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Abstract- The ring opening reactions of the 1,2,3-triazolate anion, of the three
tautomers of NH-1,2,3-triazole, and of different 1,2,3-triazolium cations, to give
the corresponding iminodiazomethanes, have been studied by means of ab initio
calculations at the HF/6-31G** level. The 1,5-electrocyclization reactions of
1,2,3-triazolate and 1H-1,2,3-triazole proceed through planar transition states with
high and medium energy barriers, respectively. In both cases the cyclic forms are
thermodynamically more stable than the open-ring ones. In contrast, the
decomposition of the 1,2-H-1,2,3-triazolium cation into protonated iminodiazo-
methane is an exothermic process. In the last case, the preferable way of the
reaction proceeds via non-aromatic intermediates (1,4H;- and 1,1H>-1,2,3-

triazolium ions) which have a very low activation energy towards the ring

opening. It has been found that there is a high mrn-conjugation between
diazomethyl and imine fragments in the chain forms.

INTRODUCTION

An important property of many heterocycles is their capability of ring-chain isomerism.! This process is
often the first step of various chemical and physico-chemical transformations of these compounds and it
is related to several fundamental properties of the heterocyclic systems, such as aromaticity, electron
structure and nature of the heteroatoms.?

Among azoles, 1,2,3-triazoles are probably those which show the higher lability of the cycle. Different
isomeric forms of CH3N, CH,Nj as well as some other unstable molecules, formed after a primary
cleavage, were detected as products of photochemical, thermal, and electron-impact fragmentation of
1,2,3-triazoles.3-5 The mechanism of the decomposition of 1,2,3-triazoles and the thermodynamic
stability of the cycle are governed precisely by the first stage, the breaking of one cyclic bond. There are
two main ways of opening the triazole ring by breaking one of the C-N bonds or one of the N-N bonds.
Experimentally, the primary products of the C-N bond cleavage are the vinyl azides.6 These compounds
are widely used as substrates in synthesis of 1,2,3-triazoles.” According to known data, the isomerization

of 1,2,3-triazoles to vinyl azides proceeds via intermediate 4H-1,2,3-triazoles.”-8 The second way of the

* Dedicated to Professor Teruaki Mukaiyama on the occasion of his 73™ anniversary.
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1,2,3-triazole ring opening, i.e. the cleavage of N-N bond, leads to the corresponding intermediate o-
diazoimines.? This kind of reversible ring transformation is very well known, for instance, the Dimroth
rearrangement (1 <= 2) which proceeds through analogous ring-opened structures.10
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The same type of ring opening is also observed in the cases of benzotriazoles and of 1,2,3-triazolines
(3 == 4 > 5path).1,4.11
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The 1,2,3-oxadiazole/a-diazoketone isomerization (6 == 7) has a close analogy with the previously

discussed 1,2,3-triazole/a-diazoimine one since in both cases the open-ring forms are quite similar.1213
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The isomerism of 1,2,3-triazoles to the corresponding o-diazoimines has been the subject of various both
experimentall4-16 and theoretical studies.!7-18 Recently Fabian, Bakulev and Kappe using ab initio
methods showed that the 1,5-electrocyclization of iminodiazomethane (E) to 1H-1,2,3-triazole proceeds
via a planar pseudopericyclic nonrotatory transition state.13 However, they have not examined the
possibility of the isomerism between the different prototropic forms of 1,2,3-triazoles.18

In the present work we have studied the ring-opening by N-N bond cleavage, in the gas phase, of all
known tautomeric forms of unsubstituted 1,2,3-triazole by means of ab initio calculations at the HF/6-
31G** level.

CALCULATIONS
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All calculations were performed using GAMESS!? and Gaussian-9420 program packages. Geometries of
all structures as well as transition states were fully optimized at HF/6-31G** basis set,2! which has given
satisfactory results in similar calculations. 22-24 All stationary points were proved to be minima or
transition states by frequency calculations carried out at the same computational level. IRC calculations
have been performed to confirm the connecting structures of each transition state. The ZPE correction has

not been used to calculate the relative energies of the structures.

1,2,3-TRIAZOLATE ISOMERISM

1,2,3-Triazole is a weak N-H acid (pKj 9.26, PAcxp 346.9 kcal/mol)25:26 which in the presence of bases
loses a proton to give the triazolate anion (8). Therefore, the presence of this anion as an intermediate in
various chemical transformations can be postulated. In this case, only one form for the initial heterocycle
(8) and for the open-ring forms (10) and (12) are possible (Scheme 1).

PR A
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Scheme 1

The ring expansion of triazolate (8) is a high endothermic process: open-ring forms (10) and (12) are 68
and 65 kcal mol-! respectively less stable than initial form (8) (Table 1). The relative energy of the ring
opening transition state (9) is very high (75 kcal mol-1).

Table 1. Total and relative energies of different forms and transition states of the 1,5-electrocyclization
reaction of 1,2,3-triazolate-iminodiazomethane transformation calculated at HF/6-31G** level.

Form E au. AE, kcal mol !
8 -240. 197 593 0.00
9 -240. 077 760 75.20
10 -240. 089 158 68.04
11 -240. 082 434 72.26
12 -240. 093 679 65.21

As it can be seen from Table 2, the initial aromatic anion (8), transition state (9), as well as the products
(10, 12) of the ring expansion have planar geometry (Cy,, Csy symmetries). The similar bond distances in
structure (8) corresponds to its aromatic character while the open ring forms have clearly localized double
(N2-N3, N3-N4 and C5-N1) and single (C4-C5) bonds.

The rotational barrier around the C-C bond in the imine anion (10) [through transition state (11)] is small,
indicating a weak mn-interaction between the imine and diazomethyl groups in the chain forms (10) and

(12) which agrees with the long C-C distance encountered in these systems.
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Considering the structures of the transition states as well as those of the products (10, 12) and the initial
cyclic form (8) the process shown on Scheme 1 should be interpreted as a typical pseudopericyclic 1,5-
electrocyclization. 18

It may be concluded that the ring opening of the cyclic anion (8) via the cleavage of the N-N bond is
extremely improbable. So adverse conditions for breaking the cyclic N-N bond in the case of 1,2,3-
triazolate anion (8) can be ascribed to: i) the small delocalization of the negative charge in the chain

forms (10) and (12) and ii) to the high aromaticity of the initial anion (8), which considerable stabilizes
it.27

NH-1,2,3-TRIAZOLE ISOMERISM

Unsubstituted 1,2,3-triazole exists as a mixture of aromatic 1H- (14) and 2H- tautomers (13) (Scheme 2).
According to previous theoretical calculations the latter is thermodynamically more stable than the
former by 3-4 kcal mol-1.22 In solution, the relative amounts of both tautomers are quite comparable:
1,2,3-triazole in solution contains from 55 to 85% of 2H-form (13) depending on the medium nature.28 In
gas phase the 2H-1,2,3-triazole (13) is predominant with a presence of about 99%.22:29 These differences
between gas phase and solution are related to the differences between dipole moments ((13), 0.2 D, (14),
4.4 D).22 Besides the stable aromatic forms (13, 14), theoretically 1,2,3-triazole could exist also in the
non-aromatic 4H-form (15). Although the latter is extremely energetically unfavourable (25 kcal mol-1),

it can be considered as intermediate in some chemical transformations of 1,2,3-triazoles.8
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Scheme 2

According to our calculations, the N-N ring-opening of tautomers 2H (13) and 4H (15) does not lead to
the open ring products (16) and (17), but to other systems with additional broken bonds. For example, the
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energy minimization of 16 leads to the hydrogen-bonded complex of diazomethane with hydrocyanic

acid (Figure 1).

Figure 1. Hydrogen bonded products of the ring expansion of non-aromatic 4H-1,2,3-triazole (15). The
distance between hydrogen atom of hydrocyanic acid and carbon atom of diazomethane consists 2.687 A.

In the case of 1H-1,2,3-triazole (14), the ring opening process (14 — 19) as well as the subsequent
rotation about the C-C bond in the corresponding open-ring form (path 19 — 20 — 21) were investigated.
The activation energy for the ring-opening of 14 through the transition state (18) is much lower than in
the case of the 1,2,3-triazolate anion (8), but nevertheless is still high (40 kcal mol-!, Table 3). It is worth
mentioning that activation barriers calculated at the HF level are about 1.5 time higher than at the
B3LYP, MP2, and MP4 levels of theory.!8 The process is still endothermic, the initial cyclic form (14)
being more stable compared with open ring ones (19, 21) by about 20 kcal mol-1. For compounds (19)
and (21) we have only calculated the £ configuration (about the C=NH bond), for (19), the Z one lies 2.2
kcal mol-! higher in energy according to MP4 calculations. 18

Table 3. Total and relative energies of different forms and transition states of the 1,5-electrocyclization
reaction of 1,2,3-triazole-iminodiazomethane transformation calculated at HF/6-31G** level.

Form E,au. AE, kcal mol !
13 -240.784754 0.00
14 -240.776976 4.88
15 -240.743595 25.83
18 -240.712533 45.32
19 -240.743352 25.98
20 -240.724746 37.66
21 -240.742339 26.62

All stable open-ring forms (19, 21) as well as the transition state (18) have planar structures (Table 4).
According to Fabian, Bakulev and Kappe,!8 this process must be described as a pseudopericyclic 1,5-
electrocyclization. The C-C bond rotation, which transforms 19 into 21 (only 0.6 kcal mol-! more
stable), through the transition state (20), shows a high barrier (11.7 kcal mol-1) due to the partial double
bond character of the bond. This is apparent when comparing the C-C bond length of the minima [(19)
1.449; (21) 1.452 A] with the C-C bond length in the TS ((20) 1.491 A). This process is related to that of
a-diazo-ketones (7).12,13,18
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ISOMERISM OF 1,2,3-TRIAZOLIUM IONS

1,2,3-Triazole is a weak heterocyclic base, both in solution and in the gas phase, pKpg+ -0.16,30 PAexp
209.3.26 Under the protonation of neutral 1,2,3-triazole, two different tautomeric forms of the aromatic
1,2,3-triazolium cation (22, 23) can be obtained which are very different regarding their thermodynamic
stability (Scheme 3). The most stable one by 13 kcal mol-! is the so-called imidazole-like cation (22)
(because the NH protons are in 1,3-positions like in imidazolium cation).3931 As in the case of the ring-
chain isomerization of neutral 1,2,3-triazole, here also the non-aromatic unstable forms of 1,2,3-
triazolium cation (24) and (25) have been considered.

The complete picture of the ring-opening routes are shown in Scheme 3. The pathways involving the
pyrazole-like aromatic cation (23) (the NH protons in 1,2-positions) and the two non-aromatic 1,1H>- and

1,4H;-triazolium ions (24) and (25) have been considered.3?

The first route is the ring-chain isomerization of cation (23) through transition state (26). The activation
energy of the direct reaction (23 — 26 — 27) is very high (56.2 kcal mol-!), a value which is higher than
in the case of 1H-1,2,3-triazole (14) (Table 5). The final product (27) is only 10.5 kcal mol-! below the

transition state.

Table 5. Total and relative energies of different forms and transition of the 1,5-electrocyclization reaction
of 1,2,3-triazole-iminodiazomethane transformation calculated at HF/6-31G** level.

Form E,a.u. AE, kcal mol’  Form E,au. AE, kcal mol
22 -241.140347 0.00 30 -241.136838 2.20
23 -241.119125 13.32 31 -241.058985 51.06
24 -241.061773 49.31 32 -241.133948 4.02
25 -241.086537 33.77 33 -241.090846 31.06
26 -241.029572 69.51 34 -241.076617 39.99
27 -241.046305 59.01 35 -241.111266 18.25
28 -241.036658 65.07 36 -241.104566 22.45
29 -241.045521 59.50 37 -241.104846 22.28

The elongation of the N-N bond in the initial form (23) produces a slightly non-planar transition state
(26) to yield a clearly non-planar final product (27) (Table 6). Considering the non-planarity of 26 and
27, this process differs from the ones considered above and can be described as to a monorotatory
pericyclic reaction. ‘

The rotation around the C-C bond which transforms the cis-chain form (27) to the trans-form (29) though
the transition state (28) shows a small barrier due to the C-C single bond character as indicated by its long
intermolecular distance (around 1.5 A in all the process). The protonated open-ring forms on the nitrogen
atom of the diazogroup (27) and (29) are thermodynamically very unstable compared with (23) (Table 5).
An alternative route for the interconversion of 27 and 29 is the prototropic tautomerization to 32 and
30 which are about 55 kcal mol-! more stable. It should be noted that open-ring cations (30) and (32)

are even more stable than the initial cyclic 1,2H-1,2,3-triazolium ion (23).
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The rotational isomerism (32 —» 33 — 30) has an activation energy of 27.0 kcal mol-1. This high energy
of the transition state (33) as well as the planarity and short C-C distances of both rotamers (32) and (30)
correspond to an unusual strong mrn-conjugation between the protonated imine and the diazomethyl
fragments.

The non-aromatic form (24) can be obtained through a hydrogen rearrangement from 23 or 22.

Energetically 24 is 49 kcal mol-! less stable than 23. The instability of (24) is patent with the small
energetic difference with the transition state (31) that provides as a final product (32) which is 44 kcal
mol-! more stable than 24. In principle, the isomerism (24 — 31 — 32) is similar to the cyclization of
vinyldiazomethane in 3H-pyrazole,!8 however, the (24 — 31) activation is achieved only by elongation
of cyclic N-N bond and not by a synchronous rotation of the imine fragment. The 90° rotation occurs
during the (31 — 32) transformation. Although the cyclic form (24) is much less stable compared to
aromatic form (23) the proposed path (23 — 24 — 31 — 32) is much better than the first one (23 — 26
— 27 — 32). The transition states corresponding to prototropic steps (23 — 24 and 27 — 32) have not
been calculated because these proton migrations require very high activation energies in the gas phase but
very low in solution were the process described in Scheme 3 occurs.23,24,34,35

The last studied reaction pathway starts with the non-aromatic form (25) which lies 20 kcal mol-! above
23. As in the previous case, the transition state (34) is very close energetically to the starting structure
(25) (only 6 kcal mol-! above). The calculated open ring forms (35) and (37) are more stable by 15 and 11
kcal mol-! than the initial cyclic structure (25) (Table 5).

In addition, open-form (35) by prototropic tautomerization can lead to the more stable form (32) or, via
low energetic transition states (36) and (37), to the most stable form (30). Let us note that rotation process
of the open-ring form (32) to the trans-form (30) is energetically preferable by the path (32 — 35 — 36
— 37 — 30) than through transition state (33). Here also the prototropic processes (32 — 35 and 37 —»

30) have not been calculated for the reason discussed previously.
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Figure 2. Relation of activation energy of cyclic forms (8, 14, 23, 24, 25) to their corresponding
transition states (9, 18, 26, 31, 34) against the relative elongation of the N'-N? bond.
AE=(7717)Ar— (16 £6),R 0.986,5 6.16,n 5.
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Using the activation energy data of the ring-chain isomerism of all possible cyclic forms of 1,2,3-triazole
including the triazolate anion and the triazolium ions (8, 14, 23, 24, 25) to their respective transition
states (9, 18, 26, 31, 34) a good correlation can be found with the relative elongation of the N1-N2 bond
(calculated as the difference of N1-N2 bond length between the corresponding transition states and initial
cyclic forms) (Fig. 2). According to this observation and taking into account the Hammond postulate,36 it
can be concluded that the ring expansion mechanism of the processes studied is the same in all cases, in

spite of the significant differences in activation energies and geometries of the transition states.
CONCLUSIONS AND OUTLOOKS

In the present work, the 1,2,3-triazole—iminodiazomethane isomerism of all possible prototropic forms
has been examined using an unified point of view. The probability of the process increases from 1,2,3-
triazolate anion through the neutral NH-1,2,3-triazole to 1,2,3-triazolium cations. In conclusion, the acid-
catalyzed mechanism for the cleavage of N-N bond of the 1,2,3-triazole is the most probable. In the case
of the isomerism of the protonated 1,2,3-triazole ring to most stable open-chain forms (30) and (32) (due
to their high mr-conjugation between imine and diazomethyl fragments), the non-aromatic 1,14~ and
1,4H- cations are the key intermediates of the process. From the data obtained, it is possible to predict
that the formation of diazoiminomethanes from 1,2,3-triazoles would occur experimentally only in acidic

or strong acidic media.
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