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ABSTRACT 

 Aromaticity is one of the most important concepts in chemistry and is of particular interest in understanding the 

structure and properties of heterocyclic compounds. There is still much debate on the subject that which of the reactivity, energy, 

magnetic and geometric patterns can better assess this feature. On other hand, heterocyclic compounds play an important role in 

biological processes. Hence, the scientists are trying to understand the chemistry of heterocyclic in order to improve the quality of 

human life. Structural study of many of these compounds due to limited synthetic methods is difficult; however, using chemical 

calculations, assessments of sustainability and magnetic properties of many known or unknown heterocyclic compounds would be 

possible. This study reviews the various criteria of Aromaticity evaluation of heterocyclic compounds containing a common 

heteroatom at two rings junction to achieve a comprehensive view of these methods. 
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 Heterocyclic compounds play an important role 

in biological processes; hence, the scientists are trying to 

understand the chemistry of heterocyclic compounds in 

order to improve the quality of human life [1]. Structural 

study of many of these compounds due to limited 

synthetic methods is difficult; however, using chemical 

calculations, assessments of sustainability and magnetic 

properties of many known or unknown heterocyclic 

compounds would be possible.  Aromaticity is of 

particular importance in understanding the structure and 

properties of heterocyclic compounds. In recent years, the 

quantitative assessment of Aromaticity has become 

possible using which the aromatic properties of 

heterocyclic compounds and their polycyclic fused 

derivatives can be determined [2]. This study reviews the 

various criteria of Aromaticity evaluation of heterocyclic 

compounds containing a common heteroatom at two rings 

junction to achieve a comprehensive view of these 

methods. 

 

Figure 1: Two groups of heterocyclic compounds containing a heteroatom at the junction of two rings 

 The (a-1) group is structurally a neutral 

compound similar to in dole, while in the conjugate 

structure of (a-2), if (x = CH+), the positive charge on the 

nitrogen is placed at the junction of the two rings (Figure 

1). 

DEFINITION OF INDOLIZINES AND 

PHOSPHAINDOLIZINES 

 In addition to purines and most of fused 

heterocyclic compounds with benzene such as indole, 

which are biologically important, a number of other 

aromatic cyclic and polycyclic fused heterocyclic 

compounds has been identified that the most important of 

them contain one nitrogen or phosphorus at the junction 

of rings. The nitrogen-or phosphorus-containing 

heterocyclic compounds at the junction of the two rings 

are referred respectively as Indolizines (3-a)and 

Phosphaindolizines (4-a) (Figure 2). Although these 

compounds are not found in nature, but according to 

studies, they have unique structural and magnetic 

properties. 
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Figure 2: Indolizines and Phosphaindolizines 

AROMATICITY IN INDOLIZINES 

 These systems and their derivatives with 

naphthalene, indole and a group of heterocyclic 

compounds considered structurally as purinesderivatives  

are isoelectronic. Thus, indolizines can be considered as a 

10- π electron system, containing high and low electron 

rings [3]. Four pairs of electrons from 4 double bonds and 

an electron pair of nitrogen can participate in the system 

Aromaticity. 

 

 

Figure 3: Some two-loop system with a 10- π electron 

 From apparent structure view, 4H-Quinolizine(a-

7) is not aromatic due to presence of saturated atom, since 

the pairing is lost. But, quinoliziniumcation (a-8), formed 

formally by loss of hydride from quinolizine, is an 

aromatic 10 π electron, which is isoelectronic with 

naphthalene. 

 Chemical - quantum computations of 

indolizines and their derivatives show that resonance 

stability of these compounds is mainly due to the presence 

of the pyrrole rings, while phospha indolizines are less 

stable [4]. Although nitrogen or sulfur counterparts are 

used in practice, but organic phosphorous compounds 

have certain properties. 

Low electron π heterocyclic compounds    High electron π heterocyclic compounds 

 

Figure 4: Modified hetero aromatic compounds of benzene [5, 6] 

BOND LENGTH IN INDOLIZINE 

 The ring geometrical form has been suggested as 

a measure to describe aromaticity [7]. Today, using the X-

ray, the bond length inside and outside the ring can be 

determined. Accordingly, the Harmonic Oscillator 

Modeling Aromaticity (HOMA) model has been used as 

an index to describe the aromatic feature in many of π-

electron systems [8]. Generally, the length of the ring 

bonds is the average of simple and double bonds. All 
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bonds are the same in benzene (1.395Å), but the bonds length is variable in a non-cyclic conjugated poly-N. 

 

Figure 5: Bond length of some hetero aromatic compounds 

 

 The bond length of six-membered compounds 

(a-9 and a-10) is the average of simple and double bonds 

values. The carbon - carbon bond length indicates little 

change in the 6-memberedsingle-ring rings close to 

benzene levels. Accordingly, it can be concluded that 

there is a significant cyclicnon-localization in π electrons 

of these compounds. 

 On the other hand, the sevalues for five-

membered heterocyclic compounds represent 

considerable changes, which correspond with localized 

structures. Due to the involvement of different hetero 

atoms, direct comparison of bonds length is not possible; 

however, the oxygen-containing heterocyclic compounds 

typically show the highest bond establishment. 

 In any case, even in oxygen-containing 

heterocyclic compounds, the length of bonds differs from 

simple or double bonds length. All of these five-

membered cyclic systems show evidence suggesting non-

localized cyclic structures, but its value is less than six-

membered heterocyclic compounds. Bothdi cyclic five-

memberedindole and indolizine systems (a-17 and a-3) 

have the highest bond establishment in five-membered 

rings compared to pyrrole, and in general, this feature is 

true for other heterocyclic merged compounds in 

comparison with similar single-ring compounds. 

AROMATICITY IN PHOSPHA INDOLIZINES 

AND OTHER PHOSPHORUS-CONTAINING 

HETEROCYCLIC COMPOUNDS 

 Nyulaszi successfully synthesized phospholes 

with flat tri coordinated phosphorus [9]. Replacement of 

CH groups with P, due to changes in bond lengths and 

planar structure, has a great impact on cyclic aromaticity 

[10]. Replacement of bulky groups in the phosphorus 

atom, due to reinforcing effect, turns the pyramidal 

structure of phosphorusto a flat form. According 

toreduced pyramid-shaped of tri coordinated phosphorus 

in phospholes, the aromatic properties will increase. 
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Figure 6: Phosphaindolizines and other phosphorus-containing heterocyclic compounds 

 The aromaticity of 1 - (2, 4-di-tert- butylphenyl)  

phosphole (a-18), which is determined with MNDO 

molecular calculations at HF/6-31G  * and B3LYP/6-31G* 

levels, is similar to aromaticity of furan [11]. 

 The gradual flattening of the tri coordinated 

phosphorus in phosphole occurring due to the increased 

spatial volume of interchangeable group occurs has been 

demonstrated by geometrical optimizing of alkyl aryl 

phospholes at HF/6-31G * level. Aromaticity indices 

increase by reducing pyramidal form of the structure, 

which occurs due to the increased conjugation of the 

structure. In photoelectron spectrum, increased 

aromaticity represents the reduction of ionization energy 

of the electron pair of phosphorus. In fact, 1-(2', 4', 6'-tri-

tert-butylphenyl)-3-methyl-phosphole (a-19) is the first 

phosphole doing electrophilic substitution [12]. 

 1-(2',4',6'-tri-tert-butylphenyl)-3-methyl-

phosphole (a-19), with the lowest ionization energy 

reported for phosphole, represents aromaticity increase 

based on various indicators which are consistent with 

experimental data [10]. 

 Molecular calculations at B3LYP/6-311+G** 

level for diphospholes, tri phospholes (a-22) and 

phosphaindolizines (a-4 and a-21) refer to their aromatic 

structure. The π –aromatic system switch flat tri 

coordinated phosphorus are the largest aromatic systems 

among the nitrogen-containing rings or Chalcogen hetero 

atoms (A6 group elements in the periodic table). 1 - (2, 4-

tri-tert- butylphenyl) - 5, 3di-tert- butyl- 1,2,4 - tri 

phosphole (a-20) has been assessed with several criteria 

and resulted data show that it is highly very aromatic and 

planar [11]. 

IMPACT OF MOLECULAR ENVIRONMENT 

ON THE HETEROCYCLIC COMPOUNDS 

AROMATICITY 

 Aromaticity changes in different environments. 

The effect of molecular environment on interactions 

determines the Aromaticity of asymmetrical heterocyclic 

compounds. The comparative calculations of Aromaticity 

indicators of molecules in the gas phase and in the 

condensed mediators with a dielectric constant greater 

than 1, with or without hydrogen bonds, show consistent 

results for a set of nitrogen-containing heterocyclic 

compounds, including imidazole, pyrrole, Pyrazole, H1-1, 

2,4 - triazole and Benzimidazole. 

 Aromaticity indices increase based on abinitio 

calculations from gas phase to the condensed phases 

(dioxane, aqueous solutions or solid phase) [13, 14]. For 

the hetero cyclic compounds with high hydrogen-

bonding, such as imidazole in the solid phase, aromaticity 

increaseis not be significant that can be due to the 

increased1&2 bond length, which is caused by formation 

of hydrogen bonds between H (1) and N (1) (2). 

 

 

Figure 7: Hydrogen bond in imidazole and tri-azole 

 

 Therefore, aromaticity comparison of 

heterocyclic compounds should be performed by data 

collected in similar molecular environment. Solid-state 

proton transfer in tri-azole derivatives has been recently 

demonstrated by NMR. NMR shows that the type of 

density in solid phase depends on substitution in tri- 

azoles ring. Tri-azolescan form two cyclic A and B 

trimmers at solid state with transferring three protons 

(Figure 7). 

Chemical reactivity of indolizines 
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 Indolizine is an electron-rich system, which is 

similar to indole regarding reactivity but with higher basic 

properties (-3.5). 

 

Figure 8: Preferred resonant forms inpyrrole or pyridiniumrings 

 In indolizines, proton replacement is done at 

carbon 3instead of nitrogen (Fig. 2), since otherwise the π 

system aromaticity is disrupted. The 6-membered ring of 

indolizines is not very similar to pyridine, since it does 

not act like imine and rarely does nucleophilic addition. 

Electrophilic substitution reaction occurs at carbon-3 in 

indolizines; but in the presence of a strong acid, the 

reaction takes place at carbon 1 (Figure 9). 

 

Figure 9: Electrophilic attack in indolizines 

REACTION WITH LITHIUM AND ORGANIC 

LITHIUM-CONTAINING COMPOUNDS 

 Other reactions in which indolizines participate 

include reaction with lithium and organic lithium-

containing compounds (Figure 10). The reaction occurs in 

the pyridine ring at the site of carbon5 (Figure 2). 

 

Figure 10: Adding lithium to indolizines 

 Reduction reaction in acidic solution can fully 

saturate the dihydro derivatives, which depends on the 

type of catalyst (Figure 11). 

 

Figure 11: Reduction reaction in indolizines (partial or complete reduction of indolizines depends on the type of 

catalyst) 

AZAINDOLIZINES 

 Azaindolizines are nitrogen- 

containingindolizines or other heteroatoms substituted 

with carbon. If nitrogen atoms are placed in the 6-

membered ring, they form imine system; thus, they will 

be more vulnerable to the attackof nucleophilic 

compounds. If nitrogen atoms are placed in the 5-

membered ring, they will act similar to azoles such as 

imidazole, pyrazole, triazole and tetrazole. 

Imidazo[1,2-a] pyridine  

 Imidazo [1, 2-a] pyridines are aromatic systems 

in which the nitrogen attached to the (4-N) bridge shares 

its electron pairs in the aromaticity. Thus, the nitrogen 
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atom is not nucleophilic, and the nucleophilic attack on 

the nitrogen occurs at N-1. 

 

 Electrophilic substitution occurs at carbon 3 in 

mild condition; but in case of filled position, the 

substitutions can be made at carbon 5. 

 

Figure 12: Electrophilic substitution in Imidazo [1, 2-

a] pyridines 

Imidazo [1,5-a] pyridine 

 Imidazo [1, 5-a] pyridines are aromatic systems 

in which the (N-4) bridged nitrogen shares its electron 

pairsin the aromaticity. Thus, this nitrogen atom is not 

nucleophilic, and the nucleophilic attack on the nitrogen 

occurs at N-2. 

 

 Electrophilic substitution occurs at carbon 

1(Figure 13); however, compared with its isomers, 

changing the position occurs in the 5-membered ring. 

Hence, the changes lead to placement of formed ylide at 

carbon 3. 

 

Figure 13: Electrophilic substitution in Imidazo [1, 5-

a] pyridines 

 Lithium addition reaction occurs at position 3 for 

both imidazo pyridines. However, depending on the 

substituent type at position 3, the substitution can occur at 

carbons 5 or 8 (Figure 14). 

 

Figure 14: Lithium addition in Imidazo [1, 5-a] 

pyridines 

OTHER AZAINDOLIZINES 

 The [1, 2, 3] triazolo [1, 5-a] pyridine and 

Tetrazolo [1, 5-a] pyridine can be both ring in equilibrium 

with open- ring forms. The closed-ring form is often 

predominant. Tetrazolo pyridines can mainly be present in 

both forms, depending on the type of substituent in the 

rings. Tetrazolo pyridine is found in closed form, but its 5 

- chloro derivative can be found in the open form (Figure 

15).
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Fig 15: The preferred forms of open and closed loopsin [1, 2, 3] triazolo [1, 5-a] pyridine and Tetrazolo [1, 5-a] 

pyridine 

 Systems with more nitrogen count show different 

reactivity in the six-membered ring, but their common 

feature is easy placement of the 6-membered ring under 

nucleophilic addition reaction. In fact, some of them are 

very reactive and become hydrated even exposed to moist 

air (Figure 16). 

 

Figure 16: Nucleophilic addition as the dominant reaction in azaindolizines 

SYNTHESIS OF INDOLIZINES AND 

AZAINDOLIZINES 

 Synthesis of imidazo pyridines and some of 

triazolo pyridines are mainly done via two methods: 

Dipolar cyclo-addition or cyclo-condensation (Figs. 17 & 

18). Most of synthesis paths begin from pyridines or 

azines. 

 

Figure 17: An example of cyclo-addition reaction in [1, 2, 3] triazolo [1, 5-a] pyridine 

 

Figure 18: An example of the synthesis of indolizine and imidazo [1, 2 -a] pyridine through cyclo-condensation 

 The [1, 2, 3] triazolo [1, 5-a] pyridines and 

Tetrazolo pyridines are typically synthesized through 

open -ring form (Figure 19). The TsN3 (Tosylazide) is the 

used reagent, but because of its explosive capability, the 

ArN3 is used. 

 Figure 19: Synthesis of [1, 2, 3] triazolo [1, 5-a] 

pyridine 
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 Compounds with several nitrogen atoms in the 6-

membered ring produce azines containing more nitrogen 

atoms through condensation or cyclo-addition (Fig. 20) 

(azines are mostly pyridine derivatives, but sometimes 

have 5-membered rings). 

Figure 20: An example of the synthesis of pirazolo [1, 

5-b] pyridazine with dipolar cyclo-addition 

CONCLUSIONS 

 Although many experimental and theoretical 

studied have been conducted on the chemistry of 

heterocyclic compounds, the current information about 

the heterocyclic compounds containing one atom at the 

infusion site of the rings is insignificant. In this study, the 

methods and definitions related to indolizines and 

phosphaindolizines,  aromaticity in indolizines, bond 

length in indolizines, aromaticity in phosphaindolizines 

and phosphor-containing heterocyclic compounds, the 

influence of the molecular environment on 

theheterocyclic compounds, reactivity with lithium and 

organic lithium-containing compounds, azaindolizines, 

the synthesis of indolizinesand azaindolizines were 

reviewed and a full understanding of all these methods 

was provided. 
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