International Conference on Chemical, Agricultural and Medical Sciences (CAMS-2013) Dec. 29-30, 2013 Kuala Lumpur (Malaysia)

Theoretical Study of the Substituent and Solvent
Effects on Azide-Tetrazole Equilibrium of
2-Azido-1,3-benzothiazoles

Walid M. 1. Hassan, Sabry El-Taher, and Mahmoud A. Noamaan

Abstract—Quantum chemical calculations at the Ab initio
Density Functional Theory have been performed to investigate the
azide-tetrazole equilibrium of 2-azido-1,3-benzothiazoles. All
geometries were fully optimized at the B3LYP/6-311+G(d,p) level.
The electron correlation energy corrections were introduced by
carrying out single-point calculations at the second-order Mgller-
Plesset perturbation theory and the coupled-cluster theory (CCSD(T))
using basis sets of different sizes. The solvent effect on the relative
stabilities of azide and tetrazole isomers has been analyzed within the
scope of self-consistent field theory using the polarizable continuum
model. It was found that the electron donating groups enhance the
stability of the tetrazole isomer while the electron-withdrawing
groups favor the azide isomer. The study confirmed that the relative
stability of the tetrazole species can be maximized to a great extent
by increasing the polarity of the solvent, and vice versa for the azide
isomer.

Keywords— Azide-tetrazole equilibrium, 1,3-benzothiazole,
solvent effect, substituent effect.

. INTRODUCTION

wo classes of synthetic nitrogen based molecules have

been continuously studied over time: azides [1, 2] and
tetrazoles [3-5]. These compounds are widely spread among
distinct areas of research and development. Azides constitute
one of the most versatile classes of building blocks in organic
and heterocyclic syntheses [6-9]. Aryl azides are found to be
among the most effective photoaffinity labeling agents and
have been used to study the intramolecular interactions such as
ligand-receptor and substrate-enzyme interactions [10]. Most
azide-containing drugs are approved as active drug ingredients
[11], and they are produced from synthesis rather than from
natural products.

The chemistry of the tetrazole ring is gaining increasing
attention due to its importance in a variety of synthetic and
industrial processes [12]. Tetrazoles are widely used for both
their biological function and their energetic characteristics.
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Several antihypertensive, anti-allergic and antibiotic activity
drugs include the tetrazole ring in its composition [13].
Heterocyclic azides are known to spontaneously cyclize to
give the fused tetrazole form or more generally exist as an
equilibrium mixture. A variety of heterocyclic tetrazoles have
been reported to exhibit the tetrazole-azide isomerization [14].
The gas-phase interconversion of azide and tetrazole forms of
thiazole[3,2-d]tetrazole has been theoretically investigated
[15, 16]. The tetrazole-azide isomerization is found to be
governed by the electron donating capacity of the heterocycle
to which the tetrazole ring is fused as well as the polarity of
the solvent used. In the current study we study the effect of
both substituent and solvent on the azide-tetrazole equilibrium
in a series of substituted 2-azidobenzothiazoles. We aim to
investigate the extent of these effects when the azide and the
tetrazole moieties are attached to a relatively large moiety
such as the benzothiazole ring.

Il. COMPUTATIONAL METHODS

The density-functional theory (DFT) [17], using the hybrid
B3LYP functional, and the second order Maller-Plesset (MP2)
perturbation theory [18] were employed to optimize the
geometries of the studied species using different Pople [19]
basis sets as implemented in Gaussian 09W package [20].
Transition states were determined by varying the N3-N12
distance and optimizing the remaining structural parameters
for each choice of the N3-N12 distance. The structure at the
saddle point on this graph, the “calculate transition states”
option was switched on to optimize the TS structure. The
effect of solvent on the azide-tetrazole equilibrium is
considered within the scope of the Self Consistent Reaction
Field (SCRF) theory, using the Polarizable Continuum Model
(PCM) [21]. Geometries of all species have been fully
optimized at the B3LYP/6-311+G(d,p) level in each of the
four solvents.

Single-point calculations were performed at the CCSD(T)/
6-311++G(d,p) and MP2/6-311++G(3df,2p) levels using the
B3LYP/6-311+G(d,p) geometries of the different species in
gas-phase as well as in different solvents. Vibrational
frequencies were calculated at the B3LYP/6-311+G(d,p) level
to confirm the nature of all stationary points in gas-phase as
well as in solution.
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A.Molecular Structures

The B3LYP/6-311+G(d,p) optimized molecular structures
of azide, transition state, tetrazole species of the 2-azido-1,3-
benzothiazole (ABT) are depicted in Fig. 1. Selected bond
lengths and angles of the B3LYP/6-311+G(d,p) optimized
geometries of the cis-azide, trans-azide, transition-state, and
tetrazole species of ABT are given in Table I.

RESULTS AND DISCUSSION
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Fig. 1 Schematic molecular structures of azide, transition state, and
tetrazole species of ABT. The numbering system is given.

TABLE
SELECTED GEOMETRICAL PARAMETERS OPTIMIZED AT THE B3LYP/6-
311+G(d,p) LEVEL FOR THE CIS-AZIDO, TRANS-AZIDO, TRANSITION STATE
(TS), AND TETRAZOLE SPECIES OF ABT.

cis-azido  trans-azido TS2 Tetrazole
Bond lengths, A
r(N12-N11) 1.126 1.131 1.177 1.295
r(N11-N10) 1.243 1.237 1.322 1.367
r(N10-C2) 1.393 1.394 1.368 1.313
r(C2-N3) 1.290 1.286 1.305 1.355
r(N3-N12) 3.478 1.966 1.354
r(C2-S1) 1.767 1.791 1.747 1.748
r(N3-C8) 1.386 1.383 1.388 1.397
Bond Angles, °
Z(N12-N11-N10) 172.40 171.63 130.60 112.62
Z(N11-N10-C2) 115.94 118.95 103.10 104.52
Z(N10-C2-N3) 126.47 120.89 120.11 109.36
Z(N3-N12-N11) 39.42 92.05 105.25
Z(N10-C2-S1) 116.26 122.73 124.96 138.37
Z(C2-N3-C8) 110.37 110.94 113.78 116.51
Z(N3-C8-C9) 115.33 115.70 112.68 109.64
Dihedral Angle, °
Z(N12-N11-N10-C2) 179.96 179.99 0.04 0.00
Z(N11-N10-C2-N3) 0.02 180.00 0.00 0.00
Z(N10-C2-N3-C8) 179.99 180.00 180.00 179.99

Inspection of the data shows insignificant changes in
geometry on going from cis to trans conformers, except for an
increase in C2-S1 bond length by 0.023 A, the increase in
N10-C2-S1 angle by 6°, and the decrease in N10-C2-N3 angle
by 5°, which may be due to the fact that Sulfur atom is larger
than Nitrogen atom.

In cis-azides, the N12-N11-N10 angle is on average of
172.4° showing that the azido group deviates from linearity
by about 8° which is in excellent agreement with an X-ray
value of 171.9° reported for 4-phenyl-3(5)azidopyrazole [22].
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The dihedral angles N12-N11-N10-C2, N11-N10-C2-N3, and
N11-N10-C2-S1 are always 180.0°, 0.0°, and 180.0°,
respectively. This means that the azido group keeps on the
coplanarity with the benzothiazole ring. The azide bond
lengths are almost identical across the studied azides. For
example, the N10-N11 bond length lies in the vicinity of 1.244
A, which is almost the same as the bond length of 1.24 A in an
isolated N=N double bond [23]. On the other hand, a triple
bond character is observed for the terminal N11-N12 bond
with a bond length of 1.126 A, compared to an experimental
value of 1.14 A [21] suggesting that azide may have an
apparently pentavalent central nitrogen atom as previously
reported [24, 25]. The N10—C2 bond (1.393 A) is
significantly shorter by 0.08 A than normal C—N (1.471 A)
[26], and both C2—S1 (1.767 A) and S1—C9 (1.758 A) bonds
are shorter than the typical C—S of 1.811 A [27]. The double
bond character between N3 and C2 (1.290 A) is confirmed and
shows the relative conjugation effects this bond has with N3-
C8 (1.386 A) and N10-C2 (1.393 A) bonds. All these indicate
that a considerable m-delocalization over the azide moiety
(resonance) and the benzothiazole ring is formed in which the
N10 atom is sp2 hybridized, which also explains the
coplanarity of the azide and benzothiazole moieties.

The cyclization process involves two steps: the conversions
from cis-azide to TS, and from TS to tetrazole. The cis-azide
— TS conversion starts with the bending of the N12-N11-N10
angle accompanied with an elongation of the N11-N10 bond
and a shortening in the N10-C2 bond, while the TS —
tetrazole conversion, involves the formation of the new N3-
N12 bond which varies from 1.96 to 1.355 A with associated
elongation in the N12-N11 and C2-N3 bonds by 0.17 and 0.05
A respectively (Table I).

Fig. 2 reveals the plot of Hammett-constants (o) of
substituents of various electron-donating and electron-
withdrawing strengths, which have been used as a measure of
the electronic effect [28], against the rN3-N12 bond lengths of
the corresponding TS structures of the studied azide-tetrazole
isomerization.
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Fig. 2 A plot of Hammett constant (o) versus the length of the N3-
N12 forming bond.
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It is obvious that the rN3-N12 bond lengths depend on the
nature of the corresponding substituents in the 6-position and
linearly correlate with their o, An average of 0.03 A
shortening in the N3-N12 bond is indicated on going from the
electron-donating NH, group (1.972 A) to the electron-
withdrawing NO, group (1.939 A). Beside the C-6 position,
the influence of the substitution of NH, and NO, on the azide-
tetrazole equilibrium of 2-azidobenzothiazole at positions C-4,
C-5, and C-7 of the benzene ring was investigated. The results
show insignificant influence on the geometries of cis-azide
and tetrazole species. This may be due to the well known fact
that one of the unique properties of the azide group is the
weak interaction between the azide group and a substituent
through an aromatic ring [29], which indicates an extremely
weak interaction between the n-systems of the benzothiazole
ring and the azide group. This also means that there is no
specific position at which the substitution becomes more or
less effective on the azide-tetrazole equilibrium. This may be
explained in terms of the fact that the benzothiazole moiety
represents a delocalized system with the negative charge in the
heterocyclic part and the positive charge in the benzene part of
the moiety. Therefore, the influence of substitution is expected
to be better transmitted from the heterocycle to the benzene
part than in the opposite direction (that is from the benzene
ring to the thiazole ring as in our case).

B. Energetics

The results reported in Table Il reveal that the relative
energies of trans-azido isomers are slightly affected on going
from B3LYP level to either MP2 or CCSD(T) level, which
means that the inclusion of relatively higher-order electron
correlation has insignificant effect on the relative stability of
trans-azideo isomer. However, the results show that the
tetrazole isomers are greatly stabilized on going from
B3LYP/6-311+G(d,p) to MP2/6-311++(3df,2p) level, where
the corresponding AE, and AG,gs Vvalues are decreased by
more than 50% which is consistent with the significant
redistribution of the electron density accompanied the azide-
tetrazole isomerism. In addition, the AE, and AG,g values of
tetrazole isomers computed at the CCSD(T) level for 6-H-, 6-
Cl-, 6-NO,-, and 6-NH,-ABT are slightly decreased with
regard to the MP2 values, which indicates that the
performance of the MP2/6-311++(3df,2p) single-point energy
calculations is comparable with that of the CCSD(T) level for
improving the B3LYP results.

C.Substituent Effect

The results in Table 111 also show that the substitution at the
6-position of benzothiazole ring with substituents of various
electron-donating and electron-withdrawing strengths causes
small influence on the relative stability of tetrazole isomers
with regard to the cis-azide ones. Fig. 3 shows a plot of the
Hammett-constant (o) values of these substituents (R = H, ClI,
CH;0, NO,, CN, and NH,) against the AG,gg values of the
corresponding tetrazole isomers calculated at the MP2/6-
311++(3df,2p) level.
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TABLEII
RELATIVE ENERGIES (AEq) AND FREE ENERGY DIFFERENCES (AGags)
(KCAL/MOL) OF TRANS-AZIDO, TRANSITION STATE (TS), AND TETRAZOLE
SPECIES OF SUBSTITUTED 2-AZIDO-BENZO THIAZOLES IN VACUUM WITH
REGARD TO CIS-AZIDO ISOMER. ZERO-POINT ENERGIES AND THERMAL
CORRECTIONS ARE INCLUDED.

B3LYP/ MP2/ CCSD(T)/
6-311+G(d,p) 6-311++G(3df,2p) 6-311++G(d,p)
AEO Angg AEO Angg AEO Angg
6-H-ABT
trans-azido 3.08 2.80 2.35 2.07 3.88 3.60
TS 23.32 23.69 28.35 28.72 21.57 21.88
Tetrazole 5.65 7.67 2.45 4.46 1.49 351
6-CI-ABT
trans-azido 2.92 2.85 22 2.10 3.74 3.66
TS 23.29 24.20 27.64 29.16 21.39 22.31
Tetrazole 7.69 8.70 3.782 5.41 341 4.41
6-NO,-ABT
trans-azido 3.12 3.037 2.38 2.28 3.93 3.84
TS 23.85 24.72 28.29 29.79 21.94 22.82
Tetrazole 9.44 10.37 5.289 6.86 5.08 6.01
6-NH,-ABT
trans-azido 2.70 2.64 2.12 2.02 3.57 351
TS 22.75 23.68 26.70 28.50 20.92 21.84
Tetrazole 6.01 7.05 2.07 3.72 2.09 3.13
6-Br-ABT
trans-azido 2.98 2.87 2.26 2.13
TS 23.29 24.21 27.66 29.18
Tetrazole 7.69 8.74 3.89 5.52
6-CN-ABT
trans-azido 3.06 2.99 2.37 2.25
TS 23.73 24.60 28.14 29.63
Tetrazole 9.09 9.96 5.07 6.65
6-CH3-ABT
trans-azido 2.85 2.82 2.207 2.13
TS 22.71 23.47 27.13 28.47
Tetrazole 6.34 5.66 2.58 2.48
6-CH3;0-ABT
trans-azido 2.82 2.77 2.19 211
TS 22.87 23.81 27.20 28.74
Tetrazole 6.46 7.48 2.60 4.25
6-OH-ABT
trans-azido 2.78 271 2.17 2.04
TS 23.26 24.19 27.35 28.90
Tetrazole 7.00 8.04 2.918 4.60
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Fig. 3 A plot of Hammett constant (o) versus the relative free
energy differences (AGgg) Of tetrazole isomers of 6-R-ABT (R = H,
Cl, OCHjs, NH,, CN, NO,) Calculated at MP2/6-311++G(3df,2p) in

vacuum, H,0, and CCl,.

It is obvious that the free energy difference is linearly
correlates with Hammett-constant (o) values of these
substituents. The data show that both NO, and NH, impose the
largest effects on the azide-tetrazole equilibrium.



International Conference on Chemical, Agricultural and Medical Sciences (CAMS-2013) Dec. 29-30, 2013 Kuala Lumpur (Malaysia)

TABLE I11
TOTAL ELECTRONIC ENERGIES (IN A.U.), RELATIVE ENERGIES (AEq), AND FREE ENERGY (AGags) DIFFERENCES FOR THE CIS-AZIDO, TRANS-AZIDO, TRANSITION
STATE (TS), AND TETRAZOLE SPECIES OF 2-AZIDO-BENZOTHIAZOLE IN H,0, CHCL3, CCL4, AND DMSO. ZERO-POINT ENERGIES AND THERMAL CORRECTIONS ARE

INCLUDED.

B3LYP/ MP2/

6311+G(dp) 2B ACms gaiiiigEdip  AF AGs
Gas-phase
trans-azido  -886.43779 308  2.80  -884.87973 235 207
cisazido ~ -886.44270 0 0 -884.88348 0 0
TS 88640554 2332 2369  -884.83830 2835  28.72
Tetrazole ~ -886.43369 565 767  -884.87957 245 446
H20
trans-azido  -886.44549 149 134  -884.88630 105 090
cisazido  -886.44808 0 0 -884.88817 0 0
TS 88641177 2228 2321  -884.84355 2750 2843
Tetrazole ~ -886.44668 213 319  -884.89200 114 -008
CHCl,
trans-azido  -886.44202 198 168  -884.88418 137 107
cisazido  -886.44639 0 0 -884.88668 0 0
TS 88640902 2237 2329  -884.84198 2754 2846
Tetrazole ~ -886.44280 345 449  -884.88830 018 122
ccl,
trans-azido  -886.44081 238  2.16  -884.88230 175 153
cisazido  -886.44493 0 0 -884.88541 0 0
TS 88640824 2250 2342  -884.84057 2762 2853
Tetrazole ~ -886.43927 468 571  -884.88489 145 249
DMSO
trans-azido  -886.44536 152 140  -884.88618 107 095
cisazido  -886.44800 0 0 -884.88810 0 0
TS 88641168 2228 2312  -884.84347 2750 2833
Tetrazole ~ -886.44649 219 300  -884.89181 109 -028

The tetrazole isomer is destabilized by an average of 3
kcal/mol on going from the electron-donating NH, group (3.72
kcal/mol) to the electron-withdrawing NO, group (6.86
kcal/mol) with regard to the cis-azide one.

This means that the electron donating groups (CHs;, OH,
OCHgs, and NHy) enhance the stability of the tetrazole isomer
while the electron-withdrawing groups (Cl, CN, and NO,)
favor the azide isomer, which is in agreement with a
previously reported finding [30]. It is to be noted here that the
resonance effect predominates the inductive effect for these
substituents.

Fig. 4 shows an exponential correlation for the CCSD(T)/6-
311+G(d,p) relative free energy differences, AGys, and the
corresponding population percentages of tetrazole isomers of
6-R-2-azidobenzothiazoles (R = H, Cl, NH,, and NO,) with
regard to the cis-azido form estimated according to equation:

AG = —RTInK,,

where K is the equilibrium constant (K¢ =
[tetrazole]/[azide]), R is the gas constant (=1.9872 cal deg™
mol™) and T is the absolute temperature (298.15 K). It is
worth noting that the population of tetrazole isomers is
drastically low where it varies from 0.004% for NO, to 0.51%
for NH, group, which means that the 2-azidobenzothiazoles
favor to exist in the azide forms. However, the population of
tetrazole isomers exponentially increases as the electron-
donating ability of the substituents at the 6-position increases.

D. Solvent Effect
Careful inspection of the results in Table 1v show that the
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cis-azide, TS, trans-azide, and tetrazole species are stabilized
by 3.1, 3.4, 4.2, and 7.6 kcal/mol upon solvation in water,
respectively. These values show that the tetrazole is more
stabilized in water than cis-azide isomer by 4.5 kcal/mol,
which is consistent with the relatively high dipole moment of
tetrazole, where its experimental dipole moment is found to be
5.15 D in dioxane [31], which is in good agreement with the
gas-phase value (6.67 D) calculated at MP2/6-311++G(3df,2p)
level. Comparing to the gas-phase free energy differences, the
tetrazole (trans-azide) is found to be stabilized by 2.0 (0.5),
3.2 (1.0), 45 (1.2), and 4.7 (1.1) kcal/mol in CCl,, CHCIs;,
H,0, and DMSO, respectively at the MP2/6-311++G(3df,2p)
level with regard to the corresponding cis-azide isomers.
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Fig. 4 A plot of the CCSD(T)/6-311+G(d,p) relative free energy

differences (AGygg) Of tetrazole isomers of 6-R-ABT (R = H, Cl,
NH,, and NO,) versus the corresponding population percentage

(pop%).

This means that as the polarity of the solvent increases the
relative stability of tetrazole increases, and hence its
population with regard to the cis-azide increases.
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TABLE IV
RELATIVE ENERGIES (AEq) AND FREE ENERGY DIFFERENCES (AG2¢s) (KCAL/MOL) OF TRANS-AZIDO, TRANSITION STATE (TS), AND TETRAZOLE SPECIES OF
SUBSTITUTED 2-AZIDOBENZOTHIAZOLES IN H,0, DMSO, CCL4, AND CH3CL AND WITH REGARD TO CIS-AZIDO ISOMER CALCULATED AT MP2/6-311++G(3df,2p)
LEVEL. ZERO-POINT ENERGIES AND THERMAL CORRECTIONS ARE INCLUDED.

H,O DMSO CH3CI CCly

AE AG AE AG AE AG AE AG
6-Cl
trans-azido 2.17 0.99 1.10 0.99 1.48 1.205 1.79 1.57
TS 28.25 28.81 27.89 28.81 27.94 28.847 28.02 28.92
Tetrazole 4.41 0.92 -0.04 0.99 1.22 2.252 2.45 3.47
6-Br
trans-azido 2.24 0.95 2.36 2.22 151 1.379 1.82 1.70
TS 28.26 28.82 29.18 30.10 27.94 28.837 28.02 28.92
Tetrazole 4.47 1.01 1.32 2.35 1.30 2.331 2.52 3.54
6-CN
trans-azido 2.32 112 0.97 0.89 1.29 1.063 191 1.70
TS 28.75 29.27 28.38 29.28 28.46 29.356 28.55 29.45
Tetrazole 5.78 2.10 1.17 2.17 2.52 3.512 3.77 4.76
6-NO,
trans-azido 2.37 1.14 1.22 1.17 161 1.526 1.93 1.85
TS 28.91 29.44 28.5 29.45 28.60 29.528 28.66 29.59
Tetrazole 5.92 2.43 1.55 251 2.86 3.846 4.07 5.06
6-CHs
trans-azido 2.17 0.92 1.05 0.92 1.42 0.609 1.72 111
TS 27.71 28.22 27.39 28.22 27.42 28.270 27.50 28.32
Tetrazole 3.16 -0.68 -1.42 -0.61 -0.19 0.494 1.08 1.65
6-CH30
trans-azido 2.15 1.06 112 1.08 1.52 1.509 181 181
TS 27.81 28.37 27.45 28.37 27.48 28.425 27.57 28.57
Tetrazole 3.23 -0.37 -1.36 -0.31 -0.10 0.965 1.14 2.20
6-OH
trans-azido 211 111 111 1.14 1.64 1.939 191 2.06
TS 27.96 28.56 27.57 28.60 27.81 29.098 27.88 29.03
Tetrazole 3.56 -0.07 -1.15 0.03 0.41 1.766 161 2.89
6-NH;
trans-azido 2.08 0.89 0.97 0.92 1.39 1.342 1.69 1.64
TS 27.57 28.19 27.27 28.20 27.27 28.195 27.34 28.28
Tetrazole 2.70 -1.04 -2.05 -0.97 -0.80 0.274 0.51 1.56

This finding is also revealed in Fig. 5 where the solvent
polarity is represented by the dielectric constant, €, of the
solvent.

5.0
l. vacuum
4.0 F
_ N & Tetrazole
g 30 A trans-azide
= & CCl,
5 20 @A
Ei Ay cHC
210 &5 A
=3 : H,0
< 0.0 i DMSO .
_1.0 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Dielectric constant, €

Fig. 5 A plot of the relative free energy differences (AGgg) Of
trans-azide and tetrazole isomers of ABT virsus the dielectric
constant (€) of different solvents calculated at MP2/6-
311++G(3df,2p) level.

The results in Table v reveal the influence exerted by the

substituents of various electron-donating and electron-
withdrawing strengths on the relative stabilities of trans-azide,
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TS, and tetrazole with regard to the cis-azide isomer in
solvents of different polarity. The relative stability of the
tetrazole species is greatly enhanced as the polarity of the
solvent increases. Inspection of Fig. 2 clearly shows the
influence of both the solvation and the substituents on the
relative stability of tetrazole species. It is obvious that the
relative stability of the tetrazole species can be maximized to a
great extent by increasing the polarity of the solvent and to a
relatively small extent by increasing the electron-donating
strength of the substituent, and vice versa for the azide isomer.

IV. CONCLUSION

From the results reported here, one concludes the following:
1) the influence exerted by substituents of different electron
donating or withdrawing strength on the geometries of cis-
azide and tetrazole species is found to be insignificant. This
may be due to the well known fact that the interaction between
the azide group and a substituent through an aromatic ring is
found to be weak. Moreover, the influence of substitution is
expected to be better transmitted from the thiazole to the
benzene part than in the opposite direction, 2) the electron
donating groups enhance the stability of the tetrazole isomer
while the electron-withdrawing groups favor the azide isomer,
and 3) the relative stability of the tetrazole species can be
maximized to a great extent by increasing the polarity of the
solvent, and vice versa for the azide isomer. This may be
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explained in terms of the relatively larger dipole moment of
the tetrazole.

[t
[2]
(3]
[4]

[5]

(6]

(71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

REFERENCES

S. Patai, “ The Chemistry of the Azido Group” Interscience Publishers:
New York, 1971.

S. Brése, and K. Banert, “Organic Azides: Syntheses and Applications”;
John Wiley and Sons: Cambridge, 2010.

F. R. Benson, Chem. Rev., Vol. 41, pp.1-61, 1947.
http://dx.doi.org/10.1021/cr60128a001

G. I. Koldobskii, and V. A. Ostrovskii, “Tetrazoles” Russ. Chem. Rev.,
Vol. 63, pp. 797-814, 1994.
http://dx.doi.org/10.1070/RC1994v063n10ABEH000119

S. J. Wittenberger, “Recent developments In tetrazole chemistry. A
review,” Org. Prep. Proced. Int., vol. 26,pp. 499-531, 1994.
http://dx.doi.org/10.1080/00304949409458050

E. F. V. Scriven, and K. Turnbull, “Azides: their preparation and
synthetic uses” Chem. Rev., vol. 88, pp. 297-368, 1988.
http://dx.doi.org/10.1021/cr00084a001

G. L’abbe, “Decomposition and addition reactions of organic azides”
Chem. Rev., vol. 69, pp. 345-363, 1969.
http://dx.doi.org/10.1021/cr60259a004

S. Brése, C. Gil, K. Knepper, and V. Zimmermann, “Organic Azides: An
Exploding Diversity of a Unique Class of Compounds” Angew. Chem.
Int. Ed., vol. 44, pp. 5188-5240, 2005.
http://dx.doi.org/10.1002/anie.200400657

P. A. S. Smith, “Aryl and Heteroaryl Azides and Nitrenes In Azides and
Nitrenes, Reactivity and Utility”; Scriven, E. F. V., Ed., Academic:
Orlando, 1984; Chap. 3.

K. M. Meisenheimer, and T. H. Koch, “Photocross-linking of nucleic
acids to associated proteins.” Crit. Rev. Biochem. Mol. Biol., vol. 32, pp.
101-104, 1997.

http://dx.doi.org/10.3109/10409239709108550

J. Ren, R. M. Esnouf, A. L. Hopkins, E. Y. Jones, |. Kirby, J. Keeling,
C. K. Ross, B. A. Larder, D. I. Stuart, and D. K. Stammers, “3'-Azido-3'-
deoxythymidine drug resistance mutations in HIV-1 reverse
transcriptase can induce long range conformational changes” Proc. Nat.
Acad. Sci. (PNAS) USA, vol. 95, pp. 9518-9523, 1998.

R. N. Butler, “In Comprehensive Heterocyclic Chemistry 117, A. R.
Katritzky, C. W. Ress, E. F. V. Scriven, Eds.; Pergamon: Oxford, vol. 4,
pp. 674, 1996.

R. J. Herr, “5-Substituted-1H-tetrazoles as carboxylic acid isosteres:
medicinal chemistry and synthetic methods” Bioorg. Med. Chem., vol.
10, pp. 3379-3393, 2002.
http://dx.doi.org/10.1016/S0968-0896(02)00239-0

M. Tisler, “Some Aspects of Azido-Tetrazolo Isomerization” Synthesis,
vol.3, pp. 123-136, 1973.

http://dx.doi.org/10.1055/s-1973-22145

E. Cubero, M. Orozco, and F. J. Luque, “Theoretical Study of
Azido—Tetrazole Isomerism: Effect of Solvent and Substituents and
Mechanism of Isomerization” J. Am. Chem. Soc., vol. 120, pp. 4723-
4731, 1998.

http://dx.doi.org/10.1021/ja9726724

E. Cubero, M. Orozco, and F. J. Luque, “Azidoazomethine—Tetrazole
Isomerism in Solution: A Thermochemical Study” J. Org. Chem., vol.
63, pp. 2354-2356, 1998.

http://dx.doi.org/10.1021/j0971576i

F. Himo, T. Lovell, R. Hilgraf, V. V. Rostovtsev, L. Noodleman, K. B.
Sharpless, and V. V. Fokin, “Copper(l)-Catalyzed Synthesis of Azoles.
DFT Study Predicts Unprecedented Reactivity and Intermediates” J. Am.
Chem. Soc., vol. 127, pp. 210-216, 2005.
http://dx.doi.org/10.1021/ja0471525

S. C. S. Bugalho, A. C. Serra, L. Lapinski, M. L. S. Cristiano, and R.
Fausto, “Low temperature matrix-isolation and solid state vibrational
spectra of 5-chlorotetrazole” Phys. Chem. Chem. Phys., vol. 4, pp. 1725-
1731, 2002.

M. D’Auria, R. Racioppi, L. Viggiani, and P. Zanirato, “Photochemical
Reactivity of 2-Azido-1,3-thiazole and 2-Azido-1,3-benzothiazole: A
Procedure for the Aziridination of Enol Ethers” Eur. J. Org. Chem., vol.
, pp. 932-937, 2009.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A.
Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F.

http://dx.doi.org/10.15242/IICBE.C1213031

53

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F.
Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N.
Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J.
C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M.
Kleng, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R.
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C.
Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G.
Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A.
D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D.
J. Fox, Gaussian, Inc., Wallingford CT, 2009.

(a) S. Miertus, E. Scrocco, and Tomasi, “Electrostatic interaction of a
solute with a continuum. A direct utilizaion of AB initio molecular
potentials for the prevision of solvent effects,” J. Chem. Phys., vol. 55,
pp. 117-129, 1981. (b) S. Miertus, and Tomasi, “Approximate
evaluations of the electrostatic free energy and internal energy changes
in solution processes” J. Chem. Phys., vol. 65, pp. 239-245, 1982.

(a) P. Domiano, and A. Musatti, A. Cryst. Struct. Commun., vol. 3, pp.
713,1974.

F. H. Allen, O. Kennard, D. G. Watson, L. Brammer, A. G. Orpen, and
R. Tylor, “Tables of bond lengths determined by X-ray and neutron
diffraction. Part 1. Bond lengths in organic compounds” J. Chem. Soc.,
Perkin Trans., vol. 2, pp. S1-S19, 1987.
http://dx.doi.org/10.1039/p298700000s1

T. M. Klapétke, “Recent Developments in the Chemistry of Covalent
Azides” Chem. Ber., vol. 130, pp. 443-452, 1997.
http://dx.doi.org/10.1002/cber.19971300403

R. D. Harcourt, “ON THE PENTAVALENT NITROGEN ATOM AND
NITROGEN PENTACOORDINATION” J. Mol. Struct., vol. 300, pp.
245-256, 1993.

http://dx.doi.org/10.1016/0022-2860(93)87022-2

R. G. Alvarez, A. R. Kennedy, A. I. Khalaf, C. J. Suckling, and R. D.
Waigh, “2-(1-Piperidinyl)-1,3-benzothiazole.”. Acta Cryst.E., vol. 61,
pp. 569-570, 2005.

http://dx.doi.org/10.1107/S160053680500320X

B. Li, S. Zhang, Y. Wang, and S. Luo, “(S)-2-[(2-
Ammoniophenyl)sulfanylmethyl]pyrrolidinium dibromide” Acta Cryst.,
vol. 64, 01549, 2008.

C. Hansch, A. Leo, and R. W. Taft, “A survey of Hammett substituent
constants and resonance and field parameters” Chem. Rev., vol. 91, no.
2, pp. 165-195, 1991.

A. V. Oleinik, N. L. Gusarskaya, V. M. Treushnikov, and N. N.
Vyshinskii, “The integral intensity of the absorption bands due to the
“antisymmetric” vibrations of the azide group in monosubstituted phenyl
azides” J. Applied Spectroscopy, vol. 20, no. 6, pp. 787-789, 1974.
http://dx.doi.org/10.1007/BF00614159

A. Messmer, and G. Hajos, “Linearly fused isoquinolines. 3. Positional
effect of substitution on equilibrium of tetrazole-azide systems.
Anomalous behavior in trifluoroacetic acid” J. Org. Chem., vol. 46, no.
5, pp. 843-846, 1981.

http://dx.doi.org/10.1021/jo00318a003

M. Roche, and L. Pujol, Bull. Soc. Chim. Fr., vol. 4, pp. 1097, 1969.

Walid M. I. Hassan The first and corresponding author of this paper has
got his BSc 1998 and MSc 2004 from Cairo University Faculty of Science
Chemistry department Egypt and his PhD 2010 from Tohoku University
Graduated School of Science Chemistry department Japan. He is working as
lecturer at Cairo University Faculty of Science Chemistry Department. He has
more than 8 publications in international journals in the field of computational
quantum chemistry field. For details about his publication you may visit his
official website http://scholar.cu.edu.eg/walid/publications.



http://dx.doi.org/10.1021/cr60128a001
http://dx.doi.org/10.1021/cr60128a001
http://dx.doi.org/10.1070/RC1994v063n10ABEH000119
http://dx.doi.org/10.1070/RC1994v063n10ABEH000119
http://dx.doi.org/10.1070/RC1994v063n10ABEH000119
http://dx.doi.org/10.1080/00304949409458050
http://dx.doi.org/10.1080/00304949409458050
http://dx.doi.org/10.1080/00304949409458050
http://dx.doi.org/10.1021/cr00084a001
http://dx.doi.org/10.1021/cr00084a001
http://dx.doi.org/10.1021/cr00084a001
http://dx.doi.org/10.1021/cr60259a004
http://dx.doi.org/10.1021/cr60259a004
http://dx.doi.org/10.1021/cr60259a004
http://dx.doi.org/10.1002/anie.200400657
http://dx.doi.org/10.1002/anie.200400657
http://dx.doi.org/10.1002/anie.200400657
http://dx.doi.org/10.1002/anie.200400657
http://dx.doi.org/10.3109/10409239709108550
http://dx.doi.org/10.3109/10409239709108550
http://dx.doi.org/10.3109/10409239709108550
http://dx.doi.org/10.3109/10409239709108550
http://dx.doi.org/10.1016/S0968-0896(02)00239-0
http://dx.doi.org/10.1016/S0968-0896(02)00239-0
http://dx.doi.org/10.1016/S0968-0896(02)00239-0
http://dx.doi.org/10.1016/S0968-0896(02)00239-0
http://dx.doi.org/10.1055/s-1973-22145
http://dx.doi.org/10.1055/s-1973-22145
http://dx.doi.org/10.1055/s-1973-22145
http://dx.doi.org/10.1021/ja9726724
http://dx.doi.org/10.1021/ja9726724
http://dx.doi.org/10.1021/ja9726724
http://dx.doi.org/10.1021/ja9726724
http://dx.doi.org/10.1021/ja9726724
http://dx.doi.org/10.1021/jo971576i
http://dx.doi.org/10.1021/jo971576i
http://dx.doi.org/10.1021/jo971576i
http://dx.doi.org/10.1021/jo971576i
http://dx.doi.org/10.1021/ja0471525
http://dx.doi.org/10.1021/ja0471525
http://dx.doi.org/10.1021/ja0471525
http://dx.doi.org/10.1021/ja0471525
http://dx.doi.org/10.1021/ja0471525
http://dx.doi.org/10.1039/p298700000s1
http://dx.doi.org/10.1039/p298700000s1
http://dx.doi.org/10.1039/p298700000s1
http://dx.doi.org/10.1039/p298700000s1
http://dx.doi.org/10.1039/p298700000s1
http://dx.doi.org/10.1002/cber.19971300403
http://dx.doi.org/10.1002/cber.19971300403
http://dx.doi.org/10.1002/cber.19971300403
http://dx.doi.org/10.1016/0022-2860(93)87022-2
http://dx.doi.org/10.1016/0022-2860(93)87022-2
http://dx.doi.org/10.1016/0022-2860(93)87022-2
http://dx.doi.org/10.1016/0022-2860(93)87022-2
http://dx.doi.org/10.1107/S160053680500320X
http://dx.doi.org/10.1107/S160053680500320X
http://dx.doi.org/10.1107/S160053680500320X
http://dx.doi.org/10.1107/S160053680500320X
http://dx.doi.org/10.1007/BF00614159
http://dx.doi.org/10.1007/BF00614159
http://dx.doi.org/10.1007/BF00614159
http://dx.doi.org/10.1007/BF00614159
http://dx.doi.org/10.1007/BF00614159
http://dx.doi.org/10.1021/jo00318a003
http://dx.doi.org/10.1021/jo00318a003
http://dx.doi.org/10.1021/jo00318a003
http://dx.doi.org/10.1021/jo00318a003
http://dx.doi.org/10.1021/jo00318a003
http://scholar.cu.edu.eg/?q=walid/publications



