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2-Quinolylcarbene 23 and 1-isoquinolylcarbene 33 are generated by flash vacuum thermolysis (FVT)
of the corresponding triazolo[1,5-a]quinoline and triazolo[5,1-a]isoquinoline 19 and 29, as well as
2-(5-tetrazolyl)quinoline and 1-(5-tetrazolyl)isoquinoline 20 and 30, respectively. These carbenes
rearrange to 1- and 2-naphthylnitrene 21 and 31, respectively, and the nitrenes are also generated
by FVT of 1- and 2-naphthyl azides 18 and 28. The products of FVT of both the nitrene and carbene
precursors are the 2- and 3-cyanoindenes 26 and 27 together with the nitrene dimers, viz.
azonaphthalenes 25 and 35, and the H-abstraction products, aminonaphthalenes 24 and 34. All
the azide, triazole, and tetrazole precursors yield 3-cyanoindene 26 as the principal ring contraction
product under conditions of low FVT temperature (340-400 °C) and high pressure (1 Torr N2 as
carrier gas for the purpose of collisional deactivation). This ring contraction reaction is strongly
subject to chemical activation, which caused extensive isomerization of 3-cyanoindene to 2-cy-
anoindene under conditions of low pressure (10-3 Torr). 2-Cyanoindene is calculated to be ca. 1.7
kcal/mol below 3-cyanoindene in energy; accordingly, high-temperature FVT of these cyanoindenes
always gives mixtures of the two compounds with the 2-cyano isomer dominating. Photolysis of
trizolo[1,5-a]quinoline 19 and triazolo[5,1-a]isoquinoline 29 in Ar matrixes causes partial ring
opening to the corresponding 2-diazomethylquinoline 19′ and 1-diazomethylisoquinoline 29′. The
photolysis of the former gives rise to a small amount of the cyclic ketenimine 22, the intermediate
connecting 2-quinolylcarbene and 1-naphthylnitrene.

Introduction

The ring expansion and ring contraction of arylcar-
benes and arylnitrenes (e.g., 1 and 3) is a subject of long-
standing and continuing interest.2

The 1- and 2-naphthylnitrenes 5 and 9 are particularly
interesting because, as has been shown recently, their
photochemistry in Ar matrixes leads to ring closure to
azirines 6 and 10 as well as ring expansion to the novel
ylidic cyclic cumulenes 7 and 11, which are distinct ener-
gy minima of lower energies than their o-quinoid keten-
imine bond-shift isomers 7′ and 11′.3 Prolonged photolysis
leads to the formation of the “aromatic” ketenimines 8

and 12, which are the global energy minima among the
isomers shown.3

The triplet naphthylnitrenes are directly observable by
UV and IR spectroscopy under matrix isolation condi-
tions.3 These triplet nitrenes have also been observed by
ESR spectroscopy under both photochemical4,5 and ther-
mal5 conditions; i.e., photolysis of the matrix isolated
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naphthyl azides as well as flash vacuum thermolysis
(FVT) of the azides with isolation of the thermolysates
in Ar matrixes at ca. 10 K leads to intense ESR spec-
tra of the nitrenes.5 The ground states of the nitrenes
are the triplet electronic states. The open-shell singlet
states of the 1- and 2-naphthylnitrenes lie 14-17 kcal/
mol higher in energy.3 Although the singlet nitrenes
have not been observed directly, it is assumed that the
nitrene rearrangements take place on the singlet energy
surface.

Importantly, the 1- and 2-naphthylnitrenes can also
be produced in the thermal rearrangements of 2-quinolyl-
and 1-isoquinolylcarbenes 23 and 33, respectively (see
Scheme 1). The carbenes are generated by FVT of 1,2,3-
triazolo[1,5-a]quinoline 19 and 1,2,3-triazolo[5,1-a]iso-
quinoline 29 as well as 2-(5-tetrazolyl)quinoline 20 and
1-(5-tetrazolyl)isoquinoline 30 as described below. These
reactions are carbene-nitrene rearrangements,2a for-
mally taking place via the same seven-membered ring
ketenimines 22 (8) and 32 (12) as observed in the matrix
photolysis work.3 It has been elucidated elsewhere that
nitrenes are intrinsically (thermodynamically) more stable
than the isomeric carbenes.2a,c,6,7 Accordingly, thermal
generation of the carbenes is expected to lead to rear-
rangement to the nitrenes and formation of nitrene-
derived products.

The triplet 1- and 2-naphthylnitrenes were directly
observed by Ar matrix ESR spectroscopy in the FVT
reactions of the triazoles and tetrazoles.5 The 2-quinolyl-
carbene and 1-isoquinolylcarbene were directly observed
by ESR spectroscopy on Ar matrix photolysis of the
triazoles.5 Here too, although the singlet nitrenes have
not been observed, it is assumed that the carbene-nitrene
rearrangements take place on the singlet energy surface.
However, it is not excluded that photochemical carbene-
nitrene interconversion can take place on triplet energy
surfaces as well.

In this paper, we report the preparative FVT experi-
ments on the rearrangements of 2-quinolyl- and 1-iso-
quinolylcarbenes to 1- and 2-naphthylnitrenes, respec-
tively, the detection of the diazomethyl valence isomers
of the triazoles (19′ and 29′), and of the ketenimine 22
connecting 2-quinolylcarbene and 1-naphthylnitrene.

Results and Discussion

Two types of carbene precursor were used, 1,2,3-tri-
azoloazines and 5-tetrazolylazines. Tetrazolylazines 14
are readily obtained by addition of HN3 to cyanoazines
13.8 These tetrazoles exist as tautomeric mixtures of the
1H and 2H tautomers, whereby the 2H tautomer is the
preferred tautomer in the gas phase.9 Flash vacuum
thermolysis (FVT) of tetrazoles 14 leads to transient
diazomethylazines 15 either via the 5H-tetrazole tau-
tomers or via initially formed nitrilimines.9,10 The diazo-
methylazines 15 cyclize to the lower energy triazolo-
azines 16, and the mild thermolysis of tetrazoles can
therefore sometimes be used as a convenient synthesis
of 1,2,3-triazoloazines.10 FVT of triazoles 16 again gener-
ates diazomethylazines 15 as transient intermediates.11

If the temperature is sufficiently high, the diazo com-
pounds 15 will decompose by N2 loss, and both the
tetrazoles 14 and the triazoles 16 will serve as precursors
of carbenes 17.

Flash Vacuum Thermolysis. FVT of 1-naphthyl
azide 18, triazoloquinoline 19, and 2-(5-tetrazolyl)quino-
line 20 afforded the same products (but not always in
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the same ratios) expected from 1-naphthylnitrene 21, viz.
1-aminonaphthalene 24, 1,1′-azonaphthalene 25, and a
mixture of 2- and 3-cyanoindenes 26 and 27 (Scheme 1
and Table 1). Similarly, 2-naphthyl azide 28, triazolo-
isoquinoline 29, and 1-(5-tetrazolyl)isoquinoline 30 all
afforded the products expected from 2-naphthylnitrene
31, i.e., 2-aminonaphthalene 34, 2,2′-azonaphthalene 35,
and the mixture of 2- and 3-cyanoindenes 26 and 27
(Scheme 1 and Table 1). It is seen that the triazoles 19
and 29 are particularly good precursors, affording the
highest overall yields.

Experiments at different temperatures and pressures
reveal that the product ratios are strongly affected by
chemical activation.6 The rearrangements of the naph-
thylnitrenes to cyanoindenes 26 and 27 are strongly
exothermic. The calculated energies of 3- and 2-cyanoin-
dene are 40.2 and 41.9 kcal/mol below cumulene 22,
respectively (B3LYP/6-31+G* energies corrected by zero-
point vibrational energies).12 The potential energy sur-
faces for the 1- and 2-naphthylnitrenes and the corre-
sponding azirines, cyclic ketenimines and ylidic cumulenes
as well as the transition states connecting them have
been calculated previously at the B3LYP/6-31+G* level
and, for the nitrenes and some of the other species,
CASPT2//CASSCF(12,12)/6-31G* levels.3 Comparison with
these energy profiles put the energies of 3- and 2-cy-
anoindene ca. 69 and 71 kcal/mol, respectively, below the
transition state for the rearrangement of ketenimine 22
to 1-naphthylnitrene 21 (see Scheme 1). To this must be
added any additional activation energy required for the
ring contraction reactions 21 f 26 and 31 f 26. When
these reactions are conducted in the low-pressure gas
phase, the excess vibrational energy will cause intercon-
version of the cyanoindenes. While 2-cyanoindene is of
lowest energy, both can interconvert by means of a series
of 1,5-shifts of H and CN as illustrated in the scheme
below (B3LYP/6-31+G* energies of ground and transition
states in kcal/mol).

These rearrangements have the characteristics of
sigmatropic shifts. The highest activation barrier in this
scheme, ca. 53 kcal/mol above the energy of 3-cyanoin-
dene, corresponds to the 1,5-shift of CN, where the carbon
atom of the migrating cyano group is bonded to both C3
and C2 in the transition state TS3. As shown in Table 1,

experimentally, 2-cyanoindene usually predominates at
low pressure (10-3 Torr), regardless of the precursor, as
expected from the thermochemistry. Increasing the pres-
sure to 1 Torr by using N2 as a carrier gas causes
collisional deactivation, and 3-cyanoindene now becomes
the principal ring contraction product in all cases. This
implies that both 1- and 2-naphthylnitrenes afford 3-cy-
anoindene as the principal ring contraction product.
When pure, isolated samples of 2- or 3-cyanoindenes are
subjected to FVT (i.e., in the absence of chemical activa-
tion), their interconversion requires higher temperatures
(800-1000 °C), as expected from the high energy of TS3
(see Table 1).13

The results outlined in Scheme 1 are corroborated by
a 13C labeling experiment with 1-(5-tetrazolyl-5-13C)iso-
quinoline 30* which on FVT at 400 °C afforded 2-ami-
nonaphthalene 34* labeled exclusively in the 1-position
as determined by 13C NMR spectroscopy.14

Ring contraction to five-membered nitriles is a common
fate of aryl- and heteroarylnitrenes under FVT condi-
tions.2a,b The mechanisms of ring contraction are com-
plicated, and different mechanisms may apply in differ-
ent systems.2a,14,15 The mechanism of ring contraction to
cyanoindenes was discussed in the light of the 13C-
labeling experiment.14 Recent work has demonstrated the
existence of two types of ring opening in heteroarylni-
trenes, both of which can lead to subsequent ring closure
to five-membered ring nitriles.16

Matrix Photolysis. Photolysis of triazoloquinoline 19
isolated in an Ar matrix at 20 K resulted in the develop-
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hartree. Full computational data for the cyanoindenes and the transi-
tion states TS1-TS4 for their interconversion are given in the Sup-
porting Information
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TABLE 1. FVT Products Yields of Productsa

precursor
T/P

(°C/Torr)
3-CN

26
2-CN

27
1-NH2

24
2-NH2

34
1-azo

25
2-azo

35

20 400/1 N2 10.3 2.7 20 - 13 -
340/10-3 1b 3b - - - -

19 400/1 N2 3.2 0.8 17 - 33 -
510/10-3 12 28 6 - 5 -

18 480/10-3 5.4 4.6 12.6 - 2.4 -
30 400/1 N2 20.6 3.4 - 7.5 - 6.4

340/10-3 1b 20b - - - -
29 400/1 N2 3.2 0.8 - 41 - 33

500/10-3 24 14 - 7.7 - 8
28 500/10-3 11 10.6 - 7.8 - 14
26 800/10-3 4c 6c - - - -

1000/10-3 2d 8d - - - -
a The absolute yields are given unless otherwise indicated.

b Relative yields of 3- and 2-cyanoindene, determined by gas
chromatography, are given. The absolute yields are very low.
c Relative yields of 3- and 2-cyanoindene are given. d Relative
yields of 3- and 2-cyanoindene are given. 4-, 5-, 6-, and 7-cyanoin-
denes are formed as well.13
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ment of a new, sharp, weak-to-medium intensity absorp-
tion band at 2089 cm-1. The best wavelength for the
formation of this band was 222 nm. This band is ascribed
to the 2-diazomethylquinoline 19′, but since diazo com-
pounds usually have very high extinction coefficients, it
can be concluded that the photolysis was very inef-
ficient.11 Similar photolysis of triazoloisoquinoline 29
produced a new, weak and sharp band at 2092 cm-1

assigned to 1-diazomethylisoquinoline 29′. In photolyses
where 19′ was present, a new multiplet was also present
at 1913-1926 cm-1. The characteristic band structure
identifies the carrier as the cyclic ketenimine 22 (8),
whose IR spectrum has been described in detail else-
where.3 The amount of diazo compound 29′ formed from
triazoloisoquinoline 29 was insufficient to allow a firm
identification of the cyclic ketenimine 32. We have
experienced difficulty in photolyzing matrix-isolated tri-
azoloazines in other cases.17 The tetrazolylazines are
generally inert under matrix photolysis conditions. As
mentioned in the Introduction, photolysis of the matrix-
isolated triazoles in the cavity of an ESR spectrometer
easily allows the observation of the triplet carbenes 23
and 33,5 and FVT of the triazoles and tetrazoles with
matrix isolation of the products in the ESR cryostat
allows the direct observation of the triplet nitrenes 21
and 31.5 Thus, most of the intermediates involved in the
quinolyl- and isoquinolylcarbene-to-naphthylnitrene re-
arrangements have now been observed.18

Conclusion

FVT of 1,2,3-triazolo[1,5-a]quinoline 19 and 1,2,3-
triazolo[5,1-a]isoquinoline 29 as well as 2-(5-tetrazolyl)-
quinoline 20 and 1-(5-tetrazolyl)isoquinoline 30 generates
2-quinolylcarbene 23 and 1-isoquinolylcarbene 33, re-
spectively, which rearrange to 1- and 2-naphthylnitrenes
21 and 31, respectively. The nitrenes undergo H-abstrac-
tion to afford aminonaphthalenes, dimerization to azo-
naphthalenes, and ring contraction, initially to 3-cyano-
indene 26. The highly exothermic ring contraction reac-
tion causes chemical activation of 3-cyanoindene, which
therefore undergoes thermal interconversion with the
lower energy 2-cyanoindene 27.

Matrix photolysis of the triazoles permits the detection
of the higher energy diazomethylquinoline and -isoquino-
line valence isomers 19′ and 29′ as well as the cyclic
ketenimine 22 connecting 2-quinolylcarbene and 1-naph-
thylnitrene.

Computational Method

The calculations of structures and energies of ground and
transition states reported here were carried out at the B3LYP/
6-31+G* and B3LYP/6-31G* levels of theory, using the Gauss-
ian94 suite of programs.19 Each of he transition structures had
one imaginary vibrational frequency, but their locations of the
reaction coordinates were not corroborated by intrinsic reaction
coordinate calculations. The IR spectra of 2- and 3-cyanoindene
were also calculated. The reliability of these computational
methods for the present purposes has been amply demon-
strated.2d,3 There was no significant difference between the
structures and relative energies obtained with the two basis
sets.

Experimental Section

The procedures used for flash vacuum thermolysis and
matrix isolation have been published.20 A 1000 W high-
pressure Hg/Xe lamp equipped with a monochromator and
appropriate filters, and an excimer lamp operating at 222 nm
(25 mW/cm2) were used for the photolyses.

The 1- and 2-naphthyl azides21 18 and 28, 1,2,3-triazolo-
[1,5-a]quinoline22,23 19, and 1,2,3-triazolo[5,1-a]isoquinoline22

29 were prepared according to literature methods. The 1- and
2-aminonaphthalenes were obtained from a commercial sup-
plier, and the azonaphthalenes were prepared by the method
of Hantzsch and Schmiedel.23

2-(5-Tetrazolyl)quinoline 20. A mixture of 3.08 g (20
mmol) of 2-cyanoquinoline, 1.43 g (22 mmol) of sodium azide,
and 1.15 g (21.5 mmol) of ammonium chloride in 30 mL of
absolute DMF was heated at 100 °C with magnetic stirring
for 5 h. After the mixture was cooled to room temperature,
the inorganic salts were filtered off, and the solution was
evaporated to dryness. The residue was taken up in 5 mL of
water and acidified to pH ) 2. The resulting beige precipitate
was recrystallized from ethyl acetate to yield 3.6 g (92%) of
white needles: mp 192-193 °C dec. Anal. Calcd for C10H7N5

C, 60.91; H, 3.58; N, 35.51. Found: C, 61.10; H, 3.40; N, 35.50.
1-(5-Tetrazolyl)isoquinoline 30 was prepared analo-

gously from 1-cyanoisoquinoline: yield 80%; mp 237-238 °C.
Anal. Calcd for C10H7N5 C, 60.91; H, 3.58; N, 35.51. Found:
C, 61.03; H, 3.72; N, 35.33.

Preparative FVT Experiments. Portions of ca. 400 mg
of the precursors were subjected to FVT at the appropriate
temperature in a dynamic vacuum of 10-3 Torr or at 1 Torr
by using N2 as a carrier gas. The thermolysis products were
isolated in a liquid nitrogen cooled cold trap, dissolved in
absolute ether or chloroform after the end of the thermolysis,
evaporated to dryness, and weighed. The cyanoindenes were
assayed by gas chromatography (10% Carbowax 20M, 165 °C,
carrier gas H2 at 30 mL /min) and 1H NMR spectroscopy. The
aminonaphthalenes and azonaphthalenes were separated by
column chromatography (SiO2/chloroform). All products were
characterized by direct comparison with authentic samples.
The results are collected in Table 1.
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Soc. 2000, 122, 1945.

(21) Forster, M. O.; Fierz, H. E. J. Chem. Soc 1907, 1942
(22) Abramovitch, R. A,; Takaya, T. J. Org. Chem. 1972, 37, 2022.
(23) Hantzsch, A.; Schmiedel, M. Ber. Deutsch. Chem. Ges. 1897,

30, 71.

Lân et al.

2036 J. Org. Chem., Vol. 69, No. 6, 2004


