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1.1 Background 

Cyclic Compounds play a crucial role in Organic Chemistry, and their unique 

properties always offer an interesting subject. Numerous heterocycles are now identified 

as key compounds in most biological systems, and meanwhile they constitute a vast 

family of well-known compounds in chemical science. Among the heterocycles, nitrogen 

based 5-membered cyclic compound commonly known as ‗Azoles‘ are now identified as 

extremely useful and promising energetic organic compounds in modern chemistry. 

Experimental and theoretical studies of azoles contributes tremendous researches at 

various disciplines from the late twentieth century. The 5-Membered N-Heterocycles are 

found to present in significant number of biologically important molecules and play 

indispensable role in pharmaceuticals, agro-chemicals, electro-active polymers, and many 

of biologically important natural product (e.g. vitamins) [Bruckner, R., 2002; Balaban et 

al., 2004; Petersen and Kiener, 1999; Ivashkevitch et al., 2009; Zhao-Zu et al., 1999]. 

Since they are high energy-density materials, there is also interest as having applications 

as explosives material in combustion chemistry and also as propellant [Silva et al., 2006; 

Klapotke and Piercey, 2011; Ichino et al., 2008; Zhu and Xiao, 2010; Galvez-Ruiz et al., 

2005; Chen et al., 1999; Halauko et al., 2010; Wang and Tian, 2002; Nathan and 

Lammerstma, 1996]. 

5-Membered heterocycles with two or more nitrogen atoms and their derivatives are 

well known compounds, but having distinct properties in the gas phase and in solvent in 

the study of cyclic chemistry. The nitrogen based 5-membered heterocycles, commonly 

termed as azoles are reported to show high thermodynamic stability and possess a 

complete aromatic nature from delocalized π-electron and their unique property is 

accompanied by the possibility of existence of tautomers. Azoles are nitrogen-containing 
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five-membered ring heteroaromatic compounds whose structures are analogous to 

cyclopentadiene, C5H6, where N atom has replaced one or more C-H groups. These 

compounds constitute an important class of heterocycles whose structures appear as 

fundamental units in biomolecules, pharmaceuticals, ionic liquids, dyes, explosives, and 

fuels [Jiang et al., 2011; Shalini et al., 2010]. Various biologically active synthetic 

compounds have five-membered nitrogen-containing heterocyclic ring in their structures 

and in particular, Nitrogen containing polycyclic structures has been reported to be 

associated with a wide range of biological activity [Thomas, 2003]. Five-member 

nitrogen heterocycles are structural fragments of a series of biologically active 

compounds where their derivatives are found to provide wide applications as plant 

growth regulator, pesticides, insecticides, herbicides, fungicides, antibacterial, antiviral, 

anti-inflammatory, antiulcer, analgesic, antihypertensive, anti-allergic, antibiotic, 

anticonvulsant, antagonist and useful industrial reagent such as corrosion inhibitors, 

stabilizer in photography and photo-imaging, gas generating agent, pigments and in 

petroleum refinery [Chen et al., 1999; Kiselev et al., 2011; Varadaraji et al., 2010; 

Jeyachandran and Shriram, 2011; Fang-Fang et al., 2005; Thomas, 2007; Avendano and 

Menendez, 2008; Lokesh et al., 2010; Li et al., 2011; Huang et al., 2005; Monajjemi et 

al., 2006; Zavaglia et al., 2005; Xu et al., 2006; Bisht et al., 2007; Wang et al., 2009; 

Mensah et al., 2009; Kiselev and Gritsan, 2009; Ogretir et al., 2010; Dimova and Perisic-

Janjic, 2009; Frijia et al., 2008; Mohite et al., 2009]. 

N-Heterocycles are found in different classes of valuable natural compounds like 

amino acids, nucleosides, vitamins, and alkaloids; they are produced by nature, and are of 

interest due to their bio-activity [Petersen and Kiener, 1999]. The high-temperature 

reactions of five membered nitrogen-containing heterocycles are also of interest in 
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atmospheric and combustion chemistry, due to the role of these compounds in the 

production of the pollutants NO and NO2 (NOx) during combustion processes. 

Heterocyclic nitrogen compounds containing functional groups are prominent in organic 

fuels such as coal and biomass; in most coals, nitrogen is predominantly present in the 

pyrrolic form [Silva et al., 2006]. 

The most important breakthrough and highly interesting improvement in recent year 

is the substitution of bioactive site with nitrogen based 5-membered heterocycles as a 

non-classical bioisosteres in pharmacology [Ichino et al., 2008]. For example, when 

tetrazole moiety is used to replaced carboxylic, the bioisosteric substitution bring forth 

additional advantages such as prolonged half-life for the drug molecules to get to the 

target site and thus, render the molecule less susceptible and metabolically more stable 

[Jeyachandran and Shriram, 2011; Nogrady and Weaver, 2005; Himo et al., 2003; Massi 

et al., 2010; Balabin, 2010; Yoo et al., 1999]. Many biological systems are unable to 

differentiate between these two distinctive functional groups. We suspect stereo 

structures and thermo-chemical stability is responsible for such biological activity besides 

acidity. 

Recent growth of patent claims and publications relating to theoretical and 

experimental works on azole derivatives are deeply associated with its potency for the 

treatment of cancer and AIDS [Shalini et al., 2010; Jeyachandran and Shriram, 2011; 

Avendano and Menendez, 2008; Huang et al., 2005; Zavaglia et al., 2005; Massi et al., 

2010; Bugalho et al., 2002; Jochim et al., 2009; Islamoglu et al., 2010; Koldobskii and 

Ostrovskii, 1994]. Some of the specific antimetabolites possess nature to interfere with 

enzymatic reaction and cause inhibition of essential metabolic route. This action can be 

specifically directed towards cancer cells. For example, ZD-9331 is a potent inhibitor of 
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TS (Thymidylate Synthase), which has been under advanced clinical evaluation 

interestingly feature isosteric γ-carboxyl-tetrazole replacement at the glutamic portion for 

the prevention of polyglutamation. Hormones and their activities in certain biological 

system are highly responsible in cancer therapies. Particular steroid hormones are the 

main determinants in case of induction and growth of several types of tumors (malignant 

cells) through enzymatic reaction in living systems. Non-steroidal aromatase inhibitor 

comprises structurally varied compounds, which are able to bind to the active site of 

aromatase through the coordination of heterocyclic nitrogen atom, usually an imidazole 

or triazole rings to the iron atom of the heme group of the enzyme [Thomas, 2007; 

Avendano and Menendez, 2008]. Among this class of drugs, triazole derivatives - 

anastrozole, vorozole and letrozole are found to have high potency and specific 

aromatase inhibitors that allow estrogen suppression [Nogrady and Weaver, 2005]. 

 

1.2 Review of Literature 

Investigations on 5-membered nitrogen heterocycles started from the past decades, 

though results from these far-reaching studies were reported only recently. With the fast 

growing technique of computational method, theoretical studies in terms of different 

scientific indexes from various disciplines concerning chemical, physical and biological 

properties of the azoles as a whole has now drawn considerable amount of interests. 

Chemical properties of azoles and their derivatives are now the most precious and highly 

valued informations in organic chemistry, and there is intense development in the 

chemistry of azoles from the areas of experimental and theoretical researches. This is 

mainly because a large number of azole families are considered promising compounds for 

the near future with wide applications. 
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Annular tautomerism in tetrazoles was reported by Charton [Charton, 1969] where 

values of the macroscopic ionization constant, pKM, of 5-substituted tetrazoles have been 

calculated from the values of microconstants which were obtained from the extended 

Hammett equation by comparison with suitable model systems. From his report of 

substituted tetrazole, N2 protonated tautomer appears to be predominant. In 1973, C-

NMR spectra of 1-substituted 1,2,3-triazoles and 1-phenyl tetrazoles have been obtained 

by Mikael Begtrup [Begtrup, 1973] where effect of substitution with methyl, chlorine or 

bromine on δ-values and coupling constant were measured and the data indicate that 

interannular conjugation is extensive in simple N-substituted azoles. Experimental 

evidences and theoretical considerations of gas phase mass spectrometer study of 

prototropic equilibria in 5-substituted tetrazoles was reported by Razynska and co-

workers [Razynska et al 1983]. Their work evaluates the fragmentation pattern of 

tautomerism in 5-methyltetrazole and its isotopically labelled derivatives through LCAO-

MO method using quantum chemical calculation. The results include displacement of 

equilibrium constant in the gas phase toward the 2H-tautomer and randomization of 

hydrogen between -CH3 and –NH groups from the mass spectra of 5-methyl tetrazole.    

Experimental and theoretical studies on proton affinities of azoles including 1,2,4-

triazole was done by Meot-Ner and co-workers [Meot-Ner et al., 1985] having a report 

on pulsed high pressure mass spectrometry and ab initio calculation of protonation 

enthalpies at the MP2/6-31G(d,p) level of theory and their calculations showed the 

protonation site favoring N4 in 1,2,4-triazole where the N2 less favored by 13 kcal/mol. 

A detailed account on systematic study of tetrazole on account of method of 

synthesis, physicochemical properties and applications including electronic structures, 

acid-base properties, tautomerisms, reactivities and thermal stabilities was published 
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[Koldobskii and Ostrovskii, 1994] by Koldobskii and Ostrovskii, and they mentioned that 

systematic analysis of tetrazole involving the examination of 700 patents published in 20 

countries at that time. Polarizabilities of aromatic 5-membered rings of azoles, including 

triazoles and tetrazoles tautomers from ab initio electron correlation calculations were 

reported by Kassimi and co-workers [Kassimi et al., 1995]. Their study showed that 

structural isomerism affects the dipole moments strongly but the dipole polarizabilities 

were rather insensitive to it, and their results from HF calculation indicate that only about 

half the polarizability comes from the π-electrons. They also pointed out that simple 

empirical formulas correlate the calculated polarizabilities quite well. 

Experimental and theoretical study on the aromaticity variation with environment of 

1H-1,2,4- triazole was reported by Katritzky and co-workers having a result of significant 

increase in aromaticity with the polarity of the medium [Katritzky, et al., 1996]. 

Theoretical study on chlorotetrazole isomers was reported by Heming and co-workers 

[Heming et al., 1998]. They calculated molecular geometries and electronic structures 

with ab initio method at MP2/6-311G** level. Their results showed planar structure and 

aromatic nature with uniform bond length, and 5-substituted tetrazole was more acidic as 

compare to the 1- and 2-substituted isomers [Hemming et al., 1998]. They predicted 5-

Chloro-2H-Tetrazole as the most stable and lowest in energy.  

A study of solvent polarity and hydrogen bonding effects on the nitrogen NMR 

shielding of isomeric tetrazoles and ab initio calculation of nitrogen shielding of azoles 

was carried out by Witanowski and co-workers. Using RHF and CHF approach combined 

with 6-31++G** basis set and GIAO method, they reported that the solvent effect 

concerned on NMR shielding were quite significant where pyridine-type nitrogens 

exhibit deshielding effect with increasing polarity while pyrrole-type nitrogen atoms 
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exhibit increase in the magnetic  shielding [Witanowski et al., 1998]. A triazole ligand, 

2,6-bis (5-butyl-1,2,4-triazol-3-yl)-pyridine was studied experimentally and theoretically 

by Drew and co-workers in 1999. Their theoretical result indicate three possible 

conformation characterized by the N(4)-C-C-N(py) torsion angles as trans-trans, cis-trans 

and cis-cis [Drew et al., 1999]. 

Results from the study on heat of formation for 49 tetrazole derivatives with Density 

Functional Theory B3lyp method was reported by Chen and co-workers. Their report on 

calculated heat of formation indicated that most neutral 2H-isomers are more stable than 

the corresponding 1H-isomers, whereas the 1-substituted tetrazole anions are more stable 

than the 2-substituted anions [Chen et al., 1999]. Furthermore, their results consistently 

showed that C-substituted tetrazoles are more stable than the corresponding N-substituted 

isomers.  

Again, Chen and co-workers reported results from theoretical study on tetrazole and 

its derivative and thermodynamic calculations of amino derivatives of tetrazoles at 

MP2/6-31G* level of ab initio theory. Their results indicated planar ring structure with 

aromatic amino derivatives of tetrazole though the conformation of the amino group was 

mainly depend on the electronic repulsion between the substituent and the ring [Zhao-Xu 

et al., 1999]. They also reported that the energy gap between the LUMOs and HOMOs of 

2H-aminotetrazoles and ground state C-aminotetrazole are smaller than those of the 

corresponding 1H-isomers and ground state N-aminotetrazole respectively. 

Report from quantum-chemical study of the relative stability of N-substituted 

tetrazole isomers in the gas phase and in solution, carried out by Ivashkevitch and co-

workers indicated that 2-substituted tetrazoles are more stable in the gas phase and the 

solvent nature forms an important factor in isomerization of N-substituted tetrazoles and 
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also rise in the solvent polarity leads to displacement of the equilibrium toward 1-

substituted isomers [Ivashkevitch et al., 2000]. Investigation of low temperature matrix-

isolation and solid state vibrational spectra of tetrazole revealed that in the crystalline 

phase, tetrazole exist in its 1H-tautomeric form (triclinic α-form) [Bugalho et al., 2001]. 

In gaseous phase, 2H-tetrazole is more stable than the 1H-tautomer by 6.95 kJ/mol. 

According to Bugalho and co-worker, the experimental value of ΔE1H-2H=6.95±1.50 

kJmol
-1 

compares fairly well with theoretical prediction of 9.96 kJmol
-1 

enthalpy 

differences.    

Ab initio MD and quantum chemistry study on the mechanism of thermal 

decomposition of 5-nitro-1-H-tetrazole performed by Wang and co-worker [Wang et al., 

2002] predicted that reaction channel by direct ring rapture of N1-N2 has the lowest 

energy barrier for the first step followed by higher energy in the succeeding step. Their 

study suggested that the thermal decomposition of 5-nitro-1H-tetrazole should be the 

main contribution to the N2 unit releasing process of the decomposition of 5-nitro-

tetrazole. Astakhov and co-worker obtained crystal and molecular structure of nitramino 

derivatives of tetrazole and 1,2,4-triazole by single X-ray diffraction. They reported 

monoclinic crystal structure with planar tetrazole fragment [Astakhov et al., 2004]. 

Review paper on aromaticity as a corner stone of heterocyclic chemistry featured higher 

aromatic property of 2H-1,2,3-triazole over 1H-isomer, and less aromaticity of tetrazoles 

than diazoles [Balaban et al., 2004].  

In 2005, experimental and theoretical study of 1,5-diamino-4-H-1,2,3,4-tetrazolium 

perchlorate by Drake and co-workers strongly support protonation of tetrazole ring at N4, 

and their calculation at CCSD(T )/6-311G(2df,p)//MP2/6-311G(d,p) predict protonation 

at N4 to be the lowest in energy [Drake et al., 2005]. In 2005, Raczynska and co-workers 
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presented that 2H-tautomer is the most stable form in the gas phase whereas more polar 

1H-tautomer is the most stable species in solution, and in the solid state, 1,2,3-triazole 

exists as 1:1 mixture of 1H- and 2H-tautomers [Raczynska et al., 2005]. Theoretical 

studies of tautomeric equilibria for 5-membered N-heterocycles in gas phase and in 

solution predicted that the 2H-tautomer is the most stable for 4-methyl-1,2,3-triazole and 

even for aqueous solution despite the small dipole moment, whereas the 4H-tautomer of 

3-Methyl-1,2,4-triazole is unstable in any solvent within the ϵ = 4.7-78.4 range, and for 5-

methyl-tetrazole, the population of 1H-from increase with increasing dielectric constant 

[Nagy et al., 2005]. A DFT investigation of NQR parameters (quadrupole coupling 

constant, asymmetry factor) on tetrazole-azide tautomeric equilibria by revealed that 

nitrogen atom of the compound is highly sensitive to substituent effects [Monajjemi et 

al., 2006], and N1 and N2 atoms showed similar behavior as well as N3 and N4.             

Quantum chemical study on the Structure and thermochemistry of five-membered  

nitrogen-containing heterocycles and their anions and radicals was reported on the 

evolution of unwanted NO and NO2 from organic fuels such as coal and biomass [Silva et 

al., 2006]. Using the theoretical methods CBS-APNO, G3, and G3B3, calculated 

enthalpies of formation were 63.7, 46.8, 81.0, and 79.0 kcal mol-1 for 1,2,3-triazole, 

1,2,4-triazole, 1H-tetrazole, and 2H-tetrazole. Enthalpies of formation of 1,2,3-triazole, 

1,2,4-triazole, 1H-tetrazole, and 2H-tetrazole were 63.7, 46.8, 81.0, and 79.0 kcal mol-1 

via atomization work reactions. A computational study on π and ζ modes of metal 

binding to heteroaromatics reported that the 4H-1,2,4-triazole as the strongest ζ complex 

among the 29 five-membered and six-membered heteroaromatic systems considered 

[Vijay and Sastry, 2006], and the complexation energy of the π and ζ complexes was 
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found to decrease with the increase in the heteroatom substitution in the ring where the 

metal binds away from the ζ complexes of electron deficient nitrogen. 

Experimental, theoretical and biological study on 1-(4,5-dihydro-3-arylpyrazol-1-yl)-

2-(1H-1,2,4-triazol-1-yl)-ethanone, a triazole derivative [Xu et al., 2006] revealed a 

moderate fungicidal activities. Experimental study on the nitration products of 5-amino-

1H-tetrazole and methyl-5-amino-1H-tetrazole [Klapotke and Stierstorfer, 2007] revealed 

that the compound was stabilized in the crystalline state by strong intermolecular H-

bonds, and the nitration products were promising energetic materials, showing increased 

in sensitivity towards friction and impact. 

From the mass spectrometry and theoretical study on tautomeric equilibria of 

tetrazole and 5-methyltetrazole and its isotopically substituted derivatives [Allegretti et 

al., 2007], the equilibrium in the gas phase was found to be displaced towards the 2H-

tautomer. Also, for tetrazolate anions, a shortening of the 1-2 bond and simultaneous 

elongation of the 2-3 bond was observed. According to this study, the relative 

thermodynamic stability of the 2H-forms as compared to the 1H-tautomers did not 

practically depend on the nature of the substituents. A combination of experimental 

methods, photoelectron-imaging spectroscopy, flowing afterglow-photoelectron 

spectroscopy and the flowing afterglow-selected ion flow tube technique, and the 

electronic structure calculations at the B3lyp/6-311++G(d,p) level of DFT [Ichino et al., 

2008] studies on ion chemistry of 1,2,3-triazole suggested that deprotonation by –OH at 

all sites of the triazole takes place to yield products, and the N-H bond dissociation 

energy of 1H-1,2,3- and 2H-1,2,3 tautomers were determined to be 108.0 kcal mol
-1

 and 

112.2±0.6 kcal mol
-1

 respectively. Although 2H-form is predominant in the gas phase 
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from microwave study, their experiments revealed the predominance of 1H-tautomer in 

liquid phase.  

A review paper on therapeutic drug monitoring for triazole [Hope et al., 2008] 

summarized the application of triazole for the prevention and treatment of invasive fungal 

infections and suggested a routine monitoring should be considered for intraconazole and 

voriconazole, which are derivatives of azole. An experimental and computational study in 

the gaseous and crystalline phases of asymmetric coordination of trimethylsilyl groups to 

tetrazole and triazole rings [Wann et al., 2008] demonstrated that a weak C-H---N 

hydrogen bond can lead to subtle changes in the conformations of molecular compounds, 

while leaving other secondary interaction almost unaffected. A comparative X-ray 

crystallographic study on triazoles systemic fungicides [Chauhan, 2009] provided 

molecular structures of Tridymenol, Tricyclazole and Tridimefon, which are known 

inhibitors of fungal sterol biosynthesis regarding C-C, C-H and N-H bond distances. 

 QSAR study of 1,2,4-triazole using physico-chemical descriptor such as 

correlation coefficients, Q
2
 and PRESS/SSY ratio for the bacterial inhibitory activity 

[Dimova and Perisic-Janjic, 2009] suggested that physico-chemical properties such as 

Surface Tension (ST), Molar Refraction (MR), Molar Volume (MV), Parachor (Pc), 

Index of Refractivity (ε), Density (D) and Polarizability (α) can successfully be used for 

modelling growth inhibition activity of triazole derivatives against Bacillus subtilis. 

These results suggested a propound assistance for medical and agricultural scientists in 

view of designing and prediction of compounds with increased activity, thus putting 

forward the synthesis of new triazoles to exhibit better activities. 

Quantum chemical studies on the standard enthalpies of formation in the gas phase 

and relative stability of tautomers of C-nitro-1,2,4-triazole and isomers of N-alkyl-C-
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nitro-1,2,4-triazole [Ivashkevitch et al., 2009] provide an information on the relative 

Gibb‘s free energies of the tautomers and isomers in aqueous solution. They estimated 

structural indexes of aromaticity (HOMA and Bird indexes) and also analyzed electron 

population density of the natural bond orbital. In 2009, Balabin performed high level ab 

initio calculations and focal point analysis of tautomeric equilibrium and hydrogen shifts 

in tetrazole and triazole [Balabin, 2009]. He obtained an accuracy of 0.10-0.25 kcal mol
-1

 

for comparison of tautomeric energy differences. The relative CCSD(T)/CBS energies 

calculated were 2.07, 3.98 and 6.25 kcal mol
-1

 for 1H-tetrazole, 1H-1,2,3-triazole and 

4H-1,2,4-triazole respectively. He also predicted acyclic structure for 5H-tetrazole in 

MP2 method and the used of electron correlation methods resulted in markedly different 

convergence behavior for triazole and tetrazole tautomers along with their transition 

states with respect to corresponding minima structures. Theoretical approach of the 

catalytic hydrochlorination of 3-amino-2H-1,2,4-triazole (amitrol, a weed-killer) [Mensah 

et al., 2009] showed a selective protonation on the same nitrogen of the cycle for both 

MoS3H3
+
 and ZnCl2 hydrochlorination and the reaction was predicted as exothermic on 

MoS3H3
+
 catalytic sites and endothermic for ZnCl2 sites.  

According to the theoretical study [Kiselev and Gritsan, 2009] on the thermal 

decomposition of 5-aminotetrazole, it was found that the imino form undergoes fast 

isomerization to the amino form in the H-bonded dimers and does not participate in the 5-

ATZ thermolysis. On the contrary, amino and, probably, the 2H isomer are the main 

isomers of 5-ATZ in the melt and gas phase. The N2 elimination reaction was found to be 

the dominant unimolecular channel of the amino and 2H isomer decompositions in both 

the gas phase and melt. The significant lowering of the activation barriers of 

decomposition reactions in H-bonded dimers was found. In agreement with the existing 
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experimental data, HN3 elimination dominates for some of the considered complexes. It 

was concluded that the initial stages of thermolysis of 5-ATZ cannot be satisfactory 

described by the simple unimolecular reactions proposed in the literature. 

A computational approach for the study of heterocyclic concluded that due to the 

lability of the azole, the most stable tautomer among 1,2,4-triazole isomers is the 1H, and 

the 4H-tautomers are much less stable than 1H-form. For C-halogen substituted 1,2,4-

triazole series, 1H-3-substituted tautomer is the most stable while 4-substituted is the 

least. Gas-phase and aqueous basicities of 1H-1,2,3-triazoles, 1-methyl-1,2,3-triazole, 2-

methyl-1,2,3-triazole, 1H-4-phenyl-1,2,3-triazole, 1-methyl-4-phenyl-1,2,3-triazole and 

5-phenyl-1,2,3-triazole, have been determined, the former by FTICR and the latter by 

spectrophotometry and 1H NMR. The gas-phase experiments are in good agreement with 

the Gibbs free energies calculated at the B3LYP/6-31G* level aromaticity [Alkorta and 

Elguero, 2008].  

Unimolecular decomposition of 5-aminotetrazole and its tautomer 5-iminotetrazole 

from isopotential search [Paul et al., 2009] predicted the initial gaseous products of 5-

iminotetrazole (5-ITZ) unimolecular decomposition are HN3 and NH2CN (calculated 

activation barrier equal to 199.5 kJ/mol). On the other hand, the initial gaseous products 

of 1H-5-ATZ and 2H-5-ATZ unimolecular decomposition are predicted to be N2 and 

metastable CH3N3 (calculated activation barriers equal to 169.2 and 153.7 kJ/mol, 

respectively). 

Investigation of aza-substitution on azole aromaticity [Ramsden, 2010] from 

microwave and photoelectron spectroscopy revealed that the 2H-tautomers strongly 

dominates over the 1H-tautomer for 1,2,3-triazole in the gas phase, and the ratio 

estimated from the microwave spectrum of the triple 
15

N species is 4:5≈1:1000. For 
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1,2,4-triazoles, the 1H-tautomer is more stable than the 4H-tautomer by ~7 kcal mol
-1

. 

UV-photoelectron spectroscopy investigation confirmed that tetrazole in the gas phase 

exists predominantly as the 2H-tautomer. A minor contribution (10%) of the 1H-form is 

also present in low-temperature inert matrices. A gas phase DFT calculations of CH 

acidity of substituted triazoles [Halauko et al., 2010] showed that 2H-isomers have 

considerably lower CH acidity than 1H-isomers.  

Investigation on electrochemical behavior of 1,2,4-triazole at glassy carbon electrode 

(by Cyclic Voltammetric measurement) in acidic medium [Lokesh et al., 2010] detected a 

single reduction wave was observed for 1,2,4-triazole due to the reduction of N=N 

moiety and no oxidation peak was observed in the reverse scan. Peak potential was found 

to shift to more positive value with increase in the acidity of the medium, indicating 

easier reduction due to the involvement of proton in the reduction process. A paper 

featuring tetrazole as crystallization modification [Massi et al., 2010] stated that 

tetrazoles are a new class of compound as carboxylic acid analogues that tetrazoles are 

able to influence crystal growth and morphology although in a different manner to their 

carboxylate counterparts with tetrazoles showing impact on barium sulfate and calcium 

carbonate crystallization to varying degrees. Thus, the tetrazoles represent a new class of 

crystal modifier and it can be conclusively stated that the tetrazole functionality has an 

effect on crystallization. 

Quantum chemical studies on tautomerism and basicity behavior of some 1,2,4-

triazole derivatives predicted that the 4H-1,2,4 triazole form for all studied molecules was 

favored over the 1H-1,2,4 triazole form and the protonation processes indicated the 

predominance of the 1H-1,2,4 triazole form over the 2H-1,2,4 triazole form [Ogretir et 

al., 2010]. The correlation attempt between the experimental and the calculated acidity 
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constants, pKa values, revealed that they are quite close to the experimental values and 

they correlate well with a regression of around unity (R2 = 1). A computational study for 

the comparisons of substituent effects in tetrazole and benzene was performed by 

Oziminski and Krygowski in 2011. The individual occupancies of 2pz orbitals at all 

atoms of the tetrazole and benzene derivatives were correlated with the sum of 

occupation overall 2pz orbitals, named pEDA(A) or pEDA(B), respectively [Oziminski 

and Krygowski, 2011] . These characteristics correlate well with the Hammett-like 

substituent constants. Acceptable correlations between the individual atom occupancies at 

the 2pz orbital and pEDA were found for all atoms except for N4. 

Tautomerism in drug discovery was discussed from thermodynamic and kinetic 

aspects [Katritzky et al., 2010].  In this, types of tautomerism encountered in the structure 

of drugs in current use were surveyed together with the effect of pH, solvent polarity, and 

temperature. They mentioned that the tetrazole ring appears in a number of drugs 

affording N1 to N2 tautomerism, including Diovan, Benicar, Avapro, Atacand and 

Hyzaar 
15

N CPMAS experiments showed that at room temperature (295 K), the four 

tetrazole nitrogen atoms gave a very broad signal compared to the imidazole signals, but 

became sharp at 253 K. These finding are consistent with fast prototropic exchange 

[Harris and Lammertsma, 1996]. These tetrazoles are generally used as cardiovascular or 

hypertension drugs and the acidity of the tetrazole ring system (pKa~4.8) means they 

exist largely as anions in biological systems which effectively eliminates the relevance of 

tautomerism. Lonsartan potassium salt or Hyzaar, the parent drug was approved by FDA 

1995 under the commercial name COZAAR. Early studies showed that lonsartan 

degrades by dimerisation and the drugs act on very specific targets such as cell receptors 

of Angiotensin II. 
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Study of tetrazole as high energetic nitrogen-rich compound with a N10 chain was 

carried by Klapotke and Piercey, where the reaction of 1-aminotetrazole with acidic 

sodium dichloroisocyanurate allowed isolation of tetrazole (1,1‘-azobis). The rare chain 

of 10 nitrogen atoms in this compound was confirmed by X-ray crystallography, and the 

physical and explosive properties of the azo compound were characterized [Klapotke and 

Piercey, 2011]. The tetrazole chain possesses both exceedingly high explosive 

performance and sensitivity and possesses explosive performances comparable to those 

of the most powerful energetic materials in common use. Unfortunately, it is both 

thermally and physically unstable with a decomposition temperature of 80
0
C and 

undergoes violent explosion when subjected to mild stimuli. Proof of the existence of this 

N10 compound opens the possibility for the discovery of even longer chain nitrogen 

compounds, although the trend in increasing sensitivity from N8 to N10 compounds may 

present challenges for isolation. 

High level ab initio study on the tautomerism and thermal decomposition of 

tetrazole performed [Kiselev et al., 2011] featured mutual interconversion and 

decomposition reactions of four tetrazole isomers (1H-TZ, 2H-TZ, 5H-TZ, and an N-

heterocyclic carbene 14H) calculations using the W1 high-level procedure. The 

tautomeric equilibria between 1H-TZ, 2H-TZ, and 14H from their theoretical studies 

turned out to play a very important role in the mechanism of thermal decomposition. 

Although the barriers of monomolecular tautomeric transformations were found to be 

high (~50-70 kcal/mol), the concerted double H atom transfer reactions in the H-bonded 

complexes of TZ tautomers have profoundly lower barriers (~18-28 kcal/mol). These 

reactions lead to fast interconversion between 1H-TZ, 2H-TZ, and 14H. The carbene 14H 

was predicted to be a key intermediate in the mechanism of thermal decomposition of 
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TZ. For all species considered, the unimolecular reactions of N2 elimination were 

predicted to dominate over the elimination of hydrazoic acid. In agreement with existing 

experimental data, the effective activation energy of thermolysis was predicted as 36.2 

kcal mol
-1

.  

1.3 Aromaticity of Azoles 

Azoles are undoubtedly known to possess certain degree of aromaticity to some 

extent. The delocalized π-electron from nitrogen atoms within the rings are seems to be 

highly responsible for the ring current, which rendered the azoles energetically very 

persistent aromatic compounds. Moreover, from geometric and magnetic criteria, azoles 

are always found to show aromatic characters. 

Aromaticity has been known for many years as a basic concept and common feature 

for defining the properties of cyclic compounds. Aromatic compounds are mainly 

understood as those unsaturated cyclic molecules that possess extra stability as a result of 

the arrangement of π-electrons associated with the unsaturation of the ring systems. In 

other words, a cyclic π-electron compound is aromatic if there is a measurable π-electron 

delocalization in the ground state of the molecule [Portella et al., 2005]. This 

phenomenon is generally accepted to be associate with :- (a) an increase of stability 

related to the system without cyclic π-electron delocalization, (b) intermediate and 

unaltered bond length that are close to the mean value of the length for the typical single 

and double bond, and (c) inducing π-electron ring current when the molecule is exposed 

to the external magnetic field. Since its isolation in 1825 by Faraday, Benzene has been 

used as a paradigm for aromatic compounds. Kekule first suggested the cyclic structure 

of Benzene in 1865 and applied the term aromatic to compounds containing Benzene. But 

later studies from certain pioneer revealed aromatic character can exist in some cyclic 
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compounds other than Benzene. For example, the 19
th

 century concept of the oscillation 

of double and single bond in benzene was replaced by the concept of resonance between 

canonical structures. ‗Aromatic sextet‘ was followed by MO calculations, and the 

Huckel‘s 4n+2 rule [Krygowski and Cyranski, 2009; Ciesielski et al., 2011]. It is well 

known that aromatic stability depends on the number of canonical structures that might 

suggest relative equal stability from all of them [Matito et al., 2005]. It is also generally 

accepted that the particular stability of aromatic hydrocarbon depends upon the presence 

of a π-electron system and that each carbon atom contributes one electron to the system, 

i.e. the number of π-electrons in an aromatic hydrocarbon is equal to the number of 

carbon atoms (4N+2). Therefore, aromaticity has been recognised as multidimensional 

phenomenon for a cyclic system, and the quantum mechanical description of the electron 

confined to move on a ring and provides a basis for Huckel‘s rule for aromatic 

hydrocarbon [Grinter, 2005]. For all modern chemists, definition from Krygowsky, 

Katritzky et al must be taken into account which proposed that – those cyclic π-electron 

systems which follow all the features of aromatic character are aromatic, while those 

which follow some but not all are partly aromatic. Also Schleyer et al proposed that - 

Aromaticity is a manifestation of electron delocalization in closed circuits, either in two 

or in three dimensions. This results in energy lowering, often quite substantial, and a 

variety of unusual chemical and physical properties. These include a tendency toward 

bond length equalization, unusual reactivity, and characteristic spectroscopic features. 

Since aromaticity is related to induced ring currents, magnetic properties are 

particularly important for its detection and evaluation [Portella et al., 2005]. There has 

been a recent development in defining rules and measuring the degree of aromaticity 

because multiple definitions of aromaticity are possible and necessary for the elucidations 
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of phenomena such as stability/reactivity, magnetic shielding/deshielding and bond 

equalization/alternation [Cioslowski, 2007]. There are various indices for the study of the 

degree of aromaticity in cyclic compounds. Some of these are Resonance energy per 

electron (REPE), Para-delocalization index (PDI), the aromatic fluctuation index (FLU), 

ring current (Iring), the multicenter index (MCI), Bird index (I5 or I6), the harmonic 

oscillator model of aromaticity (HOMA) and nuclear independent chemical shift (NICS). 

Among these, HOMA, NICS and Bird (I5) indices are included for the titled compounds. 

There are three major principles relating to the properties of cyclic compounds, that 

are use to define criteria of aromaticity: (1) Energetic criteria (2) Structural or Geometric 

criteria, and (3) Magnetic criteria. All these originated from the properties of Benzene 

and Huckel‘s treatment of Benzene [Stanger, 2009]. Energetic criteria is associated with 

kinetic and thermodynamic stability and different methods like Heat of hydrogenation, 

Aromatic stabilization energy (ASE) and Relative energy are often used for the 

assessment of aromaticity with appropriate references. Benzene always offers the best 

reference for a variety of systems. Structural or geometric criteria mainly based on the 

concept of optimal interatomic bond distances. Experimental data available from X-ray 

measurement support the advantages of using bond length as a criterion of aromaticity. 

Magnetic criteria of aromaticity depend on two magnetic properties, viz., diamagnetic 

susceptibility under external magnetic field and proton NMR chemical shift due to the 

induction of ring current in a cyclic π-system [Stanger, 2009; Krygowski et al., 2000]. All 

these three criteria are possible to investigate computationally. 

1.4 Tautomerism in Azoles   

The importance in the possibilities and existence of tautomerism in organic 

compounds has long been recognised for the understanding of chemical processes in 
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chemistry and biochemistry. The tautomerism of organic compounds has been the subject 

of extensive theoretical studies using various quantum mechanical approaches [Karelson 

et al.,1996]. The correct geometry, conformation, and stereochemistry of a molecule 

permit it to gain access to the molecular environment. However, it is the electronic 

structure of the molecule that enables to predict its chemical behavior.  

Tautomerism, a particular case of isomerism, plays an important role in modern 

organic chemistry, biochemistry, medicinal chemistry, pharmacology, molecular biology, 

and life itself [Raczynska et al., 2005]. Understanding the mechanisms of the many 

organic reactions and biochemical processes, including those involving specific 

interactions with proteins, enzymes, and receptors, in which a substrate or an active 

intermediate requires an understanding of tautomerization. Tautomerism partially 

explains the structure of nucleic acids and their mutations. It can also be applied in 

computer-aided drug design. Although tautomerism is exceptionally difficult to study 

because tautomeric interconversions are usually very fast processes, the variety and 

importance of applications continuously encourage researchers to undertake 

investigations on tautomerism.  

The term ‗tautomerism‘ (Gr., tauto - same, and meros - part) refers to a compound 

existing in equilibrium between two or more labile isomeric forms called the tautomers. 

Tautomers are interconverted in this reversible process, and the molecular rearrangement 

is intra-, or more frequently, intermolecular. Tautomeric interconversion consists in a 

heterolytic splitting of the molecule followed by recombination of the fragments formed. 

Such isomerism can be accompanied by migration of one or more double bonds and 

atoms or groups in so-called prototropic, cationotropic, or anionotropic tautomerism or 

by the opening of a ring in one direction of isomerization and cyclization in the opposite 
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direction in the so-called ring-chain tautomerism. Another type of isomerism, called 

valence tautomerism, proceeds without migration of atoms or groups but involves only 

the formation and breaking of bonds, either single or double. Interconversion between 

thermodynamically stable tautomers is possible in action of various influences such as 

light, temperature, acid, base, solvent, electron solvation, or ionization). Electron 

delocalization is a concept originally introduced to explain the exceptional stability of 

benzene. According to the Ingold theory of mesomerism, in which electron delocalization 

was even initially called ‗intra-annular tautomerism‘, benzene was represented by a few 

dynamically interchanging Lewis electronic structures. With the development of quantum 

theory, the term ‗resonance hybrid‘, corresponding to a complete electron delocalization, 

was introduced, and a distinction was made between tautomerism and electron 

delocalization, also called resonance. The relation between the phenomena of 

tautomerism and that of resonance was also formulated [Raczynska et al., 2005]. 

In the crystalline phase, tetrazole exists exclusively as its 1H-tautomer, and, on the 

other hand, in solution, 1H- and 2H-tautomer co-exist, and the relative proportion of the 

more polar 1H-form increases with increasing solvent polarity. In the gas phase, the 

existence of 1H-tetrazole has been suggested by microwave spectroscopy [Balabin, 

2009]. Therefore, we suspect there can be a possibility for 1H- and 2H-tetrazole to co-

exist under the influence of suitable substituents even in the gas phase. As a rule, 2-

substituted isomers are more stable than 1-substituted tetrazoles in the gas phase, and the 

stability of 1-substituted tetrazoles relative to the corresponding 2-substituted isomers 

increase in going to condensed state [Ivashkevich, 2003]. Also, the existence of a 

Hammett correlation for a set of potentially tautomeric compounds in nitrogen 

heterocycles does not show that they exist predominantly in one of the possible 
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tautomeric forms [Charton, 1969]. Tautomeric equilibrium in 5-substituted tetrazoles is 

strongly dependent on the phase, nature of the substituents and its position [Kiselev et al., 

2009]. But our study focused only 5-substituted tetrazoles in the gas phase. We expect the 

introduction of substituents to the ring Nitrogen atom stabilizes the corresponding 1H- or 

2H-isomers. Early investigation of five membered heteroaromatic compounds were 

mostly examined using IR, UV, NMR spectra and pK values, and the results are always 

discussed using a combination of physical methods [Charton, 1969; Katrytzki and Maine, 

1964]. But, most studies provide inadequate information especially for our compound of 

interest. Some of the theoretical investigation mainly based on ab initio calculations 

where the results were discussed in reference to the characteristic dipole moment, 

stability, existing spectroscopy and crystallographic data. Some predictions of tautomeric 

preferences were reported to deeply influence by the basis sets and the degree of 

correlation included in the computational methods [Shcherbakova et al.,2007]. Also, gas 

phase investigation of tautomeric preference show strong dependent on aromatic 

character and intramolecular electron delocalization [Perez-Lustres et al., 2001]. The 

tautomerism of 5-methyltetrazole and its isotopically substituted derivatives has been 

discussed on the basis of their fragmentation patterns and of quantum-chemical 

calculations by the LCAO MO method in the CNDO/2 approximation. The equilibrium 

of these compounds in the gas phase was found to be displaced towards the 2H-tautomer 

[Allegretti et al., 2007]. Recently, microwave and photoelectron spectroscopy revealed 

that the 2H-tautomers strongly dominates over the 1H-tautomer for 1,2,3-triazole in the 

gas phase, and the ratio estimated from the microwave spectrum of the triple 
15

N species 

is 4:5≈1:1000. For 1,2,4-triazoles, the 1H-tautomer is more stable than the 4H-tautomer 

by ~7 kcal mol
-1

, and UV-photoelectron spectroscopy investigation also confirmed that 
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tetrazole in the gas phase exists predominantly as the 2H-tautomer. A minor contribution 

(10%) of the 1H-form is also present in low-temperature inert matrices [Ramsden, 2010]. 

Tautomerism in drug molecules almost invariably involves prototropy but in all cases 

the influence of a single tautomer on therapeutic activity depends on the time scale of the 

tautomeric equilibrium relative to that of the biological process in question. Thus in 

judging the influence of tautomerism on biological activity, it is essential to consider both 

thermodynamic and kinetic factors. Fast interconversion of tautomers relative to a 

specific biological process means that both tautomers may be consumed. Conversely, 

slow interconversion relative to the biological process may result in one tautomer being 

the only active species [Katritzky et al., 2010]. Triazoles are more acidic than pyrazoles 

because they can undergo tautomerism. In effect, optimised structures of azoles show that 

the proximity of the nitrogen lone-pair reduces the maximum electrostatic potential value 

of the H-donor [Lamarche and Platts, 2003]. However, in the case of triazoles, 

tautomerism allows migration of the H-donor to escape this constraint so its electrostatic 

potential value can increase. Some experimental study indicates that both tautomers may 

exist in solution.    

1.5 Aim and significant of the study 

The main purpose of this work is to provide sufficient and reliable computational data 

concerning tautomeric interconversion, intrinsic reaction coordinate, electronic structures 

of ground state and transition state geometry, aromatic properties and NMR spectroscopy 

of Nitrogen based 5-membered substituted heterocycles in the gas phase. Quantum 

mechanical approach will be incorporated for the systematic investigation of the 

influence of different substituents on the electronic structure of azole system. 

Comparisons with existing theoretical data and experimental results were carried out as 
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far as possible in order to predict electronic properties and geometries for all the species 

under consideration. This study focuses towards the influence of substituents on the 

electronic structures of the azoles. Therefore, Ab initio Hartree-Fock (HF) and Density 

functional theory (DFT) of computational methods were incorporated in order to redefine 

the chemical behavior of the selected azoles and, ONIOM, a hybrid method for large 

molecule, was also incorporated for the azole derivatives.    

Computational chemistry methods offered a unique ability to study from the simplest 

atoms to most complicated compounds, or even large molecular systems. Although the 

possibility is still limited in some areas, development and refinement of the methods and 

software packages over the past decades enable theoretical study to accomplish what 

should have been considered impossible for a chemist a few years back. The greatest 

advantage of computational method lies within recent development in the method itself 

and computational technique, and, the machine itself. The development of powerful desk 

top and larger computers has enabled chemists to predict the structures and the values of 

properties of known, unknown, stable and unstable molecular species using mathematical 

equations. Modern fast performing computer are now to be seen available for researcher 

in most well-equipped theoretical laboratory, and personal computer with lower or 

medium performance are everywhere at a good price. This situation made computational 

study a great success in 21
st
 century, and the best friend for experimentalist, we can say. 

Since theoretical predictions are now always correlated well with experimental results 

from any kind of computational work, no one can completely ignore computational 

results at all level. Therefore, the major task is to perform detail calculations on the 

structure of the selected azoles in order to analyze the chemical behavior and for the 

interpretation of Physico-chemical and biological properties in terms of different 
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parameters. The vast industrial and agricultural applications, interesting chemical 

properties and biological activity of the azole is the main reason as to why we chose the 

subject for the research. 

Chemical compounds are the basic building blocks of all biological structures and 

processes that are the basis of life as we know it [Thomas, 2003]. Organic chemistry in 

particular, is a very broad subject that bears a profound relationship with all phases of 

drug discovery, design, and development [Avendano and Menendez, 2008]. In modern 

science, heterocyclic chemistry is a key to the understanding of life processes and to 

improve the quality of life for humankind. The knowledge of chemical structure is the 

basis of understanding physical, chemical, biological, and technical properties of 

compounds in relation to living systems. Therefore, we can state that the study of 

aromaticity in organic chemistry is a cornerstone to rationalize and understand the 

structure and thus the behavior of heterocyclic compounds. Among approximately 20 

million chemical compounds identified by the end of the second millennium, more than 

two-thirds are fully or partially aromatic, and approximately half are heteroaromatic 

[Balaban, 2004]. 

Heterocycles play a major part in biochemical processes. The side groups of the most 

typical and essential constituents of living cells, DNA and RNA, are based on pyrimidine 

(cytosine, uracil and thymine) and purine (adenine and guanine) which are all aromatic 

heterocycles. Hydrolyses of DNA and RNA produce five nucleosides, each being 

composed of an aromatic heterocyclic base, a phosphate, and a ribose moiety, the latter 

two form the backbones of the polymer, and in the DNA‘s double helix the C-G and A-T 

base pairs form the rungs of the ladder. They participate along with other amino acids in 

protein constitution through amide linkages. A practically infinite number of proteins can 
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be synthesized from the 20 naturally occurring amino acids with the aid of DNA via 

translation into RNA messenger and transcription according to the universal genetic code. 

Most coenzymes have aromatic heterocycles as major constituents. While enzymes 

possess purely protein structures, coenzymes incorporate non-amino acid moieties, most 

of them aromatic nitrogen heterocycles. Coenzymes are essential for the redox 

biochemical transformations, e.g., nicotinamide adenine dinucleotide (NAD) and flavin 

adenine dinucleotide (FAD). Both are hydrogen transporters through their tautomeric 

forms that allow hydrogen uptake at the termini of the quinonoid chain [Balaban, 2004].  

Numerous plant and animal hormones have aromatic heterocycles as a major 

component. Observations of life in nature by primitive communities led humans to the 

discovery of many healing materials. Very many pharmaceutical products are mimics of 

natural products with biological activity, which include many heterocycles. In the fight 

against disease, some of the most significant advances have been and are being made by 

designing and testing new structures, many of which are heteroaromatic derivatives. The 

same is true for many pesticides.  

Antibiotics such as penicillins and cephalosporins, alkaloids such as vinblastine, 

ellipticine, morphine, and reserpine, and cardiac glycosides such as the class of digitalis 

are heterocyclic natural products of significance for human and animal health. Inspired 

by them, pharmaceutical researchers have constantly designed and produced better 

pharmaceuticals for a better living. In the same light, pesticides, insecticides, 

rodenticides, and weed killers followed natural models, and a significant part of such 

biologically active compounds are heterocycles. Modern life and civilization opened the 

way to other important practical applications of heterocycles, for example dyestuffs, 

copolymers, solvents, photographic sensitizers and developers, and in the rubber industry 
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antioxidants and vulcanization accelerators. Some of the sturdiest polymers, such as 

Kevlar, have aromatic rings [Balaban, 2004].  

A book on the importance of heterocycles in biochemistry and everyday life has been 

published. Apart from all the above reasons underlying the importance of heterocyclic 

chemistry as an applied science, it has much fascination as a subject for study in its own 

right. Heterocyclic chemistry is an inexhaustible resource of novel compounds. Almost 

unlimited combinations of carbon, hydrogen, and heteroatoms can be designed, making 

available compounds with the most diverse physical, chemical, and biological properties. 

Heterocycles provide the main source of new aromatic compounds. 

The investigation of the microscopic properties of energetic materials remains to be a 

challenging task. Theoretical calculations are an effective way to model the physical and 

chemical properties of complex solids at the atomic level as a complement to 

experimental work. As the electronic structure, absorption spectra, and thermodynamic 

properties of the tetrazole derivatives are not always systematically investigated, there is 

a clear need to gain an understanding of those at the computational levels. 

1.6 Objective of the study 

The main objective of this theoretical investigation was to perform computational 

task on ground states and transition states species of triazoles and tetrazoles to gain 

access for understanding their general electronic properties governing the chemical and 

physical behavior through the interpretation of obtained results in the gas phase. 

Substitution was made at carbon atom (C5) of the heterocyles with –OH, -CH3, -C2H5, -

NO2, -NH2, -COOH and –C6H5 respectively. All the geometries were fully optimised 

with ab initio Hartree-Fock and Density Functional Theory of quantum mechanical 

descriptors with different selected basis sets. Influences of substituents on the cyclic 
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geometries and aromaticity were compared with the unsubstituted parent compound 

mostly in relation to their bond length. Degree of aromaticity was discussed on the base 

of structure and magnetic properties of the cyclic systems and stability of the compounds 

and nature of tautomerism, which involve intramolecular hydrogen shift of the azole 

rings, was predicted from the energetic properties of ground state and transition state 

species respectively.   

Computational QM/MM (the ONIOM) study on the chemistry of azole derivative, 

viz., letrozole and vorozole, which were important drug molecules under clinical test, was 

also conducted in these studies addition to the study of the parent azoles. This was purely 

the subject of today‘s most advance medicinal chemistry for expert researchers in the 

field of experimental and theoretical Bio-Chemistry. The reason for including this topic 

was mainly due to the hope for providing general chemistry on drug related azole 

derivatives, and also for the benefit of computational study on medicinal chemistry. 

Computational investigations were carried out in the following manners:- 

(a) Optimizations on the ground state geometries of unsubstituted and substituted 

tetrazole isomers at DFT levels of theory with 6-31G, 6-31+G*, 6-311++G** and cc-

pVTZ basis sets were performed. Calculations on transition state energies and geometries 

were also done at the same levels of theories with the same basis sets. Results were 

discussed according to the energetic properties, tautomeric equilibria and aromaticity 

indices respectively.  

(b) Optimizations on the ground state geometries of unsubstituted and substituted isomers 

of 1,2,3-triazole and 1,2,4-triazole at HF and DFT levels of theory with 6-31G(d), 6-

311G(d), 6-311++G(d,p), cc-pVDZ, cc-pVTZ, aug-cc-pVDZ and aug-cc-pVTZ basis sets 

were performed. Calculations on the transition state geometries were done at the same 
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levels of theories with the same basis sets and transition state species were investigated 

through intrinsic reaction coordinate (IRC) along the potential energy Results were 

discussed according to the singlet-triplet energy differences, HOMO-LUMO energy gap 

and magnetic shielding respectively.  

(c) The azole derivatives Letrozole and Vorozole were investigated computationally 

using ONIOM calculation where calculations was carried out by assigning the molecules 

into two or three layers and were treated at different levels of accuracy with the selected 

model chemistries. Results were discussed according to the predicted energies and 

geometries.
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2.1 Computational Details 

All computational works were performed using Gaussian 03W Revision E.01 with 

GaussView Revision 3.7 and Gaussian(R)09W Revision A.02 with GaussView(R)W 

Revision 5.0 software packages. Computational study of tetrazoles (Chapter 3) was 

carried out under the support of Department of Science and Technology, Govt. of India 

within DST-NER-FIST programmed, and all calculations of tetrazole was done at 

Molecular Modeling Group, Indian Institute of Chemical Technology (IICT), Hyderabad, 

Andhra Pradesh. Rest of computational works (Chapter 4 & Chapter 5) were completed 

at the Department of Chemistry, Mizoram University. All calculations in these works 

were done with normal desktop computer with low price hardware configuration other 

than any sophisticated expensive machine. 

Ground state isomers and transition state species of tetrazole and triazole were fully 

optimised at Hartree-Fock and Density Functional Theory of methods. Harmonic 

vibrational frequencies are computed via analytic energy second derivatives at different 

levels of calculations. Influence of substituents on energies, geometries and aromaticities 

were investigated and discussed according to different indices. Equilibrium properties of 

tetrazole was evaluated from the Gibb‘s free energies in order to explain tautomerisation 

feasibility. Enthalpy differences, singlet-triplet energy differences and HOMO-LUMO 

energy gaps of tautomers were compared for tetrazole and triazole isomers respectively. 

Triazole derivatives (letrozole and vorozole) were investigated with ONIOM method in 

connection to the energetic properties and geometries.  

Computational works in Chapter 3 (tetrazoles) were performed using Gaussian03 

program and GaussView 3.7 packages. All the structures are fully optimized at the 

B3LYP (three–parameter hybrid functional of Becke using Lee-Yang-Parr correlation 
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functional) method using the standard 6-31G, 6-31+G*, 6-31**G++ and cc-pVTZ basis 

sets to obtain a comparable geometries as well as to ensure reliable energy predictions. 

Single point frequency calculations were performed at the B3lyp/6-31G and B3lyp/6-

31+G* to identify the transition state geometries. Diffuse functions have long been 

known to be extremely important in the description of systems having lone pair of 

electrons. However, many previous theoretical studies showed that the total energies 

calculated at B3lyp methods are as good as high level ab initio (QCISD) results, though 

tetrazoles are systems involving lone pair of electrons.  

In order to examine the influence of basis sets with respect to their degree of 

consistency and reliability in terms of various parameters, comparisons of the total 

energies, relative energies, activation energies and degrees of aromaticity arising from the 

calculated result on various selected theoretical levels with standard basis sets was carried 

out. The purpose of this work is to obtain computational data relating to substituent 

effects on the structures and chemical properties of the tetrazole through the investigation 

of its substituted tautomers. The studies mainly focused on the chemical properties 

relating to the electronic structures and detailed calculations was performed up to the 

B3lyp/6-31++G** level. 

All the Quantum-chemical calculations in Chapter 4 (triazole) were performed using 

Gaussian09 suit of program and all the structures were fully optimized with Hartree-Fock 

and Density Functional Theory using the standard basis sets starting from 6-31g(d) up to 

as large as ‗aug-cc-pVTZ‘ basis. The reasons behind the particular choice of the two 

methods, i.e., HF and DFT, and the specific use of different basis sets such as, 6-31g(d), 

6-311g(d), 6-311++g(d,p), cc-pvdz, cc-pvtz, aug-cc-pvdz and aug-cc-pvtz mainly based 

on the idea to obtain comparable good results for making perfect choice of basis set in the 
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studies of azoles and their derivatives for future studies, and also to minimize 

discrepancies on the calculated results. These mentioned methods are incorporated 

computationally to the choices of interested triazole systems, viz., 1H-1,2,3-Triazole, 2H-

1,2,3-Triazole, 1H-1,2,4-Triazole and 2H-1,2,4-Triazole respectively. The results 

obtained from the corresponding basis sets are tabulated in the following tables and 

schemes. Hybrid QM/MM method was incorporated in Chapter 5 (Letrozole and 

Vorozole) for structural and energetic studies. Calculations involving larger basis sets do 

proof more time consumption and thus, results in slow progress all over the whole works, 

but all calculations have been completed successfully. 

2.2 Quantum Chemistry and Schrodinger Equation 

The term theoretical chemistry may be defined as the mathematical description of 

chemistry. The term computational chemistry is generally used when a mathematical 

method is sufficiently well developed that it can be automated for implementation on a 

computer [Young, 2001]. In the late seventeenth century, Isaac Newton discovered 

classical mechanics. In the early twentieth century, physicists found that classical 

mechanics does not correctly describe the behavior of very small particles such as 

electrons and nuclei of atoms and molecules. The behavior of such particles is described 

by a set of laws called quantum mechanics [Levine, 2000]. Quantum mechanics have 

been developed continuously from the time of Newton and applied to a wide range of 

dynamical systems, including the electromagnetic field in interaction with matter. But, it 

has been found possible to set up a new scheme, the quantum mechanics, which is more 

suitable for the description of phenomena on the atomic scale and which is in some 

respects more elegant and satisfying than the classical scheme. The necessity for 

departure from classical mechanics is clearly shown by experimental results. In the first 
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place, the forces known in classical electrodynamics are inadequate for the explanation of 

the remarkably stability of atoms and molecules, which is necessary in order that 

materials may have any definite physical and chemical properties at all. Another 

illustration of the failure of classical mechanics lies within the behavior of light, which 

can be explained only on the basis of a wave theory [Dirac, 1958]. Therefore, it is clear 

that departure from classical ideas and establishment of quantum mechanics is extremely 

necessary.   

Quantum chemistry is the field in which solutions to the Schrodinger equation are 

used to predict the properties of molecules and solve chemical problems. Chemistry 

applies quantum mechanics to problems in chemistry. Quantum Mechanic is the correct 

mathematical description of the behavior of electrons and thus of chemistry. In theory, 

Quantum Mechanic can predict any individual atom or molecule exactly [Young, 2001]. 

The organic chemist utilize quantum mechanics to estimate relative stabilities of 

molecules, to calculate properties of reaction intermediates, to investigate the mechanism 

of chemical reactions, and to analyze NMR spectra. 

The ultimate goal of quantum chemical approaches is the-approximate –solution of 

the time-dependent, non-relativistic Schrodinger equation [Young, 2001; Koch and 

Holthausen 2001], 

      (1) 

where Ĥ is the Hamiltonian operator for a molecular systems consisting of M nuclei 

and N electrons in the absence of magnetic or electric fields. Ĥ is a differential operator 

representing the total energy: 
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Here, A and B run over the M nuclei while i and j denote the N electrons in the 

system. The first two terms describe the kinetic energy of the electrons and nuclei 

respectively, where the Laplacian operator  is defined as a sum of differential operators 

(in cartesian coordinates) [Young, 2001; Jensen, 2007; Koch and Holthausen, 2001] and,  

              (3) 

and MA is the mass of nucleus A in multiples of the mass of an electron (in atomic units). 

The remaining three terms define the potential part of the Hamiltonian and represent the 

attractive electrostatic interaction between the nuclei and the electrons and the repulsive 

potential due to the electron-electron and nucleus-nucleus interactions, respectively. Ei is 

the numerical value of energy of the state described by . The wave function  contains 

all information that can be possibly being known about the quantum system under 

consideration. This concept of wave function and the equation governing its change with 

time were discovered in 1926 by the Austrian physicist Erwin Schrodinger (1887-1961) 

[Levine, 2000]. The time-independent Schrodinger equation, which is the basis for nearly 

all computational chemistry method is always written in short form as [Thomas, 2007; 

Young, 2001, Dyall et al., 2007; Jensen, 2007; Carloni and Alber, 2003; Barden and 

Schaefer, 2000; Mueller, 2006], 

ĤΨ=EΨ     (4) 

where Ĥ is the Hamiltonian operator, Ψ a wave function of the electron and nuclear 

positions, and E the energy. The equation of this form is called an eigen equation. Ψ is 

then called an eigenfunction and E an eigenvalue. The Schrodinger Equation is the key 

equation of quantum mechanics and the basic foundation of modern computational 

technique. This second order, partial differential equation determines the spatial shape 

and the temporal evolvement of a wave function in a given potential and for given 
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boundary conditions. The one-dimensional Schrodinger equation is often used when the 

particle of interest is confined to one spatial dimension. For x axis, one-dimensional 

Schrodinger equation is [Dyall et al., 2007; Levine, 2000; Sarma, 2010; McMahon, 2006; 

Fitts, 2002; Fitzpatrick, 2013; Rae, 2002; Griffiths, 1995], 

   (5) 

Most applications of quantum mechanics in chemistry do not use this time-dependent 

equation; instead, the simpler time-independent equation derived from the time-

dependent equation is used [Levine, 2000; Rae, 2002; Zettilli, 2009], 

       (6) 

Among computational chemistry methods, quantum mechanics calculates geometries 

and electronic structures with accuracy especially for systems with electronic 

delocalization. Recent years have witnessed an increasing number of researchers using 

computational chemistry. This has been facilitated by the development of easy-to-use 

computer software. If very few aspects of chemistry can be computed exactly, almost one 

has been described in a qualitative or approximately quantitative manner. Many aspects 

of molecular structure and dynamics can be modelled using classical methods in the form 

of molecular mechanics and dynamics. A classical force field is based on empirical 

results, averaged over a large number of molecules. Because of this extensive averaging, 

the results can be good for standard systems, but there are many important questions in 

chemistry that cannot be addressed by means of this empirical approach. If one wants to 

know more than just the structure or other properties that are only derived from the 

potential energy surface (especially properties that depend directly on the electron density 

distribution), one has to resort to a more fundamental and general approach and use 
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quantum chemistry. Quantum chemical calculations are thus an attractive source of 

molecular descriptors, which can express all electronic and geometric properties of 

molecules.  

In quantum chemistry the system is described by a wavefunction which can be 

obtained by solving the Schrodinger equation. This equation relates the stationary states 

of the system and their energies to the Hamiltonian operator. It can be viewed as the 

recipe for obtaining the energy associated with a wavefunction describing the positions of 

the nuclei and electrons in the system. In practice the Schrodinger equation cannot be 

solved exactly and approximations have to be made.  A brief account on approximation 

methods have been describe in the following part to support the technique and concept of 

computational chemistry that have been implemented in this particular work. 

2.3 Implemented Quantum Mechanical Methods 

There are four main approaches in quantum mechanics for calculating molecular 

properties; namely, ab initio methods, semiempirical methods, density functional 

methods and molecular mechanics methods, and these are all incorporated in this study. 

Semiempirical molecular quantum-mechanical methods use a simpler Hamiltonian 

than the correct molecular Hamiltonian and use parameters whose values are adjusted to 

fit experimental data or the results of ab initio calculations. In contrast, an ab initio 

calculation uses the correct Hamiltonian and does not use experimental data other than 

the values of the fundamental physical constants. The density functional method does not 

attempt to calculate the molecular wave function but calculates the molecular probability 

density ρ and calculates the molecular electronic energy from ρ [Levine, 2000]. The 

molecular mechanics method is not a quantum mechanical method and does not use a 

molecular Hamiltonian operator or wave function. Instead, it views the molecule as a 
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collection of atoms held together by bonds and expresses the molecular energy in terms 

of force constant for bond bending and stretching and other parameters.         

2.3.1 Ab initio method 

The term ab initio is Latin for ―from the beginning.‖ This name is given to 

computations that are derived directly from theoretical principles with no inclusion of 

experimental data, i.e. if solutions are generated without reference to experimental data, 

the methods are usually called ab initio. An essential part of solving the Schrödinger 

equation is the Born–Oppenheimer approximation, where the coupling between the 

nuclei and electronic motion is neglected [Jensen, 2007]. This allows the electronic part 

to be solved with the nuclear positions as parameters, and the resulting potential energy 

surface (PES) forms the basis for solving the nuclear motion. The major computational 

effort is in solving the electronic Schrödinger equation for a given set of nuclear 

coordinates. 

In ab initio methods an attempt is made to evaluate all integrals that appear in the 

secular determinant. Approximations are still employed, but these are mainly associated 

with the construction of the wavefunctions involved in the integrals. In semi-empirical 

methods, many of the integrals are expressed in terms of spectroscopic data or physical 

properties. Semi-empirical methods exist at several levels. At some levels, in order to 

simplify the calculations, many of the integrals are set equal to zero. The Hartree-Fock 

and DFT methods are similar in that they are both regarded as ab initio methods. In HF 

the central focus is the wavefunction whereas in DFT it is the electron density. They are 

both iterative self-consistent methods in that the process are repeated until the energy and 

wavefunctions (HF) or energy and electron density (DFT) are unchanged to within some 

acceptable tolerance [Atkins and Paula, 2002]. 
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An important distinguishing feature among ab initio calculations is the extent to 

which they deal with electron correlation. Correlation is defined as the difference 

between the exact energy of a molecular system and the best energy obtainable by a SCF 

calculation in which the wave function is represented by a single determinant. In single-

determinant calculations, we consider that each electron experiences an averaged 

electrostatic repulsion defined by the total charge distribution, a mean field 

approximation. These are called Hartree-Fock (HF) calculations [Carey and Sundberg, 

2007]. 

Generally speaking, methods that do not include any empirical or semi-empirical 

parameters in their equations being derived directly from theoretical principles, with no 

inclusion of experimental data are called ab initio methods. In the ab initio methods, an 

attempt is made to calculate all the integrals that appear in the secular determinant. The 

most common type of ab initio calculation is a Hartree–Fock (HF) calculation, in which 

the primary approximation is the central field approximation. One of the advantages of 

this method is that it splits the multi-electron Schrödinger equation into many simplest 

one-electron equations [Geneste and Carpy 2004]. Each one-electron equation is solved 

to yield a single-electron wavefunction, called orbital and energy. This orbital describes 

the behaviour of an electron in the net field of all the others. 

Ab initio methods try to derive information by solving the Schrödinger equation 

without fitting parameters to experimental data. Actually, ab initio methods also make 

use of experimental data, but in a somewhat more subtle fashion. Many different 

approximate methods exist for solving the Schrodinger equation, and which one to use 

for a specific problem is usually chosen by comparing the performance against known 

experimental data. Experimental data thus guides the selection of the computational 
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model, rather than directly entering into the computational procedure. One of the 

approximations inherent in essentially all ab initio methods is the introduction of a basis 

set [Jensen, 2007]. Expanding an unknown function, such as a molecular orbital, in a set 

of known functions is not an approximation if the basis set is complete. However, a 

complete basis set means that an infinite number of functions must be used, which is 

impossible in actual calculations. An unknown MO can be thought of as a function in the 

infinite coordinate system spanned by the complete basis set. When a finite basis set is 

used, only the components of the MO along those coordinate axes corresponding to the 

selected basis functions can be represented. The smaller the basis set, the poorer the 

representation. The type of basis functions used also influence the accuracy. The better a 

single basis function is able to reproduce the unknown function, the fewer basis functions 

are necessary for achieving a given level of accuracy. It is of course of prime importance 

to make the basis set as small as possible, without compromising the accuracy. The 

expansion of the molecular orbitals leads to integrals of quantum mechanical operators 

over basis functions, and the ease with which these integrals can be calculated also 

depends on the type of basis function. In some cases the accuracy-per- function criterion 

produces a different optimum function type than the efficiency-per- function criterion. 

This is an approximate quantum mechanical calculation. The approximations made 

are usually mathematical approximations, such as using a simpler functional form for a 

function or finding an approximate solution to a differential equation.  

2.3.2 Hartree-Fock Method 

The most common type of ab initio calculation is called a Hartree-Fock calculation 

(abbreviated HF), in which the primary approximation is the central field approximation. 

This means that the Coulombic electron-electron repulsion is taken into account by 
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integrating the repulsion term. This gives the average effect of the repulsion, but not the 

explicit repulsion interaction. This is a variational calculation, meaning that the 

approximate energies calculated are all equal to or greater than the exact energy. The 

energies are calculated in units called Hartrees (1 Hartree = 27.2116 eV). Because of the 

central field approximation, the energies from HF calculations are always greater than the 

exact energy and tend to a limiting value called the Hartree-Fock limit as the basis set is 

improved [Young, 2001]. One of the advantages of this method is that it breaks the 

many-electron Schrodinger equation into many simpler one-electron equations. Each one 

electron equation is solved to yield a single-electron wave function, called an orbital, and 

an energy, called an orbital energy. The orbital describes the behavior of an electron in 

the net field of all the other electrons. The second approximation in HF calculations is 

due to the fact that the wave function must be described by some mathematical function, 

which is known exactly for only a few one-electron systems. The technique was 

originally introduced by D.R.Hartree and then modified by V.Fock to take into account 

the Pauli principle correctly [Atkins and Paula, 2002]. 

In the HF model, each electron is described by an orbital, and the total wave function 

is given as a product of orbitals. Since electrons are indistinguishable fermions (particles 

with a spin of 1/2), the overall wave function must be antisymmetric (change sign upon 

interchanging any two electrons), which is conveniently achieved by arranging the 

orbitals in a Slater determinant [Jensen, 2007]. The best set of orbitals is determined by 

the variational principle, i.e. the HF orbitals give the lowest energy within the restriction 

of the wave function being a single Slater determinant. The shape of a given molecular 

orbital describes the probability of finding an electron, where the attraction to all the 

nuclei and the average repulsion to all the other electrons are included. Since the other 
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electrons are described by their respective orbitals, the HF equations depend on their own 

solutions, and must therefore be solved iteratively.  

In a HF calculation, the wavefunction is formed from the linear combination of basis 

functions. A HF calculation starts with an initial guess for the orbital coefficients which 

are used to calculate an energy and a new set of orbital coefficients and so on. This 

procedure continues iteratively until the energies and coefficients remain constant (i.e. 

converge) from one iteration to the next one [Geneste and Carpy, 2004]. If the system has 

unpaired electrons, two separate sets of orbitals for the a and b electrons can be used to 

construct the HF wavefunctions (UHF method) but this leads to spin contamination. 

When the molecular orbitals are expanded in a basis set, the resulting equations can be 

written as a matrix eigenvalue problem. The elements in the Fock matrix correspond to 

integrals of one and two-electron operators over basis functions, multiplied by density 

matrix elements. The HF equations in a basis set can thus be obtained by repeated 

diagonalizations of a Fock matrix [Jensen, 2007]. The HF model is a kind of branching 

point, where either additional approximations can be invoked, leading to semi-empirical 

methods, or it can be improved by adding additional determinants, thereby generating 

models that can be made to converge towards the exact solution of the electronic 

Schrodinger equation. 

The case of interacting fermions has considerable practical importance because it 

represents the situation applying in many-electron atoms and molecules as well as in 

nuclei and in the case of electrons in solids. Since exact solutions are rarely possible, 

various approximations have been developed. As mentioned before, one of the most 

important of these is known as the self-consistent field or Hartree-Fock method. In 

Hartree-Fock method of approximation, the single-particle eigenfunctions are calculated 
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assuming that each particle is subject to a potential equivalent to the average of its 

interaction with all the others. This interaction potential is taken to be that from a 

continuous charge distribution whose magnitude is proportional to the sum of the squared 

moduli of some approximate set of one-electron eigenfunctions. The resulting eigenvalue 

equations are then solved to give new one-electron eigenfunctions which, in turn, are 

used to construct new potentials. This iterative process is continued until no further 

significant changes occur, when the system is said to be self-consistent [Rae, 2002]. More 

accurate results can be obtained if the eigenfunction is represented by a linear 

combination of determinants, each of which is constructed from a different set of one-

electron functions. Nowadays, such calculations are quite straightforward for all but the 

heaviest atoms and for moderately sized molecules. Computations of this kind now form 

part of the routine armoury of the theoretical chemist and are particularly powerful for the 

study of short-lived chemical species, which often cannot be studied experimentally. 

If the cyclic calculation of the HF method is continued, the changes in the wave 

functions and energy become smaller with every cycle until, within the limits of accuracy 

required for that particular calculation, there is no further change in them. When this 

point is reached the electronic wave functions are said to be consistent with the 

electrostatic field from which they were calculated and which the electrons themselves 

produce. The process is known as a self-consistent field (SCF) calculation [Grinter, 

2005]. Nowadays, computers make this task rather easy, but the first calculations of the 

type were done the hard way by the Hartrees, father and son, in the 1930‘s. Notable 

contributions to the subject were also made by Vladimir A. Fock (1898–1974) and wave 

functions calculated by this method are often called Hartree–Fock functions. However, 

even an SCF calculation does not provide an exact radial wavefunction. Because the 
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electrons repel each other their motions are correlated, i.e. they keep out of each other‘s 

way, and this effect is not fully allowed for in the Hartree-Fock method which assumes 

that the electrons produce a static, spherical field and fails to allow for the dynamic 

effects of the inter-electronic repulsion which is known as electron correlation. The 

difference in energy between the HF and the lowest possible energy in the given basis set 

is called the Electron Correlation (EC) energy [Jensen, 2007]. 

The Hartree-Fock approach is based on the assumption that a molecular or atomic 

wave function may be approximated as an antisymmetrized product of one-electron 

orbitals in the case of a closed-shell configuration or as a number of antisymmetrized 

products in other cases. The goal of the Hartree-Fock method or the Self- Consistent 

Field (SCF) method is the subsequent derivation of the best possible one-electron orbitals 

by making use of the variational principle [Hameka, 2004]. Rather than vary each orbital 

at a time, the Hartree-Fock equations have been designed in such a way that all orbitals 

may be obtained at the same time as the eigenfunctions of an effective one-electron 

operator, the Hartree-Fock operator. The latter operator contains the average Coulomb 

repulsion between the electrons. The Hartree-Fock equations for most atoms may be 

solved exactly in numerical form, but in the case of molecules it is usually necessary to 

introduce additional approximations. 

The functions used most often are linear combinations of Gaussian-type orbitals exp 

(-ar
2
), abbreviated GTO. The wave function is formed from linear combinations of 

atomic orbitals or, stated more correctly, from linear combinations of basis functions. 

Because of this approximation, most HF calculations give a computed energy greater 

than the Hartree-Fock limit. The exact set of basis functions used is often specified by an 

abbreviation, such as STO-3G or 6-311++g**. The Gaussian functions are multiplied by 
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an angular function in order to give the orbital the symmetry of a s, p, d, and so on. A 

constant angular term yields s symmetry. Angular terms of x, y, z give p symmetry. 

Angular terms of xy, xz, yz, x
2
-y

2
, 4z

2
-2x

2
-2y

2
 yield d symmetry. This pattern can be 

continued for the other orbitals. These orbitals are then combined into a determinant. This 

is done to satisfy two requirements of quantum mechanics. One is that the electrons must 

be indistinguishable. By having a linear combination of orbitals in which each electron 

appears in each orbital, it is only possible to say that an electron was put in a particular 

orbital but not which electron it is. The second requirement is that the wave function for 

fermions (an electron is a fermion) must be antisymmetric with respect to interchanging 

two particles. Thus, if electron 1 and electron 2 are switched, the sign of the total wave 

function must change and only the sign can change. This is satisfied by a determinant 

because switching two electrons is equivalent to interchanging two columns of the 

determinant, which changes its sign. The functions put into the determinant do not need  

to be individual GTO functions, called Gaussian primitives [Young, 2001]. They can be a 

weighted sum of basis functions on the same atom or deferent atoms. Sums of functions 

on the same atom are often used to make the calculation run faster. Sums of basis 

functions on deferent atoms are used to give the orbital a particular symmetry. For 

example, a water molecule with C2v symmetry will have orbitals that transform as A1, A2, 

B1, B2, which are the irreducible representations of the C2v point group. The resulting 

orbitals that use functions from multiple atoms are called molecular orbitals. This is done 

to make the calculation run much faster. Any overlap integral over orbitals of different 

symmetry does not need to be computed because it is zero by symmetry.  

The steps in a Hartree-Fock calculation start with an initial guess for the orbital 

coefficients, usually using a semiempirical method. This function is used to calculate an 



METHODOLOGY Chapter 2 

 

47 
 

energy and a new set of orbital coefficients, which can then be used to obtain a new set, 

and so on. This procedure continues iteratively until the energies and orbital coefficients 

remain constant from one iteration to the next. This is called having the calculation 

converge. There is no guarantee the calculation will converge. In cases where it does not, 

some technical expertise is required to fix the problem. This iterative procedure is called 

a self-consistent field procedure (SCF) [Young, 2001]. Some researchers refer to these as 

SCF calculations to distinguish them from the earlier method created by Hartree, but HF 

is used more widely.  

The Hartree-Fock equation, which determine the best spin orbitals for which the 

energy attain its lowest value is [Koch and Holthausen, 2001], 

       (7) 

Where the Lagrangian multipliers εi are the eigen values of operator . The εi have the 

physical interpretation of orbital energies. The Fock operator is an effective one-electron 

operator defined as 

   (8) 

The first two terms are the kinetic energy and the potential energy due to the electron-

nucleus attraction. VHF(i) is the Hartree-Fock potential. It is the average repulsive 

potential experienced by the i‘th electron due to the remaining N-1 electrons. Thus, the 

complicated two-electron repulsion operator 1/rij in the Hamiltonian is replaced by the 

simple one electron operator VHF(i) where the electron-electron repulsion is taken into 

account only in an average way. Explicitly, VHF has the following two components:- 

       (9) 

The coulomb operator Ĵ is defined as 
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                         (10) 

and it represent potential that an electron at position  experiences due to the average 

charge distribution of another electron in spin orbital χj . The Coulomb repulsion 

corresponding to a particular distance between the reference electron at  and another 

one at position   is weighted by the probability that the other electron is at this point in 

space. Finally, this interaction is integrated over all space and spin coordinates. Since the 

result of application of Ĵj   on a spin orbital χ  depends solely on the value of χi at 

position , this operator and the corresponding potential are called local [Koch and 

Holthausen, 2001]. The Hartree–Fock equation is ordinarily used in quantum chemistry 

in connection with a basis set of AOs, and it is possible to carry through a derivation of 

the Hartree-Fock equation for this type of basis [Lowe and Peterson, 2006]. If one is 

doing a Hartree–Fock calculation then all the electrons are simultaneously in all the 

orbitals of a particular chosen configuration [Scerri, 2004]. In a HF calculation, the 

wavefunction is formed from the linear combination of basis functions. A HF calculation 

starts with an initial guess for the orbital coefficients which are used to calculate energy 

and a new set of orbital coefficients and so on. Fock operator actually depends on the 

wavefunctions of all the electrons. To proceed, one has to guess the initial form of the 

wavefunction and solve the Hartree-Fock equations. That process is then continued using 

the newly found wavefunctions until each cycle of calculation leaves the energies and 

wavefunctions unchanged to within a chosen criterion. Then, this point is called self-

consistent field (SCF). This procedure continues iteratively until the energies and 

coefficients remain constant (i.e. converge) from one iteration to the next one [Atkins and 

Paula, 2002]. 
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In general, ab initio calculations give very good qualitative results and can yield 

increasingly accurate quantitative results as the molecules in question become smaller. 

The use of the Hartree–Fock approximation reduces computer time and reduces the cost 

without losing too much in the way of accuracy [Thomas, 2003]. The advantage of ab 

initio methods is that they eventually converge to the exact solution once all the 

approximations are made sufficiently small in magnitude. However, this convergence is 

not monotonic. Sometimes, the smallest calculation gives a very accurate result for a 

given property. There are four sources of error in ab initio calculations [Young, 2001]:- 

1. The Born-Oppenheimer approximation 2. The use of an incomplete basis set 

3. Incomplete correlation   4. The omission of relativistic effects 

The disadvantage of ab initio methods is that they are expensive. These methods often 

take enormous amounts of computer CPU time, memory, and disk space. The HF method 

scales as N
4
, where N is the number of basis functions. This means that a calculation 

twice as big takes 16 times as long (2
4
) to complete. One of the limitations of HF 

calculations is that they do not include electron correlation. Several approaches try to 

calculate the correlation energy after HF calculations (post-HF methods) such as Moller– 

Plesset perturbation theory (MPn, where n= order of correction), configuration interaction 

(CI), multi-configurational self-consistent field (MCSCF), the generalized valence bond 

(GVB) method and the coupled cluster theory (CC) [Geneste and Carpy, 2004]. But these 

post HF-methods were not used in this research because of limited time for the 

calculations of each and every species of the titled compound. 

2.3.3 Density functional theory method (DFT) 

Density functional theory (DFT) has become very popular in recent years. This is 

justified based on the pragmatic observation that it is less computationally intensive than 
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other methods with similar accuracy [Young, 2001]. This theory has been developed 

more recently than other ab initio methods. Because of this, there are classes of problems 

not yet explored with this theory, making it all the more crucial to test the accuracy of the 

method before applying it to unknown systems. Over the past decade, DFT has become 

one of the most widely used tools of the computational chemist, and in particular for 

systems of some size. This success has come despite complaints about arbitrary 

parametrization of potentials, and laments about the absence of a universal principle 

(other than comparison with experiment) that can guide improvements in the way the 

variational principle has led the development of wave-function-based methods [Dyall et 

al., 2007]. 

DFT has emerged as an alternative to the ab initio and semi-empirical approaches for 

studying the ground state properties of molecular systems. A technique that has gained 

considerable ground in recent years to become one of the most widely used technique for 

the calculation of molecular structures is density functional theory. Its advantages include 

less demanding computational effort, less computer time, and better agreement with 

experimental values than is obtained from Hartree-Fock procedures [Young, 2001]. 

Modern DFT is founded on the Hohenberg–Kohn theorems and the Kohn–Sham 

equations [Dyall et al., 2007]. The basis for Density Functional Theory is the proof by 

Hohenberg and Kohn that the ground state electronic energy is determined completely by 

the electron density ρ. The Hohenberg–Kohn theorem, which states that the energy is 

uniquely determined by the one-electron density ρ, forms the basis for what is commonly 

called density functional theory [Jensen, 2007]. In other words, there exists a one-to-one 

correspondence between the electron density of a system and the energy. Density 

functional theory as we know it today was born in 1964 when a landmark paper by Pierre 
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Hohenberg and Walter Kohn appeared in the Physical Review. The theorems proven in 

this report represent the major theoretical pillars on which all modern day density 

functional theories are erected. The proof originally given by Hohenberg and Kohn in 

their 1964 paper is disarmingly simple, almost trivial and one may wonder why it took 

about 40 years after Thomas and Fermi first used the density as a basic variable before 

their approach was put onto a firm physical foundation. Quoting directly from the 

Hohenberg/Kohn paper, this first theorem states that ‗the external potential Vext  is 

(to within a constant) a unique functional of ρ ; since, in turn Vext  fixes  we see 

that the full many particle ground state is a unique functional of ρ  [Koch and 

Holthausen, 2001; Levine, 2000; Carloni and Alber, 2003; Lowe and Peterson, 2006; 

Carey and Sundberg, 2007]. 

DFT represents somewhat of a departure from conventional ab initio quantum 

chemical methods in that it does not formally deal with wavefunctions, but rather with 

the electron density since Kohn and co-workers discovered that all ground-state 

properties of a molecular system could be completely described using only the electron 

density and the (fixed) nuclear positions [Barden and Schaefer, 2000]. All ab initio 

methods start with Hartree-Fock (HF) approximation that results in the spin orbitals, and 

then electron correlation is taken into account. Though the results of such calculations are 

reliable, the major disadvantage is that they are computationally intensive and cannot be 

readily applied to large molecules of interest. Density functional (DF) methods provide 

an alternative route that, in general, provides results comparable to CI and MP2 

computational results; however, the difference is that DF computations can be done on 

molecules with 100 or more heavy atoms [Mueller, 2002]. 
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The first Hohenberg–Kohn theorem proved the existence of a unique functional 

relationship between the electron density and the electronic Hamiltonian. Thus, if the 

exact relationship were known we could compute all of the molecular properties using 

only the electron density (which depends on only three coordinates) and avoid the 

building of a wavefunction (which depends on 3n coordinates). Much of the development 

work in modern-day quantum chemistry is directed toward discovering the true nature of 

this functional relationship. Density Functional Theory in the Kohn–Sham version can be 

considered as an improvement on HF theory, where the many-body effect of electron 

correlation is modelled by a function of the electron density. DFT is analogously to HF, 

an independent-particle model, and is comparable to HF computationally, but provides 

significantly better results. The main disadvantage of DFT is that there is no systematic 

approach to improving the results towards the exact solution [Jensen, 2007]. 

Early DFT-related methods such as Thomas–Fermi theory, Xα, and the local density 

approximation (LDA) were in large part based upon fitting the functionals to the 

theoretical electron gas. The first truly successful DFT functionals, the generalized 

gradient approximation (GGA) functionals, were of the KS-DFT variety and relied on 

XC terms designed using density gradient corrections [Barden, and Schaefer, 2000]. 

Some of the most popular functionals are of this type, including the Becke-88 (B88) 

exchange functional and the Lee–Yang–Parr (LYP) and Perdew-86 (P86) correlation 

functionals. These functionals were still found to be lacking for nonlocal molecular 

phenomena, and so hybrid functionals were built that contained some proportion of exact 

(i.e., HF) exchange. Of this type, the Becke three-parameter exchange functional (B3) is 

still the most common. If exchange and correlation functionals are combined, modern 

DFT functionals (B3LYP, BP86, etc.) are the result [Barden and Schaefer, 2000]. 
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Currently, DFT enjoys an enormous amount of acceptance for predicting molecular 

structures and properties due to its relative accuracy and increased speed over other 

quantum chemical methods. However, systems involving bond-breaking or weak bonds 

are still problematic. In recent years, density-functional theory (DFT) has emerged as one 

of the most commonly used quantum-mechanical methods for studying a wide range of 

molecular properties. Both local density approximation (LDA) and generalized gradient 

approximation (GGA) functionals have been developed. In particular, GGA functionals 

such as the Becke–Lee–Yang–Parr functional (BLYP) and the hybrid Becke-3-

parameter-Lee–Yang– Parr functional (B3LYP) often describe electron correlation 

effects of molecular properties with an accuracy comparable to that of MP2 and CCSD 

theories [Sabin and Brandas, 2005]. 

DFT has emerged as an alternative to the ab initio and semi-empirical approaches for 

studying the ground state properties of molecular systems. The DFT theory is an 

approach to the electronic structure of atoms and molecules which has enjoyed a dramatic 

surge of interest since the late 1980s and in the 1990s. Whereas the HF theory does 

calculate the full N-electron wavefunction, the DFT theory only attempts to calculate the 

total electron energy and the overall electronic density distribution. The central idea of 

DFT is that there is a relationship between the total electronic energy and the overall 

electronic density. Hohenberg and Kohn showed that the ground state energy and other 

properties of a system were uniquely defined by the electron density. A practical 

application of this theory was developed by Kohn and Sham who formulated the electron 

density as a linear combination of basis functions similar in mathematical form to HF 

orbitals. A determinant is then formed from these functions (Kohn and Sham orbitals) 

[Geneste and Carpy, 2004]. The DFT methods compute the electron correlation via 
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general functionals of the electron density. The DFT functionals partition the electronic 

energy into several components which are computed separately: the kinetic energy, the 

electron nuclear interaction, the Coulomb repulsion and an exchange correlation term 

accounting for the remainder of the electron–electron interaction. The Kohn-Sham 

equation is represented as follows [Levine, 2001; Carloni and Alber, 2003; Mueller, 

2002] :- 

  (11) 

 

Here,  is a local potential called the exchange and correlation potential. 

The εi are eigenvalues of the matrix of Lagrange multipliers and are called the Kohn-

Sham eigenvalues. The Kohn-Sham equations have the form of self-consistent-field 

equations of the Hartree type, but, in contrast with the Hartree equations, which are 

approximate, are formally exact. The self-consistent potential acting on the electrons in 

the above equation is given by a sum of the external potential, the Hartree potential, and 

the exchange and correlation potential [Carloni and Alber, 2003]. The final DFT energy 

expression is written as [Lowe and Peterson, 2006], 

EDFT[ρ]=Ts[ρ]+Ene[ρ]+J[ρ]+Exc[ρ]   (12) 

where the exchange correlation functional Exc[ρ] contains the difference between the 

exact kinetic energy and TS, the non-classical (exchange) part of electron-electron 

repulsions, K[ρ], and correlation contributions to both K[ρ] and J [ρ]. The Kohn–Sham 

orbitals are eigenfunctions of an effective one-electron hamiltonian that is nearly 

identical in form to the Fock operator in the SCF equations. In the Kohn–Sham case, 

however, the HF exchange operators are replaced by the functional derivative of the 
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exchange correlation energy. Assuming the existence of Exc[ρ] and an initial guess for the 

electron density, one then solves the Kohn–Sham eigenvalue equations for the orbitals, 

which can then be used to define a new electron density and effective hamiltonian. These 

iterations continue until the density is converged to within a specified threshold. The DFT 

methods compute the electron correlation via general functionals of the electron density. 

The DFT functionals partition the electronic energy into several components which are 

computed separately: the kinetic energy, the electron nuclear interaction, the Coulomb 

repulsion and an exchange correlation term accounting for the remainder of the electron–

electron interaction [Young, 2001]. In a true density functional theory, one would deal 

with only the electron density (a function of three variables) and not with the orbitals 

[Young, 2000].  

The premise behind DFT is that the energy of a molecule can be determined from the 

electron density instead of a wave function. The original theorem applied only to finding 

the ground-state electronic energy of a molecule. The method is similar in structure to the 

Hartree-Fock method where the electron density is expressed as a linear combination of 

basis functions similar in mathematical form to HF orbitals. A determinant is then formed 

from these functions, called Kohn-Sham orbitals. It is the electron density from this 

determinant of orbitals that is used to compute the energy. This procedure is necessary 

because Fermion systems can only have electron densities that arise from an 

antisymmetric wave function [Young, 2001]. A density functional is then used to obtain 

the energy for the electron density. The exact density functional is not known. Therefore, 

there is a whole list of different functionals that may have advantages or disadvantages. 

Some of these functionals were developed from fundamental quantum mechanics and 

some were developed by parameterizing functions to best reproduce experimental results. 
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Thus, there are in essence ab initio and semiempirical versions of DFT. DFT tend to be 

classified either as an ab initio method or in a class by itself. The advantage of using 

electron density is that the integrals for Coulomb repulsion need be done only over the 

electron density, which is a three-dimensional function, thus scaling as N3. Furthermore, 

at least some electron correlation can be included in the calculation. This result in faster 

calculations than HF calculations (which scale as N4) and computations that is a bit more 

accurate as well [Young, 2001].  

The better DFT functionals give results with an accuracy similar to that of an MP2 

calculation. Density functionals can be broken down into several classes. The simplest is 

called the Xα method [Geneste and Carpy, 2004]. This type of calculation includes 

electron exchange but not correlation. It was introduced by J. C. Slater, who in attempting 

to make an approximation to Hartree-Fock unwittingly discovered the simplest form of 

DFT. The Xα method is similar in accuracy to HF and sometimes better. The simplest 

approximation to the complete problem is one based only on the electron density, called a 

local density approximation (LDA). For high-spin systems, this is called the local spin 

density approximation (LSDA). LDA calculations have been widely used for band 

structure calculations. Their performance is less impressive for molecular calculations, 

where both qualitative and quantitative errors are encountered. For example, bonds tend 

to be too short and too strong. In recent years, LDA, LSDA, and VWN (the Vosko, 

Wilks, and Nusair functional) [Young, 2001; Geneste and Carpy, 2004] have become 

synonymous in the literature. A more complex set of functionals used the electron density 

and its gradient. They are called gradient-corrected methods- BLYP (which stands for 

Becke, Lee, Yang and Parr), P86(which stands for Perdew 1986) and PW91(which stands 

for Perdew and Wang 1991). There are also hybrid methods that are a linear combination 
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of HF, local and gradient-corrected exchange terms. This exchange functional is then 

combined with a local and a gradient corrected correlation functional. The widely used 

hybrid functionals are B3LYP, B3P86 and B3PW91. In general, gradient-corrected or 

hybrid functionals give the most accurate results [Young, 2001; Geneste and Carpy,  

2004]. The advantages of the method are its high accuracy and efficiency which make it 

particularly well suited for the realistic study of large molecular systems. It describes 

with consistent reliability organic systems but also inorganic, metallic systems, etc. 

However, there are a few cases where Xα and LDA do quite well. LDA is known to give 

less accurate geometries and predicts binding energies significantly too large. The current 

generations of hybrid functionals are a bit more accurate than the present gradient-

corrected techniques. One recent development in DFT is the advent of linear scaling 

algorithms [Young, 2001]. These algorithms replace the Coulomb terms for distant 

regions of the molecule with multipole expansions. This results in a method with a time 

complexity of N for sufficiently large molecules. The most common linear scaling 

techniques are the fast multipole method (FMM) and the continuous fast multipole 

method (CFMM). DFT is generally faster than Hartree-Fock for systems with more than 

10-15 non-hydrogen atoms, depending on the numeric integral accuracy and basis set. 

Linear scaling algorithms do not become advantageous until the number of heavy atoms 

exceeds 30 or more, depending on the general shape of the molecule [Young, 2001].  

DFT calculations must use a basis set. This raises the question of whether DFT-

optimized or typical HF-optimized basis sets should be used. Studies using DFT-

optimized basis sets have shown little or no improvement over the use of a similar-size 

conventional basis set. Most DFT calculations today are being done with HF-optimized 

GTO basis sets. The accuracy of results tends to degrade significantly with the use of 
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very small basis sets. For accuracy considerations, the smallest basis set used is generally 

6-31G* or the equivalent. Interestingly, there is only a small increase in accuracy 

obtained by using very large basis sets. This is probably due to the fact that the density 

functional is limiting accuracy more than the basis set limitations. Since DFT calculations 

use numerical integrals, calculations using GTO basis sets are no faster than those using 

other types of basis sets. It is reasonable to expect that STO basis sets or numeric basis 

sets would be more accurate due to the correct representation of the nuclear cusp and 

exponential decay at long distances. The fact that so many DFT studies use GTO basis 

sets is not a reflection of accuracy or computation time advantages. It is because there 

were a large number of programs written for GTO HF calculations. HF programs can be 

easily turned into DFT programs, so it is very common to find programs that do both. 

There are programs that use cubic spline basis sets (e.g., the dMol and Spartan programs) 

and STO basis sets (e.g., ADF) [Young, 2001].  

The accuracy of results from DFT calculations can be poor to fairly good, depending 

on the choice of basis set and density functional. The choice of density functional is made 

more difficult because creating new functionals is still an active area of research. At the 

time of this book's publication, the B3LYP hybrid functional (also called Becke3LYP) 

was the most widely used for molecular calculations by a fairly large margin. This is due 

to the accuracy of the B3LYP results obtained for a large range of compounds, 

particularly organic molecules. However, it would not be surprising if this functional's 

dominance changed within a few years. Due to the newness of DFT, its performance is 

not completely known and continues to change with the development of new functionals. 

The bibliography at the end of this chapter includes references for studies comparing the 

accuracy of results. At the present time, DFT results have been very good for organic 
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molecules, particularly those with closed shells. Results have not been so encouraging for 

heavy elements, highly charged systems, or systems known to be very sensitive to 

electron correlation. DFT's recent heavy usage has been due to the often optimal accuracy 

versus CPU time [Young, 2001]. 

The advantages of the methods are its high accuracy and efficiency which make it 

particularly well suited for the realistic study of large molecular systems. It describes 

with consistent reliability organic systems but also inorganic, metallic systems, etc. The 

DFT methodology is increasingly used in pharmaceutical, agrochemical and 

biotechnology research [Geneste and Carpy, 2004]. It is clear that DFT methods have 

many advantages; they scale well with system size, implicitly include electron correlation 

effects and the accuracy of DFT methods is comparable to correlated ab initio methods, 

such as MP2, which do not scale as well. DFT methods can, therefore, be applied to 

larger molecular systems than traditional ab initio methods. However, despite much work 

to understand the form of the exchange-correlation energy functional, there is, as yet, no 

clear approach to improve the quality of the density functional in a systematic fashion 

and so it is important to test the performance of existing functional. DFT computations 

can be done with less computer time than the most advanced ab initio MO methods and it 

can be extended to considerably larger molecules than advanced ab initio methods and 

are being used extensively in the prediction and calculation of molecular properties 

[Carey and Sundberg, 2007]. Good correlations with experimental values were observed 

and predictions were made for several cases that have not been measured experimentally. 

As a result, there has been extensive use of B3LYP and other DFT methods in organic 

chemistry, as with MO calculations, the minimum energy geometry and total energy are 
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calculated. Also other properties that depend on electronic distribution, such as molecular 

dipoles, can also be calculated. 

Recent publications and latest literatures in the field of computational chemistry 

showed a lot of activity in the prediction of DFT molecular energies and properties in 

comparison to accurate experimental results, if available, or high level calculations using 

traditional correlated methods [Sabin and Brandas, 2005]. It is clear that quantum 

mechanical methods are an important tool in chemical investigations. In particular, 

despite some problems, non-local hybrid DFT methods generally give reliable results for 

a remarkable range of chemical problems. The B3LYP Density functional theory (DFT) 

is then supposed to be the most reliable method for the calculation of geometries and 

energies of the compounds of our interest in this research work. 

2.3.4 ONIOM method 

Various computational methods have strengths and weaknesses. Quantum mechanics 

(QM) can compute many properties and model chemical reactions. Molecular mechanics 

(MM) is able to model very large compounds quickly. It is possible to combine these two 

methods into one calculation, which models a very large compound using MM and one 

crucial section of the molecule with QM. This calculation is designed to give results that 

have very good speed when only one region needs to be modeled quantum mechanically. 

It can also be used to model a molecule surrounded by solvent molecules. This type of 

calculation is called a QM/MM calculation [Young, 2001].  

The earliest combined calculations were done simply by modeling different parts of 

the system with different techniques. For example, some crucial part of the system could 

be modeled by using an ab initio geometry-optimized calculation. The complete system 

could then be modeled using MM, by holding the geometry of the initial region fixed and 
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optimizing the rest of the molecule. This procedure yields geometry for the whole 

system, although there is no energy expression that reflects non-bonded interactions 

between the regions. One use is to compute the conformational strain in ligands around a 

metal atom, which is important in determining the possibility of binding. In order to do 

this, the metal atom is removed from the calculation, leaving just the ligands in the 

geometry from the complete system. Two energy calculations on these ligands are then 

performed: one without geometry optimization and one with geometry optimization. The 

difference between these two energies is the conformational strain that must be 

introduced into the ligands in order to form the compound. Another technique is to use an 

ab initio method to parameterize force field terms specific to a single system. For 

example, an ab initio method can be used to compute the reaction coordinate for a model 

system. An analytic function can then be fitted to this reaction coordinate. A MM 

calculation can then be performed, with this analytic function describing the appropriate 

bonds, and so on [Young, 2001]. 

 Quantitative energy values are one of the most useful results from computational 

techniques. In order to develop a reasonable energy expression when two calculations are 

combined, it is necessary to know not only the energy of the two regions, but also the 

energy of interaction between those regions. There has been a number of energy 

computation schemes proposed. Most of these schemes can be expressed generally as 

[Young, 2001],
 

E=EQM + EMM + EQM/MM + Epol + Eboundary   (13) 

The first two terms are the energies of the individual computations. The EQM/MM term 

is the energy of interaction between these regions, if we assume that both regions remain 

fixed. It may include van der Waals terms, electrostatic interactions, or any term in the 
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force field being used. Epol is the effect of either region changing as a result of the 

presence of the other region, such as electron density polarization or solvent 

reorganization. Eboundary is a way of representing the effect of the rest of the surroundings, 

such as the bulk solvent.  

An alternative formulation of QM/MM is the energy subtraction method. In this 

method, calculations are done on various regions of the molecule with various levels of 

theory. Then the energies are added and subtracted to give suitable corrections. This 

results in computing an energy for the correct number of atoms and bonds analogous to 

an isodesmic strategy. Three such methods have been proposed by Morokuma and 

coworkers [Young, 2001]. The integrated MO+MM (IMOMM) method combines an 

orbital-based technique with an MM technique. The integrated MO+MO method 

(IMOMO) integrates two different orbital-based techniques. The our own n-layered 

integrated MO and MM method (ONIOM) allows for three or more different techniques 

to be used in successive layers. The acronym ONIOM is often used to refer to all three of 

these methods since it is a generalization of the technique. The IMOHC (Integrated 

molecular orbital method with harmonic cap) method is a modification of IMOMO and 

IMOMM in which the bond distances to the link atom in the real system and the capping 

atom in the model system are not frozen, but are allowed to vary in the optimization 

[Levine, 2000]. The ONIOM method is an extension of IMOMO and IMOMM that 

performs calculations on n different systems using n layers of calculation. Each system 

and calculation level constitutes a layer. The IMOMO and IMOMM methods are versions 

of ONIOM with n=2. ONIOM3 is the three-layered version of ONIOM and uses a real 

system calculated at low level, an intermediate model system calculated at medium level, 

and a small model system calculated at high level [Levine, 2000].     
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This technique can be used to model a complete system as a small model system and 

the complete system. The complete system would be computed using only the lower level 

of theory. The model system would be computed with both levels of theory [Young, 

2001]. The energy for the complete system, combining both levels of theory, would then 

be,   

E = Elow,complete + Ehigh,model – Elow,model    (14)  

Likewise, a three-layer system could be broken down into small, medium, and large 

regions, to be computed with low, medium, and high levels of theory (L, M, and H 

respectively). The energy expression would then be   

E = EH,small + EM,medium - EM,small + EL,large - EL,medium   (15)    

This method has the advantage of not requiring a parameterized expression to 

describe the interaction of various regions. Any systematic errors in the way that the 

lower levels of theory describe the inner regions will be canceled out. QM/MM methods 

do not allow for charge transfer between different regions of the system. Thus, 

partitioning should not divide sections expected to have a charge separation. The 

geometry of one region will affect the geometry of the other because interaction between 

regions is not a systematic effect. If we assume transferability of parameters, this method 

avoids any over counting of the non-bonded interactions. One disadvantage is that the 

lower levels of theory must be able to describe all atoms in the inner regions of the 

molecule. Thus, this method cannot be used to incorporate a metal atom into a force field 

that is not parameterized for it. The effect of one region of the molecule causing 

polarization of the electron density in the other region of the molecule is incorporated 

only to the extent that the lower levels of theory describe polarization. This method 

requires more CPU time than most of the others mentioned. However, the extra time 
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should be minimal since it is due to lower-level calculations on smaller sections of the 

system [Young, 2001]. 

The concept of mixing methods of different accuracy has been generalized in the 

ONIOM method to include several (usually two or three) layers, for example using 

relatively high-level theory in the central part, a lower level electronic structure theory in 

an intermediate layer and force field to treat the outer layer. The original ONIOM method 

only employed mechanical embedding for the QM/MM interface, but more recent 

extensions have also included electronic embedding. The ONIOM method employs an 

extrapolation scheme based on assumed additivity, in analogy to the CBS, Gn and Wn 

methods [Jensen, 2007]. For a two-layer scheme, the small (model) system is calculated 

at both the low and high levels of theory, while the large (real) system is calculated at the 

low level of theory. The result for the real system at the high theoretical level is estimated 

by adding the change between the high and low levels of theory for the model system to 

the low level results for the real system. 

Extrapolation can be done for multi-level ONIOM models, although it requires 

several intermediate calculations. It should be noted that derivatives of the ONIOM 

model can be constructed straightforwardly from the corresponding derivative of the 

underlying methods, and it is thus possible to perform geometry optimizations and 

vibrational analysis using the ONIOM energy function. QM/MM methods are often used 

for modelling solvent effects, with the solvent treated by MM methods, but in some cases 

the first solvation shell is included in the QM region. If such methods are used in 

connection with dynamical sampling of the configurational space, it is possible that MM 

solvent molecules can enter the QM regions, or QM solvent molecules can drift into the 

MM region [Jensen, 2007]. In order to handle such situations, there must be a procedure 
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for allowing solvent molecules to switch between a QM and MM description. In order to 

ensure a smooth transition, a transition region can be defined between the two parts, 

where a switching function is employed to make a continuous transition between the two 

descriptions.  

The ONIOM method developed by Keiji Morokuma and his colleagues is an onion-

skin-like extrapolation method that allows us to combine a variety of QM methods as 

well as an MM method in multiple layers [Carloni and Alber, 2003 ; Morokuma, 2002 ; 

Vreven et al., 2012]. The concept of ONIOM is extremely simple. The target calculation 

is the high level calculation for a large real system, E(high,real), which is prohibitively 

expensive. We can perform for the real system an inexpensive low level calculation, 

E(low,real), that may not be sufficiently accurate for the property we want to calculate. 

We can also carry out an accurate high level calculation for a smaller model system, 

E(high,model). Starting from E(low,model), if one assumes that the correction for the 

high level, E(high,model) - E(low,model), and the correction for the real system, E(low, 

real) - E(low,model), to be additive, the energy of the real system at the high level can be 

estimated extrapolatively from three independent calculations as [Morokuma, 2002 ; 

Vreven et al., 2012 ; Tao and Schlegel, 2010], 

E(ONIOM,real) = E(high,model) + E(low,real) - E(low,model)  (16) 

 

The definition of the model system is rather straightforward when there is no covalent 

bond between the layers. If one considers a solute molecule complexed with one solvent 

molecule as the real system, the solute will be the model system, and the solute{solvent 

interaction is naturally included at the low-level calculation of the real system. The 

situation becomes more complicated when a covalent bond exists between the layers. 

ONIOM adopts the most straightforward way of ensuring that the model system is 
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representative of the real system, i.e. saturating the dangling bonds at the end of the 

model layer with link atoms. For example, if a methyl group is in the low-level layer, this 

group is substituted by a hydrogen atom in the model system [Morokuma, 2002]. 

From the ONIOM energy in the above equation, we can calculate the energy gradient 

with respect to nuclear coordinates, ∂E(ONIOM,real)/Rreal, which can be used to optimize 

the geometry of the real system on the E(ONIOM,real) potential surface. The Hessian or 

higher-order derivatives can also be calculated. One can also calculate various properties, 

such as the dipole moment and nuclear magnetic resonance shielding, as ONIOM 

expectation values of the corresponding operator. The most important question when 

using the ONIOM scheme is how to select the methods that will be combined, and the 

partitioning of the system into high- and low-level layers. These two factors are closely 

related. An arbitrary choice of model and method combination does not usually work.  

The S-value, S(level), is the difference between the real and the model systems, or the 

effect of the substituent (second layer) evaluated at a given level.  

The main problem with QM/MM methods is that there is no unique way of deciding 

which part should be treated by force field and which by quantum mechanics. The 

stitching together of the two regions is certainly not unique, and the many possible 

combinations of force field and QM methods make QM/MM methods still somewhat 

experimental. Furthermore, the inability to perform calibration studies of large systems 

by pure QM methods makes it difficult to evaluate the severity of the approximations 

included in QM/MM methods [Jensen, 2007]. 
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2.4 Basis Sets 

A basis set is a set of functions used to describe the shape of the orbitals in an atom. 

Molecular orbitals and entire wave functions are created by taking linear combinations of 

basis functions and angular functions. Most semiempirical methods use a predefined 

basis set. When ab initio or density functional theory calculations are done, a basis set 

must be specified. Although it is possible to create a basis set from scratch, most 

calculations are done using existing basis sets [Young, 2001]. The type of calculation 

performed and basis set chosen are the two biggest factors in determining the accuracy of 

results. 

The quantum mechanical calculations on ground state energies involve the initial 

selection of a basis set, which in its simplest, or minimal, form is the electronic 

configuration of the atom in question. Quantum mechanical calculations are not capable 

of actually generating their own basis sets that must instead be put in by hand. So 

whereas the correct ground state electronic configurations can in many cases be selected 

among a number of plausible options, the options themselves are not provided by the 

theory [Scerri, 2004]. 

Basis sets in quantum chemistry are generally built according to the notion that they 

should reflect both the chemical ideas of orbitals as well as the physical reality of long-

range interactions (such as hydrogen bonding) that may be more diffuse than most 

conventional bonding theories would suggest. Early research showed that Slater functions 

describe an orbital very well, as they maintain the cusp of the electronic potential near the 

nucleus; but they are also computationally rather expensive [Barden and Schaefer, 2000]. 

An alternative that is in general use today is to utilize sets of easier-to-calculate linear 

combinations of Gaussian functions rather than Slater functions. Generally speaking, a 
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basis set is a collection of basis functions. For carbon, nitrogen, and oxygen compounds, 

a minimum basis set is composed of a 1s function for each hydrogen and 1s, 2s, and three 

2p functions for each of the second-row atoms. More extensive and flexible sets of basis 

functions are in wide use [Carey and Sundberg, 2007]. These basis sets may have two or 

more components in the outer shell, which are called split-valence sets. Basis sets may 

include p functions on hydrogen and/or d and f functions on the other atoms. These are 

called polarization functions. The basis sets may also include diffuse functions, which 

extend farther from the nuclear center. Split-valence bases allow description of tighter or 

looser electron distributions on atoms in differing environments. Polarization permits 

changes in orbital shapes and shifts in the center of charge. Diffuse functions allow 

improved description of the outer reaches of the electron distribution. 

Ab initio methods try to derive information by solving the Schrödinger equation 

without fitting parameters to experimental data. Actually, ab initio methods also make 

use of experimental data, but in a somewhat more subtle fashion. Many different 

approximate methods exist for solving the Schrödinger equation, and which one to use 

for a specific problem is usually chosen by comparing the performance against known 

experimental data. Experimental data thus guides the selection of the computational 

model, rather than directly entering into the computational procedure [Jensen, 2007]. 

Specific ab initio methods are characterized by the form of the wave function and the 

nature of the basis set functions that are used. The most common form of the wave 

function is the single determinant of molecular orbitals expressed as a linear combination 

of basis functions, as is the case with semiempirical calculations [Carey and Sundberg, 

2007].  
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One of the approximations inherent in essentially all ab initio methods is the 

introduction of a basis set. Expanding an unknown function, such as a molecular orbital, 

in a set of known functions is not an approximation if the basis set is complete. However, 

a complete basis set means that an infinite number of functions must be used, which is 

impossible in actual calculations [Jensen, 2007]. An unknown MO can be thought of as a 

function in the infinite coordinate system spanned by the complete basis set. When a 

finite basis set is used, only the components of the MO along those coordinate axes 

corresponding to the selected basis functions can be represented. The smaller the basis 

set, the poorer the representation. The type of basis functions used also influence the 

accuracy. The better a single basis function is able to reproduce the unknown function, 

the fewer basis functions are necessary for achieving a given level of accuracy. Knowing 

that the computational effort of ab initio methods scales formally as at least M4 basis, it is 

of course of prime importance to make the basis set as small as possible, without 

compromising the accuracy. The expansion of the molecular orbitals leads to integrals of 

quantum mechanical operators over basis functions, and the ease with which these 

integrals can be calculated also depends on the type of basis function. In some cases the 

accuracy per- function criterion produces a different optimum function type than the 

efficiency per- function criterion [Jensen, 2007]. 

In computational quantum chemistry, the period from 1970 onwards has seen 

numerous studies of organic molecules, with ever increasing sophistication in the 

treatment of electron correlation, vibronic and environmental effects. It became evident 

that only the most accurate ab initio methods in conjunction with large and flexible basis 

sets give quantitative agreement with experiment [Kaupp et al., 2004]. 
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There are two types of basis functions (also called Atomic Orbitals, AO) commonly 

used in electronic structure calculations: Slater Type Orbitals (STO) and Gaussian Type 

Orbitals (GTO) [Jensen, 2007]. For diatomic molecules, the basis functions are usually 

taken as atomic orbitals, some centered on one atom, the remainder centered on the other 

atom; each AO can be represented as a linear combination of one or more Slater-type 

orbitals (STO‘s), called LC-STO. For polyatomic molecules, the LC-STO method uses 

STO‘s centered on each of the atoms [Levine, 2000]. To speed up molecular integral 

evaluation, Boys proposed (in 1950) the use of Gaussian type functions (GTFs) instead of 

STOs for the atomic orbitals in an LCAO wave function, both STOs and GTOs can be 

chosen to form a complete basis. The increase in the number of GTO basis functions, 

however, is more than compensated for by the ease of which the required integrals can be 

calculated. In terms of computational efficiency, GTOs are therefore preferred and are 

used almost universally as basis functions in electronic structure calculations. 

Furthermore, essentially all applications take the GTOs to be centered at the nuclei. For 

certain types of calculations the centre of a basis function may be taken not to coincide 

with a nucleus, for example being placed at the centre of a bond or between non-bonded 

atoms for improving the calculation of van der Waals interactions [Jensen, 2007].   

GTO basis sets require more primitives to describe the wave function than are needed 

for STO calculations. However, the integrals over GTO primitives can be computed 

analytically, which is so much faster than the numeric integrals over STO functions that 

any given accuracy can be obtained most quickly using GTO functions. As such, STO 

basis sets are sometimes used for high-accuracy work, but most calculations are now 

done with GTO basis sets [Young, 2001]. Early calculations were often done with Slater 

functions, designated STO for Slater-type orbitals. Currently most computations are done 
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with Gaussian basis functions, designated by GTOs. A fairly accurate representation of a 

single STO requires three or more GTOs, which compares the forms for one, two, and 

three GTOs. At the present time most basis sets use a six-Gaussian representation, 

usually designated 6G [Carey and Sundberg, 2007]. Choosing a standard GTO basis set 

means that the wave function is being described by a finite number of functions. This 

introduces an approximation into the calculation since an infinite number of GTO 

functions would be needed to describe the wave function exactly. Differences in results 

due to the quality of one basis set versus another are referred to as basis set effects. In 

order to avoid the problem of basis set effects, some high-accuracy work is done with 

numeric basis sets. These basis sets describe the electron distribution without using 

functions with a predefined shape [Young, 2001]. 

Having decided on the type of function (STO/GTO) and the location (nuclei), the 

most important factor is the number of functions to be used. The smallest number of 

functions possible is a minimum basis set. Only enough functions are employed to 

contain all the electrons of the neutral atom(s). For hydrogen (and helium) this means a 

single s- function. For the first row in the periodic system it means two s-functions (1s 

and 2s) and one set of p-functions (2px, 2py and 2pz). Lithium and beryllium formally 

only require two s-functions, but a set of p-functions is usually also added. For the second 

row elements, three s-functions (1s, 2s and 3s) and two sets of p-functions (2p and 3p) are 

used. The next improvement of the basis sets is a doubling of all basis functions, 

producing a Double Zeta (DZ) type basis [Jensen, 2007]. The term zeta stems from the 

fact that the exponent of STO basis functions is often denoted by the Greek letter z. A DZ 

basis thus employs two s-functions for hydrogen (1s and 1s′), four s-functions (1s, 1s′, 2s 
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and 2s′) and two sets of p-functions (2p and 2p′) for first row elements, and six s-

functions and four sets of p-functions for second row elements. 

Most calculations today are done by choosing an existing segmented GTO basis set. 

These basis sets are identified by one of a number of notation schemes. These 

abbreviations are often used as the designator for the basis set in the input to ab initio 

computational chemistry programs [Young, 2001]. The smallest basis sets are called 

minimal basis sets. The most popular minimal basis set is the STO-3G set. This notation 

indicates that the basis set approximates the shape of a STO orbital by using a single 

contraction of three GTO orbitals. One such contraction would then be used for each 

orbital, which is the definition of a minimal basis. Minimal basis sets are used for very 

large molecules, qualitative results, and in certain cases quantitative results. There are 

STO-nG basis sets for n=2-6. Another family of basis sets, commonly referred to as the  

Pople basis sets, are indicated by the notation 6-31G. This notation means that each core 

orbital is described by a single contraction of six GTO primitives and each valence shell 

orbital is described by two contractions, one with three primitives and the other with one 

primitive. These basis sets are very popular, particularly for organic molecules. Other 

Pople basis sets in this set are 3-21G, 4-31G, 4-22G, 6-21G, 6-311G, and 7-41G. 

Pople developed a system of abbreviations that indicates the composition of the basis 

sets used in ab initio calculations [Carey and Sundberg, 2007]. The series of digits that 

follows the designation 3G or 6G indicates the number of Gaussian functions used for 

each successive shell. The combination of Gaussian functions serves to improve the 

relationship between electron distribution and distance from the nucleus. Polarization 

functions incorporate additional orbitals, such as p for hydrogen and d and/or f for 

second-row atoms. This permits changes in orbital shapes and separation of the centers of 
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charge. The inclusion of d and f orbitals is indicated by the asterisk (*). One asterisk 

signifies d orbitals on second-row elements; two asterisks means that p orbitals on 

hydrogen are also included. If diffuse orbitals are used they are designated by a plus sign 

(+), and the designation double plus (++) means that diffuse orbitals are present on both 

hydrogen and the second-row elements. Split-valence sets are indicated by a sequence 

defining the number of Gaussians in each component. Split-valence orbitals are 

designated by primes, so that a system of three Gaussian orbitals would be designated by 

single, double, and triple primes. 

Minimal basis sets (STO-3G) is a rarely inexpensive one, which can be used for 

calculations on quite large molecules. It is minimal in the sense of having the least 

number of functions per atom required to describe the occupied orbital of that atom, i.e. 

the smallest number of functions possible is a minimum basis set [Jensen, 2007]. A 

minimal basis set has rather limited variational flexibility particularly if exponent are 

optimized [Szabo and Ostlund, 1982]. The first step in improving upon the minimal basis 

set involves using two functions for each of the minimal basis functions producing a 

Double Zeta (DZ) type basis [Mueller, 2002]. The term zeta stems from the fact that the 

exponent of STO basis functions is often denoted by the Greek letter δ. A DZ basis thus 

employs two s-functions for hydrogen (1s and 1s′), four s-functions (1s, 1s′, 2s and 2s′) 

and two sets of p-functions (2p and 2p′) for first row elements, and six s-functions and 

four sets of p-functions for second row elements. 

The next step up in basis set size is a Triple Zeta (TZ). Such a basis contains three 

times as many functions as the minimum basis, i.e. six s-functions and three p-functions 

for the first row elements. Some of the core orbitals may be saved by only splitting the 

valence, producing a triple split valence basis set. The names Quadruple Zeta (QZ) and 
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Quintuple or Pentuple Zeta (PZ or 5Z, but not QZ) for the next levels of basis sets are 

also used, but large basis sets are often given explicitly in terms of the number of basis 

functions of each type [Jensen, 2007]. 

As the Pople basis sets have further expanded to include several sets of polarization 

functions, f functions and so on, there has been a need for a new notation. In recent years, 

the types of functions being added have been indicated in parentheses [Young, 2001]. 

Many basis sets are just identified by the author's surname and the number of primitive 

functions. Some examples of this are the Huzinaga, Dunning, and Duijneveldt basis sets. 

For example, D95 and D95V are basis sets created by Dunning with nine s primitives and 

five p primitives. The V implies one particular contraction scheme for the valence 

orbitals. The acronyms SZ and DZ stand for single zeta and double zeta, respectively. A P 

indicates the use of polarization functions. Since this notation has been used for 

describing a number of basis sets, the name of the set creator is usually included in the 

basis set name. If the author's name is not included, either the Dunning-Hay set is implied 

or the set that came with the software package being used is implied. For example, an 

extension aug-cc-pVDZ, the ‗aug‘ denotes that this is an augmented basis (diffuse 

functions are included). The ‗cc‘ denotes that this is a correlation-consistent basis, 

meaning that the functions were optimized for best performance with correlated 

calculations. The ‗p‘ denotes that polarization functions are included on all atoms. The 

‗VDZ‘ stands for valence double zeta, meaning that the valence orbitals are described by 

two contractions. There is a family of correlation consistent basis sets created by Dunning 

and coworkers and these sets have become popular for high-accuracy correlated 

calculations [Jensen, 2007 ; Barden and Schaefer, 2000 ; Muller, 2006 ; Muller-Plathe, 

1998 ; Carey and Sundberg, 2007 ; Sabin and Brandas, 2005]. There have been many 
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more basis sets developed, it is also possible to combine basis sets or modify them, which 

can result in either poor or excellent results, depending on how expertly it is done. The 

correlation consistent basis sets have been most widely used in recent years for high-

accuracy calculations. In this research work, both Pople basis sets and correlation 

consistent basis sets were incorporated in order to obtain desired. 
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CHAPTER 3 

 

GAS PHASE COMPUTATIONAL STUDIES OF 

TETRAZOLE AND ITS SUBSTITUTED ISOMERS
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3.1 Approach of the studies 

Tetrazoles are well known heterocyclic compounds in organic chemistry, which 

attract a lot of interest for researchers because of many reasons. The Biological and 

medicinal application are the most attractive and interesting issues, which makes the 

azoles a valuable and an outstanding compounds among the heterocycles. Beside this, the 

highly explosive properties of tetrazole recently draw attentions for chemists in the field 

of experimental and theoretical studies. N-Heterocycles are found to have distinct and 

interesting chemical properties, especially when nonsymmetrically substituted, 

distinguishable properties can arise for these molecules.  

The tetrazole ring is the fragment of a number of modern drugs such as antibacterial, 

analgesic, antihypertensive, anti–allergic, anti–inflammatory, angiotensine II and 

antagonists. The presence of several reaction centers and the possibility of prototropy in 

tetrazole afford the conditions for their use in organic and bio-organic synthesis as 

reagents and catalysts. The amount of publications devoted to the molecular structure, 

synthetic methods, chemical and physicochemical properties of tetrazole constantly 

increases. Among the stable structures, this hetero-aromatic system contains the greatest 

number of nitrogen atoms. That is why tetrazole exhibit the extreme values of acidity, 

basicity, and complex formation constants. Also, these compounds have specific thermo 

chemical properties and exhibit multiple reactivities. Moreover, being highly energetic 

nitrogen rich compounds, explosives materials, rocket fuel and gas generating 

compositions were developed from a number of tetrazole derivatives [Bruckner, 2002; 

Balaban et al., 2004; Petersen and Kiener, 1999]. The tetrazole ring is the fragment of a 

number of modern drugs such as antibacterial, anti–allergic, anti–inflammatory, 

angiotensine II antagonists [Ivashkevich et al., 2009]. The numerous possibilities of 
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coordination of tetrazole ring with metal ions permit to use these compounds as effective 

complexones and as corrosion inhibitors [Zhao-Xu et al., 1999]. The degree of 

aromaticity of the ring systems between the two tautomers are examined here using 

different parameters like Harmonic Oscillator Model of Aromaticity, Bird Index and 

Nuclear Independent Chemical Shift, and the value corresponding to the degree of 

aromaticity is found to show fluctuation under the influence of various substituents. 

This study focused on the effect of substituents on Tetrazole tautomers pertaining to 

the nature of its aromatic systems and all isomers were fully optimised at the B3lyp (three 

parameter hybrid functional of Becke using Lee-Yang-Parr correlation functional) 

method using the selected basis sets.   

Results and discussions:-  

3.2. Optimised geometries of 1H- and 2H-Tetrazole isomers 

Figure 3.1. Optimized structures of unsubstituted and substituted 1H-and 2H-tetrazoles at 

B3LYP/6-31G level (bond lengths were given in Å and the values in parentheses are at 

b3lyp/6-31+G(d) level). Substituents: -OH, -CH3, -C2H5, -NO2, -NH3, -COOH and -C6H5.   
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                          5-Hydroxy-1H-Tetrazole 

 
5-Hydroxy-2H-Tetrazole 

 
5-Methyl-1H-Tetrazole 

 

 
5-Methyl-2H-Tetrazole 

 
 

5-Ethyl-1H-Tetrazole 5-Ethyl-2H-Tetrazole 
 
 

 

 
 

 

5-Nitro-1H-Tetrazole 5-Nitro-2H-Tetrazole 

 
5-Amino-1H-Tetrazole 

 

 
5-Amino-2H-Tetrazole 
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5-Carboxy-1H-Tetrazole 

 

 
5-Carboxy-2H-Tetrazole 

5-Phenyl-1H-Tetrazole 

 
                    5-Phenyl-2H-Tetrazole 

 

Calculated geometries of the parent (unsubstituted) and substituted isomers at the 

B3lyp/6-31G and B3lyp/6-31+G (d) levels predicted close values for 1H- and 2H- 

isomers as seen in Figure 3.1. Differences in the values of calculated bond lengths on the 

substituted and unsubstituted isomers are usually small for all the ring systems. 

Regarding the N-H bond length, prediction was very close to the normal N-H bond length 

(1.01 Å) with B3lyp/6-31+G(d) level for both the isomers. 

Figure 3.2. Optimized geometries of transition state species at b3lyp/6-31G level(bond 

lengths were given in Å and the values in parentheses are at B3LYP/6-31+G (d). 

Substituents: -OH, -CH3, -C2H5, -NO2, -NH3, -COOH and -C6H5. 

 

Tetrazole 
 

5-Hydroxytetrazole 
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Bond lengths of the tetrazole rings are not change significantly on substitutions. 

Careful examination of optimized geometries at Figure 3.2 show that substitutions did 

not influence geometry to a large extent.  

Figure 3.3. Optimized geometries of ground state tetrazoles and its substituted isomers 

(bond lengths were given in Å) at b3lyp/6-311++G** level of theory. Substituents: -OH, 

-CH3, -C2H5, -NO2, -NH3, -COOH and -C6H5. 

 

 

 

 

1H-Tetrazole 2H-Tetrazole 

 

5-Methyltetrazole 

 

              5-Ethyltetrazole 

 

5-Nitrotetrazole 

 

 

            5-Aminotetrazole 

5-Carboxytetrazole 

 

 
            5-Phenyltetrazole 
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5-Amino-1H-Tetrazole 5-Amino-2H-Tetrazole 
 

 

 

 
     5-Carboxy-1H-Tetrazole 5-Carboxy-2H-Tetrazole 

 
 

 

 
 

 
 

     5-Ethyl-1H-Tetrazole 5-Ethyl-2H-Tetrazole 
 
 
 

 

 
 

 
 

       5-Hydroxy-1H-Tetrazole 5-Hydroxy-2H-Tetrazole 
 
 

 

 
 

 
 

     5-Methyl-1H-Tetrazole 5-Methyl-2H-Tetrazole 
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5-Nitro-1H-Tetrazole 5-Nitro-2H-Tetrazole 
 

 

 

 

5-Phenyl-1H-Tetrazole 5-Phenyl-2H-Tetrazole 

The electron withdrawing and donating properties among the substituents imparts the 

same effect on the ring, and all the optimized geometrical parameters fall within the same 

range to normal tetrazole ring. Phenyl substitution was an exception with the 1H-isomers 

showing longer bond lengths in the ring and a shorter N-H bond in comparison to the 2H-

isomer. This abnormality may suggests the pseudo -electron participation of the phenyl 

ring where C-atom of the 1H-tetrazole ring must have experienced more induced 

electronegative character from the phenyl ring system. This may further render slight 

increase in the tetrazole ring current, thus resulting in the longer bond length, or say, 1H-

tautomer experienced supplementary influence of an extensive delocalization within the 

ring system. 
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Figure 3.4. Optimised transition state species at B3lyp/6-311++G** level (bond lengths 

were given in Å). Substituents: -OH, -CH3, -C2H5, -NO2, -NH3, -COOH and -C6H5.  

  
Tetrazole 5-Aminotetrazole 

 

 

 

 
          5-Carboxytetrazole 5-Ethyltetrazole 

 

 

 

 
5-Hydroxytetrazole            5-Methyltetrazole 

 
 

 
5- Nitrotetrazole 

 
5-Phenyltetrazole 

 

Optimised geometries of substituted tetrazoles predicted bond lengths very close to 

the unsubstituted tetrazole. The electron donating and withdrawing properties of the 

selected substituents influence the tetrazole only to a small extent. Therefore, it is  

convincing to say that tetrazole possess strong resistance to substituent‘s effect.  
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Figure 3.5. Optimized geometries of ground state tetrazole and its substituted isomers 

(bond lengths were given in Å) at b3lyp/cc-pVTZ level. Substituents: -OH, -CH3, -C2H5, 

-NO2, -NH3, -COOH and -C6H5. 

 

 

1H-Tetrazole  2H-Tetrazole 

 

 
 

5-Amino-1H-Tetrazole  5-Amino-2H-Tetrazole 

  
5-Carboxy-1H-Tetrazole  5-Carboxy-2H-Tetrazole 

 

 

 

5-Ethyl-1H-Tetrazole  5-Ethyl-2H-Tetrazole 
 

 

 

 
 

 

5-Hydroxy-1H-Tetrazole  5-Hydroxy-2H-Tetrazole 
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5-Methyl-1H-Tetrazole  5-Methyl-2H-Tetrazole 
 
 

 

 
 

 

5-Nitro-1H-Tetrazole  5-Nitro-2H-Tetrazole 
 

5-Phenyl-1H-Tetrazole 

 

 
5-Phenyl-2H-Tetrazole 

 

Figure 3.6. Optimised transition states geometries at b3lyp/cc-pVTZ level (bond lengths 

in Å). Substituents: -OH, -CH3, -C2H5, -NO2, -NH3, -COOH and -C6H5. 
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5-Nitrotetrazole 5-Aminotetrazole 

 
 

 

 

 
5- Carboxytetrazole 5-Phenyltetrazole 

 

3.3 Energetic Properties of Tetrazole tautomers 

Table 3.1. Total energies*and relative energies**for Tetrazole and its substituted isomers 

at B3LYP/6-31G and B3LYP/6-31+G (d) levels of theory(*hartree; **kcal/mol). 

Compounds 

 

B3LYP/6-31G B3LYP/6-31+G* 

1H 
(hartrees) 

2H 
(hartrees) 

RE 
(kcal/mol) 

1H 
(hartrees) 

2H 
(hartrees) 

RE 
(kcal/mol) 

Tetrazole -258.133 -258.136 1.8 -258.263 -258.267 2.9 

5-Hydroxytetrazole -333.324 -333.325 0.2 -333.487 -333.491 1.9 

5-Methyltetrazole -297.450 -297.452 1.5 -297.589 -297.592 2.4 

5-Ethyltetrazole -336.754 -336.756 1.5 -336.903 -336.907 2.6 

5-Nitrotetrazole -462.525 -462.528 2.0 -462.751 -462.756 2.8 

5-Aminotetrazole -313.479 -313.483 2.7 -313.625 -313.631 3.6 

5- Carboxytetrazole -446.629 -446.629 0.0 -446.836 -446.839 2.1 

5-Phenyltetrazole -489.148 -489.152 2.4 -489.334 -489.338 2.9 

 

Among all the tetrazole isomers, 2H-Isomer is reported to be the more energetically 

preferred tautomer in the gas phase [Klapotke and Piercey, 2011; Ichino et al., 2008; Zhu 

and Xiao, 2010; Kiselev et al., 2011]. Enthalpy differences between the two tautomers 

are mostly predicted as 2 kcal mol
-1

 on average. Experimental result in enthalpy between 

the two tautomers, i.e. ΔE1H–2H is reported as 6.95 ± 1.50 kJ mol
−1 

(1.65 ± 0.35kcal/mol) 
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[Bugalho et al., 2002]. Table 3.1 is in good agreement with experimental results for most 

substituents where the calculated relative energies fall within the range of 0.2 to 2.9 kcal 

mol
-1

. Meanwhile, b3lyp/6-31G predicted small relative energies for 5-Hydroxytetrazole 

and 5-Carboxy-tetrazole. However, on applying polarization function, 1.9 kcal mol
-1

 and 

2.1 kcal mol
-1

 were obtained for these two isomers. Nevertheless, trends in the relative 

energies depends on the electronic properties of the substituents showing that substitution 

was capable to influence stability of the tetrazole tautomers exemplified from the electron 

donating amide group, bestowing comparable values but as high as 2.7 kcal mol
-1

 and 3.6 

kcal mol
-1 

respectively. 

Calculations predicted the 2H-Tautomer to be more energetic over the 1H-Tautomer 

with the calculated relative energies between 1H and 2H Tautomers fall within the range 

of 1.9 to 3.6 kcal/mol for all the species. Enthalpy difference between the unsubstituted 

tautomers compares fairly well with experimental value, ΔE1H–2H = 6.95 ± 1.50 kJ mol
−1 

[Bugalho et al., 2002].  

3.4 Tautomerisation energies and activation barriers 

The possibilities and existence of tautomerism between 1H- and 2H-tetrazoles are 

investigated in this study in order to provide reasonable data concerning the influence of 

those selected substituents to the activation barriers on tetrazole isomers. Studies in the 

crystalline phase reported tetrazole to exist exclusively as its 1H-tautomer, and, on the 

other hand, in solution, 1H- and 2H-tautomer co-exist where the relative proportion of the 

more polar 1H-form increases with increasing solvent polarity. Since the existence of 1H-

tetrazole in the gas phase has been suggested by microwave spectroscopy [Zhu and Xiao, 

2010], there is an expectation of 1H- and 2H-tetrazole tautomers to co-exist under the 
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influence of suitable substituents in the gas phase. As a rule, 2-substituted isomers are 

more stable than 1-substituted tetrazoles in the gas phase, and the stability of 1-

substituted tetrazoles relative to the corresponding 2-substituted isomers increase in going 

to the condensed state [Galvez-Ruiz et al., 2005]. Tautomeric equilibrium in 5-substituted 

tetrazoles is strongly dependent on the phase, nature of the substituents and its position 

[Chen et al., 1999]. But this study focused only 5-substituted tetrazoles in the gas phase 

where the introduction of substituents to the ring Nitrogen atom was expected to 

stabilizes the corresponding 1H- or 2H-tautomers. Therefore, transition state geometries 

for the tetrazole isomers including substituted isomers are fully optimized at B3lyp/6-

31G, B3lyp/6-31+G*, B3lyp/6-311++G** and B3lyp/cc-pVTZ. Transition state 

geometries do not show appreciable change in bond lengths in the cyclic system for all 

the isomers. However, very small bond elongation between N1 and N2 (~0.1 Å) could be 

found in all the transition state structures. This slight elongation in N1-N2 may be the  

result of formation of hydrogen bonded complexes of the tetrazole tautomers, since X-ray 

diffraction studies of the crystalline structure of tetrazole revealed that the 1H-tetrazole 

molecules are linked by N-H
…

N and C-H
….

N bridges [Halauko et al., 2010 ; Wang et al., 

2002]. The activation barriers were evaluated by taking the differences in energies 

between 1H-tautomers and its transition states for all the tetrazole isomers, and predicted 

barriers were very high, <50kcal mol
-1 

(shown at Table 2 and Table 3). Results from 

B3lyp/6-31G and B3lyp/6-31+G* levels with electron withdrawing hydroxy and nitro 

groups are found to predict higher activation barriers than those of other isomers. The 

difference in activation energy from unsubstituted tetrazole is~3.01kcal mol
-1 

(Table 3.2). 

The activation barrier for all the species were predicted as ~50 kcal mol
-1

. 
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Table 3.2. Calculated transition state total energies*and activation energies*(AE) at 

B3lyp/6-31G and B3lyp6-31+G* levels (*kcal mol
-1

). 

 

Compounds 

B3LYP/6-31G B3LYP/6-31+G* 

Total Energy 

(hatrees) 

AE  

(kcal mol
-1

) 
Total Energy 

(hartrees) 

AE 

(kcal mol
-1

) 

Tetrazole -258.035 61.49 -258.174 55.44 

5-Aminotetrazole -333.223 63.37 -333.397 58.35 

5-Caboxytetrazole -297.353 60.86 -297.501 55.22 

5-Ethyltetrazole -336.657 60.86 -336.815 54.59 

5-Hydroxyterazole -462.421 64.63 -462.658 58.35 

5-Methyltetrazole -313.389 55.84 -313.541 52.08 

5-Nitrotetrazole -446.525 64.63 -446.743 57.73 

5-Phenyltetrazole -489.054 58.98 -489.247 53.96 

 

B3lyp/6-311++G** predict 40.07 kcal mol
-1

 energy barrier for the unsubstituted 

tetrazole; while methyl substituted isomer predict 65.17 kcal mol
-1 

as seen in Table 3.3. 

Since trends in activation energy showed linearity with cc-pVTZ basis set, calculations 

with more sufficient basis sets seems to provide desired results. In the case of 

substitutions, the amide substituted isomers predicted 52.66 kcal mol
-1

 energy barrier, 

which was surprisingly lower than unsubstituted isomer by 3.19 kcal mol
-1

.  

 

Table 3.3. Calculated relative energies*(ΔE1H–2H) and activation energies*(AE) at 

b3lyp/6-311++G** and b3lyp/cc-pVTZ levels (*kcal mol
-1

). 

 

Compounds 

b3lyp/6-311++G** b3lyp/cc-pVTZ 

ΔE1H–2H 

(kcal mol
-1

) 
AE 

(kcal mol
-1

) 

ΔE1H–2H 

(kcal mol
-1

) 
AE 

(kcal mol
-1

) 

Tetrazole 2.92 40.07 2.47 55.85 

5-Aminotetrazole 3.01 53.71 2.46 52.66 

5-Caboxytetrazole 1.98 58.20 1.62 57.39 

5-Ethyltetrazole 2.61 56.06 2.21 55.33 

5-Hydroxyterazole 1.99 55.85 1.81 54.86 

5-Methyltetrazole 2.52 65.17 2.11 55.37 

5-Nitrotetrazole 2.99 59.67 2.27 58.69 

5-Phenyltetrazole 2.99 55.68 2.68 55.15 
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Thus, it was observed that although substituents do not impart significant effect on 

the geometry of tetrazole ring, the energetic contribution from the substituents can never 

be ignored to fully estimate the chemical properties of tetrazoles. 

Figure 3.7. Graphical representation of energies*involve in tautomerisation process 

(*kcal mol
-1

). 

 

Therefore, feasibility of tautomeric transformation was seemed not to be enhanced by 

substitutions as expected. Prediction on activation barriers of substituted isomers did not 

show large discrepancies from the unsubstituted compound. 

3.5 Geometry based Aromaticity Indices 

Harmonic Oscillator Model of Aromaticity (HOMA), Bird Index of Aromaticity (I5) 

and Nucleus Independent Chemical Shift were used as criteria for the evaluations of the 

characteristic degrees of aromaticity. The optimized geometries of the tetrazole and its 

substituted isomers were analyzed based on these aromaticity indices. 

3.5.1 HOMA 

The Harmonic Oscillator Model is designed to characterize the resonance 

stabilization energy of a system related to Benzene structure. Within this model as per 
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Krygowski and Cyranski, the overall aromaticity in the hydrocarbon and heterocycles 

tends to decreased with bond elongation above the optimal bond length [Harris and 

Lammertsma, 1996]. Molecular geometry of discussed compounds permits one to use the 

aromaticity index HOMA and its components EN and GEO to analyze of the relation 

between character of substitution and the aromatic nature of the rings. The index is 

defined as [Krygowski et al., 1999] the following expression: 

HOMA =  =   (17) 

where n is the number of bonds, α is an empirical constant (for C–C and C–N bonds), 

Ropt is a bond length in the fully aromatic system and Ri is a bond length obtained in 

calculation or crystallographic data. HOMA = 0 describes model non-aromatic system 

while HOMA = 1 stands for model aromatic system like benzene [Portella et al., 2005]. 

The EN and GEO terms describe decrease of aromaticity due to a lengthening of the 

mean bond lengths and increase in bond lengths alternation, respectively. Both terms are 

independent on each other. These terms are obtained through the splitting of initial 

Harmonic Oscillator Model index. The Geo term (geometric factor) corresponds to the 

decrease of aromaticity due to bond alteration. The EN (energetic term) describe 

dearomatisation due to bond elongation. If de-aromatization is due to an increase of bond 

alternation, then the GEO index is large; if dearomatisation is due to bond elongation, 

then the EN term is large. The HOMA model has been successful in describing the 

aromatic character of many diverse π-electron systems. Theoretically reliable obtained 

molecular geometries may be applied for the evaluation of HOMA index of Aromaticity 

[Shalini et al., 2010; Thomas, 2003; Kiselev et al, 2011; Varadaraji, 2010; Jeyachandran, 

2011]. 
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In this study, the optimized bond lengths at various selected theoretical levels are 

used for the evaluation of degrees of aromaticity in tetrazoles and its substituted isomers. 

In 5-membered heterocycles, the HOMA index of aromaticity was evaluated, starting 

from the bond length (li), according to the formula [Fang-Fang et al., 2005]: 

HOMA = 100-(100/n) ∑ α ( lopt – li )
2
    (18) 

  

n = No. of bonds in the ring, α = Normalizing factor,  

α = 93.52 for both C-N and N-N bonds,  

lopt = optimal bond length in angstrom  

lopt  = 1.334Å for C-N bond,  

lopt  = 1.309Å for N-N bond, 

 li = calculated individual bond length 
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Table 3.4. Calculated HOMA index of aromaticity at the B3LYP/6-31G, B3LYP/6-31+G*, B3LYP/6-

311++G** and B3LYP/cc-pVTZ levels of theory. 

 

Compounds 
B3LYP/6-31G B3LYP/6-31+G* B3LYP/6-311++G** B3LYP/cc-pVTZ 

1H-Tz  2H-Tz Ts 1H-Tz 2H-Tz Ts 1H-Tz 2H-Tz Ts 1H-Tz 2H-Tz Ts 

Tetrazole 67.78 84.84 -8.68 89.12 97.58 65.15 88.98 98.03 65.55 89.43 98.40 63.11 

Aminotetrazole 62.38 81.79 -99.0 86.07 96.43 42.29 85.24 96.56 43.23 85.98 96.93 38.82 

Hydroxytetrazole 65.84 85.04 -52.9 86.03 97.27 49.72 85.69 97.62 54.74 85.83 98.06 52.01 

Methyltetrazole 68.76 87.86 -9.14 89.06 92.89 63.99 88.74 97.31 63.73 89.38 97.93 61.59 

Ethyltetrazole 68.33 83.92 -7.30 89.14 96.87 62.95 88.70 97.18 62.89 69.14 97.97 61.01 

Nitrotetrazole 75.26 86.06 35.18 92.68 95.20 74.43 91.97 97.89 74.21 92.39 98.35 72.59 

Carboxytetrazole 76.83 84.38 33.38 93.59 96.99 73.85 93.46 97.31 74.72 93.80 97.81 73.66 

Phenyltetrazole 72.39 83.62 -5.30 90.89 98.76 64.17 90.68 96.98 64.19 91.58 97.69 62.97 
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The calculated HOMA indexes for all the isomers at Table 3.4 were in good 

agreement for all the levels of theory except for the transition state structures from 

B3lyp/6-31G level of theory. In this case, the calculated index has been found to give 

negative values except for the nitro- and carboxy-substituted isomers having 35.18 and 

33.38 HOMA values as can be seen in Table 4. Since the harmonic oscillator model is 

designed to characterize the aromaticity of benzene and benzene-like structure, then upon 

taking into account the geometric aromaticity of benzene, whose HOMA values is taken 

as 100 [Stanger, 2009; Balaban et al., 2004], the index values obtained for the transition 

state structures from the B3lyp/6-31G level showed anti-aromaticity. Rationalizing this 

point of view, it can be summoned that this level of theory does not fit well for the 

calculation of HOMA index, especially for the titled compounds since aromaticity were 

found to be completely destroyed for all the transition states species except for nitro and 

carboxy substituted isomers. 

The calculated HOMA values for 1H-5-nitro and 2H-5-nitrotetrazoles by 

Ivashkevitch and co-workers, the 2H-tautomer with HOMA values 98 is considered more 

stable isomer than the 1H-tautomer with HOMA values 92 [Ivashkevitch et al., 2007]. 

Trends from the results of our calculations shows the same pattern where 2H-tautomers 

have higher HOMA values for all tetrazole isomers from the B3lyp/6-31+G*, B3lyp/6-

31++G** and B3lyp/cc-pVTZ theoretical levels. Although the molecular geometry does 

not change very much on substitutions, deviation from theoretical predictions on aromatic 

characters could be. 

Calculated geometry based index of aromaticity summarize that the 2H-tautomer is 

generally more aromatic over 1H-tautomer and these results undoubtedly support any 
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previous study showing the predominance property of 2H-tautomer over 1H-tautomer. As 

the saying, ―It is a known fact that lack of aromaticity results in less favored tautomer‖ 

and as already mentioned, strong electronic resistance to substituents results in small 

changes in the degree of aromaticity with respect to the unsubstituted isomers. 

3.5.2. Bird Index of Aromaticity 

 

The Bird (I5) index of aromaticity was calculated by the following relations: 

 

I5 = 100- (V/35) 100,     (19) 

 

Where, ‗V‘ is the degree of uniformity of the bond order 

V =100/ N     √∑(N-N)
2
/n,  

‗N‘ is the bond order,  

N = (a/l
2
) – b      [Katriztky et al., 1996] 

N is the arithmetic mean of the bond order,   

‗n‘ is the number of bond, [Krygowski et al., 2000]   

‗a‘ and ‗b‘ are empirical constants having values as:  

a = 6.48 for C-N bond, 5.28 for N-N bond, and  

b = 2.00 for C-N bond, 1.41 for N-N bond [Ivashkevitch et al., 2009]. 

 

The evaluated Bird index of aromaticity showed good linearity as seen in Table 3.5. 

B3lyp/6-31G theory predicted high degree of aromaticity for most of the substituted 1H- 

and 2H-tautomers while amino and hydroxy substituted transition state species predict 

16.49 and 28.10 values of aromaticities. In the case of nitro substituted isomers, 2H-

tautomer was predicted to possess lower degree of aromaticity than 1H-tautomers at the 

B3lyp/6-31G level. B3lyp/6-31+G* predicted high degree of aromaticity for all the 

compounds where the lowest value corresponds to 53.02 for hydroxy substituted 
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transition state species and all the 2H-tautomers were predicted as having higher 

aromaticity than 1H-tautomers respectively. B3lyp/6-311++G** predicted 2H-tautomers 

to be more aromatic than the 1H-tautomers for all the ground state isomers and the lowest 

41.17 values was predicted for the methyl substituted transition state species. Results 

from b3lyp/cc-pVTZ level showed discrepancy for ethyl substituted ground state 

tautomers where 2H-tautomer was predicted as having 53.36 values while 1H-tautomer 

was predicted as having 74.25 values. Generally, high degree of aromaticity were 

obtained as per the Bird index of aromaticity for all the species. 
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Table 3.5. Calculated I5 (Bird) geometrical index of aromaticity at the B3LYP/6-31G, B3LYP/6-31+G*, 

B3LYP/6-311++G** and B3LYP/cc-pVTZ levels of theory. 

 
 

Compounds 
B3LYP/6-31G B3LYP/6-31+G* B3LYP/6-311++G** B3LYP/cc-pVTZ 

 1H-Tz   2H-Tz Ts 1H-Tz 2H-Tz Ts 1H-Tz 2H-Tz Ts 1H-Tz 2H-Tz Ts 

Tetrazole 68.19 86.41 34.74 75.77 90.10  62.73 74.72 91.79 61.89 74.46 89.51 59.61 

Aminotetrazole 66.69 84.89 16.49 73.48 88.07  53.35 71.06 86.86 51.44 70.95 86.25 44.56 

Hydroxytetrazole 66.38 86.71 28.10 72.29 89.47  53.02 70.96 88.79 56.89 72.28 88.74 53.96 

Methyltetrazole 69.04 84.38 41.18 76.56 88.78  62.46 74.67 87.47 61.59 74.53 87.84 60.18 

Ethyltetrazole 69.92 85.27 41.59 87.59 88.51  62.27 60.92 87.49 41.17 74.25 53.36 58.92 

Nitrotetrazole 72.95 42.15 57.44 79.75 89.70  67.80 79.60 88.14 66.28 77.72 90.49 64.53 

Carboxytetrazole 77.78 83.71 57.66 68.02 87.62  68.86 81.17 86.98 68.26 74.46 87.06 66.14 

Phenyltetrazole 74.54 84.73 42.79 79.50 87.29  63.02 77.43 86.39 79.17 78.06 86.67 60.29 
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3.6 Magnetic index of Aromaticity – Nucleus Independent Chemical shift (NICS) 

Magnetic indices of aromaticity are completely based on the π-electron ring current 

that is induced when the system is exposed to an external magnetic field. Among the 

indices, the NICS proposed by Schleyer and co-worker is the most widely used. The 

NICS is defined as the negative value of the absolute shielding computed at the ring 

center or at some other interesting point of the system [Matito et al., 2005]. The 

magnetism based index NICS is simply a negative value of the absolute shielding 

estimated at the center of the ring (NICS) and 1 Å above the plane of the ring [Portella et 

al., 2005]. Rings with large negative NICS values are considered aromatic. The more 

negative the NICS values, the more aromatic the rings are. NICS is mainly concerned 

with the particular magnetic properties of the aromatic ring, and is sensitive to the ζ–

electronic effect, thus it depend on the ring size and the level of theory applied. Aromatic 

systems exhibit diatropic π–ring current while antiaromatic ring possess a paratropic one 

and it is the presence of a true ring current that is used to establish whether a molecule is 

aromatic or not. The NICS follows the chemical shift sign convention (negative upfield), 

which is opposite to the shielding (positive upfield). Exocyclic protons exhibit 

characteristic low-field (diatropic) chemical shift due to the induction of a diamagnetic 

ring current in a cyclic π–system [Balaban, 2008;Stanger, 2009;Krygowski et al., 2000]. 

The NICS values are well defined and easy to calculate, and recently, it was observed 

that the NICS values are influence by factors arising from the ζ framework of the ring. 

The NICS index is more closely related to the uniformity of distribution of π-electron 

density around the ring rather than the equalization of bond lengths, i.e. the NICS values 

are more dependent on π–electron distribution rather than the geometry of ring systems. 

This equates to the delocalization of the lone pair and a uniform distribution of the π-
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electron density on the atoms of five-membered ring for optimum aromaticity. Therefore, 

ring nitrogen facilitates optimal redistribution of π-electron density around the ring 

[Ramsden, 2010].  

This study strongly anticipated polarization of the ζ–skeleton and the π-system, 

through the differences encountered in the electronegativities and size of the substituents. 

This would accordingly enable an observation of a considerable change in the degree of 

aromaticity. NICS values were calculated at the centre of the ring [NICS(0)] and also at 

1Å above plane of the ring at the B3LYP/6-31G, B3LYP/6-31+G*, B3LYP/6-311++G** 

and B3LYP/cc-pVTZ levels of theory and the results were shown at Table 6. 

Shielding in ppm at NICS(0) shown at Table 3.6 has been characterized by small 

deviation for substituted isomers when compared to unsubstituted tetrazole. B3lyp/6-31G 

level predict the unsubstituted transition state as having the highest π-electron distribution 

(-12.97) around the heterocyclic ring. Except for hydroxy and nitro substituted isomers, 

all the isomers predicts the transition state species to be more aromatic over 1H- and 2H-

tautomers. These results suggested that the B3lyp/6-31G level is not suitable for the study 

of our titled compounds in relation to its magnetic property of aromaticity. Prediction of 

aromaticity has similar results for the other three theoretical levels where the 2H-isomers 

was computed to have the highest NICS values for each and every isomer. But the 

magnetic properties were not altered much as expected upon substitutions. Unsubstituted 

tetrazole predicts NICS(0) values between -13.28 ppm to -14.63 ppm is higher than 

benzene NICS(0) values of -11.5 [Balaban et al., 2004]. Computation at the B3LYP/6-

31G, B3LYP/6-31+G*, B3LYP/6-311++G** and B3LYP/cc-pVTZ levels of theory 

predicts higher NICS(0) values for all the 1H- and 2H-tautomers than benzene itself 

except for the hydroxy and phenyl-substituted 1H-tautomers.  
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Table 3.6. Nuclues Independent Chemical Shift [NICS(0)]* index of aromaticity at the B3LYP/6-31G, B3LYP/6-

31+G*, B3LYP/6-311++G** and B3LYP/cc-pVTZ levels of theory (*ppm). 

 

 

 

 

 

 

 

 

 

 

  

 

Compounds 

NICS(0)  (ppm)  

     B3LYP/6-31G       B3LYP/6-31+G* B3LYP/6-311++G**      B3LYP/cc-pVTZ 

1H-Tz 2H-Tz Ts 1H-Tz 2H-Tz Ts 1H-Tz 2H-Tz Ts 1H-Tz 2H-Tz Ts 

Tetrazole -12.06 -12.27 -12.97 -13.97 -14.19 -13.28 -14.39 -14.63 -13.86 -14.20 -14.41 -13.42 

Aminotetrazole -10.34 -11.19 -12.08 -11.14 -11.95 -10.26 -11.45 -12.13 -10.56 -11.53 -11.99 -10.57 

Hydroxytetrazole -9.30 -11.58 -10.97 -10.71 -12.60 -9.91 -11.09 -12.85 -10.58 -10.81 -12.78 -10.33 

Methyltetrazole -10.83 -11.53 -11.72 -12.48 -13.01 -11.70 -12.62 -13.25 -12.28 -12.44 -13.15 -11.74 

Ethyltetrazole -10.77 -11.79 -12.04 -12.17 -13.29 -11.83 -12.47 -13.87 -12.32 -12.26 -13.74 -12.15 

Nitrotetrazole -9.10 -11.79 -10.21 -11.58 -13.66 -10.96 -12.13 -13.87 -11.89 -11.85 -13.84 -11.34 

Carboxytetrazole -10.52 -11.47 -11.49 -12.69 -13.83 -11.86 -13.02 -13.85 -12.35 -12.73 -13.85 -12.16 

Phenyltetrazole -9.73 -10.59 -10.96 -10.91 -11.70 -10.93 -11.18 -11.77 -10.50 -10.86 -11.72 -9.99 
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First, these large NICS(0) values maybe the result of contribution from the ring 

nitrogen to the π-electron density on the ring through nitrogen lone pair of electrons. 

Secondly, the ring systems seemed to experienced small electronic effect from the proton, 

methyl, ethyl, amino, nitro and carboxylic groups through the induction of diatropic π-

ring current. On the other hand, the electron withdrawing effect of hydroxy and phenyl 

groups, instead of facilitating π-electron delocalization, must have stabilized the π-

systems resulting in deshielding of the ring atoms.            

Computations of NICS(1) values shown at Table 3.7 predicted sufficient shielding 

except for the hydroxy and ethyl substituted tetrazole. The NICS(1) values for ground 

states isomers were predicted between -10.59 ppm and -14.64 ppm, whereas transition 

state species predicted NICS(1) values between -11.49 ppm and -15.61 ppm. The reason 

behind higher shielding in the case of transition state species maybe due to the induction 

of diamagnetic ring current by the migrating exocyclic protons, which were positioned 

almost perpendicular to the plane of the ring. 

The influence of substituents to the magnetic properties of tetrazole were not high as 

expected because computations of NICS values revealed that the selected substituents did 

affect π-electron delocalization within the ring system to any appreciable extent. Only 

small changes were encountered on substitutions. This may refer to the fact that 

substituents effect meets resistance to impart change in π-electron delocalization of the 

ring. Results also showed that the distribution of π-electron density is higher at the centre 

of the ring than above plane of the ring. 
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Table 3.7. Nuclues Independent Chemical Shift [NICS(1)]* index of aromaticity at the B3LYP/6-31G and B3LYP/6-

31+G*levels of theory (*ppm). 

 

 

Compounds 
NICS(1)  (ppm) 

     B3LYP/6-31G       B3LYP/6-31+G*    B3LYP/6-311++G**      B3LYP/cc-pVTZ 

1H-Tz 2H-Tz Ts 1H-Tz 2H-Tz Ts 1H-Tz 2H-Tz Ts 1H-Tz 2H-Tz Ts 

Tetrazole -12.74 -13.67 -15.20 -13.97 -13.69 -15.39 -13.32 -13.86 -15.61 -13.30 -13.85 -14.93 

Aminotetrazole -10.63 -11.87 -12.26 -10.85 -11.35 -12.26 -10.77 -11.41 -12.52 -10.59 -11.48 -11.49 

Hydroxytetrazole -10.69 -12.23 -12.49 -10.71 -11.85 -12.48 -10.75 -11.92 -12.67 -10.59 -11.91 -11.73 

Methyltetrazole -12.19 -13.20 -14.39 -12.69 -12.94 -14.68 -12.29 -13.25 -14.73 -12.44 -13.49 -13.89 

Ethyltetrazole -12.25 -12.45 -14.34 -12.22 -12.84 -15.39 -12.49 -13.88 -14.66 -12.60 -13.99 -13.97 

Nitrotetrazole -11.31 -12.63 -13.42 -12.30 -12.89 -13.92 -12.54 -13.12 -14.29 -12.39 -13.15 -13.32 

Carboxytetrazole -12.65 -13.34 -14.42 -13.21 -13.58 -14.69 -13.02 -13.76 -14.98 -13.22 -13.73 -14.14 

Phenyltetrazole -11.75 -12.34 -13.36 -11.35 -12.09 -13.36 -11.46 -12.32 -13.37 -11.44 -12.10 -12.44 
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3.7 Equilibrium Properties 

The equilibrium constant between 1H- and 2H-tetrazoles was calculated for all the 

isomers at 298.15 degree Kelvin at 1.0 atm. pressure. This study has been included in 

order to find out whether substituents assist or hinder tautomeric transformation under 

equilibrium condition. The equilibrium constant K was calculated from the Gibbs free 

energy change between the two tautomers.  

Equilibrium Constant K, lnK = ΔG / RT ,  

Where, ΔG is change in the Gibbs Free energy,  

and lnKT  = ΔGR - ΔGP / RT or  

KT = e
ΔG/8.314*298.15

       (20) 

B3lyp/6-31G level predicts low equilibrium constant value for hydroxy, ethyl and 

carboxy substituted tetrazoles over the unsubstituted tetrazole. The calculated equilibrium 

constant between 1H- and 2H-hydroxytetrazole tautomers is 1.3 and the carboxylic 

substituted tautomers is 1.43 equilibrium, this is followed by ethyl-substituted tautomers 

which is having 2.89 value as shown in Table 3.8. All the other tautomers are found to 

predict higher equilibrium constant values over the unsubstituted tautomers under this 

theoretical level. According to the B3lyp/6-31+G* level, the carboxylic substituted 

tautomers, on the other hand, has been calculated as having the lowest equilibrium 

constant, the value being 8.33 as compared to Hydroxytetrazole tautomers, which is the 

next lowest with 2.4×10 equilibrium constant value. The methyl substituted tautomers 

give the same value as the unsubstituted tautomers. The influence of substituents on the 

tetrazole ring system in terms of thermodynamic equilibrium constant relating to Gibbs 

free energy change predicts deviation from the unsubstituted compound. On the basis of 

the results of our calculations, electron donating groups tend to decrease the equilibrium 



TETRAZOLES Chapter 3 

 

105 
 

constant as compare to the unsubstituted compounds, whereas substitution with electron 

withdrawing groups results in the increase of equilibrium constant. 

Table 3.8. Equilibrium constant (KT) values between IH- and 2H-substituted isomers at 

the B3LYP/6-31G, B3LYP/6-31+G*, B3LYP/6-311++G** and B3LYP/cc-pVTZ levels 

of theory. 

 

 

Compounds 
Equilibrium Constant values, KT at 298.15K and 1.0 atm. 

b3lyp/6-31G b3lyp/6-31+G* b3lyp/6-311++G** b3lyp/cc-pVTZ 

Tetrazole 8.33 6.9 × 10 6.0 × 10 3.1 × 10 

Aminotetrazole 2.4 × 10 2.0 × 10
2 

1.67 × 10
2 

7.0 × 10 

Hydroxytetrazole 1.3 2.4 × 10 1.2 × 10 9.88 

Methyltetrazole 1.0 × 10 6.9 × 10 4.2 × 10 2.7 × 10 

Ethyltetrazole 2.89 2.0 × 10
2 

2.4 × 10
2 

1.31 × 10
2
 

Nitrotetrazole 2. 4 × 10 2.0 × 10
2
 1.41 × 10

2 
6.23 × 10 

Carboxytetrazole 1.43 8.33 1.5 × 10 1.05 × 10 

Phenyltetrazole 1.7 × 10 2.4 × 10 6.02 × 10 7.05 

 

B3lyp/6-31++G** predicts the hydroxy-substituted tautomers to have 1.2×10 

equilibrium constant value, which is the lowest values. The carboxytetrazole tautomers 

was calculated as having 1.5×10 and methyltetrazole tautomers come to next with 

4.2×10, where the unsubstituted tautomers was calculated as having as high as 6.0×10 

equilibrium constant value. All the other tautomers were calculated as having high 

equilibrium constant values than the unsubstituted tautomers.  

Prediction on the equilibrium constant within B3lyp/cc-pVTZ level of theory contains 

a completely different result for phenyl-substituted tautomers. The aromatic substituent 

was found to lessen the energy barrier between 1H- and 2H-tautomers for undergoing 

tautomeric conversion. The value has been calculated as low as 7.05 for the gas phase 

tautomeric equilibrium. Hydroxy-substituted isomers also respond to lower equilibrium 

constant than the unsubstituted isomers along with carboxy and methyl-substituted 

isomers. All the predictions with smaller equilibrium constant values correspond to lower 
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activation barrier for tautomeric transformation in comparison to the unsubstituted 

tautomerism between 1H- and 2H-tetrazoles, which, in most studies calculated as 

~50kcal/mol energy barrier [Halauko et al., 2010]. 

3.8 Influence of substituents on frontier molecular orbital energies 
  

Calculated HOMO-LUMO energy gaps show decreases upon substitutions as shown 

in Table 3.9. Exceptions are hydroxy substituted 1H-tetrazole (4.20eV, 4.37eV and 

4.42eV) under the B3LYP/6-31G, B3LYP/6-311++G** and B3LYP/cc-pVTZ level of 

theories, and methyl substituted 2H-tetrazole (4.05eV) at B3LYP/6-31G level of theory. 

According to the band gap study reports on crystalline 1H-tetrazole and 5-substituted 

tetrazole [Zhu and Xiao, 2010], IH-tetrazole, 5-methyl-1H-tetrazole and 5-Amino-1H-

tetrazole show 4.88 eV, 4.93 eV and 4.05 eV band gap respectively. These reports 

compares fairly well with the results at Table 9. Zhu and Xiao concluded that their impact 

sensitivity decreases as 5-azido-1H-tetrazole > 5-amino-1H-tetrazole > 1H-tetrazole > 5-

methyl-1Htetrazole. This was consistent with the experimental impact order [Bates and 

Jenkins, 1975;Haskin, 1975]. Zhu and Xiao suggested that the smaller the band gap is, 

the easier the electron transfers from the valence band to the conduction band and the 

more the crystal becomes decomposed and exploded. At present, 5-Aminotetrazole is of 

significant interest for combustion chemistry as a burn rate modifier and fire suppressor 

due to its thermal stability, non-explosive character, and high nitrogen content, and it is 

an environmentally friendly gas-generator agent [Kiselev and Gritsan, 2009]. 

Amino, nitro, carboxy and phenyl groups were found to decreased HOMO-LUMO 

energies in comparison to the other substituents where prediction of energy gap ranges 

from 2.89 eV to 3.88 eV respectively. Hydroxy, methyl and ethyl groups were found to 

have less influence among the substituents where 3.74 eV to 4.39 eV were predicted as 
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HOMO-LUMO energy gaps. Substituted transition state species predicted lowering in 

HOMO-LUMO energy gaps as compared to the unsubstituted tetrazole with the same 

trend predicted for the ground state substituted isomers at all levels of theory. 
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TABLE 3.9. Calculated HOMO-LUMO energy*difference at the b3lyp/6-31G, b3lyp/6-31+G*, b3lyp/6-

311++G** and b3lyp/cc-pVTZ levels of theory (*eV). 

 

 

 

Compounds 

ΔEHOMO-LUMO  (eV) 

B3LYP/6-31G   B3LYP/6-31+G* B3LYP/6-311++G** B3LYP/cc-pVTZ 

1H-Tz 2H-Tz Ts 1H-Tz 2H-Tz Ts 1H-Tz 2H-Tz Ts 1H-Tz 2H-Tz Ts 

Tetrazole 4.17 4.05 3.83 4.39 4.33 4.12 4.37 4.30 4.11 4.42 4.35 4.14 

Aminotetrazole 3.85 3.26 3.32 3.94 3.51 3.48 3.82 3.44 3.49 4.11 3.50 3.55 

Hydroxytetrazole 4.20 3.68 3.74 4.35 3.85 3.88 4.37 3.86 3.87 4.42 3.91 3.91 

Methyltetrazole 4.16 4.05 3.81 4.37 4.26 4.10 4.34 4.26 4.09 4.39 4.32 4.11 

Ethyltetrazole 4.16 4.04 3.81 4.38 4.24 4.09 4.34 4.24 4.08 4.39 4.29 4.11 

Nitrotetrazole 2.89 3.01 2.89 3.08 3.32 3.22 3.09 3.36 3.27 3.15 3.41 3.32 

Carboxytetrazole 3.45 3.85 3.35 3.62 3.83 3.62 3.61 3.86 3.64 3.66 3.88 3.65 

Phenyltetrazole 3.22 3.14 3.01 3.20 3.23 3.12 3.23 3.24 3.14 3.24 3.28 3.18 
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3.9 Ground state singlet-triplet energy differences 

Singlet-triplet states energy differences provide a way of qualitatively assessing how 

difficult the transition may be. It is a known fact that nonbonding electrons have anti-

parallel spin in a singlet state and parallel spin in a triplet state, and the transfer of energy 

proceed with net conservations of spin. If the energies between singlet and triplet agree to 

within about 0.3-0.4 eV (1 Electron volt (eV) = 23.06035 kcal/mol), the states are likely 

to be Rydberg excitations, meaning that an occupied orbital is excited into a diffuse 

virtual orbital. In this case the so-called exchange integral is small because the occupied 

orbital and virtual orbital occupy different regions in space. If the virtual orbital is only 

somewhat diffuse the singlet-triplet splitting will be larger. The physical basis for this 

complementary relationship is that the high barrier associated with forbidden thermal 

reactions provides a point for strong interaction of the ground state and excited state 

species. If the two states are close in energy and of the same symmetry, they mix and 

allow the excited molecule to reach the ground state. This interaction is necessary for 

efficient chemical reactions [Carey and Sundberg, 2007]. Calculated singlet-triplet 

energy differences of all the isomers at the selected basis sets are shown in Table 3.10.  

TABLE 3.10.Singlet-triplet energy*difference at the B3LYP/6-31G, B3LYP/6-31+G*, 

B3LYP/6-311++G** and B3LYP/cc-pVTZ levels of theory. 

 

 

 

Compounds 

ΔES-T (*kcal/mol) 

b3lyp/6-31G b3lyp /6-31+G* b3lyp/6-311++G** b3lyp /cc-pVTZ 

1H-Tz 2H-Tz 1H-Tz 2H-Tz 1H-Tz 2H-Tz 1H-Tz 2H-Tz 

Tetrazole 113.81 106.92 92.07 112.33 119.14 112.74 120.02 113.56 

Aminotetrazole 98.56 84.15 105.36 92.07 105.87 89.93 107.19 90.99 

Hydroxytetrazole 104.85 92.75 109.96 98.26 110.52 98.61 111.53 99.49 

Methyltetrazole 110.07 105.80 114.54 108.75 115.23 108.94 116.08 109.94 

Ethyltetrazole 109.93 103.16 115.06 108.33 115.04 108.54 115.97 109.54 

Nitrotetrazole 55.89 62.57 74.57 69.02 75.78 73.07 77.08 90.39 

Carboxytetrazole 95.72 97.79 105.14 109.11 105.86 107.57 106.47 111.32 

Phenyltetrazole 85.39 85.64 84.68 85.91 85.82 86.21 85.70 87.01 
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Triplet ground state energies for all isomers were calculated and the differences with 

singlet state energies were evaluated (Table 10) where unsubstituted 1H-tetrazole 

predicted 92.07 kcal mol
-1 

to 120.02 kcal mol
-1 

energy differences. Amino, nitro, 

carboxylic and phenyl groups were found to impart decreased in singlet-triplet energy 

gaps. Nitro substituted isomers predicted singlet-triplet energy between 55.89 kcal mol
-1

 

to 90.39 kcal mol
-1

 respectively. This low energy differences in the case of Nitrotetrazole 

maybe resulted from the strong influence of two oxygen atoms, which exist as low 

energy triplet ground state. Hydroxy, methyl and ethyl groups were found to predict 

larger singlet-triplet energy gaps in comparison to the other substituents where predicted 

energy differences ranges from 92.75 kcal mol
-1

 to 116.08 kcal mol
-1

 respectively. The 

methyl and ethyl substituted 1H-isomers at b3lyp/6-31+G* predict larger energy 

differences compared to the unsubstituted isomers as 114.54 kcal mol
-1

 and 115.06 kcal 

mol
-1

. Except for methyl and ethyl substituted 1H-isomers at b3lyp/6-31+G* level, all the 

other substituted isomers predicted lower singlet-triplet energies than the unsubstituted 

isomers. Influence of substituents on singlet-triplet energies and HOMO-LUMO energy 

(Table 3.9) were showing similar trends. Although lowering of singlet-triplet energy 

gaps were predicted upon substitutions, the extent to how much substitution affect triplet 

state energies were not high as expected and these results support the strong persistent 

nature of tetrazole ring.  
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4.1 Approach of the studies 

Ground state triazole isomers along with their transition state species were 

investigated in the gas phase. The purpose was to explore the aromatic nature of 

triazole‘s isomers, their tautomerisation through substantiated computational data, within 

the rationale of their energetics, frontier molecular orbital, magnetic shielding (NICS) 

and intrinsic reaction coordinates (IRC). The attempt to furnish amenable supporting and 

reliable approach on the electronic structures based studies were carried out using 

Density functional theory (DFT) and ab initio Hartree-Fock methods. Detailed 

calculations was performed in order to afford optimized geometries as far as possible. 

The triazole isomers examined were 1H-1,2,3-triazole, 2H-1,2,3-triazole, 1H-1,2,4-

triazole and 2H-1,2,4-triazole with selected substituted groups like -CH3, and -NO2 at the 

C5 position. The unsubstituted tautomeric triazoles (1H-1,2,3 and 2H-1,2,4) were first 

considered, subsequently followed by their respective substituted isomers. All the 

obtained results were tabulated accordingly as required by the purpose in connection to 

their respective global minima. The last part of this chapter featured investigation on the 

possibility of hydroxy group migration from N1 to N2 position in order to gain data for 

rationalizing the influence of –OH group on cyclic π-system of triazole. 

Results and discussions:- 

Figure 4.1. 1,2,3-triazole tautomers and its transition state. 

                   
1H-1,2,3-triazle           transition state                 2H-1,2,3-triazole 
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Figure 4.2. 1,2,4-triazole tautomers and its transition state. 

 
           1H-1,2,4-triazole           transition state                 2H-1,2,4-triazole 

 

4.2 Energetic Properties of unsubstituted triazole isomers 

 

Table 4.1 show calculated total energies (in hartrees) of ground state isomers at 

Hartree-Fock level and all values were recorded up to the eight decimals for the sake of 

consistency. Predicted total energies fall within the range of -240.769 hartrees to -

240.895 hartrees of total energies. HF method predicted 2H-tautomer to be more 

energetically stable over 2H-tautomer in case of 1,2,3-isomer. Calculated total energies of 

1,2,4-isomers were in between -240.80414740 hartrees and -240.89518931 hartrees, and 

1H-tautomer was predominant over 2H-tautomer except for aug-cc-pVTZ basis set result. 

The predicted ground state total energies of 1,2,4-isomers were very close to each other 

and a striking case was seen with the aug-cc-pVDZ basis set where the same total energy 

(-240.84239916 hartrees) was predicted for both the 1,2,4-tautomers. 

Table 4.1. Calculated ground state energies*of triazoles at HF level (*hartrees). 
 

Basis Sets 1,2,3-Isomers 1,2,4-Isomers 

1H- tautomers 2H-tautomers 1H-tautomers 2H-tautomers 

6-31G(d) -240.76902015 -240.77686928 -240.80414780 -240.80414740 

6-311G(d) -240.82000612 -240.82845999 -240.85551780 -240.85551690 

6-311++G(d,p) -240.83255177 -240.84038540 -240.86789963 -240.86790030 

cc-pVDZ -240.79286589 -240.80120640 -240.82769651 -240.82769580 

cc-pVTZ -240.85707860 -240.86427996 -240.89159710 -240.89159700 

aug-cc-pVDZ -240.80804121 -240.81516540 -240.84239916 -240.84239916 

aug-cc-pVTZ -240.86055377 -240.86739704 -240.89518811 -240.89518931 
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Table 4.2 show DFT calculated results of ground state isomers where the predicted 

total energies start from -242.222 hartrees to -242.339 hartrees. Except cc-pvtz, all the 

DFT calculations predicted 2H-tautomer as a more stable species for 1,2,3-isomer and 

this is in good agreement as reported by Takatoshi and co-workers [Takatoshi et al, 

2008]. In the case of 1,2,4-isomer, total energies were predicted between -242.22231895 

hartrees and -242.34378076 hartrees. Except for the result with 6-31g(d) basis set, all the 

other calculations predicted 1H-tautomer to be more energetically stable over 2H-

tautomer. As reported in the study of 1H-1,2,4-triazole in aqueous phase by Ogretir and 

co-workers [Ogretir et al., 2010], the predominance of 1H-1,2,4-triazole over the 2H-

tautomer in the gas phase was supported by results from Table 4.2.  

Table 4.2. Calculated ground state total energies*of triazoles at DFT level (*hartrees). 

 

Basis Sets 1,2,3-Isomers 1,2,4-Isomers 

1H- tautomers 2H-tautomers 1H-tautomers 2H-tautomers 

6-31G(d) -242.22231895 -242.22976245 -242.24927297 -242.24927361 

6-311G(d) -242.27900523 -242.28702502 -242.30678865 -242.30678842 

6-311++G(d,p) -242.29275819 -242.30026108 -242.32044501 -242.32044490 

cc-pVDZ -242.24154959 -242.24909243 -242.26775416 -242.26775397 

cc-pVTZ -242.26162611 -242.26830576 -242.33929192 -242.33929167 

aug-cc-pVDZ -242.31248338 -242.31936043 -242.28781060 -242.28781049 

aug-cc-pVTZ -242.31696795 -242.32349736 -242.34378111 -242.34378076 
  

From a bird‘s eye view of data in Table 1 and Table 2, 2H-tautomer is the major 

preferred tautomers in the gas phase for 1,2,3-isomer. Tautomerism of 1,2,3-triazole has 

been investigated by microwave and photoelectron spectroscopy [Ramsden, 2010] which 

showed gas phase predominant nature of 2H-tautomer over the 1H-tautomer. The ratio 

estimated from the microwave spectrum of the triple 
15

N species is 4:5≈1:1000. However, 

for the 1,2,4-isomer, 1H-tautomer dominate solution chemistry and theoretical studies 

reported 1H-tautomer is more stable than the 4H-tautomer by ~7 kcal mol
-1 

in the gas 

phase. 
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Total energies in kilocalories per mol between tautomers of 1,2,3- and 1,2,4-isomers 

at Table 4.3 show small differences (HF = 4.294 to 5.305 kcal mol
-1 

for 1,2,3-isomers and  

0.0 to 0.000038 kcal mol
-1 

for 1,2,4-isomers; DFT = 3.765 to 5.020 kcal mol
-1 

 for 1,2,3-

isomers and  0.000069 to 0.000402 kcal mol
-1

) where ground state 1,2,4-isomer was 

found to predict remarkably small tautomer energy differences (Table 4.3). Taking a 

quick view, the co-existence of 1H- and 2H- tautomers of 1,2,4-tetrazole at equilibrium 

state was predicted at HF/aug-cc-pVDZ level (0.0 kcal/mol), and furthermore, with the 

same basis set in DFT level, though the calculation predicted energy difference of 

0.000069 kcal mol
-1

 for the same tautomers, the possibility of isodesmic transformation 

cannot be disregarded for these in questions, as well as for all the 1,2,4-triazoles in both 

levels of calculations. Unfortunately, relevant experimental studies on the energetic 

properties of ground state unsubstituted triazole isomers have not been reported to a large 

extent, which otherwise would put the research outputs to validate the results from Table 

4.1, 4.2, and/or 4.3 respectively. Nevertheless, relative energies from FPA (Focal Point 

Analysis) was reported as 3.98 kcalmol
-1 

[Balabin, 2009] for 1H- and 2H-triazole 

tautomers and from the report of triazole ligand by Drew and co-workers, which upon 

protonation of triazole at position 1 and 2 differentiates the relatives at 4.5 kcal mol
-1

 

[Drew et al., 1998], therefore, it can stated that the calculated results in Table 4.3 is 

relatively in good agreement for the case of 1,2,3-isomers.  

It would be appreciative to note that the largest relative energy encountered in the 

calculation of 1,2,3-triazole isomers at HF level was 5.305 kcal mol
-1

 (6-311g(d) basis 

set) on the higher side, with a difference of 0.805 kcal mol
-1

 in comparison with the work 

of Drew and co-workers reporting 4.5 kcalmol
-1 

[Drew et al, 1998], and correspondingly 
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the lowest calculated energy at DFT was 3.765 kcal mol
-1

 (cc-pVTZ and aug-cc-pVTZ 

basis sets) with a difference of 0.735 kcal mol
-1

.in the lower side. 

Table 4.3. Ground state relative energies*of 1H- and 2H-tautomers (*kcal mol
-1

). 
 

Basis Sets HF DFT 

1,2,3-Isomers 1,2,4-Isomers 1,2,3-Isomers 1,2,4-Isomers 

6-31G(d) 4.925 0.000282 4.393 0.000402 

6-311G(d) 5.305 0.000264 5.020 0.000144 

6-311++G(d,p) 4.916 0.000433 5.020 0.000069 

cc-pVDZ 5.234 0.000389 4.393 0.000119 

cc-pVTZ 4.470 0.000038 3.765 0.000157 

aug-cc-pVDZ 4.519 0.0 4.393 0.000069 

aug-cc-pVTZ 4.294 0.000753 3.765 0.000219 
 

With stringent inference to these two reported data and in comparison of the 

converted units in kcal mol
-1

 from the calculated results of Table 4.3, all the basis sets 

with HF and DFT were found to predict relative correlation of 1,2,3-triazoles to 

experimental work and in conjecture to the reported work. Upon analyzing 1,2,4-triazoles 

from the same manner of approaches, with the exceptions of 6-31g(d) and cc-pVTZ basis 

sets, all other results show lower relative energies for DFT method than for the HF 

method. 1,2,4-triazoles seems to identify stability over the 1,2,3-triazoles for both the HF 

and DFT methods, and the predicted results inevitably assume much smaller tautomer 

energy differences . The assumption of thermoneutral reaction cannot be downrightly 

rejected in the transformation of 1,2,4-tautomers. The nature of an isodesmic 

transformation between isomers can be hypothetically ascertained for both the triazole 

isomers, though this implication may edge for the 1,2,4-triazoles, since the nature of the 

bond that break in the tautomeric isomers cannot be entirely different to affect their 

energetics in rearranging from one form to the other. Though effort to realize their 

isodesmic nature may rationalize the potential intrinsic stabilization energies of 
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tautomeric isomers, the electronic contribution from their stereo structures cannot be 

overlooked.  

Careful examination of the Mulliken Population charges of the unsubstituted 1,2,3-

triazole and 1,2,4-triazole tautomers was carried out and shown at Figure 4.3 and Figure 

4.4; though the Mulliken Population Analysis is not accurate, this electrochemical 

property from the calculated estimation of partial orbital charges does provide essential 

suggestion of a relative theoretical consistency to experimental results. Upon comparison 

of the two unsubstituted tautomers, it is clearly evident that 1,2,4-tautomers show exact 

resemblance of Mulliken charges whereas 1,2,3-tautomer do not.  

Figure 4.3. Gas phase optimised structures of 1,2,4-tautomers at DFT/6-311++g(d,p) 

level showing Mulliken charges.        

 

       1H-1,2,4-Isomer           2H-1,2,4-Isomer 

 

Figure 4.3 show the partial orbital charges of 1,2,4-tautomers as having the same 

Mulliken charges with equal dipole moment, i.e., 2.9258 Debye, and this value is very 

close to the experimental result of 2.72 Debye [Kassimi et al., 1995]. Thus in equilibrium 

state, the probability of co-existence of 1,2,4-triazole tautomers is precarious and 

arbitrary in the gas phase. 
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Figure 4.4. Gas phase optimised structures of 1,2,3-isomers at B3lyp/6-311++g(d,p) 

level showing Mulliken charges. 

       

1H-tautomer        2H-tautomer 

Figure 4.4 depicting the Mulliken Population charges for 1,2,3-tautomers on the 

other hand have partial orbital charges dissimilar in the stereo structures of the two 

tautomers from the DFT prediction with the dipole moment as 4.6086 Debye for 1H-

tautomer and 0.2105 Debye for 2H-tautomer. Thus the co-existence of 1,2,3-tautomers is 

arbitrarily negative in equilibrium state in the gas phase.  

Figure 4.5. Fitting of atomic charges to the molecular electrostatic potential (ESP) of 

1,2,4-isomers at B3lyp/6-31g(d) level.  

       
  

1H-tautomer     2H-tautomer 

The net atomic charges represented at Figure 4.5 is the electrostatic potential from 

total SCF density at npts= 51,47,40 and res(A) = 0.176392, 0.176392, 0.176392 for the 

two 1H- and 2H-1,2,4 tautomers. The same patterns for both tautomers were encountered, 
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and this re-inforced that in equilibrium state, the chances for the co-existence of 1H- and 

2H-1,2,4- triazole tautomers is arbitrary. Since the relative energy gap for 1,2,4-triazole 

tautomer are all relatively low for all the basis sets used (Table 4.3), one still cannot 

attempt a descend to concrete conclusion from the discussion conceived in their 

energetics so far, whether their co-existence in equilibrium is falsifiable in the gas phase. 

4.3 Transition state energies of unsubstituted isomers 

 

Transition state species of unsubstituted isomers were fully optimised at Hartree-Fock 

and DFT levels of theory with all the seven selected basis sets. In general, predictions of 

total energies for the choice triazole isomers are very close to each other under the same 

theoretical level where more stable species was predicted with the DFT method. 

Table 4.4. Transition state total energies*of unsubstituted isomers (*hartrees). 

 

Basis sets 
1,2,3-isomers 1,2,4-isomers 

HF DFT HF DFT 

6-31G(d) -240.67043089 -242.14197124 -240.69993820 -242.16376269 

6-311G(d) -240.72095537 -242.19644381 -240.75042315 -242.21889737 

6-311++G(d,p) -240.73709399 -242.21283894 -240.76718454 -242.23580449 

cc-pVDZ -240.69972006 -242.16499898 -240.72934792 -242.18629892 

cc-pVTZ -240.76217961 -242.23332317 -240.79200411 -242.25573641 

aug-cc-pVDZ -240.73046979 -242.18331499 -240.74409943 -242.20496777 

aug-cc-pVTZ -240.76537365 -242.23732211 -240.79538538 -242.25984187 

 

Table 4.4 portray calculated transition state total energies using various basis sets 

where total energies ranges from -240.670 hartrees to -240.765 hartrees in Hartree-Fock 

method and from -242.141 hartrees to -242.237 hartrees in DFT method for 1,2,3-

isomers. Prediction on 1,2,4-isomers ranges from -240.699 hartrees to -240.795 hartrees 

in HF method and from -242.163 hartrees to -242.259 hartrees in DFT method. The DFT 

method of calculation predicted larger transition states total energies for both the isomers 

as compared to HF method within the same basis sets, respectively. 
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Figure 4.6.Calculated total energies*of 1,2,3- and 1,2,4-triazole isomers and its transition 

state at HF/6-311++g(d,p) level (*hartrees). 

 
 

Figure 4.7.Calculated total energies*of 1,2,3- and 1,2,4-triazole isomers and its transition 

state at DFT/6-311++g(d,p) (*hartrees). 

 
   

Isomerization of 1,2,3-triazole and 1,2,4-triazole tautomers and their respective 

transition states are shown in Figures 4.6 and Figure 4.7. The total energies are taken 

from HF and DFT levels of theory using 6-311++G(d,p) basis set and the primary vertical 
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axes correspond to the total energies in hartrees. With the reference of an earlier 

prediction that 1,2,4- isomer is considered more stable than 1,2,3-isomer, in line with the 

report of Silva and co-workers [Silva et al., 2006]. The comparison of the two 

isomerization processes along their respective potential energy surfaces closely resembles 

each other with the DFT level in both the cases of isomers forming at a lower energetic 

potential well. 

Table 4.5. Activation energies*of unsubstituted isomers (*kcal mol
-1

). 

 

Basis sets 
1,2,3-Isomers 1,2,4-Isomers 

HF DFT HF DFT 

6-31G(d) 61.853 50.263 65.888 53.527 

6-311G(d) 62.186 51.832 65.637 55.221 

6-311++G(d,p) 59.613 49.699 62.751 53.338 

cc-pVDZ 58.358 48.381 61.496 51.330 

cc-pVTZ 59.549 49.674 62.748 52.271 

aug-cc-pVDZ 79.694 80.760 61.496 52.146 

aug-cc-pVTZ 60.241 50.201 62.563 52.836 

 

Predicted activation energies of unsubstituted transition state species at Table 4.5 

show calculated results from both HF and DFT methods with the same basis sets. The 

1,2,3-isomers predict largest energy barrier of 79.694 kcal mol
-1

 for HF method and 

80.760 kcal mol
-1

 for DFT method with aug-cc-pvdz basis set in comparison to the other 

basis sets as illustrated in Figure 4.8. The activation energy predictions of the other basis 

sets all lie between 48.381 kcal mol
-1

 and 65.888 kcal mol
-1

.  

With the encouragement of a report from a gas phase interconversion of 

thermodynamically stable tautomers in an isolated system [Raczynska et al., 2005], 

tautomerization of simple azoles accompanied by intramolecular proton transfer 

involving migration of the ring π-electrons is considered theoretically possible in gaseous 

state.  On the contrary, predictions of the above results offer high energy barriers for the 
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interconversion from one tautomer to the other, and this point to the fact of a possible 

forbidden process without any external energy applied in the gas phase. Meanwhile, a 

corresponding positive construction in support of an intramolecular prototropic shift in 

the tautomerization mechanism of triazoles, where theoretical work of 1,2-prototropic 

shift was reported as plausible intramolecular mechanism in the gas phase; on the same 

note, 1,2-prototropic shift requires large activation energy even under solvent effect 

[Nagy et al., 2005]. Therefore, the high energy barriers encountered for triazole isomers 

clearly support intramolecular 1,2-prototropic shift where all the ring atoms deeply take 

part in tautomerization process within the strong π-electrons of the cyclic systems. Thus, 

participation of π-electrons are supported by high activation barrier for tautomerization 

process in triazole isomers. 

The analysis of the isomerization processes of the tautomers and their respective 

transition states of the two isomers, their activation energies and the corresponding high 

activation barriers once again open views for the co-existence of the triazole tautomers. 

Reiterating the arbitrary small differences of relative energies in particularly for the 1,2,4-

triazoles, the possession of thermoneutral finds strong indication to the existence of 

thermodynamically stable 1,2,4-triazole tautomers.     

Trends in the calculated activation energies of 1,2,3- and 1,2,4-triazole along with the 

selected basis sets at HF and DFT methods are shown at Figure 4.8. Linearity was 

predicted for 1,2,4-isomers whereas 1,2,3-isomer predicted notably high activation 

energies with aug-cc-pVDZ same basis set. This discrepancy pointed out that the 

implementation of augmented double zeta basis set was not going well as expected for 

the 1,2,3-isomer. This inconsistency with aug-cc-pvdz seems likely to be resulted from 

the high electron density around the three adjacent nitrogen atoms of the cyclic π-system, 
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which form strong negative region within the ring systems, and thereby rendering the 

aug-cc-pvdz basis not to completely describe the molecular orbital of 1,2,3-isomers. 

Figure 4.8. Trends in activation energies of 1,2,3- and 1,2,4-isomers at HF and DFT 

levels calculated with the selected basis sets (in kcal mol
-1

). 

 

4.4 Investigation of transition state through Intrinsic Reaction Coordinates 

Studies of transition state species was performed by tracing intrinsic reaction 

coordinate(IRC) along the reaction pathways on unsubstituted isomers in order to verify 

the nature of the transition state species that has been optimized, and also to identify the 

minima connected through the transition state. Since time consumptions was very high 

especially in the case of transition state species, substituted triazole isomers were not 

included in this specific studies. The following schematic representations show 

GaussView generated graphical diagram of reaction coordinates of triazole isomers. An 

IRC calculation follows the imaginary mode of the vibrational analysis of a transition 

state calculation and help in locating the point of maximum energy for a transition 
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structure along a specified reaction path revealing the geometries of the local minima 

associated with a given transition state. 

Transition state species that had been optimised with the selected basis sets under HF 

and DFT level were subjected under the IRC calculations within the same basis sets and 

theoretical levels. All the calculations were performed by tracing the reaction in both 

directions simultaneously with the same basis set on 1,2,3- and 1,2,4-isomers. Predicted 

IRC pathways were grouped at the same spot (i.e., HF and DFT) together in order to help 

in the comparison of results from different calculations. Transition states were 

characterized by full intrinsic reaction coordinate (IRC) calculations to identify the 

minima they interconnect along the reaction path they followed for all the isomers using 

the same theoretical level with the selected basis sets. The size of the IRC steps ‗n‘ given 

in mass-weighted cartesian coordinates were set at 14 for every calculations. The final 

IRC points obtained from the barrier along the energy pathway and its corresponding 

energies in hartrees are shown in each of the IRC graph at the following figures.  

Scheme 4.1. Intrinsic Reaction Coordinates of 1,2,3-triazole isomers. 

Computational calculation was carried out on the tautomerisation pathway of 1,2,3-

iosmers. The optimized transition state for each basis functions applied was subjected to 

an IRC calculation towards the reactant and the product sides. The energy profiles (in 

hartrees) along their potential energy surface were shown side by side for each of the 

basis set applied in HF and DFT methods and are given from Figure 4.9 onwards. 

Maximum IRC energies (in hartree) were indicated on vertical axes of the graph and 

calculated transition state total energies (in hartree) were shown inside bracket at the 

bottom of the corresponding figures.   
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Figure 4.9. IRC at HF and DFT levels with 6-31G(d) basis. 

   

       HF       DFT 

(-240.670 hartree)    (-242.142 hartree) 

 

 

Figure 4.10. IRC at HF and DFT levels with 6-311G(d) basis set. 

  

HF       DFT 

(-240.721 hartree)    (-242.196 hartree) 
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Figure 4.11. IRC at HF and DFT levels with 6-311++G(d,p)  basis set. 

   

HF                 DFT  

(-240.737 hartree)    (-242.213 hartree) 

 

 

 

Figure 4.12. IRC at HF and DFT levels with cc-pvdz basis set. 

   

HF       DFT 

(-240.699 hartree)    (-242.165 hartree) 
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Figure 4.13. IRC at HF and DFT levels with cc-pvtz basis set. 

 

   

HF       DFT 

(-240.762 hartree)    (-242.233 hartree)  

 

 

 

Figure 4.14. IRC at HF and DFT levels with aug-cc-pvdz basis set. 

   

HF      DFT 

(-240.730 hartree)    (-242.183 hartree)  
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Figure 4.15. IRC at HF and DFT levels with aug-cc-pvtz basis set. 

   

HF       DFT 

(-240.765 hartree)    (-242.237 hartree) 

  

 

Except for the result with HF/aug-cc-pVDZ which predicted maximum energy of 

240.715 hartrees at Figure 4.14 with a difference of 0.015 hartrees from the optimized 

transition state energy at Table 4.4, all the calculated maximum IRC energies correspond 

well to the calculated transition state energies at Table 4.4. 

 Further optimizations of the IRC output toward the reactant and product side of the 

ground state isomers were carried out at the B3lyp/6-311++G(d,p) level for 1,2,3-isomer. 

Upon full optimizations,  a total energies of -242.29275827 hartrees for the reactant side 

and a total energy of -242.30026083 hartrees for product side were obtained, which 

compare fairly well with the calculated ground state total energy of -242.29275819 for 

1H-tautomer and a total energy of -242.30026108 for the 2H-tautomer at Table 4.2.    
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Scheme 4.2. Intrinsic Reaction Coordinate of 1,2,4-triazole isomers. 

Computation was again done on the tautomerisation reaction path of 1,2,4-iosmers by 

following IRC through the transition state species towards reactant and product sides. 

Pictures of potential energy surface of HF and DFT levels were shown side by side for 

each of the basis sets. 

Figure 4.16. IRC at HF and DFT with 6-31g(d) basis set. 

   

HF      DFT  

(-240.699 hartree)    (-242.164 hartree) 

 

Figure 4.17. IRC at HF and DFT levels with 6-311g(d) basis set. 

   

HF      DFT 

(-240.750 hartree)    (-242.219 hartree) 
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Figure 4.18. IRC at HF and DFT levels with 6-311++g(d,p) basis set. 

   

HF       DFT 

(-240.767 hartree)    (-242.236 hartree) 

 

 

 

Figure 4.19. IRC at HF and DFT levels with cc-pvdz basis set. 

   

HF      DFT 

(-240.729 hartree)    (-242.186 hartree) 

 

 

 

 



TRIAZOLES Chapter 4 

 

131 
 

Figure 4.20. IRC at HF and DFT levels with cc-pvtz basis set. 

   

HF      DFT 

(-240.792 hartree)    (-242.256 hartree) 

 

 

 

Figure 4.21. IRC at HF and DFT with aug-cc-pvdz basis set. 

   

HF      DFT 

(-240.744 hartree)    (-242.205 hartree) 

 

 

 

 



TRIAZOLES Chapter 4 

 

132 
 

Figure 4.22. IRC at HF and DFT levels with aug-cc-pvtz basis sets. 

   

HF       DFT 

(-240.795 hartree)    (-242.259 hartree) 

 

All the calculated maximum IRC energies correspond well to the calculated transition 

state energies at Table 4.4. for the 1,2,4-isomer. 

 Further optimizations of the IRC output toward the reactant and product side of the 

ground state isomers were carried out at the B3lyp/6-311++G(d,p) level for 1,2,4-isomer. 

On full optimizations, a total energy of -242.32044440 hartrees for the reactant side and a 

total energy of -242.32044439 hartrees for the product side were obtained, and these 

compare well with the calculated ground state total energy of -242.32044501 for 1H-

tautomer and a total energy of -242.32044490 for the 2H-tautomer at Table 4.2.    

4.5 Singlet-triplet states energy differences  

Evaluations on triplet states energies and their differences was included in order to 

provide better understanding about the role of electron transfer energy on 

tautomerization. Unfortunately, deeper studies in relation to the bonding characters were 

not included because of time limitations. The following Tables 4.6 and Table 4.7 present 

triplet ground state energies.  
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Table 4.6. Triplet ground states total energies* of unsubstituted triazoles at HF 

(*hartrees). 

 

Basis Sets 1,2,3-Isomers 1,2,4-Isomers 

1H- tautomers 2H-tautomers 1H-tautomers 2H-tautomers 

6-31G(d) -240.62203085 -240.60378652 -240.65262838 -240.65266248 

6-311G(d) -240.65214521 -240.65651330 -240.70366927 -240.70369959 

6-311++G(d,p) -240.66721760 -240.67180813 -240.71794870 -240.71785503 

cc-pVDZ -240.64527455 -240.62828897 -240.67657373 -240.67661649 

cc-pVTZ -240.66865784 -240.69798169 -240.73970784 -240.73972582 

aug-cc-pVDZ -240.67837433 -240.64720465 -240.69340912 -240.69342273 

aug-cc-pVTZ -240.68315735 -240.70121736 -240.74401991 -240.74392274 

 

 

Table 4.7.Triplet ground states total energies* of unsubstituted triazoles at DFT 

(*hartrees). 

 

Basis Sets 1,2,3-Isomers 1,2,4-Isomers 

1H- tautomers 2H-tautomers 1H-tautomers 2H-tautomers 

6-31G(d) -242.04993538 -242.04150896 -242.07005877 -242.07003668 

6-311G(d) -242.10639000 -242.09868721 -242.12680226 -242.12681153 

6-311++G(d,p) -242.12230787 -242.11484324 -242.14256048 -242.14255882 

cc-pVDZ -242.06913994 -242.06033057 -242.08923121 -242.08924222 

cc-pVTZ -242.14289041 -242.13495249 -242.15971690 -242.15969560 

aug-cc-pVDZ -242.08936722 -242.08237657 -242.11160396 -242.11160267 

aug-cc-pVTZ -242.14614658 -242.13898495 -242.16530448 -242.16532187 

  

Predictions of the triplet state energies are more or less the same with the energetic 

properties of the singlet state, where most of the incorporated basis sets predicts close 

values to the singlet state energies. The cases of basis sets, 6-31g(d) and cc-pvdz of DFT 

results in Table 4.7 for the 1,2,3- and 1,2,4-isomers predicted lower energies ranging 

from -242.041 hartrees to -242.111 hartrees in comparison to the other basis sets 

(including DFT results of singlet ground state energies at Table 4.2). But, the differences 

are so small that it does not impart incongruity so as to deem it as negligible. 
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Table 4.8. Singlet and triplet ground states energy* differences of unsubstituted triazoles 

at HF (*kcal mol
-1

). 

  

Basis Sets 1,2,3-Isomers 1,2,4-Isomers 

1H- tautomers 2H-tautomers 1H-tautomers 2H-tautomers 

6-31G(d) 92.244 108.066 94.987 94.966 

6-311G(d) 105.330 107.609 94.961 94.942 

6-311++G(d,p) 103.402 105.542 93.531 93.589 

cc-pVDZ 92.072 108.378 94.394 94.367 

cc-pVTZ 118.186 73.430 95.565 94.926 

aug-cc-pVDZ 112.089 136.041 93.242 93.234 

aug-cc-pVTZ 111.598 104.030 94.741 94.802 

 

Table 4.8 and Table 4.9 show energy difference of singlet and triplet ground states in 

kcal mol
-1 

at the HF and DFT levels, respectively. Evaluations of singlet-triplet energy 

differences show large gaps for both 1,2,3- and 1,2,4-triazole isomers. HF method predict 

smaller singlet-triplet energy gap from 92.244 kcal mol
-1 

to 136.041 kcal mol
-1

, while 

DFT predict larger energy gap from 83.489 kcal mol
-1 

to 148.483 kcal mol
-1

 respectively.          

Table 4.9. Singlet and triplet ground states energy* differences  of unsubstituted triazoles 

at DFT (*kcal mol
-1

). 

 

Basis Sets 1,2,3-Isomers 1,2,4-Isomers 

1H- tautomers 2H-tautomers 1H-tautomers 2H-tautomers 

6-31G(d) 107.972 117.652 112.287 112.301 

6-311G(d) 108.314 118.168 112.448 113.069 

6-311++G(d,p) 106.483 116.188 111.345 111.346 

cc-pVDZ 108.471 118.392 112.179 112.172 

cc-pVTZ 106.118 83.489 112.502 112.515 

aug-cc-pVDZ 139.704 148.483 110.690 110.691 

aug-cc-pVTZ 107.212 115.471 112.133 111.984 

 

Large energy gaps between singlet and triplet states of triazole isomers make sense 

about the strong energetic properties of the cyclic systems, and these findings are in good 

agreement with their high activation barriers, already evaluated at Table 4.5. Therefore, 

theoretical investigation of gas phase tautomerization via intramolecular proton shift in 

unsubstituted triazole isomers   is not an easy or common process without the 

participation of any strong external influences. Being high energetic compounds, the 
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systems under inquiry opposed gas phase thermodynamic equilibrium conditions between 

1H- and 2H-tautomers, under normal state. Accordingly, the energetic properties of 

singlet-triplet gaps evaluated so far strongly support the predominance of either of the 

two tautomers in the gas phase. 

4.6 Frontier molecular orbital energies 

The concept of the molecular orbital (MO) lies at the heart of contemporary chemistry 

and is the central object in quantum chemistry. Indeed, almost all of the understanding and 

rationalization in modern organic chemistry are in terms of simple arguments involving 

the interactions between orbitals, particularly those near the HOMO−LUMO interface 

[McKemmish et al., 2012].  The frontier molecular orbitals, HOMO and LUMO and 

frontier orbital gap helps to exemplify the chemical reactivity and kinetic stability of the 

molecules, which is an important parameters for quantum chemistry. Since, the HOMO is 

the orbital that primarily acts as an electron donor and the LUMO is the orbital that largely 

acts as the electron acceptor, therefore, it is purely understood that HOMO-LUMO energy 

gaps is the key factor in chemical reactivity. In this theoretical study, the amount of 

energies that differentiate the frontier molecular orbitals, i.e., ΔEHOMO-LUMO (in hartrees) 

were evaluated to explain possibilities of tautomerization process. 

Table 4.10. ΔEHOMO-LUMO*of unsubstituted 1,2,3-Triazole isomers and its transition state 

at HF level (*hartree). 

 

Basis sets 
1H-tautomer 2H-tautomer 

Ts 
Singlet Triplet Singlet Triplet 

6-31G(d) 0.19780 0.04058 0.21615 0.03037 0.26841 

6-311G(d) 0.22539 0.06601 0.22424 0.05227 0.27604 

6-311++G(d,p) 0.34023 0.18998 0.34205 0.17108 0.37067 

cc-pvdz 0.20080 0.06146 0.21714 0.03444 0.26665 

cc-pvtz 0.23780 0.18345 0.23626 0.06845 0.27720 

aug-cc-pvdz 0.34233 0.09314 0.34569 0.17362 0.33585 

aug-cc-pvtz 0.34901 0.20982 0.35349 0.18131 0.37937 
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The energy gap of HOMO-LUMO explains the eventual charge transfer interaction 

within the molecule, which influences chemical reactivity of the molecule. The decrease 

or increase in energy gap between HOMO and LUMO facilitates intramolecular charge 

transfer which is responsible for the possibilities of existence of our titled compounds in 

different tautomeric forms. The extent of the energy gap reflects the chemical reactivity 

of the molecule. LUMO as an electron acceptor represents electron deficient site and 

HOMO represents electron rich site, and lowering in energy gap explain the eventual 

charge transfer interaction taking place within the molecule [Kavitha et al, 2010]. Within 

this HOMO-LUMO studies, evaluation of energy gaps were shown to support energetic 

properties in relation to tautomerization. 

On examination of HOMO- LUMO energy gap at Table 4.10, gas phase Hartree-

Fock calculations of 1,2,3-Triazole predict high energy gap for singlet state tautomer. 

The highest prediction resulted from aug-cc-pvtz basis set as 0.35349 hartrees which is 

221.818 kcal mol
-1

, and the lowest is 0.1978 hartrees which is 124.121 kcal mol
-1

. Triplet 

state tautomer, in general, predict lower HOMO-LUMO energy gap starting from 

0.03037 hartrees (19.06 kcal mol
-1

) to 0.20982 hartrees (131.66 kcal mol
-1

). Transition 

state species predicts 0.267 hartrees to 0.37937 hartrees, which is a large amount of 

energies (167.54 kcal mol
-1 

to 238.05 kcal mol
-1

) for a chemical process.  
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Table 4.11. ΔEHOMO-LUMO*of unsubstituted 1,2,3-Triazole isomers and its transition state 

at DFT level (*hartree). 

 

Basis sets 
1H-tautomer 2H-tautomer 

Ts 
Singlet Triplet Singlet Triplet 

6-31G(d) 0.26134 0.07459 0.26829 0.06553 0.25594 

6-311G(d) 0.26087 0.08984 0.26816 0.08067 0.25502 

6-311++G(d,p) 0.07769 0.07769 0.26331 0.05797 0.25275 

cc-pvdz 0.26093 0.07966 0.26850 0.06997 0.25552 

cc-pvtz 0.26006 0.10174 0.26719 0.09410 0.25453 

aug-cc-pvdz 0.25422 0.07796 0.26100 0.05980 0.25262 

aug-cc-pvtz 0.25632 0.07822 0.26349 0.06038 0.25263 

 

Predicted of ΔEHOMO-LUMO with DFT method at Table 4.11 again show very large gap 

for all the states of both tautomers where the values range from 0.05797 hartrees (36.376 

kcal mol
-1

) to 0.26850 hartrees (168.486 kcal mol
-1

) respectively.  

Predictions of ΔEHOMO-LUMO for 1,2,4-isomers at Table 4.12 also show large energy 

gap at HF method. There were only two low energy gap predictions having 0.00427 

hartrees (2.68 kcal mol
-1

) at HF/6-31G(d) for triplet state 1H- and 2H-tautomers (Table 

12). All the other calculations predicted range fall between 0.03711 hartrees (23.286 kcal 

mol
-1

) and 0.3785 hartrees (237.51 kcal mol
-1

).  

Table 4.12. ΔEHOMO-LUMO*of unsubstituted 1,2,4-Triazole isomers and its transition state 

at the HF level (*hartree). 

 

Basis sets 
1H-tautomer 2H-tautomer 

Ts 
Singlet Triplet Singlet Triplet 

6-31G(d) 0.20719 0.00427 0.20717 0.00427 0.26072 

6-311G(d) 0.23784 0.07075 0.23783 0.07077 0.26809 

6-311++G(d,p) 0.3543 0.19108 0.35436 0.19105 0.36649 

cc-pvdz 0.21123 0.03711 0.2082 0.03712 0.25957 

cc-pvtz 0.25163 0.08435 0.25162 0.08434 0.27187 

aug-cc-pvdz 0.35679 0.19545 0.35678 0.19545 0.37026 

aug-cc-pvtz 0.3637 0.20020 0.36377 0.20017 0.37850 
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Predicted HOMO-LUMO energy gap at DFT level at Table 4.13 ranges from 0.0644 

hartrees (40.412 kcal mol
-1

) to 0.27559 hartrees (172.935 kcal mol
-1

). DFT method, in 

general, predicted smaller energy gaps for 1,2,4-isomer in comparison to the HF method. 

However, the differences between the two methods were not significantly large enough to 

conclude which of the two method is better for the study of HOMO-LUMO energies in 

triazole isomers. 

 

Table 4.13. ΔEHOMO-LUMO*of unsubstituted 1,2,4-triazole isomers and its transition state 

at the DFT level (*hartree). 

 

Basis sets 
1H-tautomer 2H-tautomer 

Ts 
Singlet Triplet Singlet Triplet 

6-31G(d) 0.26651 0.0644 0.2663 0.06432 0.27355 

6-311G(d) 0.27559 0.0782 0.27557 0.07821 0.27344 

6-311++G(d,p) 0.27017 0.10221 0.26803 0.10221 0.26964 

cc-pvdz 0.26958 0.06814 0.26957 0.06816 0.27196 

cc-pvtz 0.27423 0.0871 0.27424 0.08700 0.27267 

aug-cc-pvdz 0.26418 0.10368 0.26418 0.10368 0.26742 

aug-cc-pvtz 0.26506 0.10257 0.26499 0.10262 0.26742 

 

Examinations of the overall results from evaluated frontier molecular orbital energies 

revealed that there is indeed, requirement of large amount of energies to attain successful 

transition from one tautomeric form to another, say, from 1H-form to 2H-form or vice-

versa. Meanwhile, the large HOMO-LUMO energy gaps explain the high stability and 

persistent inherent π-electrons of triazoles, thus validating reports of its significant role as 

a source of high energetic substances among cyclic organic compounds. 

4.7 Nucleus Independent Chemical Shift (NICS)  

The magnetism based aromaticity index NICS was estimated at the center of the ring 

and 1 Å above the plane of the ring as shown in Figure 4.23. The negative values of the 

absolute shielding are given in part per millions for the unsubstituted isomers and their 
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transition state species at DFT level with the selected basis sets. Magnetic shieldings in 

this section were calculated using DFT method only and Hartree-Fock method of 

calculation was not included. Although HF offer better electronic correlation pertaining 

to the geometrical indexes, better energetic approximation of the DFT wave function 

cannot be ignored for the assessment of magnetic shielding, since structural enthalpies 

need strict implication with reference to attain global minima on the potential surface. 

Within these studies, a very strong nature of aromaticity was predicted for all the species. 

Figure 4.23. Calculation of magnetic shielding at the center and above the ring.     

          

Plane of the ring   1Å above the plane 

As shown in Table 4.14, the DFT method portrays magnetic shielding in part per 

millions at the center of the ring (0Å), ranging from -13.2110 ppm to 14.7199 ppm for 

1H-tautomer and from -13.3207 ppm to -14.8973 ppm for 2H-tautomer of 1,2,3-triazoles. 

Though the magnetic shieldings are slightly lower for 1,2,4-triazole isomer with a range 

of -12.7353 ppm to -13.9855 ppm for 1H-tautomer and from -12.7344 ppm to -13.9263 

ppm for 2H-tautomer, the shielding encompassed for triazoles in the selected basis sets at 

DFT method pointed to their strong aromatic nature.   

 

 

Banqua or ghost atom – points 

where shielding was computed.  
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Table 4.14.  Shielding experienced by ground state isomers at plane of the ring (0Å) 

calculated at DFT level (in ppm). 

Basis Sets 1,2,3-Isomers 1,2,4-Isomers 

1H- tautomers 2H-tautomers 1H-tautomers 2H-tautomers 

6-31G(d) -14.7199 -14.8973 -13.9273 -13.9263 

6-311G(d) -14.6749 -14.7320 -13.8061 -13.8048 

6-311++G(d,p) -14.1084 -13.9859 -13.1051 -13.1038 

cc-pVDZ -14.2511 -14.4770 -13.6747 -13.6734 

cc-pVTZ -14.0128 -14.1954 -13.3979 -13.3970 

aug-cc-pVDZ -13.2110 -13.3207 -12.7357 -12.7344 

aug-cc-pVTZ -13.6802 -13.7659 -12.9855 -12.9845 

 

Table 4.15 shows magnetic shielding above the center of the ring (1Å) calculated in 

the DFT method. Triazole isomers experienced lower magnetic shielding in comparison 

to the shielding computed at the center of the ring, ranging from -12.1181 ppm to -

13.5017 ppm for 1H-tautomer and from -12.2767 ppm to -13.8097 ppm for 2H-tautomer 

for 1,2,3-triazoles, and from -11.0709 ppm to -12.2379 ppm for 1H-tautomer and from -

11.0715 ppm to -12.2386 ppm for 2H-tautomer for the 1,2,4-triazoles.      

Table 4.15. Shielding*experienced by ground state isomers at 1 Å above plane of the 

ring calculated at DFT level (*ppm). 

 

Basis Sets 1,2,3-Isomers 1,2,4-Isomers 

1H- tautomers 2H-tautomers 1H-tautomers 2H-tautomers 

6-31G(d) -13.5017 -13.8097 -12.2379 -12.2386 

6-311G(d) -13.3099 -13.6281 -11.8709 -11.8713 

6-311++G(d,p) -12.6064 -12.7721 -11.4442 -11.4447 

cc-pVDZ -13.2570 -13.5741 -11.8643 -11.8648 

cc-pVTZ -12.5201 -12.7761 -11.3295 -11.3302 

aug-cc-pVDZ -12.1181 -12.2767 -11.0709 -11.0715 

aug-cc-pVTZ -12.1936 -12.4002 -11.2090 -11.2099 

 

Magnetic shielding computed for the transition state species at DFT level for both of 

the triazole isomers were shown at Table 4.16. NICS values ranges from -11.6365 ppm 

to -12.6908 ppm at the center of the ring, and from -13.7464 ppm to -14.8214 ppm at 1Å 

above the plane of the ring for 1,2,3-triazole transient state. Prediction of shielding for 
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1,2,4-transtion state  ranges from -11.35 ppm to -11.9326 ppm at the center of the ring 

and -12.5935 ppm to -13.6549 ppm at 1Å above plane of the ring respectively.        

Table 4.16. Shielding*experienced by transition state species calculated at DFT level 

(*ppm). 

 

 Basis Sets 

1,2,3-Isomers 1,2,4-Isomers 

Plane(0Å) 

 of the ring 

Above 1Å of  

the ring 

Plane(0Å) 

 of the ring 

Above 1Å of  

the ring 

6-31G(d) -12.4994 -14.8214 -11.8408 -13.6549 

6-311G(d) -12.6030 -14.7845 -11.8468 -13.3884 

6-311++G(d,p) -12.6908 -14.4374 -11.8792 -13.1060 

cc-pVDZ -12.0593 -14.4782 -11.6316 -13.1824 

cc-pVTZ -12.3823 -13.9621 -11.9326 -12.7170 

aug-cc-pVDZ -11.6365 -13.7462 -11.3500 -12.5935 

aug-cc-pVTZ -12.2720 -13.8412 -11.7753 -12.7291 

 

Although the overall shieldings experienced were predicted as having relatively close 

values, shielding in part per million calculated at the center of the ring was higher than 

above the plane of the ring for ground state isomers for both of the two tautomers in 

comparison to the transition state species, where shielding was predicted higher above the 

plane of the ring than at the center of the ring. These differences in magnetic properties 

between ground state isomers and transition state species signify higher activity of π-

electrons at the center of the ring for ground state isomer and the distorted geometry of 

transition state species of triazoles. Magnetic shielding shown at Table 4.14, Table 4.15 

and Table 4.16 predicted triazoles as having high degree of aromaticity in comparison to 

the magnetic shielding of aromatic compounds like cyclopentadienyl (-14.3 ppm) and 

benzene (-10.23 ppm or -11.5 ppm) [Balaban et al., 2004; Alkorta and Elguero, 2008].  

The overall magnetic shieldings familiarized by the tautomeric isomers for DFT 

method exposed affirmation that, crowding of electrons within and in the plane of the 

ring is essentially an inherent property of triazoles. The magnetic shielding experienced 
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by 1,2,3-triazoles are all slightly higher in comparison to the 1,2,4-triazole, for all the 

selected basis sets. On a positive note, magnetic shieldings assessed in the study here, do 

connote strong aromaticity in parts per million on the higher side for both the cases. In 

contrast to the magnetic shielding of the ground state isomers of 1,2,3-triazole and 1,2,4-

triazole, the overall magnetic shielding familiarized by the transition state species for 

1,2,3-triazole and 1,2,4-triazole, encompassing shielding range from -11.2720 to -

12.6980 ppm and -11.3500 to -11.9326 ppm, respectively are on a lower shielding range 

at 0Å (in the plane of the ring) than those magnetic shielding taken from 1Å (-13.7462 to 

-14.8214 ppm for 1,2,3-triazole and -12.5932 to -13. 6549 ppm for 1,2,4-triazole). Since 

the transition from one tautomer to the other involves a non classical triangular geometry 

of a proton shift, the electrons involved in the migration process within the breaking and 

making of new bond along with the bond from where the proton break and joins to the 

other, would supposedly constitute electron crowding even at above the plane of the ring. 

In colloquial to the fact that π-electron delocalization within the ring would constitute 

much shielding than elsewhere pertaining to the assessment of aromaticity, this 

assessment of shielding of the transient structure would arbitrarily assume migration do 

take place in the tautomerization of triazoles. All the same, the magnetic shielding do 

confer aromaticity even in the transition state species, which again reminds us of the 

strong inherent property of triazoles.    
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4.8 Energetic properties of 5-methyl triazole isomers 

 

Figure 4.24. 5-methyl-1,2,3-triazoles. 

 

  

      1H-5-methyl-1,2,3-triazole     5-methyl-1,2,3-triazole Ts    2H-5-methyl-1,2,3-triazole 

 

 

Figure 4.25. 5-methyl-1,2,4-triazoles. 

 

   

      1H-5-methyl-1,2,4-triazole 5-methyl-1,2,4-triazole Ts    2H-5-methyl-1,2,4-triazole 

 

In this specific study, substitution was made at Carbon atom (C5) of triazole ring and 

the same computational task was carried out for both the 1,2,3- and 1,2,4-isomers as well 

as for their transition state species. All the structures were fully optimised with the 

selected basis sets and evaluation on the energetic properties and HOMO-LUMO energy 

gap were carried out.  
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Table 4.17. HF calculated ground state total energies*of C-methyl triazole (*hartrees). 

 

Basis Sets 1,2,3-Isomers 1,2,4-Isomers 

1H- tautomers 2H-tautomers 1H-tautomers 2H-tautomers 

6-31G(d) -279.81090337 -279.81819392 -279.84900536 -279.84823252 

6-311G(d) -279.86827531 -279.87616543 -279.90688755 -279.90617584 

6-311++G(d,p) -279.88340764 -279.89080774 -279.92201271 -279.92152087 

cc-pVDZ -279.83694758 -279.84492407 -279.87475376 -279.87425962 

cc-pVTZ -279.91143793 -279.91828515 -279.94928345 -279.94880454 

Aug-cc-pVDZ -279.85329126 -279.86000818 -279.89076566 -279.89027744 

Aug-cc-pVTZ -279.91516466 -279.92162661 -279.95307483 -279.95264470 

 

Table 4.18. DFT calculated ground state total energies*of C-methyl triazole (*hartrees). 

 

Basis Sets 1,2,3-Isomers 1,2,4-Isomers 

1H- tautomers 2H-tautomers 1H-tautomers 2H-tautomers 

6-31G(d) -281.54385304 -281.55105708 -281.57302088 -281.57250547 

6-311G(d) -281.60785158 -281.61587323 -281.63826779 -281.63785927 

6-311++G(d,p) -281.62384198 -281.63143192 -281.65423422 -281.65412205 

cc-pVDZ -281.56249929 -281.57034909 -281.59124178 -281.59112764 

cc-pVTZ -281.64694026 -281.65404883 -281.67654874 -281.67642680 

Aug-cc-pVDZ -281.58508615 -281.59191039 -281.61381931 -281.61368951 

Aug-cc-pVTZ -281.65174095 -281.65841278 -281.68128359 -281.68119840 

 

Hartree-Fock predicted of ground state total energies in between -279.81090337 

hartrees and -279.95264470 hartrees and DFT method predicted ground state total 

energies from -281.54385304 hartrees to -281.68119840 hartrees for both the isomers. 

The –CH3 group seems to impart increase in the ground state total energies with respect 

to the unsubstituted parent compounds.        
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Table 4.19. Ground states relative energies*of C-methyl triazole tautomers (*kcal mol
-1

). 

 

Basis Sets HF DFT 

1,2,3-Isomers 1,2,4-Isomers 1,2,3-Isomers 1,2,4-Isomers 

6-31G(d) 4.575 0.485 4.521 0.323 

6-311G(d) 4.951 0.447 5.034 0.256 

6-311++G(d,p) 4.644 0.309 4.763 0.070 

cc-pVDZ 5.005 0.310 4.926 0.072 

cc-pVTZ 4.297 0.301 4.461 0.077 

aug-cc-pVDZ 4.215 0.306 4.282 0.081 

aug-cc-pVTZ 4.055 0.270 4.187 0.053 

 

Predicted relative energies at Table 4.19 between 1H- and 2H-tautomers for 1,2,3-

isomers ranges from 4.055 kcal mol
-1 

to 5.034 kcal mol
-1

 and 1,2,4-isomer predicted 

relatives energies between 0.072 kcal mol
-1

and 0.485 kcal mol
-1 

for both of the methods 

respectively. DFT/aug-cc-pvtz responds to relative energy value of 0.053 kcal mol
-1

, 

which is the smallest energy difference. 

Predicted transition state total energies shown at Table 4.20 for both of the 1,2,3- and 

1,2,4-isomers ranges from -279.71220941 hartrees to -279.85367224 hartrees at HF 

method, and DFT results ranges from -281.46393644 hartrees to -281.59815672 hartrees 

for the two isomers. All the predicted total energies are much higher in comparison to the 

unsubstituted transition state species at the previous Table 4.4. 

Table 4.20. Transition state total energies*of C-methyl substituted isomers (*hartrees). 

 

Basis sets 
1,2,3-isomers 1,2,4-isomers 

HF DFT HF DFT 

6-31G(d) -279.71220941 -281.46393644 -279.74500017 -281.48809460 

6-311G(d) -279.76913825 -281.52597293 -279.80196068 -281.55089871 

6-311++G(d,p) -279.78810830 -281.54482868 -279.82181076 -281.57054332 

cc-pVDZ -279.74374927 -281.48666118 -279.77667496 -281.51044235 

cc-pVTZ -279.81657131 -281.56856769 -279.85003185 -281.59373236 

aug-cc-pVDZ -279.76001545 -281.50752983 -279.79285309 -281.53178526 

aug-cc-pVTZ -279.82002596 -281.57285858 -279.85367224 -281.59815672 
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Evaluation of activation energies for the methyl substituted isomers featured a 

decrease as a whole as shown in Table 4.21. The highest being 65.843 kcal mol
-1

 while 

the lowest one is 47.589 kcal mol
-1

. In general, both the implemented theoretical methods 

predicted lower activation energies for methyl substituted isomers than for the parent 

unsubstituted isomers (Table 4.5). This lowering in activation energies can be stated as 

contribution from the electron donating capability of –CH3 group, having direct influence 

to the delocalized π-electron of the ring and thereby stabilizing transient structures.  

 

 

Table 4.21. Activation energies*of C-methyl tetrazole isomers (*kcal mol
-1

). 

 

Basis sets 
1,2,3-Isomers 1,2,4-Isomers 

HF DFT HF DFT 

6-31G(d) 61.931 50.148 65.264 53.292 

6-311G(d) 62.209 51.379 65.843 54.825 

6-311++G(d,p) 59.801 49.582 62.878 52.517 

cc-pVDZ 58.483 47.589 61.545 50.702 

cc-pVTZ 59.529 49.179 62.281 51.968 

aug-cc-pVDZ 58.531 48.667 61.441 51.477 

aug-cc-pVTZ 59.700 49.499 62.376 52.163 
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Table 4.22. HOMO-LUMO energy*gap ΔEHOMO-LUMO of ground state C-methyl substituted triazole isomers 

at the HF and DFT levels (*hartree). 

 

Basis sets 

HF DFT 

1,2,3 1,2,4 1,2,3 1,2,4 

1H 2H 1H 2H 1H 2H 1H 2H 

6-31G(d) 0.18321 0.19458 0.19220 0.18764 0.25113 0.25871 0.24363 0.24473 

6-311G(d) 0.21814 0.20411 0.22952 0.22180 0.25191 0.25917 0.26297 0.26037 

6-311 ++G(d,p) 0.32685 0.32742 0.34044 0.34100 0.24261 0.25415 0.25172 0.25587 

cc-pvdz 0.18648 0.19504 0.19655 0.18907 0.25178 0.25924 0.25079 0.24865 

cc-pvtz 0.23189 0.21938 0.24425 0.23613 0.25101 0.25767 0.26594 0.26650 

aug-cc-pvdz 0.32786 0.32912 0.34229 0.34270 0.23956 0.25177 0.24818 0.25246 

aug-cc-pvtz 0.33437 0.33644 0.34986 0.34976 0.24029 0.25407 0.24909 0.25321 

 

The differences in energies of HOMO-LUMO are shown at Table 4.22. The largest prediction was 

0.34986 hartrees (219.540 kcal mol
-1

) whereas the smallest ΔEHOMO-LUMO prediction was 0.18321 hartrees 

(114.966 kcal mol
-1

). This high HOMO-LUMO transition barrier pointed out that –CH3 group does not 

facilitate lowering in ΔEHOMO-LUMO as in the case of activation barrier shown at Table 4.21. Therefore, a 

strong controversial point can arise on account of the role played by –CH3 group in triazole isomers.   
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4.9 Energetic properties of 5-Nitro triazole isomers 

Figure 4.26. 5-nitro-1,2,3-triazoles. 

 
   1H-5-nitro-1,2,3-triazole 5-nitro-1,2,3-triazole Ts       2H-5-nitro-1,2,3-triazole 

 

Figure 4.27. 5-nitro-1,2,4-triazoles 

 

       
  

1H-5-nitro-1,2,4-triazole 5-nitro-1,2,4-triazole Ts      2H-5-nitro-1,2,4-triazole 

 

 

Influence of electron withdrawing substituent –NO2 group on triazole isomers was 

studied by substituting proton with nitro group at C5 position of triazole. The same 

theoretical calculations were performed as far the case of 5-methyl triazole systems. 

Table 4.23 portrays calculated ground state total energies of 5-nitro triazole isomers 

at HF level of theory. Energies from -444.22736854 hartrees to -444.39426576 hartrees 

was predicted for 1H-1,2,3-isomer, and from -444.23675153 hartrees to -444.40929549 

hartrees was predicted for 2H-1,2,3-isomer. Predicted total energies for 1,2,4-isomers 

start from -444.25877055 hartrees to -444.43181756 hartrees for the 1H-tautomer and 

from -444.25970448 hartrees to -444.43255415 hartrees for the 2H-tautomer.  
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Table 4.23. Ground state total energies*of C-Nitro triazole isomers at HF (*hartrees). 

 

Basis Sets 1,2,3-Isomers 1,2,4-Isomers 

1H- tautomers 2H-tautomers 1H-tautomers 2H-tautomers 

6-31G(d) -444.22736854 -444.23675153 -444.25877055 -444.25970448 

6-311G(d) -444.33160261 -444.34180871 -444.36407773 -444.36499522 

6-311++G(d,p) -444.34629062 -444.35622541 -444.37832656 -444.37953949 

cc-pVDZ -444.26973558 -444.27989724 -444.30183077 -444.30284726 

cc-pVTZ -444.39426576 -444.40305281 -444.42544885 -444.42615996 

aug-cc-pVDZ -444.30346430 -444.31197921 -444.33389063 -444.33446802 

aug-cc-pVTZ -444.40083635 -444.40929549 -444.43181756 -444.43255415 

 

DFT method at Table 4.24 predicted ground state total energies from -446.71199015 

hartrees to -446.88782283 hartrees for 1H-tautomer, and from -446.71935529 hartrees to 

-446.89447037 hartrees for 2H-tautomer of 1,2,3-isomers. Ground state total energies 

from -446.73740425 hartrees to -446.91297800 hartrees, and from -446.73609494 

hartrees to 91168123 hartrees were predicted for 1H- and 2H-1,2,4-isomers respectively.  

Table 4.24. Ground state total energies*of C-Nitro triazole isomers at DFT (*hartrees). 

 

Basis Sets 1,2,3-Isomers 1,2,4-Isomers 

1H- tautomers 2H-tautomers 1H-tautomers 2H-tautomers 

6-31G(d) -446.71199015 -446.71935529 -446.73740425 -446.73609494 

6-311G(d) -446.82529871 -446.83357463 -446.85203837 -446.85082800 

6-311++G(d,p) -446.84348064 -446.85152516 -446.86987062 -446.86900822 

cc-pVDZ -446.74996463 -446.75792547 -446.77534605 -446.77425434 

cc-pVTZ -446.87937876 -446.88636018 -446.90482737 -446.90347163 

aug-cc-pVDZ -446.78878508 -446.79540434 -446.81303613 -446.81165809 

aug-cc-pVTZ -446.88782283 -446.89447037 -446.91297800 -446.91168123 

 

This outcome of high total energies can be attributed to the role played by the lone 

pair of electrons from the two oxygen atoms of the nitro group. Their participation must 

have rendered more canonical structure in describing the π-electron delocalization of the 

cyclic system, thus accounting for their enhanced aromatic stabilities and thereby 

increasing the ground state total energy.   
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Evaluation on the relative energies at Table 4.25 show energetic differences between 

1H- and 2H-tautomers of 5-nitro triazole isomers. HF method predicted relative energies 

from 5.308 kcal mol
-1

 to 6.404 kcal mol
-1

 for 1,2,3-isomers and from 0.362 kcal mol
-1 

to 

0.761 kcalmol
-1 

for 1,2,4-isomers. DFT prediction start from 4.154 kcal mol
-1

 to 5.193 

kcal mol
-1 

for 1,2,3-isomers and from 0.541 kcal mol
-1

 to 0.865 kcal mol
-1 

for 1,2,4-

isomers respectively. DFT method of calculations predicted smaller relative energies for 

1,2,3-isomers while HF method predicted smaller relative energies for 1,2,4-isomers.  

 

Table 4.25. Relative energies*of ground states C-nitro triazole tautomers (*kcal mol
-1

). 

 

Basis Sets HF DFT 

1,2,3-Isomers 1,2,4-Isomers 1,2,3-Isomers 1,2,4-Isomers 

6-31G(d) 5.888 0.586 4.622 0.822 

6-311G(d) 6.404 0.576 5.193 0.759 

6-311++G(d,p) 6.234 0.761 5.048 0.541 

cc-pVDZ 6.377 0.638 4.995 0.685 

cc-pVTZ 5.514 0.446 4.381 0.851 

aug-cc-pVDZ 5.343 0.362 4.154 0.865 

aug-cc-pVTZ 5.308 0.462 4.171 0.814 

 

Total energies obtained by the optimization of transition state species are shown in 

Table 4.26. HF method predicted transition state total energies from -444.12451534 

hartrees to -444.30237376 hartrees for 1,2,3-isomer, and from -444.14911795 hartrees to 

-444.32722680 hartrees for 1,2,4-isomer. DFT method predicted transition state total 

energies from -446.62599171 hartrees to -446.80336661 hartrees for 1,2,3-isomer and 

from -446.64527827 hartrees to -444.82314554 hartrees for 1,2,4-isomer. 
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Table 4.26. Transition state energies*of C-nitro triazole isomers (*hartrees). 

Basis sets 
1,2,3-isomers 1,2,4-isomers 

HF DFT HF DFT 

6-31G(d) -444.12451534 -446.62599171 -444.14911795 -446.64527827 

6-311G(d) -444.22858933 -446.73748221 -444.25366638 -446.75774520 

6-311++G(d,p) -444.24773828 -446.75906620 -444.27313782 -446.77969980 

cc-pVDZ -444.17302783 -446.66868119 -444.19835827 -446.68782311 

cc-pVTZ -444.29593789 -446.79536052 -444.32098494 -446.81531868 

aug-cc-pVDZ -444.20687968 -446.70560604 -444.23075416 -446.72427497 

aug-cc-pVTZ -444.30237376 -446.80336661 -444.32722680 -446.82314554 

 

Calculated activation energies are shown at Table 4.27. HF method of calculations 

predicted 60.608 kcal mol
-1

 to 64.642 kcal mol
-1

 for 1,2,3-isomers and 64.719 kcal mol
-1

 

to 69.284 kcal mol
-1

 for 1,2,4-isomer. DFT method predicted from 51.006 kcal mol
-1

 to 

55.106 kcal mol
-1 

for 12,3-isomer and from 54.921 kcal mol
-1 

to 59.169 kcal mol
-1

 for 

1,2,4-isomer. On comparison of activation energies of unsubstituted isomers at Table 4.5 

with the results at Table 4.27, influence of the electron withdrawing –NO2 on the triazole 

isomers cannot be ignored because lowering in activation energies for 5-nitro-triazole 

were predicted in comparison to the unsubstituted triazole. 

 Table 4.27. Activation energies* of C-nitro triazole (*kcal mol
-1

). 
 

Basis sets 
1,2,3-Isomers 1,2,4-Isomers 

HF DFT HF DFT 

6-31G(d) 64.541 53.965 68.808 57.809 

6-311G(d) 64.642 55.106 69.284 59.169 

6-311++G(d,p) 61.842 52.971 66.007 56.583 

cc-pVDZ 60.685 51.006 64.929 54.921 

cc-pVTZ 61.702 52.722 65.552 56.167 

aug-cc-pVDZ 60.608 52.196 64.719 55.698 

aug-cc-pVTZ 61.786 52.997 65.633 56.371 

 

The HOMO-LUMO energy gaps are evaluated and shown at Table 4.28. HF method 

predicted HOMO-LUMO energy gap from 0.37022 hartrees to 0.39622 hartrees for 1H-

1,2,3-isomer and from 0.35696 hartrees to 0.40875 hartrees for 1H-1,2,3-isomer. In the 
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case of 1,2,4-isomer, from 0.37149 hartrees to 0.39796 hartrees for 1H-isomer and from 

0.34385 hartrees to 0.41612 hartrees for 2H-isomer were predicted.  

DFT method predicted HOMO-LUMO energy gap from 0.17893 hartrees to 0.18355 

hartrees for 1H-1,2,3-isomer and from 0.20352 hartrees to 0.20837 hartrees for 2H-1,2,3-

isomer. In the case of 1,2,4-isomer, from 0.18856 hartrees to 0.19598 hartrees and 

0.20165 to o.20655 hartrees were predicted for 1H- and 2H-tautomers respectively. 

Prediction of DFT method were smaller than HF method where DFT prediction 

ranges from 0.17893 hartrees (112.28 kcal mol
-1

) to 0.20837 hartrees(130.75 kcal mol
-1

), 

and HF prediction ranges from 0.34385 hartrees (215.76 kcal mol
-1

) to 0.41612 hartrees 

(261.12 kcal mol
-1

) for both the tautomers respectively. 
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Table 4.28. HOMO-LUMO energy*gap ΔEHOMO-LUMO of ground state C-nitro substituted triazole 

isomers at the HF and DFT levels (*hartrees). 

 

Basis sets 

HF DFT 

1,2,3 1,2,4 1,2,3 1,2,4 

1H 2H 1H 2H 1H 2H 1H 2H 

6-31G(d) 0.37528 0.36148 0.37776 0.34968 0.18279 0.20533 0.19374 0.20340 

6-311G(d) 0.37845 0.36447 0.38016 0.35215 0.18226 0.20774 0.19525 0.20568 

6-311 ++G(d,p) 0.39622 0.40177 0.39700 0.41218 0.17893 0.20514 0.19053 0.20330 

cc-pvdz 0.37022 0.35696 0.37149 0.34385 0.18355 0.20689 0.19598 0.20511 

cc-pvtz 0.37490 0.36191 0.37756 0.35088 0.18313 0.20837 0.19475 0.20655 

aug-cc-pvdz 0.38847 0.40222 0.39059 0.41077 0.18006 0.20352 0.18856 0.20165 

aug-cc-pvtz 0.39185 0.40875 0.39796 0.41612 0.18108 0.20676 0.19168 0.20485 
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4.10 Transition state HOMO-LUMO energy gaps (ΔEHOMO-LUMO) of methyl and 

nitro substituted isomers:- 

 

HOMO-LUMO energy gaps evaluated from the optimised results of substituted 

transition state structures at the implemented theoretical levels are shown in Table 4.29. 

Influence of methyl and nitro groups on HOMO-LUMO energies of transition state 

species were relatively close between the two isomers within the same theoretical 

methods. Methyl substituted transition state predicted HOMO-LUMO gaps from 0.24631 

hartrees to 0.36103 hartrees for 1,2,3-isomer and from 0.23553 hartrees to 0.36400 

hartrees for 1,2,4-isomer within the two methods. Nitro substituted transition state 

predicted HOMO-LUMO gaps from 0.19175 hartrees to 0.42770 hartrees for 1,2,3-

isomer and from 0.19537 hartrees to 0.42292 hartrees for 1,2,4-isomer respectively. The 

nitro group was found to affect the HOMO-LUMO by increasing energy gap according to 

the HF method of calculations while DFT method predicted decrease in HOMO-LUMO 

energy gap for both the tautomers on comparison to the HOMO-LUMO of unsubstituted 

transition state at Table 4.10, Table 4.11, Table 4.12 and Table 4.13. Meanwhile, 

methyl group was found not to impart any appreciable changes in the HOMO-LUMO 

energies with respect to the unsubstituted isomers within the same theoretical levels. 
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Table 4.29. HOMO-LUMO energy gap* (ΔEHOMO-LUMO) of C-substituted transition state species at the HF 

and DFT levels (*hartrees). 

. 

Basis sets 

1,2,3-isomer 1,2,4-isomer 

Methyl Nitro Methyl Nitro 

HF DFT HF DFT HF DFT HF DFT 

6-31G(d) 0.24844 0.25300 0.40979 0.19268 0.23680 0.26805 0.39522 0.19640 

6-311G(d) 0.25653 0.25217 0.41295 0.19438 0.24978 0.26797 0.39674 0.19960 

6-311 ++G(d,p) 0.35449 0.24938 0.42770 0.19175 0.35443 0.26417 0.41716 0.19758 

cc-pvdz 0.24631 0.25252 0.40356 0.19416 0.23553 0.26655 0.38956 0.19816 

cc-pvtz 0.25962 0.25161 0.40666 0.19476 0.25536 0.26743 0.35931 0.20058 

aug-cc-pvdz 0.35422 0.24813 0.42159 0.19084 0.35542 0.26193 0.38169 0.19537 

aug-cc-pvtz 0.36103 0.24974 0.42573 0.19308 0.36400 0.26485 0.42292 0.19877 
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CHAPTER 5 

 

Computational studies of 1,2,4-Triazole Derivatives: 

LETROZOLE AND VOROZOLE
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 5.1 Approach and background of the studies  

Among the third generation of nonsteroidal aromatase inhibitors, triazole derivatives 

vorozole and letrozole are very potent and specific aromatase inhibitors that allow almost 

complete estrogen suppression. They have advantages over first and second nonsteroidal 

aromatase inhibitor, aminoglutethimide and fadrozole of not showing affinity for other 

cytochrome P450-related steroidogenic enzymes because the presence of two electron-

withdrawing nitrogen atoms in the triazole ring renders it too electron-deficient for 

aromatic oxidation [Avendano and Menendez, 2008]. The nonsteroidal aromatase 

inhibitors are competitive inhibitor that bind to the enzyme active site by coordinating the 

iron atom present in the heme group of the P-450 protein. Letrozole is especially used for 

the treatment of breast cancer [Block and Beal, 2004]. 

        
Figure 5.1. Interaction of Fradozole   Figure 5.2. Finrazole 

(second nonsteroidal aromatase 

inhibitor) with the aromatase active site. 
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The N-2 atom of fadrozole is involved in a coordinate bond with the heme iron, 

having also favorable interactions with the side chains of Ile-305, Ala-306, and Thr-310, 

while the cyano group appears to be hydrogen bonded to the Ser-478 hydroxyl. 3D 

QSAR data of fadrozole derivatives and other studies support the presence of hydrogen 

bonding and hydrophobic interactions in the active site of aromatase [Avendano and 

Menendez, 2008]. The related triazole derivative finrazole, another selective aromatase 

inhibitor, is under clinical studies for the treatment of male lower urinary dysfunction, a 

hitherto intractable disease. 

A logical extension of hormonal therapy is to block the biosynthesis of the hormones 

that may be influencing tumor growth. Aromatase enzyme inhibitors are an excellent 

example of this approach. A major step in estrogen biosynthesis involves the aromatase-

catalyzed conversion of androstenedione to estrone; blocking the aromatase enzyme 

lowers the level of circulating estradiol. Triazole derivative Ribavirin is active against 

HSV-1 and -2, hepatitis, and perhaps influenza viruses. It seems to have multiple effects 

on viral replication, blocking RNA synthesis and mRNA capping [Nogrady and Weaver, 

2005]. Also, the S-1360, which contains a triazole ring is the only HIV-1 integrase 

inhibitors clinically used for anti- AIDS drugs at present [Huang et al., 2005]. Therefore, 

1,2,4-triazole derivatives letrozole and vorozole were chosen as specially interesting 

pharmaceutical drug and their chemistries were studied in this chapter. 

Jochim and his co-workers [Jochim et al.,2009] report a new class of non-peptidic 

oligomers, termed triazolomers in which the peptide bond is replaced with 1,2,3-triazole 

rings but the chiral main chain and amino acid side chains are preserved. They suggested 

that these oligomers may access a restricted set of conformations due to the dipole-dipole 

interaction between neighboring triazole rings. To establish the potential of triazolamers 
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as functional β-strand mimetics, they evaluated the ability of triazolomers to target HIV-1 

protease (HIVPR) as a model. 

 
Figure 5.3. The triazolamer (active site inhibitors of HIV-1 protease) mimics a peptide β-

strand [Jochim et al., 2009]. 

 

Since the 1,2,4-triazole derivatives, letrozole and vorozole were very potent and 

specific aromatase inhibitors having advantages over aminoglutethimide and fadrozole, 

they were chosen as model compounds. These compounds were computationally treated 

with ONIOM model chemistries. The optimised geometries and predicted energies of 

triazole ring was taken as a contrasting point and discussion was made on the calculated 

results. But this study has been restricted to give general properties and deeper studies 

involving reaction mechanism of intermediate or transition species and interaction with 

any other reagent were not included. This is mainly because of the limitation of time and 

facilities within the research program. But we sincerely hope this topic will prove useful 

knowledge and provide general ideas for future studies. 
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Results and discussions:- 

 

5.1. Geometry optimizations 

 

The large molecular structures (letrozole 33 atoms, 148 electrons and vorozole 36 

atoms, 167 electrons) of these two compounds were not likely to favored high accuracy 

model chemistries of conventional quantum chemistry methods. Therefore, the ONIOM 

method was incorporated to investigate ground state chemical properties of the 

mentioned compounds. The systems were divided into different parts, i.e., two layers in 

case of letrozole and three layers in case of vorozole, and ONIOM method was used to 

compute energies and geometry optimizations. Ground state geometries of letrozole and 

vorozole were first modelled using conventional quantum mechanical method (HF and 

DFT) and were fully optimised. The optimised geometries were then treated with 

ONIOM method. The ONIOM layer in case of letrozole corresponds to the high and low 

layer while vorozole comprise of high, medium and low layers. Geometry optimisation 

was then performed with ONIOM method of mixed basis set to obtained a desired 

geometry for the derivatives. 

      

1,2,4-Triazole ring
1,2,4-Triazole ring

 
Figure 5.4 Letrozole     Figure 5.5 Vorozole  

       (33 atoms,148 electrons)            (36 atoms,167 electrons) 
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Quantum mechanic and molecular mechanic with a set of mixed basis sets were 

incorporated with ONIOM method of calculations on letrozole and vorozole. Letrozole 

was successfully treated with 8 different model chemistries while 3 only model 

chemistries was success on vorozole. 

According to the experimental gas phase microwave studies of triazole [Brown et al., 

1975], the bond distances of Nl-N2, N2-C3, C3-N4, N4-C5 and C5-N1 are 1.381, 1.328, 

1.354, 1.280 and 1.375 Å respectively. Predictions of 1,2,4-triazole ring geometry on 2-

layer ONIOM calculation performed on letrozole was very close to this experimental 

bond distances and they are in reasonable agreement where discrepancies are not greater 

than 0.02 to 0.23 Å. 

Figure 5.6. Letrozole- 2 layer ONIOM (B3LYP/6-311++G(d):HF/6-311++G). (Bond 

length are given in Å and values in parenthesis are gas phase microwave experimental 

bond distances of triazole). 

 

1.36
(1.280)

1.32
(1.354)

1.35
(1.328)

1.36
(1.381)

1.32
(1.375)
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The X-ray crystallographic studies [Jeffrey et al., 1983] of 1,2,4-triazole isomer 

revealed that the bond distances of Nl-N2, N2-C3, C3-N4, N4-C5 were 1.360 Å, 1.325 Å, 

1.366 Å, 1.334 Å and 1.334 Å respectively and it compares fairly well with the predicted 

geometry of triazole ring in letrozole molecules.   

 

Figure 5.7. Vorozole- 3 layer ONIOM (B3LYP/6-31G:HF/STO-3G:UFF) (Bond length 

are given in Å and values in parenthesis are gas phase microwave experimental bond 

distances of triazole). 

1.39
(1.36)

1.32
(1.32)

1.39
(1.35)

1.37
(1.35)

1.32
(1.32)

 
 

1,2,4-triazole predicted geometry of vorozole molecule with a 3-layer ONIOM model 

chemistries was also in reasonably good agreement with reports from the experimental 

results. Predicted geometries on 1,2,4-triazole ring of the two triazole derivatives, viz., 

letrozole and vorozole were very close to each other, but, there was small differences in 

bond distances on both of the compounds. Kassimi and co-workers [Kassimi et al., 1995] 

suggested that there may be a problem with the experimental structure of triazole that it 

did not have enough rotational constants to fully determine the geometry completely. 
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They concluded their studied of 1,2,4-triazole with MP2 polarization basis set were more 

accurate than the microwave results. As long as stability of our titled compound strongly 

depend on the stereo structures, prediction of gas phase equilibrium geometries were 

accurate enough to define the correct geometries. Therefore, we would like to make a 

statement that our studies of 1,2,4-triazole derivatives revealed a significant and reliable 

geometries for further studies relating to the chemical properties of letrozole and vorozole 

molecules. 

In general, prediction of bond length show linearity in parent triazole and letrozole 

where good agreement were found in all of the bond distances. But, vorozole predict 

longer bond distances for N1-N2, N2-C3 and N4-C5 with a difference of ±0.03 Å from 

the parent triazole. Most experimental [Wang et al., 2009]and theoretical studies report 

N-N, N-C and C-N bond distances between 1.35Å to 1.39Å for 1,2,4-triazole derivative 

[Baptiste et al., 2009,]. Since optimised bond distances at the above Table does not show 

any large discrepancies, therefore, we believed that the applied methods are significant 

enough for the gas phase studies of 1,2,4-triazole derivatives of even larger biological 

molecules. 

   

Figure 5.8. Letrozole MO       Figure 5.9. Vorozole MO 
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Table 5.1. Optimised bond distances* of 1,2,4-triazole ring in Letrozole and vorozole molecules (Gas phase and 

crystal structure experimental are given in italic) (*Å). 

 

 

Compounds  N1-N2 N2-C3 C3-N4 N4-C5 C5-N1 

 

Parent 

Triazole 

Gas phase expt. bond length [Bolton et al., 1975] 1.381 1.328 1.354 1.280 1.375 

Solid phase expt. bond length [Jeffrey et al.,1983] 1.360   1.325 1.366 1.334 1.334 

Theoretical model chemistries N1-N2 N2-C3 C3-N4 N4-C5 C5-N1 

B3lyp/6-311++g(d,p) 1.35 1.35 1.32 1.36 1.32 

 

Letrozole 

ONIOM(B3LYP/6-311G(d): HF/STO-3G) 1.36 1.35 1.32 1.36 1.32 

ONIOM(B3LYP/6-311G(d): HF/3-21G) 1.35 1.35 1.32 1.36 1.32 

ONIOM(B3LYP/6-311G(d): HF/6-31G) 1.36 1.35 1.32 1.36 1.32 

ONIOM(B3LYP/6-311G(d): HF/6-311G) 1.36 1.35 1.32 1.36 1.32 

ONIOM(B3LYP/6-31G(d): HF/STO-3G) 1.39 1.34 1.31 1.37 1.31 

ONIOM(B3LYP/6-311G(d): HF/STO-3G) 1.36 1.35 1.32 1.36 1.32 

ONIOM(B3LYP/6-311++G(d): HF/6-311++G) 1.36 1.35 1.32 1.36 1.32 

ONIOM(B3LYP/6-311++G(d): PM6) 1.36 1.35 1.32 1.36 1.32 

Vorozole 

ONIOM(B3LYP/6-31G:HF/STO-3G:UFF) 1.39 1.37 1.32 1.39 1.32 

ONIOM(B3LYP/6-31G:UFF: Dreiding) 1.39 1.37 1.32 1.39 1.32 

ONIOM(B3LYP/6-31G:HF/6-31G: Dreiding) 1.39 1.37 1.32 1.39 1.32 
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5.2 Energetic properties 

 

Table 5.2. Calculated total energies*at different model chemistries (*hartree). 

 

 

 

A difference of 0.26 hartrees (163.92 kcal mol
-2

) was predicted between unsubstituted 

parent triazole and letrozole. Indeed, higher energy was expected for the derivatives with 

a bulky aromatic group. But, -693.53 hartrees was very high for the vorozole ground state 

energy, which predicted 451.21 hartrees energy raise from the parent compound.  

Figure 5.10. Plot of total energies* of parent triazole, letrozole and vorozole predicted at 

different model chemistries (*hartrees). Values from left to right correspond to the 

energies from top to bottom at Table 5.2.   

 

 

Compounds Model Chemistries Energies 

ParentTriazole B3lyp/6-311++g(d,p) -242.32044490 

Letrozole 

B3LYP/6-311++G(d):HF/6-311++G -242.05922683 

ONIOM(B3LYP/6-311G(d):HF/3-21G) -920.09027334 

ONIOM(B3LYP/6-311G(d):HF/6-31G) -923.62598617 

ONIOM(B3LYP/6-311G(d):HF/6-311G) -923.74649551 

ONIOM(B3LYP/6-31G(d):HF/STO-3G) -915.42728157 

ONIOM(B3LYP/6-311G(d):HF/STO-3G) -915.49311771 

ONIOM(B3LYP/6-311++G(d):HF/6-311++G) -923.76353252 

Vorozole 

B3LYP/6-31G:HF/STO-3G:UFF -693.52580512 

ONIOM(B3LYP/6-31G:UFF:Dreiding) -418.27613012 

ONIOM(B3LYP/6-31G:HF/6-31G:Dreiding) -696.84554338 
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Figure 5.11 Letrozole showing ESP grid Figure 5.12 Vorozole showing ESP grid  

Since letrozole and vorozole have chemically different molecular constitution 

although they are derivatives of 1,2,4-triazole, their energetic properties, stereo structure 

and overall chemical nature cannot be categorize under the same criteria. Calculated total 

energy shown at the above table strongly support the high energetic properties of 

letrozole and vorozole in nature and their importance as the key compounds in many of 

pharmaceutical drugs. 

In common with most drugs, the azoles are believed to act at a number of different 

sites, all of which contribute to their fungicidal action. However, their main point of 

action is believed to be the inhibition of some of the cytochrome P-450 oxidases found in 

the membranes of the microorganisms. In particular, azoles have been linked to inhibition 

of the enzyme 14a-sterol demethylase (P-450DM), which is essential for the biosynthesis 

of ergosterol, the main sterol found in the fungal cell membranes. It is believed that 

nitrogen at position 4 of the triazole rings bind to the iron of the haem units found in the 

enzyme, thereby blocking the action of the enzyme [Thomas, 2007]. This appears to lead 

to an accumulation of 14amethylated sterols such as lanosterol in the membrane, which is 

thought to increase the membrane‘s permeability, allowing essential cellular contents to 
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leak causing irreversible cell damage and death. However, the precise details of the mode 

of action of azoles have yet to be fully elucidated. Azoles also inhibit the P-450 oxidases 

found in mammalian steroid biosynthesis, but in mammals much higher concentrations 

than those necessary for inhibition of the fungal sterol 14a-demethylases are usually 

required. SAR studies have shown that a weakly basic 1,2,4-triazole rings substituted 

only at the N-position are essential for biological activity [Thomas, 2007]. We hope our 

findings that we had reported in this chapter, even though not sufficient enough, will help 

and contribute for the investigation of bio-chemical interaction of azole derivatives in 

biological systems.   

Since the ONIOM (Our own N-layered Integrated molecular Orbital and molecular 

Mechanics) method is a newly added feature in Gaussian software packages, its 

application and advantages as a tool for the theoretical study of large molecule especially 

in biological systems just only begin to make a sensational report in scientific 

community. High accuracy model chemistries scale unfavorably with the size of the 

molecule, resulting in a practical limit on how large a system can be studied, placing 

many systems of chemical and/or biological interest out of reach of traditional 

approaches. Gaussian's ONIOM method provides a means for overcoming these 

limitations and is applicable to large molecules in many areas of research, including 

enzyme reactions, reaction mechanisms for organic systems, cluster models of surfaces 

and surface reactions, photochemical processes of organic species, substituent effects and 

reactivity of organic and organometallic compounds, and homogeneous catalysis. 

Developments in biochemistry and materials sciences have led to increasing interest in 

the reactivity of large chemical systems, presenting theoretical and computational 

challenges that can be addressed with hybrid methods such as ONIOM [Vreven et al., 
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2012]. This method has the advantage of not requiring a parameterized expression to 

describe the interaction of various regions with an affordable computational cost. Any 

systematic errors in the way that the lower levels of theory describe the inner regions will 

be canceled out. Using this technique, the entire system of macromolecule, for example, 

an enzyme with substrate and solvent molecules, can be treated computationally. The 

reaction of interest in the active site of the enzyme can be studied at an appropriate level 

of theory with an affordable computational cost [Tao and Schlegel, 2009]. Therefore, the 

possible main advantages and benefit from this model chemistries still lies ahead at the 

hand of future work in computational chemistry. 

Because of time and space limitations, calculations like S-value test to check error in 

ONIOM extrapolation and other parameters such as thermochemistry, biomolecular 

chemistry, regioselectivity and stereoselectivity were not included in this research work.  

But, we hope this chapter will serve as a source for the theoretical calculations for the 

most complex chemical systems and will contribute for the better understanding of 

medicinal compounds of triazole derivatives, and also encourage future researchers to 

develop an interest in the study of heterocyclic activity in those complicated biological 

systems.  
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1. Optimised geometrical structures of substituted tetrazoles predict bond lengths of the 

ring system very close to the unsubstituted tetrazole. The electron donating and 

withdrawing properties of the selected substituents influence the tetrazole only to a 

small extent. Therefore, the strong resistance of substitution effects and the ring to 

subsequently  potential geometrical alterations cannot be negated arbitrarily. 

2. Ease of tautomeric transformation is not improved by the electronic effects of the 

selected substituents on tetrazoles. Since the calculated activation barriers for all the 

substituted isomers do not show large change from the unsubstituted compound, the 

expectation of the role of substituents to electronically affect the predominant 2H-

tautomer supports the inherent nature of the ring under normal condition in the gas 

phase. Also, lowering of singlet-triplet energy gaps and HOMO-LUMO energy gaps 

were predicted upon substitutions, the influence of substituents were not strong 

enough to enhance tautomerisation in the gas phase because of the persistent nature of 

the ring. 

3. The influence of substituents on the tetrazole systems in terms of thermodynamic 

equilibrium constant relating to the Gibbs free energy change predicted deviation from 

the unsubstituted compound. Base on the calculated results, electron donating groups 

tend to decrease the equilibrium constant as compare to the unsubstituted compounds, 

whereas substitution with electron withdrawing groups result in the increase of 

equilibrium constant. Thus, although substituents do not impart significant change on 

the geometry of tetrazole ring, the energetic contribution from the substituents cannot 

be completely ignored. 
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4. The calculated values of HOMA and I5 which suggested small change in the degree of 

aromaticities of substituted tetrazoles from the unsubstituted tetrazole, is in 

compliance with the electronic resistance to the substituents. The calculated geometry 

based index of aromaticity also serves as evidence in establishing higher aromaticity 

of 2H-tautomer over the 1H-tautomer, and also support any previous study showing 

the predominance property of 2H-tautomer over 1H-tautomer. Thus, the strong 

electronic resistance of the tetrazole ring to the substituents results in a small change in 

the degree of aromaticity with respect to the unsubstituted tetrazole since HOMA and 

I5 are structure based indices for aromatic criteria. 

 

5. The influence of substituents to the magnetic properties of tetrazole are very low. 

Computation of NICS values reveals that influence of substituents on the π-electron 

delocalization of the tetrazole ring were not high. These suggested that substituents 

effect meets resistance to the change in π-electron delocalization in the ring. Also, the 

distribution of π-electron density is higher at the centre of the ring than above plane of 

the ring. 

 

6. 2H-tautomer is energetically preferred over the 1H-tautomer in the case of 1,2,3-

triazole while 1H-tautomer was predicted more stable than 2H-tautomer in 1,2,4-

triazole isomers. 

 

7. 1,2,4-triazole tautomers were found to differentiated by small energy differences in the 

gas phase and this suggested the possibilities of thermoneutral reaction or an isodesmic 

transformation between 1H- and 2H-tautomers of 1,2,4-triazoles. cannot be 

downrightly rejected in the transformation of 1,2,4-tautomers.    
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8. 1,2-prototropic shift in favor of tautomerisation process was found to be governed by 

high energy barriers, and these barriers were not affected much by the influence of 

substituents (-NO2 and -CH3) according to the energetic properties from singlet-triplet 

energy gaps and HOMO-LUMO energy gaps in triazoles, although ground state 

energies were increase with substitutions. 

 

9. High degree of aromaticities with respect to their magnetic properties were predicted 

for both the 1,2,3-triazole and 1,2,4-triazoles isomers as well as for their transition state 

species. 

 

10. Acyclic transition state geometries were predicted for the migrations of hydroxy group 

in triazole isomers. Prediction of high activation barriers were seen in both the isomers, 

and zero difference in ground state total energies were obtained for 1,2,4-triazole. 

 

11. Stereo structures of triazole is well preserved in letrozole and vorozole compounds and 

high ground state energies are predicted for both the triazole derivatives. 

 

12. Different combination of model chemistries predicted different total energies for 

letrozole and vorozole, an inclusion of MM methods were found to predict lower total 

energy, while introduction of QM/QM results in higher total energy. 

 

13. Computationally, consistency seems to preferred DFT method while lower cost of 

computational time was achieved with HF method, and 6-311++G(d,p) was the most 

efficient among the basis sets in this research work on 5-membered N-heterocycles. 
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Investigations of hydroxy group migration on 1,2,3- and 1,2,4-triazoles 

 

Figure 1. N-hydroxy-1,2,3-triazoles. 

  

     N1-tautomers          Transition state         N2-tautomers 

Figure 2. N-hydroxy-1,2,4-triazoles. 
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Study of –OH group migration and effect of –OH group on the energetic properties of 

triazole isomers was carried out using the same method applied to the parent isomer. 

Substitution on ground state isomer was done by replacing proton with hydroxy group at 

N1 position of 1,2,3- and 1,2,4-isomers, and all the structures were fully optimized at the 

HF and DFT level of theories with the same selected basis sets. 
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Table 1. Ground state total energies*of N-hydroxy triazole isomers at HF level 

(*hartrees). 

 

Basis Sets 1,2,3-Isomers 1,2,4-Isomers 

N1-OH N2-OH N1-OH N2-OH 

6-31G(d) -315.55960562 -315.56622226 -315.59501581 -315.59501581 

6-311G(d) -315.63083489 -315.63818693 -315.66651243 -315.66651243 

6-311++G(d,p) -315.64931168 -315.65602722 -315.68463000 -315.68462998 

cc-pVDZ -315.59305810 -315.60075987 -315.62815387 -315.62815387 

cc-pVTZ -315.68143755 -315.68855836 -315.71595461 -315.71595461 

Aug-cc-pVDZ -315.61548461 -315.62191091 -315.64977752 -315.64977752 

Aug-cc-pVTZ -315.68582214 -315.69257800 -315.72038285 -315.72038285 

 

As seen in Table 1, HF method predicted ground state total energies of 1,2,3-isomers 

from -315.55960562 hartrees to -315.68582214 hartrees for N1-hydroxy tautomer, and 

from -315.69257800 hartrees to -315.56622226 hartrees for N2-hydroxy tautomer. 

Predicted total energies of 1,2,4-isomers started from -315.62815387 hartrees to -

315.72038285 hartrees for N1-hydroxy tautomer and from -315.62815387 hartrees to -

315.72038258 hartrees for N2-hydroxy tautomer respectively.     

Table 2. Ground state total energies*of N-hydroxy triazole isomers at DFT level  

(*hartrees).  

 

Basis Sets 1,2,3-Isomers 1,2,4-Isomers 

N1- OH N2- OH N1- OH N2-OH 

6-31G(d) -317.38004885 -317.38657222 -317.40636438 -317.40636438 

6-311G(d) -317.45750881 -317.46474869 -317.48456491 -317.48456491 

6-311++G(d,p) -317.47770818 -317.48454385 -317.50489885 -317.50489943 

cc-pVDZ -317.40839492 -317.41572153 -317.43395627 -317.43395627 

cc-pVTZ -317.50353650 -317.51045193 -317.52963012 -317.52963012 

Aug-cc-pVDZ -317.43683369 -317.44342666 -317.46229777 -317.46229777 

Aug-cc-pVTZ -317.50948369 -317.51611948 -317.53560253 -317.53560253 

  

Predictions of ground state total energies in DFT method ranged from -317.38004885 

hartrees to -317.50948369 hartrees for N1-hydroxy tautomer and from -317.38657222 

hartrees to -317.51611948 hartrees for N2-hydroxy tautomer of 1,2,3-isomers. 
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Results obtained from various basis sets are in between -317.38 and -317.53 hartrees. 

Predicted total energy in the case of 1,2,4-isomers ranged between -317.40636438 

hartrees to -317.53560253 hartrees for both the N1- and N2-hydroxy tautomers as shown 

in Table 2.  

Table 3. Energy*difference between ground state tautomers (*kcal mol
-1

). 

 

Basis Sets HF DFT 

1,2,3-Isomers 1,2,4-Isomers 1,2,3-Isomers 1,2,4-Isomers 

6-31G(d) 4.15 0.0 4.09 0.0 

6-311G(d) 4.61 0.0 4.54 0.0 

6-311++G(d,p) 4.21 0.0 4.29 0.0 

cc-pVDZ 4.83 0.0 4.59 0.0 

cc-pVTZ 4.47 0.0 4.34 0.0 

aug-cc-pVDZ 4.03 0.0 4.14 0.0 

aug-cc-pVTZ 4.24 0.0 4.16 0.0 

 

The deference in energies between the two tautomers are shown at Table 4.32. 

Interesting results were obtained for 1,2,4-isomer where all the basis sets predicted zero 

relative energies with both the HF and DFT methods, while 1,2,3-isomer predicted 4.03 

kcal mol
-1

 to 4.83 kcal mol
-1 

ground state relative energies. N-substituted-1,2,4-triazole‘s 

tautomers were, therefore, theoretically equivalent systems according to the obtained 

results in Table 3.   

Transition state total energies are shown at Table 3 where HF predicted ranges from -

315.44180811 hartrees to -315.56798845 hartrees for 1,2,3-isomer and from -

315.42761513 hartrees to -315.55208269 hartrees for 1,2,4-isomer. DFT method 

predicted transition state total energies from -317.29414432 hartrees to -317.42516630 

hartrees for 1,2,3-isomer and from -317.27574212 hartrees to -317.37621296 hartrees for 

1,2,4-isomer respectively. 
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Table 4. Transition state total energies*of N-hydroxy triazole isomers (*hartrees). 

Basis sets 
1,2,3-isomers 1,2,4-isomers 

HF DFT HF DFT 

6-31G(d) -315.44180811 -317.29414432 -315.42761513 -317.25047495 

6-311G(d) -315.51351972 -317.37445489 -315.49808715 -317.32655360 

6-311++G(d,p) -315.53196679 -317.39477528 -315.51613740 -317.34387595 

cc-pVDZ -315.47502832 -317.32122000 -315.45987032 -317.27574212 

cc-pVTZ -315.56277998 -317.41858592 -315.54682746 -317.37067264 

aug-cc-pVDZ -315.49815330 -317.35093849 -315.48406955 -317.30371105 

aug-cc-pVTZ -315.56798845 -317.42516630 -315.55208269 -317.37621296 

 

Calculated activation energies at Table 4 show high energy barriers for the migration 

of hydroxy group in triazoles. Predicted activation energies for 1,2,3-isomer was 

~74.0±1.0 kcal mol
-1 

at HF level of calculations and ~53.0±1.0 kcal mol
-1 

at DFT level of 

calculations. Predicted activations energies for 1,2,4-isomer was higher in comparison to 

1,2,3-isomers where HF predicted ~105.0±1.0 kcal mol
-1 

and DFT predicted 99.0±2.0 

kcal mol
-1

.   

Table 5. Activation energies*of N-hydroxy triazole isomers (*kcal mol
-1

). 

 

Basis sets 
1,2,3-Isomers 1,2,4-Isomers 

HF DFT HF DFT 

6-31G(d) 73.919 53.906 105.045 97.822 

6-311G(d) 73.616 52.117 105.688 99.154 

6-311++G(d,p) 73.635 52.041 105.731 101.043 

cc-pVDZ 74.065 54.703 105.599 99.281 

cc-pVTZ 74.459 53.307 106.129 99.747 

aug-cc-pVDZ 73.626 53.900 103.983 99.515 

aug-cc-pVTZ 73.942 52.910 105.609 100.018 

 

 

Table 5 show HOMO-LUMO energy gaps where predicted values from 0.21409 

hartrees to 0.35252 hartrees were obtained for 1,2,3-isomers, and from 0.2826 hartrees to 

0.36266 hartrees were obtained for 1,2,4-isomers in both the applied methods. 
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Table 6. HOMO-LUMO energy gap ΔEHOMO-LUMO (in hartrees) of ground state N-hydroxy substituted 

triazole isomers at the HF and DFT levels. 

 

Basis sets 

HF DFT 

1,2,3 1,2,4 1,2,3 1,2,4 

N1-OH N2-OH N1-OH N2-OH N1-OH N2-OH N1-OH N2-OH 

6-31G(d) 0.21409 0.19729 0.21826 0.21827 0.26271 0.24863 0.26804 0.26811 

6-311G(d) 0.24115 0.20903 0.24879 0.24880 0.26187 0.24863 0.26663 0.26657 

6-311 ++G(d,p) 0.34359 0.32743 0.35276 0.35272 0.25561 0.24435 0.25648 0.25642 

cc-pvdz 0.21996 0.19593 0.22327 0.22328 0.26194 0.24912 0.25696 0.25695 

cc-pvtz 0.24711 0.21526 0.25572 0.25572 0.26161 0.24943 0.2662 0.26617 

aug-cc-pvdz 0.3463 0.3297 0.35624 0.35624 0.25375 0.24252 0.25196 0.25193 

aug-cc-pvtz 0.35252 0.33694 0.36266 0.36264 0.2561 0.24516 0.25338 0.25351 
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Table 7. HOMO-LUMO energy gap of N-hydroxy substituted transition state species at 

the HF and DFT levels (*hartrees). 

 

Basis sets 
HF DFT 

1,2,3 1,2,4 1,2,3 1,2,4 

6-31G(d) 0.24457 0.34047 0.10741 0.14849 

6-311G(d) 0.24960 0.34471 0.10723 0.14448 

6-311++G(d,p) 0.27867 0.36074 0.10634 0.1421 

cc-pvdz 0.24467 0.33529 0.10723 0.14872 

cc-pvtz 0.24930 0.34445 0.10862 0.14813 

aug-cc-pvdz 0.28293 0.35611 0.10614 0.14470 

aug-cc-pvtz 0.28757 0.35526 0.10799 0.14607 

 

Calculated HOMO-LUMO energy gaps for transition state species started from 

0.10614 hartrees to 0.28757 hartrees for 1,2,3-iaomer and from 0.1421 hartrees to 

0.36074 hartrees for 1,2,4-isomer within HF and DFT method of calculations as seen in 

Table 7. B3lyp/aug-cc-pVDZ predicted 0.10614 hartrees (66.60 kcal mol
-1

) for 1,2,3-

isomer, which was the smallest gap, and the largest gap was predicted at HF/6-

311++g(d,p) as 0.36074 hartrees (226.37 kcal mol
-1

) for 1,2,4-isomer. 


