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1. Introduction

Ring-chain isomerism or tautomerism is an important aspect of
organic chemistry.! The most studied case is the azidoazomethine/
tetrazole? valence isomerism of tetrazoles (Scheme 1a). The imino
C=N bond can be part of a heterocyclic ring, either a six-membered
ring (azines, Scheme 1b) or a five-membered ring (azoles, Scheme
1c). We have already studied the case of azidoazines. In this sec-
ond paper we will report our theoretical results concerning azoles. If
the ring closure took place on a C=N bond, the resulting aza-
pentalene will be ‘classic’ but if ring closure takes place on a single
C—N bond, the resulting azapentalene will be mesoionic. Mesoionic
compounds are the part of mesomeric betaines that concern five-
membered rings. Baker et al.> Ollis and Ramsden,® and Ramsden,”
defined mesoionic systems as five-membered rings that cannot be
represented by normal covalent structures. The designation meso-
jonic, first given by Baker et al. in 1949,° was refined by Ollis and
Ramsden® as follows: ‘A compound may appropriately be called
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mesoionic if it is a five-membered heterocycle, which cannot be
satisfactorily represented by any one covalent or ionic structure and
possesses a sextet of electrons in association with the five atoms
comprising the ring.’ In 1978, Potts® suggested, ‘the term mesoionic
should be restricted to five-membered heterocycles that cannot be
satisfactorily represented by normal covalent structures but are
better represented as a hybrid of all possible charged forms’.

We have devoted a large number of publications to case (c) in-
cluding the related case of thiazoles and their derivatives (case d),°
but only a few theoretical papers: one fundamental concerning case
(a)!° and another concerning a topological analysis of all azoles
based on HMO calculations, case (c).!! Literature results on these
compounds are scarce, the most important ones being an experi-
mental study of some azidoazoles,'? and a high-level study of case
(d) (solvent effects, substituent effects and thermo-chemistry).!3
Besides, the X-ray molecular structure of 5-azido-1H-tetrazole
(14AZ, Scheme 6) has been determined.*

2. Results and discussion

The compounds we have studied are gathered in Schemes 2—6
(neutral molecules) and 7—11 (anions). In all cases, A is the azide,
T is the tetrazole and the conformation of the azido substituent is
defined using the E/Z convention based on the CIP priority rules.!”
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Scheme 1. Valence isomerism in the tetrazoles (a) and in the azine (b) and azole series (c). The case of thiazoles (d) is related to that of azoles. Always the open-chain compound

(azide) is the reactant and the ring compound (tetrazole) is the product.
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Scheme 3. Pyrazole and indazole series.

We have calculated the energies associated with the molecules of
Schemes 2—11 including the transition states at two different levels
(see Computational details): B3LYP/6-31G(d) and G3B3. The relative
free energies at 298 K (AAG in k] mol~!) are reported in Tables 1 and 2
(neutral molecules and anions, respectively) while the absolute
values (in hartrees) can be found in the Supplementary data.

2.1. The minima

2.1.1. E/ZIsomerism. To analyze the results of Tables 1 in what the E/Z
isomerism is concerned, we have applied a statistical approach on

a presence/absence matrix (1 when the property is present, 0 when
absent).*!” There are four situations (the E/Z nomenclature cannot be
used because it depends on the nature of X and Y): lone-pair/N—H
(LP1/NH1); lone-pair/C—H (LP2/CH1); C—H/N—H (CH2/NH2), and
lone-pair/lone-pair (LP3/LP4). Besides, the case of C—H in indazoles
should be distinguished from that in pyrazoles and the effect of going
from neutral molecules to anions must be considered.

The results (18 values, R?=0.995) are: LP1 is preferred to NH1 by
(19.840.5) k) mol~'; LP2 is preferred to CH1 by (8.7+0.5) k] mol~1;
CH2 is preferred to NH2 by (7.7+0.6) k] mol~!; and LP3 is preferred
to LP4 by (2.5+0.7) k] mol~! when X=NH. Furthermore, indazole
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Scheme 7. Imidazolate and benzimidazolate series.

A search in the CSD'® affords five structures related to the
present work (Scheme 13, the REFCODES are given): when there is
a possibility of E/Z isomerism, the structure in the solid state always
coincides with the energy minimum of Scheme 12.

We have determined in dioxane at 25 °C the dipole moments of
azidoimidazole (3.70D) and azidobenzimidazole (3.55D)
(Scheme 2), azidopyrazole (3.73 D) and azidoindazole (3.58 D)
(Scheme 3), azido-1,2,4-triazole (4.18) (Scheme 4) and azido-1,2,3-
triazole (2.35) (Scheme 5).°¢ If we compare the experimental values
with the dipole moments (u in D) of the azides of minimum energy, it
appears that 8AE (u=1.88 D) cannot account for the experimental
418 D value but 7AE (u=4.34 D) can and it is only 2.2 k] mol~! higher
in free energy. Therefore, Figure 2 uses this last tautomer. Although
the correlation is acceptable neither the intercept nor the slope are.

To explain why in azidoindazole it is possible to measure some
spin—spin coupling constants with the N—H proton in DMSO (a
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Scheme 9. 1,2,4-Triazolate series.
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produces a small effect of (1.1+0.7) kj mol~! when compared to
pyrazole and the formation of the anion reduces all the differences
by (3.1+0.8) k) mol~! in average.

The origin of these conformational preferences is LP/LP re-
pulsions (in red) that destabilize structures NH1, CH1, LP3, and LP4,
attractive LP/H interactions that stabilize LP1, LP2, CH2, and NH2
conformations. Since the N—H in LP1 is more acidic than the C—H in
LP2, the difference is larger for the LP1/NH1 equilibrium than for
the LP2/CH1 one. The same argument applies to the CH2/NH2
equilibrium. The LP (in red) appears to be more important in LP4
than in LP3.

We have represented in Figure 1 the MEP (Molecular Electro-
static Potential) of hydrazoic acid: the lone pair at positions 1 and 3
are clearly represented.

very rare example), we assume that the azido group ‘protects’ the
N2 nitrogen suppressing the annular tautomerism: the compound
behaves as an indole.?® The most stable structure, 5AZ (Scheme 3)
correspond to this hypothesis.

2.1.2. Azides tautomerism. The problem of the annular tautomer-
ism of azoloazides is complex due to the concomitant E/Z isomer-
ism. If one compares the tautomers for the same isomer, either E or
Z, the most stable tautomers are 3AE, 3AZ (1H-pyrazole-3-azide)
5AE, 5AZ (1H-indazole), 8AE (1H-1,2,4-triazole-5-azide), [but 7AE
(1H-1,2,4-triazole-3-azide), and 7AZ (1H-1,2,4-triazole-3-azide) are
only 2.2 and 4.5 kJ mol~! less stable, respectively], 12AZ (1H-3-az-
ido-1,2,5-triazole) and 15AZ (1H-3-azido-tetrazole), but 14AZ
(1H-5-azido-tetrazole) is only 5.3 k] mol~! less stable, in agreement
with MP2/aug-cc-pVDZ calculations.

Remember, from the precedent discussion, that 3AZ, 7AZ, and
14AZ were found in the solid state (Scheme 13). Solution NMR
studies proved that in the case of pyrazole and indazole, the most
stable tautomers are 3 and 5,”2% thus 3AZ and 5AZ comply with this
conclusion. Concerning 1,2,4-triazoloazides, although 8AE is the
most stable tautomer, the dipole moments points to 7AE and/or
7AZ.°4 In the case of 1,2,3-triazole, tautomer 12AZ agrees with the
experimental dipole moment study.®d It is not safe to conclude
about the 14AZ/15AZ (or 15AE) tautomerism in solution, since both
kinds of tautomers are present in 1H-tetrazoles.!

2.1.3. Azapentalenes tautomerism. Since in the neutral molecules,
there is always an azide A, that is, more stable than all tetrazoles T,
there is no experimental data on these azapentalenes tautomer-
ism.!® In the case of 1,2,4-triazoles (two tautomers and two iso-
mers) the stability order is 9T (0.0)>8T(3.8)>7T (46.0)>10T
(47.0 k] mol~1); in the case of 1,2,3-triazoles, the order is 11T (0.0)>
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Table 1

Dipole moments (D) and relative free energies (AAG, k] mol~!) of the compounds of
Schemes 2—6 (all minima and TS have C; symmetry)® calculated at the B3LYP/6-31G
(d) and G3B3 levels

Table 2

Relative free energies (AAG, kJmol~!) of the compounds of Schemes 7—10
(all minima and TS have C; symmetry) calculated at the B3LYP/6-31G(d) and G3B3
levels

No. Compound number Dipole AAG B3LYP/ AAG
B3LYP/ 6-31G(d) G3B3
6-31G(d)

1 1H-2-Azidoimidazole (1AZ) 3.75 0.0 0.0

2 1H-2-Azidoimidazole (1AE) 3.83 18.5 19.2

3 4H-Imidazo[1,2-e]tetrazole (1T) 7.14 41.7 40.4

4 (TSiaz) 452 99.8 103.1

5 1H-2-Azidobenzimidazole (2AZ) 3.09 0.0 0.0

6 1H-2-Azidobenzimidazole (2AE) 3.36 19.1 20.1

7 Tetrazolo[1,5-a]benzimidazole (2T) 6.84 33.7 33.7

8  (TSzaz) 3.77 95.2 99.3

9 1H-3-Azidopyrazole (3AZ) 4.02 0.0 0.0

10 1H-3-Azidopyrazole (3AE) 413 6.6 7.2

11 5H-Pyrazolo[1,5-e]tetrazole (3T) 7.02 80.2 79.9

12 (TS3az) 5.77 1209 125.0

13 1H-5-Azidopyrazole (4AZ) 0.53 16.3 193

14  1H-5-Azidopyrazole (4AE) 0.71 7.7 10.9

15 1H-3-Azidoindazole (5AZ) 343 0.0 0.0

16  1H-3-Azidoindazole (5AE) 3.82 10.2 10.3

17  5H-Tetrazolo[1,5-b]indazole (5T) 6.94 57.4 55.2

18  (TSsaz) 487 1184 1205

19 2H-5-Azidoindazole (6AZ) 0.64 394 40.7

20 2H-5-Azidoindazole (6AE) 0.64 31.9 33.0

21  1H-3-Azido-1,2,4-triazole (7AZ) 432 54 4.5

22 1H-3-Azido-1,2,4-triazole (7AE) 4.34 2.9 2.2

23 5H-[1,2,4]Triazolo[1,5-d]tetrazole (7T) 7.29 1124 112.8

24 (TSzaz) 637 147.7 151.4

25 5H-[1,2,4]Triazolo[4,3-d]tetrazol-7- 7.99 112.0 113.8

ium-3-ide (10T)

26 (TS7ag) 6.74 1419 148.1

27  1H-5-Azido-1,2,4-triazole (8AZ) 2.20 18.5 19.2

28 1H-5-Azido-1,2,4-triazole (8AE) 1.88 0.0 0.0

29  4H-[1,24]Triazolo[4,3-e]tetrazole (8T) 4.51 70.2 70.6

30 (TSsae) 2.14 113.6 1184

31 1H-2-Azido-1,3,4-triazole (9AZ) 4.98 289 27.1

32  1H-2-Azido-1,3,4-triazole (9AE) 5.26 48.6 473

33 7H-[1,2,4]Triazolo[1,5-e]tetrazole (9T) 7.23 69.5 66.8

34 (TSoaz) 4.84 130.6 132.2

35 1H-4-Azido-1,2,3-triazole (11AZ) 4.72 15.5 14.7

36 1H-4-Azido-1,2,3-triazole (11AE) 4.73 26.4 25.5

37 5H-[1,2,3]Triazolo[1,5-d]tetrazol-7- 7.65 98.7 96.4

ium-3-ide (11T)

38  (TS11az) 5.92 142.4 145.8

39 1H-3-Azido-1,2,5-triazole (12AZ) 1.44 0.0 0.0

40 1H-3-Azido-1,2,5-triazole (12AE) 1.60 6.8 7.6

41  5H-[1,2,3]Triazolo[1,5-e]tetrazole (12T) 4.37 103.5 102.7

42 (TS12az) 3.46 142.3 146.1

43 1H-5-Azido-1,2,3-triazole (13AZ) 3.01 34.1 34.8

44 1H-5-Azido-1,2,3-triazole (13AE) 3.12 25.5 26.8

45  1H-5-Azidotetrazole (14AZ) 435 7.1 5.3

46  1H-5-Azidotetrazole (14AE) 4.81 26.8 25.6

47  3H-Tetrazolo[1,5-e]tetrazole (14T) 4.68 83.7 81.8

48  (TS14az) 3.04 126.4 128.9

49 2H-5-Azidotetrazole (15AZ) 2.54 0.0 0.0

50 2H-5-Azidotetrazole (15AE) 2.99 3.0 2.7

51 1H-Tetrazolo[1,5-d]tetrazole (15T) 4.80 141.5 143.1

52 (TSisaE) 4.74 168.3 172.6

53  2H-Tetrazolium[1,5-d]tetrazol-7- 6.03 112.2 1115

ium-3-ide (16T)

54  (TSisaz) 4.62 146.6 151.1

2 In 3T, 5T, 7T, 12T, and 15T minima, the proton of the N—H is slightly out of
plane (Cy).

12T (6.3 kJmol~ 1), and in the case of tetrazoles the order is 14T
(0.0)>16T (29.7)>15T (61.3 k] mol~1). It appears that the mesoionic
tautomers are in one case, 11T, the most stable and in other, 16T, the
intermediate in stability.

2.14. The azido/tetrazole equilibrium. If we compare the most sta-
ble azide to the most stable tetrazole in each family (adiabatic), that

No. Compound number AAG B3LYP/ AAG G3B3
6-31G(d)
55 2-Azidoimidazolate (17A) 3.6 24
56 Imidazo[1,2-e]tetrazolate (17T) 0.0 0.0
57 (TS17a) 93.6 94.9
58 2-Azidobenzimidazolate (18A) 0.0 0.0
59 Tetrazolo[1,5-a]benzimidazolate (18T) 24 4.7
60 (TS18a) 89.2 93.4
61 3-Azidopyrazolate (19AZ) 354 314
62 3-Azidopyrazolate (19AE) 43.6 36.1
63 Pyrazolo[1,5-¢e]tetrazolate (19T) 0.0 0.0
64 (TS19az) 116.0 111.6
65 3-Azidoindazolate (20AZ) 314 36.6
66 3-Azidoindazolate (20AE) 375 438
67 Tetrazolo[1,5-b]indazole (20T) 0.0 0.0
68 (TS20az) 109.4 117.9
69 3-Azido-1,2,4-triazolate (21AZ) 11.9 10.8
70 3-Azido-1,2,4-triazolate (21AE) 11.6 10.2
71 [1,2,4]Triazolo[1,5-e]tetrazolate (21T) 0.0 0.0
72 (TS21a2) 102.6 103.9
73 [1,2,4]Triazolo[4,3-e]tetrazolate (22T) 375 39.7
74 (TS21AE) 112.2 115.1
75 4-Azido-1,2,3-triazolate (23AZ) 3.5 2.2
76 4-Azido-1,2,3-triazolate (23AE) 10.1 8.2
77 [1,2,3]Triazolo[1,5-e]tetrazolate (23T) 0.0 0.0
78 (TS23a2) 92.6 93.8
79 5-Azido-tetrazole (24A) 0.0 0.0
80 Tetrazolo[1,5-e]tetrazolate (24T) 21.0 239
81 (TS24a) 102.6 106.6

The G3B3 and the B3LYP/6-31G(d) values are linearly related so only the G3B3
values will be discussed in detail. The equation is B3LYP/6-31G(d)=(0.981+0.004)
G3B3, n=81, R?=0.999.

Figure 1. MEP of hydrazoic acid at £0.03 au. isosurfaces.

is assuming that all the azides are in equilibrium (tautomeric as
well as isomeric) and all the azapentalenes are also in equilibrium
(tautomeric). In the corresponding anions, only the E/Z isomerism
remains.

The fact that on going from neutral molecules to anions the
tetrazoles are stabilized (in average by 72.6KkJmol!) was
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Figure 2. Plot of calculated versus experimental dipole moments (in D). The trendline
corresponds to u(Calcd)=—(2.4:+0.6)+(1.64+0.17) u(Exp.), R?=0.96.

established for pyrazole®*" indazole,®® and 1,2,4-triazole.”! We

have also established that the anions of azido-1,2,4-triazole 21A
cyclize into tetrazole 21T and not into 22T, in agreement with the
present calculations.”

The differences reported in Table 3 are difficult to rationalize,
the order being quite different for neutral molecules
(Benzimidazole<Imidazole<Indazole<1,2,4-Triazole<Pyrazole
<Tetrazole<1,2,3-Trizole) and for anions (Indazole<Pyrazole
<1,2,4-Triazole<Imidazole<1,2,3-Triazole<Benzimidazole
<Tetrazole). These differences are not related to the aromaticity, at
least as defined by NICS (see latter on). In Figure 3, we have

Table 3
Relative free energies (AAG, kJmol™!) calculated at G3B3 level and adiabatic
differences

Heterocycle Neutral Anion Difference
Imidazole 0.0 (1AZ) 404 (1T) 24 (17A) 0.0 (17T) 42.8
Benzimidazole 0.0 (2AZ) 33.7(2T) 0.0 (18A) 4.7 (18T) 29.0
Pyrazole 0.0(3AZ) 799(3T) 31.4(19AZ) 0.0 (19T) 1113
Indazole 0.0 (5AZ) 55.2(5T) 36.6(20AZ) 0.0 (20T) 91.8
1,2,4-Triazole 0.0 (8AE) 66.8 (9T) 10.2 (21AZ) 0.0 (21T) 77.0
1,2,3-Triazole 0.0 (12AZ) 96.4 (11T) 2.2 (23AZ) 0.0 (23T) 98.6
Tetrazole 0.0 (15AZ) 81.8 (14T) 0.0 (24A) 23.9(24T) 579

reported two plots: one using the acidity of the parent azole'® and
the other the number of lone-pair/lone-pair repulsion (two adja-
cent LPs).% It was expected that the more acidic the azole (low
value of pKj,) the more stable the anion, i.e., the largest the differ-
ence (as the diagonal line). Some tendency is observed, but imid-
azole and benzimidazole are clear outsiders. When the neutral
molecule is transformed into an anion (N—H to N7) a new LP is
created. If there are nearby LPs, then the number of LP/LP in-
teractions will increase and the difference between neutral and
anions should increase. Here again, some trend is observed, tetra-
zole being an outsider. It is possible to use a model including both
effects:

Diff (kj morl) = (16.7 + 6.7) Diff LPs
+(3.4+1.3)Acid pKa, n
7, R> = 0.92 (no intercept), (1

2.2. Transition states

We will discuss now the vertical energies, that is, those con-
necting an azide to the corresponding tetrazole. In average (Fig. 4),
the ring structure decreases very much in energy to the point to be
more stable than the azide and this drag down the TS.
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Figure 3. Representation of the differences shown in Table 3 (in kJ mol~') against the azoles acidity and against the differences in adjacent lone pairs.
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Figure 4. Average energy profiles for neutral (left) and anions (right). Values are given
in kJ mol ",

It is not possible to determine the activation energy for the az-
ido/tetrazole process in the case of neutral molecules because they
exist as azides, but generating the anion (EtONa/EtOH) it is possible
to follow the ring closure either by IR or by NMR. The first order
kinetics of 17A to 17T and of 18A to 18T have barriers of 100.5 (IR
and NMR) and 93.2 kj mol~! (IR), respectively.”™ These values are
close to the calculated ones (Fig. 5) for the transformation of azides
into tetrazolates, 80.2 and 74.1 kj mol~! (Table 2), taking into ac-
count solvent effects (the ratio calculated/experimental is 1.25).

Pyrazole 19 Indazole 20

130/
120}
110
100
90 |-
80 |-
70 |-
60 |-
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40|
30 |-
20 |-
10 |-
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TS (111.6)
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Figure 5. Energy profiles for pyrazole (left) and indazole anions (right). Values in
k] mol .

2.3. Cioslowski analysis

Another possibility is to analyze the results using two parame-
ters (8 and y) proposed by Cioslowski?! in order to quantify the
Hammond postulate concerning the geometry of the transition
states (the postulate states that the structure of a transition state
resembles that of the species nearest to it in free energy). Eq. 2
defines the exothermicity v as:

Y = (Er — Ea)/(2E1s — Ep — E) (2)
where E1, Ea, and Ers are the energies of the tetrazole, the azide and
the TS, respectively. Eq. 3 defines § or geometrical proximity of the
reactants to the transition state:

B = [d(A,TS) — d(T, TS)]/d(A, T) (3)

0.5

dx_y = [ > (Rxi — Ry)? (4)

(i=1-4)

those d values have been evaluated using the similarity index given
in Eq. 4. The two parameters defined in Egs. (2 and 3) are di-
mensionless and vary between —1 and +1. Exothermic reactions
are characterized by negative values of vy, while endothermic re-
actions show positive values of v. § values will be close to 1 when
the geometries of tetrazole and TS are very similar because then d
(T,TS) approaches zero. Conversely, § will be close to —1 when the
geometries of the azide and TS are alike.

Figure 6 shows the relationship between the two parameters
@ and v for the 21 complexes (neutral and anions). As the reaction
becomes more endothermic (positive values of v) the § parameter
indicate that TS and tetrazole are more alike. On the other hand,
when the reaction is exothermic, negative values of y appear, and the
6 parameter indicates that the TS geometry is more similar to azide.
These observations are in agreement with the Hammond—Leffler
postulate.??

We can go further than Figure 6 and ask ourselves if there is
a relationship between y and the energy barriers, TS. Since in the
definition of v it is indifferent who is Er and who Ea, the TSs should
correspond both to (Ey—Ea) and to (Ep—Er), Figure 7.

The curve corresponds to Eq. 5:

TS (kj morl) = (104.3+1.8) + (136.5+9.0)y2, n = 42, R* = 0.85
(5)
2.4. The NIC(1) values

NICS(1) values [NICS(0) values will not be reported] calculated
at the B3LYP/6-31G(d) level are reported in Table 4.
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Table 4 deserves several comments:

(i) The NICS(1) average, maximum and minimum values are:
azole ring in azides (11.77, 14.49, 9.60), azole ring in tetrazoles
(10.02, 12.65, 6.32), azole ring in TSs (10.87, 13.94, 8.54), tet-
razole ring in tetrazoles (13.08, 14.07, 12.50), tetrazole ring in
TSs (7.31, 9.56, 4.86) and for the three mesoionic compounds,
the azole (12.30, 12.85, 11.64) and the tetrazole one (13.72,
14.00, 13.30). We have represented the average values in

Scheme 14.

(ii)

or separating into families.

(iii) The NICS(1) values are related to some properties that appear

in point (i); the best equations are:

Figure 7. Representation of the energy barriers versus y.

There is no relationships between AAG G3B3 (Table 2) or dif-
ference in AAG G3B3 (Table 3) and NICS(1) (Table 4) in general

Table 4

NICS(1) values in parts per million for the minima and the TS (only for heterocycles)
No. Mol Azole (AT) Tetrazole No. Mol Azole (A/T) Tetrazole
1 (1AZ) 10.11 = 55 (17A) 11.31 =
2 (1AE) 10.16 = 56 (17T)  11.33 12.97
3 (m 8.82 13.13 57 (TSiza) 11.44 6.46
4 (TSiaz) 962 7.44

5 (2AZ) 9.61 = 58 (18A) 1227 =
6 (2AE) 9.60 = 59 (18T) 10.90 12.65
7 (27 7.27 12.50 60 (TSisa) 11.64 596
8  (TSzaz) 8.54 6.96

9 (3A2) 11.03 — 61 (19AZ) 11.88 =
10 (3AE) 11.16 = 62 (19AE) 11.92 =
11 (37 8.38 13.49 63 (19T) 1161 13.08
12 (TSsaz) 10.44 922 64 (TSienz) 11.78 6.03
13 (4AZ) 1089 =

14 (4AE)  11.02 =

15 (5A2) 11.33 = 65 (20AZ) 1439 =
16 (5AE) 1151 = 66 (20AE) 14.49 =
17 (5T) 6.32 13.12 67 (20T) 11.84 14.07
18  (TSsaz) 9.06 9.56 68  (TSz0az) 13.94 6.11
19 (6AZ) 1292 =

20 (6AE) 13.14 =

21 (7AZ) 10.89 = 69 (21AZ) 11.77 =
22 (7AE)  10.82 = 70 (21AE) 11.68 =
23 (7T) 8.62 13.46 71 (21T)  11.01 12.98
24 (TSyaz)  9.98 9.01 72 (TSzaz) 1029 6.69
25 (10T) 11.64 13.30 73 (22T) 11.70 12.92
26 (TSzae) 11.15 8.26 74  (TSz;ap) 1144 5.80
27 (8AZ) 1076 =

28 (8AE) 10.64 =

29 (8T) 9.20 12.57

30 (TSgae)  9.12 6.79

31 (9AZ) 1022 =

32 (9AE) 1024 =

33 (9T) 8.64 13.08

34  (TSeaz) 9.43 7.06

35 (11AZ) 12.38 = 75 (23AZ) 13.02 =
36 (11AE) 12.53 = 76 (23AE) 13.12 =
37 (11T) 12.40 14.00 77 (23T) 12.58 12.87
38  (TSiiaz) 12.58 8.62 78  (TSazaz) 11.52 5.18
39 (12AZ) 1234 =

40 (12AE) 1247 =

41 (12T) 9.01 13.61

42 (TSi2az) 10.76 9.06

43 (13AZ) 11.89 =

44 (13AE) 12.04 =

45 (14AZ) 11.94 = 79 (24A) 13.55 =
46 (14AE) 12.02 = 80 (24T) 1265 12.65
47 (14T) 1020 12.74 81 (TSua) 1147 486
48  (TSiaaz) 10.05 6.73

49 (15AZ) 12.88 =

50 (15AE) 1291 =

51 (15T) 1020 13.61

52  (TSisap) 11.14 9.12

53 (16T) 12.85 13.87

54  (TSisaz) 12.78 8.60

NICS(1) azolering (PPM) = (11.5:£0.2) — (1.7£0.2)neutral

NICS(I )Tetrazole ring (ppm)

+(1.6+0.2)azide+(2.5+0.4)mesoionic
—(2.940.7)tetrazoles2Tand5T,n

=81,R*=0.63,

—(5.9+0.3)TS, n

42, R? = 0.93,

(6)

(124 +£0.3) + (1.2 £ 0.3)neutral

(7)



I. Alkorta et al. / Tetrahedron 66 (2010) 5071—5081

11.8 109 7.3 t
ﬂ\N _— ﬁ\N HN _—
I N I >l
N~ XN

5079
10.0 13.1
3.7
ﬁ\N,ﬂ!\N 12.3 Y\Nigfl
@ H-N N
A=y UL

Scheme 14. Average NICS(1) values (in ppm).

The data matrix contains 1 and O for the properties (neutral 1,
anion 0; azide 1, tetrazole O; mesoionic 1, TS 1). The —5.9 ppm value of
Eq. 7 reflects the partial tetrazole ring character of the TS (see Scheme
14). Bicyclic tetrazoles 2T and 5T (Schemes 2 and 3) have NICS(1)
values in average 2.9 ppm lower than other tetrazoles, a typical sit-
uation of azapentalene-type compounds, where the central ring is
less aromatic than the lateral ones (Scheme 15), phenomenon that
disappears in anions 18T and 20T and that is the opposite of the an-
thracene situation,? but similar to that of carbazole and its conju-
gated base?* [the NICS(1) of carbazole are 9.4 and 13.2 ppm].2®

13.7 9.2

H 10.2
I

13.0

Anthracene

Carbazole

12.0

Carbazole anion

representation of the electron density and its Laplacian at the bcp
versus the interatomic distances are shown in Figure 9. A good ex-
ponential relationship is obtained between the interatomic distance
and the electron density as have been shown for other pair of
atoms.?5%7

The values of the Laplacian are negative for those N—N bonds
that traditionally are considered as covalent while the N---N bond
that are starting to be formed in the TS structures shows positive
values. In addition it is worth mentioning that the values of the
N1—N2 bonds show slightly different values to the rest of the N—N

H\ 7.27 6.32
N 6 N
N N
g 9
H
2T 5T
10.90 11.84
NN @! N,
@/NQ'N NQN
18T 20T

Scheme 15. NICS(1) values (in ppm) of compounds 2T, 5T, 18T, 20T and model compounds [those of carbazoles are NICS(0)].

2.5. AIM analysis

We have selected the TSs involving the imidazole ring, 1 and 17,
to show the results of the AIM topological analysis (see
Computational details). Figure 8, shows clearly the tetrazole/im-
idazole aspect of TS1az and TSy7a. This is independent of which the
open form (azide) or the cyclic one (tetrazole) is the most stable.
Besides, neutral compounds and anions are very similar.

contacts, which can be associated to a different environment of this
bond with respect to others studied here.?®

3. Conclusions

This comprehensive analysis of the azido/tetrazole ring-chain
tautomerism of azidoazoles has the double virtue of explaining
most of the abundant experimental results and predicting all the

Figure 8. Molecular graph of the minima and TS structures of the neutral and anionic derivatives of the imidazole based on the calculated electron density. From top-left to bottom-
rigth: 1AZ, TS1az 1T, 17A, TS174 and 17T. Molecular graphs calculated at the B3LYP/6-31G(d) level. Bond critical points (bcp) and ring critical points (rcp) are shown as well as the

bond paths.

The topological analysis of the electron density shows the pres-
ence of a bond critical point, bcp, for the elongated N—N bond, that
is, forming (or breaking) in the TS structure (Fig. 8). Considering all
the N—N contact together, a total of 199 bcp are found that span
between 1.33 and 223A in the interatomic distances. The

non-studied cases. Again, we observe that NICS values are not
useful for discussing energetic results, like we reported in our
precedent work.# On the other hand, Cioslowski’s analysis (exo-
thermicity) offers an interesting way to approach the problem of
the barriers separating azides and tetrazoles.
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Figure 9. Plot of p (au) and Laplacian of p at the bcp versus the N---N distance (A).

4. Computational details

The optimization of the geometries of the structures was carried
out at the B3LYP/6-31G(d),%* 32 within the Gaussian-03 package.>
Frequency calculations at both levels were carried out to confirm
that the obtained structures correspond to energy minima or to TSs
(number of imaginary frequencies 0 for the minima and 1 for the
TSs).>* G3B3 calculations were carried out for all cases.3> NICS(1)
values®37 were calculated within the GIAO approximation on the
B3LYP/6-31G(d) optimized geometries at the same computational
level. The electron density of the molecules has been analyzed within
the atoms in molecules (AIM) methodology>® with the AIMPAC and
MORPHY98 programs.3®~#! The electron density molecular graphs
have been represented with the MORPHY3 program.*?

Acknowledgements

This work was supported by the Ministerio de Educacién y
Ciencia (Project No. CTQ2009-13129-C02-02), the Spanish MEC
(CTQ2007-62113), and the Comunidad Auténoma de Madrid (Pro-
ject MADRISOLAR?2, ref. S-0505/PPQ/0225). Thanks are given to the
CTI (CSIC) for allocation of computer time. We warmly thank
Dr. Belén Abarca for helping us with some nomenclature problems.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tet.2010.04.119. These data in-
clude MOL files and InChiKeys of the most important compounds
described in this article.

References and notes

1. For selected leading references on ring-chain tautomerism, see: (a) Elguero, J.;
Marzin, C.; Katritzky, A. R; Linda, P. The Tautomerism of Heterocycles; Academic:
New York, NY, 1976; p 498; (b) Elguero, ].; Claramunt, R. M.; Summers, A. . H.
Adv. Heterocycl. Chem. 1978, 22 183 (p 258—261); (c) Minkin, V. I.; Garnovskii, A.
D.; Elguero, ].; Katritzky, A. R.; Denisko, O. V. Adv. Heterocycl. Chem. 2000, 76 157
(pp 264—281); (d) Alkorta, L; Elguero, ]J. Top. Heterocycl. Chem. 2009, 19, 155.

2. (a) Wong, M. W.; Leung-Toung, R.; Wentrup, C. J. Am. Chem. Soc. 1993, 115, 2465;
(b) Quapp, W.; Hirsch, M.; Imig, O.; Heidrich, D. J. Comput. Chem. 1998, 19, 1087.

3. (a) Burke, L. A.; Nguyen, M. T.; Sana, M. J. Am. Chem. Soc. 1978, 100, 3668; (b)

L'abbé, G.; Godts, F.; Toppet, S. J. Chem. Soc., Chem. Commun. 1985, 589; (c)

Bakulev, V. A.; Gloriozov, I. P. Khim. Geterotsikl. Soedin. 1989, 504; (d) L’abbé, G.;

Luyten, L.; Toppet, S. J. Heterocycl. Chem. 1992, 29, 713; (e) Rees, C. W.; Yue, T.-Y.

J. Chem. Soc., Perkin Trans. 1 2001, 662; (f) Yoo, E. ].; Ahlquist, M.; Kim, S. H.; Bae,

L.; Fokin, V. V.; Sharpless, K. B.; Chang, S. Angew. Chem., Int. Ed. 2007, 46, 1730

Related to this and the previous topic is the pentazene/pentazol ring-chain

isomerism: Burke, L. A.; Fazen, P. ]. Int. J. Quantum Chem. 2009, 109, 3613.

. Alkorta, I.; Blanco, F.; Elguero, J.; Claramunt, R. M. Tetrahedron 2010, 66, 2863.

. Baker, W,; Ollis, W. D.; Poole, V. D. J. Chem. Soc. 1949, 307.

. Ollis, W. D.; Ramsden, C. A. Adv. Heterocycl. Chem. 1976, 19, 1.

. (a) Ramsden, C. A. Chem. Soc. Rev.1994,111; (b) Ramsden, C. A. Tetrahedron 1977, 33,

3203; (c) Ollis, W. D.; Stanforth, S. P.; Ramsden, C. A. Tetrahedron 1985, 41, 2239.

. Potts, K. T. Lect. Heterocycl. Chem. 1978, 4, 53.

9. (a) Alcalde, E.; de Mendoza, ].; Elguero, J. J. Chem. Soc., Chem. Commun. 1974,
411; (b) Alcalde, E.; de Mendoza, ].; Elguero, ]. J. Heterocycl. Chem. 1974, 11,
921; (c) Faure, R.; Galy, J.-P.; Giusti, G.; Vincent, E.-].; Elguero, J. Org. Magn.
Reson. 1974, 6, 485; (d) Elguero, J.; Faure, R.; Galy, J.-P.; Vincent, E.-]. Bull. Soc.
Chim. Belg. 1975, 84, 1189; (e) Fayet, J.-P.; Vertut, M.-C.; Mauret, P.; Faure, R.;
Galy, J.-P.; Vincent, E.-].; Elguero, J. C.R. Acad. Sci. 1976, 283C, 157; (f) Faure, R.;
Galy, J.-P.; Vincent, E.-].; Mauret, P.; Fayet, ]J.-P.; Vertut, M.-C.; Elguero, ]. Can.
J. Chem.1977, 55,1728; (g) Fruchier, A.; Alcalde, E.; Elguero, J. Org. Magn. Reson.
1977, 9, 235; (h) Faure, R.; Galy, J.-P.; Vincent, E.-].; Elguero, ]. J. Heterocycl.
Chem. 1977, 14, 1299; (i) Faure, R.; Galy, J.-P.; Vincent, E.-].; Elguero, ]. Org.
Magn. Reson. 1977, 10, 249; (j) Fayet, J.-P.; Vertut, M.-C.; Mauret, P.; Claramunt,
R. M.; Elguero, ].; Alcalde, E. Bull. Soc. Chim. Belg. 1978, 87, 189; (k) Faure, R;
Galy, J.-P.; Vincent, E.-].; Elguero, J. Can. J. Chem. 1978, 56, 46; (1) Butler, R. N.;
McEvoy, T.; Alcalde, E.; Claramunt, R. M.; Elguero, J. J. Chem. Soc., Perkin Trans.
11979, 2886; (m) Elguero, J.; Faure, R.; Galy, J.-P.; Vincent, E.-].; Mathieu, D.;
Phan Tan Luu, R. An. Quim. 1980, 76C, 211; (n) Alcalde, E.; Claramunt, R. M.;
Elguero, J. An. Quim. 1983, 79C, 248; (0) Alcalde, E.; Elguero, ]J. Chem. Scr. 1984,
23,195; (p) Hanoun, J.-P.; Faure, R.; Galy, J.-P.; Elguero, J. J. Heterocycl. Chem.
1996, 33, 747.

10. Burke, L. A.; Elguero, J.; Leroy, G.; Sana, M. J. Am. Chem. Soc. 1976, 98, 1685.

11. Claramunt, R. M.; Elguero, J.; Fruchier, A.; Nye, M. ]. Afinidad 1977, 34, 545.

12. Granados, R.; Rull, M.; Vilarrasa, ]. J. Heterocycl. Chem. 1976, 13, 281.

13. (a) Cubero, E.; Orozco, M.; Luque, F. J. J. Am. Chem. Soc. 1998, 120, 4723; (b)
Cubero, E.; Orozco, M.; Luque, E. ]. J. Org. Chem. 1998, 63, 2354; (c) This problem
has been reexamined recently: Abu-Eittah, R. H.; Taha, F.; Hamed, M. M.; El-
Kelany, K. E. J. Mol. Struct. THEOCHEM 2009, 895, 142.

14. Stierstorfer, ].; Klapotke, T. M.; Hammerl, A.; Chapman, R. D. Z. Anorg. Allg. Chem.
2008, 634, 1051.

15. CIP rules: (a) Prelog, V.; Helmchen, G. Angew. Chem., Int. Ed. 1982, 21, 567; (b)
Eliel, E. L.; Wilen, S. H.; Mander, L. N. Stereochemistry of Organic Compounds;
Wiley: New York, NY, 1994, Chapter 5; (c) Avalos, M.; Babiano, R.; Cintas, P.;
Jiménez, ]. L.; Palacios, J. C. Tetrahedron: Asymmetry 1996, 7, 2333.

16. An anion related to 23T was reported by Moderhack, D. J. Prakt. Chem. 1998,
340, 687.

17. Blanco, E; Alkorta, I.; Elguero, J. Tetrahedron 2009, 65, 6244.

18. Cambridge Structural Database Allen, F. H. Acta Crystallogr., Sect. B 2002, 58,
380; Allen, F. H.; Motherwell, W. D. S. Acta Crystallogr., Sect. B 2002, 58, 407;
http://www.ccdc.cam.ac.uk CSD version 5.31, updated Feb. 2010.

19. Catalan, J.; Abboud, ]J. L. M.; Elguero, ]. Adv. Heterocycl. Chem. 1987, 41, 187.

20. Taft, R. W.; Anvia, F.; Taagepera, M.; Catalan, ].; Elguero, ]. J. Am. Chem. Soc. 1986,
108, 3237.

21. Cioslowski, J. J. Am. Chem. Soc. 1991, 113, 6756.

22. (a)Jencks, W. P. Catalysis in Chemistry and Enzymology; McGraw Hill: New York,
NY, 1969; p 195; (b) Smith, M. B.; March, J. March’s Advanced Organic Chemistry,
6th ed.; Wiley-Interscience: Hoboken, NJ, USA, 2007; p 308.

23. Zhigalko, M. V.; Shishkin, O. V.; Gorb, L.; Lesczcynski, J. J. Mol. Struct. 2004, 693,
153.

24, (a) Garcia-Cruz, I.; Martinez-Magadan, J. M.; Guadarrama, P.; Salcedo, R.; Illas, F.
J. Phys. Chem. A 2003, 107, 1597; (b) Poater, J.; Garcia-Cruz, I.; Illas, F.; Sola, M.
Phys. Chem. Chem. Phys. 2004, 6, 314.

25. Zora, M.; OzKkan, 1. J. Mol. Struct. (Theochem) 2003, 638, 157.

26. Espinosa, E.; Alkorta, I.; Elguero, J.; Molins, E. J. Chem. Phys. 2002, 117, 5529.

27. Picazo, O.; Alkorta, I.; Elguero, ]. J. Org. Chem. 2003, 68, 7485.

28. Mata, I.; Molins, E.; Alkorta, I.; Espinosa, E. J. Chem. Phys. 2009, 130, 044104.

29. Becke, A. D. Phys. Rev. A 1988, 38, 3098.

30. Becke, A. D. J. Chem. Phys. 1993, 98, 5648.

31. Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

32. Hariharan, P. A.; Pople, J. A. Theor. Chim. Acta 1973, 28, 213.

33. Frisch, M. ]J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A,;
Cheeseman, ]. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.; Burant, J. C.;
Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.;
Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.;

NN

oo



34.
35.

I. Alkorta et al. / Tetrahedron 66 (2010) 5071—-5081

Toyota, K.; Fukuda, R.; Hasegawa, ].; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao,
0.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.;
Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, ]. B.; Ortiz,
J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, ]J.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A,; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, ]J. A. Gaussian 03;
Gaussian: Pittsburgh PA, 2003.

Mclver, J. W.; Komornicki, A. K. J. Am. Chem. Soc. 1972, 94, 2625.

(a) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.; Pople, J. A.
J. Chem. Phys. 1998, 109, 7764; (b) Baboul, A. G.; Curtiss, L. A.; Redfern, P. C.;

36.
37.

38.

39.
. Popelier, P.L.A. with a contribution from Bone, R.G.A. (UMIST, UK) MORPHY98,

41.
42.

5081

Raghavachari, K. J. Chem. Phys. 1999, 110, 7650; (c) Anantharaman, B.; Melius, C.
F. J. Phys. Chem. A 2005, 109, 1734.

(a) Ditchfield, R. Mol. Phys. 1974, 27, 789; (b) London, F. J. Phys. Radium 1937, 8, 397.
(a) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, N. J. R. v
J. Am. Chem. Soc. 1996, 118, 6317; (b) Schleyer, P. v. R.; Manoharan, M.; Wang,
Z. X.; Kiran, B.; Jiao, H.; Puchta, R.; Eikema Hommes, N. ]. R. v Org. Lett. 2001, 3,
2465.

Bader, R. F. W. Atoms in Molecules: A Quantum Theory; Clarendon: Oxford, UK,
1990.

Biegler-Konig, F. W.; Bader, R. E. W.; Tang, T. H. J. Comput. Chem. 1982, 3, 317.

a topological analysis program 1999.
Popelier, P. L. A. Chem. Phys. Lett. 1994, 228, 160.
Rafat, M.; Popelier, P. L. A. J. Comput. Chem. 2007, 28, 2602.



	The azido-tetrazole tautomerism in azoles and its relationships with aromaticity and NMR properties
	Introduction
	Results and discussion
	The minima
	E/Z Isomerism
	Azides tautomerism
	Azapentalenes tautomerism
	The azido/tetrazole equilibrium

	Transition states
	Cioslowski analysis
	The NIC(1) values
	AIM analysis

	Conclusions
	Computational details
	Acknowledgements
	Supplementary data
	References and notes


