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Abstract

Nitrile imines and nitrile oxides are capable of reacting (3+2)-cycloadditions with various
dipolarophiles with double and triple carbon-carbon, carbon-heteroatom or heteroatom-heteroatom.
As a result of these reactions, five-membered heterocyclic compounds are formed. When cyclic
dipolarophiles with an to exocyclic carbon-nitrogen bond double bonds (exo-C=N) are introduced
into the reaction with these dipoles, 1,2,4-triazoline or 1,2,4-oxadiazoline cycles are formed, spiro-
coupled with the initial dipolarophile cycle. Using such rectations, it is possible to effectively
synthesize spiro compounds with enhanced biological activity. This review comprehensively
summarizes the literature data on the 1,3-dipolar cycloaddition of nitrile imines and nitrile oxides to
exo-C=N bonds for the spiro compounds synthesis. The research area covers reactions of both
saturated and unsaturated dipolarophiles, monocyclic and polycyclic structures, as well as
compounds containing one to three heteroatoms, with special attention to systems containing
biologically significant heterocyclic pharmacophores. Based on the collected literature sources, the
high regio- and chemoselectivity characteristic of this type of reaction, as well as high tolerance to
labile substrates, are shown. Recent advances in reaction conditions, including microwave and
ultrasonic activation, as well as one-pot and diffusion protocols were highlighted.

Keywords: 1,3-dipolar cycloaddition; nitrile imines; nitrile oxides; spiro-compounds; triazolines;
oxadiazolines

1. Introduction

The primary characteristic of nitrile imines and nitrile oxides is their ability to undergo 1,3-
dipolar cycloaddition (or (3+2)-cycloaddition, 32CA) reactions and form five-membered heterocycles
by interacting with dipolarophiles that contain carbon-carbon, carbon-heteroatom, and heteroatom-
heteroatom multiple bonds. The possibility to attach to the last two types of dipolarophilic particles
significantly broadens the range of potential synthetic applications of nitrile imines and nitrile oxides
compared to some other types of dipoles, which are mainly available for attaching to C-C multiple
bonds [1]. When a dipolarophile's structure contains other multiple bonds, the chemoselectivity of
the dipolar cycloaddition reaction becomes a significant concern because the activity of 2m-
components in relation to nitrile imines and nitrile oxides is known to be comparable for olefins and
compounds with a C=N bond [2,3].

A majority of 1,3-dipolar cycloaddition reactions for nitrile imines and nitrile oxides are effective
under non-catalytic conditions and do not necessitate heating or other activation methods, rendering
them suitable for use with labile substrates. Dipolarophiles with C=C and C=N bonds are frequently

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0534.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 August 2025 d0i:10.20944/preprints202508.0534.v1

2 of 17

the focus of research due to their high activity and the superior stability of the resulting heterocycle
in comparison to, for example, those formed by the addition of carbon-chalcogen bonds [1].

When 1,1-disubstituted dipolarophile is exposed to dipole, it creates new heterocycle with
quaternary carbon atom. If this atom is part of a cyclic system, and the double bond is exocyclic, then
(3+2)-cycloaddition results in the formation of a spiro-conjugated molecule. In contrast to olefins, the
reactions of the dipolarophilic imino group are significantly more predictable in terms of
regiochemistry: nitrile imines and nitrile oxides form five-membered cycles with heteroatoms in
positions 1,2, and 4 [2,4] (Scheme 1).

1,3-dipole
Nitrile imine Y = N~ .\®7N\é /N\ spiro-heterocycle
Nitrile oxide Y = O + _32CA \{l_CfY\\ 1,2 4-triazoline y=N"
. o TN FAR 1,2,4-oxadiazoline 'Y =0
dipolariphile ‘/N—C\\_/. .-
exo-C=N bond

Cl

anti-mycobacterial (anti-TB) activity antitumor activity acaricidal and antifeedant activities
(MIC99 = 6.25 ug/mL, (IC50 6.7 £ 0.4 pM, (LC50 0.372 mg/mL
Mycobacterium tuberculosis) [5] MDA-MB-231 cell line) [6] against T. cinnabarinus) [7]

Scheme 1. Synthesis of biologically active 1,2,4-triazolines and 1,2,4-oxadiazolines.

The presence of a quaternary carbon atom in a spiro compound provides conformational rigidity
to the molecule. When pharmacophoric fragments are incorporated into such a structure, the
geometry of the spirocyclic framework dictates their mutual arrangement. This approach facilitates
the attainment of optimal steric characteristics of molecules for interaction with biological targets. As
a result, compounds such as spirooxadiazolines and spirotriazolines are frequently developed as
biologically active substances [5-7] (Scheme 1).

These factors have resulted in a significant increase in the number of studies on nitrile imines
and nitrile oxides, from the time they were first described by Rolf Huisgen as 1,3-dipolar
cycloaddition [1,8] to the present day, when these reactions have become as integral to organic
synthesis as other classical transformations. Later, the properties of nitrile imines and nitrile oxides
were discussed in a number of reviews and monographs. Some of them are dedicated to the
generation methods, main properties, and applications of nitrile imines [2,9] and nitrile oxides
[4,10,11]. There are also more specialized papers that present generalized information exclusively
about the generation of dipoles [12] or the use of nitrile imines [13] or nitrile oxides [14-16] in
heterocyclic compounds synthesis. Review articles covering research from a specific period such as
[17,18] are less common. The parts related to (3+2)-cycloaddition reactions can also be found in review
articles focused on synthesis of heterocyclic compounds, such as 1,2,4-triazolines [19] and spiro-2-
oxindoles [18]. Additionally, it is worth mentioning reviews based on the type of dipolarophile. For
example, reactions involving nitrile oxides and carbon-heteroatom bonds [3], the interaction between
nitrile imines and multifunctional dipolarophiles [20], and even more specifically, reactions of nitrile
imines and nitrile oxides with hydrazines, hydrazones, and oximes [21].

Despite the fact that 1,3-dipolar cycloaddition reactions are very effective to the synthesis of
spiro compounds, there are currently no works summarizing data on the methods of obtaining and
properties of molecules formed by the interaction of nitrile imines or nitrile oxides with
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dipolarophiles containing exocyclic carbon-nitrogen (exo-C=N) double bonds (Scheme 1). The above
reviews and monographs provide fragmented information that, when dealing with this topic,
undoubtedly poses some difficulties for researchers.

Crossing the equator of the seventh decade of research on (3+2)-cycloaddition, we have gathered
literature data on methods for synthesizing spiro compounds via cycloaddition of nitrile imines and
nitrile oxides to exocyclic C=N bonds. The review is divided into four main parts according to the
type of dipolarophile introduced into the reaction and primarily includes transformations of
molecules based on saturated cycles (Section 2.1), which include, in addition to carbocycles,
monocyclic and condensed piperidine derivatives. The second section (2.2) discusses the reactions of
nitrile imines and nitrile oxides with exo-C=N bonds of unsaturated dipolarophiles. This section is
the largest in terms of the number of cited sources. Therefore, for convenience, it has been divided
into three subsections: monocyclic compounds (2.2.1), condensed carbocycles (2.2.2), and condensed
heterocycles (2.2.3). While subsection 2.2.2 contains only a few isolated examples, part 2.2.3 is the
most extensive compared to the others. The reason for this is due to the prevalence of cycloaddition
reactions in producing biologically active molecules, whose structure often includes condensed
heterocyclic pharmacophore fragments, such as isatin and its derivatives. Reactions of nitrile imines
and nitrile oxides with exo-C=N-bonds of monocyclic dipolarophiles are also presented in sections
2.3 (cycles with two heteroatoms) and 2.4 (cycles with three heteroatoms).

2. Cycloaddition to Exocyclic Bonds C=N

2.1. Saturated Carbocycles and Piperidine Derivatives with Exo-C=N-Bonds in Reactions with Nitrile Imines
and Nitrile Oxides

The only documented case of the formation of spirocyclobutane as a result of (3+2)-cycloaddition
is the reaction of azaspiro[2,2]pentane with diphenyl nitrile imine (DPNI), generated in situ from
hydrazonoyl chloride under the action of triethylamine [22]. The formation of this product involves
the  primary  thermally  initiated  isomerization  of  azaspiro[2,2]pentane  into
(phenylimino)cyclobutane, which then interacts with dipole to create a spiro-fused compound. With
an increase in the reaction time and the amount of the dipole precursor, the reaction was accompanied
by the formation of other products. Under the conditions shown (Scheme 2), only the trisubstituted
pyrazoline was formed as a by-product.

Ph
N, NPh by-product
> —— %&Ph —
Ph ¥N —N\N
> o5.-N_ N- ~Ph
cHcl, PN i ;'1’ L
N. -Ph Et.N N. _Ph 1h, A
ZN| 3 o N Ph—e
Cl H ® ©
4-C|-C6H4_'

Scheme 2. Synthesis of spirocyclobutane using nitrile imine cycloaddition.

The properties of oximes and hydrazones with respect to nitrile imines and nitrile oxides were
considered in detail in the review [21], therefore, only the key features of the interaction of these
dipolarophiles, important for the synthesis of spiroconjugated products, will be given here. Despite
the commonly occurring similarities in the chemical properties of nitrile imines and nitrile oxides,
their interactions with cyclic oximes and hydrazones differ. Under the action of nitrile imines
generated from hydrazone chlorides, cyclic oximes were converted into N*unsubstituted
spirotriazoles [21,23,24]. It was assumed that the spiro compound with hydroxy-group on the N4
nitrogen atom was formed as an intermediate. However, due to the presence of excessive amounts of
triethylamine, the compound inevitably lost an oxygen atom (Scheme 3). Using this approach, it was
also possible to obtain a dispiro-product using dioxime as starting dipolarophile [25].
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Scheme 3. Preparation of N*-unsubstituted spirotriazoles from cyclic oximes and nitrile imines.

It is also known that 4-hydroxy-oxadiazolines, which are obtained by reacting nitrile oxides with
ketoximes, do not undergo deoxygenation and can be isolated [16]. However, there are no known
examples of such reactions involving cyclic dipolarophiles, so these reactions will not be discussed
in detail in this review.

The possibility of producing spiro-linked triazolines by the reaction of nitrile imines and cyclic
hydrazones is limited by the use of dipolarophiles with electron acceptor groups at the terminal
nitrogen atom [26] (Scheme 4). N2-Alkyl cyclohydrazones react with nitrile imines to form spiro
tetrahydrotetrazines [21], while N?-unsubstituted cycloalkanone hydrazones attach to nitrile imines
via nucleophilic addition similar to other amines [2].

—Me: main products —H:
’_N\H R N . N -
N= 7 N7 N.
YN\H/ EtsN [VN\N/} ‘\E_J Y Ni N,NH T
cl e | ® © THF HN; et pEt :
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Scheme 4. Reactions of cyclic hydrazones and nitrile imines.

The reaction of nitrile oxides, which are formed in situ from hydroxyimidoyl halides through
the HCl elimination by triethylamine, with cyclic ketohydrazones leads to the formation of spiro-
fused 4-aminooxadiazoles [27] (Scheme 5). Surprisingly, unlike nitrile imines, the addition of such
dipolarophiles occurs nucleophilically only for hydrazones obtained from acetophenone derivatives,
in other cases the product corresponds to a normal (3+2)-cycloaddition [21]. Analyzing the literature
data, we found that the number of cyclic hydrazones studied in reactions with nitrile oxides is
significantly lower compared to those tested in reactions with nitrile imines. There is currently no
information available on the reactivity of piperidine hydrazones or any reactions of N2-substituted
cyclohydrazones. The reason for this may be the low reactivity of the substrates listed, but the authors
of the papers on this topic have not specified this.
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Scheme 5. Preparation of spiro-fused 4-aminooxadiazoles from cyclohydrazones and nitrile oxides.

One of the rare examples of the nitrile oxides cycloaddition to amidines is the reaction with
matrine-type alkaloids [7] (Scheme 6). As in the example above, the dipole was formed in situ, and
the spiro product was formed not only regio-, but also stereoselectively, due to the pre-determined
configuration of the stereocenters in the initial dipolarophile, which was confirmed by the results of
X-ray diffraction analysis.

N. EtsN
Z TOH 3 VN\O@ +
Cl CHCI3 1t ®
Ph—e 4-Me-CgHs— Ph—e 2-Me-CgHs— 3-Me-CgHy— 4-Me-CgHz— 2-OMe-CgH,—*

4-C|-CGH4_' 4-F-CGH4_' 2-C]-C6H4_' 4-C|-CGH4_' 4-BI’-CGH4_' 4-0Et-C6H4_°
Scheme 6. Dipolar cycloaddition of nitrile oxides and imino-substituted matrine-type alkaloids.

2.2. Unsaturated Cycles with an Exocyclic C=N Bond as Dipolarophiles in Reactions with Nitrile Imines and
Nitrile Oxides

The presence of several multiple bonds, accessible for dipole addition, in the dipolarophile
structure often imposes some limitations on the synthetic applicability of (3+2)-cycloaddition
reactions for the preparation of heterocyclic products. Therefore, most of the examples reviewed in
this section will be presented by simple cycles containing conjugated double bonds or fused carbo-
and heterocycles. It is worth noting that the majority of works are devoted to nitrile oxides reactions,
while for nitrile oxides there are only isolated examples. In our opinion, this unevenness in the studies
may be partly due to the fact that in some cases nitrile oxides are capable of exhibiting greater
selectivity in the competition of C=C and C=N bonds [20,28,29].

2.2.1. Reactions of Nitrile Imines and Nitrile Oxides with Exo-C=N-Bonds of Monocyclic
Compounds

Investigations of monocyclic unsaturated compounds as dipolarophiles have focused mainly on
reactions of 8-azaheptafulvenes (also known as troponimines) and their tricarbonyl iron complexes.
It has been shown that spiro-fused cycloheptatrienyl-triazolines can be obtained only for tricarbonyl
iron complexes [30]. Reaction of 8-azaheptafulvene itself with DPNI resulted in the formation of the
spiro compound only as an intermediate on the way to condensed [8+4]-adducts (Scheme 7), which
were also formed upon removal of the Fe(CO)s-group by the action of trimethylamine oxide on the
spiro-fused complex. It is noteworthy that DPNI added to 8-azaheptafulvene complexes exclusively
from the side opposite to the Fe(CO)s-group, yielding an anti-addition product.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Scheme 7. Formation of [4+2]- and [8+4]-adducts of 8-azaheptafulvenes and DPNIL

The reactions of nitrile oxides have been studied in a number of works not only on the example
of tricarbonyl iron complexes, but also for free 8-azaheptafulvenes. It was shown that, in contrast to
the products of nitrile imines addition, spiro-fused cycloheptatrienyl oxadiazolines not only can be
isolated, but also for some dipoles (e.g., tert-butyl nitrile oxide) are the only product [31-33].
Nevertheless, the formation of an indivisible mixture of the [4+2]-spiro adduct and the condensed
[8+4]-heterocycle is also common [30,31] (Scheme 8). The assumption that the reaction occurs with a
high degree of asynchrony, and the intermediate zwitterion and the reaction products exist in an
equilibrium strongly shifted towards the latter, but sufficient for isomerization, was later confirmed
by quantum chemical calculations [34]. A by-product detected in one case indicates that conjugated
(3+2)-cycloaddition can occur between nitrile oxide and 8-azaheptafulvene at one of the carbon-
carbon bonds, accompanied by isomerization of the exo-imine to the amine [31].

4—Me—CGH4—°
~ N. O
N [V 0 } ~ /L
| & N g Me HN"
€]
@ @
0
[4+2] adduct 8+4] adduct by-product (3%)
Me— Ph—e 4-Me-CgHy— Me— 4-OMe-CgHy— 4-CN-CgHy— 2-NO,-CgHy—
4-OMe-CgHs—  4-Cl-CgH,— tgy—e 4-Me-CgHs— 4-Cl-CgHs—  3-NO,-CgHs—
4-Br-CgHs— Ph—e EtOOC—  2,6-Cly-CgHz—  4-NO,-CgH,—
Ac—

Scheme 8. Cycloaddition reactions of nitrile oxides with 8-azaheptafulvenes.

The reactions of Fe(CO)s-complexes of 8-azaheptafulvenes with nitrile oxides were accompanied
exclusively by the formation of [4+2]-addition products. In addition to anti- and syn-spiro-complexes,
stereoselective formation of a condensed product (3+2)-cycloaddition to one of the C=C bonds was
observed [30] (Scheme 9). It was noted that for tricarbonyl iron complexes, isomerization of the main
anti-spiro product into syn- is also possible in hexafluoroisopropanol and other highly polar solvents
that stabilize the intermediate zwitterion [35]. Unfortunately, an assessment of the applicability of
this method for the synthesis of spiro compounds is not possible, since no information on the
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possibility of isolating individual spiro compounds and other synthetic components was provided in

[30,35].
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4-Me-CgHs— Cl Cl
< >—~ CI—< />—'
cl

Scheme 9. Cycloaddition reactions of nitrile oxides with Fe(CO)s-complexes of 8-azaheptafulvenes.

Cyclohexenone hydrazones containing chiral substituents at the N2 atom were reacted with
nitrile oxides under different conditions [36] (Scheme 10), the main difference being the dipole
precursor used. It was shown that the use of a procedure that does not involve the isolation of
chlorooxime is less efficient than direct generation of nitrile oxide from the corresponding
hydrochloride. The diastereoselectivity of the reaction was assessed independently for E- and Z-
hydrazones, the latter of which allowed the preparation of spirooxadiazolines with higher
diastereomeric excess values.

MeO dipole generation

MeO 8 1) one-pot from oxime (without chloride isolation)
SN © =N N N
N [ ® © NN 0 Spon NS 2 Ton
N - H toluene Cl
major diastereomer:
(S,R) from E-hydrazone Et;N | toluene
(S,S) from Z-hydrazone 2) direct from oxime chloride 0°C
~H —Me ~—Ph Ph—e  4-OMe-CgHs— \//N\OH EtsN '\gN\o@]
—F —FEt 4-F-CgH,— cl CHCl3, 0°C

Scheme 10. Diastereoselective synthesis of spirooxadiazolines from cyclohexenone hydrazones.

It was shown in the work [37] that stable nitrile oxides are capable of adding to the imino form
of aminopyridines to form a spiro compound corresponding to (3+2)-cycloaddition to the exocyclic
C=NH bond. Unfortunately, the resulting product cannot be isolated, so the presented reaction is not
of preparative interest for obtaining spiro compounds.

2.2.2. Addition of Nitrile Oxides and Nitrile Imines at the Exocyclic C=N Bond of Fused Carbocycles

Cycloaddition reactions at exocyclic C=N bonds of unsaturated condensed carbocyclic
compounds are poorly represented in the literature. Only a few examples of nitrile oxide reactions
involving imines of phenanthraquinone and chrysenquinone, as well as phenanthraquinone oxime,
are known [38,39] (Scheme 11). As in the reaction of nitrile oxides with ketoximes [16], the spiro-fused
derivative of phenanthraquinone retains the N*-hydroxy group. Between it and the carbonyl group
located near the spiro fusion, the formation of a hydrogen bond was observed (detected by IR
spectroscopy) [38].
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Scheme 11. Reactions of nitrile oxides and imines of phenanthraquinone and chrysenequinone.

2.2.3. Reactions of Nitrile Oxides and Nitrile Imines at Exocyclic C=N Bonds of Fused Heterocycles

A wide range of biologically active spiroindolinones have been synthesized by the action of
nitrile imines generated in situ from hydrazonoyl halides and imines previously obtained from isatin
[540]. The reactions proceeded in the usual manner, allowing the preparation of spiro-fused
triazolines in good yield (Scheme 12). Several equally effective methods are known, which involve
microwave action to accelerate the reaction [41,42]. The methods used showed high tolerance to
various substituents among the aromatic groups of the nitrile imine and dipolarophile.

A . N EtsN R TN
| 0 H A \
Ay ¢l CHiCN or CHCl ]
H rt N
H
R =H, 5-Cl, 5-Br, 7-Cl, 7-Br
—Ph —4-Me-CgH, —Ph —4-Me-CgH, —Ph
S —4-Et-CeH, —4F-CgH;  +—4-OMe-CeH, —4-Cl-CgH,
Wy T 3CHF-Cets «—4.ClCeHs  *—4-OEt-CoH, —3-Cl-CgHg
N /’ll '_3—C|-C6H4 '_4—BI'-CGH4 ._4-OH-C6H4 _S-Cl-C6H4
>/ ’_4-C|-C6H4 ._4_I'CGH4 '_4-NH2-CGH4
’_4-BI'-CBH4 ’_3-C|-CGH4 ._2,3-N02-CGH4

Scheme 12. Synthesis of spiroindolinones from isatin derivatives and nitrile imines.

No less extensive are the studies of iminoindolinones in reactions with nitrile oxides (Scheme
13). The diversity of substrates in this case is supported by the diversity of the methodologies used.
Along with traditional approaches [43-46], methods are used with one-pot dipole generation from
benzaldoxime (similar to that shown in Scheme 10) [47,48] or one-pot synthesis of the spiro
compounds from isatin and amine [49], ultrasonic activation [50] or in a catalytic version [49]. The
existence of many methods complicates the definition of uniform conditions for this type of reaction,
however, the most common for these transformations should be considered chlorinated solvents
(CH2Cl2 and CHCls), as well as their mixtures with other solvents designed to increase the solubility
of the reagents. It was shown that the reactions proceed efficiently for substituents in the aromatic
ring of the dipole with different electronic effects, as well as for sterically hindered imines and
diimines.
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Scheme 13. Synthesis of spiroindolinones from isatin derivatives and nitrile oxides.

Arylimines, which are derivatives of tryptanthrin (or indoloquinazoline), are capable of adding
nitrile imines similarly to other indoles and their derivatives [51] (Scheme 14). The preparation of
spirotriazolines in this manner does not require special conditions, and the target products are
formed after 30 hours in good and excellent yields.

/ N |
N . N~ EtsN N
N c ™M cHoN Van
rn,30h
o}
o}
—Ph  *“—4-Me-CeH, —Ph —Ph
'_4-C|-C5H4 ._3,5-(N02)2-C6H4 _4-N02-05H4

Scheme 14. Triazoline-tryptanthrin spirocompounds formation.

One of the most successful examples of the use of the one-pot strategy in the synthesis of spiro
compounds is the transformation of tryptanthrin imines under the nitrile oxide action. Unlike many
approaches used in (3+2)-cecloaddition reactions, the reaction described in [52] occurs at elevated
temperature, resulting in the formation of the target product in high yield (Scheme 15).

. methodology
"/1 [ '\®¢N\O@ ] \,\\1 one-pot NOs generation from oxime
—N
o}

=N NCS

NZ z > S, @:N N-on _pyridine 2
. OH
X 15 h, A N ‘7-1/ CH,CI E
o) X 2vi2
X=H, Br o) + Et;N N. O
S e

—Ph *—4-CI-CgH, —Ph *—4-Cl-CgH; *—4-Br-CgH,
*addition of dipolarophile before EtsN

Scheme 15. Oxadiazoline-tryptanthrin spirocompounds formation.

In a recent study [6] it was shown that with ultrasonic activation the time of the reactions of
nitrile oxides with fused imine can be reduced to 15-25 minutes without reducing the yield of the
spiro products (Scheme 16).
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Scheme 16. Ultrasonic-activated reactions of nitrile oxides and with fused imines.

2.3. Addition Reactions of NO and NI at the Exocyclic Bond of C=N Cycles with Two Heteroatoms

The reaction of 2-imino-thiazolidin-4-one and nitrile imine proceeds according to the classical
scheme with the formation of a spiro-fused product [53]. As in the case of the above (3+2)-
cycloaddition reactions, the dipole chemoselectively adds to the C=N bond without affecting the
exocyclic C=0 group (Scheme 17).

Ph<
N \FN

M N~ EtsN PNy N~
S NH + H S "NH

cl THF

& 0°C-rt
o e}

0o o} o} o) o) o)
—Ph —4-Cl-CgHy
Ph.

Scheme 17. Synthesis of spirocompounds from 2-imino-thiazolidin-4-ones and nitrile imines.

The amide C=O bond remains inert when these dipolarophiles are reacted with nitrile oxides
(Scheme 18). It is surprising that, in contrast to the nitrile imine reactions, which have only been
studied for thiazolidin-4-ones unsubstituted at the N3 nitrogen atom, the addition of nitrile oxide has
only been described for dipolarophiles containing heteroaromatic substituents at this position, such
as oxazoles [54-56], benzoxazole [57] u pyridine [58]. The reactions are carried out in a traditional
manner, which demonstrates high efficiency for all of the listed substituents.

I N Et;N N_ O
S)\N/' + Z "OH . T,
\ { cl CHCl, S N
o 0°C-rt _§
o)
N Ph— Ph—e
O =N ,_O =N 4-Cl-CoHy— 4-Cl-CoHy—
._w N0 \ N \-o0 4-Me-CgHy— 4-Me-CgHy—
Ny O N\ 4-OMe-CgHs— - 4-OMe-CgH,—
A 4-NO,-CgHy— 4-NO,-CgHy—
/

Scheme 18. Synthesis of spirocompounds from 2-imino-thiazolidin-4-ones and nitrile oxides.

Despite the structural similarity, only two examples of the use of 2-imino-oxazolidin-4-ones in
reactions of (3+2)-cycloaddition are known (Scheme 19). Unexpectedly, the replacement of the
substituent at the N?® atom critically affects the conditions for carrying out such reactions:
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dipolarophiles containing dimethyloxazole are introduced into the reaction under conditions similar
to thiazolidines (under cooling in CHCIs) [56], while benzimidazole-substituted dipolarophiles are
boiled in benzene [59]. Both methods allow obtaining spiro-fused oxadiazolines with a yield of over
70%.

“ N

—N
N N Et;N N_ O
_ e z \OH ><
0 N + \C/I CHCl;  CeHs QN
o°ct A
o O
4-Br-CgH,—
— i .—</N 4-Cl CGH4_. 4-Me-CgH,— Ph—  4-NOxCeH,—
N S H 64 4-OMe-CgH,—* 4-Cl-CgHs— 4-OMe-CgHs—
Ph—

Scheme 19. Formation of oxazolidine-oxadiazoline spirocompounds from nitrile oxides.

To obtain spiro-fused hydantoins (imidazolidine-2,4-diones) with the triazoline ring, the
corresponding arylimines were introduced into the reaction with nitrile imines (Scheme 20) [60]. The
dipole was generated in the classical way from hydrazonoyl halide and triethylamine. The latter was
introduced into the reaction mixture by two methods: by dropping a base solution (the most common
method) and by diffusion through the gas phase. Both methods were shown to be very effective, but
the yield of the product depended to a greater extent on the electronic characteristics of the
substituents in the aromatic fragments and, more unexpectedly, on the nature of the substituents at
the N and N3 atoms of the imidazolidine (R in Scheme 20).

.\N diffusion mixing
=N i jal: dipole precursor
[ N »* inner vial: dipole p
O¥\N/R . \//N NTO BN N N— + dipolarophile
N Cl H CH,Cl, O§)<N/R outer vial: EtsN solution
R 0 rt, Ar N—{ Et;N
R = Ph, CH,COOE 24h R 0 :
= Ph, CH; t gas
phase
Cl-CgHy—  4-Me-CgHy— ' Me— Ph— ' —Ph
2-Cl C6H4 4-Me C6H4 e transfer
2-Br-CgHs— 4-OMe-CgHy— | 4-Me-CgHy— —4-NO,-CgHy
CH,Cl,
4-Br-CgHy— 4-NO,-CgHs— ° 4-Cl-CgHs—
r-CeHa 2-Celhg 614 i, 24 h

Scheme 20. Dipolar cycloaddition of nitrile imines and iminohydantoins.

Both under conventional conditions and using the diffusion approach, iminohydantoins were
reacted with nitrile oxides (Scheme 21) [61]. In contrast to the above nitrile imine reactions, diffusion
mixing of the reactants was in some cases significantly inferior to classical conditions, in which the
target spiro compounds were formed in good or excellent yields. At the same time, it was found that
the presented method has a number of limitations: in addition to the low reactivity of N'-alkyl
iminohydantoins (similar to that presented for nitrile imines), the (3+2)-cycloaddition reaction did
not occur for carbethoxyformonitrile oxide (EtOOC-CNO) even for N'N3-bis-aryl substituted
dipolarophile.
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Scheme 21. Dipolar cycloaddition of nitrile oxides and iminohydantoins.

The work [62], describing the synthesis of spiro-fused triazolines by the reaction of nitrile imines
and 4-imino-pyrazolin-3-ones, is the only example of (3+2)-cycloaddition of these dipoles with an
exo-C=N bond initiated by the action of light (Scheme 22). The authors of the article selected tetrazoles
as dipole precursors, which were photochemically converted into nitrile imines with the release of
molecular nitrogen. It was shown on a large number of substrates that the selected conditions allow
the synthesis of spiro compounds with excellent yields.

QYO [-\(gN\g/ ] .-?ZN‘N_ dipolcv:\l generation: from tetrazole
Me _ Z N— hv ~N_
W e O TR Ay ey
Ph
Ph— Ph— 2-Me-CgHs— —Ph —4-F-CgHy
4-F-CeHy— S 3-Me-CgHy— —4-'Bu-CgHy —4-Cl-CgHy
4-Cl-CgH,— @_' 4-Me-CgHy— —4-OMe-CgHy ~ *—4-Br-CgH,
4-OMe-CgHy— 4-Pr-CgHy— —3-OMe-CgHy ~ *—4-1-CgHy4
| 4-CF3-CgHy— —2-OMe-CgH;  *—4-CF3-CgHy
Ph 2-OMe-CgHs—* —3.0H-CgH,  “—2,3-Mey-CgHs

Scheme 22. Synthesis of spiro-fused triazolines from nitrile imines generated from tetrazoles.

2.4. Nitrile Oxide and Nitrile Imine Reactions at Exocyclic C=N Bonds of Heterocycles with Three
Heteroatoms

The applicability of the method first described in 1965 [63] for the synthesis of bis-1,2,4-
triazolinespiranes at the reactions of nitrile imines with carbodiimides has recently been extended to
various fluorine-containing dipoles [64] (Scheme 23). It was shown that the preparation of similar
spiro products by the addition of two different dipoles is also possible, but this requires the synthesis
of the intermediate imino-triazoline by a different method [63]. Being a more active dipolarophile
than carbodiimide, it adds a second dipole molecule more quickly and therefore cannot be isolated.
It was also noted that the addition of nitrile imine to an imino-triazoline with an exo-C=NH group
does not allow the synthesis of the spiro-fused product, which apparently turns out to be unstable
[65]. The method also had other limitations, for example, di-p-tolyl-carbodiimide did not react with
the CHFz-substituted dipole, and when using di-tert-butyl-carbodiimide, the main product was
aminotriazole [64], which was also formed from other carbodiimides when boiling them with nitrile
imine in toluene [66].
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Scheme 23. Carbodiimide synthesis of bis-1,2,4-triazolinespiranes.

The reactions of nitrile oxides with carbodiimides were similar to the example presented above,
but in the presence of boron trifluoride etherate, which was necessary for the activation of the C=N
bond in the 1,3-dipolar cycloadition reaction (Scheme 24) [67]. It is worth noting that under non-
catalytic conditions, nitrile oxide did not add to diphenylcarbodiimide even after many hours of
heating in benzene. The addition of boron trifluoride made it possible to obtain the spiro-fused
product in less than an hour. As for nitrile imines, obtaining a structure formally corresponding to
the addition of two different dipole molecules was possible only if the intermediate imino-
oxazolidine was synthesized by an independent method.

® M ® ph-N._O
Ph—N=C=N-Ph ———> | 5" = >
BF3 Et,0 = BF ;- Et,0 Q” "N—Ph

CeHg, 60-70°C CgHg, 60-70°C N=
2,4,6-Me3-CGH2—° 3-N02-CGH4_'
Scheme 24. Carbodiimide synthesis of bis-1,2,4-oxadiazolinespiranes.

A more convenient dipolarophile for the synthesis of spiro compounds of the oxadiazoline-
oxadiazoline type and the only precursor of triazoline-oxadiazolines was oxadiazole imine, the
reactions of which with nitrile imines and nitrile oxides were described in [68] (Scheme 25). The
introduction of exo-C=N-unsubstituted oxadiazoline imine into the (3+2)-cycloaddition reactions
made it possible not only to carry out reactions with nitrile oxides in the absence of a catalyst, but
also to significantly reduce the reaction time compared to that required for nitrile imines. In contrast
to unstable triazoline-triazolines, both types of spiro compounds synthesized from this dipolarophile
were stable enough for isolation, characterization, and study of their biological properties.

N Ph._N. .Ph  Ph
H?:Nb Y o i ?;T H er?zN‘N Ph
< ~—9 9" N-Pn >
Q" "N—Ph EtsN, THF N= Et;N, THF Q” "N-Ph
N:K i 2h tt, 24 h N:K
R Ph—e 4-CF3-CGH4_° —Ph ’_4-CF3-CGH4

4-F-06H4_' 4-N02-CGH4_° '_4-F-CGH4 ’_4-N02-06H4

NO, 4-Cl-CgHs— 4-OMe-CgHys— —4-CI-CqH, *—4-OMe-CgHg4

Scheme 25. Oxadiazoline imine — precursor for triazoline-oxadiazoline and bis-oxadiazoline spirocompounds.

3. Conclusions

Synthesis of compounds with a spiro-fused framework via the (3+2)-cycloaddition reaction at
exocyclic carbon-nitrogen bonds appears to be not only feasible but also a convenient synthetic
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approach to these derivatives. The versatility of this approach has been demonstrated by numerous
studies of compounds with an exo-C=N bond as dipolarophiles, such as cyclic imines, oximes,
hydrazones, amidines, etc. Spiro compounds formed by dipolarophiles of a polycondensed structure
or complex compounds reflect the high reactivity of nitrile imines and nitrile oxides even toward
sterically hindered substrates. Recent work on this topic has focused largely on spiroconjugation of
heterocyclic pharmacophoric fragments, as well as on the use of alternative approaches to dipolar
cycloaddition reactions (microwave and ultrasonic activation, one-pot and diffusion techniques),
opening up new possibilities for organic synthesis.
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