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Abstract

The molecular structure, vibrational spectra, tautomerism and photochemistry of the derivative of tetrazole, 1-phenyl-tetrgttNp®;(C
PT) have been studied by FT-IR matrix isolation spectroscopy and DFT/B3LYP/6-311++G(d,p) calculations. Among the five structures in whi
PT could be expected to exist (two keto tautomers, one mesoionic olate-form and two different conformers of the hydroxyl tautomer), only t
most stable species, 1-phenyl-1,4-dihydid-#trazol-5-one, could be experimentally observed in low temperature argon matrices. Monomers of
this tautomer give rise to an IR spectrum that fits nicely the calculated spectrum obtained at the DFT/B3LYP/6-311++G(d,p) level of theory. In s
UV irradiation (. > 235 nm) of the matrix-isolated PT induces three main photochemical processes, all of them involving cleavage of the tetrazc
ring: e.g. (1) molecular nitrogen loss, with production of 1-phenyl-diaziridin-3-one; this compound reacts subsequently to form 1-aza-1,2,4
cycloheptatetraene and isocyanic acid (eventually, also to form CO plus phenyldiazene); (2) cleavaggpiNphgahd N3—N) tetrazole-ring
bonds, with production of phenylazide and isocyanic acid, with phenylazide then losiagidid as final product 1-aza-1,2,4,6-cycloheptatetraene;
and (3) cleavage of the N« and N4)—Cs) tetrazole-ring bonds, to yield phenylisocyanate and azide. The observed photochemical processe
are distinct from the preferred thermal fragmentation channel, where CO is produced together with a weak IR absorbant species.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction agonists of theB3 human adrenergic receptor83(HAR)
[10-13] The receptor is linked to the increase in metabolic
Therelevance oftetrazolic compounds is widespread becausates in humans and, thy33-HAR agonists are useful in the
of their applications in fields such as agriculture (as pesticidesyeatment of obesity. Othgg3-HAR agonists, containing imi-
and medicine (as antihypertensive, antialergic, antibiotic andazolidinone and imidazolone rings, were found to have quite
anticonvulsant agents and also in cancer and AIDS treatmentk)w oral bioavailability due to their extensive metabolism. The
[1-8]. Most of their applications are related with the acid/basehigher stability of tetrazolone derivatives allowed to overcome
properties of the tetrazolic ring. In fact, the tetrazolic acid frag-this problem[10-13]
ment,—CNgH, has similar acidity to the carboxylic acid group, = The use of tetrazole derivatives, including tetrazolones, in
—COoH, and is almost isosteric with it, but is metabolically more photography and photoimaging has also been claimed by dif-
stable at physiologic pB]. ferent patent§14]. In addition, tetrazolones have been used in
The metabolic stability of the tetrazole ring also stronglyinflating passenger restraint gas inflator bids.
influences applications of its derivatives, including those con- From a more fundamental point of view, tetrazolones are also
taining the 5-oxy-substituent (tetrazolones). As a matter of factyery interesting molecules, because they may exhibit different
tetrazolone derivatives have been used as potent and selecttatomerqd16—23] and might be expected to have a very rich
photochemistry{24—27] Tautomerism has been found to be
important in the tetrazole family in general. Indeed, unsubsti-
mponding author. Tel.: +351 239 852080 fax: +351 239 827703. tutgd tetrazole itse!f exhibits tau'Fomerism, occurring exclqsively
E-mail addressesangoza@qui.uc.pt (A. @nez-Zavaglia), as its H-tautomer in the crystalline phase and mostly ashts 2
rfausto@ci.uc.pt (R. Fausto). tautomer in the gaseous phased0% of the total population
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at 90°C); in solution, both tautomers coexist, with the popula-ratio in matrices low enough to avoid association. All experi-
tion of the most polar H-form increasing with the polarity of ments were performed using an APD Cryogenics closed-cycle
the solven19-23] In the case of substituted tetrazoles, tau-helium refrigeration system with a DE-202A expander.
tomerism may also involve the substituent groups, as it was Irradiation of the samples was carried out with a 150 W xenon
found, for example, in the cases of 1-methyl-tetrazol-5-thionearc lamp (Osram XBO 150W/CR OFR) through the outer KBr
and 2-methyl-tetrazol-5-amirj@8,29] window of the cryostat((>235 nm).

The photochemistry of tetrazole and some of the above
mentioned substituted tetrazoles has been addressed elsewh2r2 Computational methodology
[24,26-30] Tetrazole-ring cleavages, leading either to azides or
aziridines, represent the main characteristic photochemical reac- The quantum chemical calculations for PT were performed
tions of this family of compoundg24—-30] In spite of that, the with Gaussian 9434] at the DFT level of theory, using the
nature of the substituent strongly determines the precise natufe-311++G(d,p) basis set and the three-parameter density func-
and relative amount of the final photoproducts, then makindional abbreviated as B3LYP, which includes Becke’s gradient
this type of compounds a permanent challenge to investigatioexchange correctiof85] and the Lee, Yang, Parr correlation
[24,26-30] functional[36]. The calculations on the possible photoproducts

The use of matrix isolation technique, coupled to a suit-were carried out at the same level of theory.
able probing method (e.g., FT-IR spectroscopy), represents an Geometrical parameters of the considered structures were
appropriate approach to improve our understanding of the phaptimized using the geometry direct inversion of the invariant
tochemistry of tetrazole derivatives, because it introduces aubspace (GDIIS) methof37]. In order to assist the analy-
useful simplification for the study of the mechanisms of reacsis of the experimental spectra, vibrational frequencies and IR
tion. Indeed, for the matrix-isolated compound, different photo-intensities were also calculated with the same basis set. The com-
chemical pathways can be easily foreseen, since the procesgaged harmonic frequencies were scaled down by a single factor
are essentially cage-confined (molecular diffusion is inhibited0.978) to correct them for the effects of basis set limitations,
except when very small species are produced). Hence, takingeglected part of electron correlation and anharmonicity effects.
advantage of the unique capabilities of the matrix-isolation/FTNormal coordinate analysis was undertaken in the internal coor-
IR technique, and in the continuation of our ongoing researcldinates space, as described by Schachtschn@8gusing the
program on the photochemistry of tetrazole derivat[2&29], program BALGA and the optimized geometries and harmonic
we now present the results of our studies on 1-phenyl-tetrazolorferce constants resulting from the DFT/B3LYP/6-311++G(d,p)
(PT). Besides the structural and vibrational characterization ofalculations.
the matrix-isolated monomers of the compound, the photo-
chemical processes it undergoes upon broad band UV irradB. Results and discussion
ation (. >235nm) were investigated. The interpretation of the
experimental results was supported by extensive DFT calcu3.1. DFT structural calculations: tautomerism and
lations and, whenever available, also by previously reportednolecular geometries
reference matrix-isolation data on the putative photoproducts

of PT. As it was mentioned in the Sectioh, tetrazole com-
pounds usually exist in different tautomeric forms. Recently,

2. Materials and methods we have studied the tautomerism in some related compounds
(e.g., 1-methyl-tetrazol-5-thione and 2-methyl-tetrazol-5-amine

2.1. Infrared spectroscopy [28,29). The compound now studied is related with 1-methyl-

tetrazol-5-thione in the sense that the positions of the sub-

PT was synthesized as described elsew[&t2] The IR  stituents are the same (in PT, the thioketo group is replaced
spectra were obtained using a Mattson (Infinity 60AR Seriespy the keto group and the methyl group, by the phenyl group).
Fourier transform infrared spectrometer, equipped with a deuteAccording to the DFT/B3LYP/6-311++G(d,p) calculations, PT
ated triglycine sulphate (DTGS) detector and a Ge/KBr beamean exist in five tautomeric forms, which may be considered as
splitter, with 0.5 cr! spectral resolution. Necessary modifica- “equivalent” to the five tautomers found for 1-methyl-tetrazol-
tions of the sample compartment of the spectrometer were dorfethioneg[29]: two keto tautomers, one mesoionic olate form and
in order to accommodate the cryostat head and allow purgintwo hydroxy conformersKig. 1). Two of these species (the most
of the instrument by a stream of dry nitrogen to remove watestable keto form and the olate tautomer) are planar structures,
vapors and C@ A solid sample of PT was placed in a spe- belonging to the €symmetry point group, whereas the remain-
cially designed doubly termostattable Knudsen ¢&8]. The  ing three forms are non-planar structureg f@int group).
sample container was maintained at 369 K and valve nozzle was The 1-phenyl-tetrazolone keto tautomer 1-phenyl-1,4-
kept at a slightly higher temperature (380 K). Matrices were predihydro-HH-tetrazol-5-one was predicted to be considerably
pared by co-deposition of PT vapors coming out of the Knudsemore stable than all the remaining species. Part of the stabiliza-
cell, together with large excess of the matrix gas (argon N6Gtion of this form results from the favorable interactions between
obtained from Air Liquide), onto the Csl substrate of the cryo-the phenyl hydrogen atonartho to the tetrazole ring, Ho)
stat cooled to 10K. Care was taken to keep the guest-to-hoand Hz), and the Rp) and carbonyl oxygen atoms, respectively



+ Model

A. Gomez-Zavaglia et al. / Journal of Photochemistry and Photobiology A: Chemistry xxx (2005) XXx—xxX 3
+ -
A J =3
4
18 {
- J# 4 P J
1-phenélz-1,546-:|¥g?gz—f§ltj}tﬁjgl-5-one 1-phenyl -1H-tetrazol-3 ium-5-olate 1-phenyl 1,2-dihydro-5H-tetrazol-5-one
j C,; AE=60.7 kd mol'; p=4.89 D Cy; AE=91.9kd mol'; p=6.23D

C,AE=0.0;1=045D

4

A

1-phenyl-1H-tetrazol-5-ol 1-phenyl-1H-tetrazol-5-ol
C,; AE=50.1 kJ mol'; n = 5.04 D C,; AE=68.7 kd mol";u =7.76 D

Fig. 1. Tautomers of 1-phenyltetrazolone (PT) with atom numbering. Symmetry point groups and dipole moments and relative energies (including zero p
vibrational energies) calculated at the B3LYP/6-311++G(d,p) level of theory are also given.

(seeFig. 1). These interactions also partially justify the fact tion of the planar geometry resulting from favorable interactions
that the two rings (phenyl and tetrazole) stay in the same plan®etween the phenyl hydrogen atoorsho to the tetrazole ring,
The second most stable form is one of the two hydroxy formdH (1) and Hae), and the Ny and oxygen atoms, do also take
(conformer A of 1-phenyl-#i-tetrazol-5-ol;Fig. 1) and has an place. On the other hand, the second keto tautomer, 1-phenyl-
energy higher than the most stable species by ca. 50 kd'mol 1,2-dihydro-H-tetrazole-5-oneKig. 1), is non-planar, with an
In this hydroxy conformer, the hydroxylic hydrogen atom pointsinter-ring dihedral angle of 34°2and the nitrogen atom bearing
to the opposite direction relatively to the phenyl group, whereaghe hydrogen atom considerably pyramidalized (the calculated
in the higher energy hydroxy conformer (form B, with relative N(1)—N(2)—(H(18))—N(3) dihedral angle is 12929, due to the
energy of ca. 70 kJ mot) this hydrogen atom and the phenyl proximity between the hydrogen atom bonded to the tetrazole
group point nearly to each other. In conformer A, the opti-ring and H12). This form corresponds to the highest energy tau-
mization of the interaction betweend) and the hydroxylic tomer, with a relative energy of ca. 92 kJ mél
oxygen atom (which contrarily to the carbonyl oxygen in the The fully optimized geometries for all TP tautomers are pro-
most stable keto tautomer has its lone-electron pairs out of theéded asSupporting Information (Table S1)
plane of the tetrazole ring) is responsible for the deviation of
the molecule from planarity. According to the calculations, the3.2. IR spectrum of the matrix isolated compound
C117=Ce)~N()—Cs) inter-ring dihedral angle in this molecule (as-deposited matrix)
is 30.3. On the other hand, in conformer B, a strong steric inter-
action between Heg) and the hydroxylic hydrogen atom takes  Considering the relative energies of the five tautomers of
place and leads to a much larger deviation of the molecule fror®T, only the most stable form is expectable to be present in
planarity, the @1y=C)—N(1)—C(s) inter-ring dihedral angle the gaseous phase and trapped in the low temperature matri-
being predicted by the calculations as 52.2 ces. Indeed, the IR spectrum of the as-deposited PT Ar-matrix
The second keto tautomer and the olate form differ from thenicely fits the calculated spectrum of 1-phenyl-1,4-dihydkb-5
most stable tautomer essentially in the position of the tetrazolaetrazol-5-one Fig. 2). Table 1 displays the proposed band
ring hydrogen atom. The olate tautomer is predicted by thassignmentgTable S2, Supporting Informatioshows the def-
calculations as the third most stable form, with a relative energynition of the internal coordinates used to perform the normal
of ca. 60kJmot!. Like the most stable tautomer, the olate coordinate analysis made in this study, which is presented in
form has a planar structure, since in this case the stabilizaFable S3
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Fig. 2. Infrared spectra of PT: upper panel, isolated in an argon matrix (as-deposited matrix; substrate temperature, 10 K; nozzle temperdiarels369e<to
traces of monomeric water subtracted). Lower panel, DFT/B3LYP/6-311++G(d,p) calculated spectrum for the minimum energy conformatiord iaéctitate
were simulated using Gaussian functions centered at the calculated (scaled by 0.978) frequency and with bandwidth at half height eglial to 5 cm

Itcan be observed iRig. 2that most of the bands inthe exper- ~ Thed(C—H ring 2) vibrational mode corresponds to the sym-
imental spectrum appear splitdue to existence of different matriretric (relatively to a plane perpendicular to the phenyl-ring
sites. Extensive site splitting has also been observed previouspassing through ) and Gg)) bending mode of the four phenyl
for othertetrazolesisolated in argon matrife$,17,28,29]The  hydrogen atoms placed at tlwetho and meta positions rela-
most intense bands of the PT spectrum are due tolkhed, tively to the tetrazole fragment. The calculated intensity for
vC=0, 8(C-H ring 2),y(C—H ring 1),yCN andyN—H modes.  this vibrational mode is similar in PT (90.7 kmmd) and in

ThevN-H vibration gives rise to a triplet of bands, at 3503.9, 1-phenyltetrazole (82.1 km mo} [39]), but nearly twice those
3498.2 and 3496.9 cnt, indicating that the local environment found in 5-chloro-1-phenyltetrazole (57.5 km méI[39]) and
around the NH group in the various possible matrix sites occuehlorobenzene (45.5 km mol), being much more intense than
pied by the PT molecule in the argon matrix can be essentially ah other monosubstituted phenyl compounds, such as for exam-
three different types. This fact is reinforced by the observatiorple benzil or 1-phenyl-1,2-propanediof#,41] (in benzil the
that theSNH mode does also give rise to a triplet of bands nea®(C—H ring 2) asymandd(C—H ring 2) symmodes are predicted
1335cn1!. On the other hand, theNH mode gives rise to only  to give rise to bands with intensity equal to 0.9 and 0.7 knTthol
one main band, at 481.0 crh, pointing to a similar intermolec- respectively{40]; in 1-phenyl-1,2-propanedione, the predicted
ular potential for out-of-plane deformation of the tetrazole-ringintensity for this mode is 0.6 km mot [41]). These results indi-
hydrogen atom in all three main matrix sites. These resultgate that this vibration is very sensitive to substituent effects.
can also be correlated with the planarity of the guest molecule®n the other hand, it does not appear to be very sensitive
which can fit into a single layer of closely packed argon atomgo matrix local environment, since for the above compounds
(implying similar stacking interactions), but with mismatching existing in more than one site in argon matrices it has been
longitudinal environments. systematically observed as a single b§s@-41] Very inter-

The most intense band corresponds toitBeO vibrational  estingly, this is just the opposite situation compareg(6—H
mode and appears as a group of, at least, nine bands. It haeg1), whose calculated intensity in PT (66.7 km mldoes
approximately the third part of the whole area under the speaaot differ very much from those found in other phenyl monosub-
trum (31%), in good consonance with the theoretical predictionstituted molecules (e.g., 1-phenyltetrazole, 44.1 knTthob-
(34%). chloro-1-phenyltetrazole, 35.1 km mdl [39], chlorobenzene,
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Table 1
Observed frequencies (crh) for PT in argon matricés
Approximate Description Calculated frequency Intensity Observed Frequency Ar (10K) |
vN—H 3585.7 144.1 3503.9/3498.2/3496.9 S/S/sh
v(C—Hring 2) 3159.7 6.7 3090.3/3077 wiw
v(C—Hring 1) 3149.3 0.3 3059.0/3049.4 wiw
v(C—Hring 3) 31223 15.1 2970.6/2935.3 wiw
v(C—Hring 4) 3110.4 13.3 2883.7/2862.9 wiw
v(C—H ring 5) 3100.2 <0.1 n.o.
vC=0 1771.7 507.8 1786.8/1780.7/1770.7/ wiw/w/
1765.9/1759.7/1757.1/ w/S/sh/
1749.7/1744.0/1736.1 m/w/w
v(C—Crring 2) 1604.8 36.6 1605.6/1601.6 m/m
v(C—Crring 4) 1593.9 1.6 1595.9/1593.3 miw
3(C—Hring 2) 1496.3 90.7 1505.2 S
vN=N 1471.8 235 1490.8 m
3(C—Hring 3) 1452.3 8.2 1467.4 m
vN—C (inter ring) 1359.7 68.6 1386.6/1384.0/ w/m
1376.4/1369.9/1359.4 m/wiw
3NH 1341.3 70.8 1336.5/1334.8/1333.3 m/m/sh
3(C—Hring 1) 1330.8 40.1 1320.1/1316.6 wiw
v(C—C ring 3) 1306.1 6.9 1293.2 m
vN—C 1196.9 19.0 1219.4/1213.0/1200.8 w/iw/w
3(C—Hring 4) 1179.2 9.7 1188.6/1181.8 wiw
3(C—H ring 5) 1159.5 0.8 1171.0 w
vN—N (1,2) 1137.3 42.7 1164.6/1156.2/1149.8/ m/w/m
/1146.1/1138.9 wiw
v(C—C ring 6) 1083.5 35 1078.2/1074.3 wiw
v(C—C ring 5) 1044.3 1.3 1044.9 w
vN—N (3,4) 1020.7 68.1 1035.8//1030.3 m/m
3(ring 1) 1007.7 28.6 1022.4/1019.9/1010.3 m/m/w
v(C—Cring 1) 992.6 0.4 1000.3 w
v(C—H ring 5) 984.7 0.6 989.0/984.1 wiw
(ring 3) 9715 <0.1 974.6/972.4 wiw
vC—N 942.2 14.2 960.6 m
~v(C—H ring 3) 916.6 7.4 914.2 m
vy(C—Hring 2) 838.2 <0.1 n.o.
3(Nring1) 758.5 2.2 765.3 w
v(C—H ring 1) 754.0 66.7 756.1/754.6/752.2 Sh/Siw
yC=0 721.7 1.4 736.8 w
7(ring 1) 690.6 30.4 690.5 m
d(ring 3) 686.6 9.1 680.6 w
7(Nring1) 675.1 4.7 679.0 w
3(ring 2) 617.0 0.2 612.4 w
3C=0 552.3 7.0 558.0 w
vyCN 510.0 54.1 509.4/508.4 msh
yN—H 480.7 69.3 484.1/481.0/478.9 w/m/w
476.2 w
v(C—Hring 4) 408.4 <0.1 n.i.
3CN 3714 0.6
3(Nring 2) 318.6 6.3
7(ring 2) 286.5 0.8
7(Nring2) 218.1 1.8
3NC 173.7 15
yNC 97.7 29
TC—N 24.0 <0.1

DFT/B3LYP/6-311++G(d,p) calculated frequencies and intensities (kmHhake given for comparison. S&able Sor definition of internal coordinates.

a1, intensity; S, strong; m, medium; w, weak, sh, shoulder; n.o., not observed; n.i., not investightead stretching), bending;y, rocking,, torsion.

62.7 kmmot; benzil, 38.6 and 50.2 km mot, for the anti-
symmetric and symmetric mode, respectivgl]; terphenyl,

environment).

The remaining intense band in the spectrum of PT is due to
theyCN coordinate, which corresponds to the out of plane vibra-
75.2 kmmot? [42]), but are usually observed as a site-splittion leading to pyramidalization of &\ This band is observed
multiplet (i.e., this mode seems to be relatively little affectedaround 500 cm?, at a position similar to those found for the
by substitution, but it is quite sensitive to the matrix local equivalent vibrations in other 1-phenyl-substituted tetrazoles
[39]. In both 1-phenyltetrazole and 5-chloro-1-phenyltetrazole
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[39] the yCN band was found to be less intense than in PT If the photochemistry of PT is analyzed in terms of general
(calculated intensities are ca. 10 in these two compounds, vereactions, it can cautiously be compared with the photochemistry
sus 55 kmmot! in PT). This result is consistent with a higher of 1-methyl-1,4-dihydro-B-tetrazol-5-thione (MTT), which

degree of polarization of the&—N() bond in PT due to the
presence of the oxygen substituent linked g)Gand can also
be correlated with the considerably longes©N(1) bond length

(140.0 pm) and smallerCs—Ny1) stretching frequency (ca.

was studied previously29]. The main photochemical pro-
cesses occurring in the latter compound, subjected to the same
experimental conditions, are basically: (a) ejection of molec-
ular nitrogen, giving 1-methylH-diazirene-3-thiol; (b) tetra-

960 cnt!) found in this molecule, when compared with the zole ring-opening, leading to methyl isothiocyanate and azide;
corresponding values in both 1-phenyltetrazole and 5-chlorofc) simultaneous elimination of Nand sulphur, with produc-

1-phenyltetrazole (135.3 pm and ca. 1205¢nand 135.7 pm
and ca. 1240 cmt, respectively39]).

3.3. UVirradiation experiments.(> 235 nm)

UV irradiation (.>235nm) of the matrix isolated PT
monomers led to fast consumption of the compoun&q%

tion of N-methylcarbodiimide; and (d) loss of CS, producing
the intermediate 1-methyl-1,2-dihydrotetrazete, which further
gives methyldiazene and,NIn the case of PT, the observed
photochemical reactions correspond to processes equivalent to
reaction paths (a) and (b) observed for MTT: molecular nitro-
gen elimination, leading to 1-phenyl-diazirin-3-ofathwayl),

and ring-opening reactions, producing isocyanates and azides

in 5min) and appearance of bands due to photochemical prodPathways2 and 3; sed-ig. 3). Very interestingly, these reac-
ucts. The results are summarizedrigs. 3 and andTable 2 tions are distinct from the main thermal fragmentation reaction
Fig. 3shows, in a schematic way, the reaction paths leading tof PT, where CO is produced. Indeed, heating of the compound
the different observed photoproducts, proposed taking into corin the gas phase, prior to deposition of the matrix, led to appear-
sideration the analysis of the spectroscopic results, supportehce in the spectrum of the deposited gas of the characteristic
by calculations and previously available experimental data omarrow band of monomeric carbon monoxide, at 2135tm
putative photoproducts. The suggested band assignments aregether with CO, the main thermal reaction shall lead to
summarized iffable 2 A complete list of calculated frequencies products that are weak IR absorbant species, since no other
and intensities for the observed photoproducts and other relevabands due to thermal fragmentation of PT could be identified

chemical species is provided &apporting Information (Tables
S4-S17)

in the spectra (there is also spectroscopic evidence of thermal
production of a minor amount of phenylisocyanate, through

henylazide henylnitrene 1-828-1,2 4,8~
poeqy PHEY cycloheptatetraene
’ b sy
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Fig. 3. Proposed pathways resulting from irradiation of monomeric PT isolated in an argon matrix through the outer KBr window of the)cry238atih). The
proposed pathway corresponding to the preferred gas-phase theyjpie@mentation is also indicated.
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observation of a weak band at the expected position of thésite-split Fermi resonance doublet resulting from interaction
intrinsically very intense band-mark of this compound, nearof vC=0O with the vC—N first overtone), 964.5/962.8C—N)
2260 cnt. However, taking into consideration the relative cal-and 771.0cm?® [y(C-H ring 1)] (calculated values: 1931.2,
culated intensities for this band—1757 km mbl-and for the  945.5 and 756.2 cnt), while for conformer Il the corre-
CO band—89.2 km mol'—and the experimentally observed sponding bands are observed at 1913.1/1899.4/1865.8/1862.7,
intensity ratio—ca. 1/2—this must correspond to a much les924.0/922.8 and 695.3 cth (calculated values: 1921.2, 910.0
efficient reaction channel for thermal fragmentation of PT).and 694.2 cm?'). Other theoretically predicted intense bands
Both 1-phenyl-1,2-dihydrotetrazete and phenyldiazene, whiclf the diaziridinone could also be observed in other spectral
can be obtained from 1-phenyl-1,2-dihydrotetrazete by molecregions, corresponding to a total of 22 different experimentally
ular nitrogen elimination, satisfy the criterion of being weak IR observed vibrations (séble 2.
absorbants (se®ables S5 and S17—Supporting Informajion The bands due to the diaziridinone were in fact relatively
It can then be proposed that the preferred thermal fragmentatiagasy to identify, since they only increased of intensity during
channel of PT consists in direct elimination of CO, with produc-the first half of the irradiation time (i.e., until ca. 30 min of irra-
tion of 1-phenyl-1,2-dihydrotetrazete, which quickly eliminatesdiation; in fact, the bands due to the less stable conformer start
N>, yielding phenyldiazene as the final product. Thisisthe equivio decrease before this time). Indeed, this is the only directly
alent process to the photochemical reaction channel (d) of MTBbservable product whose bands exhibit this behavior, which
[29], above mentioned. is consistent with the fact that this compound can further react
PhotochemicaPathwayl in PT corresponds to a [3+ 2] per- during irradiation in a significant extent and with a rate con-
icyclic molecular nitrogen elimination reaction, which leads tostant of the same order of magnitude of that associated with the
production of two conformers of 1-phenyl-diaziridin-3-one (I reaction leading to its formation. Two different pathways can
and I1). The calculations predict these two conformers separatduk postulated for photodegradation of the diaziridinone, the first
by 14.5kJmot?, with form (I) corresponding to the confor- one yielding phenyldiazene plus CO, and the second one lead-
mational ground state. In this form, the phenyl group and théng to production of phenylnitrene and isocyanic acid (with the
diaziridinone-ring hydrogen atom aransto each other (CCNC  nitrene undergoing subsequent ring expansion to 1-aza-1,2,4,6-
and G=C—NH dihedral angles equal to 41.6 ar€0.5’). Incon-  cycloheptatetraen@d3-45). The characteristic behavior of the
former Il (cis), these angles are 36.2 and 7{r2spectively. The intensity changes with time of irradiation noticed for the bands
most intense bands of the diaziridinone isomers correspond t&scribed to the diaziridinone is especially evident initleO
the vC=0 andvC—N antisymmetric stretching vibrations and region, where the bands ascribed to this species were shown
the y(C—H ring 1) rocking mode. All the bands correspond- only to increase of intensity in the first 30 min of irradiation,
ing to these vibrations could be identified in the spectra: fowhile the bands observed in the same spectral region at 1894.2
conformer |, they are observed at 1931.9/1926.0/1877.8/18744&nhd 1889.8 cm?, ascribed to 1-aza-1,2,4,6-cycloheptatetraene,
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Table 2
Experimental and calculated [DFT/B3LYP/6-311++G(d,p)] frequencies and intensities of the observed photoprodicts of PT

Molecule Calculated Observed frequency (¢ Approximate Descriptioh
Frequency (cm?) Intensity (km mot 1) Reference This study
1-Phenyl-diarizirin3-one
| 3390.5 31.8 3299.0 vN—H
Il 3296.9 9.1 3241.9/3214.9 vN—H
| 1931.2 669.7 1931.9/1926.0 vC=0 FR 2xwC—N as
1877.8/1874.3
Il 1921.2 645.7 1913.1/1899.4 vC=0 FR 2xwC—N as
1865.8/1862.7
| 1599.2 18.1 1589.9 v(C—Crring 2)
Il 1597.2 12.9 1589.9 v(C—Cring 2)
| 1486.4 36.2 1488.3 3(C—Hring 2)
Il 1484.1 34.2 1488.3 3(C—Hring 2)
Il 1242.9 48.8 1240.9 vN—C (inter-ring)
| 1236.2 54.1 1237.9 vN—C (inter-ring)
| 1126.8 18.4 1111.0 3NH
| 10786 5.6 1075.8 3(C—Hring 3)
Il 1077.6 10.0 1075.8 3NH
| 1066.3 30.9 1063.9 wNH
Il 1050.1 10.2 1047.8 wNH
Il 1041.4 19.6 1043.6 3(C—Hring 3)
| 945.5 140.1 964.5/962.8 vC—N as
Il 915.6 61.4 927.9 ¥(C—H ring 3)
Il 910.0 109.8 924.0/922.8 vC—N as
| 903.9 19.6 912.3. ¥(C—H ring 3)
Il 762.3 45.9 772.9/772.6 Y(C—H ring 2)
| 762.1 43.4 772.9/772.6 d(ring 3)
1] 758.7 0.8 n.o. 3(ring 3)
| 756.2 51.9 771.0 Y(C—Hring 1)
Il 694.2 55.2 695.3 v(C—Hring 1)
I 691.8 241 n.od ~(C—H ring 2)
| 585.3 18.7 583% yC=0
Il 536.9 18.1 543.3 yC=0
Isocyanic acid
2286.6 994.0 2259 ~2263 vNCOas
849.8 297.3 770 823.8 3NH
626.8 215 573 629.8 YNCO
Azide
3398.1 94.1 3317 3313.9/3307.9 vNH
22145 279.9 2135 2143.7/2139.6/2137.8 vN=N*=N" as
1277.3 9.1 1263 1278.6/1266.9 vN=N*=N"s.
1166.9 267.8 1146 1169.4/1159.7/1154.1 3NH
523.5 223 533 5372 YN=N*=N~
Phenylazide
2197.1 772.6 2165/2157/2137 2143.7/2139.6/2187.8 vN=N*=N" as.
2128/2112/2102
2087
1600.2 47.4 1598 1597.0 v(C—Crring 2)
1488.8 72.6 1496/1491 1457.7 3(C—Hring 2)
1315.3 147.9 1398 1349.2 vN=N*=N"s.
1309.0 13.9 1337 1311.2 3(C—Hring 1)
1299.0 32.2 1305/1298 1296.5 v(C—Cring 3)
1129.3 26.3 1136/1131 1130.2 vC—N
1085.2 8.6 1076 1075.8 3(C—Hring 3)
810.3 435 810 801.9 3CNN
747.2 68.7 751 733.9 Y(C—Hring 1)
683.6 26.6 687 660.7 7(ring 1)
670.7 26.7 670 652.6 SN=N*=N~
509.6 154 537 5372 YN=N*=N~
1-Aza1,2,4,6¢cycloheptatetraene
1913.1 202.2 1895 1894.2/1889.8 vC=C=N as
1339.8 19.8 1348 1349.0 3(CH 1)
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Table 2 Continued
Molecule Calculated Observed frequency (& Approximate Description
Frequency (cm?) Intensity (km mot1) Reference This study
1301.5 3.0 1303.4 vC=C=Ns.
1110.9 15.2 1111/1105 1111.0/1104.9 3(CH 2)
979.7 25.6 980 975.5 vNC
951.4 3.0 952.2 v(CH 1)
945.7 45 940 942.2 v(CH 2)
850.6 4.7 860.6 3(ring 1)
823.2 2.6 823.8 3(ring 2)
754.3 62.3 748 758.7 v(CH 3)
685.0 45.5 683 687.6 3C=C=N
663.8 28.2 658/650 660.7 7(ring)
595.5 10.9 580 583% yC=C=N
Phenylisocyanate
2322.0 1839.7 ~2296/2289/2266 2296.8/2291.9/2283.5 vNCOas
~2230 2276.5/2267.1/2263.1

2260.6/2251.5/2231.3
2229.5/2207.2

1602.3 44.4 n.o. v(C—C ring 2)

1518.6 31.9 1516.8 wNCOs.

1452.4 10.3 1441.2 v(C—C ring 6)

1290.7 4.8 1289.5/1285.1 v(C—C ring 3)

1116.2 52.5 1111.0/1104.9 vC—N

1078.0 9.7 1064.5 8(C—H ring 3)
904.3 5.7 n.c. ~v(C—H ring 3)
750.9 63.7 752.5 ~v(C—H ring 1)
750.1 13.2 747.8 3(ring 3)
685.4 27.3 687.6 (ring 1)
623.7 26.4 629.8 3NCO.
556.0 25.1 583% vyNCO.

@ Only data for bands that could be observed are presented (in two exceptional cases, calculated data is given for non-observed (n.o.) bartdd:ifaepsedic
bands that are overlapped by reactant bands and, for 1-phenyl-diarizirin-3-one, in the cases where the band due to the same vibration is dlesetkied for t
conformer). The full list of calculated frequencies and intensities is provid&dipgorting Information (Tables S4-S16)

b Reference data: isocyanic a¢fl], azide[52], phenylazidd44], 1-aza-1,2,4,6-cyclohepta-tetradn8], phenylisocyanatgs7]. All data in argon matrix, except
for phenyl azide (N matrix).

¢ v, stretching®, bending;y, rocking (out of plane bending); FR, Fermi resonance.

d Overlapped with the 756.1/754.6/752.2chmultiplet band of PT.

€ This band has partial contributions from several photoproducts.

T buried under the intense group of bands dueN€O as.of phenylisocyanate.

9 This group of bands is assigned to both azide and phenylazide, since it was not possible to discriminate bands due to each molecule (see also text).

h This band has partial contributions at least from azide and phenylazide.

i Assigned to 1-aza-1,2,4,6-cyclohepta-tetraene, phenylisocyanate and 1-phenyl-diarizirin-3-one (1).

I Overlapped with the 1605.6/1601.6 chbands of PT.

k Overlapped with the 914.2 cr band of PT.

show a continuous growth even for longer irradiation timesalso absorb in this spectral region, and then the photoproduc-
(Fig. 5. tion of CO from the diaziridinone cannot be established with
The CO elimination reaction of the diaziridinone would lead certainty from the analysis of this spectral region. Moreover,
to simultaneous production of phenyldiazene, and it could beery unfortunately, according to the calculations the compound
expected that these two species interact with each other in tfermed together with CO, phenyldiazene, does not have any
matrix cage where they are formed. Then, the photochemicallgtrong IR band lying in a clean spectral region (in both possible
formed associated CO should absorb at different frequencygonformations—se&able S5, Supporting InformatipnThis
when compared with the isolated monomer. In fact, while thefact precludes the direct experimental identification of this com-
characteristic band of the isolated CO monomer observed ipound. However, methyldiazene (together with CS) has been
the as-deposited matrix as result of thermal degradation in thgreviously identified as photoproduct of 1-methyd-tliazirene-
gas phase prior to deposition did not increase during the irra3-thiol subjected to identical experimental conditi¢28] and,
diation of the matrix, other features were observed to growthus, the photochemical production of phenyldiazene (and CO)
in this spectral region (as expected for associated CO, appedn-the present case seems very likely.
ing at higher frequencies and being considerably bropiddy. The second process where the diaziridinone acts as reac-
However, azides formed iRathways2 and 3 described below tant leads to production of isocyanic acid and phenylnitrene.



+ Model

10 A. Gdmez-Zavaglia et al. / Journal of Photochemistry and Photobiology A: Chemistry xxx (2005) XXx—xxX

20 icA the irradiated PT Ar-matrix. Particularly noticeable is the
= intense band-mark associated with the antisymmetric stretch-
ing of the ketenimine moietyyC=C=N as) of 1-aza-1,2,4,6-

15 cycloheptatetraene, observed at ca. 1895%f6], but other
bands previously described by Huisgen et[4ll] as finger-
prints of 1-aza-1,2,4,6-cycloheptatetraene could also be clearly
identified in the spectrar@ble 2, unequivocally testifying the
photoproduction of this species. On the other hand, experimen-
tal identification of isocyanic acid is less straightforward, since
the most intense bands of this compoyd8-51] are nearly
coincident with bands due to other photoproducts sdse 2,

in particular phenylisocyanate, which is formedRathway3

(Fig. 3 and, as shown below, is one of the major observed pho-
PIC toproducts.

Pathway? represents the cleavage of the tetrazole ring to give
isocyanic acid and phenylazide. This is then an alternative path
for production of isocyanic acid to that above discussed and,
200 - PO} with all probability, it shall correspond to the dominant reaction

i |PD(") channel leading to this product. Phenylazide can further react,
100 i eliminating molecular nitrogen, to give phenylnitrene and then,

i “1, cHT again l-aza-1,2,4,6-cycloheptatetraene. Phenylazide has been
A Cff W previously isolated and irradiated in both argon and nitrogen
matrices, and production of 1l-aza-1,2,4,6-cycloheptatetraene
2300 2200 2100 2000 1900 1800 unequivocally demonstratgd3—45] The vibrational spectrum
of matrix-isolated phenylazide is then well known and its
identification could be made here without any difficulty (see
Fig. 5. 2350-1800 crm spectral region of the irradiated ¥ 235 nm) sample Table 2, despite the fact that, in the present case, phenylazide

at different times of irradiation and calculated spectra, in this spectral range, fo . - . . .
CO, azide (A), isocyanic acid (ICA), phenylazide (PA), phenylisocyanate (PIC ,éan be expected to interact with isocyanic acid produced in

1-phenyl-diaziridin-3-one conformers [PD(1) and PD(ll)] and 1-.':1za-1,2,4,6-the same maitrix cage (Sm 6f0r_ the_ calculgted m'mmum_
cycloheptatetraene (CHT). Experimental spectra were obtained after 2 (thicRNergy structure of the phenylazide:isocyanic acid associate,
solid line), 10 (thin solid line), 30 (dashed) and 60 (dotted) min. of irradiation.andTable S17—Supporting Informationfer the complete cal-

Qalculatedspectrawergobtaine_datthe B3LYP/6-31++G(d,p) level of theory angj|ated IR spectrum of this species; the associate is a planar
Z:’&”J;Iﬁ%Zi'ggﬁ;“;sg;:ﬁzg'ﬁt”;q%ear;tg:if;the caleulated (scaled) frequengy e ciag, with the isocyanic acid hydrogen pointing to the nitro-
gen atom of phenylazide connected to the phenyl ring and one
of the ortho hydrogen atoms of the phenyl ring of this latter
The photochemistry of singlet phenylnitrene is well knownmolecule pointing to the nitrogen atom of isocyanic acid. The
[43-47] It easily undergoes ring expansion to 1-aza-associate hasthentwo hydrogen-bond like interactions with cal-
1,2,4,6-cycloheptatetraene (the calculated ground state enemlated NH..N and CH. .N distances of 205.1 and 295.4 pm,
gies for these two species favor the latter compound by caespectively). Since the bands assigned to phenylazide still con-
80 kJmotl—see Tables S9 and S)1whose characteristic tinue to grow after 60 min of irradiation, it can be concluded that,
bands[46,47] could be clearly identified in the spectra of underthe experimental conditions used, phenylazide reacts with

Absorbance

300

Relative calculated Intensity

Wavenumber/cm-!

(@) (b)

Fig. 6. Calculated B3LYP/6-31++G(d,p) minimum energy structures of (a) phenylazide/isocyanic acid and (b) azide/phenylisocyanate complexes.
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relatively low efficiency, in particular when compared to PT, absorb in this spectral region. However, reactfathway 3
being formed faster than it is consumed to yield 1-aza-1,2,4,6appears to be the dominant one and phenylisocyanate shall thus
cycloheptatetraene (note that the amount of this latter compourtze produced in relatively larger amount than isocyanic acid.
formed cannot be used to estimate relative efficiencies of the diBesides, the predicted IR intensity for th@NCO) asymmetric
ferent processes because it can also be produdeatimwayl, stretching in phenylisocyanate is by far larger than in isocyanic
as described above). acid (1840 km mot! versus 994 km mott). In view of these
It shall also be noticed that phenylnitrene (in triplet state)data, it can confidently be stated that the profile of the complex
could also be previously observed in low temperature matriband in the 22902260 cm region is essentially due to the
ces as a result of direct photolysis of isolated phenylazidabsorption of phenylisocyanate. Detailed analysis of the band
[45]. However, we have no convincing evidence pointing toas a function of the time of irradiation shows that the compo-
a direct experimental observation of this species in our spementat 2263 cm! follows a slightly different pattern of variation
troscopic data, even when irradiation was undertaken usinfFig. 5 pointing to an additional contribution to this wavenum-
different wavelength cut-off filters (e.g., 285, 337, 375 andber of an absorption from other photoproduct, which cannot be
417 nm). The absence of observation of triplet phenylnitren@ther than isocyanic acid (this wavenumber closely match the
in the present study may result from the fact that phenylazid@reviously reported one for matrix-isolated isocyanic 46i:
and isocyanic acid are produced together and interact in th2259 cnt1).
matrix cage, eventually making inaccessible the pathway which The vNCO antisymmetric stretching vibration is strongly
would lead to formation of the triplet phenylnitrene (or, alterna-involved in Fermi resonance interactions, whose profile was
tively, favoring its fast decay, once formed, to the reactive singlefound to closely follow that observed for isolated phenyliso-
state). cyanate monomef57] (see Table 2. This means that the
Pathway3 corresponds to tetrazole ring-opening leading tointeraction between phenylisocyanate and azide in the asso-
phenylisocyanate and azide as photoproductsige®). There  ciate is not strong enough to introduce dramatic changes in
is no indication that these compounds undergo additional reathe vibrational potential of phenylisocyanate. Support to this
tions. On the other hand, being produced in the same matrigonclusion can also be found by comparing the spectrum of
cage they can interact with each other leading to formation ofhe azide/phenylisocyanate compléballe S1% with that of
a phenylisocyanate/azide associate. We have undertaken ext¢he free phenylisocyanate monomer shown in Table S13: the
sive calculations on this associate and found only one minimuraverage relative shift in the band maximum wavenumbers upon
in its potential energy surface (double-degenerated by symmeomplexation is as low as 0.86%.
try). The minimum energy structure is depictedrigy. 6. It is Other less intense bands, appearing in the 1550-556 cm
a planar species, with the hydrogen of the azide pointing to theange, could also be assigned to phenylisocyanate, all of
oxygen atom of the phenylisocyanate and one obttleohydro-  them correlating well with both the calculated spectrum for
gen atoms of the phenyl ring of this latter molecule pointing tothe azide/phenylisocyanate complex and the experimental data
the terminal nitrogen atom of the azide. The associate has theeported by Pritchina et d557] (seeTable 2.
two hydrogen bonds (NH.O and CH. .N distances are calcu- It is also worth noticing that UV irradiation of isocyanates
lated as 232.7 and 297.8 pm, respectively), which form a 10fand also isothiocyanates), has also been reported to induce par-
membered ring. The calculated stabilization energy (includingdial isomerization to the corresponding cyanates (thiocyanates)
zero point energy correction) due to formation of the associatgs8—62] We tried then to found any experimental evidence
amounts to-10.10 kJ mot L. of phenylcyanate and cyanic acid in the spectra of the irradi-
The spectrum of the matrix-isolated azide has been reporteated matrices. However, we were unable to identify a band that
previously [52-56] Himmel et al.[52] described signals at could be unequivocally ascribed only to one of these molecules,
3317, 2135, 1263, 1146 and 533thas fingerprints of azide. which seems to indicate that they were not formed (at least in
In the present study, all these bands were identified, though aketectable amounts). In the case of cyanic acid, the absence of
shown inTable 2 they appear at slightly different frequencies, any band that could be assigned to t&H stretching vibration
with all probability as a consequence of the interaction of azidg¢which, in the present case, should appear in a clean spectral
with phenylisocyanate. On the other hand, Pritchina g6&@].  region) is a strong indication of the absence of this species in the
have reported the spectrum of phenylisocyanate in solid argomatrix.
which in that case resulted from photolysis of benzoylazide. The A final note shall be made relatively to the energetic
experimental spectrum of phenylisocyanate is easily identifiablef the primary photochemical processes. Besides irradiation
because it shows a very intense multiplet in the 2290-226Gcm at 1 >235nm, experiments were made using less energetic
region, due to theeNCO antisymmetric stretching vibration, radiation, using different cut-off filters, from >417 nm to
that clearly dominates the spectrum. According to the thei >285nm. Under all these conditions, the compound was
oretical predictions, the intensity of such unusually intensdound to be photostable. The minimum energy required to trig-
band represents about 90% of the total intensity of the speger the photochemistry of PT was then shown to be within
trum of phenylisocyanate (s@@bles S13 and S15, Supporting the 420-510kJ molt range. Such range of energies is of the
Information). same order of magnitude of the sum of bond energies typical
Itis worth to point out that, as mentioned before, #iCO)  of C-N and N-N bonds (276 and 193 kJ mdl, respectively
asymmetric stretching of isocyanic acid is also expected t¢63]).
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