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Abstract The tautomerism of all possible forms of tetrazole
selenone (A—G), induced by proton transfer, was studied,
theoretically, in different environments including gas phase,
continuum solvent and microsolvated environment with one
or two explicit water or ammonia molecules. The calcula-
tions were performed using two different levels of theory
including mPW2PLYP and DFT-B3LYP. The 6-311++
G(d,p) basis set was used for C, H, O and N and the standard
relativistic effective core pseudo potential LANL2DZ basis
set was used for Se atom. It was found that the tetrazole
selenone, in the form of A, is the most stable isomer in all of
the environments considered in this work. The kinetics of
proton transfer reaction was studied in both gas and solvent
environments and it was concluded that the activation energy
of the reaction increases with going from the gas phase to
polar solvents. Moreover, the proton transfer reaction
assisted by one or two water or ammonia molecules was
investigated and it was found that the activation energy
significantly reduces.
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Introduction

Tetrazole compounds have a wide range of pharmaceutical
applications [1]. They act as stimulants or sedatives on the
central nervous system. These compounds have anti-
inflammatory, antilipemic, antimicrobial, and antial-lergic
activities [2]. Moreover, such compounds are useful as oxi-
dizers and effective agents for regulating plant growth and as
explosives and rocket propellants [3]. Furthermore, tetrazole
compounds have a significant role in medicinal chemistry
[4]. For example, tetrazoles are regarded as isosteres of the
carboxylic acid functionality in medicinal chemistry and
angiotensin II receptor blockers such as candesartan and
losartan contain tetrazole functional group [5, 6].
Tautomerism is a prototropic rearrangement in which a
hydrogen at the R-position to a carbon—heteroatom double
bond, migrates to the heteroatom. Since the energy differ-
ences among some tautomers are very small, their thermal
energy may be simply transformed from one tautomer to
another at room temperature. Moreover, for the tautomers
with relatively high energy differences, solvent molecules
act as catalysts and facilitate the tautomerization process to
form molecule—solvent clusters. This has been found to be
very useful for studying the effects of a specific solvent on
the structure and reactivity of biomolecules [7-9].
Selenium is predominantly present in the biological sys-
tems in the form of naturally occurring amino acids
selenocysteine (Sec) and selenomethionine that are incorpo-
rated in some proteins with a relevant role in redox equilib-
ria. In biology selenium was long considered as a toxic
element until 1957 when its role as micronutrient for bacte-
ria, mammals and birds was reported [10]. More recently
many books, reviews and reports, appeared in the literature,
describe the identification of various selenoproteins, in-
volved in a wide number of biochemical processes, as well
as the nutrient importance of selenium [11-16]. Selenones
have been much less studied than their sulfur analogues and
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are only infrequently used in organic synthesis [17]. Several
selenones, including diphenyl selenone, have been crystal-
lographically characterized [18-20]. Selenones have been
studied as potential antitumor agents [21] and the biological
reduction of dimethyl selenone has been reported [22-24].

As a continuation of our recent studies on proton shift
reactions of heterocycles and the effect of different environ-
ments on their equilibriums [25-28], herein we report the
results of calculations of tautomerism of tetrazole selenone
compound. The subject of the current study, namely,
tetrazole selenone, has been chosen so that to allow a direct
comparison with the analogous tetrazole thion and 5-
aminotetrazole [28, 29].

Computational details

All calculations were performed using the Gaussian 09 com-
putational chemistry package [30]. The geometry of tetrazole
selenone and its isomers were optimized at the DFT-B3LYP
[31, 32], and mPW2PLYP [33] levels of theory, separately.
The mPW2PLYP is a double hybrid functional which was
proposed by Grimme and it is a combination of exact ex-
change with a second-order perturbation correction for
nonlocal correlation effects. It has been stated that this meth-
od can predict geometrical parameters more accurately
[34-38].

The 6-311++G(d,p) basis set was used for C, H, N, and O
atoms and the relativistic effective core pseudo potential
LANL2DZ which replaces the core electrons with an effec-
tive potential was used for selenium atom. Harmonic vibra-
tional frequencies were computed at the same level of theory
to verify the nature of minima. The effects of the polar
medium (Benzene, THF, DMSO and water) on the relative
stabilities and geometries of the tautomers were considered
by using a relatively simple self-consistent reaction field
(SCRF) method [39] based on polarizable continuum model
(PCM) of Tomasi [40, 41] as implemented in the Gaussian
software suite of program. The geometry of transition states
of the proton transfer reactions for converting the tautomers
to each other were determined using QST2 method at the
mPW2PLYP level of theory. Similar calculations were
performed on the complex of water and tautomers, at the
same level of theory and basis set, to determine the transition
state of proton transfer assisted by water or ammonia
molecules.

Results and discussion
The compound tetrazole selenone can exists mainly as five

tatomeric forms (A, B, C, D, F), and two rotamers (E,G).
Their structures and their arbitrary numbering have been
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presented in Scheme 1. Tautomer A has a symmetrical
tetrazole selenone form that can be converted to B and C
tautomers through a proton transfer reaction from N6 to Sel
and N5 positions, respectively. The C isomer is a zwitterion-
ic form of tetrazole selenone and B is a selenol 2 H-tetrazole
tautomer. On the other hand, the B isomer, by a rotation
around C-Se bond, is converted to G rotamer. The D tauto-
mer is formed by transferring the proton from N3 to Sel. In
addition, the D compound can be converted to E rotamer
through the rotation of Se-H bond around C-Se single bond.
This isomer can also be converted to F tautomer (a tetrazole
selenone isomer).

Tautomeric equilibria in the gas phase and solution

The calculated relative stabilities, (AE), zero point corrected
relative stabilities (AE + ZPE) and dipole moments () of all
seven isomers of tetrazole selenone compound, shown in
Scheme I, have been tabulated in Table 1. It is revealed from
Table 1 that the tetrazole selenone compound (A) is the most
stable tautomer in both gas and solution phases. The order of
stability in the gas phase was found to be A> D> E> B> G>
C> F for both mPW2PLYP and B3LYP methods. Based on
the mPW2PLYP results in the gas phase, the energy of D, E,
B, G, C and F isomers are 6.97, 7.34,9.93, 11.28, 15.82 and
26.41 kcal mol™”, higher than A isomer, respectively.
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Scheme 1 Isomerization for the tautomers and rotamers of tetrazole
selenone compound
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Inclusion of zero point vibrational energy did not changed
the order of stability but reduced the energy difference be-
tween A and D, E, B, G, and F to 4.37, 4.73, 6.80, 8.05 and
25.77 keal mol™, respectively. For the C tautomer, the addi-
tion of ZPE causes its instability of about 16.11 kcal mol™.

Dipole moment is the first derivative of the energy with
respect to an applied electric field and is a measure of the
asymmetry in the molecular charge distribution. The results
of the calculated dipole moments of tetrazole selenone iso-
mers in the range of 1.51-7.11 Debye have been reported in
Table 1. The order of dipole moments was found as C > F >
G >B>E>A>D. A similar trend was observed when the
DFT-B3LYP level of theory is used in the gas phase.

Solvent effects are important in the tautomer stability
phenomena, since polarity differences among tautomers
can induce significant changes in their relative energies in
solutions. For this purpose we used PCM model to analyze
the solvent effects on the tautomerism of tetrazole selenone
in different solvents including water, DMSO, THF and
benzene. The calculated values of AE, AE + ZPE and
p of considered isomers have been presented in Table 1.
The comparison of the results obtained from gas phase
with those of the solution, confirms that the energies of all
tautomers decrease with the increase in the polarity of
solvent. The bolded values, presented in the Table 1, show
the stability of each compound relative to its structure in
the gas phase.

The results of calculations showed that with going to
more polar solvents significant changes in the order of sta-
bility is observed. Although in the THF the order of stability
was the same as in the gas phase, the order of stability
changed to A> B > G >D >E >C >F in the more polar
solvent DMSO, whereas the difference between A as the
most stable and B as the second stable isomer reached
4.92 kcal mol™. Interestingly, with going to the water as
the most polar solvent, the order of stability changed again
and it was found that G is the second stable isomer. It is
notable that with addition of ZPE correction the order of
stability is the same as in the DMSO solvent. Similar results
were obtained when the B3LYP/6-311++G(d,p) level was
used for the isomers in the water (see Table 1). Table 1 also
reveals that the dipole moments are affected by solvents and
with going to more polar solvents a regular increase in the
dipole moments was observed. Figure 1 shows the effect of
various solvents on the dipole moment of tautomers of
tetrazole selenone compound.

In the next stage, the proton transfer reaction in the inter-
conversion of isomers in the gas phase and the effect of
various solvents on this process are investigated. The values
of activation energies (Ea) and free activation energies (AG")
of transformations, calculated using QST2 method, have been
listed in Table 2. The activation energy and free activation
energy for the conversion of A — B reaction was found to be
33.09 and 32.31 kcal mol™, respectively. These values for the

Table 2 Activation energies and free energies of activation for interconversion of the isomers at the MPW2PLYP level of theory

A—B B—-D B—-G G—E A—C F—-C
Gas E, 33.09 52.80 1.35 51.75 68.05 43.87
AG* 32.31 49.38 1.89 47.78 64.05 40.38
A(E+ZPE) 31.73 49.00 1.25 48.06 64.03 40.34
v -1609.31 -1730.99 —88.69 —-1722.80 —1773.58 —1732.13
Benzene E, 35.17 54.40 1.10 54.58 68.03 45.26
AG* 34.23 51.93 1.54 50.49 63.90 42.28
A(E+ZPE) 33.64 51.52 0.92 50.49 63.88 42.07
v -1669.40 —1753.82 —183.85 —1747.10 1802.23 -1742.21
THF E, 37.61 57.38 1.15 56.97 67.29 48.18
AG* 36.07 53.39 1.27 53.17 63.17 45.51
A(E+ZPE) 36.14 53.62 1.26 53.04 63.15 45.15
v —1730.86 —1763.72 —144.16 —1758.39 —1809.18 —1740.64
DMSO E, 38.82 58.33 1.17 58.26 66.74 49.75
AG" 37.28 54.34 1.22 54.40 62.60 46.63
A(E+ZPE) 37.35 54.57 1.23 54.30 62.58 46.45
v —1763.05 —1766.99 —240.23 -1761.99 —1809.22 —-1735.75
Water E, 39.59 57.96 1.09 58.00 66.25 49.58
AG* 38.06 53.78 1.17 54.16 62.13 46.47
A(E+ZPE) 38.11 54.08 1.17 54.00 62.11 46.29
v —1766.54 —1754.79 -210.81 —1750.44 —1798.05 —1733.64
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Fig. 1 the effect of solvents on the dipole moments of tetrazole selenone
isomers

B — D reaction were found to be 52.8 and 49.38 kcal mol™,
respectively. In addition for the D — E, G — E, A — C and
F — C processes the activation energy values were found as
52.76, 51.75 68.05 and 43.87 kcal mol™, respectively. These
values are comparable with the values previously reported for
proton transfer reaction between Se—H bond and N atom in the
selenourea compound (95 kJ mol™), studied by Rostkowska
et al. [42]. In addition, the activation energy of proton transfer
for 2-pyridineselenol is about 24.7 kcal mol™ calculated at
B3LYP/6-311+G(d,p) level of theory [43]. Besides for the
proton transfer reaction of imidazole selenone tautomers the
values were found in the range of 25.3 to 44.3 kcal mol™ at
MP2/6-31++G(d,p) method [44]. In addition, the values for
the 5-amino tetrazole and tetrazole thion have been reported in
the range of 49.52-69.02 and 41.6-55.94 kcal mol™" respec-
tively [28, 29]. It is notable that the energy barrier for rotation
around the Se-C bond in D — E transformation is 5.0 kcal
mol ™" in the gas phase. The calculate transition states of proton
transfer reactions of tetrazole selenone isomers have been
presented in Fig. 2. The effect of various solvents on the
activation energy of the proton transfer reactions of tetrazole
selenone tautomers was also investigated. According to the
results shown in Table 2, the activation energy of A — B
reaction increases from 33.09 to 39.59 kcal mol™ with going
from the gas phase to water as the most polar solvent. On the
other hand, the activation energy of the B — D reaction in
which 1H tautomer converted to 2H isomer of tetrazole
selenol, increases from 52.80 to 57.96 kcal mol™' with going
to more polar solvents.

The values of imaginary frequencies associated with tran-
sition states of proton transfer reactions of tetrazole selenone
derivatives have also been included in Table 2. As known,
the magnitude of the imaginary frequency is a measure of the
curvature of the transition state region along the reaction
coordinate. Therefore, for a series of related reactions, a
small imaginary frequency should correspond to a low bar-
rier and a large imaginary frequency to a high barrier. In
other words, for low barriers the transition region may be

relatively flat. According to calculated imaginary frequen-
cies in Table 2, with going from gas phase to polar solvents a
regular increase in the values of imaginary frequencies was
observed. The optimized structures of transition states of
interconversion of tetrazole selenone isomers presented in
Fig. 2.

Vibrational analysis

The infrared spectrum of tetrazole and its derivatives have
been investigated by experimental and theoretical methods
[45—48]. Wilson studied the vibrational spectra of tetrazole
and carried out a normal coordinate analysis using a Urey-
Bradley force field [45]. Sokolova and coworkers recorded
the infrared spectra of the compound and some of its simple
substituted derivatives [46]. They also calculated the vibra-
tional frequencies using the classical GF matrix method.
Sushko et al. recorded the infrared spectrum of tetrazole
and N-deuterotetrazole and calculated the vibrational fre-
quencies using the semiempirical MNDO method [47].

In order to obtain the infrared spectroscopic properties of
imidazole selenone and its isomers, the frequency calcula-
tion analysis was performed. Calculations were carried out
for a free molecule in vacuum using mPW2PLYP method.
The frequency calculations were performed only on the
optimized geometries of most important A, B, and D isomers
at the same level of theory. The results of calculations and
their assignments have been collected in the Table 3.

The symmetrical and asymmetrical N-H stretching
modes for the tetrazole selenone form (A isomer) were found
at 3691.9, and 3690.1 cm ™', respectively. In addition the C =
S stretching mode for the A was found at 376.7 cm™'. How-
ever, the symmetrical and asymmetrical out of plane bending
of N—H bonds appear at 488.8 and 344.8 cm™ ', respectively.
The important vibrational modes for the B tautomer are
assigned as follows: The N-H and Se—H stretching mode
were found at 3685.8 and 2484.6 cm ™', respectively. Be-
sides, the C—Se stretching mode, in-plane and out of plane
bending of Se—H were found at 344.8, 829.8 and 88.2 cm™ ',
respectively. For the D isomer as the 2H tautomer of selenol
form, the N-H and Se-H stretching mode was found at
3673.6 and 2481.5 cm ', respectively. In addition the C—Se
stretching mode appears at 348.6 cm . In addition, the in-
plane and out of plane bending of Se—H bond was found at
230.6 and 128.1 cm ', respectively. It is notable that the
vibrational analysis via matrix isolation infrared spectrosco-
py for the selenourea compound that is structurally similar to
the tetrazole selenone has been reported in ref. [42]. The
stretching mode of C = Se bond in selenourea appears at
611 cm ™', Moreover, the Se-H stretching mode, calculated at
the B3LYP/6-311++G(2d,p) level of theory, for selenourea is
2361 cm™ .
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Fig. 2 Optimized structures of
the transition states of proton
transfer reactions of tetrazole
selenone isomers in the gas

phase
A—B
J
&
G—E
Microsolvation

Protic solvents such as water or alcohols, as a strong hydro-
gen bond donor/acceptor, can accept a proton from the donor
site of the solute molecule or give another proton to the
proper sites of the solute. Water-assisted proton transfer
mechanism studies have shown that the assistance of a water
molecule significantly lowers the free energy barriers in

B—D C—-D A—C
d
E—E C—F

proton-transfer related reactions [44, 49-51]. In this case,
an explicit interaction with a limited number of protic solvent
molecules could influence the whole reaction path by low-
ering the energy barrier due to the direct participation of
molecules in the proton transfer process. Selecting the hy-
drophilic centers on the tetrazole selenone, we searched the
most stable monohydrated forms for all tautomers. All ge-
ometries were fully optimized using mPW2PLYP method.

Table 3 Harmonic vibrational frequencies (cm ') of the most important isomers of imidazole selenone, calculated at mPW2PLYP level of theory, in

the gas phase

A B D
1 196.8 I’ secnans Hsecn7ne 88.2 I' Nocsen7t I'nacsenr 128.1 I’ n3csen7t Inscsenr
2 264.9 PsecNa T PsecN7 216.9 I’ secnsngt I'secnens 230.6 I’ secnanat I'secnens
3 376.7 V seC 240. 8 PsecN3 tPsecNe 248.4 PsecN3 T PsecNe
4 486.6 (TN7H2TT Napg)asym 344.8 V SeC 348.6 V SeC
5 541.8 (TN7H2HT Ngng)SYm 488.8 I secnznst Insenzhs 560.7 I nanansust Denensis
6 669.2 I' secNans T secn7h2 697.1 I" Nsnansmst Ineenshs 719.8 Tenenshs
7 713.22 " neonsnans T TnsneN7H2 718.7 I nanansnet Tensnans 738.2 ' noenanat Tensnans
8 1022.3 Venat Ven7 HVNans TVNeNT 829.8 PCSeHs 845.0 Pcsen?
9 1039.6 VNansT VNeN7 T PNansNe T PNsNeNT 999.7 VN5N6 1024.7 VNsN6 T PCNGNS
10 1052.3 PcNaNs T PeNTNG 1048.4 VN3NaT PNaNzHS 1057.3 PcN3N4 T PN3N4NS
11 1097.9 VN4ansT VN6NT 1057.0 VN3Nat PeN3HS 1149.3 V sec T PN6NsHS
12 1169.6 V seC + PNsN4H8 T PH2NTNG 1085.7 VNSN6+ PN3N4ANS 1180.7 (VN3N4TVNsNG) asym
13 1300.1 Vengt Veny 1252.9 PeNsHs T PH2NTHG 1251.6 (VN3aN4TVNsNG) Sym
14 1401.3 N 1324.7 PeraHEVRaNS 12976  vens
15 1403.3 PN5sN4HS T PH2NTNG 1407.5 Vens tVene 1407.1 VeNet PN4NSHS
16 1554.7 PcNan6 T PNsNaHsT PeN7H2 T PH2NTNG 1515.1 PNaN3HS T PN2N3HS 1509.2 PNaNsHS T PN6NSHS
17 3690.1 VN-H T VN-p asym 2484.6 VSeH 2481.5 VSeH
18 3691.9 VN-H T VN-p SYym 3685.8 VN3HS 3673.6 VN5HS

Subscript definitions: asym (asymmetric); sym (symmetric); v (stretching); p (in-plane bending); T out of plane bending, I' Torsional vibration
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Fig. 3 Optimized structures of monohydrated isomers of tetrazole selenone at mPW2PLYP level in the gas phase

The optimized microsolvated structures of complexes are
shown in Fig. 3. In addition, the results of total energies,
relative stabilities of monohydrate complexes and hydrogen
bond distances in the gas phase are collected in Table 4. The
interaction energies were obtained by subtracting the energy
of fully optimized tetrazole selenone tautomers and water
molecule from the energy of the optimized microsolvated
structures of complexes (Eq. 1):

E int — E complex_(E tetrazole 1 Ewater) ( 1 )

where E cpazoles B water and E complex are the electronic
energies of tetrazole selenone molecule, water molecule
and the complex, respectively. It is evident from Table 4 that
the most stable form is the AW1, in which water molecule
acts as hydrogen acceptor. The second stable aggregates are
DW1 and DW2 complexes with 10.55 and 10.87 kcal mol™
instability relative to AW1 in the gas phase, respectively. The
order of stability of monohydrated complexes was found to
be AW1> DWI1> DW2> BWI1> BW2> EW2> GW1>
CW1> EW1> GW2> FW1> FW3> FW2> CW2. In the
next step we analyzed the hydrogen bonding strength in the
complexes.

The calculated results presented in Table 4 show that the
strongest hydrogen bond was found for the CW1 complex
with 14.78 kcal mol™" where water acts as a proton acceptor
from the C tautomer. In addition, for the FW1 and AW1
isomers, the hydrogen bond strength was found to be 14.10
and 12.73 kcal mol™, respectively.

For evaluating the effect of explicit small molecules on
the proton transfer reaction, the transition state of A — B and

B — D reactions assisted by one or two water and ammonia
molecules in the gas phase were calculated. The optimized
structures and activation energies are presented in Fig. 4. As
seen, the inclusion of one water or ammonia molecule causes
the activation energies to significantly decrease. For exam-
ple, for the A — B reaction that tetrazole selenone compound

Table 4 The calculated relative stabilities, hydrogen bond strengths
and hydrogen bond distances of mono hydrated tautomers of tetrazole
selenone in the gas phase at the mPW2PLYP level of theory

Tautomer AE? HB distance” HB strength®
AW1 0 1.820 12.73
BW1 11.92 1.980 10.74
BW2 12.38 1.943 9.94
CW1 13.78 1.763 14.78
CW2 37.81 2.290 9.26
DW1 10.55 1.980 9.16
DW2 10.87 2.009 8.84
EW1 13.88 2.007 6.20
EW2 13.17 2.076 6.92
FW1 25.04 1.756 14.10
FW2 32.96 2.195 6.19
FW3 27.9 1.776 11.27
GW1 13.27 1.882 10.84
GW2 16.48 1.991 7.54

2 Relative energies in kcal mol™!
®Hydrogen bond distance in angstrom

°bond strength in kcal mol™
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converts to 1H-selenol form, the activation energy of proton
transfer reaction decreases from 33.09 to 19.40 and 14.32 kcal
mol™! for the water or ammonia assisted reaction, respectively.
In addition, for the B — D reaction that 1H tautomer can be
converted to 2H, the activation energy in the gas phase de-
creases from 52.8 to 27.29 and 15.52 kcal mol™ for the water
and ammonia assisted reaction, respectively. As seen, the
ammonia molecule can decrease the activation energy more
effectively than water molecule.

A question may be raised here: Can we reduce the activa-
tion energy of proton transfer reaction more by adding more
solvent molecules around the tetrazole selenone isomers?
For this propose a proton transfer reaction assisted by two

Fig. 4 Optimized structures and
activation energies of proton
transfer reaction of A — B and
B — D reactions assisted by one :
' ‘9 ©

water molecules, two ammonia or one ammonia and one
water molecules for the A — B and B — D reactions were
considered. The calculated transition states have been
presented in Fig. 4. According to Fig. 4, in a microsolvated
environment, the proton transfer reaction is carried out faster
with lower activation energy. For example, for the A — B
reaction, when the reaction assisted by two water molecule
the activation energy decreased t016.94 kcal mol™'. Further-
more, when water acts as hydrogen acceptor and ammonia
acts as hydrogen donor to tetrazole selenone (A form) the
activation energy reduced to 9.66 kcal mol™'. Interestingly,
when ammonia acts as proton acceptor and water as the
proton donor to A the activation energy was found to be

$,

]
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16.41 kcal mol™. In addition, for the B — D reaction, the
activation energy of proton transfer reaction assisted by two
water or ammonia molecules found 17.43 and 12.32 kcal
mol™, respectively. When the water molecule acts as proton
acceptor and ammonia as proton donor to the B tautomer the
activation energy was found to be 12.52 kcal mol”. When
ammonia molecule acts as proton acceptor and water as
donor the activation energy was found to be 12.04 kcal
mol ™.

Conclusions

The main results of the present study can be summarized in
the following manner:

1. This work represents an extension of the study of tau-
tomerism of tetrazole selenone compound in the gas
phase, solvent and microsolvated environment.

2. In the gas phase the tetrazole selenone compound
(A form) is the most stable isomer and the order of
stability is A> D> E> B> G> C>F.

3. This stability order depends on the polarity of solvent
and with going to more polar solvents changes.

4. Proton transfer reaction was studied in the gas phase and
solvent, separately, and the activation energies were
found in the range of 33.09-68.05 kcal mol™ in the gas
phase.

5. Inclusion of one water or ammonia molecule decreases
the activation energy significantly and it was found in
the range of 14.32-27.29.

6. Inclusion of two solvent molecules causes the proton
transfer reaction to take place with lower activation
energy.
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