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ABSTRACT: The photolysis at 222 nm of 5-methyltetrazole isolated in a
cryogenic argon matrix leads to formation of methyl nitrile imine as
primary product. Subsequent irradiation at 328 nm induces transformation
of the nitrile imine into 4π-electron three-membered-ring 3-methyl-1H-
diazirine, which photorearranges to give methyl carbodiimide. These
products were characterized by IR spectroscopy and theoretical
calculations. For the first time, a 1H-diazirine was captured as intermediate
in the photoisomerization of nitrile imines into carbodiimides.

The concept of antiaromaticity, attributed to planar cyclic
systems containing 4n π-electrons, was introduced in

19651,2 and is now an established paradigm in organic
chemistry.3,4 The term was coined by Breslow, who recognized
that molecules containing 4π-electrons, namely derivatives of
cyclopropenyl anion (1), cyclobutadiene (2), and cyclo-
pentadienyl cation (3), are destabilized by cyclic conjuga-
tion.1,5,6 Three-membered heterocycles with 4π-electrons are
also interesting prototypes of antiaromatic systems. Due to ring
strain and assumed antiaromatic electronic destabilization, the
generation and characterization of such molecules can be a
challenging task. The simplest 4π three-membered rings,
1H‑azirine (4), oxirene (5), and thiirene (6), have attracted
considerable attention,7−15 and a few derivatives have been
prepared under matrix isolation conditions.16−21 Herein, we
report the generation and capture of 3-methyl-1H-diazirine, one
of the simplest members of the 1H-diazirine family (7), and its
infrared spectroscopic and computational chemistry character-
ization.

1H-Diazirines 7 have been postulated to play a key role in
both the thermolysis and photolysis of tetrazoles 8 (Scheme
1);22−26 however, they usually escape experimental observa-

tion.27 In a detailed study of the photochemistry of the parent
tetrazole 8a, Maier et al. have identified four CH2N2 isomers
after photolysis of the matrix-isolated compound: the nitrile
imine (10a), carbodiimide (11a), cyanamide (12a), and
diazomethane (13a) but not the 1H-diazirine (7a).25 Recently,
Beǵue ́ et al. investigated the thermolysis and photolysis of
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Chart 1. Prototype Antiaromatic Molecules with 4π-
Electrons

Scheme 1. Reaction Mechanism for Thermolysis or
Photolysis of Tetrazoles 8 Postulated in the Literature22−26
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5‑phenyltetrazole 8b and identified similar species.26 Interest-
ingly, they were able to capture the nitrile imine 10b in low
temperature matrices and demonstrated unequivocally that this
species isomerizes to carbodiimide 11b. However, no
intermediates were detected.
In the present work, we studied the photochemistry of

matrix-isolated 5-methyltetrazole 8c (R = Me) using tunable
UV-laser irradiation.28,29 5-Methyltetrazole 8c isolated in an
argon matrix at 15 K was found predominantly in the 2H-
tautomeric form, with the 1H-tautomer being present only in
trace amounts (see the Supporting Information, Figure S1).
Irradiation of matrix-isolated 8c at 222 nm (1 min, ∼15 mW)
resulted in the elimination of molecular nitrogen and
generation of two main products, the nitrile imine 10c
(ν(CNN)as = 2138 cm−1) and carbodiimide 11c (ν(NCN)as
= 2152 cm−1) (Figure 1 and Figure S2, Supporting

Information). These products were clearly assigned by
comparison of the experimental and the B3LYP/cc-pVTZ
calculated IR spectra (for more details, see Figure S3, and
Tables S1 and S2, Supporting Information). The identification
is also supported by previous results obtained in the photolysis
of matrix-isolated tetrazoles 8a and 8b.25,26

The analysis of photolysis kinetics of 8c at 222 nm led to
several relevant conclusions: (i) nitrile imine 10c is essentially
the only species formed in the first 5 s of irradiation, (ii)
carbodiimide 11c is formed subsequently, and (iii) the amounts
of both products increase when irradiation proceeds but the
11c:10c ratio increases (Figure S2, Supporting Information).
These results suggest that carbodiimide 11c is formed via nitrile
imine 10c, in agreement with the observed photorearrangement
of 10b to 11b reported by Beǵue ́ et al.26,30
After the irradiation of 8c at 222 nm and the generation of

10c in a maximum amount, we performed irradiations using
UV light of longer wavelengths, i.e., under conditions where 8c
does not react but its photoproducts can be transformed. By
starting at 375 nm and gradually decreasing the wavelength of
the tunable UV-laser source, it was observed that irradiations at

around 330 nm affect the bands of photoproducts of 8c.
Irradiations at ∼328 nm31 for 100 s resulted in selective
photoreaction of nitrile imine 10c and formation of an
unknown intermediate with a distinctive absorption band at
1826 cm−1, whose IR spectrum in the fingerprint region is
shown in Figure 2a. From the comparison between the

experimental and the B3LYP/cc-pVTZ calculated IR spectra,
we unambiguously identify this species as the elusive
1H‑diazirine 7c (Figure 2, Table 1).
The absorption bands expected for 7c in the fingerprint

region above 550 cm−1 are all clearly observed and assigned
(Table 1). Particularly characteristic is the band at 1826 cm−1,
assigned to the ν(CN) stretching mode calculated at 1839
cm−1. The most intense band, which appears split into two
components at 1168 and 1158 cm−1, correlates well with the
calculated band at 1152 cm−1, with significant contributions
from the C−N stretching, NH bending and methyl group
rocking coordinates. The bands in the 1440−1360 cm−1 region
are assigned to the three methyl bending modes. The band at
1306 cm−1 correlates well with the band estimated at 1313
cm−1, which corresponds mainly to the δ(CNH) bending
mode. All other bands, observed at 1044, 966, 928/926, and
808 cm−1, also show an excellent agreement with the calculated
data; they are all assigned to modes exhibiting a complex
mixture of coordinates (see Table 1).
After detecting 1H-diazirine 7c and upon continued

irradiation at 328 nm, we observed the formation of
carbodiimide 11c in a large amount, concomitantly with the
consumption of nitrile imine 10c (see Figure S3, Supporting
Information). The photoreaction kinetics of 10c induced by
laser irradiation at 328 nm was studied in detail in a dedicated
experiment. The data clearly showed that 1H-diazirine 7c is a
photochemical intermediate in the nitrile imine 10c →
carbodiimide 11c isomerization (Figure 3). This conclusion is
based on the following observations: (i) during the initial
instants of UV-irradiation (up to 2 min) practically all reacting
nitrile imine 10c is transformed into 1H-diazirine 7c. At this
stage, carbodiimide 11c is almost not produced; (ii) at 15 min

Figure 1. (a) Experimental IR spectrum of 5-methyltetrazole (8c)
isolated in an argon matrix at 15 K. (b) Experimental IR spectrum after
1 min of UV irradiation at 222 nm (15 mW) of matrix-isolated 8c. The
main products (with most intense IR bands labeled) are nitrile imine
10c (○) and carbodiimide 11c (●). More assignment details are given
in Figure S3 and Tables S1 and S2 (Supporting Information).

Figure 2. (a) Experimental difference IR spectrum resulting from
photochemistry of 10c at ∼328 nm (100 s, ∼30 mW) in an argon
matrix at 15 K. The negative bands (truncated) correspond to nitrile
imine 10c, and positive bands are due to the product. (b) IR spectrum
of 1H-diazirine 7c simulated at the B3LYP/cc-pVTZ level.
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of UV-irradiation the amount of 1H-diazirine 7c reaches its
maximum and gradually decreases afterward (see also Figure
S5, Supporting Information); (iii) after 60 min of irradiation,
when virtually all nitrile imine 10c is consumed, carbodiimide
11c is still produced which occurs at the expense of the
remaining amount of 1H-diazirine 7c.
Finally, it should be mentioned that the geometry of 7c

optimized at the B3LYP/cc-pVTZ level (Figure 4 and Table S4,
Supporting Information) indicates an unusually long N−N

bond (1.67 Å) and a large NC−N angle (78°), features that
suggest some structural relation with an imidoylnitrene-type
structure (for instance, see triplet 39c in Figure 4 and Table S4,
Supporting Information). Most of known nitrenes have a triplet
ground state followed by an open-shell singlet.32,33 In contrast,
acyl- and aroylnitrenes (RC(O)N; R = H, alkyl and aryl)
appear to have a closed-shell singlet ground-state.34−37

However, it is not clear whether these singlet ground-state
species should be designated as nitrenes or cyclic oxazirenes. In
the case of 7c, this structure appears to be better described as a
1H-diazirine (3-membered ring) rather than as an imidoylni-
trene (acyclic type structure).38 Note that no other structure
similar to 7c was found on the singlet state surface, but the
geometry optimization of 7c on the triplet manifold converges
to structure 39c (N···N distance = 2.28 Å and NC−N angle
= 119°, see Figure 4 and Table S4, Supporting Information)
which is clearly an imidoylnitrene species.39

For the eight H4C2N2 isomers shown in Figure 5, the
B3LYP/cc-pVTZ- and CBS-QB3-calculated energies indicate
that 1H-diazirine 7c is the most energetic species in singlet
state; ∼4 and ∼32 kJ mol−1 below the nitrene triplet state 39c,
respectively.40 The high energetic character of 7c (204 kJ mol−1

above the carbodiimide 11c for B3LYP and 191 kJ mol−1 above
the cyanamide 12c for CBS-QB3) is conceivably due to both
ring strain and antiaromatic destabilization. Our findings for
H4C2N2 isomers are similar to the trends found in calculations
for H2CN2 isomers, which can be formed in the photolysis and
thermolysis of the parent tetrazole 8a.25,41 Thus, it is not
entirely surprising that the 1H-diazirine 7a have escaped from
experimental observation and only the six most stable isomers
on the H2CN2 potential energy surface (carbodiimide 11a,
cyanamide 12a, diazo derivative 13a, 3H-diazirine 14a, nitrile
imine 10a, and isocyanamide 15a) had been identified.25,41

In summary, we have generated and captured the 4π-electron
three-membered-ring 3-methyl-1H-diazirine 7c under low-
temperature matrix isolation conditions and characterized it
by IR spectroscopy and theoretical calculations. We have
proved for the first time, based on the studies performed on this
prototype molecule, that (i) elusive 1H-diazirines can be
generated photochemically from nitrile imines and undergo
subsequent photoconversion into carbodiimides and (ii)

Table 1. Observed Bands in the Fingerprint Range of the Experimental IR Spectrum (Argon Matrix at 15 K) and Calculated
(B3LYP/cc-pVTZ) Vibrational Frequencies (v,̃ cm−1), Absolute Intensities (A, km mol−1), and Vibrational Assignment (PED,
%) of 1H-Diazirine 7c.a

Ar matrixb calcdc assignmentd

v ̃ I v ̃ A PED

1826 m 1839 33.9 ν(NC)[80], ν(C−C)[12]
1438/1436 m 1429 11.5 δas(CH3)[83]
1438/1436 m 1425 10.0 δas′(CH3)[84]
1371 m 1365 5.5 δs(CH3)[87]
1306 w 1313 6.6 +δ(CNH)[71], +ν(C−N)[11]
1168/1158 s 1152 63.2 +ν(C−N)[25], −δ(CNH)[23], δas(CCH)[22]
1044 m 1049 12.7 +δs(CCH)[41], γ(C−C)[30], −τ(NH)[14]
966 m 956 16.9 δas(CCH)[32], δs(CCH)[21], τ(NH)[17], ν(C−N)[13]
928/926 s 931 23.4 +τ(NH)[49], +δs(CCH)[17], δas(CCH)[16], ν(C−C)[11]
808 w 824 3.5 ν(C−C)[52], ν(C−N)[24], ν(N−N)[17]

a1H-Diazirine 7c was generated in an argon matrix by irradiation of nitrile imine 10c at ∼328 nm.31 bExperimental intensities are presented in
qualitative terms: s = strong, m = medium and w = weak. cThe calculated B3LYP/cc-pVTZ frequencies were scaled by a factor of 0.969, obtained
from the least-squares linear fit (see Figure S4, Supporting Information). dAbbreviations: ν, bond stretching; δ, bending; γ, out-of-plane; τ, torsion; s,
symmetric; as, antisymmetric. The combinations (+,+) and (+,−) denote in-phase and in-opposite-phase couplings between coordinates of different
types. See Table S3 (Supporting Information) for definition of internal coordinates. PED values lower than 10% are omitted.

Figure 3. Kinetics of photoisomerization of matrix-isolated nitrile
imine 10c (green) to carbodiimide 11c (blue) via 1H-diazirine 7c
(red) in the course of UV irradiation at 328 nm. See the Experimental
Section for details. The inserted scheme summarizes the mechanism of
the observed transformation.

Figure 4. Structures and selected geometric parameters of 1H-diazirine
7c and triplet imidoylnitrene 39c optimized at the B3LYP/cc-pVTZ
level. Bond lengths in angstroms, angles in degrees. Atom color codes:
blue, H; yellow, C; magenta, N. For more details, see Table S4
(Supporting Information).
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1H‑diazirines exhibit a close structural relation to imidoylni-
trenes and are highly energetic intermediates that play a key
role in the general tetrazole chemistry.

■ EXPERIMENTAL SECTION
Sample. A commercial sample of 5-methyltetrazole 8c (TCI

Europe, 98%) was used.
Matrix Isolation FTIR Spectroscopy. Matrices were prepared by

codeposition of vapors of 8c, sublimated at room temperature, with a
large excess of argon (N60, Air Liquide) onto a CsI window cooled to
15 K. The temperature was measured directly at the sample holder
window by a silicon diode sensor connected to a digital controller
providing stabilization accuracy of 0.1 K. A closed-cycle helium
refrigeration system was used in the experiments. The IR spectra were
recorded with 0.5 cm−1 resolution using a FTIR spectrometer,
equipped with a mercury cadmium telluride (MCT-B) detector and a
Ge/KBr beam splitter. Modifications of the sample compartment of
the spectrometer were done to accommodate the cryostat head and
allow purging of the instrument by a stream of dry air.
UV-Laser Irradiation Experiments. The matrices were irradiated

through an outer quartz window of the cryostat, using a narrow band
(fwhm ∼0.2 cm−1) frequency-doubled signal beam provided by an
optical parametric oscillator (OPO) pumped with a pulsed Nd:YAG
laser (repetition rate = 10 Hz, pulse energy ∼1−3 mJ, duration = 10
ns). We used UV light at 222 nm to induce the initial photochemistry
of 8c because it is the lowest wavenumber available in our OPO
system and it is the closest to the absorption maximum of 8c (8c, UV/
vis (H2O) λmax ∼206 nm).
Kinetic Measurements. The starting point (0 min) of the kinetics

shown in Figure 3 corresponds to the final stage of the UV irradiation
at λ = 222 nm of matrix-isolated 5-methyltetrazole 8c. The 222 nm
irradiation was carried out with the purpose to generate the maximum
amount of matrix-isolated nitrile imine 10c. Simultaneously, some
amount of 11c was produced and traces of 7c were observed
(fragments of infrared spectra shown in Figure S5, Supporting

Information). When the irradiation at λ = 328 nm started, the relative
amounts of 10c, 7c, and 11c were considered to be 100%, 0%, and 0%,
respectively. After 120 min of this irradiation, 10c was completely
consumed (the absolute amount of 10c equal to 0%), and the
produced amount of 11c was set to 100%. At 15 min, the combined
amount of 10c and 11c was ∼62% and reached the minimum. The
remaining amount was parametrized to 38% of 7c, with a scaling factor
Kmax as the maximum amount of 7c produced at this stage. At other
stages of irradiation, all normalized amounts of 7c were scaled by Kmax.
All the amounts of species shown in Figure 3 were projected from the
experimentally observed integrated infrared intensities of absorptions
with maxima at 2138 (10c), 1168/1158 (7c), and 2152 cm−1 (11c).

Theoretical Calculations. All calculations were carried out using
GAUSSIAN 09.42 Geometry optimizations followed by harmonic
frequency calculations were performed at the B3LYP/cc-pVTZ and
CBS-QB3 levels. To correct for the vibrational anharmonicity, basis set
truncation, and the neglected part of electron correlation, the B3LYP/
cc-pVTZ calculated frequencies were scaled by a factor of 0.969
obtained by least-squares linear fit of the experimental versus
calculated frequencies of 7c (Figure S4, Supporting Information).
The calculated frequencies, together with intensities, were then used to
simulate the spectra by convoluting each peak with a Lorentzian
function with a full width at half-maximum (fwhm) of 2 cm−1. The
peak intensities of the simulated spectra (in arbitrary units of “relative
intensity”) are several times less than the calculated intensities (in km
mol−1).

Normal coordinate analyses were carried out in the internal
coordinates space, as described by Schachtschneider and Mortimer,43

using the optimized geometries and harmonic force constants resulting
from the B3LYP/cc-pVTZ calculations. The internal coordinates used
in these analyses were defined according to the recommendations of
Pulay et al.44
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Cristiano, M. L. S.; Fausto, R. J. Phys. Chem. A. 2007, 111, 2879.
(e) Dubau-Assibat, N.; Baceiredo, A.; Bertrand, G. J. Am. Chem. Soc.
1996, 118, 5216.
(28) Nunes, C. M.; Reva, I.; Pinho e Melo, T. M. V. D.; Fausto, R. J.
Org. Chem. 2012, 77, 8723.
(29) Nunes, C. M.; Reva, I.; Fausto, R. J. Org. Chem. 2013, 78, 10657.

(30) Toubro et al. also reported the photoisomerization of
diphenylnitrilimine to diphenylcarbodiimide in a low-temperature
poly(vinyl chloride) matrix. See: Toubro, N. H.; Holm, A. J. Am.
Chem. Soc. 1980, 102, 2093.
(31) Hereafter, the series of irradiations at 330 nm (30 s), 325 nm
(20 s), and 328 (60 s) nm we designate as “irradiation at ∼328 nm for
100 s”.
(32) Platz, M. S.; Nitrenes. In Reactive Intermediate Chemistry; Moss,
R. A., Platz, M. S., Jones, M. J., Eds.; Jonh Wiley and Sons: New York,
2004; Chapter 11, p 501.
(33) Nunes, C. M.; Reva, I.; Pinho e Melo, T. M. V. D.; Fausto, R.;
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which are beyond the scope of this work.
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■ NOTE ADDED IN PROOF
Recently a paper was published on the photochemical
transformations of 5-methyltetrazole isolated in argon matrices
by M. Pagacz-Kostrzewa, J. Krupa, M. Wierzejewska, J.
Photochem. Photobiol. A 2014, 277, 37.
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