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Singlet Oxygen Photo-oxidation of some Triazapentalenes 

By Angelo Albini, Gian Franco Bettinetti,” Giovanna Minoli, and Silvio Pietra, lstituto di Chimica 
Organica dell’UniversitA, v. le Taramelli 10, 271 00 Pavia, Italy 

The self-sensitized photo-oxidation of 1,3-dimethyl-5H-pyrazolo[l’,2’ : 1,2] -1,2,3-triazolo[3,2-a]phenazin-4- 
ium inner salt (1 ) leads to the cleavage of the triazapentalene moiety, yielding an epoxy-ketone. If the two methyl 
groups are absent, as in compound (2), the photo-oxidation takes place much better in the presence of dyes and 
yields an aP unsaturated aldehyde. The first reaction is shown to involve singlet oxygen, the formation of which 
requires oxygen-promoted intersystem crossing from singlet to triplet (1 ), followed by energy transfer from the 
latter state. The rate of the singlet oxygen addition onto (1) was measured in some solvents, and showed no 
dependence on the polarity of the medium. The mechanism of the addition is discussed, taking into account also 
the results from the photo-oxidation of the 6,7-dihydro-derivatives of compounds (1 ) and (2). 

NITRmm-brjdged pentalenes are betainic aromatic carbonyl group and the occurrence of a modification of 
cornpounds which are isoelectronic with the pentalene tkrc pyrazole ring (higher field absorption of H-4 of the 
dianion. Although several compounds containing poly- pyrazole moiety). Further information about the struc- 
azapentalene structures have been describcd,l no report ture of this compound was given by quantitative form- 
on their photochernistry appears to have been published. 
Here we report on the photo-oxidation of the triaza- TABLE 1 

pentalenes (1) and (2),, which were recently obtained Preparative photo-oxidations in acetonitrile 
horn phmazine derivatjves. 

RESULTS A N D  1)ISCUSSION 

I-’ve~nrntiv~! Photo-oxidatiopbs. - - 1-(3,5-uinietliylpyr- 
azolyl)plienazinyl-2-nitrene arid l-pyrazolyl-2-nitrene, 
formed from the corresponding azides or nitro- 
compounds, cyclize in high yield to yield 5H-pyrazoln- 

Me 

hV. 02 - 
Rose Bengal 

( 2 )  (8 )  

[ 1 ’,2’ : I  ,2J- 1,2,3-triazolol:j,~-aJplienazin-il-iuiii inner salts 
( I )  arid (2). These triazapentalencs are reniarkably 
stable both tliermally and photochemically. Howevcr, 
both ( 1 )  and, more slowly, (2) are transformed on irradi- 
ation in the presence of oxygen. 

T r i  fact, the preparative irradiation of ( 1 )  in various 
sollwits (MeCN, CHCI,, Me,CO) gave in high yield a 
single compound (3). This was shown by elemental 
analysis to have incorporated two atoms of oxygen, 
while spectroscopic properties showed the presence of a 

Starting matcrial Sensitizer Product (yield %) 
None (3) (82) 
Rose Bengal (3) (80) 
Rose Bengal ( 8 )  (42) 

( 1  1) Rose Bengal (13) (42) 
(12) liosc Bengal (14) (58) 

ation o f  1,2,3-triazolo[4,5-a]phenazine (4) by catalytic 
hydrogenation or reaction with piperidine at  room 
temperature. By treatment of (3) with ethanolic 
hydrochloric acid in the presence of 2,4-dinitrophenyl- 
hydrazine 3-hydroxy- and 3-ethoxy-pentane-2,4-dione 
trapped as 3,5-dimet hyl- 1- (2,4-dinitrophenyl)-.l-hydr- 
oxy- (or ethoxy-) pyrazole were obtained in addition to 

This evidence showed the presence of the 2,3-epoxy-4- 
oxo-pentyl group bound to a nitrogen atom. The 
definitive choice of formula (3), excluding formula (7), 
was possible owing to  the presence of a significant peak 
at  wzle 291 ( M  - N,) in the mass spectrum of this com- 
pound. 

In  comparable conditions (2) was only very slowly 

(1) 
(1 )  
( 2 )  

(4) - 

T A B L E  2 
Iiclevant spectroscopic data of the photo-products 

l’rotluct IH N.m.r.‘ Mc groups I .r .n 
H-3 r A - 7  

( : 3 )  3.9s 2.12s 2.3s 1710s 

I i - 3  CHO 
(13) 3.8s  f- 2.2s * 1 720s 

( 8 )  6. ldd (J 7.5, 1 I )  1 Id (J 7.5) 1 670s, 1 64Om 
(14) 5.9cld (J 7.5, lo) l lc l  (J 7.5) 1 670s, 1635m 

Nujnl mull. 
In  CDc‘l,; chemical shifts in 8 ;  coupling constants in H z .  

photo-oxidized, yielding a complex mixture. However 
(2) could be photo-oxidized in good chemical yield to  a 
single compound (8) by sensitization with Rose Bengal. 
Elemental analysis showed that only one oxygen atom 
had been incorporated. The spectroscopic properties 
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of this compound showed the presence of an a, 8 un- Mechanistic Investigations.-The self-sensitized photo- 
saturated aldehyde group. Formula (8) was definitively oxidation of (1) was examined in more detail for inform- 
indicated by the formation of 1,2,3-triazole[4,5-a]- ation on the energy transfer from excited (1) to oxygen 
phenazine (4) on treatment with piperidine, and by the and the reaction of singlet oxygen with ground-state 
loss of N, from the molecular ion in the mass spectrum. 

TABLE 4 

OH 

Me*Me 0 0  

Me 

H+ 
4 
EtOH 

+ 

R 

Quantum yields in air saturated solvents 
Solvent +A h" 

Cyclohexane .21 .064 
HN--N Chloroform .037 .013 

Chloroform-methanol (8 : 2) .053 .002 

(1). Tables 3 and 4 gather the most significant spectro- 
scopic characteristics of compound (l), as well as measure- 
ments of the efficiency of the oxygen sensitization from 
(1) in various solvents ($A). 

The latter data were obtained measuring the photo- 
oxidation of DPIBF by sensitization with (1) .  As 

(P-JNfjk 

a A t  [I]  = 1 x 1 0 - s ~ ~ .  

" 

+ 

\ 

(4) 

0 0  
(5) 

Thus the photo-oxidation of (1) differs from that of (2) 
not only because different numbers of oxygen atoms are 
incorporated, but also because no sensitizer is required. 
We established that the photo-oxidation of (1) is a self- 
sensitized reaction occurring via singlet oxygen, on the 
basis of the following observations: (i) the rate of the 
photo-oxidation corrected for partial light absorption 
depends on the concentration of (1). Therefore com- 
pound (1) intervenes at  least in two steps of the reaction: 
(ii) the photo-oxidation sensitized with Rose Bengal 
yields the same products as the unsensitized one: (iii) the 
rate of the photo-oxidation is strongly slowed down by 
adding small amounts of typical singlet oxygen physical 
quenchers, such as tertiary amines: and ( i v )  the 
photo-oxidation is quenched by diphenylisobenzofuran 

TABLE 3 
Spectroscopic data of compound (1) 

Fluorescence 
quantum 

yield 

Solvent band Fluorescence saturated) 

L m X .  (4 
h 7- 

First absorption (air 

Cyclohexane 596nm (8.3 x lo4) 603nm .25 
Chloroform 573 (7.4 x lo4) 665 .008 
Chloroform- 575 (7 .6  x lo4) 670 .001 

(DPIBF), a known chemical acceptor of singlet oxygen, 
which is in turn photo-oxidized under these conditions. 

This conclusion is strongly supported by kinetic data 
(see below). 

methanol 

TABLE 5 
Quantum yield in various conditions relative to  the 

yields in air saturated soIvents 

Air 
M C I  

Oxygen added 
Solvent equilibrated Degassed cquiiibratecl (6  %) 

& Cyclohexane 1 1.35 0.49 0.65 
Lhloroform 1 1.11 0.91 0.8 

Chloroform 1 6.5 1.5 

Chloroform 1 4.4 1.5 

DPIBF is known to react with singlet oxygen with no 
physical quenching and it was shown to  be much more 
reactive than (l), the limiting value of the efficiency of 
DPIBF photo-oxidation obtained from measurements 
in the presence of growing amounts of this substrate 

+A Cyclohexane 1 2.45 1.35 

& Cyclohexane 1 2.1 1.35 

1 I I 1 I 1 

h l r i m  
FIGURE 1 Absorption (A) and corrected fluorescence (F) spectra 

of compound (1) a t  rooin temperature; - , in cyclohexane; 
---- , in chloroform 

coincides with +A. Table 5 gathers the values, 
under various conditions (relative to  the values obtained 
in air-saturated solvents, taken equal to  l) ,  of the 
fluorescence quantum yield ($F), of the oxygen-sensitized 
quantum yield (+A), and of the rate of the self-sensitized 
photo-oxidation. 
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Tlrc polarity of the solvent strongly affects the nature 

of the singlet excited state of (1). In fact, in protic 
solvents +IT strongly decreases, while the fluorescence 
spectrum is altered and the Stoke's shift between 
absorption and emission spectra, which is negligible in 
non-polar solvents, becomes strong * (see Table 2 and 
Figure 1). Thus, while in apolar solvents the singlet 
excited state has X,X*  character and the decay by 
fluorescence is important, in polar solvents the non- 
radiative internal conversion to  the ground state is 
predominant, as the internal charge transfer, due to  tlie 
betainic structure of compound (l) ,  is facilitated. 

About the mechanism of the energy transfer from 
excited (1) to  oxygen, the following statements can be 
made. First, an efficient interaction between oxygen 
and singlet (1) is apparent.? In  fact, a decrease of the 
fluorescence and a strong increase of are observed in 
passing from air-saturat ed to  oxygen-sat urat ecl solveri t s. 
The increase of +A is consistent only with the liypo- 
thesis that  the interaction between singlet (1) and oxygen 
is involved in the sensitization of the latter. I n  fact 
an increase in the oxygen concentration above the 
amount dissolved in air-saturated solvents would hardly 
affect the singlet oxygen yield,3u and thus 4*, unless 
the triplet lifetime is unreasonably short.: On the 
other hand, the increase of +A by external heavy-atom 
effects shows that triplet (1) can sensitize oxygen. 
Therefore, rather than through a spin-forbidden direct 
energy transfer from the singlet state (path a),  the 
sensitization implies oxygen-promoted intersystem 
crossing from singlet to triplet (1) (path c), and energy 
transfer from the latter state. In  unperturbed condi- 
tions the intersystem crossing (path h)  is ncgligiblc.3 
This behaviour is reminiscent of that  found for some 
aromatic  hydrocarbon^.^') 

kr[O,] path n 

I t  rimy be seen in Table 4 that  the higher values of 
4'1 in non-polar solvents correspond to higher values of 
the photo-oxidation yield. The different efficiencies of 
the photo-oxidation in different solvents would thus 

* The same effect was also observed with other polar solvcnts. 
t The ratio between the rate of reaction of the singlet excited 

state of (1)  with oxygen and the rate of unimolecular dccay of 
this state is ca. 260 : 1.  Thcreforc, if the singlet lifetimc is cvalu- 
ated to be ca. 50 ns, from the absorbance spectrum, the rate of 
reaction with oxygen is GO. 5 x lo9 mol-1 s-1. 

$ Indeed, the interaction of singlet (1) with oxygen leads in 
the end to sensitization of the latter in high yield. In  fact, a value 
of 5 is obtained for the product 

( 4 ~ )  0,-saturated x air-saturated 
(+A) air-saturated x ( 4 ~ )  0,-saturated 

in cyclohcxane. If the interaction of singlet ( I )  with oxygen were 
the only source of singlet oxygen, this product should cqual the 
ratio between the concentrations of 0, in the two conditions, that 
is 5 :  1. 

3 A direct proof that the energy transfer takes place from thc 
triplet state could not be obtained, as no selective quencher could 
be found in this case, due to the low energy of singlet (1). This 
technique was used by Stevens for some aromatic  hydrocarbon^.^^ 

appear to depend rather on the efficiency of the oxygen 
sensitization than on the rate of reaction of singlet 
oxygen with ground-state (1). To have more quanti- 
tative information, the rate of the latter process was 
measured under different conditions. 

The simplest kinetic scheme is: 

(1) -L 3(1) 
3(1)  -L ( 1 )  

3 (1 )  -t- 0, L 10, + (1) 
10, SI 0, 

10, + (1) =% (3) 
'0, + (1) -% (1) -1- 0, 

k 

'0, -1- DPIRF k,_ Products 

wliere y is tlic: yield (depending on the oxygen concen- 
tration) of triplet (1) .  The quantum yield of tlie self- 
sensitized photo-oxidation is then : 

I f  now tlie yield of the Rose Bengal-sensitized photo- 
oxiclation is mt.asured in conditions in which the light 
is only absorbed by the sensitizer (the experiments were 
done in CHCl,-MeOH (8 : 2), due to  the Rose Bengal 
solubility), the following expression is valid : 

where +S is the quantum yield of the energy transfer 
from the sensitizer t o  oxygen (which is known in the 
case of Rose Bengal). From the reciprocal plot in 
Figure 2, = k3/k4 can be obtained, which allows the 
determination of kp from the known value of k,. A 
reliable measurement of k, is not possible, due to  the 
low value of +(3). If now dependence of the quantum 
yield of tlie self-sensitized photo-oxidation of (1) on the 
substrate concentration is studied, the value +,,p is 
obtained: +A being known from the previous experi- 
ments, p, and thus K,, may be calculated also from this 
measure. 

It may be seen that  the two values for k,  are very 
near in tlie mixed solvent CHC1,-MeOH. Still another 
independent check on k,  may be obtained by the method 
of Iioote,Ba studying the competition between (1) and 
DPIBF in the Rose Bengal-sensitized photo-oxidation, 
the rate of oxidation of DPIBF being known. The 
value thus obtained for k, is lower; however, considering 
the difference of the approaches used, the concordance 
may be considered satisfying. 

The self-sensitized photo-oxidation of (1) was studied 
also in pure CHC1, and in cyclohexane (Figure 2). The 
values for k4 thus obtained show a limited variation in 
going from polar t o  non-polar solvents. This is what 
is usually observed in singlet oxygen reactions, and 
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TABLE G 

Kinetic data on the photo-oxidation 
Substrate Sensitizer Solvent Measure Calculated value Notes 

Rose Bengal Chloroform-methanol (8 : 2) (348-l = 1.2 x k ,  = 6.3 x lo7 mol-l s-l a 
None ~I$A-' = 1.71 x 10-2 k ,  = 6.4 x lo7 mol-l s-1 b 

( l ) ,  DPIBF Rose Bengal k 6 / k 4  = 19 k ,  = 4.2 x lo7 mol-l s-1 C 

(1) None Cyclohexanc P ~ A - ~  = 6.2 x k ,  = 4.5 x lo7 mol-1 s-1 e 
a Taking I$8 = 0.76 (ref. 4), k ,  T 5.8 x lo* s-1 (ref. 5, 0).  

(1) 
(1) 

(1) None Chloroform (3+,,-l == 1.2 x loTa k, = 3.7 x lo7 mol-l S-1 d 

I$A From Table 4. Taking k ,  = 8 x lo8 mol-l s-1 (ref. 7). 
d Taking k ,  = 1.66 x lo* SO (ref. 5), I$,., from Table 4. Taking k ,  = 5.9 x 10" s-l (ref. 5), I$A from Table 4. 

certainly is better suited to a concerted reaction than to 
a reaction occurring through intermediates more dis- 
tinctly polar than the starting compound. 

As for the mechanism of the singlet oxygen addition 
onto (1) to yield (3), the following considerations can be 
made. C ycloaddition to methyl acetylenedicarboxylat e 
was observed to take place on the triazapentalenes (1) 
and (2), but it mainly occurred on the positions 1 and 
13b (' azomethinylidic ' site),*b while (3) and (8) cannot 
be formed from an initial arlduct (9). On the contrary 

.- 
I e 

FIGURE 2 Reciprocal quantum yield of the photo-oxidation of 
( I )  us. the reciprocal of the concentration of the substrate 
(after correction for partial absorption) ; 0, in cyclohexane; 
A ,  in chloroform; 0, in chloroform-methanol (8 : 2) 

the formation of (7) from (9) would be conceivable. By 
analogy with a reaction observed in another case,g the 
photo-oxidation may be better envisaged as an addition 
of 10, on positions 3 and 5 (the ' azomethiniminic ' site) 
leading to  the carbonyl oxide (lo') @ (lo"). In this 
intermediate, a double bond is present in the allylic 
position ; therefore, a considerable rotation barrier is 
expected between the different conformers. If R = Me, 
the preferred conformation will be one such as (lo'), due 
to the encumbrance of the methyl group, while if R = Ti 
a conformation such (lo'') would be preferred. Thus, 
on this basis the intramolecular attack to yield an epoxy- 
ketone from (1) is understandable, as well as the form- 
ation of an UP-unsaturated carbonyl compound in the 
case of (2). 

To support our hypothesis on the role of the alkyl 

group on the further reaction of the initial photo-oxide, 
the photo-oxidation of compounds (1 1) and (12), in which 
the structure characteristics of (1) and (2) are almost 
unchanged, was examined. As expected, the sensitized 
photo-oxidation of (1  1)  yielded (13), while (14) was 
obtained from (12). 

N-N N -N 

(10") 110') 

R = M e , H  

Thus, it may be inferred that in the case of the photo- 
oxidation of (2) and (12) one oxygen atom is ultimately 
transferred to the medium, the conformation of the 
carbonyl oxide being unsuitable to an intramolecular 
attack. This mechanism appears attractive, although 
cliff erent ones may be envisaged. 

Me 

Me d o  
N-N 

(11) R = Me 
112) R = H 

(13) 

or 

[ CHo 
N-N 

(1 4) 
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EXPERIMENTAL 

The triazapentalenes (1) and (2) were prepared as 
previously reported.2 Compounds (1 1) and (12) were 
obtained by catalytic hydrogenation of (1) and (2) as 
described elsewhere.*b Commercial (Merck and Carlo Erba) 
spectroscopic grade solvents were used after distillation. 

The u.v.-visible spectra were recorded on a 
Perkin-Elmer 200 spectrophotometer and the fluorescence 
spectra either on a Aminco-Bowman S P F  or on a Perkin- 
Elmer MF 181 spectroffuorimeter. lH N.m.r. spectra were 
determined on a Perkin-Elmer R-12 instrument using SiMe, 
as internal standard; i.r. spectra on a Perkin-Elmer 257 
spectrophotometer; and mass spectra on a Du Pont 492 
spectrometer operating a t  a source temperature of 190 "C 
(75 eV). 

A solution of the appro- 
priate pentalene (100 mg) and Rose Bengal (30 mg), when 
required, in acetonitrile (150 ml) was irradiated at 18 "C by 
means of a medium-pressure mercury lamp (Philips HPK 
125 W) through a yellow filter (Atram 2 500 nm) until 
complete conversion. The solution was evaporated under 
reduced pressure and the residue dissolved in a little 
chloroform. This solution was washed with water in 
order to eliminate the dye, dried, and chromatographed on 
silica gel (Merck 60 HR)  eluting with benzene-ethyl acetate 
(7  : 3). The following products were obtained (the yields 
are reported in Table 1). From compound (1) :  4-(1- 
(1,2,3-triazolo[4,5-a]phenazinyl))-3,4-epoxypentan-2-one (3), 
as white needles, m.p. 193-195 "C (from ethanol) (Found: 
C, 63.8; H, 4.3; N,  22.1. C1,H1,N5O2 requires C, 63.9; HI 
4.1; N, 21.9"/). From compound (2): 3-{ 1-( 1,2,3-t~iazolo- 
[4,6-~-~]phe.lzlxzin3/Z)}propenal (8) , as white needles, m.p, 
238 "C (from nitroethane) (Found: C, 65.3; H I  3.3; N, 
25.3. C,,H,N,O requires C, 65.4; H, 3.3; N, 25.4%). 
From compound (1 1) : 4-[1-(4,5-dihydro-1,2,3-triazoZo[4,5- 
a]~l~enazinyZ)]-3,4-epo~ypentan-2-one (13) as white needles, 
m.p. 201-202 "C (from nitroethane) (Found: C, 63.4; 
H,  4.6; N, 21.8. C1,Hl5N,O2 requires C, 63.5; H, 4.7; 
N, 21.8%). From compound (12) : 3-[1-(4,5-dihydro- 
1,2,3-triazoZo[4,5-a]phenazinyE)lpropenaZ (14) as ivory 
plates, m.p- 182 "C (from nitroethane) (Found: C, 64.7; 
H, 4.1; N,  25.2. C1,HllN,O requires C, 65.0; H, 4.0; N, 

Catalytic Hydrogenation of Compound (3) .-Compound 
(3) (50 mg) in ethanol (10 ml) was hydrogenated a t  
room tetnperature in the presence of 107; palladium- 
charcoal. The catalyst was filtered off, and the solvent 
evaporated to  yield 1,2,3-triazolo[4,5-a]phenazine (4), 
(30 nig), melting above 300 "C, identical in its spectroscopic 
characteristics with an authentic sample."J 

Reaction of Cornpounds (3) and (8) with Piperidine.-Com- 
pound (3) (60 mg) was dissolved in piperidine (1 ml). A 
dark red colour developed, and after 2 h the amine was 
evaporated a t  reduced pressure and the residue was washed 
with ethanol, yielding colourless (4) (28 mg). Compound 
(8)  was dissolved in the same manner and the red solution 
was left a t  room temperature for 1 day. After evaporation 
of the miine the oily residue was chromatographed on silica 
gel eluting with benzene-ethyl acetate (7 : 3),  yielding 
compound (4) (20 mg). 

Hydvolysis of Compound (3) in the Presence of 2,4-Dinitro- 
p~ien3~Zlzydr~zine.-To a hot solution of 2,4-clinitrophenyl- 
hydrazine (200 nig, 2 mniol) in anhydrous ethanol (90 nil) 
(3) (320 nig, 1 mmol) and 3~ HCl (6  ml) were added. The 
mixture was reffuxed for 1 h and then left overnight. The 

Apparatus. 

Preparative Photo-oxygenation. 

2 6.2 yo ) . 

precipitate was filtered off and stirred with 5% aqueous 
Na,CO, (2 x 10 nil). The extracts were acidified with 
acetic acid, the cream-coloured precipitate was collected 
and recrystallized from dimethylforniamide to yield 
1,2,3-triazolo[4,5-a]phenazine (4) (160 mg). The original 
ethanolic solution was evaporated, the residue dissolved in 
ethyl acetate (35 nil) and washed with 5% aqueous Na,C03 
(2 x 10 ml) and then with water. The organic layer was 
dried and the solvent distilled off. The residue was chro- 
matographed on silica gel (Merck 60 HK) eluting with ben- 
zene-ethyl acetate (9 : 1 to 7 : 3), to yield 1-(2,4-dznztro- 
pheny2) -2,4-dimethyZ-3-etk~oxypyrazole (60 mg) as yellow 
plates, m.p. 106-107 "C (from cyclohexane) (Found: C, 
51.3; H, 4.8; N, 18.2. C13H14N40, requires C, 51.0; H, 
4.6; N, 1 8.3y0), and 1-(2,4-dinitroPhenyl) -2,4-dirnethyl-3- 
hydroxyfiyraxde (130 mg) as orange needles m.p. 188.- 
189 "C (from ethanol) (Found: C, 47 .6 ;  H, 3 .7 ;  N, 19.9.  
Cl,Hl,N,O, requires C, 47.5; H, 3.6; N, 20.1yo). 

Measurements.-For the measurement of the reaction 
quantum yield, 3-1111 samples were irradiated in spectro- 
photometric cells (1 cm) by means of a super-high-pressure 
mercury lamp (Osrani HBO 200\V/4) equipped with a 
Splinder and Hoyer interference filter (A,,,,. 543 nm, Ahg 9 
nm) or a liquid NiSO, filter, determining the chemical 
transformation by spectropliotometric measurements. 

In experiments with solutions containing both DPIBF 
and (1) the disappearance of the former was determined by 
measuring the optical density a t  420 nm [where (1) absorbs 
very little, see Figure 11, and the disappearance of the latter 
by measurements at 550-600 nm, according to the solvent 
employed. The light intensity was monitored by potassium 
Reineckate actin0metry.l' Fluorescence quantum yields 
were determined relative to Rhodamine B.12 Samples for 
measurements in the absence of oxygen were prepared 
using four freeze-pump ( lop4 Tom)-thaw cycles. Oxygen 
was then admitted for measurements in oxygen-saturated 
solutions, 
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