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The most stable conformers of 2-(tetrazol-1-yl)-, 3-(tetrazol-1-yl)- and 2-(tetrazol-5-yl)pyridines un-
dergo photolysis in Ar matrices at cryogenic temperatures to yield pyridin-2-ylcarbodiimide or pyridin-
3-ylcarbodiimide. Spectroscopic evidence of carbon-to-nitrogen rearrangement in the case of the 2-
(tetrazol-5-yl)pyridine molecule is provided. For the latter molecule a second pathway leads to the 1-
cyclopenta-2,4-dienylketenimine formation. The experimental findings are supported by extensive
B3LYP/6-311þþG(2d,2p) calculations.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

There is a continuous interest in tetrazole derivatives due to
their possible applications as ligands in coordination chemistry,1

high energy materials2 and biologically active compounds.3 5-
Substituted tetrazoles were found to be useful as a bioisosteric
replacement for the carboxylic acid moiety,4 while 1,5-
disubstituted tetrazole ring is known to be an excellent mimic of
the cis-amide bond.5 Tetrazole derivatives are also very stimulating
heterocycles from an academic viewpoint due to their tautomeric
and conformational properties6e9 and very interesting photo-
chemistry.6e8,10e13 The title compounds: 2-(tetrazol-1-yl)pyridine
(P2T), 3-(tetrazol-1-yl)pyridine (P3T) and 2-(tetrazol-5-yl)pyridine
(PT), although relatively simple, are much less frequently studied
tetrazole derivatives. The two former do not contain a H-atom at-
tached to the tetrazole N atom, and the expected conformers
should differ by the relative pyridine and tetrazole rings arrange-
ment. In turn, the tetrazole ring in PT is attached to the pyridine
ring through the carbon atom, and this molecule possesses an NeH
component. For the latter molecule both structural conformers and
different annular tautomers are expected to exist. To the best of our
knowledge neither of the title compounds has been the subject of
spectroscopic or theoretical investigations, although a crystal
871 3282348; e-mail address:
ka).

All rights reserved.
structure of P2T was reported in two papers.14,15 The P2T molecule
was found to be almost perfectly flat with the pyridine nitrogen
syn-orientated to the tetrazole CeH group. Such an arrangement is
favoured due to the vicinity of the H atom and the pyridine N lone
pair. P2T takes part in three intermolecular CeH/N hydrogen
bonds in the crystal, forming a novel 2-D network.15 X-ray studies
were also performed for PT. This compound crystallizes as the more
common C-aryl-NHetetrazole form with the H atom attached to
the N1 atom of the tetrazole ring.15 The pyridyl and tetrazolyl rings
are almost coplanar, and in contrast to P2T the pyridyl N atom and
tetrazolyl NeH group, are transoid to each other.15

Photochemistry of the tetrazole derivatives has been the subject
of intensive studies. The photolysis of the unsubstituted tetrazole
was studied in an argon matrix by Maier et al.10 and allowed the
spectroscopic identification of a number of photoproducts, such as
nitrilimine HCNNH or carbodiimide HNCNH. Depending on the
nature and position of the substituents, the tetrazole derivatives
may photolyse through different pathways forming diverse
products.7,12,13,16e20

All three subjects in the present study are structural isomers. 2-
(Tetrazol-1-yl)pyridine (P2T) and 3-(tetrazol-1-yl)pyridine (P3T)
are positional isomers, and 2-(tetrazol-5-yl)pyridine (PT) is a func-
tional group isomer of P2T. The aim of this work was the experi-
mental characterization of the conformers of P2T, P3T and PT
isolated in solidified argon by means of matrix isolation and FTIR
spectroscopy. A second objective was to study UV-induced
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Fig. 1. B3LYP/6-311þþG(2d,2p) optimized structures of the P2T and P3T conformers.
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photochemistry of these compounds with special emphasis on the
possible impact of the structural isomerism of the compounds on
the available photolysis pathways. Interpretation of the experi-
mental finding was supported by extensive DFT and TD-DFT cal-
culations for the ground and excited singlet states.

2. Results and discussion

2.1. Structure and energetics of the minima on the S0
potential energy surface

2.1.1. 2-(Tetrazol-1-yl)pyridine (P2T) and 3-(Tetrazol-1-yl)pyridine
(P3T). Both P2T and P3T species have one internal rotation axis that
give rise to two different conformational isomers denoted as P2Ta,
P2Tb and P3Ta, P3Tb, respectively. All four stable P2T and P3T
structures optimized at the B3LYP/6-311þþG(2d,2p) level are pre-
sented in Fig. 1 together with the adopted numbering schemes. The
geometry of the calculated species is given in Table S1 in the
Supplementary data. The energetic parameters including: relative
energies, relativeGibbs freeenergies, abundances at 298Kandat the
sublimation temperature calculated for P2T and P3Tconformers are
gathered in Table S2 in the Supplementary data. The P2Ta, P2Tb and
P3Ta, P3Tb species differ in the mutual orientation of the pyridine
and tetrazole rings. The values of the characteristic dihedral angle,
which define the arrangement of the pyridine and tetrazole rings:
theN9C8N1C5angle for P2Tand theC8C7N1C5angle for P3Tare also
given in this table. For both P2T and P3T molecules the more stable
among the two isomers is that with the pyridine nitrogen syn-ori-
ented to the tetrazole CeH group. In the case of P2T the syn con-
figuration is clearly favourable as compared with the trans-
orientation because of the vicinity of the tetrazole H atom and the
pyridine N lone pair. Such close CeH/N contact determines the
stability of P2Ta that is 22.94 kJ mol�1 lower in energy than the
second P2Tb species and leads to the 100% population of the former
conformer. The calculated P2Ta geometry is consistent with that
determined experimentally by X-ray diffraction14,15 in the P2T
crystal. In turn, for the P3T molecule one cannot expect any spatial
vicinity of tetrazole H atom and pyridine N atom for the syn-con-
formerandaccordinglybothP3Ta andP3Tb are similar in energyand
characterized by a small difference in their stability of 2.63 kJmol�1.
The calculated abundance of the P3Ta and P3Tb conformers equals
73.85% and 26.15% at 298 K and it changes very slightly at the ex-
perimental sublimation temperature of 333 K (73.77% and 26.23%).

2.1.2. 2-(Tetrazol-5-yl)pyridine (PT). PTmay exist in two tautomeric
forms differing by the position of the H atom in the tetrazolyl ring.
For both PT tautomers two conformers may exist with different
arrangement of the two rings in themolecule giving altogether four
stable forms. These structures are presented in Fig. 2 and their
geometry is given in Table S1. The most stable PT1a formwith the H
atom connected to the N1 atom of the tetrazolyl ring is stabilized by
the favourable interaction of this hydrogenwith the N9 atom of the
pyridine ring. The next structure in order of stability PT2a with the
H-atom connected to N2 of the tetrazolyl ring is 13.90 kJ mol�1

higher in energy than the most stable PT structure. As can be seen
in Fig. 2 PT1a and PT2a structures have their higher energy coun-
terparts with a different orientation of the tetrazolyl ring relative to
the pyridinemoiety (PT1b and PT2b). The calculations revealed also
the existence of two higher energy conformers (PT3a, PT3b). These
species are characterized by the sp3 hybridization state of the C5
atom of the tetrazole moiety leading to the loss of the tetrazole ring
aromaticity and resulting in a decrease in their stability (see Table
S2). The geometry of the two latter species as well as that
obtained for all stable PT minima is given in the Supplementary
data (Fig. S1, Table S1). According to the calculations 98.56% of PT
molecules are expected to appear at the temperature of
sublimation (340 K) as the most stable PT1a tautomer while the
remaining species have a total population of 1.44% and are not of
importance in relation to the experimental spectra.

2.2. Structure of the transition states and conformational
interconversion barriers on the S0 potential energy surface

All transition states (TS) connecting the P2T, P3T and PT minima
have been located on the corresponding potential energy surfaces



Fig. 2. B3LYP/6-311þþG(2d,2p) optimized structures of the PT isomers.

Fig. 3. B3LYP/6-311þþG(2d,2p) optimized structures of the transition states linking
P2T and P3T conformers.
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Fig. 4. B3LYP/6-311þþG(2d,2p) ZPE corrected potential energy diagram for P2T and
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in the aim to estimate the energy barriers between different P2T,
P3T or PT species. Fig. 3 shows the B3LYP/6-311þþG(2d,2p) opti-
mized structures of the TS1 and TS2 transition states linking P2Ta
with P2Tb and P3Ta with P3Tb, respectively, while five transition
states (TS3eTS7) that connect four PT species are given in Fig. S2 in
the Supplementary data. The related energetics for these transition
states and their imaginary frequency values are gathered in Table
S2 and the respective ZPE corrected potential energy diagrams
are presented in Figs. 4 and 5. The most stable P2Ta and P3Ta
conformers may isomerize through TS1 and TS2, to form P2Tb and
P3Tb, respectively. The corresponding energy barriers for the
P2Ta/P2Tb and P3Ta/P3Tb transformations are very much dif-
ferent and are 24.14 and 6.12 kJ mol�1, respectively. The TS1
transition state is characterized by the intermediate N9C8N1C5
angle of �77.1� as compared to those calculated for P2Ta and P2Tb
(�0.1 and �136.0, respectively). Similarly, the TS2 transition state
has the C8C7N1C5 angle equal to �93.7� that is intermediate be-
tween �32.9� and �142.6� found for the P3Ta and P3Tb minima,
respectively.

Three of the five transition states located on the PT potential
energy surface (T3, T4 and T5) are characterized by very high en-
ergies of more than 220 kJ mol�1. TS3, TS4 and TS5 are transitions
states for the 1,2-hydrogen transfer reactions appearing between
PT1a4PT2a, PT2a4PT2b and PT1b4PT2b. In turn, much lower
energy barriers were found for the PT2a4PT2b and PT1a4PT1b
interconversions consisting of rotation of the tetrazolyl ring relative
to the pyridine moiety (see Table S2 and Fig. 5).

2.3. Changes of structural parameters and charge distribution
of P2Ta, P3Ta and PT1a in their S1 excited states. TD-DFT
calculations

Optimization of the P2Ta, P3Ta and PT1a species in both S0 and
S1 states using DFT and TD-DFT methods, respectively, reveals quite



Fig. 5. B3LYP/6-311þþG(2d,2p) ZPE corrected potential energy diagram for PT
isomerizations.
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meaningful changes in the geometry of the S1 excited states as
compared to the corresponding S0 states. These data are gathered in
Table S3 in the Supplementary data. From the comparison of the S0
and S1 geometries presented in Table S3 it is clear that P3Ta be-
comes planar upon excitation as evidenced by the calculated values
of the C8C7N1C5 dihedral angle of �26.0 and �0.1� in S0 and S1,
respectively. In turn, P2Ta and PT1a, which are planar in the ground
state remain flat in the S1 state. Pronounced changes in the bond
distances and angle values are observed upon excitation within
both pyridine and tetrazole rings. Fig. 6 displays the electron den-
sity difference plots between the densities of S1(A0) and S2(A0) and
the density of the ground state for the P2Ta species. Analogous
figures obtained for the P3Ta and PT1a molecules are presented in
Fig. S3 in the Supplementary data. From Fig. 6 it is seen that both
excited states are delocalized on both rings present in themolecule.
The corresponding calculated energy of the S1)S0 and S2)S0
transitions equals to 245.2 and 228.0 nm and the oscillator
strengths amount to 0.171 and 0.201, respectively.
Fig. 6. Density differences calculated at the P2Ta ground state, between S1 and S0 (left)
and S2 and S0 (right). The red isosurface represents a value of 0.002 and the blue one
a value of �0.002. Upon excitation the electron density moves from blue to red regions.
2.4. Matrix isolation infrared spectra of P2T, P3T and PT in
solid argon and their comparison to the theoretical
predictions

According to the estimated gas phase abundance for the P2T and
PT species (see Table S2) only the most stable structures, namely
P2Ta and PT1a are expected to be present in P2T/Ar and PT/Ar
matrices, respectively. Fig. 7 shows the infrared spectra of the as-
deposited P2T/Ar (black trace, upper part) and PT/Ar (red trace,
upper part) matrices as well as a simulated spectra of the P2Ta and
PT1a species. In agreement with the expectations, only the most
stable P2Ta and PT1a species were found in the P2T/Ar and PT/Ar
matrices, respectively. It is demonstrated in Fig. 7 by good accor-
dance between the experimental infrared spectra obtained for P2T/
Ar and PT/Ar and those calculated for themost stable P2Ta and PT1a
structures.

Fig. 8 (upper trace) shows the infrared spectrum of the as-
deposited P3T/Ar matrix at 15 K. Closer inspection of this spec-
trum reveals that both P3Ta and P3Tb conformers are present in
the matrices. Indeed, a satisfying reproduction of the experimental
data was obtained when P3Ta and P3Tb conformers were taken
into account with the population equal to that estimated from the
gas phase equilibrium at the sublimation temperature 333 K. The
sum spectrum obtained by adding the B3LYP/6-311þþG(2d,2p)
spectra of P3Ta and P3Tb weighted by their respective abun-
dances (73.77% and 26.23%) is presented for comparison in Fig. 8
(middle trace).

Table S4 in the Supplementary data summarizes the positions of
the bands observed in the experimental spectra together with the
corresponding theoretical data and results of potential energy
distribution (PED) calculations for the P2T, P3T and PT species. The
proposed assignment of the IR bands, also included in Table S4, is
based on the analysis of the theoretically predicted spectra and the
potential energy distribution (PED) matrixes obtained for the
studied compounds.
2.5. Broad-band UV-irradiation experiments

The photochemistry of all three compounds was studied and the
resulting photochemical processeswere followed by IR spectroscopy.
Upon broad-band UV-irradiation, the bands due to the substrate
molecules decreased in intensity and simultaneously new features
appeared in the spectra. The interpretation of the experimental data
was supported by the B3LYP/6-311þþG(2d,2p) calculations of the
possible photoproducts and based on, whenever available, pre-
viously reported infrared spectra of putative photoproducts.

Matrices containing P2T, P3T or PT species were subjected to the
broad-band irradiation with the UV optical filters to determine the
threshold energy for the photolytic reactions occurring in the
studied matrices. It appeared that for both P2T and P3T there was
no observable photolysis unless radiationwith l�280 nmwas used
while for PT the photolysis started at l�305 nm. The detected
variation in the threshold energy is qualitatively consistent with
the results of the performed TD-DFT calculations. The estimated
HOMO-LUMO energy gap for the P2Ta, P3Ta and PT1a species
equals 245, 242 and 252 nm, respectively, with the relatively high
oscillator strength for the corresponding electronic transitions of
0.1711, 0.1116 and 0.2500.

Further on, the P2T/Ar, P3T/Ar and PT/Ar matrices were irradi-
ated with the full output of the high pressure Xe lamp and these
results are discussed below.

2.5.1. P2T/Ar photolysis. Upon irradiation of the P2T/Ar matrices
(only P2Ta conformer present) using the full output of the Xe lamp,
the most intense photoproducts bands were found in the
2200e2100 cm�1 spectral region, that is, characteristic of C]N
stretching mode. New bands were observed also in the
3450e3400 cm�1 range due to the NeH group stretching vibration.
The apparent changes were noticeable in the 1640e1550 cm�1 re-
gion. The results are presented in Fig. 9A, where representative
portions of the P2T/Ar difference spectra before and after photolysis
are shown together with the appropriate calculated spectra for
precursor and product molecules. Three spectral features appearing
between 3440e3400 cm�1 separated by 8e10 wavenumbers are
assigned, on the basis of the annealing experiment performed after
photolysis, to one product P1, whose structurewill be revealed later
in this paper, trapped in different matrix sites. When the



Fig. 7. Infrared spectra of P2Ta and PT1a: top frame: spectrum of P2Ta isolated in Ar matrix (black line) and spectrum of PT1a isolated in Ar matrix (red line), deposition at 15 K,
measurement at 9.5 K; middle frame: B3LYP/6-311þþG(2d,2p) simulated spectra of P2Ta (black) and PT1a (red) created using Lorentzian functions centred at the calculated fre-
quencies scaled as described in Section 4.2 and with the bandwidth-at-half-height equal to 0.5 cm�1. bottom frame: calculated spectra of P2Ta (black) and PT1a (red) scaled by the
same scaling factors as for the middle frame.
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temperaturewas kept at 28 K for 15min, the intensity of the band at
3423.0 cm�1 increased at the expense of two other features in this
region (3430.5 and 3412.5 cm�1). Similar behaviourwas observed in
the 2200e2100 cm�1 region where the intensity of two weaker
bands at 2143.0 and 2133.5 decreased on annealing with the si-
multaneous growth of the most intense absorption at 2130.0 cm�1.

2.5.2. P3T/Ar photolysis. The broad-band UV irradiation of P3T/Ar
matrices (two P3Ta and P3Tb conformers present) led to the si-
multaneous decrease in the area of the P3Ta and P3Tb bands and
appearance of new product bands. The overall picture after pho-
tolysis of the P3T/Ar is analogous to that described for the P2T/Ar
matrices. A similar set of product bands is observed with the
maxima slightly shifted as compared to the P1 product (see Fig. 9B)
and new bands appearing in the P3T/Ar spectra after photolysis are
assigned to the product P2.

2.5.3. PT/Ar photolysis. When the PT/Ar matrices (one PT1a con-
former present) were subjected to the broad-band UV irradiation,
the decrease of the precursor absorptions is accompanied by ap-
pearance of two sets of bands attributed to two different photolysis
products. The bands belonging to the first set are exactly the same,
both in position and shape, as those observed for the P1 product
appearing after P2Ta photolysis (see Fig. 9C). The second set con-
sists of 17 spectral features with the strongest band situated at
2045.5 cm�1. It is assigned to a photoproduct denoted with P3
whose structure will be revealed in the following section.

Table 1 presents a list of bands arising from the P1, P2 and P3
photoproducts together with the corresponding theoretical data
and the suggested assignment of the product bands.
2.6. Identification of the photoproducts

2.6.1. Photolysed P2T/Ar and P3T/Ar matrices. From the comparison
of the positions and intensities of new bands appearing after
photolysis with those calculated for the possible photoproducts
(see Table S6 in the Supplementary data) it appears that cleavage
of the tetrazole ring with the N2 elimination is a dominating
process in the studied P2T/Ar and P3T/Ar matrices. For the
1-substitited tetrazoles P2Ta and P3Ta (P3Tb) studied here the N2
elimination leads to the formation of pyridin-2-ylcarbodiimide
(product P1) or pyridin-3-ylcarbodiimide (product P2). These
molecules are characterized by a very intense absorption at 2130.0
(P1) and 2136.0 cm�1 (P2) due to the asymmetric stretching mode
of the N]C]N(H) moiety, weaker bands at 3423.0 (P1) and
3413.0 cm�1 (P2) and 879.0 (P1) and 858.5 cm�1 (P2) due to the
NeH group stretching and in-plane-deformation modes, re-
spectively. Other bands originating from pyridin-2-ylcarbodiimide
and pyridin-3-ylcarbodiimide could also be identified in the
spectra of the irradiated samples giving altogether 16 and 17
bands of the product species, respectively, for P1 and P2. The
observation of the pyridinylcarbodiimides in the studied matrices
is in agreement with the conclusions from previous reports,
6,7,12,18,21 that have shown 1-substituted tetrazoles to be useful
precursors of monosubstituted carbodiimides. To the best of our
knowledge the pyridin-2-yl- and pyridin-3-ylcarbodiimides mol-
ecules have not been described spectroscopically before. The
simplest carbodiimide HN]C]NH was observed as the cyana-
mide pyrolysis and tetrazole photolysis in argon matrices.10,22

Recently, Pagacz-Kostrzewa et al.23 have shown that both broad-
band and narrow-band laser UV irradiations of different isomers of
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5-(1H-tetrazol-1-yl)-1,2,4-triazole lead to the production of the
corresponding 1,2,4-triazolylcarbodiimides.

One possible mechanism of the P1 and P2 formation may in-
volve two concerted bond-breaking processes. According to the
ground state calculations performed for the P2Ta and P3Ta pre-
cursors the tetrazole ring cleavage might proceed through the
weakest, formal single bonds N1eN2 and N3eN4 with lengths of
1.357 and 1.366 �A and 1.360 and 1.362 �A, for P2Ta and P3Ta, re-
spectively. In the course of such reactions 2-(1H-diaziren-1-yl)
pyridine or 3-(1H-diaziren-1-yl)pyridine are expected to be formed
as intermediates (see Table S6 in the Supplementary data).7,18,23

The latter species may rearrange in two ways. Both are 1,2-H
shifts involving two different N atoms of the diazirine sub-
stituent. The first of these pathways leads to the formation of
pyridin-2-ylcarbodiimide or pyridin-3-ylcarbodiimide. Indeed
these molecules are identified in the studied matrices (P1 and P2).
The second possible rearrangement of the (diaziren-1-yl)pyridine
intermediates results in formation of the pyridin-2-ylcyanamide or
pyrid-3-ylcyanamide species (see Table S6 in the Supplementary
data), which are not observed.

A second possible pathway for the P1 and P2 formation may, as
shown by Silva and Bozzelli,24 involve a stepwise mechanism, with
initial tetrazolyl ring opening (ring-chain tautomerism) followed by
unimolecular bond dissociation. The latter step exhibits a concerted
hydrogen shift. It is clearly seen from Fig. 6 that both S1)S0 and
S2)S0 excitations in P2Ta decrease the electron density between the
N1 and N2 atoms. A similar picture is observed for the P3Ta species
(see Figs. S3 in theSupplementarydata). Furthermore, theperformed
TD-DFT calculations reveal that for both P2Ta and P3Ta species, only
one of the two weakest, in the S0 state, bonds of the tetrazole ring
become longer in the first excited state (S1): the N1eN2 distance
increases from 1.352 to 1.392�A (P2Ta), from 1.361 to 1.386�A (P3Ta).
Thus, the stepwise mechanism analogous to that proposed for 1-H-
tetrazole24was considered for the studied compounds to explain the
P1 and P2 product formation. Potential energy diagrams for the
stepwise dissociation on the S0 surface of P2Ta and P3Ta are pre-
sented in Fig.10. The products identified in the irradiated P2T/Ar and
P3T/Ar matrices (P1 and P2, respectively) indicate that similar, as in
Fig.10, type of reactionsmay be expected for the photolysed systems.

2.6.2. Photolysed PT/Ar matrices. Comparison of the spectra
obtained after the photolysis of the PT/Ar matrices with those
obtained for the irradiated P2T/Ar matrices reveals that pyridin-2-
ylcarbodiimide (P1) must be one of two main photoproducts
appearing in the formermatrix as well (see Fig. 9C and Table 1). The
tetrazolyl ring in the PT1a molecule is bonded to the pyridyne ring
through the CeC bond contrary to the P2Ta precursor where the
CeN bond between the rings is present. Thus, the appearance of the
same photoproduct P1 after UV irradiation of both PT1a and P2Ta
isolated in argon matrices indicates that, in the case of the PT1a
photolysis, a carbon-to-nitrogen rearrangement takes place to-
gether with the N2 elimination from the tetrazolyl ring. Such
rearrangement was postulated by Bertrand and Wentrup25 to ex-
plain the formation of methylphenylcarbodiimide on flash vacuum
thermolysis of 2-methyl-5-phenyltetrazole. Here, to the best of our
knowledge, the first spectroscopic evidence for this kind of rear-
rangement is presented.

Fig. 11A shows the S0 potential energy diagram obtained for the
PT1a reaction pathway leading to pyridin-2-ylcarbodiimide (P1). A
stepwise mechanism for the P1 formation from PT1a is considered



Fig. 9. Selected regions of the spectra. A. top panel: experimental difference spectrum of: P2T/Ar after 180 min of irradiation by Xe lamp minus freshly deposited P2T/Ar. Growing
bands show upward; bottom panel: simulated difference spectrum constructed as P1 minus P2Ta. Positive bands are due to P1 and negative bands are due to P2Ta. B. top panel:
experimental difference spectrum of: P3T/Ar after 120 min of irradiation by Xe lamp minus freshly deposited P3T/Ar. Growing bands show upward; bottom panel: simulated
difference spectrum constructed as P2 minus (73.77% P3Taþ26.23% P3Tb). Positive bands are due to P2 and negative bands are due to P3Ta and P3Tb. C. top panel: experimental
difference spectrum of: PT/Ar after 60 min of irradiation by Xe lamp minus freshly deposited PT/Ar. Growing bands show upward. bottom panel: simulated difference spectrum
constructed as (P1þP3) minus PT1a. Positive bands are due to P1 and P3 and negative bands are due to PT1a.
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Table 1
Experimental and calculated harmonic (scaled) frequencies (cm�1) and intensities (k mmol�1) (in parentheses) of the photoproducts observed after photolysis of P2T/Ar, P3T/
Ar and PT/Ar matrices

Calculated spectra Bands observed after photolysisa

nscaled nscaled n I n I

P2T/Ar and PT/Ar P3T/Ar Assignment

3423 (114) 3414 (105) 3430.5, 3423.0, 3412.5 w 3416.0, 3413.0, 3409.5 w nNH
2154 (1394) 2164 (1411) 2143.0, 2133.5, 2130.0 vs 2149.0, 2136.0, 2131.0 vs nasN]C]N(H)
1593 (168) 1590 (33) 1592.5 s 1586.5 vw nCC(R)þnCN(R)
1573 (19) 1570 (13) 1572.0 vw 1576.5 vw nCC(R)þnCN(R)
1469 (135) 1491 (61) 1467.5 w 1482.5 vw nCeNþnCN(R)þdCH(R)
1447 (89) 1426 (18) 1447.0b vw 1424.5 vw dCH(R)þnsN]C]N(H)
1387 (16) 1395 (5) 1385.0b vw 1394.0 vw nsN]C]N(H)þdCH(R)
1294 (10) 1338 (1) 1294.0 vw n.o. dCH(R)
1154 (54) 1132 (38) 1164.5 vw 1131.5 vw dCCN(R)þnCeN
1148 (17) 1195 (4) 1154.5 vw n.o dCH(R)
1094 (2) 1108 (15) n.o. 1098.5 vw dCH(R)
988 (7) 1019 (10) n.o. 1023.0 vw dCC(R)þdCNC(R)
871 (446) 884 (440) 879.0 vw 864.5, 858.5 w dNH
784 (41) 809 (29) 784.0 vw 802.0 vw gCH(R)þgCN(R)
739 (20) 708 (30) 738.5 vw 704.0 sh gCH(R)
670 (34) 655 (34) 674.5 vw 660.5 vw dN]C]N(H)þdCCC(R)
625 (4) 620 (8) n.o. 617.0 vw dCCC(R)
579 (49) 578 (41) 575.0 vw 575.0 vw sNH
507 (27) 497 (20) 505.0 vw 496.0 w gN]C]N(H)þsNH

nscaled n I

PT/Ar Assignment Reference

3328 (56) 3326.0 vw nNH 3328c

2057 (1001) 2045.5, 2040.0, 2030.5, 2018.5 vs nasC]C]N(H) 2044, 2030, 2017,c 2042d

1462 (73) 1475.0 vw dCHþnsC]C]N(H)
1398 (30) 1399.0 vw nsN]C]N(H)þnCC(R)
1320 (1) 1324.5 vw nCC(R)þnsC]C]N(H)
1176 (1) 1173.0 vw nCC(R)þdCH(R)
1080 (11) 1083.5 vw dCH(R)
1075 (3) 1077.0 vw dCH(R)
916 (367) 859.5 w dNH
888 (199) 854.0 vw nCC (R)þdNH
880 (33) 844.0 vw gCH(R)
732 (96) 738.0 vw gCH(R)
726 (48) 733.0 w sNH
672 (20) 679.0, 677.0 vw gCH(R)þsNH
603 (23) 593.5 vw gCCC(R)þgCH(R)
532 (16) 533.5, 532.5, 530.5 vw gCH(R)þsNH
458 (26) 452.5 vw gC]C]N(H)

Abbreviations: ndbond stretching, ddbending, deformation in plane, gdout-of-plane bending, sdtorsion, Rdring, vsdvery strong, vdstrong, mdmedium, wdweak ,
vwdvery weak.

a Bold frequencies are the most intense components of the multiplet absorption.
b Bands not observed in the PT/Ar spectra due to the precursor bands overlapping.
c Ref. 27.
d Ref.26.
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leading via a transition state responsible for the carbon-to-
nitrogen rearrangement. However, based on the results of the
TD-DFT calculations of the electron density changes upon excita-
tion (Fig. S3), the concerted mechanism may not be excluded in
this case either.
The results obtained for the PT1a photolysis show that the
second reaction pathway, that is, unique for this precursor, occurs
in the studied matrices leading to the P3 product characterized
by the second set of new bands (see the last part of Table 1).
Comparison of the experimental frequencies with a number of the



Fig. 10. B3LYP/6-311þþG(2d,2p) ZPE corrected potential energy diagram for the stepwise dissociation on the S0 surface of P2Ta (A) and P3Ta (B) and subsequent P1 and P2 for-
mation. Since the analogous reactions as for P3Ta are expected for the P3Tb conformer the pathways for the latter are not presented. Energies relative to P2Ta (A) or P3Ta (B)
in kJ mol�1.
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calculated spectra of the possible photoproducts (see Table S6 in
the Supplementary data) allowed for the identification of P3 as 1-
cyclopenta-2,4-dienylketenimine. This molecule is identified on
the basis of 17 bands. Particularly evident is a strong absorption at
2045.5 cm�1 due to the asymmetric stretching mode of the C]C]
N(H) fragment and a weaker band at 3326.0 cm�1 assigned to the n

NH stretch. The ketenimine molecule was identified by Tomioka
et al.26 after (2-nitrophenyl)diazomethane photolysis and by Kiszka
et al.27 as one of the minor products of the benzotriazole photolysis
in low temperature matrices. Positions of the IR bands reported by
these authors are given in Table 1 for comparison.

The calculated S0 potential energy diagram showing a possible
transformation leading to the 1-cyclopenta-2,4-dienylketenimine
formation is presented in Fig. 11B. The suggested pathway starts
with the elimination of two N2 molecules, through a series of in-
termediates leading to the final product 1-cyclopenta-2,4-
dienylketenimine (P3). This diagram, in some points similar to
that proposed for the 3-pyridazinecarbene-2-pyridylnitrene rear-
rangement by Wentrup,28 contains pyridylcarbene and pyridylni-
trene both in their singlet states. The latter species undergoes
further reactions through two high energy transition states forming
1-cyclopenta-2,4-dienylketenimine (P3) as the final product. The
latter species was reported by Yranzo et al.21 as an unstable in-
termediate formed during flash vacuum thermolysis of the isatin
derivative, which tautomerized to cyanocyclopentadiene. However,
at the matrix isolation conditions this ketenimine (P3) remained
stable and could be detected.

It is worth noting that both P1 (pyridin-2-ylcarbodiimide) and
P2 (pyridin-3-ylcarbodiimide) photoproducts may appear as two
conformers differing in positions of the NCNH moiety relative to
the N-atom of the pyridyne ring. Fig. 12 shows the potential en-
ergy diagram for the P1 and P2 products. The higher energy
conformers of P1 and P2 are denoted as P10 and P20, respectively. It
is clear from this figure that if both conformers of P1 and P2 are
produced in the irradiated matrices, the less stable species must
isomerize to their lower energy counterpart, similarly to that
reported for 1H-1,2,4-triazol-5-ylcarbodiimide and 1H-1,2,4-
triazol-3-ylcarbodiimide.23 Such a process is justified by the low
values of the calculated energy barriers for the P10/P1 and
P20/P2 conversion equal to 2.53 and 7.37 kJ mol�1, respectively.
This conclusion is also in agreement with the experimental
findings since only the more stable conformer from each pair was
detected in the present experiment.

2.6.3. Other photolysis products. There are several very weak ab-
sorptions appearing in the spectra of the irradiated P3T/Ar matri-
ces, which are still not assigned. The most characteristic among
them are weakmultiple bands found in the 3330e3120 cm�1 range
in the spectra after the P3T/Armatrices photolysis (see Fig. S4 in the
Supplementary data). They are attributed to the presence of HCN
associated to other species formed in the same matrix cage.23,29

3. Conclusion

Among three tetrazolylpyridines studied by means of the in-
frared matrix isolation spectroscopy, 2-(tetrazol-1-yl)pyridine
(P2T) and 2-(tetrazol-5-yl)pyridine (PT) were found to exist in one
most stable form (P2Ta and PT1a, respectively) while two con-
formers of 3-(tetrazol-5-yl)pyridine (P3Ta and P3Tb) were identi-
fied in solid argon. These observations are in good agreement with
the B3LYP/6-311þþG(2d,2p) predictions.

Broad-band irradiation of the P2Ta, P3Ta/P3Tb and PT1a spe-
cies isolated in argon matrices led to cleavage of the tetrazole ring
with the N2 elimination observed for each of the studied species
with the simultaneous formation of pyridin-2-ylcarbodiimide
(product P1) or pyridin-3-ylcarbodiimide (product P2). In spite
of the different structure of the P2Ta and PT1a precursors, the
same photoproduct P1 was detected for both species indicating
that a carbon-to-nitrogen rearrangement took place in the case of
the PT1a molecule. Spectroscopic evidence of this process sup-
ported by the results of quantum chemical calculations is
presented.

An additional, unique for the PT1a precursor, reaction pathway
was found consisting in two N2 molecules elimination and leading
to 1-cyclopenta-2,4-dienylketenimine (P3) as a final photoproduct.

4. Experimental

4.1. Synthesis and analysis of the compounds

2-(Tetrazol-1-yl)pyridine, 3-(tetrazol-1-yl)pyridine and 2-(tet-
razol-5-yl)pyridine were prepared according to the known



Fig. 11. B3LYP/6-311þþG(2d,2p) ZPE corrected S0 potential energy diagrams: A. for the stepwise dissociation of PT1a leading to the P1 formation; B. the reaction pathway leading to
the P3 product. Energies relative to PT1a in kJ mol�1. For all species in scheme B but PT1a the energy values shown contain the two N2 molecules contribution.
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procedures.14,30,31 Calc. for C6H5N5: C, 49.0; H, 3.4; N, 47.6%. Anal.
found (Mw¼147.14), P2T: C, 48.9; H, 3.2; N, 47.8%; P3T: C, 49.0; H,
3.2; N, 47.6%; PT: C, 49.1; H, 3.3; N, 47.7%.

P2T dH (600 MHz, CDCl3, 298 K) 9.48 (1H, s), 8.49 (1H, ddd, J 4.9,
1.5, 0.7 Hz), 8.04 (1H, dt, J 8.2, 0.8 Hz), 7.93 (1H, td, J 7.9, 1.8 Hz), 7.39
(1H, ddd, J 7.5, 4.8, 1.0 Hz); dC (300 MHz, CDCl3, 298 K): 149.1, 146.9,
140.1, 139.8, 124.8, 114.4. P3T dH (300 MHz, CD3CN, 298 K) 9.40 (1H,
s), 9.02 (1H, dd, J 2.4, 0.3 Hz), 8.75 (1H, dd, J 4.8, 1.3 Hz), 8.17 (1H,
ddd, J 8.3, 2.6, 1.4 Hz), 7.62 (1H, ddd, J 8.3, 4.8, 0.8 Hz); dC (300 MHz,
CD3CN, 298 K): 152.3, 144.0, 143.4, 132.5, 130.6, 125.9. PT: dH
(600 MHz, DMSO-d6, 298 K) 8.86 (1H, ddd, J 4.8, 1.7, 1.0 Hz), 8.29
(1H, dt, J 7.9, 1.0 Hz), 8.14 (1H, td, J 7.8, 1.7 Hz), 7.70 (1H, ddd, J 7.6,
4.8, 1.1 Hz); dC (600 MHz, DMSO-d6, 298 K): 154.8, 150.1, 143.6,
138.2, 126.1, 122.6.
4.2. Computational details

All ground state calculations were performed with the Gaussian
09 programs package.32 Structures of the minima have been opti-
mized at the B3LYP level with the 6-311þþG(2d,2p) basis set. The
associated force constant matrixes were calculated to evaluate
harmonic frequencies and zero-point vibrational (ZPE) corrections.
The DFT calculated frequencies were scaled to account for anhar-
monicity effects: above 2000 cm�1 by 0.960, 0.963, 0.951 or 0.949
and between 2000 and 500 cm�1 by 0.980, 0.983, 0.982 and 0.979
for P2T, P3T, PT and photoproducts, respectively. Potential energy
distributions (PED) of the normal modes were computed with the
GAR2PED program33 and the vibrational spectra were simulated
using SYNSPEC program.34 Geometry of the first excited states and



Fig. 12. B3LYP/6-311þþG(2d,2p) ZPE corrected potential energy diagram for the P1 and
P2 isomerizations. Energy of P10 and P20 in kJ mol�1 relative to P1 and P2, respectively.
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the vertical excitation energies were calculated using the time-
dependent functional theory TD-DFT35,36 implemented in the
Turbomole37 program package.

4.3. Infrared spectra and photolysis

The crystalline sample of the studied compounds was placed in
a small electric oven assembled inside the cryostat. The tempera-
ture of the oven was controlled by the DC regulated power supply
(NDN Instruments) that allowed for the precise regulation of the
current. Matrices were prepared by co-deposition of P2T, P3T or PT
vapours coming out of the ovenwith large excess of argon onto the
cold CsI window. The low temperature wasmaintained bymeans of
a closed cycle helium refrigerator (ARS-2HW). FTIR spectra were
recorded between 4000e400 cm�1 in a transmission mode by
means of a Bruker 66 FTIR spectrometer with a resolution of
0.5 cm�1 and using a liquid N2 cooled MCT detector.

After the infrared spectra of the initially deposited matrices
were recorded the samples were irradiated with a 450 W output
power of a Xe lamp (Optel ZXE-450) for up to 240 min. The lamp
was fitted with a 5 cm water filter and a series of long-pass optical
filters (Schott WG: 435, 394, 345, 320, 305, 295 and 280 nm).
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Supplementary data

Geometry of the P2T, P3T and PT conformers and transition
states optimized at the B3LYP/6-311þþG(2d,2p) level (Table S1),
energetics, abundances, key dihedral angles and dipole moments
for P2T, P3T and PT isomers and transitions states calculated at the
B3LYP/6-311þþG(2d,2p) level (Table S2), S1 excited state geometry
parameters and their changes as compared with S0 state (Table S3),
experimental and calculated frequencies and intensities for P2Ta,
P3Ta and P3Tb and PT1a (Table S4), definition of internal co-
ordinates and normal coordinate analysis for P2Ta, P3Ta, P3Tb and
PT conformers (Table S5), B3LYP/6-311þþG(2d,2p) calculated fre-
quencies and intensities of the possible photoproducts (Table S6),
optimized structures of the high energy PT isomers (Fig. S1),
optimized structures of the transition states linking PT isomers
(Fig. S2), density differences calculated at the P3Ta and PT1a ground
state, between S1 and S0 and S2 and S0 (Fig. S3), HCN stretching
region in the experimental spectrum of the irradiated P3T/Ar ma-
trix (Fig. S4). Supplementary data associatedwith this article can be
found, in the online version, at doi:10.1016/j.tet.2011.08.055.
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