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(CDCI,) 6 3.05 (br t, 2 H, Ar CH2), 3.79, 3.97, and 4.05 (3 s, 3 H 
each, OCHB), 3.7-4.3 (masked signal, 2 H, NCH,), 6.57 (9, 1 H, 
Ar H), 8.81 (d, J = 8 Hz, 1 H, =CH). 

Run 2. Keto ester 22 (0.12 g, 0.30 mmol) was combined with 
LiCl(O.02 g, 0.47 mmol), HzO (0.2 g, 11.1 mmol), and MezSO (2 
mL). The mixture was heated at 100 “C for 4 h. After the usual 
workupz4 50 mg (80%) of 25 was obtained. 

Run 3. A mixture of 22 (0.21 g, 0.53 mmol), Ba(OH),.8H20 
(0.42 g, 1.40 mmol), EtOH (3 mL), and HzO (4 mL) was refluxed 
for 14 h. The solvent was removed, and the residue was taken 
up in cold 6 N HCl(l0 mL). The solution was washed with E tO ,  
basified with cold 2 N NaOH solution, and extracted with Ego. 

Evaporation of the dried extracts gave 85 mg (70%) of 25. 
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The dye-sensitized photooxidation of some tri- and tetraazabenzopentalenes is reported. The pyrazolo- 
benzotriazole 4 is converted to a mixture of 3-(l-benzotriazolyl)- and 3-(2-benzotriazolyl)propenals (7 and 8) in 
inert solvents, while in methanol the corresponding methoxy hydroperoxides 9 and 10 are formed. The products 
from 1,2,3-triazolo[ 1,2-a]benzotriazole (5) are the diazabutadiene derivative 11 and cis,cis-mucononitrile; it is 
suggested that these arise from the intermediate 2-benz0triazolyl nitrene. These reactions of 4 and 5 are rationalized 
by assuming the formation of intermediate carbonyl oxides. 1,2,3-Triazolo[ 2,1-a]benzotriazole (6) does not react 
under these conditions. The rates of reaction of azapentalenes la ,  2, 4, and 5 with singlet oxygen have been 
determined. 

Information on the question of the intermediates in- 
volved in the addition of singlet oxygen to organic sub- 
strates can in principle be obtained by study of reactions 
of dipolar substrates. Although singlet oxygen should add 
to 1,3 dipoles in the same way as to dienes, on the basis 
of similarities between their MO correlation diagrams,’ the 
former processes are poorly documented. Diazo deriva- 
t i v e ~ , ~ - ~  nitrones: sulfur and pyridinium ylides,’ and 
azomethinimines8 have been shown to undergo photo- 
oxidation. However, in every case the photoreaction results 
in fragmentation, providing only indirect understanding 
of the primary addition step. Some heterocyclic betaines, 
namely, sydnones and related  compound^,"'^ have also 
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been studied, and here too the reactions resulted in ex- 
tensive fragmentation. 

Another class of stable heterocyclic betaines that can 
be considered in studies of addition of singlet oxygen is 
the azapentalene mesoionic betaines, which have not been 
extensively investigated despite the relatively easy acces- 
sibility of several members.14 We have previously shown 
that some triazapentalene derivatives such as 5H- 
pyrazolo[ 1’,2’:1,2] 1,2,3-triazolo[5,4-a]phenazin-4-ium inner 
salts ( la,b)15 and 1,3-dimethylpyrazolo[1,2-a]benzotriazole 
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Table I. Photooxidation of Polyazapentalenes 4-6 

irradiation % products 
substrate solvent dyea.b time conversion (% yield) 

4 MeCN RB 10 min 60 7 (401, 8 (18) 
MeOH RB 10 min 63 9 (65), 10 (35)" 
MeOH RB 10 min 63 7 (52), 8 (19) 

5 MeCN RB l h  40 11 (18), 12 (18) 
CH,Cl, TPP l h  8 11 (30), 12 (60) 
CH,Cl, TPP 4 h  50 11 (8), 12 (25) 

6 MeCN RB l h  2 e 
CH,Cl, TPP l h  1 e 

a Rose Bengal, 0.1 mg/mL. Tetraphenylporphyrin, 0.1 mg/mL. NMR evaluation of the irradiation mixture. After 
treatment with triphenylphosphine (equimolecular amount) at  room temperature. e No evidence for the formation of new 
products by TLC. 

Table 11. 'H NMR and IR Spectral Data for New Compounds 

7 9.9'(d, 8) 7 (dd, 8 , 1 7 )  8.5 (d, 17)  1675 (s), 1635 (m) 
8 9.95 (d,  8) 7.3 (dd, 8, 16)  8.3 (d, 16 )  1685 (s), 1635 (m) 
9 6.3 (d,  8)  5.95 (dd, 8, 10) 7.2 (d, 10) 3.6 (s) 3400 (br) 
10 6.7 (d,  7)  4.1 (dd, 7 ,  8) 7.9 (d, 8) 3.65 (s) 3400 (br) 
11 . 9.4 (s, CH=N) 1580 (s) 

In CDC1, with chemical shift values in parts per million (6  ) vs. internal Me,Si; multiplicity and coupling constants in 
hertz are given in parentheses. Nujol mull; values given in reciprocal centimeters. 
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(2)16 are useful models for study of the reaction of singlet 
oxygen with dipolar systems, as they give well-character- 
ized products of photooxidation without fragmentation. 

Since the chemical properties of heteropentalenes are 
determined by a nonbonding orbital with nonvanishing 
coefficients a t  the four centers adjacent to the ring junc- 
tion14 (starred in structure 3), it appeared of interest to 
explore the effect of substituting a nitrogen for a carbon 
atom in the heteropentalene system, thus changing both 
the energy of the NBO and the reacting center. We here 
report on the photooxidation of pyrazolo[l,2-a]benzo- 
triazole (4), 1,2,3-triazolo[ 1,2-a]benzotriazole (5), and 
1,2,3-triazolo[ 2,1-a] benzotriazole (6). 

Photooxidation of 4 in acetonitrile, sensitized by Rose 
Bengal (RB), gave two products (Scheme I), which were 
separated by chromatography and obtained as crystalline 
solids in yields of 40% and 18%. These compounds were 
identified on the basis of elemental analyses and spec- 
troscopic properties as 34 l-benzotriazoly1)propenal (7) and 
3-(2-benzotriazolyl)propenal(8), respectively. The results 
are similar to those obtained in the photooxidation of the 
dimethyl analogue 2.16 

Photooxidation of 4 in methanol also gave two products, 
the methoxy hydroperoxides 9 and 10, which are also de- 
rivatives of l-benzotriazole and 2-benzotriazole. The 
former predominated in the reaction mixture, as indicated 
by its NMR spectrum. These products were rather labile, 
and we could isolate only one of them by chromatography. 
They were readily converted into propenals 7 and 8 by 
treating the crude reaction mixture with triphenyl- 
phosphine at  room temperature" (data are collected in 
Tables I and 11). 

Photooxidation of 5 (Scheme 11) followed a different 
course, not yielding any stable photooxide. Irradiation in 
the presence of RB or tetraphenylporphyrin (TPP) ef- 
fected a very slow reaction. Two products were formed 
and were separated by chromatography to provide crys- 
talline solids, one of which showed a green fluorescence. 
From the NMR spectrum the latter appeared to be a de- 
rivative of 2-benzotriazole, the only other absorbance being 
a low-field singlet signal. In the mass spectrometer the 
molecular ion (mle 290) fragmented to give a peak at  mle 
171 (base peak), which corresponds to loss of a neutral 
benzotriazole moiety, supporting the assigned structure 
11. The rigid skeleton of this structure is in accord with 
the observed UV spectrum and the green fluorescence. 
The other product, which showed a CN signal in its IR 
spectrum, was identified as cis,cis-mucononitrile (12) by 
elemental analysis and spectra. The relative yields of 11 
and 12 depended on the solvent (Table I). Long irradiation 
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17 (Scheme 111), which could undergo fragmentation. 
Homolytic cleavage with loss of a formyloxy radical, which 
can fragment to give carbon dioxide, should be favored by 
the stability of the imino radical 18. This radical could 
then dimerize to the l,4-diazabutadiene derivative 11. 

The formation of cis,cis-mucononitrile can be ration- 
alized by assuming that a C2H202 fragment is lost from 
17 to give 2-benzotriazolyl nitrene (19), which has been 
reported to lose nitrogen to give 12.'sJD 

It appears that the reactions of these polyazapentalenes 
with singlet oxygen are regioselective. Only C-0 bonds, 
and no N 4  bonds, are formed, which is usual for reactions 
of singlet oxygen with nitrogen heterocycles,20i21 and re- 
flects the greater strength of the C-0 bond. Thus, in 5, 
attack occurs a t  C-1 and not a t  N-3. In the oxidation of 
2, the formation of traces of 3,5-dimethyl-l-(2-nitro- 
pheny1)pyrazole indicates initial formation of a cycloadduct 
that can open in two ways.16 In the present studies there 
is no evidence for intermediate cycloadducts such as 20 
or 21, which could be formally derived from addition of 
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times did not increase the overall yield. Inasmuch as the 
formation of these products involves fragmentation of the 
starting material, the oxygen flowing from the irradiation 
vessel was examined, and carbon dioxide was detected 
(Scheme 11). 

The reaction mixture from irradiation of 6 in the pres- 
ence of RB or TPP contained only starting material; TLC 
did not indicate formation of any new products, even after 
prolonged irradiation. 

It has previously been shown that the dye-sensitized 
photooxidation of 1 and 2 involves singlet oxygen and that 
it preceeds through formation of carbonyl o~ ides . ' ~ J~  Our 
findings can be interpreted by the same mechanism. Thus, 
4 can add singlet oxygen to yield the two carbonyl oxides 
13 and 14. These intermediates can react with methanol 

6 13 14 

15 16 

to give methoxy hydroperoxides 9 and 10 or, in nonnu- 
cleophilic solvents, can lose an oxygen atom to form 
propenals 7 and 8. As has been discussed in the photo- 
oxidation of the dimethyl derivative 2,16 only in the 
presence of hindering substituents should the carbonyl 
oxides become nonplanar and close intramolecularly to 
1,2-dioxoles (e.g., 15), finally rearranging to epoxy ketones 
(e.g., 16). In the case of 4, however, nothing should prevent 
the carbonyl oxides from assuming the more-stabilized 
planar trans conformations 13 and 14, which should not 
rearrange but should undergo intermolecular oxygen 
transfer to give the propenals. 

The results of the photooxidation of 5 can be similarly 
rationalized by assuming the formation of carbonyl oxide 

2 0  21 2 2  

singlet oxygen to the azomethinimine or the azo- 
methinylide portion of 4, or for the analogous intermediate 
22 from 5. 

The regioselectivity of these singlet oxygen reactions 
remains unexplained. In 4, la, and Ib, but not in 2, initial 
attack occurs a t  C-1 rather than at (2-3, implying that the 
azomethinimine portion reacts more easily than the azo- 
methinylide portion. However, 6 does not react a t  all, 
despite the presence of the azomethinimine structure, 
while 5, which should resemble 6 in NBMO energy, reacts 
a t  the azomethinylide portion. 

We have determined the rates of reaction of these 
polyazapentalenes with singlet oxygen, measuring the 
quantum yields of the RB-sensitized photoreactions of la, 
2, 4, and 5 in oxygen-saturated acetonitrile. The disap- 
pearance of starting material was determined by the low- 
ering of the characteristic strong absorption at 340-370 MI. 

The usual reaction scheme is assumed: 

' 0 2  - 0 2  (Kd) 
IO2 + substrate - products (K,)  

'02 + substrate - O2 (K,) 

By plotting ad&-' against [substratel-' we obtained 
straight lines. The intercepts of these lines for 2 and 4 were 
very near to the reciprocal of @lo ,  indicating that these 
substrates do not act as physicaf quenchers of IO2 (K, 
negligible) but only undergo chemical reaction. By division 
of the slopes of the lines by the intercept, the reactivity 
index P = &/K, could be determined, and by use of the 
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Table 111. Rates of Reactions of Azapentalenes l a ,  2, 4, 
and 5 with Singlet Oxygen in Acetonitrile 
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substrate P (MI K,, mol-' s - ' =  

l a  6.3 x 107b  
2 0.0008 2 x  107 
4 0.003 5 x  lo6  
5 0.4 4 x  104 

Taking T ( IO2)  = 61 ps in acetonitrile from ref 22. 
In chloroform-methanol (8:2), from ref 15. 

literature value of the lifetime of singlet the rate 
of reaction K, was calculated. The rates, shown on Table 
111, are of the same order of magnitude as those of elec- 
tron-rich or highly conjugated aromaticsz3 and  of elec- 
tron-rich heterocycles such as  indole^.^^^^^ As is usually 
observed, the reactivity of the azapentalenes decreases with 
increasing oxidation potential, from 2 to  4 to 5 and then 
to 6. 

Triazapentalenes, and to a lesser degree tetrazapental- 
enes, behave as typical high-lying HOMO dipoles. Their 
reactivities with singlet oxygen are comparable to the re- 
activities of electron-deficient alkynes.26 

Experimental Section 
Apparatus. The UV-visible spectra were recorded on a 

Perkin-Elmer 200 spectrophotometer, the NMR spectra on a 
Perkin-Elmer R-12 or a Brucker WPSO instrument, using (CHd4Si 
as an internal standard, IR spectra on a Perkin-Elmer 257 
spectrophotometer, and mass spectra on a Du Pont 492 spec- 
trometer. Melting points are uncorrected. 

Materials. Commercial (Merck and Carlo Erba) spectroscopic 
grade solvents were used after distillation and, in the case of 
CH2C12, treatment with Na2C03; isopropylbenzene was dried by 
passing it through an alumina column. Column chromatography 
was performed with silica gel 60 HR (Merck). Rose Bengal (RB, 
Fluka) and meso-tetraphenylporphyrin (Fluka) were used as 
received. 
Pyrazolo[l,2-a]benzotriazole (4). A solution of 7 g of 1- 

(2-nitropheny1)pyr~le in 50 mL of isopropylbenzene was flushed 
with nitrogen for 20 min. Triethyl phosphite (18 mL) was added, 
and the mixture was heated at 150 "C for 20 h. Evaporation under 
reduced preasure and chromatography of the residue on silica gel, 
eluting with benzene-ethyl acetate (91), afforded 2.4 g (41%) of 
crystalline 4, mp 98-99 "C (from cyclohexane; lit.n mp 102-103 
"C). 
1-(2-Nitrophenyl)-l,2,3-triazole and 2-(2-Nitropheny1)- 

Iff-triazole. A mixture of 8.45 g (0.117 mol) of 1,2,3-triazole,= 
16.5 g (0.117 mol) of 2-fluoronitrobenzene, 12.4 g (0.117 mol) of 
anhydrous sodium carbonate, and 55 mL of dimethylformamide 
was refluxed for 20 min and then poured into 100 mL of water 
with vigorous stirring. An oil that slowly solidified was separated 
and extraded with benzene (4 X 50 mL). The extract was washed, 
dried, and concentrated to half the original volume. After 1 night 
a crystalline precipitate (9.05 g) was collected. 

The mother liquor was evaporated, and the oily residue 
chromatographed on silica gel, eluting with benzene. After some 
residual 2-fluoronitrobenzene, a fraction containing pure 242- 
nitrophenyl)-1,2,3-triazole was collected (6.6 g, 30%; oil; lit.% mp 
27.0-27.5 "C). Further elution with benzene-ethyl acetate (82) 
gave 4.9 g of a crystalline material, which was combined with the 
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first precipitate and recrystallized from benzene to give 142- 
nitrophenyl)-1,2,3-triazole: 12.8 g (57%); mp 93-94 "C (lit.% mp 

1,2,3-Triazolo[l,2-a]benzotriazole (5). A solution of 4 g of 
1-(2-nitrophenyl)-l,2,3-triazole in 25 mL of isopropylbenzene was 
flushed with nitrogen, 9.4 mL of triethyl phosphite was added, 
and the mixture was heated at 150 "C for 7 h. Evaporation under 
reduced pressure yielded an oil containing some crystals. These 
were filtered, while the oily part was repeatedly extracted with 
cyclohexane. The combined extracts were evaporated and 
chromatographed on silica gel, eluting with benzene-ethyl acetate 
(9:l). The crystalline material was combined with the first 
precipitate and recrystallized from cyclohexane, yielding 2.3 g 
(70%) of 5, mp 117-119 "C (lit.29 mp 121.6-122.2 "C). 

1,2,3-Triazolo[2,1-a Ibenzotriazole (6) was prepared analo- 
gously to 5 with heating for 10 h. This product was obtained as 
a crystalline solid mp 106-107 "C (lit.30 mp 108.8-109.2); 46% 
yield. 

General Procedure for the Dye-Sensitized Photooxidation 
of Compounds 4-6. Solutions containing 2 mg/mL of 4-6 sat- 
urated with oxygen in an immersion-well apparatus were irradiated 
with a medium-pressure mercury arc (Philips HPK 125 W) 
through a yellow filter (X, > 500 nm) under the conditions given 
in Table I. The solution was evaporated, and the residue was 
chromatographed on silica gel. 

Photooxidation of 4 in MeCN. Elution with benzene afforded 
two photooxides in 40% and 18% yields, respectively. The major 
product was 3-(l-benzotriazolyl)propenal (7), mp 144-145 "C 
(ethyl acetate). Anal. Calcd for CgH7N30: C, 62.42; H, 4.07; N, 
24.27. Found C, 62.54; H, 4.20; N, 24.42. The minor one was 
3-(2-benzotriazolyl)propenal (8),  mp 136-137 "C (cyclohexane). 
Anal. Found C, 62.27; H, 4.22; N, 24.41. 

Photooxidation of 4 in MeOH. The spectroscopic properties 
(NMR, IR) of the raw irradiation mixture were consistent with 
a 3 1  mixture of the two methoxy hydroperoxides 9 and 10. Since 
chromatographic separation afforded only a low yield of 9 and 
these compounds were too labile for the usual manipulation, the 
irradiation mixture was dissolved in a little benzene and treated 
with an equimolecular amount of triphenylphosphine in benzene. 
The slightly exothermic reaction was completed in 10 min, and 
chromatographic separation gave products 7 and 8 in 52% and 
17% yields, respectively. 

Photooxidation of 5. Elution with benzene-ethyl acetate (91) 
afforded two products, 11 and 12 (for the yields see Table I), along 
with unreacted starting material. Product 11 was obtained as 
yellow needles, mp 211-212 "C (from cyclohexane). Anal. Calcd 
for CI4Hl0N8: C, 57.92; H, 3.47; N, 38.60. Found: C, 57.85; H, 
3.38; N, 38.71. 

Product 12 was identical in analysis and physical properties 
with cis,cis-mucononitrile.l*~lg 

Attempted Photooxidation of 6. Elution with benzene-ethyl 
acetate (91) afforded only starting material. TLC did not indicate 
any new product. 

Rate Measurements. Solutions (4 X 10-3-4 X lo4 M) of 2 
4-6 in MeCN containing 2 X lo4 M RB were irradiated in 
spectrophotometric cells (1-cm optical path) by means of a 
high-pressure mercury arc (Osram HBO 200 W/2) through an 
interference filter (A, 543 nm, AA1p 9 nm). The disappearance 
of the starting material was determined from the lowering of the 
absorption at ca. 360 nm in 0.1- or 1-mm cells. The light intensity 
was monitored by potassium Reineckate ac t in~met ry .~~  
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