 
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+ 
BF4- 

B 2 T P *  

using much more concentrated solutions of TS (4.3 X 
le2 M) a careful inspection of the transient spectrum 
revealed that a different species (Amm = 474 nm, lower 
extinction coefficient, shoulder at  445 nm) was gener- 
ated. Its growth corresponded to the initial fast decay 
of TS'+. Scavenging of this secondary intermediate by 
1,Cdimethoxybenzene (ED*+/D = 1.34 V us SCE) under 
conditions where TS'+ was observed, further supported 
its assignment as dimeric TS radical cation (TS2'+), 

440 460 ,480 500 520 540 560 580 600 
Wavelength (nm) 

Figure 9. Transient absorption spectrum assigned todimeric 
trans-stilbene radical cation obtained upon 40&nm excitation 
of a solution of TPT (6.2 X 1od M) and trans-stilbene (4.3 
X 10-2 M) in CHZC12. (Adapted from ref 71.) 

'Ph 

resulting from the reaction of TS*+ with neutral TS 
(Scheme 15). 

Scheme 15 
hv 

Tp.l- 1" - +pf 

The TS dimerization rate constant estimated by 
pseudo-first-order analysis of the 480-nm band decay 
was 2 X lo7 dm3 mol-' s-l. This value is lower than the 
reported dimerization rate constant for 1,l-diphenyl- 
ethylene radical cation under comparable ET conditions 
by a factor of 103.72 On the other hand, it is noteworthy 
that similar studies on the concentration dependence 
of the transient absorption spectra for triphenylethylene 
and tetraphenylethylene failed to detect dimeric radical 
cations. These results put together seem to indicate 
that the steric hindrance to rotation around the C=C 
double bond plays a decisive role in determining the 
feasibility of the TPT-photosensitized dimerization. 

In this context, a comparative study on the prepara- 
tive dimerization of 1,l-diphenylethylene using TPT 
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and cyanoaromatics has shown remarkable differences 
in activity and selectivity between both types of 
photo~ensitizers.3~ Thus, TPT was at least twice more 
efficient than DCA and gave almost selectively [47r + 
27rI cycloadducta (vide infra) in contrast with the 
predominant formation of the head-to-head cyclobu- 
tane dimer in the case of cyanoaromatics. 

C. [47r + 27r] Dimerizations 
It was found that substituted cyclohexadienes un- 

dergo an efficient TPT-sensitized Diels-Alder cycload- 
dition to form exclusively the corresponding [4 + 21 
adducts (Scheme 16).31132173p74 This process displayed a 

Scheme 16 

Miranda and Garcia 

d 

1 0  

11 12 

R method total yield endo:exo ratio 
OCHa hP 7ob 1.2:l 
OCH3 e+ 35 3.7:l 
OAc hP 25 6: 1 
OAc e+ 14 17:l 

X > 345 nm, CHzClz m solvent, TPT 10-9-lo-' M. The 
tricyclic ketone was the isolated product. Electrochemical anodic 
oxidation wing a 1:l mixture of MeCN and CHzClz as solvent 
and 0.1 M of LiClO, m electrolyte (refs 32 and 74). 

remarkable endo selectivity, albeit generally lower than 
that obtained when the radical cation is generated 
electrochemically.7~ These results contrast with energy 
transfer photosensitization, where [2 + 21 cyclohexa- 
diene dimers are the most characteristic products.76 
Likewise, [2 + 21 dimers are sometimes obtained with 
other PET  sensitizer^.^^ 

TPT exhibited again several advantages over cy- 
an~aromatics.~~ Thus, appreciable lower concentrations 
of the sensitizer (typically 0.1 mol 5%) were required, 
irradiation times were drastically reduced and simple 
light sources could be used. In addition, the TPT- 
initiated Diels-Alder reactions of electron-rich dieno- 
philes seems to be of wider applicability. 

Likewise, the TPT-sensitized cyclodimerization of 
unsubstituted 1,3-cyclohexadiene affords a mixture of 
the Diels-Alder dimers. On the basis of concentration 
effects, it has been proposed that the endo dimers would 
be formed from solvent-separated ion pairs (SSIP) or 
free ions (Fl), while the exo isomers might arise from 
contact ion pairs (CIP).77 This reaction has also been 
attempted using two polystyrenes containing pyrylium 
rings.32 Much longer reaction times were required than 
in the homogeneous reaction (7 h us 45 min) and 
remarkably lower product yields were achieved (16% 
us 70% ) when using these heterogeneous sensitizers 
(Scheme 17). It was found that the aromatic rings 
present in the polymeric backbone and/or the residual 

Scheme 17 

100 I Is 12s 

product ratio electron total 
procedure acceptor yield lla, endo:exo 12a 

hv TPT 70 6 1  traces 
hP DCNb 80 4 1  traces 
hfl DCNb 75 [1:6) main products 
A BAHSd 77 4: 1 
ee anode 24 281 
hv P-4TP+ 15.9 12:l 0.3 
hv P-2TP+ 2.3 6: 1 0.4 
Acetonitrile m solvent. 1,4-Dicyanonaphthalene. c Benzene 

as solvent. Trb(4bromophenyl)aminium hexachloroantimonate. 
e Electrochemical anodic oxidation (refs 32, 74, and 75). 

carbonyl groups can behave as triplet sensitizers, 
especially for irradiation wavelengths between 300 and 
400 nm, causing a dramatic decrease on the regio- and 
stereoselectivity of the Cyclodimerization.32 

On the other hand, arylethylenes and phenylacetylene 
also underwent TPT-sensitized PET [4 + 21 dimer- 
ization with participation of an aromatic C=C double 
b 0 n d . 3 ~ ~ ~ ~  As a general rule, the tetralines 14 primarily 
formed underwent further dehydrogenation under the 
reaction conditions (Scheme 18). 

Scheme 18 
Ph 

Ph 

hv (k 405 nm) 

Tml McCN 
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D 
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In fact, as we will discuss later, dehydrogenation to 
form conjugated C=C double bonds is another general 
process that can be accomplished by TPT photosen- 
sitization. In the case of the 1,l-diphenylethylene 
(DPE) dimerization via electron transfer, it has been 
claimed that different products arise from different 
stages of the radical ion pair development.72 Thus, the 
head-to-head [27r + 27rI dimer 19 would be formed from 

Scheme 19 
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J 

l l a  20 
1 Oa 

molar ratioa 118 (%) 20 (%) 

CH=C(CH& CH3 CHS 2:lO (D) TPT (0.1) 12 (6:l) 39 (53) 
Ph H H 1:5 (D) TPT (0.06) 11 (61) 38 (101) 
Ph H H 
Ph H CH3 1:lO (D) TPT (0.03) 46 (51) 32 (>97:2) 
Ph H CHS 2:lO (D) TPT (0.035) 48 (5:l) 19 (>97:2) 

19.7 (52) OPh H H 0.119 (A) TPT (1) 12.4 (152) 
OPh H H 0.11:l (A) P-4TP+ e 5.9 (1.7A) 1.7 (2.41) 
OPh H H 0.11:l (A) P-2TP+ e 3.0 (5.2:l) 0.5 (41) 
OPh H H 0.11:l (A) DCA (1) 15.6 (15:2) 29.4 (94) 

-0CH20- H 1:1 (A) TPT ( d )  d d (1.3:l) 

R1 R2 R3 (so1vent)b sen8 (mmol) (endo:exo) (endo:ero) 

1:l (D) TPT (0.05) 19 (61) 13 (101) 

a Cyclohexadiene to alkene. D = dichloromethane, A = acetonitrile. e 0.42 g of polymer in 50 mL acetonitrile. Not given (refs 32 
and 75). 

the contact ion pair, while the free ions would give 
preferentially the [ 47r + 27rl tetrahydronaphthalene 
adducts 14 (Scheme 19). 

Accordingly, the fact that only very minor amounts 
of 1,1,2,2-tetraphenylcyclobutane were formed in the 
TPT-photosensitized DPE dimerization (compared 
with cyanoaromatics) would indicate an enhanced 
separation and escape of the contact radical ion pairs. 
This has been rationalized in terms of the lack of 
Coulombic attraction between the acceptor and the 
donor, owing to the.lack of charge separation during 
electron transfer. 

Additionally, when the TPT-photosensitized dimer- 
ization of phenylacetylene was performed in nitriles as 
solvents, trapping of the dimeric radical cation by the 
solvent was observed (Scheme 18). Depending on the 
alkyne concentration, the ratio between dimerization 
and formation of the corresponding 3,6-diphenylpyri- 
dine 18 became as low as 0.08. It is worth mentioning 
that 9,lO-dicyanoanthracene (DCA) failed to promote 
this dimerization, owing to the fact that electron transfer 
from phenylacetylene to l(DCA)* is an endothermic 
process. 

D. [ 4 ~  + 27r] Cross Cycloaddltlons 

The mixed cycloaddition between 1,3-cyclohexadiene 
and alkenes using TPT as photosensitizer has been 
reported (Scheme 20).31132~69~73176~77 

Although self-dimerization of the alkenes was a minor 
process, the Diels-Alder dimers of cyclohexadiene were 
actually the major products when an excess of diene 
was employed. This product distribution points to the 
intermediacy of the diene radical cation (instead of the 
dienophile radical cation) and would violate the "role 
selectivity" of radical-cation Diels-Alder  reaction^,'^ 
according to which only dienophile radical cations 
should yield Diels-Alder products. The endolexo 
stereoselectivity was found to depend on the diene to 
dienophile ratio and the reaction conditions: excess of 
alkene enhanced the endo configuration, while the 
opposite was true for an excess of cyclohexadiene. Once 
again, the efficiency and selectivity of the polymer- 

bound pyrylium sensitizers for this mixed cycloaddition 
was markedly lower.32 

It has been found that the heterocyclic C=C double 
bond of indole can also participate as a dienophile in 
the TPT-induced radical cation Diels-Alder reaction 
using cyclic dienes.8098l However, the much lower 
oxidation potential of the expected tetracyclic carbazole 
derivatives 22 (ED.+,D = 0.7 V us NHE for the parent 
tetrahydroethanocarbazole) compared with the indolic 
precursors was responsible for the low conversions, due 
to the preferential quenching of excited TPT by the 
products. In order to force the reaction to completion, 
an elegant strategy involving irradiation in the presence 
of an equivalent amount of acetyl chloride has been 
developed. Under these reaction conditions, the N- 
acetyl derivative of the [4 + 21 cycloadduct (24), which 
has a higher oxidation potential (1.54 V us NHE) than 
the indole (1.31 V us NHE), was formed in high yields. 
It was found that N-acylation of the initial adduct was 
taking place as it was being formed, thus avoiding the 
progressive slow down of the photochemical reaction 
rate with increasing product formation (Scheme 21). 
Scheme 218 

a (9 %) " \ a . 0  21 lop 21 

- a + 0 aorb,  

lop 24 13 

a Conditions: (a) hu (A > 345 nm), TPT (5 mol %), CH2C12; (b) 
the same, adding MeCOCVNaHCOa. 

Moreover, this methodology was found to be general, 
since analogous conditions were used to perform 
successfully the TPT-sensitized PET cycloaddition of 
indole and a large variety of substituted l,&cyclohexa- 
dienes 25, that could not be effected in the absence of 
acylating agent. In these reactions only one regioisomer 
(26) was usually formed, as a mixture where the endo 
diastereomer was predominating (Scheme 22). 
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Scheme 22 
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R1 R2 R3 R4 Rs R6 R7 RE R9 Rl0 yield (% ) endo:exo 

H H H H H H  H H H H 70 3.3:l 
CH3 H CH(CH& H H CH3 H CH(CH3)z H H 43 1.7:l 
H CH8 H CH(CH& H H CH3 H CH(CHd2 H 57 2.41 
H CH3 H CH(CH& H H CH3 H CH(CH3)z H 67b 4.61 
OAc H H H H OAc H H H H 31 2.3:l 
H OAc H H H H  OAc H H H 59 31 
CH3 H H CH3 CH3 H H CH3 H CH3 23c >982 

Reaction conditions: 4 mmol of cyclohexadiene, 2 mmol of indole, 2 mmol of acetyl chloride, 5 mol % of TPT, and 350 mg of 
NaHCO3 in oxygen-free CHzClz, using a450-W xenon lamp (X 2 345 nm). Irradiation with a 250-W halogen lamp. Same experimental 
conditions but using 2.5 mol % of TPT (ref 81). 

This regioselectivity can be explained by invoking 
radical attack of the indol-3-yl radical cation on the 
4-position of substituted 1,3-cyclohexadiene. The PET 
mechanism was supported by observation of an efficient 
fluorescence quenching of the pyrylium salt by indole, 
and by the fact that the reaction was quenched by the 
presence of aromatic compounds with oxidation po- 
tential lower than that of indole (Scheme 23). 

Scheme 23 
R 

Semiempirical calculations are in good agreement 
with this hypothesis, thus confirming the feasibility of 
a nonsynchronous-nonconcerted pathway.82 Further- 
more, the obtention of both cis and trans products in 
the reaction of indole with 1,4-disubstituted exocyclic 
dienes of known configuration constitutes a further 
support in favor of the proposed mechanism and against 
a concerted r o ~ t e . ~ ~ ? ~ ~  

The above cycloaddition appears to be limited to 
indoles lacking substituents in the heterocyclic ring and 
to dienes with a rigids-cis conformation. Besides acetyl 
chloride, methyl orthoformate, and p-toluenesulfonyl 
chloride were also effective, while benzoyl chloride was 
inadequate as acylating agent. 2-Vinylindoles play the 
dienophilic role in the 14 + 21 cross cycloaddition with 
1,3-cyclohexadienes and styrenes (see section III.GhM 

It has also been reported that l-hexyne undergoes a 
TPT-photosensitized [4 + 23 cross cycloaddition with 
phenylacetylene to form l-butylnaphthalene along with 
a dimer (17) and the pyridine-derived byproducts Ma, 
29, and 30 (Scheme 24).78 

Scheme 24 
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E. Cycloreversions 
Splitting of cyclobutanes to afford two 2?r systems 

constitutes another general reaction type that can be 
efficiently promoted by TPT photosensitization. Thus, 
upon visible light excitation in the presence of catalytic 
amounts of pyrylium salts, the diphenyl-substituted 
bishomocubane 31 of Scheme 25 (ED.+/D = 1.40 V us 
SCE) gave quantitatively the corresponding tricyclic 
diene 32.= It was found that the efficiency of ring 
opening depends on the reduction potentials but not 
on the triplet energies of the sensitizers.m In the case 
of cyanoaromatics, a characteristic emission corre- 
sponding to a charge-transfer exciplex between the 
diene and DCA or 3,9-dicyanophenanthrene was ob- 
served, showing that the cycloreversion was an adiabatic 
photochemical process.z" In addition, this cyclorever- 
sion can also be promoted by typical ground-state 
electron acceptors in the dark. All these data supported 
an electron-transfer mechanism. 

Likewise, almost quantitative chemical yields were 
also obtained under the same experimental conditions 
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for the transformation of the cyclobutane dimers of 
1-methylquinolone (ED*+/D = 1.3 V us SCE) and 
coumarin (1.92 V us SCE) into their corresponding 
monomers (Scheme 25). It was found that methoxy 
substitution at  the para position of the TPT phenyl 
rings dramatically reduced the quantum yield for this 
cycloreversion. This fact was interpreted as the result 
of a more rapid back-electron transfer, especially taking 
into account that according to the Rehm-Weller 
equation this step must be more exothermic for the 
trimethoxy-substituted sensitizer. In addition, trityl 
salts were found to be much less efficient than pyrylium 
salts to promote cycloreversion. 

On the basis of studies on the bishomocubane cage 
molecule,88 a PET chain mechanism has been proposed 
for these reactions (Scheme 26). Thus, high quantum 

Scheme 26 
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CC Cage Compound 
TD = Tricyclic Diene 

yields (usually greater than unity) were measured and 
efficient quenching of the reaction was achieved by 
1,2,4,6-tetramethoxybenzene (ED*+/D = 0.81 V us SCE) 
but not by trimethoxybenzene (1.49 V us SCE). In good 
agreement with this reactive scheme, the quantum yield 
increased linearly with the substrate concentration up 
to M, while for higher concentrations a plateau 
around 9 = 80 was attained. Moreover, in accordance 
with the expression deduced for 9, the quantum yield 
also increased as the light intensity was reduced. 
However, as in the case of indene dimerization, the 
apparent catalytic function of oxygen, more than 
doubling the quantum yield without altering the 
product distribution or bleaching the sensitizer, is still 
not clearly understood. 

A related skeletal pericyclic rearrangement with 
cycloreversion of cage compounds comprising 1,2-diaryl 
substituted 3-vinylbicyclo[2.2.01 hexane moiety (35) has 
also been reported (Scheme 27).89 

37 

Likewise, TPT-sensitized photolysis of the cage 
ketone 38a of Scheme 28 resulted in the quantitative 

Scheme 28 
R' Rz 

40 a: R'. R 2 = 0  
b R I  = OH, R ~ =  H 

formation of the corresponding dienone 39a, with a 
limiting quantum yield of 3.3 (dependent on the 
concentration). Quenching experiments using 1,2,4,5- 
tetramethoxybenzene revealed that the reaction in- 
volved the intermediacy of another cage compound with 
l-phenyl-5-( 1-phenylallyl)bicyclo[2.l.0lpentane sub- 
structure (40) and therefore, the overall transformation 
consisted of two consecutive elementary [a2 + all and 
[n2 + a2 + a11 transpositions. 
As expected for a PETmechanism, this reaction could 

also be thermally promoted with tris(p-bromophenyl)- 
aminium hexachloroantimonate and photochemically 
using p-chloranil as sensitizer. However, in spite of 
the very negative free-energy change, DCA was found 
to be inefficient to induce this pericyclic rearrangement, 
unless some inorganic salt (le2 M) was added to the 
acetonitrile-dichloromethane solution. This was in- 
terpreted in terms of the occurrence of a deactivating 
back-electron transfer from DCk-, reducing the lifetime 
of the radical cation and preventing the rearrangement. 

The presence of a vinyl substituent at  the 3-position 
of the 1,2-diarylbicyclohexane seems to be a structural 
prerequisite for this novel skeletal transposition, while 
the rest of the cage molecule does not participate directly 
in the reaction. Accordingly, the analogous saturated 
compounds were recovered unchanged under the TPT- 
sensitized photolysis. On the other hand, the analogous 
cage alcohol 38b, obtained by reduction of the ketone 
with LiAlb,  underwent the same pericyclic rearrange- 
ment to 39b, following identical reaction mechanism. 

F. Z/E Isomerization 
Early reports on the use of TPT and other pyrylium 

salts for the ZIE isomerization of stilbene (Scheme 29) 
showedw that this process does not follow an energy 
transfer mechanism since the composition of the 
photostationary mixture contained 96 % of the trans 
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Figure 10. Plot of the quantum yield for the &-stilbene 
isomerization (qjpt) us the quantum yield for the quenching 
of TPT triplet by CS (&,TI. The experimental points 
correspond to different CS concentrations in the range 9.4 X 
10-4 to 8.4 X 1 t 2  M. (Adapted from ref 66.) 

isomer instead of the 14% predicted according with 
the triplet excitation energies of the photo~ensitizer.~~ 

A better understanding of the TPT-photosensitized 
stilbene C=C double bond isomerization has emerged 
from more recent laser flash photolysis (LFP) studies.M 
Thus, both cis- and trans-stilbenes (CS and TS, 
respectively) were found to be able to quench both the 
singlet and the triplet states of TPT at nearly diffusion- 
controlled rates. The free energies of electron transfer 
from CS and TS (ED*+,D = 1.59 and 1.49 V us SCE, 
respectively) to singlet and triplet TPT were estimated 
to be highly exothermic by substituting in the Rehm- 
Weller equation the values of the oxidation potentials 
and the excitation energies of the species involved. As 
a matter of fact, pyranyl radical (A, 550 nm), CS*+ 
(A,, 515 nm) , and/or TS*+ (A, 480 nm) could be easily 
detected as transient species characterized by their 
absorption spectra. Interestingly, upon LFP of TPT 
in the presence of TS only the transient absorption due 
to TS*+ could be recorded; by contrast, in the experi- 
ments using CS both isomeric CS*+ and TS'+ radical 
cations were observed. 

The TPT-sensitized isomerization of CS is also 
interesting from the point of view of the influence of 
the sensitizer spin multiplicity on the isomerization 
efficiency. Thus, as the concentration of CS decreased, 
quenching of the TPT singlet excited state was less 
efficient and population of triplet state through inter- 
system crossing from the singlet was higher. Under 
these conditions, a linear relationship between the 
apparent quantum yields for the isomerization (aH) 
and CS quenching of the triplet (asT) was observed 
(Figure 10). Extrapolation to asT = 0 and 1 gave 0.003 
and 0.11, respectively, as the limiting @'e--t values. 

"; 

Scheme 29 
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These values indicate that with no triplet quenching 
(9qT = 0), there is no Z / E  isomerization, and thus no 
measurable reaction appears to take place by interaction 
with singlet TPT. Moreover, the possibility of an 
energy-transfer pathway for the one-way cis-to-trans 

isomerization can be safely disregarded since the triplet 
energy of CS (ET = 60.3 kcal/mol) is much higher than 
that of TPT (ET = 53 kcal/mol). In sodium dodecyl 
sulfate micellar solutions both excited singlets and 
triplets of TPT were effectively quenched by CS, but 
isomerization of CS to TS took place exclusively from 
the triplet radical ion pair 3(TPT.CS*+).92 In addition, 
the apt in these compartmentalized heterogeneous 
systems was up to four times higher than in CHzClz 
solution. This increase probably reflects the fact that 
intersystem crossing from the triplet to the singlet 
radical ion pair is prevented by avoiding the escape of 
the contact ion pairs beyond the boundaries of the 
micelles (Scheme 30). 

m + c s  TPT'+cs+* 3[TPTTS+7 

isomerization -1 / 
W+ TS" 

" T + T S  

The above findings are in sharp contrast with the 
DCA-photosensitized isomerization of CS, where the 
linear relationship between apt and the quantum yield 
of 'DCA* quenching, along with a small magnetic field 
effect, has shown that this rearrangement occurs mainly 
from the singlet excited state.g3 It has been suggested 
that the differential behavior of DCA and TPT can be 
interpreted in terms of the Marcus inverted region 
theory, i.e. for highly exothermic electron transfer, the 
more negative are the free-energy changes the slower 
should be the process. Thus, the radical ion pair l(TPT'- 
CS*+) should decay to the starting materials (AG = 
-1.9 eV) much faster than it should do the analogous 
'(DCA'-CS*+) pair (AG = -2.6 eV). 

On the other hand, a quantitative estimation of the 
relative contributions of CS isomerization within the 
contact ion pair or as free ion after cage escape has 
been made by means of azulene (Az, E v + p  = 0.95 V us 
SCE) as a quencher. The experiments were carried 
out using diluted solutions of Az (=10-5 M). Under 
these conditions, the TPT triplet was almost exclusively 
quenched by CS (4.2 X 103 M), and the effect of Az was 
attributed to scavenging of the free CS*+ ion. Therefore, 
the unquenchable portion of isomerization (around 
25%) was ascribed to the percentage of "in-cage" 
reaction (Figure 11). 

In this context, it has been recently found that the 
percentage of unquenchable "in-cage" isomerization can 
be as high as 65 % when photosensitization by the 2,4,6- 
triphenylpyrylium (TP+) cation takes place within the 
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Figure 11. Different contributionofthe "in-cage" [ T p C P + I  
isomerizationtothetyieldas determined byhquenching 
in homogeneous CH2C12 solution using TPT (a), or hetero. 
geneousconditionsusingTP+adsorbedwithinY zeolite(TPY) 
(h), or extralarge pore zeolitic aluminosilicate (TPMCM-41) 
(c). (Adapted from refs 94 and 97.) 

cavities of large pore zeolites." This effect could arise 
from the retardation of back-electron transfer as a 
consequence of the strong internal electrostatic fields 
experienced inside the micropores of these crystalline 
solids, which must stabilize the generated radical ion 
 air.^^.^ Since TP+ is a bulky molecule (513 A of 
diameter), ita incorporation within the internalsurfaces 
of Y faujasite was not accomplished by ion exchange. 
Therefore, encapsulation of the 2,4,6-triphenylpyrylium 
cation was carried out by ship-in-a-bottle reaction of 
chalcone with acetophenone (Scheme 31) using the 
active sites of an acidic Y zeolite as catalyst." 

Formation of imprisoned TP+ as charge-compensab 
ing cation was ascertained by UV-vis spectrophotom- 
etry and FT-IR spectroscopy of the resulting yellow 
materials. Mass balance, thermogravimetric analyses 
of the solid, and pyridine titration of the remaining 
BrBnsted sites indicated that roughly one-third of the 
cavities are occupied by TP+, while the remaining 
supercages were still accessible to organic guests. A 
visualization of the resulting TP+ immobilized within 
the faujasite Y spherical supercages was made using a 
molecular-modeling program (Figure 12). 

In agreement with the high 'in-cage" isomerization 
percentage of the intrazeolite process and with the fact 
that photooxygenation of stilbenes arises mostly from 
free radical cations, it was found that isomerization 
was not perturbed by the presence of oxygen, as 

Scheme 31 

Figure 12. Molecular modeling simulation of the TP+ cation 
emprisoned within the spherical cavities of the Y zeolite. 
(Reprinted from ref 94. Copyright 1994 American Chemical 
Society.) 

evidenced by the absence of byproducts arising from 
oxidative cleavage. This result contrasts with the 
extensive photooxygenation produced by TPT under 
homogeneous conditions (see photooxygenation below 
for discussion). 

In spite of the advantages associated to the im- 
mobilization of TP+ within the large pore zeolite, the 
chemical yields of the CS isomerization were still far 
from optimum. This can be due to restrictions imposed 
by the zeolite framework to the internal diffusion of 
the organic molecules through the micropores. In fact, 
inclusion of TP+ within a novel extralarge pore zeolite 
(MCM-41) with unidimensional channel structure (20 
Aof pore diameter) provided a suitable balance between 
cage effect and molecular traffic, increasing dramati- 
cally the efficiency of the proce~s.~' 

0. Sigmatropic Rearrangements 

The mechanism proposed for the [4 + 21 cycload- 
dition between 2-vinylindoles 41 and electron-rich 
dienophiles (R3CH=CHR4) involves rearomatization 
of the initialadduct43 via [1,3l-H shift." This process 
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is symmetry forbidden for the neutral molecule, but 
not for the radical cation. When the vinylindole is 
suitably substituted, no [1,3]-H shift is possible. In 
general, dehydrogenation (section III.H.3) was observed 
under the employed conditions (Scheme 32). 

Scheme 32 
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Excited TPT was found to promote the Cope rear- 
rangement of 2,3,5-triphenyl-1,5-hexadiene (48, Scheme 
33). Although this type of reaction is not common in 
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radical cation chemi~try,7~$~ a few related examples have 
been reported with DCA as photosensitizer.99 

H. OxygenatlonlDehydrogenation 

1. Oxygenation of Olefins 
In recent years, much attention has been devoted to 

ET photooxygenation.6 As stated above, TPT produces 
neither singlet oxygen nor superoxide radical anion and 
hence it is the photosensitizer of choice to investigate 
the reactions of alkene radical cations with molecular 
oxygen. 

Since related processes have been found to occur in 
the case of adamantylideneadamantane (AA, 50) mainly 
using triarylamine cation radicals,lWlo3 the TPT- 

photosensitized oxygenation of this compound (Scheme 
34) has been studied in detai1.M.M When a solution of 

Scheme 34 

52 

/ 

AA (5 X 10-2 M) and TPT (2.4 X 10-4 M) in methylene 
chloride was irradiated through Pyrex with bubbling 
oxygen, for 10 min, the dioxetane 51 was obtained in 
90 % yield (based on reacted AA). Prolonged irradiation 
(30 min) gave adamantanone (75% isolated yield). 

The most salient features of this reaction were the 
following: (a) the catalytic role of TPT, suggested by 
the fact that AA consumption was much higher (roughly 
40 times) than TPT bleaching, and (b) the efficient 
quenching observed upon addition of 1,Cdimethoxy- 
benzene, whose oxidation potential (ED-+/D = 1.34 V us 
SCE) is lower than that of kA (ca. 1.5 V us SCE).lM On 
this basis, an electron-transfer mechanism (Scheme 35) 
was proposed. 

Scheme 35 

AA+. + '02 - +AA-o~. 

Direct evidence for this rationalization and further 
insight into the nature of the involved TPT excited 
states were obtained by fluorescence quenching and 
laser flash photolysis.M*M The fluorescence of TPT was 
efficiently quenched by AA, following Stern-Volmer 
behavior. The quenching rate constant was calculated 
to be 2.4 X 1Olo dm3 mol-' s-l. Laser flash photolysis 
of TPT (1.6 X lW M) in the presence of an excess of 
AA (6.2 X 1k2 M), to ensure that most of the TPT 
singlets were quenched by AA, gave a transient 
absorption (550 nm) assigned to TP'. On the other 
hand, when the LFP experiment was performed with 
concentrations of AA (1.4 X 1V M) for which quenching 
of the excited TPT singlet was negligible, TP' was also 
detected. These experiments evidenced that electron 
transfer occurs from AA to both the singlet and triplet 
excited states of TPT. Moreover, the absorbance of 
the transient species a t  550 nm was found to be nearly 
the same for concentrations of AA ranging between 
le2 and 10-4 M, indicating that triplet-mediated 
electron transfer was much more efficient in generating 
free radical ions than the singlet-mediated process. This 
contrasts with PET oxygenation sensitized by cy- 
anoaromatics, in which only singlet quenching by the 
electron donors is significant. The low efficiency of 
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the TPT singlet (which determines the poor quantum 
yield of the photooxygenation process C 0.1) was 
attributed to rapid back-electron transfer in the radical 
ion pair. 

Arylolefins constitute another group of compounds 
whose TPT-photosensitized oxygenation has been 
intensively studied in recent years.32*66167 For instance, 
irradiation (A > 360 nm) of TPT (ca. 1V M) in the 
presence of stilbene derivatives ( 10-LIV M) produced 
cleavage of the latter, to afford two fragments with a 
carbonyl group (Scheme 36).66*67 

Scheme 36 
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was initially assumed to involve singlet oxygen. How- 
ever, more recent studieslw evidenced that the MB- 
mediated photooxygenation proceeds uia electron trans- 
fer and can be explained by reaction of the TS radical 
cations with molecular oxygen, as above discussed for 
the TPT-photosensitized process. Rose Bengal failed 
to promote the reaction; however, the use of tetraphen- 
ylporphine (TPP) resulted in the formation of a complex 
mixture containing benzaldehyde, the epoxide t-55 and 
the diendoperoxide 57 of TS, together with unidentified 
products (Scheme 39).110 

Control experiments showed that benzaldehyde was 
a stilbene-derived product.67 Under the reaction con- 
ditions, photolytic degradation of TPT into benzal- 
dehyde1O6 did not take place to a significant extent. 

The chemical yield of the products did not depend 
significantly on the initial olefin concentration, but the 
degree of conversion increased with decreasing singlet 
quenching. This suggested triplet-mediated PET 
oxygenation. Laser flash photolysis (408 nm) of TPT 
(6 X 10-5 M) in the presence of triphenylethylene (3 X 
1V M) under argon gave well-defined transient bands 
at 500 and 550 nm, assigned to the olefin radical cation 
and the pyranyl radical, respectively. It must be 
stressed that, under the above experimental conditions, 
singlet quenching was only 2%,  but triplet quenching 
was ca. 97 76. Calculations based on measurements of 
the optical density at different olefin concentrations 
indicated that more than 50% of the products were 
formed from the TPT triplet, even at 10-2 M olefin 
concentration. The proposed mechanism (Scheme 37) 
is illustrated for the case of trans-stilbene. 

Scheme 37 
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By contrast, the DCA-sensitized photooxygenation 
of trans-sti1bene1~J~ (Scheme 38) is less selective and 

Scheme 38 
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involves the intermediacy of superoxide radical anion. 
In an attempt to achieve the singlet oxygenation of 

TS, methylene blue (MB) was used as photosensitizer.lM 
Benzaldehyde was formed very slowly and the reaction 

Scheme 39 
Ph, 
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The results obtained in the photooxygenation of TS 
with different sensitizers nicely illustrate the varied 
mechanistic routes and product distributions charac- 
teristic of the molecular oxygen, superoxide, and singlet 
oxygen pathways. 

Among arylolefins, 1,l-diphenylethylene (DPE) has 
also attracted considerable interest as substrate for 
electron-transfer photooxygenati~n?~~~J~J~~ The TPT- 
mediated reaction gave rise to benzophenone and a 
dimeric 1,2-dioxane (58), whose formation evidenced 
trapping of the dimeric 1,Cradical cation by oxygen 
(Scheme 40). 

Scheme 40 
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Two different publications have appeared on the 
DCA-photosensitized reaction of the same olefin. One 
of them72 reported the formation of benzophenone and 
the l,%-dioxane and proposed that both products arise 
from the above-mentioned reaction between a dimeric 
1,4-radical cation and molecular oxygen. The other 
reportlo7 described isolation of benzophenone and the 
epoxide of DPE, which were accounted for in terms of 
superoxide generation and combination with the olefin 
radical cation. Moreover, irradiation of suspensions of 
a semiconductor powder (for instance, TiOz, at X = 350 
nm) in a solution of DPE in acetonitrile gave rise to a 
mixture of benzophenone, the epoxide, and diphenyl- 
acetaldehyde. Longer irradiation times resulted in the 
formation of benzophenone as single product (Scheme 
41).11' 
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Scheme 41 
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(64 : 32 : 4) 

From the mechanistic point of view, this reaction 
was classified as an electron-transfer process caused by 
the promotion of an electron into the semiconductor 
conduction band, with the production of a hole in the 
valence band. However, the sequence of steps occurring 
at the semiconductor-liquid interface, which ultimately 
led to the oxidation products, was not established. 

In summary, different patterns of products have been 
obtained in the case of DPE, depending on the PET- 
reaction conditions. Nonetheless, further studies are 
necessary to differentiate between the mechanisms 
operating in the TPT-mediated process and those 
associated to the other photosensitizers. 

2. a-Acetoxylation of Ketones via the Enol Acetates 

The enol acetylation of ketones, followed by TPT- 
photosensitized oxygenation, has been used in a number 
of cases to achieve acetoxylation at the position a to 
the carbonyl group.l12-l14 Common byproducts are the 
corresponding a,o-unsaturated ketones and the satu- 
rated (deacetylated) ketones (Scheme 42). 
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From the preparative point of view, this reaction is 
equivalent to the anodic oxidation of enol acetates in 
acetic acid, which also involves radical cations as 
intermediates and affords a-acetoxyketones and a,@- 
enones as final products.l15 It has been postulated that 
acetoxyoxiranes 73 are key intermediates in the pho- 
tosensitized process (Scheme 43), in view of the 
literature precedents on the formation of oxiranes 
during the ET photooxygenation of olefins with TPF5 
or other electron a c ~ e p t o r s , ~ ~ ~ J ~ ~  and also on the 
spontaneous rearrangement of acetoxyoxiranes to acet- 

R' k' R 

72 73 
A 2  

74 

oxyketones.116 In fact, the latter products were directly 
obtained when the enol acetates were treated with 
m-chloroperbenzoic acid (MCPBA) as epoxidizing 
reagent. 

In this context, an interesting observation was the 
fact that (Z)-l-acetoxy-1,3-diphenyl-l-butene gave 
2-acetoxy-1,3-diphenyl-l-butanone as a mixture of two 
diastereomers (ca. 1:l ratio) upon treatment with 
MCPBA, while only one diastereomer was obtained in 
the TPT-sensitized photolysis of the same substrate. 
Such stereoselectivity is unusual in the PET epoxida- 
tion,lo7 and deserves more detailed studies. 

3. Dehydrogenations 

The dehydrogenation of flavanones to flavones is an 
interesting process in natural products chemistry, which 
can be achieved by means of a PET reaction using TPT 
as sensitizer (Scheme 44).117 

Scheme 44 
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This result has been rationalized in terms of initial 
electron transfer from the flavanone B ring to the 
excited pyrylium salt. The substituent effects at  this 
ring (R4) are in agreement with this picture. Thus, the 
electron-donating methoxy group enhanced the flavone 
yield, while the electron-withdrawing nitro group 
prevented the reaction (the starting material was 
recovered unchanged). Dimethyl substitution at  the A 
ring produced a different result: besides the expected 
flavone 78, a formyl derivative 79 was obtained as a 
minor product. Its formation was explained through 
electron transfer from the A ring to excited TPT 
(Scheme 45). 

Scheme 45 
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Dehydrogenation resulting in aromatization has been 
reported as an undesired process in the course of studies 
on the TPT-photosensitized cyclodimerization or oxy- 
genation of cyclohexadienol acetates (see sections 1II.C 
and III.H.2). Specific examples are given in Scheme 
46.74112 
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I. Fragmentations 

1. Carbon-Carbon Bonds 

One of the possible reaction pathways undergone by 
radical cations is carbon-carbon bond cleavage. This 
process is of particular interest in the framework of 
free radical and carbocation chemistry, since it allows 
the simultaneous generation of both types of reactive 
intermediates in a given reaction system. 

The first report on the PET fragmentation of aralkyl 
ketones using TPT as photosensitizerll8 demonstrated 
that the radical cations of 3-phenylpropiophenones 
undergo C-C bond cleavage in solution. The results 
are presented in Scheme 47, using the 3,3-diphenyl 
derivative as prototype. 

Scheme 47 
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PhCOMe (15 %) + PhzCO (16 %) + PhCOOH (6 %) 
+ Ph2C(OH)CHzCOPh (14 %) + Ph2C=CCOPh (35 %) 

More recently, a related study has been performed 
on aralkyl ketones and aldehydes with a two-carbon 
aliphatic chain.llS In spite of the high oxidation 
potentials of the substrates (typically between 2.2 and 
2.4 V us SCE), the strong electron-accepting ability of 
TPT in its singlet excited state allowed generation of 
the corresponding radical cations and their subsequent 
fragmentation. By contrast, DCA was not able to act 
as PET sensitizer in these reactions. For instance, 
irradiation (A > 360 nm) of a solution of 1,2,2- 
triphenylethanone (50 mM) and TPT (5 mM) in 
methylene chloride during 3 h resulted in the formation 
of benzophenone (66%), benzoic acid (22%) and 
benzoyl fluoride (54%). These results have been 
explained through the intermediacy of diphenylmethyll 
benzoyl radical ion pairs (Scheme 48). 

When the photosensitizer was TP+PFc, the yield of 
benzoic acid was higher (59 % ) and less benzoyl fluoride 
was obtained (11 %). The use of TP+C104- resulted in 
a better yield of benzoic acid (66%), due to the lack of 
a fluorine source. 

In the case of tetrakis(4-methylpheny1)ethanone (81), 
laser-flash photolysis experiments afforded direct evi- 

PhzCHCOPh Ph2CHCOPh' 
hv 

/ \  
PhZCW + PhCO Ph2CH' + PhCO' 

PhzCO PhCOOH 

dence for the occurrence of electron transfer to excited 
TPT and for the direction of subsequent bond cleavage 
in the radical cation. The transient spectra showed 
two absorption bands at 455 and 550 nm.l19 The former 
was assigned to tris(6methylphenyl)methyl cation 
(82)120 and the latter to the pyranyl radical (Scheme 
49), on the basis of their coincidence with the reported 

Scheme 49 
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I 

spectra. Measurements of rate constants for carbon- 
carbon cleavage using different TP+ salts, under a 
variety of experimental conditions, evidenced that this 
process occurs through a SN1-type mechanism.121 

Likewise, LFP of TPT in the presence of di(4- 
methoxypheny1)acetaldehyde (83) gave transient spec- 
tra with two bands at 510 and 550 nm.122 The former 
was assigned to di(4-methoxypheny1)methyl cation (84), 
while the latter was assigned to a superposition of the 
radical cation of the starting aldehyde and pyranyl 
radical (Scheme 50). The formation of a similar anisyl 

cation has been reported in the TPT-photosensitized 
reactions of 4-methoxybenzyl alcohol via Lewis acid 
~ a t a l y s i s . ~ ~  
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An analogous result was obtained with 2,4,6-tri- 
phenylthiapyrylium tetrafluoroborate as sensitizer, but 
in this case the intensity of the 550-nm band was much 
lower, owing to the lack of absorption of the thiapyranyl 
radical at this wavelength. Conversely, LFP of DCA 
in the presence of the aldehyde led to detection of the 
radical cation of the latter (550 nm) and DC.4-,'23 but 
no cleavage to the cation (500-510 nm) was observed 
to take place. Furthermore, addition of LiBFl favored 
carhon-carbon bond rupture in the DCA-photosensi- 
tized reaction. This result was attributed to the 
nucleophilicity of the tetrafluoroborate anion. 

Another group of compounds where carbon-carbon 
bond cleavage occurs upon PET activation with TPT 
is that of cyclopropane derivatives. Thus, l-acetoxy- 
1,2-diphenylcyclopropane underwent oxidative ring 
opening, to give an unsaturated ketone and a 8-acet- 
oxycarhonyl compound (Scheme 51).lU 

Scheme 51 

Bicyclo[2.l.0lpentanes have attracted considerable 
attention as PET donors, in connection with the 
mechanism of denitrogenation of the related azoalkane 
radical cations (see section III.I.3).1z"z8 Thus, the 
TPT-photosensitized rearrangement of housanes 
(Scheme 52)lZ5 has provided valuable information 
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related to the nature of the intermediates involved in 
the reactions of 2,3-diazabicyclo[2.2.lloct-2-enesunder 
analogous conditions. 

The product distzibutions obtained with the syn- and 
anti-bmethyl derivatives 87 and 88 revealed a remark- 
able stereochemical memory effect, since the rear- 
rangement to methylcyclopentenes involved preferen- 
tial 1,Pmigration of the syn substituent (Me or H).'" 

Mkanda and Garcia 

The pathways responsible for ring inversion and 
stereoselective olefin formation are shown in Scheme 
53. 

Scheme 53 
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The stereoelectronic factors influencing the migratory 
aptitude of substituents at  position 5 in the puckered 
1,3-radical cation are discussed in section 111.1.3, 
together with the stereochemical aspects of TPT- 
photosensitized azoalkane denitrogenation. A key piece 
ofevidence wasobtained by directESRdetection,which 
established that the 1,3-diyl radical cations initially 
formed after radiolyticoxidation ofthe bicyclopentanes 
in a CF8CCb matrix (80-90 K) rearranged stereose- 
lectively to the cyclopentene radical cations.'" Further 
examples of the TPT-sensitized PET reactions of 
cyclopropane derivatives are illustrated in Scheme 

Scheme 54 
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Besides aralkyl ketones or aldehydes and cyclopro- 
pane derivatives, some other compounds have been 
shown to undergo carbon-carbon bond cleavage upon 
TPT-sensitized photolysis. For instance, PET frag- 
mentation of 4-acetoxy-2-benzyl-2-methylbenzopyran 
(102) (Scheme 55) afforded toluene, benzaldehyde, 1,2- 
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diphenylethane, and 2-methy1~hromone.l~~ This can 
be explained by cleavage of the bond linking CZ with 
the benzyl substituent, to give 4-acetoxybenzopyrylium 
ion (103) plus benzyl radical. 

Interestingly, fragmentation of the radical cation in 
the gas phase (MS) followed the same pattern, as 
evidenced by the fact that the only two peaks with 
relative intensities higher than 10% were those cor- 
responding to the 4-acetoxybenzopyrylium cation (mlz 
203,13 %) and protonated 2-methylchromone (mlz 161, 
100%). 

Another interesting example is the TPT-photosen- 
sitized carbon-carbon cleavage of triphenylmethane. 
The initially formed radical cation (detected as transient 
absorptions at 480 and 700 nm) underwent a rapid 
deprotonation to the triphenylmethyl radical. Trap- 
ping of the latter intermediate by oxygen and subse- 
quent breaking of the resulting peroxy radical led to a 
mixture of benzophenone and phen01.l~~ 

2. Carbon-Oxygen Bonds 

The TPT-photosensitized rearrangement of oxiranes 
to carbonyl compounds is included in this section 
because it formally involves a carbon-oxygen bond 
cleavage. However, the mechanism of this reaction is 
not well established, and it could involve [1,23 sigma- 
tropic shifts of the substituents at the radical cation 
stage. The rearrangement of the norbornene-derived 
substrate 105 is shown in Scheme 56.132 
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Scheme 56 
Ph 

Ph %T u ph 
Ph 

105 106 

Tris(4-methoxypheny1)methyl tetrafluoroborate was 
also efficient as PET sensitizer, but TP+C104-, TP+Cl-, 
and DCA were not able to promote this rearrangement. 
The above observations led to the conclusion that the 
presence of tetrafluoroborate anion is essential for the 
reaction. 

Since the oxirane (Ew+p = 2.07 V us SCE) was an 
efficient quencher of the TPT fluorescence and, in 
contrast, small amounts of 1,2,4,5-tetramethoxybenzene 
( E ~ + , D  = 0.81 V us SCE) completely inhibited TPT- 
mediated ketone formation, an electron-transfer step 
was thought to be involved as primary process. 
1,1,2,2-tetraphenylethylene oxide (107) was markedly 

reluctant to undergo rearrangement, in spite of its 
ability to quench TPT fluorescence. However, trans- 
stilbene oxide was converted into diphenylacetaldehyde 
(Scheme 57).132 

Scheme 57 

T€T, CHzClz P h o  
I, PhzCHCHO qph 

t-55 
hv (k > 400 nm) 

We have observed that cis-stilbene oxide also affords 
diphenylacetaldehyde as a major product; however, an 
unexpected result was isolation of 1,2-diphenylethanone 
in a small amount (Scheme 58).133 
Scheme 58 

c-55 

The latter is also a rearrangement product (H 
migration instead of phenyl migration), and its forma- 
tion indicated a certain degree of steric control, since 
it was only observed in the case of the cis-oxirane. The 
mechanistic details of this interesting observation are 
currently under study. 

The selective cleavage of the C r O  bonds of chalcone 
epoxides 108 photosensitized by TPT (Scheme 59) has 
Scheme 59 

Ar 

109 
80 OX 51 7% in CHzClz 

I 
Ph +Ar 

OH 
110 

97 or 75 741 in MeOH 

been recently reported.Ia The major products were 
@-ketoaldehydes 109 (in CH2C12) or solvent adducts 110 
(in methanol). Quenching experiments with 1,2,4,5- 
tetramethoxybenzene, 1,4dimethoxybenzene, and 1,3,5- 
trimethoxybenzene showed that the product yields 
increased with increasing oxidation potential of the 
quencher, supporting an electron-transfer mechanism. 

In contrast with previous findings on related com- 
pounds (see above),’32 TP+C104- was also found to be 
an efficient sensitizer to achieve ring opening of chalcone 
epoxides.la 
3. Carbon-Nitrogen Bonds 

The TPT-photosensitized denitrogenation of azoal- 
kanes via the corresponding radical cations has been 
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extensively inve~tigated.~~~-'29.-'351~36 In acetonitrile 
solution, 1,l'-azoadamantane was efficiently converted 
into N-acetyl-1-aminoadamantane, which is clearly the 
Ritter product derived from solvent trapping of the 
1-adamantyl cation (Scheme 60).135 

Scheme 60 
TP+ TP NZ 

Ad-N=N-Ad Ad-N:N-Ad 4 Ad-N=N* / Ad* Ad* / Ad* 
hv 

McCN 
Ad' - - Ad-NHCOMe 

97% 

Excited TPT was also found to produce oxidative 
nitrogen extrusion from tricyclic azoalkanes 11 1, 114, 
and 117 (Scheme 61).135 In these reactions, two types 

Scheme 61 

111 111 113 

114 115 116 

i_ t A (0:lOo) - 
119 I18 

117 (not observed) 
I TPT. CH2C12, hv (h  > 400 nm) 

of products were formed cyclopropane derivatives and 
rearranged olefins. 

The above results were rationalized through the 
intermediacy of l,&radical cations. Back-electron 
transfer would lead to the corresponding biradicals and 
subsequently to cyclopropanes, while Wagner-Meer- 
wein rearrangements would produce the observed 
olefins. This is illustrated in Scheme 62, taking a 

Scheme 62 

* 

A +' 
113 112 

representative tricyclic azoalkane 11 1 as prototype. 
A rather systematic study has been performed on 

methyl-substituted 2,3-diazabicyclo[2.2.llhept-2-ene 
(DBH). The results obtained upon TPT-photosensi- 
tized denitrogenation are summarized in Scheme 63. 

In all cases, bicyclopentanes and cyclopentenes were 
obtained as products. The former would be associated 
to back-electron transfer at the l,&diyl radical cation 

Scheme 63 
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123N 124 125 
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/&,A+?) 128 91 89 0- 90 
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129 9 i  93 94 
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I . TFT. CH2C12 or MeCN. hv (h > 400 nm). 5-10 min, Hg lamp 

stage, while the latter would be the consequence of 1,2-H 
or -Me shift (Scheme 64). 

Scheme 64 &;; &.l+. 

4: 

- 
4 

R2 N+. 
R2 \ 

q R 4  R L  k; R d R Y  

R3 

J R2 [:+ 
R&;; 

R2 

R1,  R2. R3. R4 = H or Me 

It is worth mentioning that the migratory aptitude 
of the substituent in the anti position to the azo group 
(R4) was markedly higher than that of the syn sub- 
stituent (R9. Thissuggested that the l,&radical cations 
have a puckered geometry, since in a planar spatial 
arrangement the same pattern of olefinic products 
should be expected from syn-7-methyl-2,3-diaabicyclo- 
[2.2.llhept-2-ene as well as from its anti isomer. 
Accordingly, puckered l,&radical cations have been 
inferred from the ESR spectra obtained after y-ir- 
radiation of the closely related bicyclo[2.1.01 pentanes 
in solidmatrix (see section 111.1.1). The antisubstituent 
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attached to the intervening sp3 carbon is in good 
coplanar alignment with the 2p orbital lobes of the 
radical cationic centers, which facilitates its migration 
(see Scheme 65). Other possibilities are denitrogenation 

Scheme 65 
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Thus, the formation of spiro ether 95 was taken as 
an unambiguous evidence for the cyclization of electron- 
deficient intermediates (Le. radical cations). It was 
also observed that the addition of biphenyl as a 
cosensitizerlw strongly altered the product distribution, 
suppressing almost completely formation of bicyclo- 
pentane (BET process) and substantially enhancing 
the intramolecular trapping leading to the spiro ether. 
Similar results wereobtained with other PETsensitizers 
such as DCA; however, the reaction was less efficient, 
and BET to the bicyclopentanes occurred to a higher 
extent, as above discussed for analogous DBH deriva- 
tives. 

In view of the intriguing properties of radical cations 
related to di~yclopentadiene,'~~ the TPT-photosensi- 
tized denitrogenation of their azo precursors 133 has 
been recently studied.*% The results obtained and their 
mechanistic rationalization are summarized in Scheme 
67. 

Scheme 67 

1% 130b lJoe 

of the diazenyl radical cation with concomitant migra- 
tion of the antiperiplanar substituent or even concerted 
nitrogen extrusion from the radical cation of the azo 
compound with migration of the substituent in theanti 
position to the azo bridge." 

Another interesting observation was that the use of 
9,lO-dicyanoanthracene (DCA) as PET sensitizer in- 
stead of TPT led to higher amounts of bicyclopentanes. 
This has been attributed to the contribution of two 
factors: (a) an acceleration ofthe back-electron transfer 
(BET) to the l,&radical cation in the case of DCA, 
owing to the greater exothermicity of this process (in 
the normal Marcus region) and (b) the rapid separation 
of the TPT-derived geminate pairs into free radical 
ions, due to the lack of Coulombic attraction between 
the partners (a cation and a radical, instead of a a cation 
and an anion when the sensitizer is DCA). Similar 
reasons have been argued to explain the fact that, as 
a general rule, longer reaction times were required in 
the case of DCA to produce the same degrees of 
conversion. 

The intramolecular nucleophilic trapping of 1,3- 
radical cations arising from denitrogenation of DBH 
analogues has been achieved by means of the TPT- 
sensitized photolysis of the 4-hydroxypentyl-substi- 
tuted derivative 131 (Scheme 66).127 

Scheme 66 
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& 
R 

96 R=F% 
R 99 R=Mc 

97 R=Ph 
IM R=Me 

124 R' ' 'Ph 98 

Besides the usually formed cyclopropane derivatives 
and rearranged olefins, cyclopentadienes arising from 
cycloreversion occurring at the l,&radical cation stage 
were also obtained. The latter products could not be 
detected with DCA as PET sensitizer. Thus, the PET 
reactions of these azoalkanes offer an entry to the 
interesting chemistry of 1,3-radical cations isomeric of 
the dicyclopentadiene 1,2-radical cation. While the 
latter undergo, at  most, carbon-carbon cleavage to yield 
nonvertical intermediates,'37 the former fragment to 
unrearranged cyclopentadienes. 

4. Carbon-Sulfur Bonds 
Thioacetals have been widely used in organic syn- 

thesis, either ascarbonylprotectinggroupsorasmasked 
acyl carbanions. Their cleavage to regenerate the 
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corresponding carbonyl compounds generally involves 
reaction with soft acids, although in some cases electron 
transfer-based methodologies have been employed. 13s~139 
In this context, PET oxidation using TPT or TP+C104- 
as s e n s i t i ~ e r l ~ J ~ ~  has been found to be a clean and 
efficient system to achieve the desired thioacetal to 
carbonyl transformation (see Scheme 68). Since the 

Scheme 68 
(CH2)n 
f - i  

Miranda and Gar& 

water,141 route b appears more reasonable. By contrast, 
the anodic oxidation of thioacetals is thought to proceed 
following route a.139 

It is worth mentioning that photooxygenation of 1,3- 
dithiolanes with 1-cyanonaphthalene as sensitizer af- 
forded only noncleaved sulfoxides.142 This could be 
due to the participation of singlet oxygen in the reaction, 
instead of occurring electron transfer photooxygenation. 
To check this hypothesis, 2-(Cmethylphenyl)-l,3- 
dithiane (135j) has been submitted to photosensitized 
oxidation with 2,4,6-tri(4-chlorophenyl)pyrylium per- 
chlorate (TCP+C104-), DCA, methylene blue (MB), and 
meso-tetraphenylporphyin (meso-TPP).'a The results 
are presented in Scheme 70. 135 136 

R' R2 n conditions" yield (%) 
Ph Me 0 A a2 
Ph H 0 A 73 
-(CH2)3- 0 A 70 
Me CHzEb 0 A 77 
PhCHz Me 0 A 69 
4-MeC& Ph 0 B 92 
4-MeCsH4 Me 0 B 70 
4-MeC&4 Ph 1 B 95 
4-C1C& Me 1 B 73 
4-MeC6H4 H 1 B 53 
PhCHz PhCHz 1 B 31 
" (A) thioacetal (1 mmol), TPT (2 mmol), CHzClz (300 mL), 

HzO (0.3 mL), X > 300 nm; (B) thioacetal (1 mmol), TP+ C104- 
(0.05 mmol), MeCN (50 mL), 0 2 ,  X > 360 nm. E = COOEt. 

reaction proceeds under neutral conditions, it can be 
especially advantageous for polyfunctional compounds 
containing acid-labile moieties. 

Taking into account that the oxidation potential of 
the substrates 135 are in the range 1.0-1.6 V us SCE, 
the feasibility of the electron-transfer step in their TP+- 
sensitized photolytic fragmentation is out of the ques- 
tion. After generation of the radical cations, two 
different types of carbon-sulfur bond cleavages might 
in principle take place (Scheme 69): (a) ring opening to 

Scheme 69 

136 

give intermediates possessing a sulfur-centered radical 
and a carbocationic center or (b) the analogous process 
leaving the positive charge at  the sulfur atom and 
producing a carbon-centered radical. In view of the 
observation that carbonyl compounds were not pro- 
duced in oxygen-free solution, even upon addition of 

Scheme 70 

n n n 

135j R = 4-MeC&i4 1w 137 138 

S s  
TCP'ClO; 62 14 3 
DCA 43 28 5 
MB 13 71 4 
meso-TPP 1 82 4 

Since singlet oxygen is not involved in the processes 
photosensitized by pyrylium salts, the carbonyl com- 
pounds were clearly produced by oxygenation of the 
radical cations. On the other hand, the sulfoxide 137 
appeared to be a typical singlet oxygen product, as 
evidenced by the results obtained with MB and, 
especially, with meso-TPP. This suggested that DCA- 
sensitized photooxygenation of thioacetals involves 
singlet oxygen mechanism to a considerable extent. 

5. Carbon-Metal Bonds 
Irradiation of TPT in the presence of tetrabutyl- 

stannane, -germane, and -silane produced alkylation 
of the pyrylium salt at  the positions 2 and 4 (Scheme 
71).14 

Scheme 71 

M = Sn 
M=GC 
M = Si 

58 % 31 % 
16 % 6 %  
5 %  trace 

The involvement of an electron-transfer mechanism 
(see Scheme 72) was inferred from the efficient 

Scheme 72 
hv 

TP+ - TP+' 
& M + l T + *  - R@+.+TF" 
&M+. - R3M++R 
R+ 'W - R-TP 
or, alternatively (cspcciaUy in the case of n-Bu3Ge) 
&M+' + W - R-TP + R3M' 

quenching of TPT fluorescence by n-B&M at diffusion- 
controlled rate and also from the thermodynamic 
feasibility according to the Rehm-Weller equation. 
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In agreement with this rationalization, the calculated 
spin density of pyranyl radical is much higher in the 
positions 2 and 4 ( p  = 0.204 and 0.259, respectively) 
than in the other carbons of the heterocyclic ring or the 
phenyl substituents ( p  < 0.1). Furthermore, the use of 
tetra-5-hexenylstannane afforded both linear and cyclic 
products (Scheme 73), indicating that the alkyl free 
radical was indeed formed. 
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or related charge-transfer phenomena transpires in most 
of the above applications and also in the use of pyrylium 
salts as photoconductor, photoimaging, and electro- 
photoreprography materials.46JWJ8173 

Much attention has been devoted to the association 
of poly(vinylcarbazo1e) with pyrylium cations for elec- 
trophotoimaging systems.17k180 Poly(vinylpyrazo1e) is 
a photoelectroconductor for UV frequencies, and ad- 
dition of pyrylium dyes allows expansion to the visible 
region. 

These applied aspects and their fundamentals have 
been exhaustively covered in two recent reviews.181J82 

Scheme 73 

hv 
~n t TP+ - 7 

141 142 143 
- R3Sn+ 

(W 

Besides, the selectivity of the alkyl group transferred 
when stannanes with two kinds of substituents were 
used (RzSnR’z) was in agreement with the expectations 
based on the relative stability of the alkyl radicals: Me 
< n-Bu < i-Pr < t-Bu < CHZ=CHCHZ < PhCHz. 

Other pyrylium salts can also react with tetraalkyl- 
stannanes under similar conditions.146 For instance, 
irradiation of 2,6-diphenylpyrylium (145) with dialkyl- 
dibutylstannanes (RzSnBuz with R = Bu, PHCHZ, LPr, 
c-C6H11, t-Bu, etc.) in the presence of perchloric acid 
(one-pot reaction) afforded the expected 4-alkyl-2,6- 
diphenylpyrylium perchlorates (146, 1&30% yield). 
Obviously, the initially formed 4H-pyran underwent 
further oxidation to give the cation. The latter process 
was accomplished in part by the starting pyrylium salt, 
via a hydride transfer mechanism (Scheme 74). 

Scheme 74 

\ /H 
R R 

I 

144 145 146 147 

When the same procedure was applied to 2,6-di-tert- 
butylpyrylium cation (excitation wavelength 300 nm) 
no alkylation occurred and the substrate was recovered 
unchanged. However, the addition of 2,6-diphenyl- 
pyrylium cation as photosensitizer (irradiation at  350 
nm) allowed alkylation of the 2,6-di-tert-butyl deriva- 
tive with good yields (70-75%). This result shows that 
alkylation of 2,6-disubstituted pyrylium salts is possible 
by using the above-mentioned one-pot procedure. 

I V. Technical Applications of PET Reactions 
Sensitized by Pyryiium Salts 

Most of the technological applications of pyrylium 
salts are based on their ability to induce photochemical 
reactions. There is a large number of patents about 
the use of pyrylium cations as “catalysts” to effect the 
photochemical polymerization and photo-cross-linking 
of C=C double bonds in esters of acrylic and meth- 
acrylic acids with polyhydroxylic a l c o h o l ~ ~ ~ J ~ ~ 5 ~  sty- 
r e n e ~ l 5 ~ J ~  as well as epoxy functionalitie~.~5”~58 Thus, 
some pyrylium derivatives are the sensitizer component 
of light-curable dental compositions containing silica 
as inorganic filler and acrylate derivatives as binder.laJB 

Although mechanistic details are generally not dis- 
closed in this type of studies, the involvement of E T  

V. Conclusion 

2,4,6-Triphenylpyrylium tetrafluoroborate is a very 
convenient sensitizer for a wide variety of PET reac- 
tions. Its strongly oxidizing power in both the excited 
singlet and triplet states allows the generation of radical 
cations from precursors with oxidation potentials higher 
than 2 V, such as aralkyl ketones. 

In general, the efficiency of PET processes is limited 
by the slow diffusion of the resulting radical ion pairs 
and the occurrence of back-electron transfer (BET). 
Such drawbacks are minimized in the case of TPT, 
owing to the lack of net charge separation in the 
electron-transfer step. This sensitizer is very clean for 
PET oxygenation, since it produces neither singlet 
oxygen nor superoxide radical anion. A recent devel- 
opment has been inclusion of 2,4,6-triphenylpyrylium 
cation (TP+) inside zeolites. This has provided het- 
erogeneous photosensitizers, whose efficiency and 
selectivity are strongly influenced by the local 
microenvironment. In summary, TPT and related 
pyrylium salts constitute an attractive group of pho- 
tosensitizers which can be advantageously used to 
achieve specific chemical transformations. 
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