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A real-time analysis of the flash-vacuum pyrolysis products of 1 -vinyl-, 1 -(2-methylprop-I -enyl)-, and 
1 -styryl-benzotriazole (3), (16), and (18) has been performed by tandem mass spectrometry. In the 
500-700 "C temperature range, these compounds lose nitrogen yielding the N-phenylketenimines 
(14), (17), and (19), respectively. At higher pyrolysis temperatures (3) gives indole (4) via isomerization 
of (14), whereas from (16) the secondary products of (17) are benzene and methacrylonitrile. In a 
preparative pyrolysis of (18) at 800 "C 2- and 3-phenylindole (9) and (10) respectively, have also been 
detected. 

The behaviour of benzotriazole derivatives under photolytic 
or pyrolytic conditions has already received considerable 
attention.' In particular, 1 -substituted-1H-benzotriazoles 
pyrolyse to give intermediate 1,3-diradicals which can interact 
with aromatic or unsaturated substituents to give cyclic and 
rearranged products., One example of such reactions is the 
well-known Graebe-Ullmann synthesis of carbazole (2) from 
1-phenylbenzotriazole (l), which can also be performed in the 
gas phase by flash-vacuum pyrolysis (FVP).& Recently, this 
synthesis has been extended to 4aH-carba~oles .~~ 

During the course of the present work, Wender and Cooper '' 
found that photolysis of 1-alkenylbenzotriazoles (5) provides a 
practical synthesis for indoles (6); some examples had been 
reported earlier.5b It has also been briefly reported that 
1 -vinyl benzotriazole (3) is converted into indole (4) under FVP 
conditions at 700 0C.6 
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Recently, an efficient synthesis of 1-(alk-1-enyijbenzotri- 
azoles of general formula (7) has been developed based on a 
Wittig condensation of (1-benzotriazolylmethy1)triphenylphos- 
phonium chloride (1 1) with various aldehydes or ketones.' 

In this paper, we describe the unexpected behaviour of these 
benzotriazoles (7) when the pyrolysis is performed under very 
low pressure conditions (FVP), the structure of the products 

being monitored by real-time tandem mass spectrometry 
analysis. 
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Results and Discussion 
Our 70 eV electron impact mass spectrum of l-vinylbenzo- 
triazole (3) agrees well with that described in the literature,' 
displaying the molecular ion at m/z 145 and intense fragment 
ion peaks at m/z 117 (loss of nitrogen), m/z 91 (consecutive 
losses of N, and C,H2), m/z 90 (losses of N, and HCN), and m/z 
89 (losses of N,, HCN, and H' in sequence). Collisional 
activation (c.a.) of the ion of m/z 91 shows that its structure 
is identical with the [M - N,] +' ion derived from the parent 
benzotriazole for which a benzazirene structure (a) or (more 
likely) an N-cyclopenta-2,4-dienemethylenimine structure (b) 
have been proposed previously (Scheme l).9 

a 
or 

O C = N H  * *  

b 
m / z  91 

Scheme 1. 

The FVP pyrolysis of (3) was monitored by conventional 
mass spectrometry (Figure 1). At 600 "C transformation of (3) is 
almost complete and the intensities of the m/z 145 and 91 peaks 
are considerably reduced with respect to the m/z 117 and 77 
signals. At higher temperatures (1 OOO "C), the major changes 
are the decreased intensity of m/z 77 and the appearance of a 
new signal at m/z 78. 

That different [C,H,N] +. ions are formed at different 
temperatures is clearly established by the c.a. spectra reported in 
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Table 1. Collisional activation spectra of [C,H,N] + *  ions (m/z 117) produced from 1-vinylbenzotriazole (3), indole (4), and a-azidostyrene (15). 
Abundances relative to the base peak except m/z 90 (unimolecular fragmentation). The losses of hydrogens are not included (E/B/E mass spectrometer) 

Relative abundances of the fragment ions 
-7 

T(OC) h / z  103 102 91 [90] 89 77 76 75 63 51 50 41 39 38 27 
100 5 3 7 9 6 1  2 2 1 
100 14 6 16 19 10 1 5 3 1 

lo00 1 2  292 100 4 4 4 1 9 8 7 1  6 3 2 
(4) 200 1 1 227 100 4 5 5 1 9 9 8 1  7 3 2 

100 12 5 16 20 10 1 6 3 1 
100 6 5 1 6 1 6  9 2 5 3 1 

lo00 2 1  372 100 9 5 4 1 9 9 7 1  6 3 1 

24 - 
75 - 

(15) 200 8 2  106 6 4 -  
74 - 

(3) 200 < 1  1 83 271 
650 10 3 98 

650 6 1  214 

91 11 7 117 

m / z  

Figure 1. Mass spectra (region m/z 75-150) of 1-vinylbenzotriazole (3) at 200 "C (A) and after low-pressure pyrolysis at 600 OC (B) and 1 000 "C (C) 
(E/B/E mass spectrometer) 

Table 1. The most significant modifications of the c.a. spectra 
going from 200-650 "C are: 

(i) the appearance of a loss of 14 daltons characteristic of ions 
containing a terminal methylene group; 

(ii) the complete disappearance of the peak at m/z 91; 
(iii) the reduced intensity of the peak at m/z 90 which 

corresponds to fragment ions already observed without the 
collision gas (unimolecular fragmentation). 

Increasing the furnace temperature up to 1 000 "C completely 
changes the c.a. spectrum which is now completely super- 
imposable on the c.a. spectrum of the molecule ion of indole (4). 

The presence of an intense peak at m/z  77 (C,H,+) in the 
spectrum recorded at 650 "C and the characteristic loss of CH, 
suggest that the first compound formed in the pyrolysis of (3) is 
N-phenylketenimine (14) which, under more drastic conditions, 
is isomerized into the indole (4). This sequence of events is 
supported by the following observations: 

(i) ionized a-azidostyrene (15) shows a very strong peak at 
m/z 117 in its mass spectrum; the c.a. spectra of these ions with 
or without pyrolysis is quite comparable to the spectra of the 
analogous ions of (3) after pyrolysis at 65OOC. The thermal 
conversion of vinyl azides into ketenimines has been previously 
reported; the nitrene is formed from the azide function via a 
1,2-shift with the elimination of nitrogen (cf. Scheme 2). The 
spectral analogy between [(3) - N J + *  and [(l5) - N,]+' thus 
supports the formation of the ketenimine (14) at moderate 
pyrolysis temperatures. 

(ii) Formation of indole (4) from (14) at high temperatures is 
also evident from the c.a. data and thus suggests that its 
appearance during the pyrolysis of (3) is the result of a 
consecutive (not competitive) reaction. 

(iii) Finally, in the case of the homologous 1 -(2-methylprop- 1 - 
eny1)benzotriazole (16), direct comparison with an authentic 
sample of dimethyl N-phenylketenimine (17) proves the 

formation of the iminocumulenes by pyrolytic nitrogen 
elimination from benzotriazoles (vide infra). 

N 
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(15) 
Scheme 2. 

The mass spectrum of (3) and the c.a. spectrum of the m/z 117 
ions (at 200 "C) are noteworthy in that the sequence m/z 117- 
91 (loss of C,H,) is observed only in this particular case. We 
tentatively propose that the molecular ion of (3) undergoes 
nitrogen elimination to give the N-cyclohexadienylidenevinyl- 
amine cation (c) which ('just as for its neutral counterpart 12)  

undergoes a Wolff-type ring contraction into ion (d) (Scheme 3). 
This type of reaction has already been proposed for ionized a- 
iminocarbenes.' The unusually high m/z 77 : 5 1 ratio (100: 9) 
may indicate that the C6H5+ ions are isomers of the phenyl ions. 
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Table 2. Collisional activation spectra of [CloH, IN] +' ions (m/z 145) produced from 1-(2-methylprop-l-enyl)benzotriazole (16), dimethyl 
N-phenylketenimine (17), and 2,2-dimethyl-3-phenyl-2H-azirene (12) 

Relative abundances of the fragment ions * 

T("C) m/z 130 115/7 104 91 89 77 68 63 51 41 39 27 
100 8 28 36 91 46 16 (12) 260 16 18 [l 1601 29 - 

(16) 265 [465] 14 55 15 100 3 7 27 15 8 3 
570 [lo23 7 40 7 100 2 5 21 9 6 3 

(17) 270 86 4 34 5 100 2 5 18 7 4 2 

- 
- 
- 

* Abundances relative to the base peaks except those (within brackets) associated with unimolecular fragmentations (B/E mass spectrometer). 

Table 3. Collisional activation spectra of [CI4H1 +' ions (m/z 193) produced from 1-styrylbenzotriazole (18), 1,3-diphenylketenimine (19), 
phenylindoles (8), (9)' (lo), and 2,3-diphenyl-2H-azirene (13). Abundances relative to the base peak except m/z 166 (unimolecular fragmentations) 

Relative abundances of the fragment ions 
A r -l 

T(OC) m/z*  177 [166] 151 125 116 101 89 77 63 51 39 cs 
(8) 200 
(9) 200 

(10) 200 
(18) 250 

5 10 
750 

(19) 260 
510 

(13) 250 

28 
39 
27 
36 
15 
20 
11 
11 
16 

305 
567 
338 
113 
189 
225 
133 
136 
260 

27 
49 
28 
25 
14 
14 
9 

10 
18 

19 43 
44 62 
21 30 
20 47 
9 64 

10 67 
5 70 
6 74 

12 22 

16 
28 
16 
17 
16 
18 
15 
18 
10 

100 60 
100 60 
100 45 
100 64 
100 83 
100 80 
100 88 
100 91 
100 29 

30 
30 
27 
26 
22 
22 
18 
18 
23 

* The masses indicated are only indicative due to low resolution of the c.a. spectra (B/E mass spectrometer). 

33 
33 
24 
27 
31 
28 
27 
26 
18 

10 77 
10 77 
8 61 
7 49 
5 25 
6 23 
5 12 
5 11 
5 51 

c CH=CH, d 
[(3)1*' 

Scheme 3. 

1-(2-Methylprop- 1-eny1)benzotriazole (16) is also cleanly 
pyrolysed at 570 "C into nitrogen and dimethyl N-phenyl- 
ketenimine (17) (Scheme 4) as exemplified in the c.a. spectrum 
(Figure 2) by the m/z 145 peak which again shows a very 
prominent fragment signal for C,H,+ ions (m/z 77) 
incompatible with the formation of an indole structure. More- 

N 

Heat 

(16) kMe Me 

lHeat 
Scheme 4. 

over, a superimposable spectrum is obtained with an authentic 
sample of the ketenimine (17) synthesized following Bestmann's 
procedure l4 (Table 2). 

51 

77 

104 

130 

J 
I I 1 1 

0 . 5 E  E 
Figure 2. Collisional activation spectrum of the m/z 145 ions of 
l-(2-methylprop-l-enyl)benzotriazole (16) after pyrolysis at 570 "C 
(B/E mass spectrometer) 

candidate containing an 'intact' 
phenyl ring, 2,2-dimethyl-3-phenyI-2H-azirene (12) can be 
excluded by collisional activation, as no significant loss of CH,. 
is noticed in the c.a. spectrum. An increase of the furnace 
temperature up to 95OOC in this case induces decay of the 
ketenimine (17) into benzene and methacrylonitrile as evidenced 
by tandem mass spectrometry. 

Another improbable 
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l-Styrylbenzotriazole (18), in which the N-1 double bond of 
the alkenylbenzotriazole bears an aromatic substituent, shows 
similar behaviour upon pyrolysis. Table 3 summarizes the c.a. 
data for the m/z 193 ions formed by dissociative ionization, 
or pyrolysis followed by ionization of (18), the direct ionization 
of 1,3-diphenylketenimine (19), 2,3-diphenyl-2H-azirene (13), 
and the isomeric 1-, 2-, and 3-phenylindole (S), (9), and (10). 
Although the spectra all show qualitative similarities, the data 
indicate that (18) is pyrolysed at 510°C into nitrogen and 
diphenylketenimine (19). This explains convincingly the occur- 
rence, after ionization, of the major collision-induced fragments 
at m/z 116,89, and 77 (Scheme 5). This fragmentation scheme is 

(18) $h 

ii s 
I I  

H' 'Ph 
(19) c 

I -e  

J 
+ 

PhCHCN 
m/z  116 

* Denotes labelled phenyl ring 

Scheme 5. 

supported by the fact that these peaks undergo the expected 
displacements when the phenyl ring is specifically labelled (with 
a methyl group for instance). 

The diphenylketenimine (19) appears to be stable up to 
750 "C. In a preliminary preparative pyrolysis experiment on 
(18) (800 "C), however, 2- and 3-phenylindole (9) and (10) have 
been detected by thin-layer chromatography as secondary 
pyrolysis products. It is noteworthy that the ketenimine (19) 
and phenylindoles have also been detected during the FVP of 
isomeric diphenyl- 1,2,3-triazoles.l 7 * 1 8  

Conclusions 
Flash-vacuum pyrolysis of P-substituted derivatives of 1- 
vinylbenzotriazole at 5-700 "C affords N-phenylketenimines. 
Comparisons with the c.a. spectra of authentic samples suggests 
that these reactions are almost quantitative. At higher temper- 
atures, indoles are formed (probably in a consecutive reaction) 
except in the case of l-(2-methylprop-l-enyl)benzotriazole (16) 
for which benzene and methacrylonitrile are detected as the 
secondary pyrolysis products. Work is now in progress to define 
the usefulness of the method at a preparative scale and to clarify 
the reaction mechanism. 

Experimental 
Mass spectra were recorded on two instruments, depending on 
the volatility of the samples, (i) a triple sector (E/B/E) modified 
AEI MS 902 instrument l 9  (accelerating voltage of 8 kV, trap 
current of 100-500 PA, 70 eV ionizing energy) using He as the 
collision gas for obtaining the c.a. spectra,20 and (ii) a Varian 
MAT 311 A (B/E) instrument (3 kV, 1 mA, 70 eV) using air as 
the collision gas.21 

Samples were pyrolysed (E/B/E instrument) using an 
external furnace, consisting of a 25 cm (1 cm i.d.) quartz tube, 
electrically heated connected to the ion source via the all-glass 
heated inlet system. An internal furnace (ca. 10 cm quartz tube, 
1 cm i.d.) situated within 2 cm of the electron gun was used on 
the B/E instrument. In this last case, the temperature limit is 
approximately 750 "C. 

The following were prepared by the literature methods 
quoted: 1 -vinylbenzotriazole (3),5b an oil, G(CDC1,) 5.28 and 
5.99 (CH=CH, Jcis 9.3 and Jgem 1.5 and J,,,,, 16 and Jgem 1.5 Hz) 
and 7.8 (ArH); l-phenylindole (ti), b.p. 115-1 17 "C/0.5 mmHg 
(lit.,22 b.p. 189-191 "C/20 mmHg); 3-phenylindole (lo), m.p. 
87-89 "C (lit.,23 m.p. 87-88 "C); (l-benzotriazolylmethy1)- 
triphenylphosphonium chloride (1 1),7 m.p. 2 8 6 2 8 8  "C (lit.,24 
m.p. 274-275 "C); 2,2-dimethyl-3-phenyl-2H-azirene (12), b.p. 
119 "(320 mmHg (lit.,25 b.p. 96 "C/17 mmHg); 2,3-diphenyl- 
2H-azirene (13), m.p. 60-62 "C (lit.,26 m.p. 60-62 "C); a- 
azidostyrene (lS),27 G(CDC1,) 4.32 and 5.32 (CH,, J,,, 2.4 Hz) 
and 7.3 (ArH); l-(2-methylprop-1-eny1)benzotriazole 28 (16), 
m.p. 69-71 "C (lit.,5b m.p. 7&71 "C); dimethyl-N-phenyl- 
ketenimine (17), b.p. 96-99 "C (lit.,14 b.p. 99-100 "C); l-styryl- 
benzotriazole (18),7 m.p. 115-1 17 "C (lit.,24 m.p. 115-1 16 "C); 
1,3-diphenylketenimine (19),14 G(CDC1,) 5.3 (PhCH) and 7.35 
(ArH). 

Indole (4) and 2-phenylindole (9) were commercial samples 
(Janssen). 
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