
Computational studies on formation and intermolecular [1+2] cycloadditions of 

nitrilimines  

 

 

 

 

 

 

 

Sima Mehrpajouh 

 

 

 

A Thesis 

 

 

 

In the Department 

of 

Chemistry and Biochemistry 

 

 

 

 

Presented in Partial Fulfillment of the Requirements 

For the Degree of Master of Science (Chemistry) at 

Concordia University 

 

 

 

 

Montreal, Quebec, Canada 

 

December 2012 

 

 

 

 

© Sima Mehrpajouh, 2012 

 



CONCORDIA UNIVERSITY 

School of Graduate Studies 

 

This is to certify that the thesis prepared 

 

By: Sima Mehrpajouh____________________________  

 

Entitled: Computational studies on formation and intermolecular [1+2] 

cycloadditions of nitrilimines__________________________  

 

and submitted in partial fulfillment of the requirements for the degree of 

 

Master of Science_________________________  

 

complies with the regulations of the University and meets the accepted standards 

with respect to originality and quality. 

 

Signed by the final examining committee: 

 

Dr. Georges Dénès______________________ Chair 

 

Dr. Pat Forgione________________________ Examiner 

 

Dr. Ann. M. English ____________________ Examiner 

 

Dr. Heidi M. Muchall____________________ Supervisor 

 

Dr. Gilles H. Peslherbe___________________ Supervisor 

 

 

Approved by ________________________________________________ 

Chair of Department or Graduate Program Director 

 

________________________________________________ 

Dean of Faculty 

 

 

Date     ________________________________________________ 

 

http://chem.concordia.ca/people/faculty/Denes.php


 

iii  

 

Abstract 

 

Computational studies on formation and intermolecular [1+2] cycloadditions of 

nitrilimines 

 

Sima Mehrpajouh, M.Sc. Chemistry   

Concordia University, 2012 

 

 2,5-disubstituted tetrazoles decompose thermally to give nitrilimines (R
1
ïCNNïR

2
), 

whose electronic structure widely varies with the substituents R
1
 and R

2
. In particular, for 

R
1
, R

2
 = H, the carbenic contribution to the resonance structure is small, while for NH2-

disubstitution Natural Resonance Theory predicts 70% carbene character. This has large 

implications for the reactivities of substituted nitrilimines. The goal of this work is to 

identify nitrilimines with large carbenic contributions to their resonance structure that can 

undergo [1+2] cycloaddition reactions with unsaturated systems, in contrast to the 

common [3+2] cycloadditions of nitrilimines with only a small carbenic character. 

In this study, twelve tetrazoles known in the literature have been analyzed with 

respect to changes in geometry and orbital interactions. A Natural Bond Orbital analysis 

of the corresponding nitrilimines indicates that several possess an electron lone pair on 

carbon, which could be indicative of a sizeable carbenic contribution to the resonance 

structure. Based on this finding, the decomposition of the respective tetrazoles has been 

investigated. We have shown that, depending on the substituents, decomposition is either 

stepwise or concerted: C-substituted tetrazoles with electron donating groups follow a 

concerted pathway while electron withdrawing groups promote a stepwise path. 

Nitrilimines have been widely used in 1,3-dipolar ([3+2]) cycloadditions, in which 

they add to a dipolarophile, typically an alkene or alkyne, to form five-membered 

heterocyclic rings. In fact, all nitrilimines studied experimentally to date have been 
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shown to undergo [3+2] cycloaddition reactions and their mechanism has been 

extensively studied in the past. On the other hand, nitrilimines can be described through a 

carbenic valence-bond structure, and while intermolecular carbenic reactions from 

nitrilimines are unknown, intramolecular reaction products from ortho-vinyl MeCOOï

CNNïPh and PhïCNNïPh that seem to have followed two typical carbene reaction 

mechanisms, [1+2] cycloaddition and CïH insertion, have been reported. In an attempt to 

promote the intermolecular [1+2] cycloaddition, reactions of FïCNNïF and NH2ïCNNï

NH2, both possessing substantial carbenic character, with ethene and electron-poor 

alkenes were compared to those for the unsubstituted HïCNNïH with smaller carbene 

character. The intermolecular [1+2] reaction is observed for HïCNNïH and FïCNNïF 

with tetrafluoroethene. NH2ïCNNïNH2, as a nucleophilic species and possibly a stable 

carbene, does not tend to react with alkenes. To render these findings feasible for 

experiments, the carbenic character of readily accessible nitrilimines was determined 

from natural resonance theory. 

Nitrilimines with even a small carbenic character can undergo [1+2] cycloaddition 

with tetrafluoroethene. For example, COOHïCNNïOH and CHOïCNNïOH, with as 

little as 13% carbenic character, undergo [1+2] cycloaddition preferentially (B3LYP/6-

31+G(d)).  
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Chapter 1. 

Nitrilimines; General Background  

1.1. Nitrilimine, a 1,3-dipole  

1,3-dipoles are defined as possessing an a-b-c connection, where atom a possesses a 

formal positive charge (electron sextet) due to an incomplete valence shell and atom c 

carries a negative charge owing to an unshared electron pair. Atom b, on the other hand, 

has an unshared electron pair and its bond with atom a could be either single or double 

according to the sextet structure. Since the sextet structures are unstable, atom b plays a 

major role in the stabilization of 1,3-dipoles by sharing electrons with atom a and 

forming an additional bond, resulting in an octet structure for atom a. Atom b is usually 

either nitrogen or oxygen, and atoms a and c are carbon, nitrogen or oxygen (Scheme 1-

1).
1
 

 

 

Scheme 1-1. 1,3-dipoles with single or double bond and internal octet stabilization. 

The importance of 1,3-dipolar compounds is their ability to form heterocyclic 5-

membered rings. 1,3-dipoles could react with any dipolarophile, double or triple bond, 
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and lose charges to form a 5-membered ring. Normally, such a reaction proceeds in a 

concerted fashion, and the combination of 1,3-dipoles with multiple bond systems is then 

called a 1,3-dipolar cycloaddition reaction. Scheme 1-2 shows the general design of a 

1,3-dipolar reaction.
1
 In general, 1,3-dipoles are classified into two groups: 1,3-dipoles 

with a single bond such as nitrones, ozone, and nitro compounds, and 1,3-dipoles with a 

double bond, namely nitrile ylides, nitrilimines, and azides.
1
 Nitrilimines are the subject 

of our interest in the current work. 

 

 

Scheme 1-2. General design of 1,3-dipolar cycloadditions. 

Nitrilimines are a class of organic compounds that possess the general sequence 

R
1
CN-NR

2
 where an imine is bonded to the N-terminus of a nitrile. Nitrilimines have 

been widely used in 1,3-dipolar cycloadditions
1
 in which they add to a dipolarophile, 

typically an alkene or alkyne, to form 5-membered heterocyclic rings. Nitrilimine, Hï

CNNïH, itself is an unstable isomer of diazomethane,
2
 which can undergo rearrangement 

to form carbodiimide,
3-5

 intramolecular cyclization
6-9

 or fragmentations to nitriles and 

nitrenes.
4
 Since nitrilimines contain an electron sextet on the carbon atom, they are not 

stable and are well-known as reactive intermediates.
3-5, 10

 This restricts the nitrilimine 

characterization techniques to infrared (IR) and ultraviolet (UV) spectroscopies in 85K 

matrix,
3, 4

 mass spectrometry,
3
 and real-time photoelectron spectroscopy

10
 in the gas 

phase. Alternatively, nitrilimines are inferred from their characteristic reactions.
1, 11-13
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Since nitrilimines have been used to produce heterocyclic compounds, several studies 

have been devoted to the preparation and isolation of nitrilimines (discussed in section 

1.3). Nitrilimines were first generated by Huisgen and co-workers in 1959 by thermal 

decomposition of 2,5-disubstituted tetrazoles
13

 and by base-induced elimination of 

hydrogen halide from hydrazonoyl halides.
14

 The formation of nitrilimines was detected 

by characteristic reactions in which the alkenes, alkynes and nitriles added in situ to the 

former nitrilimines.  

1.2. Electronic Structure of Nitrilimines 

The structure of the parent nitrilimine (HïCNNïH) has been explored in several 

computational studies during the past decades.
15-24

 Nitrilimines, as a conclusion of these 

studies, are described by six valence-bond structures,
1, 20-22, 24

 propargylic, allenic, 1,3-

dipolar, carbenic, reverse 1,3-dipolar, and hypervalent (Scheme 1-3).  

 

 

Scheme 1-3. Valence-bond structures of nitrilimines. 

The propargylic structure was first reported as a lowest-energy conformation of 

nitrilimine with planar geometry,
2, 15, 16, 19, 20

 until Houk and co-workers claimed that the 
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nonplanar allenic structure is another stable conformation of nitrilimine with similar 

energy to the propargylic structure.
15, 16

 Further investigations revealed that the nonplanar 

allenic structure is prefered over the propargylic structure through employing high-level 

ab initio calculations.
24

 Information obtained from X-ray crystallography demonstrated 

that stable nitrilimines have a bent and nonplanar geometry corresponding to the allenic 

structure.
11

 However, electron-withdrawing substituents can change the geometry to 

represent the propargylic structure.
24

  

The carbenic structure of nitrilimine was proposed by Huisgen as an uncommon 

structure, and it was proposed that its contribution in reactions should be negligible.
1
 This 

structure consists of a sextet neutral carbon atom with an unshared electron pair. 

The hypervalent structure was proposed by Pople and co-workers using the Hartree-

Fock computational method.
20

 In principle, the valence bond structures for 1,3-dipoles 

include as hypervalent structure with completely formed double and triple bonds, in 

which the central nitrogen is allocated more than its normal complement of valence 

electrons.
20

 The hypervalent structure could exist if nitrogen expands the coordination, 

which has not been observed for the nitrogen atom. 

Previous studies in our group indicated that among the six valence-bond structures of 

nitrilimines, propargylic, allenic, 1,3-dipolar and carbenic are the only four necessary to 

describe the electronic structure of nitrilimines.
22

  

1.3. Generation of Nitrilimines 

There are several different ways by which nitrilimines can be generated. These are 

introduced in the following section. 
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1.3.1. From Decomposition of Tetrazoles  

Decomposition of tetrazoles has been one of the most common methods to produce 

nitrilimines. The decomposition can be carried out thermally in solution or by vacuum 

flash pyrolysis in the gas phase. 

1.3.1.1. Thermal Decomposition  

Huisgen reported that nitrilimines are intermediates in the thermal decomposition of 

2,5-disubstituted tetrazoles.
13

 According to structural and electronic relationships, 

nitrilimines (in general) are analogous to azides and nitrile oxides and have not been 

isolated due to their high reactivity. Based on the substituents, thermolysis of tetrazoles 

occurs at 150 °C (2-methyl-5-phenyltetrazole) or 200 °C (2,5-diphenyltetrazole).
13

 

Nitrilimines as an intermediate in these decompositions were suggested from 1,3-addition 

products in the presence of reagents carrying double bonds. As can be seen in Fig. 1-1, 

the decomposition of 2,5-diphenyltetrazole in benzonitrile gives 1,3,5-triphenyl-1,2,4-

triazole in 63% yield, and in dicyclopentadiene, the tetracyclic compound is obtained in 

68% yield; both compounds are suggested to be the result of reaction between nitrilimine 

and the unsaturated species.
13
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Figure 1-1. Thermal decomposition of 2,5-diphenyl tetrazole and cycloaddition 

in the presence of dipolarophiles. 

1.3.1.2. Flash Vacuum Pyrolysis 

A nitrilimine was produced in the gas phase by flash vacuum pyrolysis of C-phenyl-

2-trimethylsilyltetrazole at 710 K and 10
-3
 Torr.

3
 The nitrilimine could be obtained as a 

solid at 77 K and appears stable at this low temperature, although it disappears once the 

temperature is elevated to 170K (Fig 1-2). However, the 5-membered ring yields in the 

presence of alkyne in this temperature.  

 

 

Figure 1-2. Flash vacuum pyrolysis of C-phenyl-2-trimethylsilyltetrazole. 
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1.3.2. From Base-induced Elimination of Hydrogen Halide from 

Hydrazonoyl Halides 

In order to avoid the high temperature required for the decomposition of tetrazoles, 

treatment of carboxylic acid hydrazide halides with bases was employed to generate 

nitrilimines at room temperature.
13, 25

 Figure 1-3 shows the preparation of nitrilimines 

from N-(Ŭ-chlorobenzylidene)-Nô-phenylhydrazine by 1,3-elimination of hydrogen 

chloride. In the presence of ethyl phenyl propiolate, the corresponding nitrilimine 

undergoes 1,3-dipolar cycloaddition to form pyrazole drivatives.
14

 

 

 

Figure 1-3. Elimination of hydrogen halide from hydrazonoyl halides to form 

nitrilimine. 

1.3.3. From Elimination of Carbon Dioxide from 1,3,4-Oxadiazolin-5-ones 

Flash vacuum pyrolysis of N-allyl-substituted 1,3,4-oxadiazolin-5-ones generates a 

nitrilimine along with carbon dioxide.
26

 The pyrolysis occurs at 500-700 °C at 10
-2

 Torr. 

The nitrilimine undergoes rearrangement to a diazoalkene via a 3,3-sigmatropic shift and 

forms the carbene species by releasing nitrogen (Fig. 1-4). 
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Figure 1-4. Elimination of carbon dioxide from 1,3,4-oxadiazolin-5-ones to form 

a nitrilimine. 

1.3.4. From Thermolysis of a Substituted 1,3,4,2-Oxadiazaphosphole 

The thermal decomposition of 3-phenyl-5-trifluoromethyl-2,3-dihydro-1,3,4,2- 

oxadiazaphosphole at 140 °C for 24h gives the corresponding nitrilimine, which forms 

the mixture of heterocyclic compounds (73% yield) in the presence of styrene (Fig. 1-

5).
27

 Tanaka claimed that this route is advantageous since the decomposition occurs at 

low temperature and under neutral conditions. 

 

 

Figure 1-5. Formation of a nitrilimine by thermolysis of a 1,3,4,2-

oxadiazaphosphole. 

1.3.5. From Lithiated Diazo Derivatives 

Figure 1-6 shows that the lithium salt of thiophosphinediazomethane reacts with 

alkylchlorophosphines to give nitrilimines, which undergo cyclization in the presence of 

olefins at room temperature. The nitrilimine is stable and its melting point is 100 °C 

without decomposition.
28
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Figure 1-6. Generation of nitrilimines from lithiated diazo derivatives. 

Moreover, the reaction of the lithium salt of triisopropylsilyldiazomethane with 

triisopropyl chloride occurs at around ï100 ºC in dry tetrahydrofurane in the presence of 

crown ether and generates the corresponding nitrilimine, which is stable and can be 

purified at 90-100 °C without noticeable decomposition.
29

 Stable nitrilimines can be 

synthesized by using hindered diazo lithium salts.
29-33

  

The nitrilimine shown in Fig. 1-6, with phosphorus substitution and with 85% 

isolated yield, was the first stable nitrilimine generated by Bertrand and co-workers in 

1988.
28

 It undergoes 1,3-dipolar cycloadditions in the presence of unsaturated compounds 

such as methyl acrylate or methyl propiolate at room temperature. The stability of 

phosphorus-substituted nitrilimines is probably due to the bulky substituents and steric 

effects as well as the delocalization of charges over two phosphorus atoms.
28

 The group 

also generated a C- and N-silylated nitrilimine that was stable enough to be isolated and 

purified by distillation at 90-100 °C, with no noticeable decomposition (80% yield).
29

 

The nitrilimine reacts at room temperature in the presence of a large excess of alkenes to 

form 5-membered heterocyclic compounds. 

1.3.6. From Hydrazones 

C-Bromo-N-phenylnitrilimine is generated in situ at ï5 °C by reaction of the 

corresponding hydrazone with N-bromosuccinimide (NBS) in dimethylformamide 
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(DMF) and triethylamine (TEA) and undergoes 1,3-addition in the presence of alkynes 

(Fig. 1-7).
34

 

 

 

Figure 1-7. Synthesis of a bromonitrilimine. 

1.4. Reactions of Nitrilimines 

Depending on the substituents, nitrilimines can undergo cycloaddition to heterocyclic 

compounds
1, 6, 12, 35, 36

 or thermally rearrange to azines by a 1,4-hydrogen shift
5
 or to 

diazo compounds by a 1,3 sigmatropic shift.
26, 32, 37, 38

 In addition, nitrilimines can 

dimerize to either bis(azo)ethenes
39, 40

 or 1,4-dihydro-1,2,4,5-tetrazines
41, 42

 in the 

absence of dipolarophiles. 

1.4.1. Cycloaddition 

Cycloaddition reactions are mostly classified based on the size of the ring formed. As 

an example, 4- and 6-membered rings are formed by thermal or photochemical formation 

from alkenes ([2+2]) and in Diels-Alder reactions ([4+2]), respectively. 5-membered 

rings are produced by [3+2] cycloadditions, also known as 1,3-dipolar cycloaddition, 

which cannot possibly occur with octet-stabilized reactants.
1
 The carbene-type 

cycloaddition is an example of formation of 3-membered rings ([1+2]). Since nitrilimines 

could only undergo [3+2] and [1+2] cycloadditions, here we briefly explain these 

reactions. 
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1.4.1.1. 1,3-Dipolar ([3+2]) Cycloaddition  

In terms of the 1,3-dipolar cycloaddition, treatment of nitrilimines with different 

dipolarophiles such as alkenes, alkynes, carbonyls, and nitriles has been widely studied in 

the 2000s.
43-56

 Aside from these studies on their synthetic usefulness, a number of studies 

have been devoted to the mechanism and stereochemistry of 1,3-dipolar cycloadditions. 

In the following section, we introduce the 1,3-dipolar cycloaddition of nitrilimines with 

some dipolarophiles, the mechanism, and stereochemistry of this reaction. 

1.4.1.1.1. Addition to Alkenes and Alkynes 

The reaction between nitrilimines and alkenes produces pyrazoline, a heterocyclic 5-

membered ring containing three carbon atoms, two adjacent nitrogen atoms, and one 

double bond in the ring. The general reaction is shown in Scheme 1-4. The reaction of 

nitrilimines with alkynes generates pyrazoles, compounds containing an aromatic 

heterocyclic ring composed of three carbon atoms and two nitrogen atoms in adjacent 

positions (Scheme 1-5). Huisgen demonstrated that a substituted pyrazole is obtained in 

84% yield by decomposition of the corresponding tetrazole in the presence of ethyl 

phenylpropiolate (Scheme 1-6).
13

 It was also found that nitrilimines react with 

disubstituted olefins, but the cycloaddition fails with tri- and tetraalkylated ethenes.
1
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Scheme 1-4. A pyrazoline, a product of the 1,3-dipolar cycloaddition between a 

nitrilimine and an alkene. 

 

Scheme 1-5. A pyrazole, a product of the 1,3-dipolar cycloaddition between a 

nitrilimine and an alkyne. 

 

Scheme 1-6. Formation of diphenylnitrilimine and 1,3-dipolar cycloaddition with 

ethylphenylpropiolate.  

1.4.1.1.2. Addition to Carbonyls and Thiocarbonyls  

Since nitrilimines are not restricted to be added to CC multiple bonds, compounds 

with a C=O or C=S group can act as a dipolarophile. For example, diphenylnitrilimine 

with benzaldehyde gives a substituted oxadiazoline, regardless how the nitrilimine is 
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generated, by thermolysis of diphenyltetrazole or using substituted phenylhydrazine (Fig. 

1-8).
13

 Since the mechanism of Diels-Alder and 1,3-dipolar cycloaddition reactions are 

closely related, Huisgen claimed that good dienophiles could be active dipolarophiles, 

and vice versa.
1
 However, there are exceptions like the C=S double bond, which shows 

slight dienophile character whereas it is highly reactive as a dipolarophile.
1
 For example, 

diphenylnitrilimine in the presence of carbon disulfides leads to formation of spiranes. 

Moreover, monoadducts at the C=S double bond were obtained with diphenylnitrilimine 

in 58% yield (Fig. 1-9). 

 

Figure 1-8. 1,3-Dipolar cycloaddition with diphenylnitrilimine and a carbonyl as 

dipolarophile. 

 

Figure 1-9. 1,3-Dipolar cycloaddition with diphenylnitrilimine and CS2 as 

dipolarophile. 

For the question of regiochemistry, formation of a bond between the nitrogen of the 

nitrilimine and a nitrogen, oxygen or sulfur atom of the dipolarophile is unfavourable due 
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to the fact that additions to hetero-multiple bonds occur in order to form the most stable 

new -bonds.
1
 1,3-Dipolar cycloadditions can also happen intramolecularly (Fig. 1-10).

6
 

 

 

Figure 1-10. Intramolecular 1,3-dipolar cycloaddition of a nitrilimine. 

1.4.1.1.3. Mechanism of the 1,3-Dipolar Cycloaddition  

The mechanism of 1,3-dipolar cycloaddition is concerted and stereoselective.
12, 57

 A 

concerted addition is described in terms of molecular orbitals indicating delocalization of 

four ˊ-electrons of the allyl anion type (four ˊ-electrons in three parallel p-orbitals) at 

centers C and N, reacting with the ˊ-bond of the dipolarophile (Fig. 1-11).
12

 Accordingly, 

a biradical mechanism cannot be applied. Regarding the stereoselectivity of the 1,3-

dipolar addition with geometrically isomeric alkenes, the kinetic study showed that the 

trans-isomer is more highly reactive than the cis one.
12

 During the addition, the olefinic 

(double bond) carbon atoms change hybridization from sp
2
 to sp

3
, and consequently, the 

bond angle from 120° to 109°. This results in an increase in the van der Waals repulsion 

in the case of the cis-alkene, with a higher activation energy to cycloaddition in contrast 

to that for the trans-isomer. Figure 1-12 shows the steric changes occurring during the 

cycloaddition of a 1,3-dipole, a-b-c, with a 1,2-disubstituted ethane (larger parenthesis 

represents the larger repulsion betweens substituents). 
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Figure 1-11. Delocalization of four ˊ-electrons of the allyl anion type. 

 

Figure 1-12. Steric changes occurring during the cycloaddition of a 1,3-dipole, a-

b-c, with a 1,2-disubstituted ethene. 

1.4.1.2. Carbene-type 1,1-Cycloaddition ([1+2] cycloaddition) 

It has been suggested that the electron-deficient carbon atom of specific nitrilimines 

should react with a neighbouring ethylenic function to form a cyclopropane derivative 

(Fig. 1-13).
7
 This conclusion seemed supported by the fact that the endo isomer was 

formed, implying retention of stereochemistry in the addition, as it would be observed for 

a singlet carbene. In a recent study, Muchall showed that this is not definitely [1+2] 

cycloaddition and she proposed to describe this reaction as a 1,7-electrocyclization.
58

 

Similar 1,1-cycloadditions have been reported for nitrile oxides
59

 and ylides.
60
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Figure 1-13. Proposed intramolecular carbene-type 1,1-cycloaddition of a 

nitrilimine. 

Nitrilimine has been described as a óflexibleô molecule that can accept its geometry 

depending on the nature of the reaction.
16

 According to Caramella and Houk studies, 

nitrilimine adopts a planar geometry in the presence of an electrophilic reagent resulting 

in an increase in the HOMO energy. On the other hand, nucleophilic reagents promote 

the bent structure by lowering the nitrilimine LUMO energy. It was reported that 

nitrilimines are resonance hybrids of bent dipolar and carbene structures, and undergo 

intramolecular cyclization with the formation of indazoles in the absence of trapping 

agents.
9
 Studies on 1,1-cycloaddition of nitrilimine has been followed until it was found 

that the reaction of substituted hydrazone with base gives a 91% yield of the 

corresponding 7-membered ring.
61, 62

 Nitrilimine is an intermediate in this reaction and 

the 3-membered ring is generated by intramolecular 1,1-cycloaddition of the 

corresponding nitrilimine with the neighbouring double bond which is eventually 

converted to a 7-membered ring. The 1,1-addition product was noticeably suppressed in 

the presence of excess alkene due to the fact that 1,1-cycloaddtion occurs once the attack 

by double bond is constrained to occur perpendicular to the plane of nitrilimine which is 

unfavourable in terms of energy in contrast to intermolecular addition with the normal 

ñtwo-planeò orientation.  
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1.4.2. 1,4-Hydrogen Shift 

1,4-hydrogen shift for nitrilimines can occur once the intramolecular cycloaddition is 

inhibited (e.g. with alkyl groups as N-substituents).
5
 It was found that azines and carbodi-

imides are the only primary rearrangement products of N-alkyl nitrilimines. The 

supportive ab initio calculations on unsubstituted nitrilimine revealed that carbodi-imide 

is more stable than the parent nitrilimine (HCNNH) in terms of energy (Fig. 1-14).  

 

 

Figure 1-14. 1,4-Hydrogen shift in a nitrilimine.  

1.4.3. Sigmatropic Shift 

Nitrilimines generated by flash vacuum pyrolysis of N-allyl-substituted 1,3,4-

oxadiazolin-5-ones undergo a 3,3-sigmatropic shift to give a rearranged diazoalkene.
37, 63

 

A carbene is generated as a further intermediate by loss of nitrogen which provides an 

explanation for the variety of products formed (Fig. 1-15). The analogous nitrile-N-imide 
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in Fig. 1-16 undergoes a corresponding 1,3-sigmatropic benzyl shift to give the 

diazoalkane.
38

 

 

 

 

Figure 1-15. 3,3-Sigmatropic shift in a nitrilimines. 

 

 

Figure 1-16. 1,3-Sigmatropic benzyl shift in a nitrilimine. 

1.4.4. Dimerization 

Since the reactivity of most nitrilimines is so great, these 1,3-dipoles can undergo 

dimerization in the absence of dipolarophiles. Dimerization can occur via either head-to-

tail, i.e., [3+3], interaction to give 1,4-dihydro-1,2,4,5-tetrazine derivatives
41, 42

 (Fig. 1-

17) or carbene attack to give bis(azo)ethenes (Fig. 1-18).
39, 40

 

 

 

Figure 1-17. Head-to-tail dimerization of nitrilimines. 
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Figure 1-18. Carbene dimers of nitrilimines. 

 

1.5. Observation of Nitrilimines 

Direct observation has not been reported for unstable nitrilimines generated thermally 

in solution.
4
 In order to observe nitrilimines in thermal reactions, it was claimed that their 

generation would have to be carried out in the gas-phase with short contact times and 

isolation at low-temperaure, in other words, through flash-vacuum thermolysis.
3
 

However, N-aryl substituted nitrilimines in the gas phase cyclize readily to form 

indazoles, and consequently, they could not be observed directly. Similarly, N-methyl 

and related nitrilimines have been reported to isomerize to azines and carbodiimides.
5
 

Wentrup and Fischer indicated the existance of discrete N-silylated nitrilimines with a 

nonisomerizing N-substituent, and they provided the identity of the N-silylated isolated 

nitrilimine by co-condensing it at 77 K with an alkyne as a trapping agent.
3
 The N-

silylated nitrilimines were observed in an IR spectrum at 77 K, whereas the product 

spectrum was obtained at 170 K.
3
 It was suggested that the stability of nitrilimines is 

strongly dependent on the steric hindrance provided by the nitrogen substituents.
32

 

Certainly, one way to kinetically stabilize a nitrilimine is to protect the highly reactive 

center by bulky substituents. It has been shown that certain specific substituents stabilize 
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nitrilimines in the crystal or liquid states.
28-34, 64, 65

 In particular, it was reported that 

heteroatom substituents such as B, Si and P at carbon or nitrogen rendered nitrilimines 

stable at room temperature.
29, 66

 These nitrilimines were prepared by the reaction of 

lithiated diazo compounds with electrophiles. 

1.6. Application of Nitrilimines 

Nitrilimines are mostly used in the pharmaceutical industry as intermediates in the 

synthesis of drugs and medicines. In the following section, we shortly introduce a number 

of applications of nitrilimines. 

Substituted pyrazoles are generated through reactions of nitrilimines as 1,3-dipoles 

with dipolarophiles. The pyrazole is the main core structure of many drugs, such as 

Celebrex (Celecoxib),
67, 68

 used in the treatment of osteoarthritis or acute pain, and 

Rimonabant,
69

 a high-potency cannabinoid type-1 (CB1) receptor inverse agonist, as a 

treatment for obesity. Furthermore, the pyrazole is the structural motif of many highly 

potent inhibitors of coagulation factor Xa.
67, 70

 Among them, Rivaroxaban and Apixaban 

were selected for clinical development for the prevention and treatment of thrombotic 

diseases.
71

  

A large number of pyrazole derivatives have antimicrobial and antiviral,
72

 

hypoglycemic,
73

 and anticancer activities.
74

 For example, 3-substituted pyrazolo[5,1-

c][1,4]benzoxazines and pyrazolo[1,5-a][1,4]benzodiazepin-6(4H)-ones
75

 were 

synthesized by intramolecular 1,3-dipolar cycloaddition from a nitrilimine with an alkyne 

to form the desired product. 
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The nitrilimine generated by halohydrazones can be used directly to react with 

dipolarophiles to give specific pyrazoles having fungicidal activities against Corynespora 

cassiicola.
76

 Synthesis is shown in Fig. 1-19.  

 

 

 

Figure 1-19. Synthesis of pyrazole derivatives having fungicidal activities. 

1,3,5-trisubstituted 1,2,4-triazole derivatives are synthesized via 1,3-dipolar 

cycloaddition of nitrilimines by reacting oximes with hydrazonoyl hydrochlorides and 

triethylamine as a base.
77

 1,2,4-Triazole is an important class of heterocyclic compound 

in the biological activity of many pharmaceutically active compounds that show 

significant antifungal,
78, 79

 anti-inflammatory,
80

 antiasthmatic,
81

 antiproliferative,
82, 83

 and 

hypotonic activities.
84

  

Cycloadditions of appropriate nitrilimines have been employed to synthesize tricyclic 

ɓ-lactams (Fig. 1-20).
85-88

 With their potency and broad range of antibacterial activity, 

tricyclic ɓ-lactam and its derivatives have been used in the clinical treatment of microbial 

infections.
89-91

 

[1,4]Benzodiazepin-6-one derivatives are synthesized via intramolecular nitrilimine 

cycloaddition to the cyano group (Fig. 1-21).
92

 [1,4]Benzodiazepines and their oxo 
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derivatives have anti-convulsant and anti-anxiety activities. Several triazolobenzo-

diazepines such as triazolam
93

 and estazolam
94

 were found to be effective in the treatment 

of some central nervous system (CNS) disturbances. 

 

 

Figure 1-20. Synthesis of tricyclic ɓ-lactams from nitrilimines. 
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Figure 1-21. Synthesis of [1,4]benzodiazepin-6-ones. 

 

Nitrilimines are important reagents in organic syntheses especially in 1,3-dipolar 

cycloaddition reactions to produce heterocyclic compounds. Since the thermolysis of 

tetrazoles is one of the common ways to generate nitrilimines, in this thesis, the 

decomposition of tetrazoles is examined computationally, and therefore, tetrazole is 

briefly introduced in the following section.  

1.7. Tetrazole  

Tetrazoles are heterocyclic 5-membered unsaturated rings consisting of one carbon 

and four nitrogen atoms. They have an aromatic character and contain four nitrogen 

atoms in a ring. In general, tetrazoles and 5-substituted tetrazoles are heterocyclic N-H 

acids although they behave as weak organic bases when dissolved in mineral acids.
95, 96

  

Two tautomeric forms, 1-H and 2-H (Fig. 1-22), were proposed for tetrazole and 5-

substituted tetrazoles, and various characterization methods such as NMR and IR 

spectroscopy were used to investigate these tautomeric forms.
97, 98

 Both forms have been 
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observed
97-105

 and X-ray crystallography results showed that tetrazole exists as the 1-H 

tautomer in the solid state.
106

 In solution, there is an equilibrium between the tautomers 

that is very sensitive to the solvent and the nature of substituents.
107, 108

 It was found both 

experimentally and theoretically that the 2H-tetrazole is the preferred tautomer in the gas 

phase being 4-6 kJ mol
ï1

 more stable than 1H-tetrazole.
108-117

 The formation enthalpy of 

2H-tetrazole in the gas phase was reported to be 1.5-2 kcal mol
ï1

 lower than that of 1H-

tetrazole.
117

 

 

 

Figure 1-22. Tetrazole tautomers. 

Tetrazoles have been widely used in medicine.
118-121

 As an example, one type of 

cephalosporin contains the sodium salt of the 1H-tetrazole which is more active than 

antibiotics of the penicillin series.
120

 Some compounds, synthesized using a tetrazole 

series, show antiallergenic activity.
119

 Moreover, tetrazoles have applications in 

biochemistry and biology.
122, 123

 1-arylsulfonyltetrazoles are used as condensing agents to 

synthesize polynucleotides.
124

 Another application of tetrazoles is in agriculture where 

esters of 2-tetrazolylscetic acids are used as regulators for the growth of fruit plants.
125

  

1.7.1. Generation of Tetrazoles 

The first derivative of tetrazole was prepared by Bladin in 1885 when he could 

generate phenylcyanotetrazole during the reaction of nitrous acid with 
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dicyanophenylhydrazin.
126

 Later on in 1892, he prepared the tetrazole itself starting with 

a carboxylic acid produced from the phenylcyanotetrazole.
127

 The simplest synthesis of 

tetrazole was obtained by Dimroth and Fester in 1910, employing the direct combination 

of hydrogen cyanide and hydrazoic acid in alcoholic solution at 100 ºC (Fig. 1-23).
128

 

The alkaline hydrolysis of ethyl tetrazole-5-carboxylate followed by decarboxylation at 

90 °C is another way to obtain tetrazole in good yield.
96

  

Generation of tetrazole derivatives has been studied from the 1960s until present and 

compounds such as 5-monosubstituted tetrazoles,
129-132

 1,5-disubstituted tetrazoles,
133-138

 

and 2,5-disubstituted tetrazoles
139-142

 have been produced in different ways by many 

researchers. 

 

Figure 1-23. Synthesis of tetrazole itself, in its 1-H tautomeric form. 

1.7.2. Reaction of Tetrazoles 

Theoretically, if nitrogen is released, the thermolysis of the unsubstituted 2H-tetrazole 

results in the primary ring fragmentation product HïCNNïH.
111, 116, 143

 

Tetrazoles alkylate and acylate on N1 or N2 depending on the substituent at C5.
144, 145

 

The formation of mixtures is the usual outcome for alkylation. An example of tetrazole 

alkylation is provided in Fig. 1-24. In general, electron-donating substituents at the 

tetrazole 5-position promote alkylation on the N1 position while electron-withdrawing 

groups cause N2-alkylation.
146

 1-substituted tetrazoles can undergo a metallation process. 
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C-Lithiation of 1-substituted tetrazoles occurs readily depending on the 1-substituents but 

lithio compounds tend to decompose (Fig. 1-25).
147

 

 

Figure 1-24. Alkylation of tetrazoles. 

 

Figure 1-25. Metallation of tetrazoles. 

Thermolysis of tetrazole is accomplished by studying the substituent effects on the 

mechanism of decomposition. Therefore, in the following section, substituent constants 

are briefly explained. 

1.8. Substituent Constants 

Substituent effects are defined as changes on a reaction or property due to substituent 

variations in the unaffected part of the molecule. These are classified into steric and 

electronic effects. Steric effects are related to spatial arrangement of atoms in molecules. 

Electronic effects, in contrast, embody inductive and resonance influences due to the 
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electrostatic effects transmitted through ů bonds and transmission of electron density 

through the ˊ system of molecules, respectively.  

Since the early 1900s, chemists were interested in analyzing the mechanism of 

organic reactions through substituent effects. A significant progress in these analyses was 

made in 1935 by Hammett providing the Hammett equation (Eq. 1-1),
148

 which is 

expressed as: 

     Eq. 1-1 

 

where  and are the reaction rate constant of substituted and unsubstituted reactants, 

respectively,  is a substituent constant dependent on the specific substituent, and  is a 

reaction constant dependent on the type of reaction. The substituent constant was 

obtained using ionization constants of benzoic acids in water. The reaction constant was 

defined as unity when measurements were performed in water at 25 °C.  

Hammett  constants have been mostly employed with benzene derivatives, although 

good correlation is obtained with heterocyclic systems.
149

 Since the effect of each 

substituents can be obtained by difference of changes in Gibbs free energy (ȹG) for 

ionization constants of substituted benzoic acids with those of the parent compounds and 

any changes in structure cause proportional changes in the activation free energy (ȹG
ÿ
) 

for all such reactions, the Hammett equation is well-known as a linear free energy 

relationship expression
150

 and hence can be employed for any reactions with two 

aromatic reactants differing only in the type of substituents.   

The  constant depends on the substituent position; it is different for meta (ům) and 

para (ůp) substitution. Sigma constants for the ortho position cannot be obtained because 
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of steric effects. However, the Hammett equation mostly fails where substituents are 

directly conjugated with the reaction center, exerting effects known as ñthrough 

resonanceò.
151

 Substituents possessing electron lone pairs fall into this category. They 

impart greater activity than their expected  values due to the conjugative interaction of 

the substituent lone pair with the aryl ring. As a result, the Hammett equation deviates 

from the desired linearity. To overcome this issue, modified constants such as 
+
 were 

proposed by Brown and Okamoto.
152, 153

 The modified 
+
 was defined by the solvolysis 

of cumyl chlorides at 25 °C in aqueous acetone. Several studies were performed to define 

constants for radical reactions,
154, 155

 but none of these was successful in the correlation 

analysis. In general,  or 
+
 correlate reasonably well in radical reactions. 

The steric effect of substituents, Es, was assessed by Taft
156

 in the form of Eq. 1-2: 

 

     Eq. 1-2 

 

where  refers to the reaction rate constants for acid hydrolysis of esters X-CH2COOR. 

To do this, the electronic effect of substituents and  was set zero for the hydrolysis of 

formate as a reference. For many substituents, the values of  cannot be obtained due to 

the instability of the substituted esters under the condition of acid hydrolysis. Charton 

proposed  values that are related to the van der Waals radii of substituents.
157-160

 In his 

work, Charton tried to avoid the use of any particular chemical reaction using the 

expression in Eq. 1-3: 

     Eq. 1-3 
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where  is the minimum van der Waals radius for symmetrical top substituents X, and 

 is the van der Waals radius for hydrogen. Rates of esterification of substituted 

carboxylic acids with methanol or ethanol were correlated with the ɜ constants using the 

equation 1-4 which is the modified version of the Taftôs equation. 

      Eq. 1-4 

In the present work, Hammett constants were employed to investigate the substituent 

effects on the decomposition of tetrazoles. In addition, introductory topics such as 

thermal decomposition of 2H-tetrazoles and reaction of nitrilimines are treated in the 

following three individual chapters. 
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Chapter 2. 

Objectives and Organization of Thesis 

The main goal of this thesis is to investigate the intermolecular carbene-type 

cycloaddition ([1+2]) reactions of the parent nitrilimine and disubstituted nitrilimines 

having different carbenic character in terms of resonance weights. For this purpose, 

computational studies are to be performed on a series of nitrilimines to obtain a 

substantial understanding of their carbenic weight as well as their behaviour in the 

cycloaddition reactions in the presence of ethene and tetrafluoroethene.  

The first task is to identify the specific tetrazoles which are known in the literature to 

have the possibility of the synthesis or even purchase of the tetrazoles as reactants. 

The thermolysis of 2,5-disubstituted tetrazoles as a common method of the generation 

of nitrilim ines is necessary to be investigated. Moreover, the substituent effect on the 

thermolysis of tetrazoles needs to be established. It is important to determine the 

contribution of carbenic character of the generated nitrilimines to predict the possibility 

of [1+2] cycloaddition reactions. Only nitrilimines with substantial carbene contributions 

to their electronic structure will be investigated further. 

The [3+2] and [1+2] cycloaddition reactions of suited nitrilimines will  be explored. 

Nitrilimines with different carbenic character are used to determine which one promotes 

the [1+2] cycloaddition reaction. Tetrafluoroethene will be employed to investigate the 

effect of an electron-poor alkene on the pathway of cycloaddition. 

For geometry optimizations, frequency calculations and intrinsic reaction coordinates, 

the Gaussian program package will be employed. For detailed analyses of electronic 
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structures, Natural Bond Orbital (NBO) and Natural Resonance Theory (NRT) methods 

will be used. All  additional data important for discussions for Chapters 3, 4, and 5 are 

covered in Appendices A, B and C, respectively. 

This manuscript-based thesis is organized in a way to follow the goals and tasks 

presented above. Chapter 3 presents the formation of nitrilimines by thermal 

decomposition of 2,5-disubstituted tetrazoles. Chapter 4 is dedicated to the electronic 

structures of nitrilimines. The possible intermolecular [1+2] cycloaddition reactions of 

nitrilimines, contrasted with their [3+2] reactions, are presented in Chapter 5. The general 

conclusions of the thesis are addressed in Chapter 6. 

None of the work has been published as of the thesis defense date.  
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Chapter 3. 

Formation of Nitrilimines; Decomposition of 2H- and 2,5-

Disubstituted Tetrazoles 

3.1. Introduction 

Nitrilimines are important reagents in organic syntheses, especially in 1,3-dipolar 

cycloaddition reactions to produce heterocyclic compounds.
1, 6, 9, 12, 35

 Ways by which 

nitrilimines are generated include the decomposition of tetrazoles,
3, 13

 base-induced 

elimination of hydrogen halide from hydrazonoyl halides,
13, 14

 lithiated diazo derivatives 

reacting with alkylchlorophosphine,
28-32, 161

 thermolysis of substituted 1,3,4,2-

oxadiazaphospholes,
27

 elimination of carbon dioxide from 1,3,4-oxadiazolin-5-ones,
26

 

and the reaction of hydrazone with N-bromosuccinimide in dimethylformamide and 

triethylamine.
34

 Among these, the thermolysis of 2H- and 2,5-disubstituted tetrazoles is 

one of the common ways in the generation of nitrilimines, owing to the facile elimination 

of N2 under simple experimental conditions at mild temperatures. 

Thermal decomposition of an unsubstituted tetrazole
162, 163

 as well as of 5-substituted 

tetrazole derivatives
164-168

 in gas phase and melt has been the subject of many 

experimental and theoretical studies, and it is found that the thermolysis products 

profoundly depend on the reaction conditions or, more precisely, on the tetrazole annular 

tautomerism, i.e., on the presence of 1H- and 2H-forms (Fig. 3-1).
97, 98

 In the solid state, 

as shown through X-ray diffraction, the 1H-form is present.
106

 In a melt, the tautomeric 

form is unknown, but the final products of tetrazole thermolysis are N2, H2 and HCN as 
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well as ñother gaseous productsò and an unidentified polymer.
163

 In solution, an 

equilibrium exists between the two tautomers, which is sensitive to the nature of the 

solvent.
97, 99, 100, 102, 104-106

 Finally, in the gas phase, the 2H-tetrazole is predominant,
108-117

 

and generation of HCNNH has been shown through matrix isolation of the products (as 

well as photolysis of matrix-deposited tetrazole).
169

  

 

 

Figure 3-1. Tautomerism in the unsubstituted tetrazole. 

The experimental data regarding the primary reaction of the thermolysis of tetrazole 

are incomplete and contradictory,
110, 162, 163, 170

 mainly due to the involvement of short-

lived intermediates and difficulties in the detection of some intermediates and products 

(e.g. nitrogen is inactive in the IR). To overcome these shortcomings as well as several 

experimental obstacles in the detection of intermediates and products, quantum chemical 

calculations have been used to study the thermolysis of tetrazoles.
108-117

 Theoretically, if 

nitrogen is released, the thermolysis of the unsubstituted 2H-tetrazole results in the 

primary ring fragmentation product HïCNNïH.
111, 116, 143

 Such a simple retro-[3+2]-

cycloaddition involving two bond-breaking processes has been proposed for 2H-tetrazole 

decomposition, with the formation of a nitrilimine.
143

 

Since 2,5-disubstituted tetrazoles do not undergo tautomerism, they could be a wise 

choice to work with to generate nitrilmines experimentally. The thermolysis of 2,5-




























































































































































































