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Abstract

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

nitrilimines

SimaMehrpajouh, M.Sc. Chemistry
Concordia University, 2

2,5-disubstituted tetrazoles decompose thermally to give nitrilimin&QRNi R?),
whose electronic structure widely varies with the substituehtm& R. In particular, for
R', R? = H, the carbenic contribution to the resonance structure is small, while fer NH
disubstitution Natural Resonance Theory predicts 70% carbene character. This has large
implications for the reactivities of substituted nitrilimines. The goal of this wero
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 carbenicattar.

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 loae pair
carbon, which could be indicative of a sizeable carbenic contribution to the resonance
structure.Based on this finding, the decomposition of the respectiveztitghas been
investigated. Wénaveshown that, depending on the substituents, decomiposis either
stepwise or concerted:-slibstituted tetrazoles with electron donating groups follow a
concerted pathway while electron withdrawing groups promote a stepwise path.

Nitrilimines have been widely used in idolar ([3+2]) cycloadditions, in \kich
they add to a dipolarophile, typically an alkene or alkyne, to form-rfieenbered

heterocyclic rings. In factall nitrilimines studied experimentalljo date have been



shown to undergo [3+2] cycloaddition reactiomasid their mechanism has been
extensvely studied in the past. On the other hamittjlimines can be described through a
carbenic valencbond structure, and while intermolecular carbenic reactions from
nitrilimines are unknown, intramolecular reaction products from evthgl MeCOO
CNNi Ph and PRCNNi Ph that seem to have followed two typical carbene reaction
mechanisms, [1+2] cycloaddition and K insertion, have been reported. In an attempt to
promote thantermoleculaf1+2] cycloaddition, reactions &fi CNNi F and NHi CNNi
NH,, both possesng substantial carbenic character, with ethene and elquban
alkenes were compared to those for the unsubstitut€NNi H with smaller carbene
character. The intermolecular [1+2] reaction is observed T@NNiH and F CNNi F
with tetrafluoroethene. NHICNNi NH,, 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 thgo

Nitrilimines with even a small carbenic character can undergo [1+2] cycloaddition
with tetrafluoroethene. For exampl€OOH CNNi OH and CHOi CNNi OH, with as
little as 13% carbenic character, undergo [1+2] cycloadditweferentially(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 gmssessing aa-b-c connectionwhere atoma possessea
formal positive chargdelectron sext@tdue toan incomplete valence shell and atam
carriesa negative charge owing @nunshared electron pair. Atol on the other hand,
has an unshared electron pair and its bond with a@aould be either single or double
according to the sextet structure. Since the sextet structures are unstable pédgma
major role inthe stabilization of 1,3dipoles by shang electrons with atona and
forming an additional bondesulting inan octet structuréor atoma. Atom b is usually
either nitrogen or oxygermnd atoms andc are carbon, nitrogen or oxygeScheme 1

1)}

+ -

d=b—c <«—» a=b—c b=N

+ oo _ + —

a—b—c «—» a=—b—c b=NorO
sextet formula octet formula

Scheme 11. 1,3dipoles with single or double bond and internal octet stattibn

The importance of 1;8ipolar compounds is their ability to form heterocyclie 5

membered rings. 1;8ipoles could react with any dipolarophile, double or triple bond,

1



and lose charges to form antembered ringNormally, such a reaction proceedsan
concerted fashion, and therabination of 1,3ipoles with multiple bond systemstigen
called a 1,3-dipolar cycloaddition reaction. Scheme21shows the general design &f
1,3dipolar reactiort. In general, 1,3lipoles are classified into two groupks3-dipoles
with a single bond such as nitrones, ozone, and ognopounds, and 1-@poles with a
double bondnamely nitrile ylides, nitriliminesandazides: Nitrilimines are the subject

of our interest in the current work.

e PN
+ __ ., a c

\ ]

d=—e d—¢

Scheme 2. General design of :@polar cycloadditions

Nitrilimines are a class of organic compountisit possess the general sequence
R'CN-NR? where an iminds bonded to the Merminus of a nitrile Nitrilimines have
been widely used in 1;8ipolar cycloadditionsin which they add toa dipolarophile,
typically an alkene or alkyne, to formrbembered heterocyclic rings. Nitriliminéli
CNNI H, itselfis an unstable isomef diazomethan@ which anundergo rearrangement
to form carbodiimid€;® intramolecular cyclizatiof’ or fragmentations to nitriles and
nitrenes’ Since nitrilimines contain an electron sextettba carbon atom, they are not
stable and are weknown as reactive intermediafes *° This restricts the nitrilimine
characterization techniques to infrared (IR) and ultraviolet (sgctroscopiesn 85K
matrix> * mass spectrometfyand reattime photoelectron spectroscdPyn the gas

phase Alternatively, nitrilimines are inferred from thaiharacteristic reactiorfs***3



Since nitrilimines have been used to produce heterocyclic compounds, several studies
have been devoted to the preparation and isolation of nitriliminesu@iied in section
1.3). Nitrilimines were first generated by Huisgen andwvookers in 1959 by thermal
decomposition of 28lisubstituted tetrazol&s and by basénduced elimination of
hydrogen halide from hydrazonoyl halidésThe formation of nitrimines 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 i(BNNi H) has been explored in several
computational studies during the past decadd&sNitrilimines, as a conclusion of these

é 2022, 24

studies, ee described by six valend®mnd structure propargylic, allenic, 1,3

dipolar, carbenic, reverse 1dgolar, and hypervalent (Scheme)

2

R? R! R? N R

+ =/ \— + R 6% N\ =/
RI—C=N—N C=—N=—N e N
Propargylic Allenic 1,3-Dipolar

Rl oo R2 Rl oo R2 RZ
\ N N
Ve N=z /

¢ N SN RI—C=N=N

Carbenic Reverse 1,3-dipolar Hypervalent

Scheme 13. Valencebond structures of nitrilimines

The propargylicstructure was first reported as a lowesergy conformation of

nitrilimine with planar geometr§ * 1% 24ntil Houk and ceworkers claimed thahe



nonplanar allenic structure is another stable conformation of nitrilimine with similar
energyto thepropargylic structuré> ‘°Further investigations revealed that the nonplanar
allenic stucture is prefer@ over thepropargylic structure through employing hitgvel

ab initio calculationd® Information obtained from Xay crystallography demonstrated
that stablenitrilimines have a bent and nonplargggometrycorresponding tahe allenic
structure'* However, electromithdrawing substituents can chantee geometry to
represent theropargylic structuré?

The a@arbenic structure of nitrilimine was proposed by Huisgeramsincommon
structure and it was proposetiat its contribution in reactiorshould benegligible! This
structure consists @sextet neutral carbon atom wehunshared electropair.

The hypervalent structure was proposed by Pople andaders usinghe Hartree
Fock computational methdd.In principle, the valence bond structures 198-dipoles
include as hypervalent structureith completely formed double and triple bondis
which the central nitrogen is allocated more than its normal complement of valence
electrons’® The typervalent structureouild exist if nitrogen expands the coordination
which has not been observed foe nirogen atom.

Previous studies in our group indicated that among the six vabemzkstructures of
nitrilimines, propargylic, allenic, 1;8ipolar and carbenic are the only four necessary to

describe the electronic structure of nitrilimirfés

1.3.Generation of Nitrilimines

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

introduced in the followingection



1.3.1 FromDecomposition ofl etrazoles

Decomposition of tetrazoles has been oh¢he most common methods to produce
nitrilimines. The decomposition can be carried out thermallgolutionor by vacuum

flash pyrolysign the gas phase

1.3.1.1.ThermalDecomposition

Huisgenreported that nitrilimines are intermediates in the thermal decomposition of
2,5disubstituted tetrazoléd According to structural and electronic relationship
nitrilimines (in general)are analogous to azides and nitrile osi@gmd have not been
isolated due tdaheir high reactivity. Base@n the substituents, thermolysis of tetrazoles
occurs at 150 °C(2-methyt5-phenyltetrazol or 200 °C (2,5-diphenyltetrazolg®®
Nitrilimines as an intermediate indbedecompositioawere suggesteiom 1,3-addition
products in the presence @agents carryingouble bond As can be seen iRig. 1-1,
the decomposition of 28iphenyltetrazole in benzonitrile gives 13rkphenytl,2,4
triazole in 63% yieldand in dicyclopentadiendhe tetracyclic compounds obtainedn
68% yield both compounds auggested to bihe result of reactiobetween nitrilimine

andthe unsaturated specit's
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C¢Hs——C=——=N——-N—=C¢H; CH—C=N CaHS\C/ \N/CﬁH5
N ‘ N=—C
CGHS\C/ \N/CsHs
200 °C + - CeH
\ / CgHs——C——=N—-N—C¢H; 63% 61s
N—/N '
CeHs
- +
CoHs—— C——=N=—=N—CjH; m
\N
/
N
68% \CGHS

Figure 1. Thermal decomposition of 2dephenyl tetrazole and cycloaddition
in thepresence of dipolarophiles

1.3.1.2.FlashVacuumPyrolysis

A nitrilimine wasproducedn the gas phasiey flash vacuum pytgsis of Gpheny}t

2-trimethylsilyltetrazole at 710 Kand 10° Torr.2 The nitrilimine could be obtained as a

solid at 77 K and appearstable athis low temperaturealthough it disappears once the

temperature is elevated to 170K (Fig2)l However, the Snembered ring yields in the

presence of alkyne in this temperature.

N ) N
Ph\C/ \N/SIMC3 Ph—__ / .. _-SiMe,
710K, 107 Torr __* = HC==CCO,Me (&) c N
\ LU o ph— C=N—N—SiMe, \  /
N=—N N2 (2 HC:C\
o CO,Me
77K N

+ —
Ph——C=N—N—-S5iMe,
(s)

Figure 2. Flash vacuum pyrolysis of-ghenyt2-trimethylsilyltetrazole



1.3.2 From Baseinduced Elimination of Hydrogen Halide from

HydrazonoylHalides

In order to avoid the high temperature required for the decomposititetrazoles,
treatment of carboxylic acid hydrazide halides with basas employedo generate
nitrilimines at room temperatufé 2° Figure 13 shows the preparation of nitrilimines
from N-( 4dhlorobenzylideneN éphenylhydrazine by 1,3-elimination of hydrogen
chloride. In the presence ddthyl phenyl propiolate, the corresponding nitrilimine

undergoes 1;8lipolar cycloaddition to form pyrazole drivatives.

+

CgHys—— C——=N——N—CHj
N II:]I CcH
— NTLels N
// - CeHs z \N/C6H5
CeHs—C, CeHg, 20°C . _ C¢HsC==CCO,C,H;
—C 0T~ s CH——C——N——N—0CH;
Cl - HN*(C,H;);Cl
+  N(CHs); J‘ C,H;0,C CeHs
~ ha 84%
CgHs——C=——=N=—=N—CHjs

Figure 13. Elimination of hydrogen halide from hydrazonbglides to form
nitrilimine.

1.3.3 FromElimination ofCarbonDioxide from 1,3,40xadiazolinr5-ones

Flash vacuum pyrolysis of ddllyl-substituted 1,3/4xadiazolin5-onesgeneratesa
nitrilimine along with carbon dioxid& The pyrolysis occurs at 56000 °C at 10 Torr.
The nitrilimine undergoes rearrangementattiazoalkene via 3,3-sigmatropic shift and

forms the carbene species by releasing nitrogen (F4g. 1
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CH
0 _ 2
Ph\( /vo PhCEKJ—N\ c/
A CH, ..
e CH V4 -Np
\ -CO, /7 C Ph
\ HC=—=C
H

_ Ph
CH,C==CH

H

Figure X4. Elimination of carbon dioxide from 1,3pkadiazolin5-ones to form
anitrilimine.

1.3.4 FromThermolysis ofa Substituted 1,3,42xadiazaphosphole

The thermal decomposition of -ghenyts-trifluoromethyt2,3-dihydro-1,3,4,2
oxadiazaphosphole at 14C for 24h giveshe corresponding nitrilimingewhich forns
the mixture of heterocyclic compoursd(73% vyield) inthe presence obtyrene(Fig. 1-
5)2’ Tanaka claimed that this route is advantageous since the decomposition occurs at

low temperature and under neutral conditions

N N
F:C— 2 \,—Ph FC_ 2\ Ph
. H,C=—=CHPh c N T>~c? SN
CF,C=N—NPh| ———  » \

[ —
- +
- 0=P(OTol-p), HC==C \C:CH

N
F;C z \N/Ph
O——P(OTol-p);

Ph PH

Figure 15. Formation of nitrilimine by thermolysis ofa 1,3,4,2
oxadiazaphosphole

1.3.5 FromLithiated Diazo Derivatives

Figure 16 shows thathe [Ithium salt of thiophosphinediazomethane reacts with
alkylchlorophosphingto give nitrilimines which undergo cyclization in the presence of
olefins at room temperature. The nitrilimine is stable and its melting point i$@00

without decompositioR®
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| . . +rpa I . RoP— 7\ PR,

R2P—ﬁ,L1+ —a R,P—C=N—N—TFR,
- Li

H,C==CHCO,Me _

H,C—CH

CO,Me

Figure 6. Generation of nitrilimingfrom lithiated diazo derivatives

Moreover, the reaction ofhe lithium salt of triisopropylsilyldiazomethane with
triisopropyl chloride occurs aroundi 100 °C in dry tetrahydrofurane in the presence of
crown etherand generateghe corresponding nitriliming which is stable and can be
purified at 90100 °C without noticeable decompositiéh.Stable nitrilimines can be
synthesized by using hindered diditbium salts?**?

The nitrilimine shown in Fig 1-6, with phosphorus substitoh and with 85%
isolated yield, was the first stable nitrilimine generated by Bertrand amebdars in
19882 It undergoes 1:8lipolar cycloadditiorin the presence of unsaturated compounds
such as methyl acrylate or methyl propiolate at rommperature. The stability of
phosphorussubstituted nitrilimine is probably due to the bulky substituents and steric
effects as well as the delocalization of charges over two phosphorus &tdmegroup
alsogeneratech C- and Nsilylated nitriliminethatwas stable enough to be isolated and
purified by distillation at 9400 °C, with no noti@able decompositiotB0% yield).?

The nitrilimine reacts at room temperature in the presenedanfle excess of lénes to

form 5 membered heterocyclic compounds.

1.3.6 FromHydrazons

C-Bromo-N-phenyhitrilimine is generated in situ at5 °C by reaction ofthe

corresponding hydrazone with MNoromosuccinimide (NBS) in dimethylformamide
9



(DMF) and triethylamine (TEA) ahundergoes 1;addition in the presence atkynes

(Fig. 1-7)3

H COOH Br Br N
Br\C/ \N/Ph
2NBS TEA o+ - HC==C—COOEt
= —— » [B—C=N—N—°pPh \ /

N DMF/-5°C N P —
NH NH
| ‘ CO,Et

Ph Ph

Figure 7. Synthesis o& bromonitrilimine

1.4.Reactions of Nitrilimines

Depending on the substituents, nitriliminesandergo cycloadditioto heterocyclic

k © 12 35 3%y thermally rearrange to azines hyl,4-hydrogen shift or to

compound
diazo compounds bw 1,3 sigmatropic shift® > 3 *in addition, nitrilimines can
dimerize to either bis(azo)etherfés®® or 1,4dihydro-1,2,4,5tetrazine$” *? 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, 4and émembered rings are formed by thermal or photochemical formation
from alkens ([2+2]) andin Diels-Alder reactiols ([4+2]), respectively. Bnembered
rings are produced by [3+2] cycloadditggnalsoknown as 1,3lipolar cycloaddition
which cannot possibly occur with octthbilized reactants The @rbenetype
cycloaddition is an example @rmation of3-membered rings ([1+2]). Since nitrilimines
could only undergo [3+2] and [1+23ycloadditions, here we briefly explain these

reactions.
10



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

In terms of the 1lipolar cycloaddition, treatment of nitrilimines with different
dipolarophiles such as alkenes, alkynes, carlspayid nitriles has keen widely studied in
the 2000s**°° Aside from these studies on their synthetic usefulreessimber of studies
have been devoted to the mechanism and stereochemistry-dipdl@ cycloadditior.

In the following section, we introduce the Hpolar g/cloaddition of nitrilimines with

some dipolarophiles, the mechanism, aredesichemistry of this reaction.

1.4.1.1.1 Addition to Alkenes andilkynes

The reaction between nitrilimines and alkenes produces pyrazalimeterocyclic 5
membered ring containing three carbon atoms, two adjacent nitrogen atoms, and one
double bond in the ring. The general reaction is showschreme 14. The reaction of
nitrilimines with alkynes generates pyraz)lecompounds containingagn aromatic
heterocyclic ring composed of three carbon at@mdtwo nitrogen atoms in adjacent
positions Scheme 15). Huisgen demonstrated theasubstituted pyrazole is obtained in
84% vyield by decomposition of the corresponding tetrazole in the preséneihyl
phenylpropiolate (Scheme ). It was also found that nitrilimines react with

disubstituted olefinsbut the cycloaddition fails with trand tetraalkylated ethengs

11



+ _
RI—C=N—N—R?

N
I Rl 2
HZCZCR2 \C/ \N/R
RI—(C—N=—N—R2

I H,C—CR,

+ _ Pyrazoline
R'—C=N—N—-R?

Scheme #4. A pyrazoline, a product of the t@polar cycloaddition betweem
nitrilimine and analkene

+ -
RI—C=N—N—R?

!

N
1 2
- RC==CR R~c? SR

RI—C—N—/N—R? — » /
I RC=—CR
RI—E:N—N—RZ Pyrazole

Schemel-5. A pyrazole, a product of the X@polar cycloaddition betweem
nitrilimine and analkyne.

+

CHs—— C——=N—""N—C¢H;

N
i C()HS\C/ \N —CeHs
. ; C¢Hs—— C=C——CO0,C,H;
CgHs—— C——=N——N—CH;s \ /
C:C\
i C,H;0,C C¢H;

i, . 84%
CgHs—— C——=N=—=N—CH;

Scheme %6. Formation of diphenylnitrilimine and E8polar cycloaddition with
ethylphenylpropiolate.

1.4.1.1.2 Addition to Carbonyls and Thiocarbonyls

Since nitrilimines are not restricted to be added to CC multiple baodspounds
with a C=0 or C=S group can act aglipolarophile. For example, diphenylnitrilimine
with benzaldehyde givea substituted wadiazoine, regardless howhe nitrilimine is

12



generated, by thermolysis of diphenyltetrazole or using substituted phenylhydrazine (Fig.
1-8)." Since the mechanism of Diefdder and 1,3dipolar cycloaddition reactions are
closely related, Huisgen claimed that good dienophiles could be active dipalespp

and vice versa However, therare exceptiors like the C=Sdouble bondwhich shows

slight dienophile character whereas it is hjgreactive as a dipolarophitecor example,
diphenylnitrilimine inthe presence of carbon disulfides leads to formation of smrane
Moreover, monoadducts at the C=S double bond were obtained with diphenylnitrilimine

in 58%yield (Fig. 19).

B} N

CoHs— C——=N——N—CH C6H5\( N — Cefs
+

—%%Hs

o0=—cC CeH ©
T h 615

H
75-7T7%

Figure 18. 1,3 Dipolar cycloadditiorwith diphenylnitrilimineand a carbonyas
dipolarophile

. _ N
2 CgHs—— C——=N——N—CH;s Cels—~_ 7 N —Colls
+ 46 °C /

S S
S—=C=—=S

P
CHs™ \N/ CeHs

63%

Figure 19. 1,3 Dipolar cycloadditiorwith diphenylnitrilimineand C$ as
dipolarophile

For the question of regiochemistifprmation ofa bond between the nitrogen thfe

nitrilimine anda nitrogen, oxygen or sulfur atom of the dipolarophile is unfavourable due

13



to the fact that additions to hetemwltiple bonds occuin order to form the mst stable

newo-bondst 1,3-Dipolar cycloadditios can also happéntramolecularly(Fig. 1-10).°

COOEt
N/
/
N

NN=CCH,OOEt
i :OCHZCHZHZ i :o

Figure :10. Intramolecular 1 &lipolar cydoaddition ofanitrilimine.

1.4.1.1.3Mechanism othe 1,3-Dipolar Cycloaddition

The mechanism of 1;8ipolar cycloaddition is concerted and stereoselectiveé A
concerted addition is describedteérms of molecular orbitals indicating delocalization of
fouel éctrons of t he -etettrbng In thieee pawllelqbitglp) et ( f our
centers C and Nhondrofete dipolarophile (Fig111)."? Actomlingly,

a biradical mebanism cannot be applied. Regarding the stereoselectivititeof,3-
dipolar addition with geometrically isomeric alkenes, the kinetic study showed that the
transisomer ismore highly reactive tharhe cis one'? During the additionthe olefinic
(doublebond) carbon atomshangehybridization from spto sp, and consequently, the
bond angle from 120to 109. This results in an increase in the van der Waals repulsion
in the case of the calkene, witha higher activation energp cycloaddition in conast

to that for thetransisomer. Figure 412 shows the steric changes occurring during the
cycloaddition of a 1&lipole, a-b-c, with a 1,2disubstitutedethane (larger parenthesis

represents the larger repulsion betweens substituents)

14
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Figure 212. Steric changes occurring during the cycloaddition of adip8le, a
b-c, witha 1,2-disubstitutedethene

1.4.1.2 Carbenetype 1,1Cycloaddition([1+2] cycloaddition)

It has been suggested thhe telectrordeficient carbon atom of specific nitrilimines
shouldreact witha neighbouring ethylenic function to foracyclopropane derivative
(Fig. 1-13).” This conclusion seemed supported by the fact thaeti® isomemwas
formed,implying retention of stereochemistry the addition as it would be observed for
a singlet carbeneln a recent study, Muchall showed that this is definitely [1+2]
cycloaddition and she proposed to describe this reaction as-aetitibcyclizatior®

Similar 1,1-cycloadditions have been reported for nitrile oxidesd ylides™®

15



wCOOC,Hs

—N=C—COOC,H; COOC, H,
oW e
C=(|J—COOC2H5
}'1
R= CHj;, C¢H,

Figure :13. Proposed intramoleculaabenetype 1,tcycloaddition ofa
nitrilimine.

Nitrilimine has been described adlexibled moleculethat can accept its geometry
depending on the nature of the reacfibiccording toCaramella and Houk studies
nitrilimine adoptsa planar geometry in the presence of an electrophilic reagent resulting
in an increase in the HOMO energy. On the other hand, nucleopdalgens promote
the bert structure by lowering the nitrilimine LUMO energy. It was reported that
nitrilimines are resonance hybsidf bent dipolar and carbene structjrandundergo
intramolecular cyclization with the formation of indazoles in the absence of trapping
agents Studies on 1;tycloaddition of nitrilimine has been followed until it was found
that the reaction of subistted hydrazone with base gives a 91% vyield thé
corresponding -fnembered ring* ®2 Nitrilimine is an intermediate in this reaction and
the 3membered ring is generated by intramolecular-cydoaddition of the
corresponding nitrilimine with the neighbouring double bond which is eventually
converted to a-membered rig. The 1,iaddition product was noticeably suppressed in
the presence of excess alkene due to the fact thatydldaddtion occurs once the attack
by double bond is constrained to occur perpendicular to the plane of nitrilimine which is
unfavourable indrms of energy in contrast to intermolecular addition with the normal

At wd aned orientation.
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1.4.2 1,4HydrogenShift

1,4-hydrogen shift for nitriliminesan occur once the intramolecular cycloadditisn
inhibited (e.gwith alkyl groupsas Nsubstitents.” It was found that azirsand carbodi
imides are the only primary rearrangement products Nealkyl nitrilimines. The
supportive ab initio calculationsn unsubstituted nitrilimineevealed that carbodinide
is more stable than thegent nitrilimine (HCNNH) in terms of energy (Fig-14).
N
N

Phe 7\ —Me

\N

- +
/ —> Ph—C——=N—FN—"Me —> Ph—C——N—N—CH,
H
N

‘ azine
Me
N\

Ph—L_ N

|

Ph—C=—=N—Me —> Ph—N=—/C=—=N-—Me

N carbodi-imide

Figure 214. 1,4Hydrogen shifin anitrilimine.

1.4.3 SigmatropicShift

Nitrilimines generated by flash vacuum pyrolysis ofalyI-sulstituted 1,3,4
oxadiazdin-5-ones underga 3,3-sigmatropic shift to give a rearranged diazoalkén®
A carbene is generated aduather intermediate by loss of nitrogen which provides an

explanation for the variety of produdtsmed (Fig. 115). The analogoushitrile-N-imide

17



in Fig. 1-16 undergoesa correspondingl,3-sigmatropic benzyl shift to give the

diazoalkané®

R]

N—N/Q/\R2 X Phci&;? PhC=N=N )
Ph/40/\\ 0 -Co, Rl/\:> — )A\ N, Ph/R><RZ\

R2 R!' R2

Figure 115. 3,3 Sigmatropic shiftin anitrilimines.

N—NCH,Ph

A + -_
/ —— > PhC=NNCH,Ph
PNy~ S0 -CO, ? CH,Ph

PhC=N, _N, N

2, Ph

CH,Ph

Figure 216. 1,3-Sigmatropic benzyl shifin anitrilimine.

1.4.4 Dimerization

Since the reactivity omost nitrilimines is so great, these idgoles can undergo
dimerization in theabsence of dipolarophiles. Dimerization @atur via either heatb-
tail, i.e., B+3, interaction to give 14lihydro-1,2,4, 5tetrazine derivativé$ *? (Fig. 1-

17) or carbene attack to give bis(azo)ethenes (Fip) £ *°

CcH
/65
N—N

C6H5—</ />7C6H5

N—N
/
CeHs

+ —

Figure :17. Headto-tail dimerization of nitrilimines
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\
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Figure 218. Carbene dimers of nitrilimines

1.5. Observatioof Nitrilimines

Direct observation has not been reporteduiastablenitrilimines generated thermally
in solution® In orderto obsene nitrilimines in thermal reactions, it was claimed ttair
generationwould have to be carried out in tigasphase with short contact times and
isolation & low-temperaurg in other words, through d@hvacuum thermolysi3
However, Naryl substituted nitrilimines in the gas phase cylizadily to form
indazoles, and consequently, they could not be observed dirBeatijlarly, N-methyl
and related nitrilimineshave been reported isomerize to azines and carbodiimides.
Wentrup and Fischer indicated the existance of discresdybdted nitrilimineswith a
nonisomerizing Nsubstituentand theyprovidedthe identity of the Msilylated isolated
nitrilimine by cocondensingit at 77 K with an alkyne as a trapping agehiThe N
silylated nitrilimines were observed &n IR spectrum at 77 Kwhereas theproduct
spectrum wasobtainedat 170 K3 It was suggestedhat the stability of nitrilimines is
strorgly dependent on the steric hindranpeovided by thenitrogen substituents.
Certainly, one way to kinetically didize a nitrilimine is to protect the highly reactive

center by bulky substituents. It has been shownas@ainspecific substituents stabilize
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nitrilimines in the crystal or liquid staté%** ® ®|n particular, i was reported that
heteroatom substituents such as B, Si and P at carbon or nitegrednitrilimines
stable at room temperatufe.®® Thesenitrilimines were prepared by the reaction of

lithiated diazo compounds with electrophiles.

1.6.Application of Nitrilimines

Nitrilimines are mostly used ithe pharmaceutical industry as intermediates in the
synthesis of drugs and medicines. In the feitg section, we shortly introduce a number
of applications of nitrilimines.

Substituted pyrazoles are generated through reactions of nitrilirage8-dipoles
with dipolarophiles. The pyrazole is the main core structure of many drugs, such as

Celebrex Celecoxib)®” ©

used inthe treatment of osteoarthritis or acute pain, and
Rimonabanf® a highpotency cannabinoid typk (CB1) receptor inverse agonist, as a
treatment for obesity. Furthermore, the pyrazole is the structural motif of many highly
potent inhilitors of coagulation factor X' " Among them, Rivaroxaban and Apixaban
were selected for clinical developmewt fthe prevention and treatment of thrombotic
diseased

A large number of pyrazole derivatives have antimicrobial and anfViral
hypoglycemic™ and anticancer activiti€é. For example, 3ubstituted pyrazolo[5;1
c][1,4]benzoxazines and  pyrazolo[4g}{1,4]benzodiazepi6(4H)ones®  were

synthesized by intramatelar 1,3dipolar cycloaddition from aitrilimine with an alkyne

to form the desired product.
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The nitrilimine generated by halohydrazonesn be used directly to react with
dipolarophiles to give specific pyrazesleaving fungicidal activities against Corynespora

cassiicola’® Synthesis is shown ifig. 1-19.

NHNHPh NNHPh
PhNHNH
R-cOH 2 Rreoe PPNHNH: Ph,P-CCl, R
ref Pyridine CH,CN, 1t
0 Cl

7 \z/

Cl
i : benzene, E;N, rt

Figure £19. Synthesis of pyrazole derivatives having fungicidal activities

1,3,5trisubstituted 1,2 4riazole derivatives are synthesized via -diBolar
cycloaddition of nitrilimine by reacting oximes wit hydrazonoyl hydrochlorides and
triethylamine as a ba$é1,2,4Triazole is an important class of heterocyclic compound

in the biobgical activity of many pharmaceutically active compounds that show

8,79 82, 83 and

significant antifunga antrinflammatory® antiasthmati@* antiproliferative
hypotonic activitie$*

Cycloadditions of appropriate nitrilimines have been employed to esiathtricyclic
b-lactams (Fig. 220).25% With their potercy and broad range of antibacadriactivity,
tr i c y-attamcandbts derivatives have been used in the clinical treatment of microbial
infections®¥°*

[1,4]Benzodiazepirb-one derivaves are synthesizedavintramolecular nitrilimine

cycloaddition to the cyano group (Fig-21).°? [1,4Benzodiazepines and their oxo
21



derivatives have anticonvusant and ananxiety activities. Severatriazolobenze

diazepines such as triazoldhand estazolaffiwere found to be effective in the treatment

of some central nervous system (CNS) disturbances.

Ph ¢} H H
Ac Ph HOW: = \/Ph 1) NaH/DME
)J\ PaN Et;N N,H, I 2) BrCH,COOEt
+ 0 coCcl ——— - -,
| CH,Cl,, A MeOH N (90%)
(90%) 0 PMP
1
PMP
EtOOC HOOC H d
h 1) aq. NaOH/dioxane N0 \/Ph 3 i)ig](}?lz]zl/{tomene
2) aq. HCI 2
(50%) N (83%)
0 PMP
B N—Ph
+/
Ph Ph
CCl,/Ph,P Ag,CO;
—_——— —
MeCN dioxane
(85%) (60%)

pMp= — »—OMe

Synt hesi-factams frommitrilincines | i ¢

Figure :20.
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NO, 1) NaNO,/HCI N_N:< Ag,CO,
N\ 2) MeCOCHCICOOMe N\ dioxane, rt
CH,Ph CH,Ph
0

(0)
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Figure 121. Synthesis of [1,4]benzodiazepgrones

Nitrilimines are important reagents in organic syntheses especially idigh@&r
cycloaddition reactions to ptoce heterocyclic compounds. Sinde tthermolysis of
tetrazoles is one ofhe common ways to generate nitrilimines, in this thesis
decomposition of tetrazoles is examinedmputationally and therefore, tetrazole is

briefly introduced in the followig section.

1.7. Tetrazole

Tetrazoles are heterocycliecrBembered unsaturated rings consisting of one carbon
and four nitrogen atoms. They have an aromatic character and céiainitrogen
atoms in a ring. In general, tetrazoles arsubstituted tetzoles are heterocyclic -N
acids although they behave as weak organic bases when dissolved in minerai 4cids

Two tautomeric forms,-H and 2H (Fig. 1-22), were proposed for tetrazole and 5
substitutedtetrazoles and various characterization methods such as NMR and IR

spectroscopy were used to investigate these tautomeric 6rfiBoth forms have been
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observed™ and X-ray crystallography results showed that tetrazole existheas-H
tautamer in the solid stat®® In solution, there is an equilibrium betwetre tautomers
thatis very sensitive to the solvent and the nature of substittfént€It was found both
experimentally and theoretically that the-Btrazole is the preferred tautomer in the gas
phase being-6 kJ mo!* more stable than Heetrazole'®®*” The formatiom enthalpy of
2H-tetrazole inthe gas phase was reported to be-4 &cal mol* lower than that of 1H

tetrazole'!’

H

H\C/N\N H\C/N\N/H
T

Figure £22. Tetrazole tautomers.

Tetrazoles have been widely used in medi¢ifi&! As an example, one type of
cephalosporin containte sodum salt of the 1Hetrazole which is more active than
antibiotics of the penicillin seri¢€® Some compoungssynthesized using tetrazole
series show antiallergenic activity'® Moreover, tetrazoles have applications in
biochemistry and biolog}#* ***1-arylsulfonylietrazoles are used as condensing agents to
synthesize polynucleotidé&® Another application of tetrazoles is in agttowe where

esters of Zetrazolylscetic acids are used as regulators for the growth of fruit pfants.

1.7.1. Generation off etrazoles

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

generate phenylcyanotetrazole during the reaction of nitrous acid with
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dicyanophenylhydraziff® Later on in 1892, he prepared the aetle itself starting with
a carboxylic acid produced frothe phenylcyanotetrazof&’ The simplest synthesis of
tetrazole was obtained by Dimroth and Fester in 18&{ploying the direct combation
of hydrogen cyanide and hydrazoic acid in alc@heblution at 100°C (Fig. 123).}%
The alkaline hydrolysis of ethyl tetrazelecarbocylate followed by decarboxylation at
90°C is another way to obtain tetrazole in good yiéld

Generation of tetrazole derivativesslizeen studied frorthe 1%0s until present and
compounds such asrBonosubstituted tetrazol&S**? 1 5-disubstituted tetrazolgg>*3®

and 2,5disubstituted tetrazol&8** have been produced in differenays by many

researchers.

N

o+ + _  ROH HCT N

HCN + N—N=N ~— N=N=N . \
/ / 100°C o

H H N—N

Figure 223. Synthesis of tetrazole itsgif its 1-H tautomeric form.

1.7.2. Reactionof Tetrazoles

Theoretically, if nitrogen is released, the thermolg$ithe unsubstituted 2tetrazole
results in the primary ring fragmentation produgCiINT H. 11 116 143

Tetrazoles alkylate and acylate on N1 or N2 depending on the substituent*at5
The formation of mixtures is the usual outcome for alkylation. An example of tetrazole
alkylation is provided in Figl-24. In general, electredonating sustituents at the

tetrazole 5position promote alkylation on the N1 position while electwothdrawing

groups cause Nalkylation*® 1-substituted tetrazolesus underg@ metallation process.
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C-Lithiation of 1-substituted tetrazoles occurs readily depending on-thédtituents but

lithio compounds tend to decompose (Fig5).**

H 1
Ph\c\/ \N tBu-OH Ph\C/ \N _—~tBu
\I\I_'I{I/ H2$O4 \I\I:I\]/

100%

Figure 124. Alkylation of tetrazoles

>-50°C Il\]
Ilil/le Ililfle — Me¢~ CN
e’ Dy Lie o Ny
\I\\I I(I/ n-BuLi, THF, -65°C \I\\I I{I/ I]:I/[e
5,650 HS~c” Ny
N/
N—N

Figure 125. Metallation of tetrazoles

Thermolysisof 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. SubstituentConstars

Substituent effects are defined as changes maction 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 contrasgmbody inductive and resonance influences due to the
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el ectrostatic effects transmitted through

through the °~ system of molecules, respectiv
Since the early 1900s, chemists were interested in analyzing ¢lcbamsm of

organic reactionthroughsubstituent effects. A significant progress in these analyses was

made in 1935 by Hammett providing the Hammett equa(®g. 1-1),'® which is

expressed as:

— Eq. 1-1

where and are the reaction ra@nstaniof substituted and unsubstituted reactants,
respectively, is a substituent constant dependenthmspecific substituent, andis a
reacton constant dependent on the type of reactibime substituent constantvas
obtained using ionization constants of benzoic acids in water. The reaction coragant
definedasunity when measurementgereperformed in water at 25C.

Hammetto constants &ve been mostly employed with benzene derivatiaitisough
good correlation is obtained with heterocyclic systéfisSince the effect of each
substituents can be obtaineg difference of changesn Gi bbs free energy
ionization constants of substituted benzoic acids witisebf the parent compounds and
any changs in structure cause proportional changes in the actividere n e r g%  ( G
for all such reactions, the Hammett equation is \ketiwn as alinear free energy
relationship expressiotf and hence can be employed for any reactions with two
aromatic reactants differing only in the type of substituents.

The ¢ constant depends dhe substituenposition; it is differentfor me t a.,) aqdd

pa r &) s\bstitution Sigma constastfor the orho position cannot be obtained because
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of steric effects. Howeveithe Hammett equation mostly fails witee substituents are

directly conjugated with the reaction centexxerting effectskno w n as At hroug!
resonance@™! Substituents possessimgectronlone pais fall into this category. They

impart greater activity than their expecic values due tdhe conjugative interaction of

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

from the desired linearity. To overcome this issue, modified constants sic* mase

proposed by Brown and Okamdt§’ **The modifieds” was defined by the solvolysis

of cumyl chlorides at 28C in aqueous acetonBeveral studies were perforahéo define

constants for radical reactigi$' *>°but none of theewas successful in the correlation

analysis. In generac or ¢* correlatereasonably welin radical reactions

The sgeric effect of substituent&s, wasassesseby Taft%in the formof Eq. 12;

— Eq. 12

where refers to thaeaction rate constanfor acid hydrolysis of esteX-CH,COOR.

To do this, the electronic effect of substituents andvas set zero for the hydrolysis of
formate as a referencEor many substituentshe values of cannot be obtained due to
the instability ofthe substituted esters under the condition of acid hydrolysis. Charton
proposed valuesthatare related to the van der Waals radii of stibstits*>"*°° In his
work, Chartontried to avoidthe use of any particular chemical reaction using the
expressionn Eq. 13:

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

is the vander Waals radius for hydrogen. Rates of estetiboaof substituted

carboxylic acids with met hanol tamsusingtheh an o | W
equationl-4 whi ch is the modified version of the
Eq. 1-4

In the present work, Hammett constants were employed to investigate the substituent
effecs on the decomposition of tetrazolekr addition, introductory topics such as
thermal decomposition of 2ketrazoles and reaction of nitrilimines are treated in the

following three individual chapters.

29



Chapter2.

Objectives an@rganization ofThesis

The main goal of this thesis is to investigate the intermolecular catjyese
cycloaddition ([1+2]) reactions ahe parent nitrilimine and disubstituteditrilimines
having different carbenicharacter in terms of resonance weigtisr this purpose,
computational studies aréo be performed ona series of nitriliminesto obtain a
substantial understanding of their carbewnieight as well agheir behaviour in the
cycloaddition reactions in the presence of ethene and tetrafluoroethene.

The first tak isto 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 tiermolysis of 2,5lisubstituted tetrazoles as a common methdtdedeneration
of nitriliminesis necessary to bmvestigated Moreover, he substituent effect otine
thermolysis of tetrazolesieeds tobe established. It is important wetermine the
contribution ofcarbenic character dhe generateditrilimines 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 stiitednitrilimines will be explored.
Nitrilimines with different carbenic character are used to determine which one promotes
the [1+2] cycloaddition reactionTetrafluoroethenavill be employed to investigate the
effect ofanelectronpoor alkene on the pathway of cyaliotion.

For geometryptimizatiors, frequerty calculationsand intrinsic reaction coordinates

the Gaussian program package will be employed. For detailed analyses of electronic
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structuresNatural Bond Orbital (NBO) and Natural Resonance Theory (NRT) methods
will be used.All additional data impdant for discussios for Chapters 3, 4, and 5 are
covered in Appendices A, B and C, respectively.

This manuscripbased thesiss organized in a way tfollow the goals and tasks
presented aboveChapter 3 presentghe formation of nitrilimines by thermal
decomposition of 2/lisubstituted teazoes Chapter 4is dedicated tadhe electronic
structures of nitriliminesThe possible intermolecular [1+2] cycloaddition reactions of
nitrilimines, contrasted with their [3+2] reactiorege presented i@hapter 5 The general
conclusions othethesis are addressedQ@mapter 6.

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

Formation ofNitrilimines; Decomposition of 2Hand 2,5

Disubstitutedrl' etrazoles

3.1.Introduction

Nitrilimines are important reagents in organic synthesspecially in 1,3lipolar
cycloaddition reactions to produce heterocyclic compodnts: * **Ways by which
nitrilimines are generated includiie decomposition of tetrazolés** baseinduced
elimination of hydrogen halide from hydrazonoyl halid&s? lithiated diazo derivatives

reacing with alkylchlorophosphiné®3% 16!

thermolysis of substituted 1,3,4,2
oxadiazaphosphadé’ elimination of carbon dioxiddrom 1,3,40xadiazolin5-ones>®
and the reaction of hydrazone with -Nromosuccinimide in dimethylformamide and
triethylamine®* Among these, the thermolysis of 2Bhd 2,5-disubstituted tetrazoles is
one of the common wayin the generation of nitrilimas,owing to the facile elimination
of N, undersimpleexperimental conditionat mild temperatures.

@52 18355 \well asof 5-substituted

Thermal decomposition @&n unsubstitutetktrazol
tetrazole derivativé§*'®® in gas phase andnelt has beenthe subject of many
experimental and theoretical studiesd it is found thatthe thermolysis products
profoundly depend on the reaction conditionsneore preciselyon the tetrazolamular
tautomerismi.e., on the presence dH- and 2Hforms (Fig. 3-1).%" ®®In the solid state,

as shown througi-ray diffraction the 1H-form is present® In a melt the tautomeric

form is unknown, but thénal products oftetrazolethermolysis are ) H, and HCN as
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well as fiother gaseous produdtsand an unidentified polyméf® In solution, an

equilibrium exists betweethe two tautomerswhich is sensitive to the nature dtiie

97, 99, 100, 102, 16406 : 108117
Finally,

solvent in the gas phase, t@él-tetrazole is predainant
and gneration of HCNNHas beershown through matrix isolation of the produtas

well asphotolysis of matrixdeposited tetrazo)é®

Figure 31. Tautomerism in the unsubstituted tetrazole.

The experimental data regarding the primary reaction of the thermolysis of tetrazole
are incomplete and contradictgry’ 1% 13 ¥4nainly due tothe involvement of short
lived intermedates and difficulties in the detection of some intermediates and products
(e.g. nitrogen is inactive ithe IR). To overcome these shortcomings as well as several
experimental obstacles in the detection of intermediates and products, quantum chemical
calaulations have been used to study the thermolysis of teted26t&’ Theoretically, if
nitrogen is released, the thermolysis of the unsubstitutede®atzole results in the
primary ring fragmentation producti@NNi H.1*" 116 143g,ch a gmple retro[3+2]-
cycloaddition involving two bondbreaking processes has been proposed fetefdzole
decompositionwith the formation o nitrilimine.**3

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

choice to work with to generate nitriines experimentallyThe thermolyss of 2,5
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