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The properties of 28 molecules together with 12 transition states belonging to the series of azido-azines,
tetrazolo-azines, diazo-azines, and 1,2,3-triazolo-azines have been studied at the B3LYP/6-31G(d), B3LYP/
6-311++G(d,p) and, for 26 cases, at the G3B3 level. Energies, NICS and bond critical points were used to
discuss the ring-chain tautomerism of these compounds in relation with the aromaticity of the azines
(pyridine, pyrimidine, quinazoline, 1,3-diazapyrene, and perimidine) and the azoles (tetrazoles and

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction (a)
+ — RK\‘ + — R
. L . N=N=N N-N C=N=N

The phenomenon known as ring-chain isomerism or tau- 5/4 5/« 'N 5/4 s /A
tomerism is one of the most curious aspects of organic chemis- RSN RT RSN RN
try.! The most studied cases are the azidoazomethine/tetrazole? R R R’ R!
and diazo-azomethine/1,2,3-triazole valence isomerism of tetra- (b)
zoles and 1,2,3-triazoles (Scheme 1).2 The imino C=N bond could . R . R4
be part of a heterocyclic ring, either a six-membered ring (azines, A N=N=N NN I C=N=N o
Scheme 1b) or a ﬁye—membered ring (aques, Scheme 1c). In t.hls N - N\NN “_N — [ N‘NN
first paper we will report our theoretical results concerning
azines. (c)

There is an abundant experimental literature concerning the R R R R4 R! R4

[ . .1 . \ + \ \ + \
equilibria reported in Scheme 1b (not only pyridines but all azines N N:N\Kl NYN NW/KN‘N N%
. . _ . . 4 . ~ — — \ ~ _
including benzo-fused derivatives),” but only a few theoretical Q\/lN Q\/N*N'N Q\/N Q\/N\N,,N

studies:

- C-substituent effects on the equilibrium 2-azidopyridine (1AZ)/
tetrazolo[1,5-a]pyridine (1Tet) (Scheme 2) have been reported;
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Scheme 1. Valence isomerism in the tetrazoles and 1,2,3-triazoles and in the azine and
azole series. Always the open-chain compounds (azide and diazo) are the reactants and
the ring compounds (tetrazole and 1,2,3-triazole) are the products.

when there is no substituent, at the MP2/6-31G(d,p) level, the
tetrazole form is favored by 16.3 kjmol~! with a TS (that re-
sembles the tetrazole) of 109.2 k] mol~'> This work has been
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Scheme 2. Studied compounds. A: azido, Tet: tetrazolo, D: diazo, Tri: 1,2,3-triazolo, L: linear, B: bent. The conformation of the azido/diazo substituent is defined using the E/Z

convention.

repeated at the B3LYP/6-31+-+G(d,p) but large errors in the
published data (in hartree) prevents their consideration.’ In the
case of compounds bearing both a nitro group and another
substituent, calculations have been carried out using Ahlrichs
double-{ basis sets (for 6-nitro and 8-nitro derivatives, the azide
is more stable than the tetrazole by 24.7 and 11.6 k] mol~").”

- Semiempirical calculations (AM1 and PM3) have been carried
out on the azido/tetrazole tautomerism of tetrazolopyridazines;
in all cases the azido tautomers are the most stables ones.?

- ‘Pauling’s last compound’ (2-azido-5,8-dihydroxy-tri-s-tri-
azine),? triazido-s-triazine and triazido-tri-s-triazine, were
studied theoretically in relation with their explosive prop-
erties at the B3LYP/aug-ccpVDZ level of theory. In the last
case, the triazido-tri-s-triazine tautomer is more stable than
the tetrazolo one (only one ring) by 51.7 k] mol 110

2. Results and discussion

The compounds we have studied are gathered in Scheme 2. They
have been selected to determine the effect of a second N atom
(2-azidopyrimidine 2A) as well as the fusion with benzene rings [2-
azidoquinazoline 3A, 2-azido-1,6-dihydrobenzo|gh]perimidine
(2-azido-1,3-diazapyrene)'! 4A]. 2-Azido-1H-perimidine (5A) was
chosen because although structurally close to 4A it is very different
where aromaticity is concerned. Remember that 1H-perimidine is
an unusual heterocycle!? that in some aspects is more similar to

benzimidazole (a m-rich heteroaromatic substance) than to quina-
zoline (a m-deficient heterocycle).!®

We have calculated the energies associated with the molecules of
Scheme 2 including the transition states at three different levels (see
Computational details): B3LYP/6-31G(d), B3LYP/6-311++G(d,p),
and G3B3. The relative free energies at 298 K (AAG in k] mol~!) are
reported in Table 1 while the absolute values (in hartrees) can be
found in the Supplementary data.

2.1. The case of 2-azidopyridine/tetrazolo[1,5-a]pyridine
(1Tet/1AZ)

The problem to compare calculated free energies with experi-
mental data is that the latter have been determined in solution (or
worse, in the solid-state) and that solvent effects have a large in-
fluence on K1.!%¢ Fortunately, the case of 1Tet/1AZ (remember that
the tetrazole is the product and the azide is the reactant) has been
studied in the gas-phase at various temperatures (between 391 and
533 K).!* Using photoelectron spectroscopy and assuming that the
intensities of the first bands (8.9 and 9.25 eV) in the PE spectrum
are proportional to the partial pressure of the corresponding tau-
tomers, tetrazole 1Tet and azide 1AZ, it is possible to determine
Kr=[1Tet]/[1AZ] (at each temperature and from these data, calcu-
late AH=—(7.6+04)kJmol~! and AS=— (14.9+0.9)JK ' mol™!
(Fig. 1)). These experiments do not distinguish between 1AZ and
1AE, but all the calculations favor the first one by about 15 kj mol
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Table 1

Dipole moments (D) and relative free energies (AAG, k] mol~!) of the compounds of
Scheme 2 (all minima and TS have C; symmetry) calculated at the B3LYP/6-31G(d),
B3LYP/6-311++G(d,p) and G3B3 levels. Number of imaginary frequencies: O for the
minima and 1 for the TSs

Heterocycle Dipole AAG B3LYP AAG B3LYP AAG G3B3
B3LYP/ /6-31G(d)  /6-311++G
6-31G(d) (d,p)
Azidopyridine (1AZ) 3.16 0.0 0.0 0.0
Azidopyridine (1AE) 3.42 14.8 16.5 154
Tetrazolo (1Tet) 6.47 2.8 15.8 -13
(TS1az) 4.26 78.6 86.2 82.2
Azidopyrimidine (2A) 3.52 0.0 0.0 0.0
Tetrazole (2Tet) 7.12 225 36.0 19.9
(TS2a) 5.23 95.3 103.5 99.8
Azidoquinazoline (3AE) 437 0.5 0.8 1.6
Tetrazole linear (3TetL) 8.32 44.0 57.1 44.8
(TS3AE) 6.46 105.2 113.7 112.7
Azidoquinazoline (3AZ) 4.28 0.0 0.0 0.0
Tetrazole bent (3TetB) 8.34 43 18.8 14
(TS3az) 5.99 87.9 96.1 90.8
Azido-1,3-diazapyrene (4A) 5.70 0.0 0.0
Tetrazole (4Tet) 10.05 171 31.2
(TSan) 7.74 93.8 102.1
Azidoperimidine (5AE) 243 0.0 0.0
Azidoperimidine (5AZ) 2.75 249 27.1
Tetrazole (5Tet) 6.13 —-12.2 2.7
(TSsaA) 2.81 70.4 78.6
Diazopyridine (1DZ) 3.05 0.0 0.0 0.0
Diazopyridine (1DE) 1.45 22 33 33
Triazole (1Tri) 5.06 -19.3 -8.6 -25.6
(TS1pz) 3.28 51.7 57.8 58.1
Diazopyrimidine (2D) 1.91 0.0 0.0 0.0
Triazole (2Tri) 4,78 3.2 14.8 -2.1
(TS2p) 3.02 67.4 74.6 73.8
Diazoquinazoline (3DE) 2.49 -0.3 0.1 0.3
Triazole linear (3TriL) 5.78 26.8 38.2 244
(TSspE) 4.20 78.0 85.8 86.8
Diazoquinazoline (3DZ) 2.37 0.0 0.0 0.0
Triazole bent (3TriB) 5.53 -14.7 -1.7 -20.6
(TSspz) 3.40 60.3 67.7 65.2
Diazo-1,3-diazapyrene (4D) 3.56 0.0 0.0
Triazole (4Tri) 6.92 -0.6 119
(TS4p) 5.08 66.8 74.1
Diazoperimidine (5DE) 4.00 0.0 0.0
Diazoperimidine (5DZ) 1.91 23 4.0
Triazole (5Tri) 5.09 -25.7 -12.2
(TSsp) 3.46 47.7 54.8

which corresponds to the lone-pair/lone-pair repulsion of the
second one.

The experimental equation predicts for 298K (25°C)
AG=3.2 kI mol~!, which agrees both with the B3LYP/6-31G(d)
(2.8 kI mol~') and the G3B3 calculations (—1.3 kjmol~!) but not
with the B3LYP/6-311+-+G(d,p) ones (15.8 k] mol~!). The tetrazole
1Tet is more stable than the azide 1AZ, but the entropy (high
temperatures) favors the azide. In Figure 1 is represented the
equation corresponding to the G3B3 calculations. Both lines cross at
about 118 K, and taking into account the approximations used in
the experimental determination, we can conclude that both B3LYP/
6-31G(d) and G3B3 calculations reproduce fairly well the experi-
mental reality in the case of 1.

Concerning the minima, the B3LYP/6-311++G(d,p) calculations
penalize the tetrazole/triazole rings by about 13.0 kj mol~! with
regard to the B3LYP/6-31G(d) and by about 16.2 kj mol~! with
regard to the G3B3 calculations [there is a small difference of about
3.6 k] mol~! between B3LYP/6-31G(d) and G3B3]. Therefore, in the
following discussion we will use the less expensive B3LYP/6-31G(d)
calculations.

6 PRI SIS RS S (S S SRS S S SR RS SR S Y

@ AG (exp.)
B AG (calcd.)

AG (kJ/mol)

T(K)1000

Figure 1. Equation of the trendlines: Experimental (red points) AG
(k] mol~")=—(7.6+0.4)+(14.9+0.9) T(K)/1000; calculated at the G3B3 level (blue
squares) AG (k] mol~")=—8.9+25.65 T(K)/1000.

2.2. The minima

The data of Table 1 calculated at the B3LYP/6-31G(d) level can be
analyzed using a presence-absence matrix known in medicinal
chemistry as a Free-Wilson model.”> A multiple regression of the
twelve ring compounds (1Tet, 2Tet, 3TetL, 3TetB, 4Tet, 5Tet, 1Tri,
2Tri, 3TriL, 3TriB, 4Tri and 5Tri) free-energies leads to the fol-
lowing contributions (n=12, R*=0.996): the 1,2,3-triazoles are
more stable than the tetrazoles by (18.1+1.2) kj mol~', the bent
isomers are more stable than the linear isomers by
(40.6+2.0) k] mol~ L. The contributions of the azines are: pyridine
—(17.3£1.5), pyrimidine (3.841.5), quinazoline —(14.3£1.5), dia-
zapyrene —(0.841.5) and perimidine —(28.0+1.5) k] mol~". These
contributions are unrelated to any aromaticity criteria,'® save the
—28.0 value for the non-aromatic perimidine.>!4

Concerning the fact that the triazoles are relatively to the open
compounds more stable than the tetrazoles by about 18 k] mol ', it
should be noted that the values are about 22 1,19 2,17 3L, 19 3B, 18
4 and 14 5 18 kJ mol . The highest value is for pyridine, which has
no lone-pair/lone-pair interactions and the lowest one is for peri-
midine that has an attractive N-H/LP interaction. The four other
values have an average value of 18.3 kJmol L The information
about the comparative aromaticity of 1H-1,2,3-triazole and 1H-
tetrazole is conflicting. Most authors consider that the aromaticity
decreases with increasing aza-substitution, particularly in
B-position.!” Other authors, using delocalization indexes, deduced
that tetrazole is more aromatic than triazole.’® The 18 k] mol~!
value we have determined is a new and energetic determination of
the difference in aromaticity between both heterocycles.

The result that bent isomers (3TetB and 3TriB) are considerably
more stable than the linear ones (3TetL and 3TriL) agrees with all
known experimental data: only the bent isomers are known."” This
is actually a more general result involving many heterocyclic
isomers.?Y

2.3. The transition states

For the TS a similar analysis of the transition states (n=12,
R?=0.84) leads to the following effect. The TS lies on average
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654 k] mol~! above the azide of minimum energy with the fol-
lowing effects: they are higher for tetrazoles than for triazoles
(2945 kJ mol~1), and two heterocycles show non-additivity, with
deviations of —(16+9kjmol~!) for the diazapyrene 4 and
—(21+7 kJ mol 1) for the perimidine 5.

Note that our TS for azidopyridine (TS;4z), about 80 kJ mol~, is
lower in energy than that calculated at the MP2/6-31G(d,p) level
(109.2 kj mol~1).> The differences between both basis sets in our
B3LYP calculations amounts to 7.7 k] mol~! being lower with the
small one (the B3G3 calculations are just in between). This differ-
ence corresponds to the fact that the rings (tetrazoles and triazoles)
are calculated with too high energies with the larger basis set and
that the TSs resembles the ring-closed structures, as previously
commented for tetrazoles.’

An AIM analysis (see Computational details) of some TSs,
Figure 2, shows clearly their tetrazole (left side)/triazole (right side)
aspect. This is independent of which the open form (azido/diazo) or
the cyclic one (tetrazole/triazole) is the most stable. Thus, the
Hammond-Leffler postulate (the TS should resemble the most
stable form) is not followed in several cases.?!

The N---N distances (A) calculated at the B3LYP/6-31G(d) com-
putational level are: 2.045 (TS1az), 1.994 (TS,4), 1.948 (TS34E), 2.037
(TS3az), 2.007 (TS44), 2.113 (TS54), 2.087 (TS1pz), 2.005 (TS3p), 1.927
(TS3DE), 2.067 (TSgDz), 2.016 (TS4D), 2.168 (TSSD). Those of diazo (D)
and azide (A) are linearly related: dnn(D)=-(0.93+0.13)
+(1.47+0.06) dnn(A), n=6, R*=0.992. The energies of the TSs (Table
1) are linearly related to these N---N distances: A/Tet, TS
(kJ mol~1)=(531+50)—(219+25) dnn (A), n=6, R*=0.952; D/Tri, TS
(kJ mol~1)=(333+30)—(133+15) dnn (A), n=6, R>=0.953.

2.4. The NICS(1) values

NICS(1) values [NICS(0) values will not be reported] calculated
at the B3LYP/6-31G(d) level are reported in Table 2.
Table 2 deserves several comments:

(1) Excluding perimidine, the tetrazole and 1,2,3-triazole ring have
averaged NICS(1) values of 15.29 and 15.71 ppm. In the case of
perimidine derivatives, 5Tet and 5Tri, these values are 10.51
and 10.72 ppm, respectively. In both cases, there is a small in-
crease of the NICS in agreement with 1,2,3-triazoles being more
aromatic than tetrazoles in these bicyclic compounds. In the

Figure 2. Molecular graphs of TSsag, TS3az, TS3pe, TS3pz, TSsa, and TSsp from top to
bottom and right to left respectively, 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.

parent compounds, 1H-tetrazole (13.49 ppm) is more aromatic
than 1H-1,2,3-triazole (12.73 ppm).>2 The near 5 ppm decrease
observed for the perimidine derivatives is associated with their
non-aromatic character (for instance, for 6H-pyrrolo[1,2-
e][1,2,3-triazole, a non-aromatic pyrroline derivative,
NICS(1)=11.79 ppm).">*

(2) Excluding perimidine, the six-membered rings both in open
compounds (azides and diazo) and in ring compounds (tetra-
zolo and triazolo) have NICS(1) about 10 ppm: azides 10.0, di-
azo 9.2, tetrazolo 9.4, and triazolo 8.7. Although similar there is

Table 2
NICS(1) values in ppm for the minima and the TS (only for heterocycles)

Molecule Azine Azole Molecule Azine Azole
Azidopyridine (1AZ) 10.02 — Diazopyridine (1DZ) 9.25 —
Azidopyridine (1AE) 10.24 = Diazopyridine (1DE) 9.46 =
Tetrazole (1Tet) 9.38 15.47 Tetrazole (1Tri) 8.72 15.66
(TS1az) 10.47 8.94 (TS1pz) 9.80 8.25
Azidopyrimidine (2A) 9.42 — Diazopyrimidine (2D) 8.51 —
Tetrazole (2Tet) 9.05 15.30 Triazole (2Tri) 8.41 15.60
(TS24) 9.79 8.37 (TS2p) 8.87 8.13
Azidoquinazoline (3AE) 9.68 — Diazoquinazoline (3DE) 8.76 —
Tetrazole linear (3TetL) 11.52 15.81 Triazole linear (3TriL) 11.09 16.54
(TS3aE) 10.92 8.06 (TS3pE) 9.99 8.30
Azidoquinazoline (3AZ) 9.64 — Diazoquinazoline (3AZ) 8.88 —
Tetrazole bent (3TetB) 7.01 14.35 Triazole bent (3TriB) 6.31 14.54
(TS3az) 9.01 7.99 (TS3pz) 8.20 7.61
Azido-1,3-diazapyrene (4A) 11.23 — Diazo-1,3-diazapyrene (4D) 10.40 —
Tetrazole (4Tet) 9.84 15.53 Triazole (4Tri) 9.19 16.23
(TS4a) 11.08 7.87 (TS4p) 10.00 7.92
Azidoperimidine (5AE) -2.53 — Diazoperimidine (5DE) —2.66 —
Azidoperimidine (5AZ) -2.50 = Diazoperimidine (5DZ) —2.78 =
Tetrazole (5Tet) -1.15 10.51 Triazole (5Tri) -0.95 10.72
(TSsa) -1.79 7.54 (TSsp) -1.73 6.55
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a decrease in magnetic aromaticity from azides to diazo and
from tetrazolo to triazolo derivatives. Perimidines are clearly
antiaromatic, being the open compounds (—2.6 ppm) more
antiaromatic than the cyclic ones —1.0 ppm.

(3) The NICS(1) of the azines TS are intermediate between those of
the open and ring structures (60% open, 40% ring by multiple
regression), thus ressembling slightly more the azides/diazo
than the tetrazoles/triazoles. The NICS(1) of the azoles TS are
not correlated with those of the minima.

(4) Is there some trend when comparing the differences in energy
[AAG in kJ mol~, Table 1, B3LYP/6-31G(d)] and the NICS(1)?
The best one is with NICS(1) of the six-membered ring in the
tetrazole or the triazole derivative (in ppm, Table 2: see Fig. 3).
Itis clear that perimidine is different from other azines but even if
perimidine is removed, the remaining azines (blue and red lines)
show some tendency: when NICS(1) increases, AAG increases.

50 1 1 1 1 1 1 1
@ AAG tetrazoles
B AAG triazoles
40 1
30 1
20 1
3
€
S 10 1
£3
Q
34 o1
Perimidines
-10 1 PY
20 1 //5
[ ] / Other azines
'30 T T T T T T T
-3 -1 1 3 5 7 9 11 13

NICS(1) of azines in tetrazoles and triazoles (ppm)

Figure 3. Representation of AAG vs NICS(1).

2.5. AIM analysis

The AIM analysis of the calculated structures provides 84 N---N
bond critical points (bcp) that cover between 1.13 and 2.17 A in the
interatomic N---N distances. The representation of the electron
density and Laplacian at the bcp vs the interatomic distances (Figs.
4 and 5, respectively) shows in the first case a good exponential
relationship while in the second case the relationship is more
complex, in agreement with the described behavior of other
bonding interactions.?>24

y = 8.7305¢%3%5%
R? = 0.997

0.7
0.6
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Rho

Figure 4. Plot of p (au) of the bcp vs the N---N distance (A).

0.5

Laplacian

S

N I3
©

N---N distance

Figure 5. Plot of the Laplacian (au) of the bcp vs the N---N distance (A). There are some
points that clearly deviate: (a) Corresponds to the N1-N2 of C-N1-N2-N3 in the
minima. (b) Corresponds to the N1-N2 in the TS.

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

3. Conclusions

Theoretical calculations within the DFT approximation have
allowed determining the properties of a series of minima and
transitions states corresponding to a ring-chain tautomerism. All
studied azines are aromatic save the antiaromatic or, at least, non-
aromatic perimidine. The transition states are in the range 85 (az-
ido/tetrazole) to 65 kj mol~! (diazo/triazole). NICS and energetic
description of aromaticity are not consistent save the trivial case of
perimidine.

4. Computational details

The optimization of the geometries of the structures were first
carried out at the B3LYP/6-31G(d) and then reoptimized at the
B3LYP/6-311++G(d,p) computational level?6=31 within the
Gaussian-03 package.3? Frequency calculations at both levels were
carried out to confirm that the obtained structures correspond to
energy minima.>> G3B3 calculations were carried out for 26 of the
40 cases (65%).34 NICS(1) values®>3® were calculated within the
GIAO approximation on the B3LYP/6-31G(d) optimized geometries
at the same computational level. The electron density of the mol-
ecules has been analyzed within the atoms in molecules (AIM)
methodology®” with the AIMPAC and MORPHY98 programs.38-40
The electron density molecular graphs have been represented
with the MORPHY3 program.*!
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