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Abstract: We report the results of high-level ab initio calculations for the gas-phase interconversion of azido
and tetrazole forms of thiazole[3jtetrazole. This study is supplemented with an analysis of the solvent
effect on the isomerism using self-consistent reaction field (SCRF) and Monte Carlo-Free Energy Perturbation
(MC-FEP) techniques in three different solvents: carbon tetrachloride, chloroform, and water. Finally, the
influence exerted by the introduction of substituents on the relative population of isomers is also examined.
The energy difference between azido and tetrazole species is found to be highly sensitive to the level of theory
used to describe the gas-phase reaction. It also found that the free energies of solvation of azido and tetrazole
species determined from SCRF or MC-FEP calculations allow us to predict the solvent-induced changes on
the equilibrium. The results show that the azido form of thiazolefii@razole is clearly disfavored as the
solvent polarity increases. The influence played by substituents is also consistent with the experimental available
data, it being shown that electron-withdrawing groups favor the azido isomer, while the opposite effect is
observed for electron-donating substituents. The study demonstrates the capability of high-level quantum
mechanical calculations combined with SCRF or MC-FEP results to analyze the-tefidizole isomerism

and its dependence on the solvent and substituents.

Introduction Scheme 1

Despite the scarce presence of tetrazole in natural systems, R R R /R
the chemistry of this heterocycle has gained increasing attention ~N._ .7 \7/;)(\
since the early 1980s, mainly due to its role in a variety of /C_—X N N
synthetic and industrial processehis interest also stems from N, N N/
the ability of tetrazole to mimic the carboxylic acid group, which X=N,0.§

has motivated the incorporation of tetrazole in biologically active

molecules. Another research area of major interest is the inteqrity of the tetrazole ring is retained in reactions involving

therapeutic application of tetrazole, which has been included sjge groups, it is known that thermal degradation occurs both
in pharmacologically active compounds with antihypertensive, i, the gas phase, mainly through Mimination from the 2-NH

antiallergic, and antibiotic activitie’.
The reactivity of tetrazole is modulated by the deactivating

tautomer, and in the melt, through formation of an acyclic azide.
This latter process, i.e., the conversion of tetrazole to an acyclic

effect of the three pyridine-type nitrogens, which overcome the azide, is likely the most clear evidence of the relative stability

influence of the single pyrrole-type nitrogen. As a result, the

of this heterocycle.

azapyrrole nucleus has a moderate stability, as reflected in a The isomerism between cyclized and open species (Scheme

variety of chemical properti€s*® Indeed, even though the
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1), which is one of the main synthetic routes of tetrazéliss,
found in compounds of the general formula-RXNz;—R’®
where R and Rare substituents on the adjacent carbon and
heteroatom (X). The population of azido and tetrazole forms
depends strongly on the nature of atom¥3%£ In monocyclic
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systems, the molecule is generally found in the acyclic form Scheme 2
when X= 0O, and in the cyclic species, when=XS. When X N
= N, either form may predominate or both forms may exist in Y
N

equilibrium. The isomerism is also modulated by the groups

R and R or by the aromatic nucleus to which the azido group Rs S N Rs S N
is attached in heterocyclic compourfds. As an empirical rule, \ 7/ %N(7) \ ?/
electron-withdrawing substituents favor the azido form, while NG) -..N(8) N
electron-donating groups enhance ring closure and stabilize the R R

tetrazole fornf® The equilibrium also depends on the tem- * cis ‘ trans

perature. Cleavage of the tetrazole ring is generally an endo-
thermic proces$52.14vhich explains that higher temperatures
favor the azido specigs19d.11 Finally, the isomerism is deter-
mined by the state of the substance (solid or solution) and par- N
ticularly by the solvent. In general, polar solvents favor the
tetrazole form, and nonpolar solvents, the azido species.
_OW'ng to the s_ensmv_lty to_ both solvent and supsntuents, the ized. Indeed, the effect of electron-donating and electron-withdrawing
azido-tetrazole isomerism is an excellent chemical system to gpgfituents was examined considering methyl and chloro derivatives
examine both the gas-phase and solvation contributions to thein position 4 or 5 (see atom numbering in Scheme 2), which were
equilibrium. In the following, we report the results of the theo- chosen due to the availability of equilibrium constants in different
retical study of the isomerism of thiazole[3i®etrazole. This solventst?ac
compound was chosen because the thiazole derivatives can be Gas-Phase Calculations. Geometries were optimized at the HF
found in either the cyclized or open-chain forms under standard level using the 6-31G(d), 6-311G(d), and 6-33G(d,p) basis set¥.
laboratory conditions, and the isomerism is particularly sensitive The influence of electron correlation on geometrical parameters was

to substituent and solvent effeéfsl0d.12 Attention is paid to

the factors controlling the gas-phase equilibrium, as well as the

solvation influence in solvents of different polarity. In addition,

the change in the equilibrium due to the presence of methyl or

chlorine substituents in the thiazole ring is explored. Finally,

examined from second-order MglePlessét* calculations with the
frozen-core approximation using the 6-31G(d) and 6-311G(d) basis sets.
In all cases, the minimum energy or transition-state nature of the
stationary points was verified from frequency analysis.

Single-point calculations at different levels of theory were performed
using the MP2/6-311G(d)-optimized geometries to examine the con-

the mechanism for the conversion between azido and tetrazoleygrgence of results on basis set extension and higher-order electron

species is also studied.

Methods

Compounds. The isomerism reaction was studied considering the

correlation effects. Calculations at the HF and MP2 levels were carried
out using the correlation-consistent valence double- (cc-pVDZ) and
triple-¢ (cc-pVTZ) basis of Dunning® both with and without augmen-
tation in the form of both diffuse functions (aug-cc-pVDZ) and functions
of higher angular momentum (aug-cc-pVTZ), as well as with the

cyclized form and both cis and trans conformers of the azido species 6-311++G(d,p) basis. These basis sets led respectively to 126, 272

(S(_:heme 2). To investigate the m_e_chanism for conversion between 206, 418, and 202 contracted basis functions for thiazolefBe2razole.
azido and tetrazole forms, the transition-state structure was also local-|,, 4qdition many-body perturbation theory up to forth-order and
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quadratic single and double excitation with perturbative triple excita-

tion'® were performed to examine the contribution of higher-order

correlation effects. Owing to the cost of these latter calculations, they
were carried out only with the 6-3%H-G(d,p) basis.

The thermodynamics in a vacuum was computed by correcting the
differences in electronic energy to enthalpies at 298 K upon inclusion
of zero-point energy and thermal corrections. The free energy
differences were estimated from the addition of entropic corrections.
All these terms were determined with the harmonic oscillatagid
rotort” approximation from the optimized geometries using the standard
procedure in Gaussian-94.

Finally, the electron density reorganization arising upon cyclization
was analyzed using Bader’s theory of atoms in molectfleatomic
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charges were determined by integration of the electron density in re-
gions enclosed within the zero-flux surfaces. Moreover, the location
of the (3;-1) bond critical points, which can be related to the formation
of chemical bond?® was determined and the electron density was
computed at the critical points to obtain a measure of the bond &rder.
Finally, molecular electrostatic potentials (MEPyere computed to
examine the changes in chemical reactivity due to the charge density
redistribution. All of these analyses were performed at the MP2/
6-311G(d) level.

Calculations in Solution. To examine the solvent effect on the
isomerism, the free energies of solvation were determined using self-
consistent reaction field (SCRF) and Monte Carlo free energy perturba-
tion (MC-FEP) calculations. Three different solvents (carbon tetra-
chloride, chloroform, and water) were considered to explore the
influence of increasing the dielectric permittivity on the relative
population between isomers.

SCREF calculations were performed using the MST métlelso
known as polarizable continuum modél.Computations were carried
out with our optimized ab initio HF/6-31G(d) version of the MST
method?3¢?>which was parametrized for carbon tetrachloride, chloro-
form, and water. The gas-phase MP2/6-311G(d)-optimized geometry
was used in calculations. The effect of geometry relaxation in solution
on the relative free energies of solvation was also examined by using
the geometry optimization algorithm recently developed in the frame-
work of the same method by the Pisa grééig.

MC-FEP simulatior® were performed using the windowing scheme,
with 21 double-wide sampling windows. The transition state was
mutated to the tetrazole awgs-azido isomers. This latter species was
also mutated to th&rans-azido form to explore the solvent effect on
the conformational equilibrium of azido species. Each window
consisted of 2 million configurations for equilibration and 3 million
configurations for averaging. The hysteresis was computed as half the

difference between forward and reverse paths, and the standard deviatiof?
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procedure?® The van der Waals parameters were taken from the OPLS
force field. The standard OPLS parameters for carbon tetrachloride,
chloroform, and TIP4P water molecules were u¥ed.

Finally, the MEP# for the species in solution were determined from
the wave function of the solute fully polarized by the solvent. This
allowed us to examine the changes in the charge density distribution
originated upon solvation.

Computational Packages. Calculations in the gas phase were
carried out with Gaussian-98. MST calculations were performed with
a modified version of MonsterGau¥s. Geometry optimizations in
solution were performed with HONDO<8,which was modified by
the Pisa group to include the optimization algorithm in SCRF
calculations. Monte Carlo simulations were done using BOSS®3.4.
Bond critical points were determined with the program AIMPAC.
MEPs were computed using MOPETE/MOPPIT Calculations were
performed on the IBM-SP2 computer of the Centre de Supercomputacio
de Catalunya and SGI and HP workstations.

Results and Discussion

Molecular Geometries. Owing to the electron density
redistribution arising upon cyclization, we examined the influ-
ence of basis set and electron correlation on the geometries.
The structural parameters were optimized at the HF and MP2
levels using bases ranging from 6-31G(d) to 6-8%1G(d,p).
Analysis of the optimized geometries (available as Supporting
Information) showed that extension of the basis had negligible
influence. However, inclusion of electron correlation led to very
relevant changes for some bond lengths (up to 0.08 A with
regard to the HF values) in both azido and tetrazole moieties,
as well as in the thiazole ring, indicating that treatment of
lectron correlation is needed to describe the geometrical

in the free energy of solvation was determined from six partial averages Parameters. The MP2/6-311G(d)-optimized bond lengths and
of 0.5 million configurations in each window. The simulation system angles are given in Table 1, which also reports the values for
consisted of the solute embedded in 120, 126, and 500 solvent moleculeghe crystal structures of 4-phenyl-3(5)azidopyrazole and tetra-

for calculations in carbon tetrachloride, chloroform, and water. Simula-
tions were performed at the isothermisobaric ensemble (NPT; 1
atm, 298 K) using periodic boundary conditions with a 10 A cutoff for
solute-solvent interactions ah9 A cutoff for solvent-solvent interac-
tions. The geometry of the solute was mutated along the simulation
but no sampling of the internal degrees of freedom was performed
Parameters determining volume changes and solute rotations an
translations were adjusted to have an acceptance level around 40%
Atomic charges for the solute were determined by fitting the electrostatic
potential computed at the MP2/6-311G(d) level using the standard
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zole[1,5b]benzothiazolé® Even though comparison with X-ray
data must be performed with caution owing to the different
nature of the aromatic core, it is clear that the optimized
parameters agree well with the X-ray values, which suggests
that geometry optimization at higher-order electron correlation

dJevels has little influence on the structural parameters.

_ The results in Table 1 show that, in addition to the loss of
linearity of the azido group, which bends around,&Be most
relevant changes upon cyclization concern the angles@®g3-

N6 and C2-N6—N7, which vary 16-17°, the bonds N&N7
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Table 1. Structural Parameters Optimized at the MP2/611G(d) Level for the Azido and Tetrazole Forms
bond lengths (A) StC2 S1+-C5 C2-N3 N3—-C4 C4-C5 C2-N6 N6—N7 N7—N8 N3—N8

cis-azido 1.727 1.719 1.312 1.374 1.374 1.402 1.245 1152 —

exptk 1.361 1.407 1.244 1.140

trans-azido 1.746 1.717 1.309 1.370 1.375 1.402 1.240 1155 —
tetrazole 1.725 1.746 1.362 1.388 1.361 1.328 1.356 1.331 1.342
exptP 1.728 1.771 1.344 1.403 1.389 1.322 1.372 1.309 1.352

bond angles (deg) C551-C2 SI-C2—N3 S1-C5-C4 C2-N3—C4 N3—C4—C5 N3-C2—N6 C2-N6—N7 N6—N7—N8 N7—N8—N3

cis-azido 88.4 116.5 110.2 109.1 115.9 125.7 1141 1725 —

exptP 1215 114.2 171.9

trans-azido 88.4 115.8 110.1 109.5 116.2 120.3 117.6 1720 —
tetrazole 89.3 111.2 114.0 115.7 109.8 109.0 104.7 112.6 104.6
exptP 89.0 112.5 113.3 116.3 109.0 109.3 104.2 112.6 104.5

aReference 362 Reference 36b.

Table 2. Relative Gas-Phase Energies, Enthalpies, and Free
Energy Differences (kcal/mol) dfans-Azido, Tetrazole, and
Transition-State (TS) Specres

method transazido tetrazole TS
HF/6-31G(d) 5.2 0.3 26.8
HF/6-311G(d) 54 1.7 27.6
HF/6-31H-+G(d,p) 5.6 15 27.9
HF/cc-pvDZ 5.0 1.6 27.0
HF/aug-cc-pvVDZ 4.5 -0.1 27.1
HF/cc-pVTZ 4.8 2.0 28.2
HF/aug-cc-pVTZ 45 1.9 28.2
MP2/6-31G(d) 2.4 4.4 29.0
MP2/6-311G(d) 2.7 7.2 30.8
MP2/6-311+G(d,p) 3.3 7.1 30.8
MP2/cc-pvVDZ 2.3 6.6 29.8
Figure 1. Structural parameters of the transition-state structure. The MP2/aug-cc-pvVDZ 2.0 3.3 27.8
geometry was optimized at the MP2/6-311G(d) level. Bond lengths MP2/cc-pVTZ 2.3 5.2 29.2
are given in angstroms. MP2/aug-cc-pVTZ 2.2 4.3 28.7
MP3/6-311+G(d,p) 4.7 -21 26.0
and N7-N8, which increase 0.11 and 0.18 A, and the bond MP4(DQ)/6-31%+G(d,p) 4.8 2.2 28.9
C2—-N6, which decreases 0.07 A. The changes in the thiazole MP4(SDQ)/6-313+G(d,p) 4.3 5.1 26.5
ring are less important and involve mainly atoms C2 and N3: ggﬁS(SD%T??l)ﬁféi(TC);‘(d,p) ig ;? gig
the bond C2N3 increases 0.05 A, and the angles-€D— QCISD(T)/6-311I—+(§F()d,p) 37 4.0 225
N3, C2-N3—C4, and N3-C4—C5 vary around & These best estimate 2.6 1.2 20.4
changes reveal the magnitude of the electron density redistribu- ZPE° -0.1 11 -0.3
tion, which will be examined in detail below. As expected, AE™ 0.0 =07 —0.7
the optimized parameters for the transition state (TS; Figure 1) é?ASj _S'g 1'8 1?'?
are intermediate between those of azido and tetrazole. However, 5g 23 35 21.1

the change in structural parameters along the cyclization is vl . - R TS P
i NYS a values are given relative to theis-azido isomer. e
highly asynchronous. Thus, the bonds » C2-N3, and 6-311G(d)-optimized geometry was used in calculati§r®ee text for

N6-N7 at the TS are enlarged 0.03, 0.01, and 0.08 A with ¢\ nationss Zero-point energyd Thermal GET) and entropy £ TAS
regard to their values in theis-azido, while they differ 0.18,  corrections determined at 298 K.

0.05, and 0.11 A betweecis-azido and tetrazole. A similar
finding is observed for the bond angles, as noted in the distortion ysing the MP2/6-311G(d)-optimized geometries. The energy

of the azido group+40°) upon conversion from theis-azido differences are reasonably converged at both HF and MP2 levels
to the TS, but also in the changes of angles-{{2—N6 and for the different chemical species. The results derived from
C2-N6—N7. calculations performed with the cc-pVDZ and cc-pVTZ basis

The preceding analysis indicates that different events occur sets are generally close to the energy differences determined
as the azido group cyclizes, which agrees with the proposal of with the 6-311G(d) basis. Augmentation of Dunning’s basis
Burke etaf® The conversiomis-azido— TS involves basically  sets influences exclusively the relative energy of tetrazole, this
bending of the angle N6N7—N8 with increase in the |ength effect being less pronounced for the CC-pVTZ basis.
of N6—N7 and decrease in the length of €86, while the Comparison of HF and MP2 results shows the large influence
bond N7-N8 remains little affected. The ring cyclization  of electron correlation on the relative energies. To examine
occurs mainly in the conversion TS tetrazole, in which the  the contribution of higher-order electron correlation effects,
bond length N3-N8 varies from 1.91 to 1.34 A with concomi-  Mglier—Plesset calculations up to fourth-order were performed
tant changes in the bonds NR8 and C2-N3, which are  ysing the 6-31%++G(d,p) basis. The results (Table 2) show
enlarged 0.15 and 0.04 A, and the angle-\2—N6, which that higher-order terms greatly influences the relative stability
decreases around 11 of tetrazole. Thus, despite the similarity of energy differences

Gas-Phase Thermodynamics Table 2 shows the relative  computed at the MP4(SDTQ) and MP2 levels, the MPx values
gaS'phase energies obtained at the various calculational |eVe|$j0 not show a clear convergence, as expected from previous

(38) Burke, L. A.; Elguero, J.; Leroy, G.; Sana, M. Am. Chem. Soc.  Studies of conjugaten systems’ Accordingly, we performed
1976 98, 1685. QCISD and QCISD(T) calculations, which showed that the
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Table 3. Net Atomic Populations and Electron Density at the{3,) Bond Critical Points otis-Azido, Tetrazole, and Transition-State (TS)
Species Determined at the MP2/6-311G(d) Lével

Net Charge
S1 Cc2 N3 C4 C5 N6 N7 N8
cis-azido 0.31 0.83 -1.10 0.42 —0.28 —0.47 —0.06 0.13
TS 0.36 0.73 —-1.03 0.39 —-0.24 —0.48 —-0.05 0.05
tetrazole 0.36 0.71 —-0.84 0.42 —-0.21 —-0.57 —-0.05 —-0.07
Bond Critical Points
S1-C2 S1-C5 C2-N3 N3—-C4 C4-C5 C2-N6 N6—N7 N7—N8 N3—N8
cis-azido 0.211 0.212 0.358 0.309 0.313 0.286 0.429 0538 —
TS 0.211 0.207 0.344 0.295 0.317 0.320 0.366 0.540 0.094
tetrazole 0.209 0.202 0.314 0.284 0.321 0.354 0.363 0.390 0.368

a All properties in atomic units.

relative energy for thdrans-azido is reasonably converged, in the conversion TS~ tetrazole, where the charges of N3,
while higher-order single and double excitations have a stabiliz- N6, and N8 vary 0.1£0.2e. On the contrary, the conversion
ing effect for the tetrazole. cisazido— TS affects preferentially atoms C2, N3, and N8,
The preceding results emphasize the sensitivity to higher- whose partial charge varies by less than@.1
order electron correlation effects, which stems from the large  The largest changes in electron density at the bond critical
changes of electron density in the azidetrazole isomerism.  points for the conversionis-azido— TS occur at bonds C2
It seems then reasonable to use as our best estimate of thdN6 and N6-N7, where the electron density increases by 0.034
relative energy between isomers the difference between QCISD-and decreases by 0.063 (in atomic units), respectively. There
(T) and MP2 results computed with the 6-31+G(d,p) basis is also a loss of electron density (around 0.014) at83 and
and to add these differences to the values calculated at the MPIN3—C4. These changes agree with the enlargement of N6
level with the aug-cc-pVTZ basis. The final values (Table 2) N7 (0.08 A), C2-N3 (0.01 A), and N3-C4 (0.01 A) and the
indicate thatrans-azido and tetrazole are destabilized 2.6 and shortening of C2N6 (0.03 A). It is worth noting that the initial
1.2 kcal/mol with regard to theis-azido. Our results clearly ~ formation of the bond between N3 and N8 is reflected in the
differ from the values reported in previous studies on the gas- appearance of the critical point between the two atoms, whereas
phase isomerism ofH-tetrazole, where the tetrazole was more the electron density at the critical point of NRI8 remains
stable by 66 kcal/mol at the HF/STO-3G lev#and imidazo-  nearly unchanged. Regarding the conversion-F$etrazole,
[1,2-d]tetrazole, where the tetrazole was also preferred by nearthe most relevant changes occur at the critical points of N3
9 kcal/mol at the semiempirical MNDO levé. N8, where the bond formation is reflected in the increase of
The zero-point energy and thermal and entropic corrections €lectron density by 0.274, and of N8, where the electron
determined from the MP2/6-311G(d)-optimized geometries are density decreases by 0.150. These variations agree with the
given in Table 2. The contribution of these terms to the free Shortening of N3-N8 by near 0.6 A and the enlargement of
energy difference betweenis- and transazido forms is  the N7-N8 by 0.15 A. The changes at €6 and C2-N3
negligible. However, they make a significant contribution to are also remarkable. On the contrary, the electron density at
the relative stability of tetrazole, which is destabilized by 2.3 the critical point of N6-N7 is very little affected.
kcal/mol, this effect being mainly due to the loss of degrees of ~ The preceding data provide a detailed picture of the changes
freedom upon cyclization. The differences in free energy with in electron density in the reaction. Bending of the azido group
regard to thesis-azido form are 2.3 and 3.5 kcal/mol fomns: through the angle N6N7—N8 promotes an electron transfer
azido and tetrazole, respectively, which indicate that the from the bond N&N7 to C2-N6, concomitant with the
population of the tetrazole form is estimated to be less than incipient attack of the lone pair on N3 to the bond -N\N8.
0.3%. This finding agrees with the experimentally predicted This is reflected in the decrease of positive charge of C2 and in
gas-phase preference of the azido species over the tetrazole forrfhe charge transfer from N3 to N8. Indeed, the lone pair on
by around 4 kcal/mol for thiazole[3 @jtetrazolel2¢ N6 is enhanced, in agreement with the reduction of the angle
Table 2 also gives the energy difference of the TS relative to ©2-N6—N7 from 114.1 {is-azido) to 100.9 (TS) degrees, as
the cis-azido isomer. As noted before, the relative energy is it IS @lso shown in the MEP maps for these structures (Figure
well-converged upon basis set extension at both HF and MP22). Thus, the MEP minimum on N6 varies from23.7 Cis
levels. However, higher-order electron correlation terms reduces@ido) t0—50.4 (TS) kcal/mol, this change being notably larger
sensibly the energy difference. Following the procedure than the variation in the MEP minimum on N8, which varies
mentioned above, the relative energy is found to be 20.4 kcal/ from —17.6 €is-azido) to—25.2 (TS) kcal/mol. .
mol, which differs substantially from the values reported in __The ring cyclization is accompanied by an electron shift from
previous theoretical studié&3° Inclusion of zero-point energy ~ N3 t0 N8 in conjuction with the formation of the lone pair on
and thermal and entropy corrections allows to estimate the gas-N7 from the electron density between atoms N7 and N8, whose
phase free energy difference to be 21.1 and 17.6 kcal/mol sp’ character is enhanced, as reflected in the change of their
relative tocis-azido and tetrazole isomers. structural parameters, but also in the MEP maps for TS and

Mechanism of Cyclization To gain insight into the electron _tetrazole _(Figure 2). Thus, the MEP miniml_Jm on N7, which
density redistribution in the cyclization, we examined the IS absentin the TS, amounts+0.9 kcal/mol in the tetrazole,

changes in Bader's atomic charges and in the electron densityand the MEP minimum around N8 in the tetrazole is 18 kcal/

at the bond critical points (Table 3). Inspection of the charges MO! larger than the value in the TS. Nevertheless, there are

indicates that most of the electron density redistribution occurs little Cha”995_ in the MEP around N6. This means that the
charge variation on N6 reflects the enhanced double bond

(39) Olivella, S.; Vilarrasa, J. Heterocycl. Cheml979 16, 685. between C2 and N6, as noted in the increase of electron density
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Figure 2. Electrostatic potential distribution in the gas phase for the
cis-azido (A, top), transition state (B, center), and tetrazole (C, bottom).
The isocontour lines are @:10., £20., £30., +40., and+50. kcal/
mol for the transition state and tetrazole andtQ0.,+20.,+30., and
+40. kcal/mol forcis-azido. Negative values are in dashed lines. The
zero isocontour line is in bold.

Cubero et al.

Table 4. Relative Free Energies of Solvation (kcal/mol) of
trans-Azido, Tetrazole, and Transition-State (TS) Species in Carbon
Tetrachloride, Chloroform, and Aqueous Solution Determined from
SCRF MST and MC-FEPCalculation8

method trans-azido tetrazole TS
Carbon Tetrachloride
MST -0.1 -1.0 0.0
MC-FEP 0.1 —-0.7 —-0.4
Chloroform
MST -0.5 —-2.3 -0.2
MC-FEP —-0.4 —2.4 -0.8
Aqueous Solution
MST —-2.4 —6.8 -1.0
MC-FEP —-1.6 —6.2 -15

2 The profiles for the mutations in MC-FEP simulations were smooth
and no discontinuity was observed. The hysteresis was lower than 0.1
kcal/mol and the standard deviation was smaller than 0.2 kcal/mol.
bValues are given relative to the free energy of solvation ofdise
azido isomer. The MP2/6-311G(d) gas-phase optimized geometry was
used in calculations.

at the bond critical point, which compares with the decrease of
electron density between C2 and N3.

Free Energies of Solvation. SCRF-MST and MC-FEP
calculations were performed to determine the relative free
energies of solvation (Table 4). In general, there is close
agreement between the MST and MC-FEP results for the three
solvents. The largest discrepancy is found for the relative free
energy of solvation betweenis- and trans-azido in water.
Overall, considering the methodological differences of the two
techniques, the similarity between MST and MC-FEP values
gives confidence in the results.

The effect of solvent-induced geometry relaxation on the
relative free energy of solvation was examined only in water,
since very modest changes in geometry are expected in apolar
solvents® The geometry of azido and tetrazole isomers was
fully optimized in agueous solution using the MST HF/6-31G-
(d) direct algorithn?® It was found that water induces very
small changes on the structural parameters, which are much
lower than the differences found between HF and MP2-
optimized geometries in the gas phase, and the effect of these
geometrical changes on the relative free energy of solvation is
negligible. Similar trends were also found upon relaxation of
the TS geometry. These findings support the use of gas-phase-
optimized geometries in MST and MC-FEP calculations.

The great influence of the solvent on the relative stabilities
is clear from the values in Table 4. Bothansazido and
tetrazole, and to a lesser extent the TS, are stabilized better than
cis-azido upon solvation, this effect being larger as the polarity
of the solvent increases. In fact, in water, the tetrazole is better
solvated than theis-azido by 6-7 kcal/mol, which results from
the difference in polarity of the two isomers (the gas-phase
dipole moments are 2.£i§-azido) and 6.3 (tetrazole) D at the
MP2/6-311G(d) level), and from the larger solvent-induced
polarization of tetrazole, as noted in the difference maps for
the MEP computed in the gas phase and in water (Figure 3).
The enhanced polarity of tetrazole upon solvation is reflected
in the larger variation of the electrostatic potential, this effect
being sensibly lower in the case of this-azido isomer.

Thermodynamics in Solution Table 5 reports the free
energy differences in solution, which are determined from
addition of the relative free energies of solvation to the gas-
phase free energy differences. The tetrazole is found to be the

(40) (a) Luque, F. J.; Lopez-Bes, J. M.; Cemeli, J.; Aroztegui, M.; Orozco,
M. Theor. Chem. Actd997 96, 105. (b) Luque, F. J.; Cossi, M.; Tomasi.
J. Mol. Struct. (THEOCHEMY996 371, 123.
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Table 5. Free Energy Differences (kcal/mol) in Solution of
trans-Azido, Tetrazole, and Transition-State (TS) Species with
Regard to thecis-Azido Isomet and Equilibrium Constants for the
Azidoazomethine Tetrazole Isomerization

|Og10K |Ong
method transazido tetrazole TS (caledp  (exptlf

Carbon Tetrachloride

MST 2.2 2.5 21.1 -1.8 -15
MC-FEP 24 2.8 207 -21
Chloroform
MST 1.8 1.2 209 -0.9 -0.8
MC-FEP 1.9 11 203 -0.8
Aqueous Solution
MST -0.1 -33 20.1 2.0 >0.7™
MC-FEP 0.7 —2.7 19.6 1.8

a Determined from addition of MST or MC-FEP differences in the
free energy of solvation to the relative free energies in the gas phase.
b K = [tetrazole]/[azido] £ Reference 12 The experimental value of
0.7 corresponds to the equilibrium constant in hexametapol solution.
In a more polar solvent, the equilibrium constant is expected to be
greater than this value (see ref 12a,c).

the reaction rate in solution. There is no experimental data
directly available for comparison, but the activation energies
for related reactions are quite close. Thus, the free energy
barrier for the ring opening of 1p{chlorophenyl)pentazole in
CD3;0OD—CD,Cl; is estimated to be 19.2 kcal/mol in the range
of temperature from-10 to 0°C,*2 and the activation energy
for cyclization of guanyl azide and its nitro derivative ranges
from 18 to 21 kcal/mol in wate® which compares with our
results. Even though direct comparison is not feasible, our
estimate of the free energy barrier seems reasonable in light of
the available experimental information.

The trans-azido is less stable than tleés-azido in carbon
tetrachloride and chloroform, but their stabilities are similar in
water. The change in the relative population of the two azido
forms as the solvent’s polarity is enlarged may influence the
cyclization reaction, since the attack of the lone pair on N3 to
the azido group requires a syn orientatfdrand this stereo-
electronic requirement is only fulfilled in thes-azido isomer.

To examine this point, the transition state for the conversion
betweerrtis- andtrans-azido was localized at the MP2/6-311G-
— (d) level. In this structure, the azido group lies perpendicular
Figure 3. Difference maps between electrostatic potential distributions t0 the thiazole ring and the energy difference at the QCISD-
in the gas phase and in aqueous solution ofcikazido (A, top) and (T)/6-311++G(d,p) level with regard to theis-azido species
tetrazole (B, bottom). The isocontour lines ar&0., —5., 0., and 5. is only 5.1 kcal/mol, which agrees with the small degree of
kcal/mol for cis-azido and-20., -15.,-10.,-5., 0., 5., 10., and 15.  conjugation in the bond C2N6 (see Table 3}* This torsional
kcal/mol for'tetr_az_ole. Negative values are in dashed lines. The zero parrier is sensibly smaller than the relative energy of the
isocontour line is in bold. transition state for the isomerization reaction (see Table 2), and
o ) accordingly, it seems that the eitrans conformational equi-
most stable species in water, reverting the preference afishe  |iprium should have little influence on the isomerization process.
aZ|do_ in the gas _phase. Comparison of the calculated and Effect of Substituents The role of substituents was
experimental equilibrium constants shows reasonable agreementyy - ined considering the 4-methyl, 5-methyl, and 5-chloro

At this point, let us note that the experimental value in water is ey atives of thiazole[3, 2ltetrazole, which were chosen owing
not available and the equilibrium constant collected in Table 5 to the availability of experimental equilibrium constants. To

correspondg_to the most F’P'ar solvent _(hexametéﬁc?l). analyze the effect of substituents, a computational strategy that
The stability of the TS increases with the polarity of the combines high-level ab initio calculations for a molecular

solvent. Nevertheless, this effect is rather smafl kcal/mol  gsybsystem with low-level calculations for the other subsystem
in water) and the free energy barrier is not drastically changed

upon solvation, which suggests little variations in the kinetics  (42) Butler, R. N.; Collier, S.; Fleming, A. F. Ml. Chem. Soc., Perkin

i Trans. 21996 801.
upon solvayon. quyeve_r, our results do not aIIow_us to excl_ude (43) () Hegarty, A. F.: Mullane, MJ. Chem. Soc., Chem. Commun.
a more active participation of solvent molecules in controlling 1984 913. (b) Hegarty, A. F.; Brady, K.; Mullane, N. Chem. Soc., Perkin
Trans. 2198Q 535. (c) Zecchi, GSynlett1992 858.

(41) This is the most polar solvent for which the experimental equilibrium (44) For comparison purposes, the values for the critical points of the
constant for the parent compound is available. In the case of methyl and C—C bonds in ethane and ethylene at the HF/6-31G(d) level are 0.252 and
chloro derivatives, the value in dimethyl sulfoxide was taken for comparison 0.363. See: Gatti, C.; MacDougall, P. J.; Bader, R. FMChem. Phys.
with the theoretical estimates in water. 1988 88, 3792.
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Table 6. Relative Gas-Phase Energies and Free Energies (kcal/l  Table 7. Relative Free Energies of Solvation (kcal/mol) of
mol) of trans-Azido and Tetrazole Species with Regard to the trans-Azido and Tetrazole Species in Carbon Tetrachloride,
cis-Azido Isomer for 4-Methyl, 5-Methyl and 5-Chloro Derivatives Chloroform, and Aqueous Solution Determined from SCRF-MST
Calculations for 4-Methyl, 5-Methyl, and 5-Chloro Derivati¥es

compd trans-azido tetrazole
Relative Energy (MP2/6-31G(d)) compd trans-azido tetrazole
4-methyl 2.4 2.4 Carbon Tetrachloride
5-methyl 2.3 3.2 parent compd -0.1 -1.0
5-chloro 25 5.2 4-methyl -0.2 -0.9
- ] 5-methyl -0.2 -1.0
Relative Energy (Composite
parent compd gyé.G P ) 1.2 5-chloro —0.1 —06
4-methyl 2.6 -0.8 Chloroform
5-methyl 25 0.0 parent compd -05 -2.3
5-chloro 2.7 2.0 4-methyl —0.6 —-2.1
: . 5-methyl -0.6 —2.4
Relative Free Energy (Composite)
parent compd 2.3 35 5-chloro —0.5 —17
4-methyl 2.3 1.5 Agueous Solution
5-methyl 2.2 2.3 parent compd —24 —6.8
5-chloro 2.4 4.3 4-methyl —2.2 —6.4
- — 5-methyl -2.3 —6.8
aValues determined from MP2/6-31G(d) geometry optimizations. 5-chloro —29 —6.0

b Determined upon addition of the energy differences for the substituted

compound to the best estimate of relative energies for the parent 2Values are given relative to the free energy of solvation of the

compound (see Table 2). cis-azido isomer. The MP2/6-31G(d) gas-phase optimized geometry
was used in calculations.

Wa$ f':ldopted*._’ Particularly, the molecular geometry Wa_s Table 8. Free Energy Differences (kcal/mol) in Solution of
optimized at the MP2/6-31G(d) level, and the corresponding ransAzido and Tetrazole Species with Regard to tieAzido
energy differences between azido and tetrazole species for thasomer for 4-Methyl, 5-Methyl, and 5-Chloro Derivativés

substituted compounds with regard to the values determined for
the parent compound at this level of theory were added to our
best estimate of the gas-phase relative energies given in Table

compd trans-azido tetrazole lo¢  (calcd) logK (exp¥f

Carbon Tetrachloride

2. From the composite values of the gas-phase energy differ- Zﬂqee%;?mpd 2?'12 0?65 _(l):g _éj?

ences, the free energy differences between isomers of thes-methyl 2.0 1.3 —09 NA?

substituted compounds were estimated. Finally, the free ener-5-chloro 2.3 3.7 -2.7 NA

gies of solvation of the derivatives were determined from SCRF- Chloroform

MST calculations, and they were used to estimate the relative parent compd 1.8 1.2 -0.9 -0.8

stabilities in solution. 4-methy! 17 —0.6 04 0.1
Table 6 reports the results in the gas phase. Attachment of S-methy| 16 —01 0.0 0.2

. 5-chloro 1.9 2.6 -19 <-1.3
methyl or chloro groups does not alter the energy difference

: : Aqueous Solutioh
between azido conformers, but they grea}tly change the relative parent compd ~ —0.1 a3 20 =07
energy of the tetrazole species. Thus, with regard to the parenty_methyi 0.1 —49 33 ~15
compound, methylation stabilizes the tetrazole form by-1.2  5-methyl -0.1 —45 3.0 >1.3
2.0 kcal/mol, whereas the chloro substituent destabilizes the 5-chloro 0.2 -17 1.0 >-0.2

_CyCI'ZEd form by 0.8 kcal/m_ol. From the estimated differences aThe calculated and experimental equilibrium constants for the
in free energy, the population of tetrazole (around 8% for the azidoazomethinetetrazole isomerization are also givérSee footnotes
4-methyl derivative) increases by 1 order of magnitude with to Table 5.¢ Reference 12a9 Not available ¢ Experimental value in
regard to the parent compound, whereas a 5-fold decrease id1exametapol (parent compound) or dimethyl sulfoxide (methyl and
predicted for the population of the chloro derivative. These chloro derivatives). In a more polar solvent, the equilibrium constant
h . is expected to be greater than this value (see ref 12a,c).
results can be realized from the influence on the electron
delocalization in the tetrazole ring, which compensates or important, especially as the solvent polarity increases. Thus,
enhances the deactivating effect of the pyridine-type nitrogens hydration of this latter isomer for the 5-chloro derivative is less
depending on the nature of the substituent. Such an effect hasavored than for the parent compound by near 1 kcal/mol.
also been examined in the shift of the equilibrium to the tetrazole  The free energy differences in solution are given in Table 8.
form in the case of azapentalene aniéh¥ The results reveal the influence exerted by substituents, which
The differences in free energy of solvationtadns-azido and mainly modulate the gas-phase relative stability (see above).
tetrazole with regard to theis-azido isomer are given in Table  Methylation enhances the stability of the tetrazole, which is the
7. Methylation does not modify significatively the solvation preferred form even in chloroform. The destabilization of
of both azido and tetrazole species. The chloro group has alsotetrazole upon chlorination is also apparent, as noted in the
negligible influence on the relative free energy of solvation of decrease (around 50%) of the free energy difference between
trans-azido, but its effect on the solvation of tetrazole is more Ccis-azido and tetrazole for the 5-chloro derivative with regard
to the parent compound in water. The changes in the relative
F>h(45) C(ﬁl) Fr0939%7R1-OD- 232-;7"'%"139", Sd; ?/\Il??:ss,?nv EA-LMngE:Jm% K. stability lead to notable variations in the calculated equilibrium
G.)J/.Sbhy:mc'rﬁlm. A99]77 10]1'1(12)3.0(5”@“@5’ v fj; éag'ha\r/l;cr?;ri, k. constants (see Table 8), which compare satisfactorily with the
Trucks, G. W.; Pople, J. Al. Chem. Phys1991 94, 7221. (d) Montgomery, ~ €xperimental value¥, as stated from inspection of Figure 4,

J. A;; Jr.; Ochterski, J. W.; Petersson, G. A.Chem. Phys1994 101, where the calculated and experimental values ofddgr the
iio%)(()e) Field, M. J.; Bash, P. A; Karplus, NL. Comput. Chem199Q different derivatives and solvents are shown. Inspection of
(46) Cano Gorini, J. A.; Farras, J.; Feliz, M.; Olivella, S.; Sofe; Figure 4 shows the great influence of both solvation and

Vilarrasa, JJ. Chem. Soc., Chem. Commua®86 959. substituents on the azieldetrazole equilibrium. Indeed, it is
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4 reaction proceeds initially through loss of the linearity of the

log K . o azido group, approaching the nitrogen N8 to the pyridine-type

nitrogen N3 of the ring, and this step is then followed by the

. 5 CCl4 attack of the lone pair on N3 to the azido group, leading to

. b o L3 formation of the bond between N3 and N8. The changes in
- electron density associated to these events give rise to a large

a e free energy barrier in the gas phase.

The results clearly show the change in the relative stability
between azido and tetrazole isomers as the polarity of the solvent
is enlarged, which can be explained by the larger polarity of
the tetrazole and by the larger solvent-induced polarization of
this latter species. It is also worth noting the sensibility of the
equilibrium to substituents. The results suggests that the
Figure 4. Representation of lo& versus the substituent attached to  substituent leads to notable changes in the intrinsic stability of
the thiazole ring for carbon tetrachloride, chloroform, and aqueous azido and tetrazole isomers in the gas phase, the equilibrium
solutions. White (black) symbols denote the theoretical (experimental) being displaced toward the cyclized or open forms by electron-
;’a';‘els- ng thactj trle ctar:(periznenta:c :’%‘Jes:ﬁr adueous tsolut_ionda_re, iNdonating or electron-withdrawing substituents. Overall, the
act, lower bounds 1o the values 0 as they were determined in i H H H
also that for the 5-chloro derivative the experimental value in chloroform . X . -
is an upper bound. to contr(_)l the stability o_f th_e tetrazole ring simply by choosing

appropriately the contribution of these two factors. Undoubt-

also clear that the two effects are, at a large extent, separabledly: these findings can be valuable to design synthetic routes

as noted by the parallel arrangement of the values for the Of tétrazole compounds.
different solvents.
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