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Abstract. The results of theoretical studies on [3 + 2]-cycloaddition
reactions carried out during the last decade are summarised. The
reaction mechanisms are discussed. The catalyst, solvent, and
substituent effects on the reactivities of compounds and on the
mechanisms, regioselectivity and stereoselectivity of reactions are
considered. The results of theoretical studies are compared with
corresponding experimental data. The bibliography includes 328
references.

I. Introduction

Research on [3 +2]-cycloaddition reactions began more than 100
years ago with a pioneering study by Buchner ! who reported the
reactions of ethyl diazoacetate with o,B-unsaturated esters. At
present, the [3+2]-cycloaddition reactions are widely used in
synthetic organic chemistry, in particular, for the synthesis of
various five-membered heterocyclic systems that are used in
industry and medicine and as synthons for fine organic syn-
thesis.?3

In the 1950s—1960s, the number of publications concerned
with the [3+2]-cycloaddition reactions increased dramatically.
This predetermined the need of summarising the results obtained
and gave an impetus to studies, including theoretical ones, on the
mechanisms of the processes in question. Systematic investiga-
tions of theoretical aspects of cycloaddition were initiated by
Woodward and Hoffmann*> who developed a theory of peri-
cyclic processes and by Huisgen® 9 and Firestone '~ !4 who
reported a series of studies on the mechanisms of dipolar
[3 + 2]-cycloaddition reactions.

However, wide use of theoretical methods became possible
only in the 1980—1990s. This is due to progress in hardware and
software (computational algorithms) development. Quantum-
chemical methods are a powerful tool of studying chemical
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reactions including cycloaddition ones. Indeed, in addition to
help in interpreting experimental data, which is of great value per
se, theoretical calculations allow one to predict many properties of
compounds and chemical reactions, sometimes providing a
unique possibility of studying unstable compounds and inter-
mediates. Additionally, they are successfully used for analysing
the effects of various factors on the reactivities of compounds and
on the rates, regioselectivity and stereoselectivity of reactions, etc.
At present, cycloaddition processes are intensively studied by
quantum-chemical methods.

In the last decade a number of monographs (e.g., Refs 2 and
15—-18) and reviews (e.g., Refs 3, 19 —22) summarising the results
of experimental studies of cycloaddition reactions including
[3+2]-cycloaddition were reported. However, most part of
reviews of theoretical studies on the subject were published before
1995.6-23-26 Chronologically, the last available reviews of studies
in this field were reported by Garcia er al.,>’” who analysed the
effects of the secondary orbital interaction mainly in the Diels—
Alder reactions and by Leach and Houk,?® who considered theory
of the Diels— Alder reactions involving oxygen molecules, nitroso
compounds and hydrogenated triazolinediones.

The aim of this review was to summarise the results of
theoretical studies on one of the most important types of cyclo-
addition reactions, namely, [3 + 2]-cycloaddition, carried out in
the last decade (from 1994 up to 2005).

I1. The cycloaddition reactions: a theoretical
background

1. Classification of [3 + 2]-cycloaddition reactions with
respect to the type of the interaction of frontier molecular
orbitals

According to the frontier molecular orbital (FMO) theory 2 that
underlies modern theory of chemical bonding, the course of
chemical reactions is governed by the interaction between the
highest occupied and lowest unoccupied MOs (HOMO and
LUMO, respectively) of the reactant molecules. One of the first
models that treated the cycloaddition reactions from the stand-
point of the FMO theory was proposed by Woodward and
Hoffmann (Woodward — Hoffmann rule).? This is the concept of
the conservation of orbital symmetry, which became part of all
textbooks of modern organic chemistry, being up to date a
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powerful tool of qualitative description of cycloaddition proc-
esses.

Sustmann proposed a classification of dipolar [3 +2]-cyclo-
addition reactions with respect to the character of the HOMO —
LUMO interaction in the initial compounds.3%-3! According to his
classification, which is widely used at present, the [3 + 2]-cyclo-
addition reactions can be divided into three groups. Group I
comprises the reactions controlled by the HOMOgipole—
LUMOdipotarophile interaction, or the so-called normal-electron-
demand (NED) reactions. Processes governed by the
HOMOdipotarophite = LUMOuipole  interaction, or the so-called
inverse-electron-demand (IED) reactions, form Group III. If the
energies of the valence MOs of two reactants are similar, the
reaction is controlled by both types of the HOMO-LUMO
interaction. These processes belong to group II (Fig. 1).
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Figure 1. Classification of cycloaddition reactions according to Sus-
tmann.

Hereinafter, ‘D’ stands for dipole and ‘DP’ stands for dipolarophile.

2. Main types of cycloaddition reaction mechanisms

There are two main mechanisms of cycloaddition reactions,
namely, a concerted mechanism and a stepwise one. A concerted
cycloaddition reaction occurs in a single step involving the
formation of one transition state (TS) (Fig. 2a).” The stepwise
mechanism involves a number of stages. It begins with the
formation of acyclic transition state and corresponding inter-
mediate and completes with the ring closure and formation of final
product (Fig. 2 ). The transition states and intermediates can be
dipolar (zwitter-ionic), singlet or triplet biradical structures.

The concerted mechanism can be synchronous or asynchro-
nous. In the former case the reactant molecules approach one
another synchronously with the formation of new bonds in the
transition state. In the latter case new bonds in the transition state
are formed in turn. Different authors use different criteria for
assessment of the synchronicity of processes. Often, the relative
lengths of the contacts a---c and b---d in the transition state
(see Fig. 2a) are used as a measure of the synchronicity of the
reaction mechanism. However, in practice this criterion can be
applied only to the reactions with the same type of the interacting
atoms. If new chemical bonds are formed between atoms of
different elements, the lengths of these contacts can be appreciably
different from each other even for the synchronous cycloaddition.

A more reliable criterion is provided by the bond populations
(e.g., the relative Wiberg indices3?) for the contacts a---c and
b---d, which depend on the nature of the interacting atoms. The
smaller the difference between the Wiberg indices, the higher the
synchronicity of the mechanism. However, in this case informa-
tion on the synchronicity of the process is also incomplete because
the analysis is restricted to only two bonds that are formed during

T This mechanism is also called a ‘one-step’ and ‘two-stage’ mechanism.
The latter term seems to be quite inappropriate; here the formation of
transition state from reactants is treated as the first stage and the
formation of reaction products from the TS is treated as the second stage.

Reaction coordinate Reaction coordinate

Figure 2.
reactions.

Energy profiles of concerted (a) and stepwise (b) cycloaddition

the reaction. A more correct quantitative measure of the degree of
synchronicity was introduced by Moyano et al.,>* who proposed
to allow for all bonds involved in the cycloaddition process.
According to Moyano et al.,’? the degree of synchronicity, Sy, of
a reaction is given by

Z ‘(SBI' - (SBav'/(SBav

=1 =t . 1
Sy on—2 (1

Here n is the number of bonds involved in the reaction (for the
[3 + 2]-cycloaddition, n=5) and J B; is the relative variation of the
Wiberg indices for the ith bond, which is calculated from the
following relationship
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where the superscripts ‘p’, ‘r’ and ‘ts’ correspond to the product,
reactants and transition state, respectively, and the average value
of the 0B,y is determined from

OBy =n"! z”: OB;.

i=1

For true synchronous processes, Sy = 1, whereas for asynchro-
nous ones Sy = 0.

Among various factors affecting the cycloaddition reaction
mechanisms, the Lewis acid coordination to one of the reactants
plays the key role. Usually, complexation is accompanied by an
abrupt increase in the asynchronicity of the reaction or even by a
change from concerted to stepwise reaction mechanism (see
below). This change in the mechanism can be explained from the
standpoint of charge control. The interaction of the Lewis acid
with the reactant causes transfer of the electron density from the
ligand to the catalyst (Scheme 1).
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Scheme 1

As a result, the ligand becomes more electrophilic, which
facilitates the attack of the second reactant by the negatively
charged end.

3. Substituent effects on the energy characteristics of
cycloaddition reactions

Obviously, replacement of substituents in the reactant molecules
should affect their reactivities in some way. This can be qualita-
tively interpreted in terms of the FMO theory. In particular, one
can expect that introduction of electron-withdrawing substituents
into the dipolarophile molecule and(or) electron-donating sub-
stituents into the dipole molecule will facilitate the NED reactions
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Figure 3. Substituent effects on the frontier MO energies.

Reaction type: a normal-electron-demand reaction (@), an inverse-elec-
tron-demand reaction (b), and a reaction accompanied by a change from
‘weak’ normal to ‘weak’ inverse electron demand interaction (¢); X is the
electron-donating substituent and Z is the electron-withdrawing substi-
tuent.

Figure 4. Lewis acid effect on the frontier MO energies.

Reaction type: a normal-electron-demand reaction (a), an inverse-elec-
tron-demand reaction (b) and an intermediate-type reaction (c); ‘LA’
stands for Lewis Acid.

due to a decrease in the energy difference between the dipole
HOMO and dipolarophile LUMO (Fig. 3 a). On the contrary, the
introduction of electron-donating substituents into the dipolaro-
phile molecule and(or) electron-withdrawing groups into the
dipole molecule should slow down the reactions due to an increase
in the AE value for the FMOs. The reverse situation is character-
istic of the IED reactions (Fig. 3 /). If the corresponding frontier
MOs of the initial reactants have nearly equal energies, the
introduction of the substituents that cause a significant redistribu-
tion of the electron density and act oppositely for different
reactants should favour the occurrence of the reaction. Moreover,
the type of the HOMO-LUMO interaction is often changed
from, e.g., ‘weak’ NED to IED or vice versa (Fig. 3 ¢). Examples
are given in the text below.

It should be noted that this qualitative treatment of the
substituent effects on the reactivities of reactants is simplified. In
particular, the model ignores steric effects. Additionally, actual
changes in the energies of the frontier orbitals are not always
related to the type of the substituent introduced. Finally, the
activation barrier is affected not only by the relative orbital
energies of the reactants but also by other factors, e.g., the nature
of the transition state and the total energy effects of bond cleavage
and formation in the formation of the transition state. Thus,
investigations of the substituent effects on the course of a chemical
reaction require detailed studies of its mechanism and estimation
of the activation energy.

4. Effect of catalyst

Carrying out [3 +2]-cycloaddition reactions often requires the
presence of a catalyst, e.g., a Lewis acid, which forms complexes
with the reactant molecules. To a first approximation the effect of
the Lewis acid on the course of cycloaddition processes can also be
analysed from the standpoint of the FMO theory. The catalytic or
promoting activity of the Lewis acid is first of all determined by
the fashion of its coordination to the dipole, dipolarophile or to
both reactants and by the type of the HOMO-LUMO interac-
tion, the catalyst effect in most cases being similar to that of
electron-withdrawing substituent. Selective coordination of the
Lewis acid to dipolarophile accelerates the NED reactions due to a
decrease in the energy difference AE between the dipole HOMO
and dipolarophile LUMO. The Lewis acid coordination to the
dipole leads to inhibition of the reaction, while coordination to
both reactants has little effect on the reaction rate (Fig. 4 a). The
reverse occurs in the case of the IED processes (Fig. 4 5). The use
of Lewis acids in type Il reactions favours the occurrence of the
process if the catalyst is selectively coordinated to the dipole or to

the dipolarophile; coordination to both reactants has no effect
(Fig. 4¢).

The selectivity of the metal coordination to a reactant is often
related to the hardness (softness) of the donor and acceptor
centres. For instance, if the donor centre in the dipolarophile is a
soft base and that in the dipole is a hard base, it is more
appropriate to catalyse the NED reactions with soft Lewis acids
that will selectively coordinate to the dipolarophile, thus causing
the processes to accelerate. The hard donor centre in the dipolaro-
phile requires the use of a hard Lewis acid. The reverse situation is
valid for the IED reactions.

The aforesaid is valid if the process occurs under orbital
control. However, in order to explain the catalyst effect, in some
cases the charge control should also be taken into account in
addition to the orbital control (especially for dipolar [3 + 2]-cyclo-
addition). Indeed, in the presence of a Lewis acid the process
becomes more asynchronous (see above) and thus can to some
extent be treated as a nucleophilic addition reaction. Such
reactions are primarily driven by the effective charges of the
interacting atoms. Consider a model NED reaction. The dipolaro-
phile c—d is activated by the metal ion M. The dipole a—b
asynchronously adds to dipolarophile M —c—d (see the right side
of Scheme 1). For metals in high oxidation states (i.e., harder
metals) the electron density is more significantly shifted from the
c—d fragment to the metal and the positive charge of the atom d
increases, which facilitates the addition of the dipole a—b at the
negatively charged end. Thus, the activation effect of the Lewis
acid in intermolecular cycloaddition reactions is due to two
factors, namely, the selectivity of coordination to one of the
reactants and the extent of the electron density transfer. In our
example, these factors act ‘in parallel’ if ¢ is the hard centre and
‘antiparallel’ if c is the soft centre.

5. The solvent effect

Most often quantum-chemical calculations are carried out for the
gas phase (more correctly, for isolated molecules); however, real
processes usually proceed in solution. The solvation effects are
included using a number of models that approximate the solvent
effect. These are the Kirkwood — Onsager model and the polarised
continuum model (PCM) and its modifications (CPCM,
IEFPCM, IPCM, SCI-PCM). To a first approximation the
solvent effect on the activation barrier is determined by the
relative polarity of the reactant molecules and the transition
state (if the solvent is not involved in the reaction, i.e., is not a
part of the transition state). The higher the polarity of the
structure, the greater the decrease in its energy in polar media. If
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Figure 5. Influence of solvation effects on the activation energy: the case
of high-polarity transition state.

the transition-state energy decreases to a greater extent compared
to the reactant energies, the activation energy should decrease in a
polar solvent (Fig. 5). Vice versa, if the overall polarity of the
reactant molecules is higher than the polarity of the transition
state, the reaction in high-polarity solvents will be inhibited.

6. The chemoselectivity, the regioselectivity and the
stereoselectivity

Many cycloaddition reactions are characterised by chemo-, regio-
and stereoselectivity. The chemoselectivity of cycloaddition
implies a selective addition of the reactant to one of several
multiple bonds of the substrate. The regioselectivity of cyclo-
addition is associated with the addition of reactant to a given
multiple bond of the substrate in a particular fashion. For
instance, calculations predicted preferred formation of 5-amino-
isoxazoline 1a compared to 4-amino-substituted isomer 1b in the
reaction of formonitrile oxide HC=N* —0O~ (fulminic acid)
with vinylamine.?* In this review the 4- and 5-substituted isoxazo-
lines will be called the meta- and ortho-isomers, respectively.

N

~

~ 0

i la NH
H—C=N—0~ + ~““\H, :

~ 0

HoN  1b

This phenomenon is often interpreted from the standpoint of
the FMO theory following the rule that the reacting molecules
interact through the atoms with similar (or largest) orbital
coefficients.?> At the same time the regioselectivity can also be
governed by other factors, in particular, steric repulsion between
substituents, secondary orbital interaction, formation of hydro-
gen bonds, erc.3

The stereoselectivity (diastereoselectivity and enantioselectiv-
ity) is due to preferred formation of the structures with a
particular stereo configuration of the environment of the chiral
atoms. For instance, in the reaction of N,C-dimethylnitrone
MeCH=N(Me)O with methyl vinyl ether the addition resulting
in diastereomer 2a is more favourable than the process resulting in

2b.37
O \\\OMC
¥ 8
MefN\J
Me M <
+ e | 2a Me
/jN\ + /\0/
Me (O fo) OMe
/
MeN\j
2b Me

7. The hard —soft acid —base principle
At present, one of the most widely used concepts in chemistry is
the theory of hard and soft acids and bases,®~ 40 which is
successfully employed for describing the reactivity of compounds
as an alternative to the FMO theory.*! 4% This concept is
particularly widely used for interpreting the regioselectivity of
various processes, e.g., cycloaddition of CH>N»>, RN3, N>O,
NCO, ete. to the molecules with multiple bonds.>0 34

According to the theory of hard and soft acids and bases and
the density functional theory (DFT), the total energy of inter-
molecular interaction can be represented by the sum

AEi = AE, + AE,, 2)

where AE, and AE, are the energy changes at constant external
and chemical potentials, respectively.’>~ 38 The first term corre-
sponds to the processes of charge transfer between the reactant
molecules. In the local—local approximation, it is expressed
through the chemical potentials (1) and ‘softnesses’ (S) of the
reacting molecules A and B

1 (ua —pg)’

AE ) — 2 A~ le)
(AE s 2 Safak+ Sefai

SaSsfarSsi 3)

where fax and fp; are the Fukui functions which characterise the
reactivities of the atoms k and / in the molecules A and B and
depend on the type of the process under study, i.e., a nucleophilic
(f™), electrophilic (f~) or radical (f/°) attack.’® The g and S can be
calculated as follows

_ 1+4
n= 5
1 1
S=—~—,
2n  I—4A4

where 7is the ionisation potential, A4 is the electron affinity and 5 is
the molecular ‘hardness’.”®
The second term in Eqn (2) describes the charge reshuffling at

constant chemical potential and is calculated using the expression

Kl 1 A
(AE)as 2SSk + Sefar’
where the parameter A is proportional to the effective number of
valence electrons involved in the reaction between A and B.46-36-57
A conventional analysis of the regioselectivity of cycloaddi-
tion involves calculations of the energies, AEin, of possible
regioisomers. Clearly, the higher the total interaction energy, the
more preferred the formation of the corresponding isomer.

II1. Computational methods used in studies of
[3 + 2]-cycloaddition reactions

At present, semiempirical quantum-chemical methods (AMI,
PM3, MNDO, INDO, ZINDO, efc.) belong to the simplest and
cheapest (from the standpoint of computational cost) techniques
employed for calculations of organic molecular systems. They
differ from one another in parametrisation. Although in some
cases the results obtained in these approximations agree well with
experimental data,%¢! the properties predicted are more often
significantly different from those observed experimentally.®?—64
Therefore, the results of semiempirical calculations should be
interpreted with care. At the moment, semiempirical methods are
inappropriate for studying low-molecular-mass organic systems.
However, they can be useful for rapid assessment of general trends
and correlations % rather than obtaining reliable quantitative
energy characteristics and investigating the mechanism of the
process under study as well as in studies of large molecules (e.g.,
macro- and biomolecules) where the use of more accurate approx-
imations is difficult or impossible.
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Until recently, the most widely used ab initio procedure was
the Hartree—Fock (HF) method. Often, this approximation
reproduces quite correctly the geometric parameters of molecules
(first of all, the bonding distances between atoms of the first-to-
third row elements).®® However, the HF method ignores the
electron correlation effects and therefore strongly overestimates
the activation barriers and vibration frequencies. Indeed, the HF
calculated activation energies for cycloaddition reactions are
1.5—-2.5 times higher than experimental estimates or the activation
barriers obtained from high-level approximations.®”’ 73 Thus, the
HF method is inappropriate for studying cycloaddition reactions.

One of the ‘simplest’ ab initio methods with inclusion of
electron correlation effects is the Meller—Plesset perturbative
method (MP2 stands for the second-order Moller — Plesset level
of theory). The results obtained in this approximation agree with
experimental data better than the results of HF calculations;
therefore, the MP2 technique is widely used, including studies of
the cycloaddition reactions.®”-7%-74-76 However, much higher
computational cost of the MP2 calculations somewhat limits the
field of application of the method (especially for the systems
containing transition metal atoms). Additionally, in some cases
the MP2 calculated geometric parameters are appreciably differ-
ent from experimental data (the differences can be even larger than
in the case of the HF method).%¢ It is also known that the MP2
wave functions of high-spin systems are characterised by high
degree of spin ‘contamination’, which can affect the results of
calculations.””~7° Nevertheless, this approximation remains one
of the most popular methods for calculation of medium-size
molecular systems.

There are also other high-level approximations, which often
give the results that are in excellent agreement with experimental
data. These are, e.g., higher-order Moller — Plesset methods [MP3,
MP4DQ, MP4SDQ, MP4SDTQ; the letters °S’, ‘D’, ‘T” and ‘Q’
mean that the corresponding calculations allow for single, double,
triple and(or) quadruple excitations], the coupled clusters method
[CCD, CCSD, CCSD(T)], the quadratic configuration interaction
[QCISD(T)] method, the multiconfiguration self-consistent field
(MCSCF or CASSCF) method and the composite methods (G1,
G2, CBS) that give the best approximation to the experimental
energies (with an average deviation of 3—4 kJ mol—1!). It was also
reported that the theoretical activation energies and energy effects
of cycloaddition processes strongly depend on the level of theory
at which electron correlation effects are included. For instance,
the activation energies for [3+2]-cycloaddition reactions of
(i) diazomethane, fulminic acid 3> and methyl azide 8 with C,Hy4
and (ii) ozone with isoprene 74 changed by 20—40 kJ mol—! on
going from the MP2 to the MP4, QCISD or CCSD(T) calcula-
tions. In contrast to this, the authors of other studies reported a
weak dependence of the energy parameters on the computational
method and basis set employed. For instance, the E, value for the
interaction of nitrone CH,=N(Me)O with acetonitrile varies
from 48 to 59 kJ mol~! when using the MP2/6-31G*,
MP4SDTQ//B3LYP/6-31G*, MP4SDTQ//MP2/6-31G*, CCS-
D(T)//B3LYP/6-31G*, CCSD(T)//MP2/6-31G*, CBS-Q and
B3LYP/6-31G* methods.”

Analysis of the published data on the effect of the approx-
imation employed on the results of calculations of cycloaddition
reactions revealed the following. The relative energies obtained
from the MP4SDTQ, CCSD(T) and QCISD(T) calculations with
the same basis set are often similar, being in good agreement with
experimental data.”? 8! The CASSCF method often overestimates
the activation energies for the concerted cycloaddition mecha-
nism. As a consequence, the stability of biradical structures and
the possibility of stepwise mechanism are overestimated even
when using a large active space.32~8 However, the results of the
CASSCEF calculations with MP2 corrected energies (CASPT2//
CASSCEF) are similar to those of the CCSD(T), G2 and CBS
calculations.®3 85 Moreover, in some cases the open-shell systems
(e.g., biradical structures) and excited states can be correctly

described only in the CASSCF and CASPT2 approximations. At
the same time the MP4SDTQ, CCSD(T) and QCISD(T) methods
can be recommended for theoretical studies of ground-state
closed-shell structures. The G2 and CBS approximations belong
to the most accurate ones and give the results that are in excellent
agreement with experimental data. However, these techniques are
of limited use because they are only applicable to small molecular
systems.

Finally, there is yet another group of computational methods
with inclusion of electron correlation effects. These are the DFT
methods that combine a rather high accuracy of calculations and
relatively low computational cost. This predetermines high pop-
ularity of DFT methods in studies of organic and organometallic
molecular systems. Most DFT studies of cycloaddition reactions
were carried out with the B3LYP functional. Often, the results
obtained from B3LYP calculations are in good agreement with
experimental data and this approximation can be considered
optimum. Nevertheless it is clear that search for the most correct
method of theoretical investigation of a new cycloaddition reac-
tion requires evaluation of various approximations, as applied to
the process under study, and comparison of the results obtained
with experimental data. In the lack of experimental data (this is a
quite typical situation) the applicability of a particular computa-
tional method can be indirectly assessed by comparing the results
obtained with those found from the highest-level approximations
[G2, CBS, CCSD(T), etc.].

In addition to the computational methods, the choice of the
basis set can also affect the results of calculations. At present, most
studies of the cycloaddition reactions of medium-size organic
molecules are carried out with the 6-31G* split-valence basis set of
Gauss functions. In most cases a correct description of the systems
under study requires the use of polarisation functions. Addition-
ally, investigations of anion structures require augmentation of
the basis sets with diffuse functions (e.g., the basis sets 6-31+ G**,
6-31+ G** and 6-31++ G**). In studies of small molecules it is
possible (and desired) to employ the extended basis sets (e.g.,
6-311G**, 6-311+ G**, cc-pVDZ, cc-pVTZ, etc.). If the reacting
molecules contain transition-element atoms, the core electrons in
these atoms are usually approximated by pseudopotentials
(LanL2DZ, LanL2MB, Stuttgart pseudopotentials, etc.), which
can also allow for relativistic effects (this is of particular impor-
tance in the case of heavy fifth- and sixth-row elements).

The energy characteristics of cycloaddition reactions are often
sensitive to the change in the computational method rather than
the change in the basis set.3>72:73.80.83 For instance, extension of
the basis set from 6-31G* to 6-31+ G**, 6-311+ G*, 6-31 14+ G**
and 6-311++G(2df,2p) [methods MP2, CCSD(T) and
MP4SDTQ, respectively] in studies of the reactions of CH2N»
and HCNO with C;H4 and C>H; causes the activation energy to
change only by 0.2—-2.3 kJ mol—! (see Refs 35 and 83). On the
contrary, some authors reported strong differences between the
activation barrier calculated with different basis sets.”! Thus,
studies of new cycloaddition reactions require evaluation of
various basis sets in order to analyse the stability of the solution
to the changes in the basis set.

IV. Reactions of allyl type dipoles

Most [3 +2]-cycloaddition reactions represent a dipolar cyclo-
addition (one reactant molecule is a dipole while the other reactant
molecule is a dipolarophile). The dipole molecules contain highly
polar bonds and fragments the atoms of which bear integer
positive and negative formal charges at least in one boundary
structure. The dipoles are usually divided into two main classes,
namely, the allyl and propargyl-allenyl type dipoles (Fig. 6). The
first type of compounds has a bent geometry of the reactive
fragment due to sp?-hybridisation of the orbitals of the central
atom; the second type of compounds is characterised by sp-
hybridisation of AOs and linear geometry.
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Figure 6. Main types of 1,3-dipoles.

Nitrones (/); ylides (2); carbonyl-, thio- and selenocarbonyl ylides (3);
azomethine imines (4); carbonyl imines (5); carbonyl oxides (6); azoimines
(7); nitrosimines (8); azoxy compounds (9); nitroso oxides (/0); nitro
compounds (/7); ozone (12); nitrile oxides (/3); azides (/4); diazoalkanes
(15); nitrile ylides (6); nitrile imines (/7); and nitrous oxide (/8).

The allyl-type dipoles comprise nitrones, ylides (including
azomethine ylides, carbonyl ylides and thio- and selenocarbonyl
ylides), azomethine imines, carbonyl imines, carbonyl oxides,
azoimines, nitrosimines, azoxy compounds, nitroso oxides, nitro
compounds and ozone. Additionally, the oxo ions and transition
metal oxides can also formally be treated as dipoles.

1. Nitrones

The cycloaddition of nitrones to alkenes (Scheme 2) resulting in
izoxazolidine 3 is one of the best studied dipolar [3 + 2]-cyclo-
addition processes.
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The [3 +2]-cycloaddition processes involving nitrones are often
treated as Sustmann’s type II processes.’-87 By varying substi-
tuents in the nitrone or dipolarophile molecule one can readily
change the type of the HOMO — LUMO interaction and therefore
the type of the reaction, thus making it a NED or an IED process.
Indeed, the cycloaddition of nitrones to such electron-deficient
dipolarophiles, as acrylonitrile (CH,=CHCN),%® acrolein
(CH,=CHCHO),* methyl propiolate (CH=CCO,Me) 38890
and methyl acrylate (CH,—=CHCO,Me),’! alkyne carbene chro-
mium complex [(CO)sCr=C(OH)C = CH],?° fluorinated alkenes
and alkynes,”>% nitroalkenes (R'CH=CR?NO,)%* %7 and
vinylsulfonyl chloride (CH,=CHSO,Cl)"® are controlled by the
HOMOuitrone — LUMOdipolarophile interaction. On the other hand,
the use of alkenes with electron-donating substituents, e.g., methyl
vinyl ether (CH,—=CHOMe) 37 causes the reaction type to be
changed to the IED process.

a. Reactions with alkenes and alkynes. The reaction mechanisms
Most authors have reported a concerted mechanism of thermally
induced cycloaddition of nitrones.37-82-88.93.98-103 For instance,
studies of the reactions of (i) N,C-dimethylnitrone
[MeCH=N(Me)O] with CH,=CHOMe (see Ref. 37) and
(ii) cyclic nitrone 4 with methyl propiolate and acrylonitrile 8
showed that in the most stable transition states of these reactions
the difference of the Wiberg bond indices for the C(3)---C(4) and
O(1)---C(5) contacts (see Scheme 2) varies in the range from 0.13
to 0.27, thus indicating an asynchronous mechanism. Calculations
of the Sy values for the cycloaddition of CH,=—=NHO to ethylene
and acetylene showed that these processes are characterised by
high synchronicity (Sy=0.92).9%- 19 Interestingly, a high synchro-
nicity was also found for the reactions of CH,=NHO with such
asymmetrical dipolarophiles, as CH,=CHCF;, F,C=CFCF;
and CH = CCF; .3

The mechanisms of nitrone (CH,=NHO) cycloaddition to
ethylene and cyclobutadienes 5 and 6 were studied.®?1%4 The
results of the B3LYP, CASSCF and QCISD calculations indi-
cated a concerted mechanism of the nitrone interactions with
CH,=CH; and compound 6; as to the addition to cyclobuta-
diene 5, the concerted and stepwise mechanisms were found to be
equiprobable due to clear antiaromatic character of compound 5.
In the case of nitrone reactions with allene (CH,=C=CH>) the
stepwise cycloaddition involving the formation of biradical inter-
mediate is energetically more favourable than concerted one.!03

E
w_TT
H
— —
AN
HN

b. Effect of Lewis acid on the reaction mechanism

The introduction of a Lewis acid catalyst into the system leads to
dramatic increase in the asynchronicity of the process37-106.107
(for the reasons, see above). For instance, the reaction of
MeCH=N(Me)O---BH3 complex with CH,=CHOMe is
accompanied by an increase in the difference between the Wiberg
indices for the contacts C(3)---C(4) and O(1)---C(5) in the tran-
sition state (see Scheme 2) from 0.13 (for non-catalytic process) to
0.27.37 The effect of Lewis acid (BH3 and BF3) on the mechanism,
energy characteristics, regio- and stereoselectivity of the reaction
of CH,=NHO with acrolein was also studied.!®® If BHj is
coordinated to acrolein, the activation energy decreases from
105 to 53 kJ mol~! and the asynchronicity of the process
increases. Coordination of this Lewis acid to nitrone causes
inhibition of the reaction (E, increases by 18 kJ mol—!) and
some increase in its synchronicity. The theoretical activation
energies reported in this study should be treated with care, because
they were obtained from HF calculations ignoring the electron
correlation effects [cf. 65.7 kJ mol—! for the experimentally
determined enthalpy of activation of thermally induced reaction
of PhnCH=N(M¢)O with CH,=C(Me)CO:Me, see Refs 7 and
108]. Nevertheless, the character of the Lewis acid effect on the
reactivity (i.e., acceleration of the reaction upon selective coordi-
nation of BHj3 to dipolarophile) is in qualitative agreement with
the FMO theory predictions for the NED processes to which the
reaction in question belongs. Interestingly, the coordination of
BF; used instead of BHj3 to nitrone causes the reaction mechanism
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to change from concerted to stepwise. Corresponding calculations
revealed a Michael-type intermediate for this reaction.

Two possible mechanisms of the interaction of zinc-coordi-
nated N-benzyl-C-(2-pyridyl)nitrone with allyl alcohol were
studied.®> However, the PM3 semiempirical method employed in
that study precluded a correct description of the systems under
study and the results obtained appeared to be in contradiction
with experimental data.

c. Solvation effects

Usually, the dipolar [3+ 2]-cycloaddition reactions of nitrones
occur via polar transition states, but the initial nitrone is also a
dipole. If the second reactant has a sufficiently large dipole
moment, the total polarity of the reactants becomes higher than
the polarity of the transition state. Therefore, when using polar
solvents, one can expect an increase in the activation energy for
this type of reactions. This was confirmed experimentally '0°-111
and theoretically.3”-94 190 In particular, Domingo 37 showed that
the activation barrier to the reaction of MeCH=N(Me)O---BHj3
with CH,—=CHOMe increases by 7—8 kJ mol~! on going from
the gas phase to solution in CH>Cl,. A similar effect was also
obtained for the reaction of CH,=NHO with non-polar ethylene;
at the same time the interaction of this nitrone with acetylene is
characterised by some decrease in E, on going to solution in
MeCN. 1% Additionally, solvation is accompanied by an increase
in asynchronicity of formation of the corresponding transition
state or even by a change from concerted to stepwise reaction
mechanism due to, e.g., stabilisation of polar acyclic intermediate
in the polar solvent as in the reactions of PhR'C=N(Ph)O
(R'=H, Ph) with nitroalkenes R?CH=—CHNO, (R?=
CsH4NO»-4, CN, CCly).%4 101, 112

d. Regioselectivity and stereoselectivity
Elucidation of the nature of the regio- and stereoselectivity of the
[3+ 2]-cycloaddition processes is one of the most interesting and
important problems. The regioselectivity is often interpreted from
the standpoint of the FMO theory as a result of preferred
interaction of the dipole and dipolarophile atoms characterised
by the largest orbital coefficients in the FMOs. At the same time in
the case of nitrones both types of the interaction,
HOMOnitronc - LUMOdipolarophi]c 5 and HOMOdipolarophilc -
LUMOniirone, play a significant role and the orbital coefficients
of all reacting atoms in the FMOs are similar. This is the reason for
low regioselectivity of these reactions. 58 113,114

As mentioned above, the introduction of electron-donating or
electron-withdrawing substituents into the nitrone or dipolaro-
phile molecule leads to predominance of a certain type of the
HOMO-LUMO interaction and, hence, to an increase in the
regioselectivity of the reaction. For instance, experimental 115-118
and theoretical 34.37,89,93.94.98. 101, 118, 119 gty dies showed that
reactions of nitrones with olefins usually result in preferred
formation of ortho-isomers if the dipolarophile molecule contains
an electron-donating substituent (e.g., Alk, OAlk, NH») and
meta-isomers if it contains an electron-withdrawing substituent
(e.g., CHO, CF3, NO;, SO>Cl). By varying substituents in the
nitrone molecule one can also change the regioselectivity. For
instance, the use of nitrones CH,=N(R)O in the reaction with
CH,=—=CHNO;, leads to exclusive formation of the ortho-isomer,
whereas in the case of C-substituted nitrones the reaction results in
the meta-isomer (meta-selectivity).!20- 121

High meta-selectivity was predicted for the interaction of
cyclic nitrone 4 with methyl propiolate.®® According to calcula-
tions, isomer 7 should be the major product [the PCM-B3LYP/
6-31G* calculated activation energy difference is 11 kJ mol—1!,
which corresponds to an isomer ratio of 85 (meta):1 (ortho)],
which agrees with experimental data on selective formation of the
meta-isomer in the reaction of compound 4 with ethyl propiol-
ate.88
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Even minor changes in the relative activation barriers to the
formation of meta- and ortho-isomers lead to large variations of
the relative yields of the regioisomers due to exponential depend-
ence in the Boltzmann equation; therefore, the theoretical esti-
mate of regioselectivity can strongly depend on the computational
method and basis set employed. For the addition of nitrone 4 to
acrylonitrile, B3LYP/6-31G* calculations 8 showed a low meta-
selectivity, whereas B3LYP/6-31+ G* computations using the
basis set augmented with diffuse functions predicted a low ortho-
selectivity (formation of product 8). One can expect that further
extension of the basis set and use of higher-level computational
methods [e.g., MP4 or CCSD(T)] will provide better agreement
with conclusions about exclusive formation of the ortho-isomer in
this reaction drawn from experiment.

In some cases the regio- and stereoselectivity are governed by
the nature of the solvent and the presence of the Lewis
acid.?7-100.122,123 T particular, the interaction of CH,=N(R)O
with nitroethylene (CH,=CHNO) shows no regioselectivity in
the gas phase, but calculations with inclusion of solvent effect lead
to preferred formation of the ortho-isomer via an endo-transition
state in accordance with experimental data (see above).!%
Enhancement of the regio- and stereoselectivity upon the intro-
duction of Lewis acid was observed3” in calculations of the
interaction of MeCH=N(M¢e)O with CH,=CHOMe. The
exo:endo isomer ratio increases from 3.8:1 (obtained from
B3LYP/6-31G* calculations of thermally induced reaction) to
29:1 for the BHs-catalysed process. For comparison, the exper-
imental exo:endo isomer ratio in the reaction of
CH,0CMe,OCH=N(0)CMe,OCH, with CH,=CHOEt is 3: 1.8
The exo-stereoselectivity is due to the lack of steric hindrances to
the formation of transition state in the case of endo-isomer.

Steric stabilisation is one of the main reasons for stereo-
specificity of the reactions of nitrones with cis-3,4-dimethylcyclo-
butene '** and electron-deficient alkenes containing bulky
substituents.!?> In the former case strong interaction between the
nitrone atoms and the methyl groups of the dipolarophile leads to
almost exclusive formation of the anti-isomer via an exo-transition
state (TS1). The activation energy for the formation of the
corresponding syn-product is 8.6 kJ mol—! higher (theoretical
and experimental syn: anti product ratios are 97:3 and > 99:1,
respectively), while the endo-addition is 33-39 kJ mol~! less
favourable than the exo-addition. The anti-addition is also
preferable for the reactions of CH,=NHO with enol ethers, but
here the stereoselectivity is mainly governed by electrostatic
effects.12¢

e
H—Nn 0
CH, TS1

The effect of the nature of the substituent in the dipole
molecule on the stereoselectivity of cycloaddition was studied.!?’
The reaction of the model compounds, namely, E-isomer of
nitrone MeO,CCH=N(Me)O (9) and N,N-dimethylallylamine
should result in preferred formation of zrans-product 10 through
exo-addition, whereas in the reaction of nitrone 11 should mainly
afford the cis-isomer 12 (this process will occur under kinetic
control).
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The conclusions made '?7 are in excellent agreement with exper-
imental facts. Similarly, the Si-exo-facial stereoselectivity was
calculated for the reactions of C-[(4,5)-2,2-dimethyl-1,3-dioxo-
lan-4-yl]-N-methylnitrone with ethyl 2-acetoxyacrylate '2® (theo-
retical and experimental isomer ratios of the most stable Si-exo-
and Re-exo-isomers are 7: 1 and 2: 1, respectively) and with vinyl
acetate.'?® At the same time the cycloaddition of C-[(4,S)-2,2-di-
methyl-1,3-dioxolan-4-yl]-N-methylnitrone to methyl acryl-
ate,'30  C-(2-furyl)-N-methylnitrone to vinyl acetate,’3! and
nitrones to unsaturated arylsulfones 3> and pyrazolon-N,N-di-
oxides to epoxynaphthalene 133 show endo-selectivity.

In some cases the stereoselectivity is governed by the effect of
the secondary orbital interaction (orbital interaction between the
atoms that are not involved in the cycloaddition reaction, e.g., the
atoms b and g or b and f, see Fig. 7). Obviously, a bonding
secondary orbital interaction should stabilise a given stereoconfi-
guration and an antibonding interaction should destabilise it.
Indeed, the endo-stereoselectivity theoretically predicted for the
addition of nitrones to s-cis-acrolein (CH,=CH—CHO) is
governed by the bonding secondary orbital interaction between
the nitrone nitrogen p-AOs and p-orbitals of the atoms in the
carbonyl group of the dipolarophile.3* 134 However, it should be
noted that the authors of some studies (see, e.g., a review by
Garcia et al??) cast some doubt on the role of the secondary
orbital interaction in the stereospecific course of reactions.

Primary

interaction
Secondary

interaction

Figure 7. Primary and secondary orbital interactions.

Model reactions of nitrone CH,=NHO with vinylboranes
CH,=CHBR; were studied.!?> The [3 + 2]-cycloaddition reac-
tion should show regioselectivity and endo-stereoselectivity and
proceed at high rate via acyclic complex 13 with the formation of
ortho-isomer 14.
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The regioselectivity and low activation barriers are due to strong
interaction between the boron and oxygen atoms in complex 13
and in the corresponding transition state TS2. Other possible
mechanisms of this process, namely, cyclisation with the forma-
tion of six-membered boron-containing ring, O-boronation and
oxidation are undoubtedly energetically less favourable compared
to cycloaddition. The use of dimethyl-substituted vinylboranes
CH,>,=CHBMe, and Me,C=CHBH, causes the activation
energy to increase, whereas in the case of dichlorovinylborane
CH,=CHBCI; the activation barrier decreases consistently with
the FMO theory predictions for the NED reactions. At present,
these theoretical predictions cannot be substantiated or rejected
due to the lack of corresponding experimental data.

If the dipolarophile molecule has several multiple bonds, the
dipole can selectively react at one of the bonds (this is called
chemoselectivity). For instance, the chemoselectivity of the reac-
tion of cyclic nitrone 15 with methyleneketene was studied.!3¢ The
reaction can follow three pathways, among which the cyclo-
addition to the terminal C=C bond is the most kinetically
favourable (B3LYP/6-31G* calculated activation energies for
the pathways a, b and c are 16, 23 and 87 kJ mol—!, respectively).
This agrees with experimental data on the isolation of the
corresponding regioisomer.
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e. Other dipolarophiles

The results of studies on the reactions of cyclic and acyclic nitrones
with free nitriles RC =N and platinum-coordinated nitrile con-
stituents of the complexes trans-[PtClo(NCMe),] (16) and trans-
[PtCl4(NCMe),] (17) (Scheme 3) were summarised in two recent
studies.” 137

Scheme 3
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[Pt] = trans-[PtCl,(NCMe)]; n = 2, 4.
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These studies were carried out to establish the reasons for the
activation of nitriles in the complexes compared to free ligands
and to thoroughly analyse the reaction mechanisms and the
influence of various factors (solvent, nature of substituent, com-
putational method) on the energy characteristics of the reactions.
The experimentally observed 3% 13% enhancement of the reactivity
in the series MeCN-16—17 was interpreted as being due to a
decrease in the nitrile LUMO energy in this series (orbital control)
and an increase in the effective atomic charge of the nitrile
B-carbon (charge control).'#® Analysis of the electron density
distribution in the transition states TS3 showed that the coordi-
nation of nitrile is accompanied by not only the change in the
reaction type from the intermediate to the NED reaction but also a
change in the reaction mechanism from synchronous for MeCN
(Sy = 0.92) to intermediate between concerted cycloaddition and
nucleophilic addition of the nitrone oxygen atom to the nitrile
B-carbon (Sy = 0.69 and 0.53 for the reactions of compounds 16
and 17, respectively). It is this change in the reaction mechanism
that provides an explanation for dramatic enhancement of nitrile
reactivity upon coordination. Nevertheless, ring critical points
were located for all transition states (Fig. 8), which indicates the

Figure 8. Contour map illustrating the distribution of the Laplacian of
electron density V2p(r), the bond pathway and the zero-flux surface for
transition states of the reactions of nitrone CH,=—N(Me)O with MeCN
(a) and complex 17 (b).

cyclic nature of the transition state even in the reaction of
complex 17.

The results of calculations confirmed that coordination of
nitrile in complexes 16 and 17 is followed by dramatic decrease in
the Gibbs free activation energy and by an increase, in absolute
value, in the energy change (AG) in the reaction (Table 1). This is
in excellent agreement with the experimentally observed changes
in the reactivity of nitriles. Interestingly, the ‘electronic’ activation
energy calculated relative to the total energy of reactants for the
interaction of CH,=N(Me)O with complex 17 is negative, being
equal to —23 kJ mol~! (obtained from B3LYP/6-31G* calcula-
tions). However, the E, values calculated relative to the orienta-
tion complex that is formed in the early stages of the reaction and
the Gibbs free activation energy calculated relative to the total
energy of reactants become positive (20 and 34 kJ mol—!, respec-
tively). Thus, in the E, scale (in essence, this parameter coincides
with AH* at 0 K) the energy of the orientation complex is lower
than that of the reactants. Nevertheless, with allowance for the
entropy factor one gets that the equilibrium is shifted towards
formation of the initial compounds. This situation is typical of the
cycloaddition reactions involving highly activated reactants (see,
e.g., Refs 141 —-143).

Table 1. Relative energy characteristics (in kJ mol—!) of the cycloaddition
of CH>2N(Me)O to MeCN and to complexes 16 and 17 (obtained from
B3LYP/6-31G* calculations; ECP on Pt atom).?

Reactant E, AH” AG* AE AH AG

MeCN 59 (66) 62 116 —100(—83) —88 —32
67 [74]® [128]> —91 [—86]P[—30]P
[71]# [-97]®
[71 (78)1° [-97 (=8D1)]°

16 13(19) 14 82 —147(—130) —137 —o04
24 —136
[27]# [—129]2

17 —23(—=17) —16 34 —170 (—152) —155 —-93
—15 —163

[oy® [—151]*

Notes. 1. All values are given relative to the total energy of the reactants.
2. The values in parentheses and in square brackets denote the values
corrected for zero-point vibrational energy and for solvation effect,
respectively. The values corrected for the basis set superposition error
are given in italic.

4Obtained from CPCM calculations using the gas-phase equilibrium
geometry. P Full geometry optimisation was carried out in the CPCM-
B3LYP/6-31G* approximation.

Studies of the effect of the substituent nature on the energy
characteristics of reactions showed that the process proceeds more
easily upon introduction of electron-withdrawing groups into the
nitrile molecule. Indeed, the activation energies obtained for the
reaction of CH,—=N(Me)O with RCN are 59 and 54 kJ mol—! at
R = Me and Ph, respectively. C-Alkylnitrones are more reactive
than C-arylnitrones (AG* = 127 and 143 kJ mol~! for the reac-
tions of MeCH=N(M¢)O and p-MeC¢cH4CH=N(M¢e)O with
MeCN, respectively). The theoretical AH* value for the reaction
of p-MeOC¢H,CH=N(Me)O with PhCN is 83 kJ mol~!, being
very similar to the experimental value determined for the inter-
action of cyclic nitrone 18 with PhCN (84 kJ mol—1).!1#* Addi-
tionally, a linear correlation between the parameter AG* and the
synchronicity of cycloaddition was found (Fig. 9). Since both
reactant molecules have high polarities, the use of a polar solvent
should inhibit the reaction, namely, the activation energy
increases by 12—23 kJ mol~! on going from the gas phase to
solution in CH,Cl; and the AE value for this reaction decreases by
3-20 kJ mol—!in absolute value.
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Figure 9. Parameter AG* plotted vs. difference of the Wiberg indices
(Aky) of the contacts O(1)N(5) and C(4)N(3) for the reactions of
compounds R!CN (R! = H, Ph) with RRCH=N(Me)O (R?> = H, Me,
p-MeCeHy , p-MeOCgHa); obtained from B3LYP/6-31G* calculations.
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Salts with [R'C =NR?]" cations, in which the nitrile is very
electron-deficient, can be used to model the complexation of
compounds RCN. The results of semiempirical AM1 calculations
of the cycloaddition of pyridine N-oxide (CsHsNO) to
[MeC = NMe] " supported a stepwise reaction mechanism.!4’

Reactions of nitrones R'TCH=N(R?)O with singlet oxygen
!0, and molecular anion O; were studied.'*® The intrinsic
reaction coordinate was calculated and application of the virial
theorem to the molecular system along the reaction pathway was
considered. All processes, except for the interaction of
CH,>=NHO with O5 , occur with the formation of five-membered
heterocyclic products. For the last-named reaction, attempts to
locate such a product failed.

2. Ylides

Ylides are a large class of 1,3-dipoles. Most of them belong to
allyl-type dipoles (except nitrile ylides). Azomethine ylides
[RIC=N(R?)CR3], carbonyl ylides and thiocarbonyl ylides
(R2C=XCR3, X = 0O, S) have been best theoretically studied.
Additionally, the behaviour of cyclic ylides 19 and 20 in the [3 + 2]-
cycloaddition reactions was studied based on the results of the
MO calculations of these dipoles.!47-149
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The reactions of ylides with dipolarophiles mainly belong to
the NED processes.3% 87 Indeed, the cycloaddition of azomethine
ylides to alkenes, % 150- 151 alkynes,%3 152 aldehydes, ' imino alco-
hols,'>* as well as the cycloaddition of carbonyl ylides and
thiocarbonyl ylides to alkenes,!>>15¢ aldehydes'57 and cyclo-
pentenones ' is  governed by the HOMOuipole—
LUMOuipolarophile interaction. At the same time the reactions
between N-arylazomethine ylides RIRZC=N(Ar)CR3*R* or car-
bonyl ylides R'R2C=O0CR3R* and dipolarophiles with electron-
donating substituents represent IED processes.86- 87159

The mechanisms of ylide reactions are strongly dependent on
the nature of the dipole and dipolarophile and on the character of
substituents in the reactant molecules. For instance, the [3 +2]-
cycloaddition reactions of 2-ethoxycarbonylpyridinium N-ami-
nide (21) '%° and cyclic azomethine ylide 22 '4! with acrylonitrile
proceed by concerted asynchronous mechanism. The latter proc-
ess shows regioselectivity and endo-stereoselectivity with preferred
formation of isomer 23, which agrees with experimental data,
namely, the yield ratio of two endo-regioisomers is 24 : 1, whereas
no exo-regioisomers were isolated.'®' The activation energy for
this reaction pathway calculated relative to the total energy of
reactants is negative (—9 kJ mol—!, obtained from B3LYP/
6-31G* calculations), being positive when calculated relative to
the energy of the orientation complex (15 kJ mol—!). Moreover,
augmentation of the 6-31+ G** basis set with diffuse functions
leads to positive E, values relative to the total energy of reactants
(5 kJ mol—1). Low activation barriers are confirmed by the fact
that this reaction occurs at low temperature (—78 °C).!°! At the
same time it was reported '92 that the addition of azomethine ylide
ions [CH;=NCH;]~ (and allyl and borallyl ions) to ethylene
proceeds by stepwise mechanism, which is consistent with the
results obtained by Sauers.!63
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The substituent effects on the mechanisms of the reactions
between ylides R} C=N(R2)CHCHO and alkenes CH,—=CHR3
were studied.!®* It was established that the reactions proceed by
concerted mechanism at R' = R3 = H and R? = H, Li; by step-
wise mechanism at R! = H, R2 = Li, R? = NO, and R! = Ph,
R? = H, R3 = NO; and by an intermediate mechanism charac-
terised by a synchronicity Sy of about 0.6 (for the reaction in
acetonitrile) at R = R? = H, R3 = NO,.

Butler et al.'9%-1% analysed the effect of association of water
clusters (H>O)4 and (H2O)e with the dipolarophile molecule on the
energy characteristics of the cycloaddition of azomethine ylides to
alkenes. It was shown that taking into account the formation of
such associates leads to considerable decrease in the Gibbs free
activation energy (by 2228 kJ mol—1).

The mechanisms of the interaction of thiocarbonyl ylides
CR,»=SCH and thiocarbonyl imine CH,=SNH with symmet-
rical thioketones and ethylene were studied by the DFT, MCSCEF,
QCISD(T) and CBS methods.?%167-16% Concerted cycloaddition
was shown to be energetically more favourable than the stepwise
mechanism. It is believed that the reaction of CH,=SCH, with
CH,=S proceeds barrierlessly, whereas the activation barriers to
the other processes amount a few kcal mol—!. At the same time
the activation energies for concerted and stepwise mechanisms
differ insignificantly; as a consequence, the possibility of the
stepwise mechanism in the presence of substituents stabilising
the biradical structure cannot be ruled out.

B3LYP/6-31G*//HF/3-21G* calculations 37 of the activation
energy and energy change for the concerted mechanism of the
[3 + 2]-cycloaddition of diphenylthiocarbonyl ylide Ph,C=SCH>
to thiobenzophenone Ph,C=S revealed kinetic and thermody-
namic preference of the formation of regioisomer 24 (E, = 27 and
AE= —172 kJ mol—"). However, these results contradict exper-
imental data, according to which product 25 is isolated in this
reaction.!’® Further studies showed that the energetically most
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favourable mechanism of this process is a stepwise mechanism
with the formation of a C,C-biradical intermediate and
regioisomer 25 as the end product. Thus, this reaction occurs
under kinetic control.

Ph_ Ph
s s
., pn’ Ph
Phe (/S\ cy, * PhaC=S 24
CPhs Ph_ Ph
/ Ph
S S
25

A stepwise mechanism was also predicted for the reaction of
thiocarbonyl ylide 26 with tetracyanoethylene.!”! The cycloaddi-
tion involves the formation of a zwitterionic intermediate 27.

.
S—CH
V4 > NC CN
1=
Y NC CN
o) 26 S
CN
0= N
N ~ YCN
O:Q:S NC® CN
29
- NC_ *j\\\\CN
en I
\ S CN
27 CN o thN
: N\/ CN
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This species can undergo cyclisation to the seven-membered
cyclic product 28 and to the thermodynamically most stable end
product 29 (compounds 28 and 29 are in equilibrium). The energy
profile of this reaction pathway is shown in Fig. 10. The activation
energies for cyclisation of intermediate 27 to compounds 29 and
28 differ by 5 kJ mol—!, which is in reasonable agreement with
experimental data on the formation of compounds 28 (more
correctly, corresponding spiro-lactim ether) and 29 in a 2:1
ratio;!”? hence, the process also occurs under kinetic control.

The regioselectivity of the reactions of azomethine ylides 30
with (E)-3-arylidene-4-chromanones 31 was studied ®° using the
AMI1 and PM3 semiempirical MO calculations. The results of
calculations confirmed the experimental data on exclusive for-
mation of product 32. On the contrary, the FMO theory provides
no explanation for the observed regioselectivity of dimerisation of
thiocarbonyl ylide 33 (‘head-to-head’ addition pattern).!”3

AG /kJ mol—!
40 + TS
7/
\ TS
26+ C5(CN), \ . P .
—40 F — \
27 N
AN 28
\ |
\
—120 B

Reaction coordinate

Figure 10. Energy profile of the reaction of thiocarbonyl ylide 26 with
tetracyanoethylene.
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R2
R! = SMe, R? = SO,Me, R? = SiMes.

It was concluded that in this case the regioselectivity is governed
by charge control, i.e., the carbon atom bearing the negative
formal charge attacks the positively charged sulfur atom.

Theoretical studies of stereoselectivity were reported for the
reactions of (i) isomunchnones and thioisomunchnones (e.g.,
compound 34) with alkenes 55174175 and alkynes,!”® (ii) azo-
methine ylides with olefins'77-178 and maleimides 7% 180 and
(iii) ylides 35 with phenylalkynes.!>? In the last-mentioned case
the equilibrium transition-state geometry was only determined for
one out of eight possible stereoisomers (compound 36). This
suggests a selective formation of this structure and was confirmed
experimentally.

/Me
PhCH>—N AT
N
J )
A~
N (‘: o
34 Ph
e
\+
N
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©j> PhC=CR
— () —F >
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35 H
3. Ozone

The ozone molecule provides yet another example of allyl-type
dipole, which can also undergo [3+ 2]-cycloaddition reactions.
Analysis of the FMO energies showed that these reactions are
governed by the HOMOipolarophile — LUMOg0ne interaction due
to the low ozone LUMO and especially HOMO energies, thus
being the IED processes. This reaction type remains unchanged
even for the dipolarophiles containing electron-withdrawing sub-
stituents.3¢ 87 Here, the reaction rate is appreciably lower than in
the case of the cycloaddition to dipolarophiles with electron-
donating groups due to larger energy difference between the
corresponding MOs.

Ozonolysis of isoprene was studied theoretically.” It was
shown that the process begins with dipolar [3 + 2]-cycloaddition.
According to calculations, the reaction proceeds by concerted
mechanism. The energy changes and activation energies for the
reactions strongly depend on the approximation employed. For



946

M L Kuznetsov

instance, the DFT and MP2 methods give negative E, values, thus
suggesting a barrierless reaction; more accurate CCSD(T)/6-31G*
calculations led to E, = 14 kJ mol—! for both reactions. This
value is in agreement with experimental kinetic data for these
processes (16—18 kJ mol—"'). Products 37 and 38 are similar in
thermodynamic stability, the energy difference between them

being 3 kJ mol 1.
oo
Me  —
37

Me
38 /

Similar results were also obtained for the ozone reactions with
ethylene, benzene and phenol.3! According to calculations, the
reaction with ethylene proceeds most easily [E, = 14,
AE = —220 kJ mol~!, obtained from CCSD(T)/6-31G** com-
putations], whereas the cycloaddition to benzene is characterised
by much higher activation barrier and small energy change (66
and —79 kJ mol—!, respectively). Ozonolysis of phenol occurs at
positions 1 and 2 of the benzene ring with intermediate energies.
The calculated energies are in reasonable agreement with experi-
mental data. Namely, the E, and AE values for the interaction
O3 + CH,=CH; are respectively 21 and — 188 £ 25 kJ mol~!
(Refs 181 and 182) and the activation energy E, for the interaction
O3 + C¢Hg is 61 kJ mol—! (Ref. 183).

The kinetics and mechanism were studied for the ozone
reactions with ethylene, fluoroethylene and chloroethylene '8+
and with acetylene.!®>18¢ The activation parameters and rate
constants for these reactions were estimated. The cycloaddition
to haloalkenes should proceed 20 to 25 times slower than the
reaction with unsubstituted ethylene [E, =20 kJ mol~!;
obtained from CASPT2(10.9)/cc-pVTZ calculations], whereas
the reactivities of chloroethylene and fluoroethylene are compa-
rable (E, =23 and 24 kJ mol~!, respectively). The results of
calculations were also confirmed by experimental data [e.g., the
calculated and experimental rate constants for cycloaddition to
ethylene are 1.02x 10~ !® and (1.7540.52) x 10— !% cm? (mole-
cule s)~!, respectively]. It is believed that the reaction with
acetylene proceeds by concerted mechanism because no biradical
intermediates were located on the potential energy surface.!®> The
theoretical rate constant for this process is 0.8 litre (mol s)~ ' and
AH* =31 kJ mol~! [obtained from CCSD(T)/CBS calculations];
the latter value is consistent with the experimental values obtained
earlier (29.7 +4.2 kJ mol—1).187

4. Metal oxides
There is a number of theoretical studies on the reactions of
cycloaddition of the permanganate ion MnO; (Refs 188-191),
associates Et4N " ---MnOj (see Ref. 188), ruthenium oxide RuOy4
(Refs 192 and 193) and associates NHj3---RuO4 (Ref. 192) to
alkenes XC¢H4CH=—CH, and CH,=—=CH,, which result in five-
membered metallacycles 39.
(o) o ---Q”
\\M/
VR QMO —= Q770

R 39

M=Mn:n=1—,m=1;Q = NEts; R = C¢H4X (X = H, 4-Me, 4-C],
3-Cl, 3-Br, 3,4-Cly, 3-NO3, 4-NO»);
M =Ru:n=m=0;Q=NHj; R =H.

The effect of the substituent X on the energy characteristics of the
reactions was studied and it was shown that the AG* value
decreases as follows for different X: 4-Me >H > 3-Br > 4-Cl >
3,4-Cly > 3-Cl > 3-NO; > 4-NO, . Good agreement between the
theoretical and experimental activation parameters of the process
was obtained (Table 2). For the reactions involving RuO4 and
MnOyj the [3 + 2]-cycloaddition processes were shown to be both
thermodynamically and kinetically more favourable than [2 + 2]-
cycloaddition.

Table 2. Theoretical and experimental (in parentheses) activation param-
eters for the interaction of Et4N*---MnO; with XC¢H4sCH=—CH,
(B3LYP/6-311+ G**//B3LYP/LanL2DZ calculations; geometry opti-
mised with inclusion of EtyN™ counterion).!$3

X AH# /kJ mol—! AG# [kJ mol—!
4-Me 24(20.3+0.7) 79 (73.2)
H 21(18.8+ 1.5) 73 (72.7)
3-Br 18(17.5+1.1) 71 (70.7)
4-Cl 17(15.9+1.2) 69 (70.9)
3,4-Cl, 14 (10.7+0.7) 68 (69.9)
3-Cl 18 (18.0 + 1.5) 67 (71.0)
3-NO, 13(11.4+1.4) 61 (69.4)
4-NO, 7(15.6+1.7) 58 (67.2)

The cycloaddition of OsO4, MO} and LMO? [¢=0, 1—, 1;
M=Mo, W, Mn, Tc, Re, Os; L=0, H3PN, Cl, Me, n’-CsHs
(Cp)] to olefins and ketene (CH,—=C=0) were studied.!®3~200
The reactions of all compounds (except MeReOs) with ethylene
and the reaction of OsO4 with ketene proceed by the [3+2]-
cycloaddition mechanism, although the activation energies are
high (59197 kJ mol—!). Other oxides react with ketene by the
[2 + 2]-cycloaddition mechanism (E,=46-92 kJ mol—'), ReOy
and (H3PN)ReOs; being added to the C=O bond and MeReOs3
and CpReOs3 being added to the C=C bond. The most recent
data on the cycloaddition of metal oxides to the C=C double
bond were summarised in a review by Deubel and Frenking.20!
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V. Reactions of propargyl — allenyl type dipoles

The propargyl—allenyl type dipoles include nitrile oxides, azides,
diazoalkanes, nitrile ylides, nitrile imines and nitrous oxide (see
Fig. 6).

1. Nitrile oxides

Following Sustmann’s classification, reactions of cycloaddition of
nitrile oxides RC=N"-0" are often treated as type III (IED)
processes.3%87 At the same time, carrying out reactions with
electron-deficient dipolarophiles causes the reaction type to
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change to the NED process due to a decrease in the dipolarophile
LUMO energies.?> 202203 For instance, the reactions of RCNO
compounds with fluoroalkenes and fluoroalkynes®> and halo-
and cyano-substituted p-benzoquinones 22 are governed by the
HOMOyipote — LUMOdipolarophile interaction, their reactions with
the methyl and methoxy derivatives of p-benzoquinone 2> and
with 1,2,4-triazepine 24 are controlled by both types of the orbital
interaction, while the addition of RCNO to dihydrofuranones
belongs to the TED processes.?03

Most reactions involving nitrile oxides are assumed to proceed
concertedly.33-99,100,104,204,206-211 - Quantum-chemical calcula-
tions predicted a high synchronicity for, e.g., the reactions of
fulminic acid with ethylene and acetylene (Sy = 0.79—-0.81 in the
gas phase).??- 190 The calculated activation barriers to the former
process strongly depend on the approximation used. The results of
MP4/6-31G*//HF/6-31G* calculations® (E, =38, AG* =
74 kJ mol—") are in good agreement with the experimentally
determined AG¥ value (84 kJ mol—!) for the cycloaddition of
PhCNO to CH,=CH,.?!> Various high-level calculations
[B3LYP, MP2, CCSD(T), CASSCF, G2(CC)] of the interaction
of HCNO with CoHj give E, = 54—59 kJ mol—! (Ref. 213). This
is consistent with the fact that alkynes are more inert than alkenes
in the cycloaddition reactions with nitrile oxides.?'* These proc-
esses occur via planar aromatic transition states and the stabilising
effect of m-aromaticity in them is insignificant. Similarly to nitro-
nes, taking into account solvation effects causes an increase in the
activation energy by 4-9 kJ mol~! and a decrease in the
synchronicity of the reaction. At the same time the energy of the
transition state of the cycloaddition of fulminic acid to allene
(CH,=C=CH;) following the biradical mechanism is
16 kJ mol~! lower than the corresponding energy in the case of
concerted mechanism.!03

A

N—O

H—C=N—0- + =—.=0 —> .
H/C\\N/O

Some authors considered the reaction of fulminic acid with
acetylene in terms of the valence bond approach.?!521¢ In
particular, this reaction was treated 213 as proceeding by ‘hetero-
lytic’ mechanism (a) via a non-aromatic transition state in contrast
to the Diels— Alder reactions characterised by ‘homolytic’ mech-
anism and aromatic transition state.?!” Yet another version of the
reaction mechanism, namely, pathway b, is also available.?!¢
Clearly, a correct determination of the mechanism of this reaction
requires further investigations. This process was also studied using
the catastrophe theory.?!8
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A number of studies are concerned with the regio- and stereo-
selectivity of the cycloaddition of nitrile oxides to buta-
1,3-diene, %0 alkenes 35219221 and fluoroalkenes,??? acrylonitrile,
methyl vinyl ether,3>223 cyclobutenes,!?*224  dicyclopenta-
dienes,??> alkynes,?2¢~228 thionitroso compounds,?? anthracene
and acridine,?’® dihydrofuranones,?®> adamantane-2-thiones,
2-methyleneadamantanes,?3!-232 stilbenes 233 and 4-methylenete-
trahydrothiopyran.?** In the reaction with butadiene the activa-
tion energy for the formation of 5-vinylisoxazoline (40) is
14—15 kJ mol—! lower than that needed for the formation of
4-vinyl-substituted product 41 both in the gas phase and in

solution.!% This agrees with experimental data on selective
formation of compound 40 in the reaction of buta-1,3-diene with
fulminic acid prepared in situ.?*> The aromaticity of the transition
state does not determine the regioselectivity of the process. The
cycloaddition to olefins, acrylonitrile and methyl vinyl ether
shows regioselectivity with the formation of the ortho-isomers,
which is also consistent with experimental facts.?3¢237 Enhance-
ment of electron-donating ability of the substituent at the di-
polarophile enhances the ortho-selectivity as in the reactions of
nitrones.>*

o
H—C=N—0- + 2w %

The regioselectivity of the cycloaddition of nitrile oxides to
alkynes depends on both the nature of substituents in the dipole
and dipolarophile molecules and on the solvent nature.?26,228,230
For instance, quantum-chemical computations of gas-phase inter-
action of fulminic acid with cyanoacetylene (CH = CCN) pre-
dicted preferred formation of the ortho-isomer of isoxazole; on the
contrary, the reaction of 2,4,6-trimethylbenzonitrile oxide (mesi-
tonitrile oxide) with CH=CR (R = CN, CO,Me) is expected to
result in the meta-isomers (the activation energy difference, AE,,
between the ortho- and meta-pathways lies in the range
25 kJ mol~!; obtained from B3LYP/6-31G* calculations).?2¢
A similar change in the regioselectivity depending on the sub-
stituent at the nitrile oxide was also experimentally observed for
the reaction of RCNO with CH = CCO,Me (ratio of ortho/meta
isomers is 5.25:1 for R = H and 1:2.6 for R = 2,4,6-Me;C¢Ho,
see Refs 7, 10, 237). This can be interpreted as a result of
enhancement of the nucleophilicity on going from HCNO to
mesitonitrile oxide due to strong donor properties of the mesityl
group. As a consequence the orbital coefficients on the oxygen
atom increase and therefore the formation of the meta-isomer is
facilitated (orbital coefficients at the unsubstituted carbon atom in
the alkyne molecule are also larger than at the substituted carbon
atom).

RZ
. N
N—O
. ortho
R'—C=N—0- + H—=—=—R?

R! = H, CngMe3-2,4,6; R2 = H, CN, COQMB.

Solvation significantly facilitates the formation of the ortho-
isomers (they should be the major products in high-polarity
solvents, in particular, H>O). This becomes understandable taking
into account the fact that the TS of the reaction resulting in the
ortho-isomer is characterised by a higher polarity than the TS on
the pathway to the meta-isomer and therefore the former tran-
sition state is better stabilised in polar solvents. The theoretical
ratio of the ortho- and meta-isomers in the reaction of mesitonitrile
oxide with acrylonitrile in CCly solution agrees with experimental
data (2.3:1 and 1.3:1, respectively).?’® At the same time an
increase in the solvent polarity causes an increase in the activation
energies, which leads to inhibition of the process. DFT calcula-
tions of the reactions of benzonitrile oxide with ethynyl- and
propynylboronates (RC = CBOCH,CH,0) predict a change in
the regioselectivity from the formation of the ortho-isomer
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C=N—OH + EtMgBr
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2 THF
44 + EtMgBr ——> R? O
W}y

R3
46
R! = H, Ph; R2 = R?® = R* = H, Me.

(R = H) to meta-isomer (R = Me),?°7 which is in agreement with
experimental data.?3?

In some cases the chemo- and regioselectivity are influenced
by the secondary orbital interaction. For instance, in the reaction
of 2,4,6-trimethylbenzonitrile oxide with 2,6-dimethoxy-p-benzo-
quinone (42) the antibonding secondary orbital interaction
between HOMOguinone and LUMOyipore is responsible for exper-
imentally observed selective formation of the product of addition
to the C=0 rather than C—=C bond.?*° The same effect governs a
decrease in the regioselectivity of cycloaddition of fulminic acid to
crotonaldehyde MeCH=—CH — CHO.?*! Due to the secondary
orbital interaction between the nitrile oxide oxygen AOs and the
carbonyl carbon AOs in the transition state TS4, the energies of
the structures TS4 and TS5 become similar (E, = 57 and
55 kJ mol—!, respectively; the calculated ratio of regioisomers is
2.2:1 and the experimentally determined ratio of the isomers for
the reaction of PhCNO with MeCH=CH —-CHO is 4.3:1).
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The mechanisms and the regio- and stereoselectivity of the
reactions of nitrile oxides with allyl alcohols controlled by
magnesium ions were studied.?*>243 In particular, two reaction
pathways were analysed. One of them (Scheme 4 a) leads to the
formation of a magnesium complex with nitrile oxide and one
THF molecule 43 due to the interaction of hydroxyiminoyl
chloride R!'—C(Cl)=N—-OH with EtMgBr in THF solution.
Subsequent interaction between 43 and 44 yields complex 45 with
both reactant molecules coordinated to magnesium. The second
pathway (Scheme 4 b) begins with the formation of alkoxymag-
nesium complex 46 and then intermediate 47 containing coordi-
nated nitrile oxide, alkoxide and THF molecules. Although the
reaction between RCNO and compound 44 shows ortho-regio-
selectivity in the absence of Mg?™* (the activation energies for the
formation of the ortho- and meta-isomers differ by 13 to
21 kJ mol—"), the magnesium-controlled process (second path-
way) results in exclusive formation of the ortho-isomer. This
pathway is also kinetically more preferred. The coordination to
magnesium also causes enhancement of the syn-stereoselectivity
related to steric factors, but the activation energy changes insig-
nificantly in this case.

The cycloaddition of benzonitrile oxides to alkenes
CH,=CHOC(O)R (48) and CH,=C(Ac)OC(O)R (49)
(R = 4-NO,C¢Hy4) was also described using the hard and soft
acids and bases principle.>**245 Consideration of the global—

Scheme 4 a

Scheme 45

global interaction revealed that the term AE, in Eqn (2) (see
Section IT) is much smaller than the term AE, at =1
(AEin = —4.83-209.751 and AEin = —6.37-217.30 1 for the
reactions with compounds 48 and 49, respectively). Therefore,
charge-transfer processes have little effect on the reactivities of
compounds in the cycloaddition reactions of nitrile oxides.

The nucleophilic and electrophilic attack on the carbon and
nitrogen atoms in the nitrile oxide molecule and on the double-
bond carbon atoms in the alkene molecules were studied from the
standpoint of local—global interactions. According to calcula-
tions, the energetically most favourable processes include the
nucleophilic attack of alkene on the carbon atom in the dipole
molecule and the electrophilic attack of the dipole on the terminal
carbon atom in the alkene molecule. Thus, in accordance with
experimental facts the hard and soft acids and bases principle
correctly predicts the selective formation of the ortho-isomer.>4¢
The FMO theory gives incorrect results in this case.

The mechanism of reactions of acetonitrile oxide (MeCNO)
with nitriles (see Scheme 3) and the reason for the activation of
RCN in the platinum complexes 16 and 17 have been studied.?*
The activation of nitriles upon coordination was interpreted from
the standpoint of orbital control as a result of a decrease in the
nitrile LUMO energy. Indeed, if the reaction of free MeCN is
described as an intermediate process [difference AAE =
AE‘(HOM()nitrilc - LUMOdipolc) - AE‘(HOM()dipo]c - LUMOnitrilc)
is 2.10 eV; obtained from B3LYP/6-31G* calculations], the cyclo-
addition to the nitrile complexes is more probably a NED process
(AAE = 3.70 and 5.06 eV for the reactions of complexes 16 and
17, respectively).

The reactions proceed by concerted mechanism, but the
asynchronicity appreciably increases on going from MeCN to
complex 17. The energies of the transition states and intermedi-
ates in the case of stepwise mechanism are 33-218 kJ mol—!
higher than the transition-state energies for the concerted mech-
anism. Calculations of the reactions of MeCNO with MeCN and
complex 16 gave similar values of activation barriers (Table 3) in

Table 3. Relative energy characteristics (in kJ mol ') of the cycloaddition
of MeCNO to MeCN and to complexes 16 and 17 (obtained from B3LYP/
6-31G* calculations; ECP on Pt atom).

Reactant E, AH” AG* AE AH AG

MeCN 59 (63) 60 109 —224(—205) =212 —154
16 51 (54) 51 108 —255(—236) —245 —169
17 24 (28) 22 94 —251(—=231) —241 —157

Note. All values are given relative to the total energy of the reactants. The
values corrected for the zero-point vibrational energy are given in
parentheses.
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contrast to the results obtained for analogous reactions of nitrone
CH>=N(Me)O characterised by considerable activation on
going from MeCN to compound 16 (see Section IV.1.e).”> The
activation energy for the cycloaddition of nitrile oxides to complex
17 also decreases much smaller than in the case of cycloaddition of
nitrones. Probably, this difference between the nitrone and nitrile
oxide reaction kinetics is due to steric interaction of the methyl
group in MeCNO with the platinum or chlorine atoms; this
interaction is absent for CH,=N(Me)O. Clearly, additional
theoretical and experimental investigations are needed for solving
this problem. The cycloaddition of MeCNO to compound 16 is
characterised by large negative AG value. Thus, high reactivity of
complex 17 is governed by kinetic factors, whereas the cyclo-
addition of nitrile oxides to compound 16 occurs under thermo-
dynamic control. Interestingly, the reaction of radical cation
HCNO ™* with HCN proceeds in a stepwise manner.?*3

Possible reactions of nitrile oxides with 1,2-diazepine were
considered.?*® The dipolarophile can exist in two forms, 50 and 51,
whereas the formation of the other two forms (52 and 53) is
kinetically unfavourable. Taking into account this fact, the
thermodynamically most probable product of double cycloaddi-
tion of nitrile oxide to diazepine is compound 54, which is in

agreement with experimental data.>>°
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Attempts to synthesise nitrile sulfides RCNS by thermolysis of
1,2,5-thiodiazoles were reported.?>! However, the reactions
resulted in corresponding nitriles RCN and elemental sulfur
instead of RCNS. To explain the experimental results, high-level
quantum-chemical calculations [B3LYP, MPn, QCISD,
QCISD(T), CCSD, CCSD(T)] of the decomposition mechanism
of RCNS were carried out. It was shown that one of the key stages
of the decomposition process is dimerisation of RCNS, which is in
essence a reaction of dipolar [3+ 2]-cycloaddition in which one
nitrile sulfide molecule acts as dipole and the other nitrile sulfide
molecule plays the role of dipolarophile. The process proceeds by
the stepwise mechanism and results in intermediate 55 (activation
energy is 8 kJ mol~!, obtained from B3LYP/6-31G** calcula-
tions). The low activation energy is due to low stability of RCNS
in the condensed phase. With R = F or Cl, the activation barrier
disappears, whereas for R = CN it increases to 53 kJ mol—!. The
reaction product, compound 56, subsequently decomposes. Step-
wise cycloaddition was also predicted for the dimerisation of
nitrile oxides RCNO (R = Me, F).252-253
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R = H, F, Cl, CN, Me.

2. Azides
Another group of propargyl—allenyl type dipoles comprises
hydrazoic acid derivatives RNN = N. In the [3 + 2]-cycloaddition
reactions involving these dipoles both types of orbital interaction,
HOMOdipole - LUMOdipolarophile and HOMOdipolarophile -
LUMOuipole » often make similar contributions (type II processes
according to Sustmann’s classification).8%87 Therefore, by vary-
ing substituents in the reactant molecules one can readily change
the reaction type.?3%237 For instance, reactions of azides R'Nj
(R! = H, Me) with alkenes CH,—=CHR? (R?> = H, F, Cl, Me,
OH) belong to the IED processes; however, if R? = CN (strong
electron-withdrawing substituent), the reaction proceeds as the
NED process. Reactions of azides with N,, HCN, CH,=NH,
NH=NH, CH,=CH,, CH=CH and vinylpyridine deriva-
tives 2387260 also belong to the NED processes.

Calculations predicted a concerted mechanism for the
[3 +2]-cycloaddition of (i) methyl azide (MeN3) to ethylene 26!
and 1-nitropropene 2> and (ii) 1,3-diaza-2-azoniaallene cation
[ArN=N=NATr]" to butyne.2%? Reactions of azide anion with
some symmetrical molecules (N2, trans-NH=NH, CH,=CHa,
CH =CH) are expected to proceed as synchronous processes;
however, for cis-diazene (cis-NH=NH) high asynchronicity of
the addition was predicted.?>® The calculated activation energy
increases in the order: trans-NH=NH < HCN < CH=CH <
cis-NH=NH ~ CH,=—=NH < CH,=—=CH, << N=N, which is
consistent with experimental data.?®* At the same time the
interaction of [ArN=N=NAr] " with N,N-dimethylcyanamide
MeaN—C=N) and carbodiimides R!CH,C(R?R?).
N=C=NR*is a stepwise process described by Scheme 5.263

As for other dipoles, the mechanism of cycloaddition of azides
depends on the solvation effects and can be changed by varying
the solvent. Baranski 23 showed that the interaction of MeN3 with
MeCH=CHNO; in the gas phase and in non-polar solvent
(toluene) proceeds synchronously, whereas the reactions in polar
solvents (acetonitrile, water) proceed by the stepwise mechanism
because the polar acyclic intermediate is stabilised in solution.
Noteworthy is that replacement of the solvent has no effect on the
regioselectivity of the process.

The activation barrier to the reaction of methyl azide with
ethylene decreases by 3 kJ mol—! on going from non-polar (CCly)
to dipolar aprotic solvent (dimethyl sulfoxide); this is accompa-
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nied by a fourfold increase in the reaction rate.?®! Interestingly,
the activation barriers calculated with inclusion of polar solvents
(water and methanol) are higher than that obtained for CCly.
Thus, the experimentally observed acceleration of the reaction of
phenyl azide with norbornene in water can be explained by the
hydrophobic effect rather than an incresase in the solvent polarity.

The mechanism of the reaction of methyl azide with ethylene
was studied using the spin-coupled method of valence-bond
theory.? The cycloaddition proceeds by the homolytic mecha-
nism in contrast to the reactions of nitrile oxides and diazoalkanes
that proceed by the heterolytic mechanism.’3-2!5 The reaction is
accompanied by synchronous cleavage of two m-bonds in the
MeNj and C,H4 molecules, followed by formation of two new
bonds. In the vicinity of the transition state the system behaves as

a biradical structure.
N N
A /
N ]
e N
/
Me Me

The regioselectivity, mechanism and energy characteristics of
the reactions of compounds R'N; (R' = H, Me, NH,) with
alkenes R2CH=CHR?, thionitroso compounds (HN=S,
HoNN=S), nitriles and phosphaalkynes [RC=N, RC=P
(R=H, Br, Cl, F, Me)] were studied using the DFT
approach.4229,256,262,266 The calculated activation barriers to
the reaction of hydrazoic acid with alkenes increase for different
substituents R2 as follows: CN < H < OH < F < Me < CI; in
the reaction of methyl azide the fluoroalkene becomes more
reactive than vinyl alcohol. The reactions show regioselectivity
and proceed with selective formation of isomer 57 (Scheme 6),
except for the processes involving cyanoethylene and nitropro-
pene that exhibit inverse regiospecificity, which leads to formation
of compound 58.

Scheme 6
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R!,R® = H, Me; R? = H, F, Cl, OH, Me, CN, NO.

The regioselectivity is related to the parameter
' - 2 . 2

Af-jl = (s,- —SZT) + (sj —sf) ,
where s are the local softnesses of the reacting atoms. This
quantity is a criterion for validity of the hard and soft acids and
bases principle. The Af;-l is smaller for ortho-cycloaddition at
R2=H, F, Cl, Me, OH and for meta-cycloaddition at
R2 = CN_256

Molteni and Ponti 2 studied the dependences of regioselectiv-
ity of the process and the interaction energy at constant external
potential AE, [see Eqn (3)] taking the reaction of 4-RC¢H4N3 with
HC=CCO;Me as an example. Based on a linear relationship
between AE, and

AAE, = [AE(i—k) + AE(j—D]—-[AE(i—1) + AE(j—K)]

(AE, is the difference between the activation energies for two
regioisomeric reaction pathways, AE, are the energies of the
local—local interaction of the corresponding reaction centres i, J,
k, 1), one can assess the regioselectivity without locating transition

states on the potential energy surface only using the global and
local properties of the reactant molecules.

The energy (Ein) of the interaction between reactant mole-
cules R'N; and CH,=CHR? in the transition states was calcu-
lated 29¢ as the sum

Eint = Eger + Ees + Ep + Eex + Ect,

where the terms in the right side of the equation denote the
deformation, electrostatic, polarisation, exchange and charge-
transfer energy, respectively. The deformation energy makes the
major contribution to Ej, . The charge-transfer energy is sensitive
to the nature of substituents R! and R?, namely, it is maximum at
R?=F, Me, OH, but is not responsible for regioselectivity.
Inversion of the regioselectivity, which was found in the reaction
of cyanoethylene (see above), can be explained by high polar-
isation energy for TS7 and high deformation energy for TS6 (sece
Scheme 6), whereas for other substituents the ortho-selectivity is
controlled by the electrostatic component.

Reactions of azides with organonitriles (RCN) were studied
more thoroughly than similar reactions of nitrones and nitrile
oxides.?¢7=272 It was shown?2¢7 that concerted mechanism is
energetically most favourable for the cycloaddition of methyl
azide and azide ion to non-activated nitriles. However, in the
presence of acid catalyst (ammonium ion or some other proton
donor) the reaction mechanism changes and the process proceeds
in stepwise manner through transfer of a proton from NHj ion to
the nitrogen atom of RCN with the formation of acyclic inter-
mediate.

e #
H/NH; T
! N
-+ — NH; ! +
N=N=N + R—C=N —> N N —
) 7
?*"N
R
N #
H N N\
\N N H\N \N H\N/ N
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C\,/ N N
R N R R

A similar change from concerted to stepwise mechanism and a
considerable decrease in the activation barrier was also found for
the BF3- and BH;-catalysed reactions of N3 with RCN.268.269 At
the same time, B3LYP/6-31G** calculations gave a high activa-
tion barrier (AG* = 275 kJ mol ') to the reaction of nickel azide
complex [Ni(n!'-N3)]* with nitrogen, which is not surprising with
allowance for high inertness of N, .270

It was shown that coordination of the azide ion to zinc in
complex [Zn(H>0),N3]* (n = 3, 5) has little effect on the activa-
tion barrier of the reaction with acetonitrile compared to the
thermally activated process [AH* = 141 kJ mol—! at n = 3 and
149 kJ mol—! at n=35; 132 kJ mol—! for reaction MeNj3 +
MeCN and 141 kJ mol~! for reaction N3 + MeCN; obtained
from  B3LYP/6-311+ G(2d,2p)//B3LYP/6-311G**  calcula-
tions].2’”! When nitrile or both reactants are coordinated to zinc,
the enthalpy of activation decreases by 8 —36 kJ mol—'. Thus, the
catalytic acceleration of the reaction is due to complexation of
dipolarophile, which is consistent with the results of qualitative
FMO analysis (see Section IT) and makes it possible to treat this
reaction as a NED process. The activation of nitriles upon
coordination to the Lewis acid in the [3 + 2]-cycloaddition reac-
tions with azides was confirmed experimentally. In particular, a
decrease in AG* on going from thermally induced to zinc-
catalysed reaction of NaNs; with 2-cyanopyrazine is
23.8 kJ mol—! (Ref. 271).

3. Diazoalkanes, nitrile imines and nitrile ylides

Diazoalkanes (R,C— N = N), nitrile imines (RC=N—NR) and
nitrile ylides (RC=N—CR;) also belong to propargyl —allenyl
type dipoles. The [3 + 2]-cycloaddition reactions involving these
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compounds result in such heterocyclic compounds, as pyrazolines
and oxadiazolines. Since the LUMO energies in the diazoalkane
and nitrile ylide molecules are high and, as a consequence, the
HOM Odipotarophite = LUMOuipole interaction becomes ineffective,
these reactions should be treated as type I (NED) proc-
esses,36-87.273-275 This particularly concerns the reactions with
electron-deficient dipolarophiles (e.g., acrylonitrile 3> or imidoyl
chlorides 27). The reactions of compounds R,CN, with propylene
and methyl vinyl ether and those of nitrile imines with unsubsti-
tuted alkenes are controlled by both types of the HOMO - LUMO
interaction,3>-86-37 while the cycloaddition of nitrile imines to
N-methylindole is an IED process.?””

A number of studies on the mechanism of the [3 + 2]-cyclo-
addition reactions of these dipoles are available. An unexpected
mechanism was calculated for the cycloaddltlon of 1-aza-2-azo-
niaallenyl ion (CHQ—N NH «~ CH2—N NH), which can be
treated as a diazomethane derivative, with alkenes 278 and carbo-
diimides R"'N=C=NR? (Ref. 279). The reaction with ethylene
proceeds by the stepwise mechanism and begins with the forma-
tion of two orientation complexes 59 and 60 (pathway a,
Scheme 7). This is followed by the formation of the three-
membered intermediate 61, which is transformed to pyrazolinium
cation 62 and then to the end product 63. The replacement of two
hydrogen atoms in the ethylene molecule by methyl groups causes
a change in the mechanism and now the reaction begins with the
formation of acyclic intermediate 64 (pathway c). Finally, both
pathways, b and ¢, are probable in the reaction with tetrachloro-
ethylene. At the same time the addition of RIC= N=NR? to
ethynes RC=CR (Ref. 280) or to the CN bond of isocyanates
RNCO (Ref. 281) proceeds concertedly, although being asyn-
chronous.

Different regioisomeric pathways of the reactions of diazo-
methane with allenes '%° are characterised by different mecha-
nisms. For instance, the energetically most favourable mechanism
of the addition of the terminal nitrogen atom in CH>N»> molecule
to a terminal atom of CH,=C=CH, molecule involves the
formation of one intermediate (pathway «, Scheme 8). The
addition of the nitrogen atom of diazomethane to the central
atom of allene molecule proceeds via two intermediates (pathway
b). Comparison of the activation barriers to the two regioisomeric
pathways, a and b, showed that the former is 13 kJ mol~—!
energetically more favourable than the latter. This was confirmed
by experimental data on selective formation of the corresponding
regioisomer.?82 Interestingly, the activation barrier is much higher
for the concerted rather than stepwise mechanism.

The effect of the nature of substituents in the dipolarophile
molecules on the energy characteristics of the reactions of
HC =NCH; with compounds CH,=CR, (R = NO, CN, (I,
OH, Me) was studied.?®3 In accordance with predictions of the

Scheme 8

FMO theory, the electron-withdrawing substituents (NO, CN)
should accelerate the NED processes, which was confirmed by
activation energy calculations. By and large the synchronicity of
cycloaddition changes in parallel with the activation energy and
antiparallel with the acceptor properties of substituents. The
lower activation barriers to most asynchronous processes seem
to be due to a strong effect of the charge factor.

By varying substituents in the reaction of cyclic diazoalkane
65 with ethynes one can change the mechanism of the process. In
particular, the first stage of the reaction with acetylene proceeds as
eithera[3+2]or[7 + 2] concerted addition with similar activation
barriers 2% (pathways a and b in Scheme 9). The reaction with
ynamine HC = CNH; most probably proceeds as a single-stage
stepwise [7 + 2]-cycloaddition (pathway ¢). No transition states
were located for the reaction with cyanoacetylene. Taking into
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account this fact, it was concluded that no [3 + 2]-cycloaddition
reactions of diazoazoles with cyanoacetylene should occur, which
is indirectly confirmed by the lack of experimental data on these
processes. However, unambiguous solution to this problem
requires additional experimental and theoretical investigations
of the cycloaddition to cyanoalkynes.

The interaction of diazomethane with ethylene was studied 73
using the spin-coupled method of valence-bond theory. It was
shown that the reaction proceeds by the ‘heterolytic’ mechanism
similar to that of the cycloaddition of fulminic acid to acetylene
(see Section V.1).

A number of theoretical studies has been carried out on the
regioselectivity of the reactions of (i) diazomethane with alkenes,?>
alkynes and phosphaalkynes,>* 285 formaldehyde,?8¢ phosphap-
ropenes 287 and indenone,?’# (ii) nitrile imines with fluorinated
alkenes and alkynes,?®® methyl propiolate,?® (arylsulfonyl)al-
lenes,?*® methylidene-butyrolactone derivatives 2°! and pyridazin-
ones 22 and (iii) nitrile ylides with benzaldehyde and imidoyl
chloride.?7¢ For instance, calculations for the addition of CH>N»
to alkenes CH,=CHR (R = H, Me, CN, OMe) predicted
preferred formation of 3-substituted pyrazolines (ortho-isomer)
both in the gas phase and in solution (with allowance for solvation
effects).?> The relative yields of the ortho- and meta-isomers and
the AG* values for the ortho-pathway (7.5:1 and 96 kJ mol—!,
respectively, for the reaction of CH,N, with CH,=CHMe;
obtained from MP4//HF/6-31G* calculations; solvation effects
were included for solution in CCly) agree with the corresponding
experimental data (7.3:1 for the reaction of CH:N, with
propene 2°3 and 103.3 kJ mol—! for the reaction of CH,N, with
hex-1-ene ).

The reaction of diazomethane with formaldehyde results in
oxirane as the end product. The reaction mechanism, which
involves the formation of oxadiazoline as intermediate, was
studied theoretically. The process occurs concertedly and yields
1,2,3-oxadiazoline (66) as kinetic product in the first stage;
however, the other regioisomer, namely, 1,3,4-oxadiazoline (67)
is thermodynamically more stable.?8¢ Nevertheless, no oxadiazo-
line intermediates of these reactions were isolated so far and
therefore substantiation of theoretical conclusions requires addi-
tional experimental studies.
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R =H,F. 69

Calculations for the interaction of CH,N» with phosphapro-
pene MeP=CH; showed that 1,2,4-diazaphosphole (68) is kineti-
cally most favourable while 1,2,3-diazaphosphole (69) is
thermodynamically most stable.?8” The reverse was found for the

reaction with perfluorophosphapropene F3;CP—CF,. Thus,
experimental isolation of regioisomer 69 in the latter case indicates
that the process proceeds under kinetic control.

The stereoselectivity of the model reactions of diazomethane
and bis(dimethylamino)phosphinodiazomethane [(Me,N),P.
.CHN;] with chiral alkenes was studied using the density func-
tional theory (with BPW91 functional).?** It was shown that
stereoselectivity depends on the nature of the substituents both
in the alkene and in the dipole molecules. For the reaction of
diazomethane with dioxolanyl-substituted alkene, the syn-cyclo-
addition was the kinetically most preferable pathway (ratio of the
syn- and anti-isomers is 96 : 1) and the E-isomer of the olefin was
more reactive than its Z-isomer (TS8 is the corresponding
transition state). On the contary, the reaction of (Me;N),PCHN,
is characterised by the Z-syn-addition (TS9) (ratio of the syn- and
anti-isomers is 518 : 1) and the reaction of CH,N; with cyclobutyl-
substituted alkene shows the E-anti-selectivity (TS10) (ratio of the
syn- and anti-isomers is 1:8). The theoretical stereoselectivity
qualitatively agrees with experimental data, namely, the ratios
of the syn- and anti-isomers were 24:1, 16:1 and 1:>49
for the reactions of CH:2N, with
(E)-OCMe;OCH,CHCH=CHCO>Me, (Pr,N),PCHN, with
(Z)-OCMCzOCHzCHCH:CHCOZMe and CH)N,  with
(£)-OCH,CH,0C(Me) CHCH,CH{CH=CHCO,Me}CMe, 2%
respectively. In spite of some overestimation of the theoretical
relative yields of the syn-isomers compared to the experimental
data, the difference between the calculated and experimental
(determined from the ratio of isomers) values

[AAG*| = |AG*(syn) — AG* (anti)|

is only 3—9 kJ mol—!, which is quite reasonable for the method
employed.
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The stereoselectivity of the reactions of diazoalkanes with
chiral furanones 70 depends on the stereoconfiguration of the
dipolarophile.?*® Namely, in the case of the (55,SS) configuration
(compound 70a) the activation barrier to formation of the syn-
isomer 71ais 14 kJ mol~! lower than the barrier to formation of
the corresponding anti-isomer 71b (obtained from B3LYP/cc-
pVTZ//B3LYP/6-31G* calculations). At the same time for the
(5R,SS) configuration (compound 70b) the stereoselectivity
changes, which is consistent with experimental data. The stereo-
selectivity of the reaction of CH,N, with oxazolone containing an
acyclic double bond C=C was interpreted 2°7 based on the results
of AM1 and HF calculations.
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4. Nitrous oxide

The cycloaddition of N>O to alkynes was studied.?*® The process
is controlled by the HOMOdipotarophite = LUMOdipole interaction,
which is typical of this dipole.®%-37 Investigation of the regio-
selectivity showed that in the reactions with mono-substituted
alkynes HC=CR (R = Me, Hal, OH, NH,, PH,, SH, SiH3,
CO:H, CHO) the oxygen atom of the nitrous oxide molecule adds
to the carbon atom bonded to the substituent R (the exception is
R = NO>; here the inverse regioselectivity was found). In the
reacions with disubstituted alkynes MeC = CR (R = CHO, NO»)
the oxygen atom adds to the carbon atom bonded to the methyl

group.

VI. Reactions of heterocumulenes

Compounds that are usually not treated as dipolar structures can
also be included in the [3 + 2]-cycloaddition reactions. These are,
in particular, heterocumulenes, i.e., compounds with triatomic
reactive fragments in which the central atom (most often, a carbon
atom) forms the double bonds with adjacent atoms and the
contributions of other possible boundary structures are small.

Concerted cycloaddition of heterocumulenes CX,, CSY, CY»
(X' =0,8, Se; Y = NH, PH) to acetylene is characterised by the
following order of changes in the activation energies: O > S > Se
(from 259 to 113 kJ mol—! according to B3LYP/6-311+G**
calculations) and NH > PH (from 152 to 107 kJ mol~!) and the
energy effects of the reactions change as follows: O > S ~ Se
(from 148 to —7 kJ mol~') and PH > NH (from —54 to
—134 kJ mol—1) (Table 4).2%° This is in qualitative agreement
with the experimental data on higher reactivity of CSe, compared
to that of CS; in the [3 + 2]-cycloaddition reactions. According to
G3X(MP2) and B3LYP/6-311+ G(3df) calculations, thermal
decomposition of S,0% begins with an exothermic or a weak
endothermic (depending on the computational method employed)
low-barrier  [3+2]-cyclodimerisation [AH* = 11 kJ mol—!,
obtained from G3X(MP2) calculations] with the formation of a
five-membered product OSSSS=0, which then decomposes to S3
and SO2 .300, 301

Mass spectrometric and theoretical studies?0? 393 concerned
the mechanisms of the reactions of nitronium NO3 and dithioni-
tronium NSJ ions with ethylene and acetylene, which result in
O-nitrosated compounds [CH,—=C=0---NO]J *,[MeCHONO] *
and 1,4-dithia-7-azabicyclo[2.2.1]heptyl cations. Both reactions
begin with concerted [3 + 2]-cycloaddition resulting in 1,3,2-diox-
azol-2-yl-, 1,3,2-dioxazolidinyl- or 1,3,2-dithiazolidinyl cations as
intermediate products. The cycloadduct of NO3 with acetylene is
aromatic in character, being therefore thermodynamically more
stable that the product of addition to ethylene.

1 This compound is sometimes treated as a boundary structure
S=S* —0~,i.e., as an analogue of ozone. In this case the corresponding
reactions can be considered as dipolar [3 + 2]-cycloadditions.

Table 4. Activation and reaction energies (kJ mol—!) for heterocumulene
reactions with CoHj (obtained from B3LYP/6-311 + G** calculations).?*®

Reactant E. AE
CO, 259 148
CS» 134 8
CSe, 113 -7
S=C=NH 140 —68
S=C=NMe 142 —63
S—=C=NPh 149 —44
C(NH), 152 —134
C(NMe), 140 —154
C(NF3), 140 —118
C(PH), 107 —54

The mechanism of radical [3 + 2]-cycloaddition of NCO to
acetylene derivatives HC=CR (R = H, F, Cl, CN, Me) was
studied.>® All reactions, except that with R = CN, are controlled
by the HOMOaikyne — LUMOn o interaction, show regioselectiv-
ity and proceed by the stepwise mechanism with the formation of
acyclic intermediates OCNCH=CR (R = Cl, CN, Me) or
OCNC(R)=CH (R = F). The activation barrier increases in the
following order of substituents: F < Cl < CN < Me < H. The
regioselectivity was interpreted from the standpoint of the hard
and soft acids and bases principle by comparing the Fukui radical
functions on the reactive atoms (maximum f° and, hence, s° values
were obtained for the unsubstituted carbon atom in the alkyne
molecule).

VII. Other reactions

The cycloaddition of nitrosoketetne O=N—-CH=C=O0 to
formaldehyde, acetone and acrolein was described by the ab initio
methods HF/6-31G* (Ref. 304), MP2/6-31G* and MP4(SDQ)/6-
31G*//MP2/6-31G* (Ref. 75). The [3 + 2]-cycloaddition is kineti-
cally more favourable than its alternative, [4 + 2]-cycloaddition;
however, the six-membered reaction product is thermodynami-
cally more stable than the five-membered product. Thus, exper-
imental isolation of the five-membered cyclic product of this
reaction 39%-3% indicates that the process occurs under kinetic
control. The reaction proceeds concertedly and involves the
formation of a planar pseudopericyclic transition state.
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R! = R? = H, M¢; R! = H, R> = CH=CHo.

According to the results of high-level ab initio calculations,
carbonyl oxide (A) and methylenebis(oxy) (B) react with ethylene
to give 1,2-dioxolane and 1,3-dioxolane, respectively, and diox-
irane (C) enters into the reaction of ethylene epoxidation.3%7
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Some of these results were experimentally confirmed by Reiser ez
al?® and Graziano et al3*® who observed the formation of
1,2-dioxolanes in the reactions of carbonyl oxides with alkenes.
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Studies 319-311 of the [3+2]-cycloaddition of NOj; radical to
alkenes showed that in the first stage the concerted cycloaddition
resulting in the five-membered intermediate is energetically more
preferable than the addition of alkene to one oxygen atom of NO3
reported earlier.

The mechanism of a palladium-catalysed reaction of methyl-
enecyclopropane with ethylene was studied by high-level
MP4(SDQ)/BS2//MP2/BS1 and B3LYP/BS2//B3LYP/BSI cal-
culations.3'2:313 The concerted mechanism is kinetically un-
favourable (E, = 186 kJ mol~!) and the interaction between the
palladium-coordinated reactants proceeds in a stepwise manner.
Two mechanisms were considered, one involving an intermediate
palladacyclobutane structure 72 and the other passing via
n%-methylenecyclopropane complex 73. Intermediate 73 is ther-
modynamically more stable than compound 72. However, the
addition of coordinated ethylene molecule to the palladacyclobu-
tane fragment in compound 72 with the formation of methylene-
palladacyclohexane 74 via transition state TS11 followed by
reductive elimination of methylenecyclopentane in the last stage
is kinetically more preferable.?!? Interestingly, similar reactions of
ox0- or azatrimethylenemethane with ethylene proceed by the
[2 + 1] mechanism. This change in the cycloaddition mechanism
depending on the nature of the reactants is consistent with
experimental data 314-317

—
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VIII. Intramolecular cycloaddition reactions

In addition to intermolecular cycloaddition, intramolecular cyclo-
addition reactions may also occur. Here, the reacting molecules or
fragments are not isolated, being constituents of the entire
molecular system that affects (sometimes, strongly affects) the
course of these reactions. In this review, the cyclisation reactions
with the formation of only one new bond upon ring closure are left
out of consideration, because these processes do not belong to the
cycloaddition reactions.

The regioselectivity 3! and stereoselectivity 3!° of intramolec-
ular cycloaddition reactions of nitrones 75a,b and 76 were
considered based on the results of semiempirical and ab initio
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calculations. The reaction of methyl derivative 76 results in isomer
77 as the kinetically and thermodynamically favourable product.
Calculations 3'® predicted a lower regioselectivity of the reaction
with R = Pr!, which is consistent with experimental data. Calcu-
lations using the ONIOM(B3LYP/6-31(d) : AM1) hybrid method
followed by single-point B3LYP/6-31* energy calculations for the
reaction of ketofuranonitrone 78 made it possible to interpret the
experimentally observed selective formation of isomer 79.320

TBS is tert-butyldimethylsilyl.

Intramolecular interactions between nitrile oxide and alkene
fragments (including intramolecular cycloaddition) have been
studied in detail.3?! If the initial molecule contains R = SiMejs,
the reaction proceeds by the mechanism leading to compound 80
as the end product instead of intramolecular [3 + 2]-cycloaddition.
Replacement of trimethylsilyl group by hydrogen atom makes the
[3 +2]-dimerisation of the nitrile oxide fragments resulting in
furoxan structure 81 the most favourable.
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Azido-nitrile systems can enter into intramolecular cyclo-
addition reactions with the formation of condensed tetrazoles.
However, unlike intermolecular processes, the electron-withdraw-
ing character of substituents has little effect on the course of
intramolecular reactions.??> On the contrary, the length of the
bridge connecting the azide and nitrile fragments is an important
factor affecting the reactivity. For instance, the AG* value for the
cyclisation of N = CS(CH>), N3 increases with n = 2, 3, 4 (142,
143, 157 kJ mol—! respectively; obtained from B3LYP/6-311G**
calculations) and the higher activation barrier obtained for n = 4
seems to be due to the formation of the seven-membered ring. This
agrees with experimental data on isolation of the [5,5]- and [6,5]-
type bicyclic adducts in the reactions of intramolecular cyclo-
addition of thiocyanates, whereas no [7,5]-type bicyclic products
are formed under the same conditions.??3

A comparative B3LYP, MP2 and MP4(SDTQ) study on the
mechanisms of intramolecular cycloaddition of compounds con-
taining conjugated enyne fragments C=C—CH=X (X = CHa»,
O, S, NH) was reported.”® According to calculations, the
[4 + 2]-cycloaddition resulting in fused allene-type structure 82 is
expected for X = CH,. Structure 82 is stabilised by a double
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1,2-proton shift and then transformed to a benzene-type system
83. The heteroatomic fragments are involved in the [3 + 2]-cyclo-
addition reactions and eventually form condensed five-membered
aromatic heterocycles 84. The results of calculations agree with
experimental data,3>*~327 namely, with the fact that the reactions
of carboenynes proceed via a cyclic allene-type intermediate and
that the intramolecular cycloaddition of heteroenines involves
formation of heterocyclic carbenes.

X = CH»
—

—
=z X
] 82 83
\ X:O,S, .
T L
L s X
Ny Ny

A study of the mechanisms of two possible reactions of
intramolecular cycloaddition of ylides 85 was reported.??® The
[3 + 2]-cycloaddition resulting in diazaphospholane 86 (its ana-
logue was isolated experimentally) was shown to be kinetically
and thermodynamically most favourable (E, =45 kJ mol~!;
obtained from B3LYP/6-31G* calculations).
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IX. Conclusion

Computational quantum-chemical methods provide a powerful
tool for studying versatile chemical processes including the [3 + 2]-
cycloaddition reactions. In some cases experimental studies of the
reactivity of compounds and especially the reaction mechanisms
are difficult or impossible at all (if, e.g., the initial compounds are
poorly soluble, the reaction rate becomes too high or, on the
contrary, too low to carry out kinetic studies or if the process
involves the formation of short-lived intermediates that cannot be
characterised experimentally). In these situations theoretical cal-
culations are put in the forefront, because they present the one and
only alternative to experimental methods.

In this review we analysed the literature on the [3 + 2]-cyclo-
addition reactions and showed that the simplest qualitative
models traditionally used in organic chemistry (first of all, the
FMO theory) are still useful in interpreting experimental data.
Moreover, in some cases they help to choose the reaction
conditions. The overall reactivities of compounds depend on a
bunch of factors, namely, the nature of substituents and solvent,
the presence or the absence of catalyst, etc. Knowing the compo-
sition and the relative energies of the frontier MOs of the
reactants, one can draw particular conclusions about the effects
of these factors on the reactivity. In particular, the NED processes
require the introduction of electron-donating substituents into the
dipole molecule and electron-withdrawing groups into the dipo-
larophile molecule. The acceleration of such intermolecular reac-
tions is achieved by selective coordination of catalyst to the
dipolarophile. The reverse holds for the IED reactions.

However, this qualitative approach to the description of the
reactivity is essentially simplified because it ignores, e.g., steric
effects. Additionally, changes in the FMO energies are not always
related to the type of the substituent introduced. Finally, the
activation barrier is affected by not only the relative orbital
energies of reactants but also other factors, in particular, the

nature of the transition state and the energy balance between
cleavage and formation of chemical bonds in the formation of
transition states. Clearly, the cases where the FMO theory is
inapplicable require detailed studies of the mechanisms of the
processes and estimation of the activation energy. Thus, inves-
tigations on the reactivity of chemical compounds are often
closely related to the reaction mechanisms, which play a key role
for some reasons.

First, theoretical calculations of the activation barriers and
reaction rates (this is of greatest value when experimental kinetic
studies are impossible) have some sense only if the mechanism of
the process is known, i.e., the possible reaction pathways are
elucidated and the energetically most favourable mechanism is
available.

Second, the FMO theory predictions are usually applicable to
the ‘classical’ synchronous processes that occur under orbital
control. However, a [3 + 2]-cycloaddition reaction proceeding by
the highly asynchronous mechanism behaves to some extent
similarly to nucleophilic addition. Here, the role of the charge
factors becomes significant. The need of taking into account the
charge control complicates the choice of appropriate catalyst. On
the one hand, the catalyst should provide selective coordination of
the Lewis acid to the reactant (for intermolecular processes). On
the other hand, it should provide a maximum possible degree of
transfer of the electron density to the Lewis acid in order to attain
the largest charge difference between the atoms in the reactant
molecules. Therefore, experimental design in the field of catalytic
syntheses requires knowledge of the reaction mechanisms.

Third, the nature of the solvent belongs to the factors
responsible for the reactivity. By varying the solvent nature the
reaction can be appreciably accelerated. Location of transition
states in the minimum energy path and the inclusion of solvation
effects in the course of quantum-chemical calculations make it
possible to predict how the change in, e.g., the solvent polarity will
affect the rate of the process under study. It should also be noted
that the type of the mechanism is related to the solvation effects,
namely, in some cases a stepwise cycloaddition is accompanied by
the formation of high-polarity intermediates and transition states,
which favours acceleration of the reactions in polar media.
Finally, in some cases the solvent forms strong complexes with
reactants and thus becomes a constituent of the transition state,
being involved in the reaction. Here, comprehensive theoretical
studies of the mechanism with inclusion of coordinated solvent
become even more important.

Fourth, the mechanism of the process governs the regio- and
stereoselectivity of the reaction. Analysis of the available liter-
ature on the subject showed that these phenomena are controlled
by a group of factors that can often be interpreted only using
theoretical methods. First of all these are the electronic effects of
substituents where the introduction of an electron-donating group
into the dipolarophile molecule leads to preferred formation of the
ortho-isomer, whereas the electron-withdrawing substituents are
responsible for the meta-selectivity. Important factors also include
the nature of the solvent, selective coordination of the Lewis acid
to the reactant molecule, steric effects and the secondary orbital
interaction. All of them act on the transition-state level.

Sometimes, the general type of the reaction mechanism (con-
certed or stepwise) is responsible for the stercoselectivity. The
example presented in Scheme 10 shows that in the case of
concerted cycloaddition only one stereoisomer 87a can be formed,
whereas the stepwise mechanism makes it possible to obtain two
isomers (87a and 87b) due to free rotation about the C —C bond in
intermediate 88.

The mechanisms of some [3 + 2]-cycloaddition reactions can
be changed with ease. For instance, the inclusion of solvation
effects or the use of high-polarity solvents, catalysts, or (in some
cases) a simple repacement of substituents favour the change from
concerted to stepwise reaction mechanism.
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Therefore, if there is a need of carrying out stereoselective
synthesis, it is possible to use the results of theoretical calculations
of the reaction mechanisms for choosing the reaction conditions
(catalyst, solvent, substituents) in such a way that they will
provide a sufficiently high reaction rate on the one hand and will
not change the reaction mechanism on the other hand. In this
connection it should be noted that progress in computer science
(computational methods) and hardware allows corresponding
theoretical estimates to be obtained in a rather short time, i.e.,
quantum-chemical methods become fast methods that help in
experimental design.

Considering prospects for theoretical studies of [3 + 2]-cyclo-
addition, yet another two points should be noted. First, most
publications are concerned with the reactions with alkenes and
more rarely alkynes as dipolarophiles and nitrones, nitrile oxides,
azides and diazoalkanes as dipoles. At the same time the number
of theoretical studies devoted to the analysis of the reactivity of
compounds with other multiple bonds (C=N, C=0, C=S,
C=P, C=Si, N=N, C= N, C=P) or such dipoles as azimines,
nitrile imines, azoxy compounds, carbonyl imines, carbonyl
oxides, nitrosimines and nitroso oxides is relatively low and
corresponding processes undoubtedly require more thorough
investigations.

Second, theoretical studies aimed at analysing the role of
catalysts and the mechanism of their action on the [3 + 2]-cyclo-
addition processes are also scarce compared to the literature on
non-catalytic processes. Additionally, the importance of research
into correlations between the nature of the catalyst, solvent and
substituents, on the one hand, and the rate, regio- and stereo-
selectivity of the reaction, on the other hand, becomes obvious.

Thus, knowledge of the mechanism and the driving forces of
chemical reactions is very useful in the design of chemical experi-
ments, attainment of optimum reaction conditions and in per-
forming targeted synthesis. Modern computers and theoretical
methods allow the [3 + 2]-cycloaddition reactions to be studied
using high-level approximations, as indicated by dramatic
increase in the number of publications on the title subject reported
in the last five to seven years.

This work has been written with the financial support from the
Russian Foundation for Basic Research (Project No. 05-03-
32504).

References

1. E Buchner Ber. Dtsch. Chem. Ges. 21 2637 (1888)
2. A Padwa 1,3-Dipolar Cycloaddition Chemistry (New York: Wiley,
1984)

. K V Gothelf, K A Jorgensen Chem. Rev. 98 863 (1998)

4. R B Woodward, R Hoffmann 4ngew. Chem., Int. Ed. Engl. 8
781 (1969)

5. R B Woodward, R Hoffmann The Conservation of Orbital
Symmetry (New York: Chemie Verlag, 1970)

6. R Huisgen J. Org. Chem. 41 403 (1976)

7. R Huisgen Angew. Chem., int. Ed. Eng! 2 633 (1963)

)

8.
. R Huisgen J. Org. Chem. 33 2291 (1968)
10.
1.
12.
13.
14.
15.

16.

18.
19.

20.
21.
22.
23.
24.
25.

26.
217.

28.
29.

30.
31.
32.
33.
. E C Magnusor, J Pranata J. Comput. Chem. 19 1795 (1998)
35.

36.

37.
38.

39.
40.

41.

42.
43.

44.
45.
46.
47.
48.
49.

50.
SIL.
52.
53.
54.

SS.
56.

57.
58.

59.
60.

R Huisgen Angew. Chem., Int. Ed. Engl. 7 321 (1968)

R Huisgen Angew. Chem., In!. Ed. Eng!. 2 565 (1963)

R A Firestone J. Qrg. Chem. 33 2255 (1968)

R A Firestone J. Org. Chem. 37 2151 (1972)

R A Firestone Tetirahedron 33 3009 (1977)

R A Firestone J. Chem. Soc. A 1570 (1970)

F Fringuelly, A Taticchi The Diels— Alder Reaction: Selected
Practical Methods (New York: Wiley, 2002)

S Kobayashi, K A Jergensen Cycloaddition Reactions in Organic
Synthesis (New York: Wiley, 2001)

. A S Onishchenko Dienovyi Sintez (Diene Synthesis) (Moscow:

Academy of Sciences of the USSR, 1963)

W Carruthers Cycloaddition Reactions in Organic Synthesis
(Oxford: Pergamon Press, 1990)

A 1 Konovalov, V D Kiselev Izv. Akad. Nauk, Ser. Khim. 279
(2003)2

H-W Frithauf Chem. Fev. 97 523 (1997)

M Lautens, W Klute, W Tam Chem. Rev. 95 49 (1996)

D I Schuster, G Lem, N A Kaprnidis Chem. Rev. 93 3 (1993)

J Sauer, R Susimann Angew. Chem., Int. Ed. Eng!. 19 779 (1980)
M J S Dewar, C Jie Acc. Chem. Res. 25 537 (1992)

K N Houk, Y Li, J D Evanseck Angew. Chem., Int. Ed. Engl. 31
682 (1992)

K N Houk, J Go
J I Garcia, ] A M:
(2000)

A G Leach, K N Houk Chem. Commun. 1243 (2002)

K Fukui Theory of Orientation and Stereoselection (Berlin:
Springer, 1975)

R Sustmarn Tetrahedron Lett. 122717 (1971)

R Sustmann Tetrahedron Lett. 122721 (1971)

K B Wiberg Tetrahedron 24 1083 (1968)

A Moyano, M A Fericés, E Valenti J. Org. Chem. 54 573 (1989)

‘ez, Y Li Ace. Chem. Res. 28 81 (1995)
oral, L Salvarella Acc. Chem. Res. 33 658

A Rastelli, R Gandolfi, M S Amade J. Org. Chem. 63 7425
(1998)

S Baskaran, C Baskaran, P J Nadkarn', G K Trivedi,

J Chandrasckhar Tetirahedron 53 7057 (1997)

L R Domingo Eiur. J. Crg. Chem. 2265 (2000)

R G Pearson Hard and Soft Acids and Bases (Stroudsville, PA:
Dowden Hutchinson and Ross, 1973)

R G Parr, R G Fearson J. Am. Chem. Soc. 105 7512 (1983)

P Geerlings, F De Proft, W Langenaeker Chem. Rev. 103 1793
(2003)

P Pérez, L R Domingo, M J Awrell, R Contreras Tetrahedron
59 3117 (2003)

A Ponti, G Molteni New J. Chem. 26 1346 (2002)
G De Luca, E Siciliz, N Russo, T Mineva J. Am.
1494 (2002)

S Pal, K R S Chandrakumar J. Am. Chem. Soc. 122 4145 (2000)
M V Putz, N Russo, E Sicilia J. Comput. Chem. 25 994 (2004)
K R S Chandrakumar, S Pal J. Phys. Chem. A 106 5737 (2002)
K R S Chandrakumar, S Pal J. Phys. Chem. A 108 11775 (2002)
K R S Chandrakumar, S Pal J. Phy:. Chem. A 107 5755 (2003)
S Azzouzi, M E Messaoudi, M Esseffar, R Jaia!, F H Cano,

M C Apreda-Rojes, L R Domingo J. Phys. Org. Chem. 18 522
(2005)

A Ponti J. Phys. Chem. A 104 8843 (2000)

A K Chandrz, M T Nguyen J. Comput. Chem. 19 195 (1998)

G Molteni, A Ponti Chem.— Eur. J. 92770 (2003)

H-T Cher, J-J Ho J. Phys. Chem. A 107 7643 (2003)

L T Nguyen, F De Proft, V L Dzo, M T Nguyern, P Geerlings
J. Phys. Org. Chem. 16 615 (2003)

P K Chattarai, H Lee, R G Pair J. Am. Chem. Soc. 113 1855
(1991)

J L Gazquez, in Chemical Hardness. Structure and Bonding

(Ed. K D Sen) (Berlin: Springer,1993) Vol. 80, p. 27

R G Parr, J L Géuzquez J. Phys. Chem. 97 3939 (1993)

R G Parr, W Yang Density Functional Theory of Atoms

and Molecules (New York: Oxford University Press, 1989)

W Yang, W J Movticr J. Am. Chem. Soc. 108 5708 (1986)

A A Raj, R Raghunathan, E J P Maiar Heteroa!. Chem. 10 500
(1999)

‘hem. Soc. 124


mlg
K V Gothelf, K A Jùrgensen Chem. Rev. 98 863 (1998

mlg
R B Woodward, R Hoffmann Angew. Chem., Int. Ed. Engl. 8

mlg
781 (1969)

mlg
R Huisgen J. Org. Chem. 41 403 (1976)

mlg
R Huisgen Angew. Chem., Int. Ed. Engl. 2 633 (1963)

http://dx.doi.org/10.1021%2Fcr970324e
http://dx.doi.org/10.1002%2Fanie.196907811
http://dx.doi.org/10.1021%2Fjo00865a001
http://dx.doi.org/10.1002%2Fanie.196306331
mlg
R Hui gen Angew. Chem., Int. Ed. Engl

mlg
321 (1968)

mlg
R Huisgen J. Org. Chem. 33 2291 (1968

mlg
R Huisgen Angew. Chem., Int. Ed. Engl. 2 565 (1963

mlg
R A Firestone J. Org. Chem. 33 2285 (1968

mlg
R A Firestone J. Org. Chem. 37 2181 (1972

mlg
R A Firestone Tetrahedron 33 3009 (1977

mlg
R A Firestone J. Chem. Soc. A 1570 (1970

http://dx.doi.org/10.1002%2Fanie.196803211
http://dx.doi.org/10.1021%2Fjo01270a024
http://dx.doi.org/10.1002%2Fanie.196305651
http://dx.doi.org/10.1021%2Fjo01270a023
http://dx.doi.org/10.1021%2Fjo00978a027
http://dx.doi.org/10.1016%2F0040-4020%2877%2980448-1
http://dx.doi.org/10.1039%2Fj19700001570
mlg
H-W FruÈ hauf Chem. Rev. 97 523 (1997)

mlg
M Lautens, W Klute,W Tam Chem. Rev. 96 49 (1996)

mlg
D I Schuster, G Lem, N A Kaprinidis Chem. Rev. 93 3 (1993)

mlg
J Sauer, R Sustmann Angew. Chem., Int. Ed. Engl. 19 779 (1980)

mlg
M J S Dewar, C Jie Acc. Chem. Res. 25 537 (1992)

mlg
K N Houk, Y Li, J D Evanseck Angew. Chem., Int. Ed. Engl. 31

mlg
682 (1992)

mlg
K N Houk, J Gonzalez, Y Li Acc. Chem. Res. 28 81 (1995)

mlg
J I Garcia, J A Mayoral, L Salvatella Acc. Chem. Res. 33 658

mlg
(2000)

mlg
A G Leach, K N Houk Chem. Commun. 1243 (2002)

mlg
R Sustmann Tetrahedron Lett. 12 2717 (1971)

mlg
R Sustmann Tetrahedron Lett. 12 2721 (1971

mlg
K B Wiberg Tetrahedron 24 1083 (1968)

http://dx.doi.org/10.1021%2Fcr941164z
http://dx.doi.org/10.1021%2Fcr950016l
http://dx.doi.org/10.1021%2Fcr00017a001
http://dx.doi.org/10.1002%2Fanie.198007791
http://dx.doi.org/10.1021%2Far00023a008
http://dx.doi.org/10.1002%2Fanie.199206821
http://dx.doi.org/10.1021%2Far00050a004
http://dx.doi.org/10.1021%2Far0000152
http://dx.doi.org/10.1039%2Fb111251c
http://dx.doi.org/10.1016%2FS0040-4039%2801%2996961-8
http://dx.doi.org/10.1016%2FS0040-4039%2801%2996962-X
http://dx.doi.org/10.1016%2F0040-4020%2868%2988057-3
mlg
R G Parr, R G Pearson J. Am. Chem. Soc. 105 7512 (1983)

mlg
A Moyano,M A PericaÁ s, E ValentõÂ J. Org. Chem. 54 573 (1989)

mlg
E C Magnuson, J Pranata J. Comput. Chem. 19 1795 (1998)

mlg
A Rastelli, R Gandolfi, M S Amade J. Org. Chem. 63 7425

mlg
(1998

mlg
S Baskaran, C Baskaran, P J Nadkarni, G K Trivedi

mlg
J Chandrasekhar Tetrahedron 53 7057 (1997)

mlg
L R Domingo Eur. J. Org. Chem. 2265 (2000)

http://dx.doi.org/10.1021%2Fjo00264a014
http://dx.doi.org/10.1002%2F%28SICI%291096-987X%28199812%2919%3A16%3C1795%3A%3AAID-JCC1%3E3.0.CO%3B2-G
http://dx.doi.org/10.1021%2Fjo9812633
http://dx.doi.org/10.1016%2FS0040-4020%2897%2900403-1
http://dx.doi.org/10.1002%2F1099-0690%28200006%292000%3A12%3C2265%3A%3AAID-EJOC2265%3E3.0.CO%3B2-C
http://dx.doi.org/10.1021%2Fja00364a005
mlg
P P Â rez, L R Domingo, M J Aurell, R Contreras Tetrahedron

mlg
59 3117 (2003)

mlg
A Ponti, G Molteni New J. Chem. 26 1346 (2002)

mlg
G De Luca, E Sicilia,N Russo, T Mineva J. Am. Chem. Soc. 124

mlg
1494 (2002)

mlg
S Pal, K R S Chandrakumar J. Am. Chem. Soc. 122 4145 (2000)

mlg
M V Putz, N Russo, E Sicilia J. Comput. Chem. 25 994 (2004)

mlg
K R S Chandrakumar, S Pal J. Phys. Chem. A 106 5737 (2002

mlg
K R S Chandrakumar, S Pal J. Phys. Chem. A 106 11775 (2002)

mlg
K R S Chandrakumar, S Pal J. Phys. Chem. A 107 5755 (2003)

mlg
S Azzouzi, M E Messaoudi, M Esseffar, R Jalal, F H Cano,

mlg
M C Apreda-Rojas, L R Domingo J. Phys. Org. Chem. 18 522

mlg
(2005)

mlg
A Ponti J. Phys. Chem. A 104 8843 (2000)

http://dx.doi.org/10.1016%2FS0040-4020%2803%2900374-0
http://dx.doi.org/10.1039%2Fb205071d
http://dx.doi.org/10.1021%2Fja0116977
http://dx.doi.org/10.1021%2Fja993617t
http://dx.doi.org/10.1002%2Fjcc.20027
http://dx.doi.org/10.1021%2Fjp014499a
http://dx.doi.org/10.1021%2Fjp026062o
http://dx.doi.org/10.1021%2Fjp027819e
http://dx.doi.org/10.1002%2Fpoc.892
http://dx.doi.org/10.1021%2Fjp002279b
mlg
A K Chandra, M T Nguyen J. Comput. Chem. 19 195 (1998)

mlg
G Molteni, A Ponti Chem. ± Eur. J. 9 2770 (2003)

mlg
H-T Chen, J-J Ho J. Phys. Chem. A 107 7643 (2003)

mlg
L T Nguyen, F De Proft, V L Dao, M T Nguyen, P Geerlings

mlg
J. Phys. Org. Chem. 16 615 (2003)

mlg
P K Chattaraj, H Lee, R G Parr J. Am. Chem. Soc. 113 1855

mlg
(1991)

mlg
R G Parr, J L GaÂ zquez J. Phys. Chem. 97 3939 (1993

mlg
W Yang,W J Mortier J. Am. Chem. Soc. 108 5708 (1986)

mlg
A A Raj, R Raghunathan, E J P Malar Heteroat. Chem. 10 500

mlg
(1999)

http://dx.doi.org/10.1002%2F%28SICI%291096-987X%2819980130%2919%3A2%3C195%3A%3AAID-JCC12%3E3.0.CO%3B2-H
http://dx.doi.org/10.1002%2Fchem.200204681
http://dx.doi.org/10.1021%2Fjp035220o
http://dx.doi.org/10.1002%2Fpoc.653
http://dx.doi.org/10.1021%2Fja00005a073
http://dx.doi.org/10.1021%2Fj100118a003
http://dx.doi.org/10.1021%2Fja00279a008
http://dx.doi.org/10.1002%2F%28SICI%291098-1071%281999%2910%3A6%3C500%3A%3AAID-HC11%3E3.0.CO%3B2-M

Theoretical studies on [3 + 2]-cycloaddition reactions

957

6l.

62.

63.
64.

65.
66.

67.

68.

69.

70.
71.

72.
73.
74.
75.
76.
77.
78.

79.
80.

81.
82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.
100.

101.
102.

103.
104.

P Cluhas, F Georgescu, E Georgescu, C Draghici, M T Caproiu
Rev. Roum. Chim. 47 333 (2002)

P Merino, T Tejero, M Laguna, E Cerrada, A Moreno,

J A Lopez Org. Biomo!. Chem. 12336 (2003)

B S Jursic J. Mol. Struct. (THEOCHEM ) 365 55 (1996)

N T Anh, G Frison, A Solladie-Cavallo, P Meiiner Tetrahe-
dron 54 12841 (1998)

V Taborski, A Baranski Khim. Geterotsikl. Soedin. 1204 (1998) ®
M L Kuznetsov, A J L Pombeiro J. Chem. Soc., Dalton Trans.
738 (2003)

R Lopez, D Suirez, T L Sordo, M F Ruiz-Lopez

Chem.— Eur. J. 4328 (1998)

D-C Fang, H-M Li J. Mol. Struct. (THEOCHEM ) 528 111
(2000)

D-C Fang, Z-F Xu, X-Y FuJ. Mol. Struct. (THEOCHEM )
333 159 (1995)

D-C Fang, X-Y FuJ. Mol. Struct. (THEOCHEM ) 439 15 (1999)
A A Restrepo-Cossio, C A Gonralez, F Mari J. Phys. Chem. A
102 6993 (1998)

M L Kuzneisov, V Yu Kukushkin, A I Dement’ev,

A J L Pombeiro J. Phys. Chem. A 107 6103 (2003)

J J Blavings, P B Karadakov, D L Cooper J. Org. Chem. 66
4285 (2001)

D Zhang, R Y Ziang J. Am. Chem. Soc. 124 2692 (2002)

S Y Ham, D M Eirney Tetrahedron Lett. 38 5925 (1997)

V P Ananikov J. Phys. Org. Chem. 16 253 (2003)

O Wiest J. Mol. Struct. (THEOCHEM ) 39 368 (1996)

V Hrouda, P Carsky, M Ingr, Z Chval, G N Sastry, T Bally
J. Phys. Chem. A 102 9297 (1998)

N L Ma, B J Smiik, L Radom Chem. Phys. Let/. 193 386 (1992)
J J Blavins, P B Karadakov, D L Cooper J. Phy:. Chem. A 107
2548 (2003)

M F A Hendrickx, C Vinckier J. Phys. Chem. A 107 7574 (2003)
C D Valentin, M Freccero, R Gandolfi, A Rastelli J. Org
Chem. 65 6112 (2000)

M T Nguyen, A K Chandrz, S Sakai, K Morokuma J. Org.
Chem. 64 65 (1999)

S M Bachrzci, J C Gilbert J. Crg. Chem. 69 6357 (2004)

R Sustmann, W Sicking, R Husgen Chem. — Eur. J. 9 2245
(2003)

K N Houk, J Sims, R E Duke Jir, R W Strozer, J K George
J. Am. Chem. Soc. 95 7287 (1973)

K N Houk, J Sims, C R Watts, L J Luskus J. Am. Chem. Soc
95 7301 (1973)

M Carda, R Portolés, J Murga, S Urel, J A Marco,

L R Domingo, R J Zaragoz#, H Réper J. Org. Chem. 65 7000
(2000)

M A Silva, ] M Goodman Teti-ahedron 58 3647 (2002)

M L Yeung, W-K Li, H-J Liv, Y Wang, K S Chan J. Org
Chem. 63 7670 (1998)

P Merino, S Anoro, F Merchan, T Tejero Heterocycles 53 861
(1999)

N Naji, K Marzkchi, O K Kabbaj, N Komihe, J Joffre,

M Chraibi, M Soufiaoui J. Fluorine Chent. 94 127 (1999)

K Marakchi, O K Kabbaj, N Komiha J. Fluorine Chem. 114 81
(2002)

A Baranski, M Qisranska, K Baranska J. Phys. Org. Chem. 13
489 (2000)

R Jasinski, A Ciezkowska, A Baranski Khim. Geterotsikl.
Soedin. 239 (2004)

R Jasinski, A Ciezkowska, A Lyubimtsev, A Baranski Khim.
Geterotsikl. Soedin. 243 (2004) ®

A Baranski Pol. J. Chem. 74 767 (2000)

K Marakchi, O Kabbaj, N Komtha, R Jalal, M Esseffar

J. Mol. Struct. (THEOCHEM ) 620 271 (2003)

I Morao, B Le: F P Cossio J. Org. Chem. 627033 (1997)

F P Cossio, I Morao, H Jiao, P v R Schleyer J. 4in. Chem. Soc
121 6737 (1999)

A Baranski, R Jasinski, K Zurowski J. Phys. Org. Chem. 16 279
(2003)

G Wagner Chem.— Eur. J. 9 1503 (2003)

T Matsuokz, K Harano Tetrahedron 51 6451 (1995)

J J W McDouzll, M A Robbh, U Niazi, F Bernardi,

H B Schlegel J. Am. Chem. Soc. 109 4642 (1987)

105.

106.
107.

108.
109.
110.
111.
112.
113.
114.
115.
116.

117.
118.

119.

120.
121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.
134.

135.

136.

137.
138.

139.
140.
141.
142.
143.
144.

145.

K Kavitha, P Venuvanalingam J. Chem. Soc., Perkin Trans. 2
2130 (2002)

J Tanaka, S Kanemasa Tetrahedron 57 €99 (2001)

K V Gothelf, R G Hazell, K A Jargensen J. Crg. Chem. 61 346
(1996)

R Huisgen, H Hauck, R Grashey, H Seidl Chem. Ber. 101 2568
(1968)

R Huisgen Pure Appl. Chem. 52 2283 (1980)

R Huisgen, H Seidl, I Briining Chem. Ber. 102 1102 (1969)

P K Kadaba Synthesis 71 (1973)

R Jasinski, E Brandel, A Baranski Pol. J. Chem. 78 83 (2004)
P Merino, J Revuelta, T Tejero, U Chiacchio, A Rescifina,

G Romeo Tetrahedron 59 3581 (2003)

Y Yu, M Ohno, S Eguchi, T Kewai, Y Terada Tetrahedron 53
5413 (1997)

K B Simonser, P Bayon, R G Hazell, K V Gothelf,

K A Jorgensen J. Am. Chem. Soc. 121 3845 (1999)

R Sustmann, W Sicking, R Huisgen J. Am. Chem. Soc. 117
9679 (1995)

M Burdisso, R Gandolfi, P Granger Tetrahediron 455579 (1989)
P Astolfi, P Brun, L Greci, P Stipa, L Righi, C Rizzoli Eur. J.
Org. Chem. 2625 (2003)

X Sun, M Wang, P Liu, W Biar, D Feng, Z CaiJ. Mol. Struct.
(THEOCHEM ) 679 73 (2004)

J Sims, K N Houk J. Am. Chem. Soc. 95 5798 (1973)

K N Houk, A Bimanand, D Mukherjee, J Sims, Y-M Chang,
D C Kaufman, L N Domelsmith Heterocycles 7293 (1977)

C S Qi,D C Feng, HY Wang, C M Kang, Z T Cai Acta
Chim. Sinica 60 1052 (2002)

K B Jensen, M Roberson, K A Jergensen J. Cig. Chem. 65
9080 (2000)

M Freccero, R Gandolfi, M Sarzi-Amade, A Rastelli J. Chem
Soc., Perkin Trans. 2 2413 (1998)

S E Denmark, M Seierstad, B Herbert J. Crg. Chem. 64 884
(1999)

J Liu, S Niwayama, Y You, K N Houk J. Org
(1998)

U Chiacchio, F Genovese, D lannazzo, V Librando, P Merino,
A Rescifinz, R Romeo, A Procopio, G Romeo Tetirahedron 60
441 (2004)

U Chiacchio, L Borrello, D Tznnazzo, P Merino, A Piperno,
A Rescifina, B Richichi, G Romeo Tetrahedron: Asymmetry 14
2419 (2003)

P Merino, E M Alamo, S Franco, F L Merchan, A Simon,

T Tejero Teirahedron: Asymmetry 11 1543 (2000)

P Merino, J A Maies, J Revueita, T Tejero, U Chiacchio,

G Romeo, D Tarnizzo, R Romeo Teirahedron: Asymmetry 13
173 (2002)

P Merino, S Anoro, F L Merchan, T Tejero Molecules 5 132
(2000)

H Tsuge, T Okano, S Eguchi, H Kimoto J. Chem. Soc., Perkin
Trans. 1 1581 (1997)

Y Yoshitake, M Eto, K Harano Heterocycles 45 1873 (1997)
K Tanaka, T Imase, S Iwata Bi'. Chem. Soc. Jpn. 69 2243
(1996)

A Rastelli, R Gandolfi, M Sarz-Amade, B Carboni J. Org
Chem. 66 2449 (2001)

Y-H Sheng, D-C Fang, Y-D Wu, X-Y Fu, Y Jiang J. Mol
Struct. (THEOCHEM ) 467 31 (1999)

M L Kuznetsov, V Yu Kukushkn /. Org. Chem. 71 582 (2006)
G Wagner, A J L Fombeiro, V Yu Kukushkin J. Am. Chem.
Soc. 122 3106 (2000)

G Wagner, M Haukka, JJ R Fraisio da Silva, A J L Pombeiro,
V Yu Kukustikin Inorg. Chem. 40 264 (2001)

M L Kuznetsov J. Mol. Striuct. (THEOCHEM ) 674 33 (2004)
L R Domingo J. Org. Chem. 64 3922 (1999)

L R Domingo, M Arno, J Andrés J. Org. Chem. 64 5867 (1999)
L Fisera, R Huisgen, I Kalwinsch, E Langhals, X Y Li,

G Mloston, K Polborn, J Rapp, W Sicking, R Sustmann Pure
Appl. Chem. 68 789 (1996)

P H H Hermikens, J H v Maarseveen, C G Kruse,

H W Scheeren Tetrahedion 44 6491 (1988)

M G Hitzler, C C Freyhardt, J C Jochims J. Praki. Chem. 338
243 (1996)

‘hem. 63 1064



mlg
P Merino, T Tejero, M Laguna, E Cerrada, A Moreno

mlg
J A Lopez Org. Biomol. Chem. 1 2336 (2003

mlg
B S Jursic J. Mol. Struct. (THEOCHEM) 365 55 (1996

mlg
N T Anh, G Frison, A Solladie-Cavallo, P Metzner Tetrahe

mlg
ron 54 12841 (1998)

http://dx.doi.org/10.1039%2Fb304112c
http://dx.doi.org/10.1016%2F0166-1280%2895%2904468-X
http://dx.doi.org/10.1016%2FS0040-4020%2898%2900773-X
mlg
R L Â pez, D SuaÂ rez, T L Sordo, M F Ruiz-LoÂ pez

mlg
Chem. ± Eur. J. 4 328 (1998)

http://dx.doi.org/10.1002%2F%28SICI%291521-3765%2819980210%294%3A2%3C328%3A%3AAID-CHEM328%3E3.0.CO%3B2-Q
mlg
V P Ananikov J. Phys. Org. Chem. 16 253 (2003)

mlg
D-C Fang, H-M Li J. Mol. Struct. (THEOCHEM) 528 111

mlg
(2000

mlg
D-C Fang, Z-F Xu, X-Y Fu J. Mol. Struct. (THEOCHEM)

mlg
333 159 (1995)

mlg
D-C Fang, X-Y Fu J. Mol. Struct. (THEOCHEM) 459 15 (1999)

mlg
A A Restrepo-Cossio, C A Gonzalez, F MarõÂ J. Phys. Chem. A

mlg
102 6993 (1998)

mlg
M L Kuznetsov, V Yu Kukushkin, A I Dement'ev

mlg
A J L Pombeiro J. Phys. Chem. A 107 6108 (2003)

mlg
J J Blavins, P B Karadakov, D L Cooper J. Org. Chem. 66

mlg
4285 (2001)

mlg
D Zhang, R Y Zhang J. Am. Chem. Soc. 124 2692 (2002)

mlg
S Y Ham, D M Birney Tetrahedron Lett. 38 5925 (1997)

http://dx.doi.org/10.1016%2FS0166-1280%2899%2900481-9
http://dx.doi.org/10.1016%2F0166-1280%2894%2903924-A
http://dx.doi.org/10.1016%2FS0166-1280%2898%2900252-8
http://dx.doi.org/10.1021%2Fjp981085h
http://dx.doi.org/10.1021%2Fjp035261k
http://dx.doi.org/10.1021%2Fjo015560a
http://dx.doi.org/10.1021%2Fja011518l
http://dx.doi.org/10.1016%2FS0040-4039%2897%2901444-5
http://dx.doi.org/10.1002%2Fpoc.613
mlg
V Hrouda, P Carsky,M Ingr, Z Chval, G N Sastry, T Bally

mlg
J. Phys. Chem. A 102 9297 (1998)

mlg
N L Ma, B J Smith, L Radom Chem. Phys. Lett. 193 386 (1992)

mlg
J Blavins, P B Karadakov, D L Cooper J. Phys. Chem. A 107

mlg
2548 (2003)

mlg
M F A Hendrickx,C Vinckier J. Phys. Chem.A107 7574 (2003)

mlg
C D Valentin, M Freccero, R Gandolfi, A Rastelli J. Org

mlg
Chem. 65 6112 (2000)

mlg
M T Nguyen, A K Chandra, S Sakai, K Morokuma J. Or

mlg
Chem. 64 65 (1999

mlg
S M Bachrach, J C Gilbert J. Org. Chem. 69 6357 (2004)

mlg
R Sustmann,W Sicking, R Huisgen Chem. ± Eur. J. 9 224

mlg
(2003

mlg
K N Houk, J Sims, R E Duke Jr, R W Strozier, J K George

mlg
J. Am. Chem. Soc. 95 7287 (1973)

mlg
K N Houk, J Sims, C R Watts, L J Luskus J. Am. Chem. Soc

mlg
95 7301 (1973)

mlg
M Carda, R Portol Â s, J Murga, S Uriel, J A Marco

mlg
L R Domingo, R J ZaragozaÂ , H R È per J. Org. Chem. 65 7000

mlg
(2000)

http://dx.doi.org/10.1021%2Fjp982590h
http://dx.doi.org/10.1016%2F0009-2614%2892%2985647-S
http://dx.doi.org/10.1021%2Fjp027331d
http://dx.doi.org/10.1021%2Fjp034541x
http://dx.doi.org/10.1021%2Fjo000569i
http://dx.doi.org/10.1021%2Fjo980723p
http://dx.doi.org/10.1021%2Fjo0492970
http://dx.doi.org/10.1002%2Fchem.200204658
http://dx.doi.org/10.1021%2Fja00803a017
http://dx.doi.org/10.1021%2Fja00803a018
http://dx.doi.org/10.1021%2Fjo0009651
mlg
M A Silva, J M Goodman Tetrahedron 58 3667 (2002)

mlg
M L Yeung, W-K Li, H-J Liu, Y Wang, K S Chan J. Org

mlg
Chem. 63 7670 (1998)

http://dx.doi.org/10.1016%2FS0040-4020%2802%2900349-6
http://dx.doi.org/10.1021%2Fjo9803840
mlg
N Naji, K Marakchi, O K Kabbaj, N Komiha, J Joffre

mlg
M ChraõÈ bi,M Soufiaoui J. Fluorine Chem. 94 127 (1999

mlg
K Marakchi, O K Kabbaj, N Komiha J. Fluorine Chem. 114 81

mlg
(2002

http://dx.doi.org/10.1016%2FS0022-1139%2898%2900317-0
http://dx.doi.org/10.1016%2FS0022-1139%2801%2900570-X
mlg
A Baranski,M Olszanska, K Baranska J. Phys. Org. Chem. 13

mlg
489 (2000)

http://dx.doi.org/10.1002%2F1099-1395%28200009%2913%3A9%3C489%3A%3AAID-POC267%3E3.0.CO%3B2-7
mlg
K Marakchi, O Kabbaj, N Komiha, R Jalal,M Esseffar

mlg
J. Mol. Struct. (THEOCHEM) 620 271 (2003)

mlg
I Morao, B Lecea, F P CossõÁ o J. Org. Chem. 62 7033 (1997)

mlg
F P CossõÁ o, I Morao,H Jiao, P v R Schleyer J. Am. Chem. Soc

mlg
121 6737 (1999)

mlg
A Baranski, R Jasinski,K Zurowski J. Phys. Org. Chem. 16 279

mlg
(2003)

mlg
G Wagner Chem. ± Eur. J. 9 1503 (2003)

mlg
T Matsuoka, K Harano Tetrahedron 51 6451 (1995)

mlg
J J W McDouall,M A Robb, U Niazi, F Bernardi,

mlg
H B Schlegel J. Am. Chem. Soc. 109 4642 (1987)

http://dx.doi.org/10.1016%2FS0166-1280%2802%2900611-5
http://dx.doi.org/10.1021%2Fjo970347t
http://dx.doi.org/10.1021%2Fja9831397
http://dx.doi.org/10.1002%2Fpoc.612
http://dx.doi.org/10.1002%2Fchem.200390172
http://dx.doi.org/10.1016%2F0040-4020%2895%2900300-W
http://dx.doi.org/10.1021%2Fja00249a030
mlg
K Ka ha, P Venu nalingam

mlg
Chem. Soc., Perkin Trans. 2

mlg
2130 (2002)

mlg
J Tanaka, S Kanemasa Tetrahedron 57 899 (2001)

mlg
K V Gothelf, R G Hazell, K A Jùrgensen J. Org. Chem. 61 34

mlg
(1996)

http://dx.doi.org/10.1039%2Fb206470g
http://dx.doi.org/10.1016%2FS0040-4020%2800%2901045-0
http://dx.doi.org/10.1021%2Fjo951204e
mlg
P K Kadaba Synthesis 71 (1973)

http://dx.doi.org/10.1055%2Fs-1973-22136
mlg
P Merino, J Revuelta, T Tejero, U Chiacchio, A Rescifina

mlg
J Sims, K N Houk J. Am. Chem. Soc. 95 5798 (1973)

mlg
G Romeo Tetrahedron 59 3581 (2003)

mlg
Y Yu,M Ohno, S Eguchi, T Kawai, Y Terada Tetrahedron 53

mlg
5413 (1997)

mlg
K B Simonsen, P Bay Â n, R G Hazell, K V Gothelf

mlg
K A Jùrgensen J. Am. Chem. Soc. 121 3845 (1999)

mlg
R Sustmann,W Sicking, R Huisgen J. Am. Chem. Soc. 117

mlg
9679 (1995)

mlg
M Burdisso,R Gandolfi, P Granger Tetrahedron 45 5579 (1989)

mlg
P Astolfi, P Bruni, L Greci, P Stipa, L Righi, C Rizzoli Eur. J

mlg
Org. Chem. 2626 (2003)

mlg
X Sun,M Wang, P Liu,W Bian, D Feng, Z Cai J. Mol. Struct

mlg
(THEOCHEM) 679 73 (2004)

http://dx.doi.org/10.1016%2FS0040-4020%2803%2900547-7
http://dx.doi.org/10.1016%2FS0040-4020%2897%2900236-6
http://dx.doi.org/10.1021%2Fja983915a
http://dx.doi.org/10.1021%2Fja00143a009
http://dx.doi.org/10.1016%2FS0040-4020%2801%2989503-X
http://dx.doi.org/10.1002%2Fejoc.200300016
http://dx.doi.org/10.1016%2Fj.theochem.2004.04.006
http://dx.doi.org/10.1021%2Fja00798a079
mlg
K B Jensen, M Roberson, K A Jùrgensen J. Org. Chem. 65

mlg
9080 (2000)

mlg
M Freccero, R Gandolfi, M Sarzi-Amad Á , A Rastelli J. Chem

mlg
Soc., Perkin Trans. 2 2413 (1998)

mlg
S E Denmark,M Seierstad, B Herbert J. Org. Chem. 64 884

mlg
(1999)

mlg
J Liu, S Niwayama, Y You, K N Houk J. Org. Chem. 63 1064

mlg
(1998)

mlg
U Chiacchio, F Genovese,D Iannazzo, V Librando, P Merino

mlg
A Rescifina, R Romeo, A Procopio, G Romeo Tetrahedron 60

mlg
441 (2004

mlg
U Chiacchio, L Borrello, D Iannazzo, P Merino, A Piperno

mlg
A Rescifina, B Richichi, G Romeo Tetrahedron: Asymmetry 14

mlg
2419 (2003)

mlg
P Merino, E M Alamo, S Franco, F L Merchan, A Simon

mlg
T Tejero Tetrahedron: Asymmetry 11 1543 (2000)

mlg
P Merino, J A Mates, J Revuelta, T Tejero, U Chiacchio

mlg
G Romeo, D Iannazzo, R Romeo Tetrahedron: Asymmetry 13

mlg
173 (2002)

http://dx.doi.org/10.1021%2Fjo001157c
http://dx.doi.org/10.1039%2Fa805372c
http://dx.doi.org/10.1021%2Fjo9818374
http://dx.doi.org/10.1021%2Fjo971408q
http://dx.doi.org/10.1016%2Fj.tet.2003.11.007
http://dx.doi.org/10.1016%2FS0957-4166%2803%2900525-1
http://dx.doi.org/10.1016%2FS0957-4166%2800%2900094-X
http://dx.doi.org/10.1016%2FS0957-4166%2802%2900088-5
mlg
H Tsuge, T Okano, S Eguchi, H Kimoto J. Chem. Soc., Perkin

mlg
Trans. 1 1581 (1997)

http://dx.doi.org/10.1039%2Fa606890a
mlg
K Tanaka, T Imase, S Iwata Bull. Chem. Soc. Jpn. 69 2243

mlg
(1996)

mlg
A Rastelli, R Gandolfi, M Sarzi-AmadeÁ , B Carboni J. Org

mlg
L R Domingo,M ArnoÂ , J AndreÂ s J. Org. Chem. 64 5867 (1999)

mlg
Chem. 66 2449 (2001)

mlg
Y-H Sheng, D-C Fang, Y-D Wu, X-Y Fu, Y Jiang J. Mol

mlg
Struct. (THEOCHEM) 467 31 (1999)

mlg
M L Kuznetsov, V Yu Kukushkin J. Org. Chem. 71 582 (2006)

mlg
G Wagner, A J L Pombeiro, V Yu Kukushkin J. Am. Chem

mlg
Soc. 122 3106 (2000)

mlg
G Wagner,MHaukka, J J R FrauÂ sto da Silva, A J L Pombeiro

mlg
V Yu Kukushkin Inorg. Chem. 40 264 (2001)

mlg
M L Kuznetsov J. Mol. Struct. (THEOCHEM) 674 33 (2004)

mlg
L R Domingo J. Org. Chem. 64 3922 (1999)

http://dx.doi.org/10.1246%2Fbcsj.69.2243
http://dx.doi.org/10.1021%2Fjo001801n
http://dx.doi.org/10.1016%2FS0166-1280%2898%2900481-3
http://dx.doi.org/10.1021%2Fjo051958l
http://dx.doi.org/10.1021%2Fja993564f
http://dx.doi.org/10.1021%2Fic000477b
http://dx.doi.org/10.1016%2Fj.theochem.2003.12.042
http://dx.doi.org/10.1021%2Fjo9822683
http://dx.doi.org/10.1021%2Fjo990331y
mlg
P H H Hermkens, J H v Maarseveen, C G Kruse

mlg
H W Scheeren Tetrahedron 44 6491 (1988)

mlg
M G Hitzler, C C Freyhardt, J C Jochims J. Prakt. Chem. 338

mlg
243 (1996)

http://dx.doi.org/10.1016%2FS0040-4020%2801%2989838-0
http://dx.doi.org/10.1002%2Fprac.19963380149

958

M L Kuznetsov

146

147

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.
164.

165.
166.
167.
168.
169.
170.

171.
172.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.
184.

. S Nakai, F Yonreda, T Yamabe, K Fukuw Chem. Phys. 204 313
(1996)

. 'Y Karzazi, G Vergoten, G Surpaicanu J. Mo.. Struct. 471 83

(1998)

Y Karzazi, G Vergoten, G Surpaicanu J. Mo!. Struct. 476 105

(1999)

G G Surpatearnu, F Delative, P Woise!, G Vergoten,

G Surpatearn J. Mo!. Stiruct. 645 29 (2003)

M D Caprosu, I G Olariu, I I Mangziagiu, M A Constantinescu,

M G Petrovana Eur. J. Org. Chem. 3501 (1999)

M Avalos, R Bablano, A Cabaniilas, P Cintas, J L Jiménez,

J C Palacios, M A Aguilar, J C Corchado, J Espnosa-Garcia

J. Org. Chem. 61 7291 (1996)

R T Pardasan:, P Pardasan:, V Chaturved:, S K Yadav,

A Saxena, I Sharma He'eroat. Chem. 14 36 (2003)

J M Lerestif, L Toupet, S Sinbandhit, F Tonnzrd, J P Bazureau,

J Hamelin Tetrahedron 53 6351 (1997)

J M Leresiif, J Perrocheau, F Tonnard, J P Bazureau,

J Hamelin Tetrahedron 51 6757 (1995)

P Areces, M Av:zw.'ios, R Babiano, P Cintas, L Gonzalez,

M B Hursthouse, J L Jiménez, M E Light, I Lépe:, J C Palacios,

G Silvero Eur. J. Org. Chem. 2135 (2001)

M D Weingarter, M Prein, A T Price, J P Snyder, A Padwa

J. Org. Chem. 622001 (1997)

R Sustmann, W Sicking, R Huisgen J. Am. Chem. Soc. 125

14425 (2003)

S Muthusamy, S A Babu, C Gunanzthan, B Ganguly, E Suresh,

P Dastidar J. Org. Chem. 67 8019 (2002)

M Kotera, K Ishii, O Tamura, M Sakamoto J/. Chem. Soc.,

Perkin Trans. 1313 (1998)

J Valenciano, A M Cuadro, J J Vaquero, J A'varez-Builla,

R Palmeiro, O Castafio J. Ci'g. Chem. 64 9001 (1999)

F Laduron, C Ates, H G Viehe Tetrahedron Lett. 37 5515

(1996)

F Neumann, C Lambert, P v R Schicyer J. Am. Chem. Soc. 120

3357 (1998)

R R Sauers Tetrahediron Lett. 37 7679 (1996)

S Vivanco, B Lecea, A Arrietz, P Prieto, I Morao, A Linden,

F P Cossin J. Am. Chem. Soc. 122 6073 (2000)

R N Butler, W J Cunninghiam, A G Coyne, L A Burke J. Am.

Chem. Soc. 125 11923 (2004)

R N Butler, A G Coyne, W J Cunningham, L A Burke

J. Chem. Soc., Perkin Trans. 2 1507 (2002)

J Fabian J. Mo!. Struct. (THEQCHEM ) 398 -399 411 (1997)

G Miloston, J Fabian Pol. J. Chem. 73 683 (1999)

R Sustmann, W Sicking, R Huisgen Eur. J. Org. Chem. 1505

(2005)

M Aono, Y Terzo, K Achiwa Chem. Lett. 1551 (1987)

L R Domingo, M T Picher Te/irahedron 6 5053 (2004)

R Huisgen, G Miaston, E Langhals Helv. Chim. Acta 84 1805

(2001)

3. I El-Sayed, R G Haell, ] @ Madsen, P-O Norrby, A Senning

Eur. J. Org. Chem. 813 (2003)

A Padwa, S R Harring, D L Hertz

993 (1994)

A Padwa, D J Austin, A T Price, M D Welngarten
Tetrahedron 52 3247 (1996)

M J Arevalo, M Avalos, R Bab:ano, P Cintas, M B Hursthouse,
J L Jimenez, M E Light, I Loper, J C Palacios Tetrahedron
56 1247 (2000)

R T Pardasani, P Pardasani, S K Yadav, P V Bharatam

J. Heterocycl. Chem. 40 557 (2003)

M Ayerbe, A Arrieta, F P Cossio, A Linden J. Cirg. Chem. 63
1795 (1998)

H A Dondas, C W G Fishw:ck, R Grigg, C Kilner
Tetrahedron 60 3473 (2004)

C W G Fishwick, R Grigg, V Sridharan, J Virica Tetrahedron
59 4451 (2003)

J Zozom, C W Gilics, R D Suenram, F J Lovas Chem. Phys.
Lett. 139 64 (1987)

J Z Gillies, C W Gillies, R D Suenram, F J Lovas J. Am.
Chem. Soc. 110 7991 (1988)

R Atkinson J. Phys. Chem. Ref. Data R1& (1994)

I Ljubic, A Sabijic J. Phys. Chem. A 106 4745 (2002)

185.

186.

187.
188.

189.
190.
191.
192.
193.
194.
195.
196.
197.
198.
199.
200.
201.
202.
203.
204.
205.
206.
207.
208.
2009.
210.
211.
212.

213.
214.

215.

216.
217.

218.

219.

220.

221.
222.

223.

224.

225.

226.
227.

228.

D Cremer, E Kraka, R Crehuer, J Anglada, J Grifenstein
Chem. Phys. Lett. 347 268 (2001)

D Cremer, R Crehuet, J Anglada J. Am. Chem. Soc. 123 6127
(2001)

R Atkinson, S M Aschmann /n¢. J. Chem. Kinet. 16 259 (1984)
T Ogino, H Yzezawa, O Yoshida, M Ono Org. Biomol. Chem. 1
2771 (2003)

T Strassner, M Busold J. Crg. Chem. 66 672 (2001)

K N Houk, T Sirassner J. Orgz. Chen:. 64 800 (1999)

T Ogino, T Waiznabe, M Maisuura, C Watanabe, H Ozaki

J. Org. Chem. 63 2627 (1998)

T Strassner, M Drees J. Mo!. Stiuct. (THECQCHEM ) 671 197
(2004)

J Frunzke, C Loschen, G Frenking J. Am. Chem. Soc. 126 3642
(2004)

D V Deubel, S Scivecht, G Frenking J. Am. Chem. Soc. 123
10085 (2001)

P Gisdakis, N Rosch J. Am. Chem. Soc. 123 697 (2001)

A J Del Monite, J Haller, K N Houk, K B Sharpless,

D A Singleton, T Strassner, A A Thomas J/. 4in. Chem. Soc.
1199907 (1997)

D V Deubel, G Frenking J. Aim. Chem. Soc. 121 2021 (1999)
M Torreni, L Q Deng, M Dran, M Soia, T Ziegler
Organometal'ics 16 13 (1997)

S Dapprich, G Ujaque, F Maseras, A Lleds, D G Musaev,
K Morokuma J. 4im. Chem. Soc. 118 11660 (1996)

G Ujaque, F Maseras, A Lledos J. Org. Chem. 627892 (1997)
D V Deubel, G Frenking Ace. Chem. Res. 36 645 (2003)

T Hayakawa, K Araki, S Shivaishi Bull. Chem. Soc. Jpn. 57
1643 (1984)

E Rajaian, M Monajjemi, M R Gholami J. Chem. Res. 279
(2002)

M Esseffar, R Jalal, M El Messaoudi, M El Mouhtadi J. Mol
Struct. (THEOCHEM ) 433 301 (1998)

H Zhao, X L, X Ran, W Zhang J. Mol. Struct
(THEOCHEM ) 683 207 (2004)

A Komornick’, ] D Goddard, H F Schaefer I'1 ... Am. Chem
Soc. 102 1763 (1980)

J A Saez, M Arné, L R Domingo Tetrahedron 59 9167 (2003)
K Sakata J. Phys. Chem. A 104 10001 (2000)

M-D Su, H-L Lizo, W-S Chung, S-Y Chu J. Crg. Chem. 64
6710 (1999)

V Vullo, T N Da
S Sakai, M T N
A Rastelli, M B
(1995)

C Wentrup, W Hellmayer, G Kollenz Synthesis 1219 (1994)

K Bast, M Christl, R Huisgen, W Mack Chem. Ber. 106 3312
(1973)

P B Karadakov, D L Cooper, J Gerratt Theor. Chem. Acc. 100
222 (1998)

R D Harcourt, A Schulz J. Phy.. Chem. A 104 6510 (2000)

P B Karadakov, D L Cooper, J Gerratt J. Am. Chem. Soc. 120
3975 (1998)

V Polo, J Andres, R Castillo, S Berski, B Silvi Chem. — Eur. J.
10 5165 (2004)

A Corsaro, U Chiacchio, V Pistari, A Rescifina, G Buemi,

G Romeo J. Chem. Soc., Perkin Trans. 2 1761 (2000)

M A Weidner-Wells, S A Fraga-Spano, I J Turchi J. Org.
Chem. 63 6319 (1998)

A Kamimurz, K Hori Tetrahedron 50 7969 (1994)

M Prakesch, D Grée, R Grée, J Carter, I Washington,

K N Houk Chem.— Eui. J. 9 5664 (2003)

A Rastelli, M Bagaiti, R Gandolfi, M Burdisso J. Chem. Soc.,
Faraday Trans:. 9 1077 (1994)

A Rastelli, M Bazatti, A Ori, R Gandolfi, M Eurdisso J. Chem.
Soc., Faraday Tran.:. 89 29 (1993)

I N N Namboothiri, N Rastogl, B Ganguly, S M Mobin,

M Cojocaru Tetrahedron 60 1453 (2004)

Y Hu, K N Houk Tetrahedron 56 8239 (2000)

A P Marchand, G V M Sharma, R Shukla, S G Bott
Heterocycles 47 271 (1998)

Y M Zhang, R X Wang, W R Xu, C B Liu Acta Chim. Sinica
63 567 (2005)

ks, G Wagner Eurr. J. Org. Chem. 2046 (2004)
wyen J. Phys. Chem. A 108 9169 (2004)
iti, R Gandoifi J. Am. Chem. Soc. 117 4965



mlg
S Nakai, F Yoneda, T Yamabe, K Fukui . P y . 313

mlg
(1996)

mlg
Y Karzazi, G Vergoten, G Surpateanu J. Mol. Struct. 471 83

mlg
(1998)

mlg
Y Karzazi, G Vergoten, G Surpateanu J. Mol. Struct. 476 105

mlg
(1999)

mlg
G G Surpateanu, F Delattre, P Woisel, G Vergoten

mlg
G Surpateanu J. Mol. Struct. 645 29 (2003)

mlg
MDCaprosu, IG Olariu, I I Mangalagiu,MA Constantinescu

mlg
M G Petrovanu Eur. J. Org. Chem. 3501 (1999)

mlg
M Avalos, R Babiano, A Cabanillas, P Cintas, J L JimeÁ nez

mlg
J C Palacios,M A Aguilar, J C Corchado, J Espinosa-GarcõÁ a

mlg
J. Org. Chem. 61 7291 (1996)

mlg
R T Pardasani, P Pardasani, V Chaturvedi, S K Yadav

mlg
A Saxena, I Sharma Heteroat. Chem. 14 36 (2003)

mlg
JMLerestif, L Toupet, S Sinbandhit, F Tonnard, J P Bazureau

mlg
J Hamelin Tetrahedron 53 6351 (1997)

mlg
J M Lerestif, J Perrocheau, F Tonnard, J P Bazureau,

mlg
J Hamelin Tetrahedron 51 6757 (1995)

http://dx.doi.org/10.1016%2F0301-0104%2895%2900274-X
http://dx.doi.org/10.1016%2FS0022-2860%2898%2900387-1
http://dx.doi.org/10.1016%2FS0022-2860%2898%2900528-6
http://dx.doi.org/10.1016%2FS0022-2860%2802%2900488-X
http://dx.doi.org/10.1002%2F%28SICI%291099-0690%28199912%291999%3A12%3C3501%3A%3AAID-EJOC3501%3E3.0.CO%3B2-%23
http://dx.doi.org/10.1021%2Fjo960483i
http://dx.doi.org/10.1002%2Fhc.10063
http://dx.doi.org/10.1016%2FS0040-4020%2897%2900295-0
http://dx.doi.org/10.1016%2F0040-4020%2895%2900321-X
mlg
P Areces, M Â valos, R Babiano, P Cintas, L GonzaÂ lez

mlg
MB Hursthouse, J L JimeÂ nez,ME Light, I L Â pez, J C Palacios

mlg
G Silvero Eur. J. Org. Chem. 2135 (2001)

mlg
M D Weingarten,M Prein, A T Price, J P Snyder, A Padwa

mlg
J. Org. Chem. 62 2001 (1997)

mlg
R Sustmann,W Sicking, R Huisgen J. Am. Chem. Soc. 125

mlg
14425 (2003

mlg
S Muthusamy, S A Babu, C Gunanathan, B Ganguly, E Suresh

mlg
P Dastidar J. Org. Chem. 67 8019 (2002)

mlg
M Kotera, K Ishii, O Tamura, M Sakamoto J. Chem. Soc.

mlg
Perkin Trans. 1 313 (1998)

mlg
J Valenciano, A M Cuadro, J J Vaquero, J Alvarez-Builla

mlg
R Palmeiro, O CastanÄ o J. Org. Chem. 64 9001 (1999)

mlg
F Laduron, C Ates, H G Viehe Tetrahedron Lett. 37 551

mlg
1996

mlg
F Neumann, C Lambert, P v R Schleyer J. Am. Chem. Soc. 120

mlg
3357 (1998)

mlg
R R Sauers Tetrahedron Lett. 37 7679 (1996)

http://dx.doi.org/10.1002%2F1099-0690%28200106%292001%3A11%3C2135%3A%3AAID-EJOC2135%3E3.0.CO%3B2-L
http://dx.doi.org/10.1021%2Fjo962184z
http://dx.doi.org/10.1021%2Fja0377551
http://dx.doi.org/10.1021%2Fjo0256134
http://dx.doi.org/10.1039%2Fa704632d
http://dx.doi.org/10.1021%2Fjo9909655
http://dx.doi.org/10.1016%2F0040-4039%2896%2901185-9
http://dx.doi.org/10.1021%2Fja9735160
http://dx.doi.org/10.1016%2F0040-4039%2896%2901756-X
mlg
S Vivanco, B Lecea, A Arrieta, P Prieto, I Morao, A Linden

mlg
F P CossõÁ o J. Am. Chem. Soc. 122 6078 (2000)

mlg
R N Butler,W J Cunningham, A G Coyne, L A Burke J. Am

mlg
Chem. Soc. 126 11923 (2004)

http://dx.doi.org/10.1021%2Fja9945360
http://dx.doi.org/10.1021%2Fja040119y
mlg
R N Butler, A G Coyne, W J Cunningham, L A Burk

mlg
J. Chem. Soc., Perkin Trans. 2 1807 (2002)

mlg
J Fabian J. Mol. Struct. (THEOCHEM) 398 ± 399 411 (1997)

http://dx.doi.org/10.1039%2Fb206028k
http://dx.doi.org/10.1016%2FS0166-1280%2896%2904968-8
mlg
R Sustmann,W Sicking, R Huisgen Eur. J. Org. Chem. 1505

mlg
56 1247 (2000)

mlg
(2005)

mlg
M Aono, Y Terao, K Achiwa Chem. Lett. 1851 (1987)

mlg
L R Domingo,M T Picher Tetrahedron 60 5053 (2004)

mlg
R Huisgen, G Mloston, E Langhals Helv. Chim. Acta 84 1805

mlg
(2001)

mlg
I El-Sayed, R G Hazell, J é Madsen, P-O Norrby, A Senning

mlg
Eur. J. Org. Chem. 813 (2003)

mlg
A Padwa, S R Harring, D L Hertzog, W R Nadler Synthesis

mlg
993 (1994)

mlg
A Padwa, D J Austin, A T Price,M D Weingarten

mlg
Tetrahedron 52 3247 (1996)

mlg
MJ Arevalo,MAvalos, R Babiano, P Cintas,MB Hursthouse

mlg
J L Jimenez, M E Light, I Lopez, J C Palacios Tetrahedron

http://dx.doi.org/10.1002%2Fejoc.200400764
http://dx.doi.org/10.1246%2Fcl.1987.1851
http://dx.doi.org/10.1016%2Fj.tet.2004.04.024
http://dx.doi.org/10.1002%2F1522-2675%2820010613%2984%3A6%3C1805%3A%3AAID-HLCA1805%3E3.0.CO%3B2-T
http://dx.doi.org/10.1002%2Fejoc.200390123
http://dx.doi.org/10.1055%2Fs-1994-25621
http://dx.doi.org/10.1016%2F0040-4020%2895%2901108-0
http://dx.doi.org/10.1016%2FS0040-4020%2800%2900022-3
mlg
M Ayerbe, A Arrieta, F P CossõÁ o, A Linden J. Org. Chem. 63

mlg
Chem. Soc. 110 7991 (1988)

mlg
1795 (1998)

mlg
H A Dondas, C W G Fishwick, R Grigg, C Kilner

mlg
Tetrahedron 60 3473 (2004)

mlg
C W G Fishwick, R Grigg, V Sridharan, J Virica Tetrahedron

mlg
59 4451 (2003)

mlg
J Zozom, C W Gillies, R D Suenram, F J Lovas Chem. Phys.

mlg
Lett. 139 64 (1987)

mlg
J Z Gillies, C W Gillies, R D Suenram, F J Lovas J. Am

http://dx.doi.org/10.1021%2Fjo971212q
http://dx.doi.org/10.1016%2Fj.tet.2004.02.028
http://dx.doi.org/10.1016%2FS0040-4020%2803%2900517-9
http://dx.doi.org/10.1016%2F0009-2614%2887%2980418-9
http://dx.doi.org/10.1021%2Fja00232a007
mlg
I LjubicÂ , A SabljicÂ J. Phys. Chem. A 106 4745 (2002)

http://dx.doi.org/10.1021%2Fjp025562e
mlg
D Cremer, E Kraka, R Crehuet, J Anglada, J Gra fenstein

mlg
Chem. Phys. Lett. 347 268 (2001)

mlg
D Cremer, R Crehuet, J Anglada J. Am. Chem. Soc. 123 6127

mlg
(2001)

mlg
R Atkinson, S M Aschmann Int. J. Chem. Kinet. 16 259 (1984

mlg
T Ogino,H Yaezawa,O Yoshida,M Ono Org. Biomol. Chem. 1

mlg
2771 (2003)

mlg
T Strassner, M Busold J. Org. Chem. 66 672 (2001)

mlg
K N Houk, T Strassner J. Org. Chem. 64 800 (1999

mlg
T Ogino, T Watanabe, M Matsuura, C Watanabe, H Ozaki

mlg
J. Org. Chem. 63 2627 (1998)

mlg
T Strassner, M Drees J. Mol. Struct. (THEOCHEM) 671 197

mlg
(2004)

mlg
J Frunzke, C Loschen, G Frenking J. Am. Chem. Soc. 126 3642

mlg
(2004)

mlg
D V Deubel, S Schlecht, G Frenking J. Am. Chem. Soc. 123

mlg
10085 (2001)

mlg
P Gisdakis, N Rosch J. Am. Chem. Soc. 123 697 (2001)

http://dx.doi.org/10.1016%2FS0009-2614%2801%2901032-6
http://dx.doi.org/10.1021%2Fja010166f
http://dx.doi.org/10.1002%2Fkin.550160308
http://dx.doi.org/10.1039%2Fb302693k
http://dx.doi.org/10.1021%2Fjo000575e
http://dx.doi.org/10.1021%2Fjo981548f
http://dx.doi.org/10.1021%2Fjo972163k
http://dx.doi.org/10.1016%2Fj.theochem.2003.10.050
http://dx.doi.org/10.1021%2Fja039921a
http://dx.doi.org/10.1021%2Fja003733s
http://dx.doi.org/10.1021%2Fja0026915
mlg
1643 (1984)

mlg
A J Del Monte, J Haller, K N Houk, K B Sharpless

mlg
D A Singleton, T Strassner, A A Thomas J. Am. Chem. Soc

mlg
119 9907 (1997)

mlg
D V Deubel, G Frenking J. Am. Chem. Soc. 121 2021 (1999

mlg
M Torrent, L Q Deng, M Duran, M Sola, T Ziegle

mlg
Organometallics 16 13 (1997)

mlg
S Dapprich, G Ujaque, F Maseras, A LledoÂ s, D G Musaev

mlg
K Morokuma J. Am. Chem. Soc. 118 11660 (1996)

mlg
G Ujaque, F Maseras, A Lledos J. Org. Chem. 62 7892 (1997

mlg
D V Deubel, G Frenking Acc. Chem. Res. 36 645 (2003)

mlg
T Hayakawa, K Araki, S Shiraishi Bull. Chem. Soc. Jpn. 57

http://dx.doi.org/10.1021%2Fja971650e
http://dx.doi.org/10.1021%2Fja9829362
http://dx.doi.org/10.1021%2Fom960783q
http://dx.doi.org/10.1021%2Fja9625992
http://dx.doi.org/10.1021%2Fjo971345b
http://dx.doi.org/10.1021%2Far020268q
http://dx.doi.org/10.1246%2Fbcsj.57.1643
mlg
M Esseffar, R Jalal,M El Messaoudi, M El Mouhtadi J. Mol

mlg
Struct. (THEOCHEM) 433 301 (1998)

http://dx.doi.org/10.1016%2FS0166-1280%2898%2900035-9
mlg
C Wentrup,W Heilmayer, G Kollenz Synthesis 1219 (1994)

mlg
H Zhao, X Li, X Ran, W Zhang J. Mol. Struct

mlg
(THEOCHEM) 683 207 (2004)

mlg
A Komornicki, J D Goddard, H F Schaefer III J. Am. Chem

mlg
Soc. 102 1763 (1980)

mlg
J A SaÂ ez,M ArnoÂ , L R Domingo Tetrahedron 59 9167 (2003)

mlg
K Sakata J. Phys. Chem. A 104 10001 (2000)

mlg
M-D Su, H-L Liao, W-S Chung, S-Y Chu J. Org. Chem. 64

mlg
6710 (1999)

mlg
V Vullo, T N Danks, G Wagner Eur. J. Org. Chem. 2046 (2004)

mlg
S Sakai,M T Nguyen J. Phys. Chem. A 108 9169 (2004

mlg
A Rastelli, M Bagatti, R Gandolfi J. Am. Chem. Soc. 117 4965

mlg
1995)

http://dx.doi.org/10.1016%2Fj.theochem.2004.06.019
http://dx.doi.org/10.1021%2Fja00526a001
http://dx.doi.org/10.1016%2Fj.tet.2003.09.050
http://dx.doi.org/10.1021%2Fjp0020539
http://dx.doi.org/10.1021%2Fjo990504j
http://dx.doi.org/10.1002%2Fejoc.200400010
http://dx.doi.org/10.1021%2Fjp048275e
http://dx.doi.org/10.1021%2Fja00122a028
http://dx.doi.org/10.1055%2Fs-1994-25673
mlg
Y Hu, K N Houk Tetrahedron 56 8239 (2000

mlg
R D Harcourt, A Schulz J. Phys. Chem. A 104 6510 (2000

mlg
P B Karadakov, D L Cooper, J Gerratt J. Am. Chem. Soc. 120

mlg
3975 (1998)

mlg
V Polo, J Andres, R Castillo, S Berski, B Silvi Chem. ± Eur. J

mlg
10 5165 (2004)

mlg
A Corsaro, U Chiacchio, V Pistar Á , A Rescifina, G Buemi

mlg
G Romeo J. Chem. Soc., Perkin Trans. 2 1761 (2000)

mlg
M A Weidner-Wells, S A Fraga-Spano, I J Turchi J. Org

mlg
Chem. 63 6319 (1998)

mlg
A Kamimura, K Hori Tetrahedron 50 7969 (1994)

mlg
M Prakesch, D GreÂ e, R GreÂ e, J Carter, I Washington

mlg
K N Houk Chem. ± Eur. J. 9 5664 (2003)

mlg
A Rastelli, M Bagatti, R Gandolfi,M Burdisso J. Chem. Soc.

mlg
Faraday Trans. 90 1077 (1994)

mlg
A Rastelli,M Bagatti,A Ori,R Gandolfi,M Burdisso J. Chem

mlg
Soc., Faraday Trans. 89 29 (1993)

mlg
N N Namboothiri, N Rastogi, B Ganguly, S M Mobin

mlg
M Cojocaru Tetrahedron 60 1453 (2004)

http://dx.doi.org/10.1021%2Fjp000202h
http://dx.doi.org/10.1021%2Fja9741741
http://dx.doi.org/10.1002%2Fchem.200400161
http://dx.doi.org/10.1039%2Fa907861d
http://dx.doi.org/10.1021%2Fjo9807621
http://dx.doi.org/10.1016%2FS0040-4020%2801%2985282-0
http://dx.doi.org/10.1002%2Fchem.200304967
http://dx.doi.org/10.1039%2Fft9949001077
http://dx.doi.org/10.1039%2Fft9938900029
http://dx.doi.org/10.1016%2Fj.tet.2003.12.026
http://dx.doi.org/10.1016%2FS0040-4020%2800%2900747-X

Theoretical studies on [3 + 2]-cycloaddition reactions

959

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.
246.

247.

248.

249.

250.
251.

252.
253.

254.

255.

256.

257.
258.

259.
260.
261.
262.
263.
264.
265.
266.
267.
268.
269.

270.

T N Le, L T Nguyen, A K Chandre, F D Profi, P Geerlings,
M T Nguyen J. Chem. Soc., Perkin Trans. 2 1249 (1999)

A Corsaro, V Pistare, A Rescfina, A Piperno, M A Chiacchio,
G Romeo Tetrahedron 60 6443 (2004)

T-L Tsai, W-C Chen, C-H Y, W J le Noble, W-S Chung

J. Org. Chem. 641099 (1999)

W-S Chung, T-L Tsai, C-C Ho, M Y N Chiang, W J le Noble
J. Org. Chem. 624672 (1997)

A Corsaro, G Buemi, U Chiacchio, V Pistara, A Rescifina
Heterocycles 48 905 (1998)

J Frohlich, L Fiscra, F Sauier, Y Feng, P Eril Monatsh. Chem
126 75 (1995)

K B G Torssell, A C Hazell, R G Hazell Tetrahedron 41 5569
(1985)

R Huisgen, M Christl Chem. Ber. 106 3291 (1973)

M Christl, R Huisgen Chem. Ber. 106 3345 (1973)

K N Houk, Y-M Chang, R W Strozier, P Caramella
Heterocycles 7793 (1977)

M W Davies, R A Wybrow, C N Johnsor, J P A Harrity
Chem. Commumn. 1558 (2001)

T Hayakawa, K Araki, S Shivzista Bull. Chem. Soc. Jpn. 57
2216 (1984)

L Toma, P Quadrelli, G Perrini, R Gando/fi, C D Valentin,

A Corsaro, P Caramella Te-ahedron 55 4299 (2000)

S Fukuda, A Kam:mura, S Kanemasa, K Hori Tet-ahedron 56
1637 (2000)

S Kanemasa, M Nishiuchi, A Kamimura, K HoriJ. Am. Chem
Soc. 116 2324 (1994)

F Méndez, J Tamariz, P Geerings J. Phys. Chem. A 102 6292
(1998)

P Geerlings, F D Proft Int. J. Cuantum Chem. §) 227 (2000)

R Jiménez, L Perez, J Tamariz, H Salgado Heterocycles 35 591
(1993)

M L Kuznetsov, V Yu Kukushkin, M Haukka,

A J L Pombeiro Inorg. Chim. Acta 355 85 (2003)

P Gerbaux, M Barbieux-Flammang, R Flammang,

G Bouchoux Iint. J. Mass Spectrom. 219 643 (2002)

R Jalal, M Ei Messaoudi, M Esseffar J/. Mol. Struct
(THEOCHEM') 5%) 183 (2002)

A Corsaro, G Perrini, V Pistara Tetrahediron 52 6421 (1996)

T Pasinszki, T Karpati, N P C Westwood J. Pliy.:. Chem. A 105
6258 (2001)

T Pasinszki, N P C Westwood J/. Pliys. Chem. A 1051244 (2001)
J Stevens, M Scivweizer, G Rauhwt J. Am. Chem. Soc. 123 7326

(2001)

Z-X Yu, P Caramella, K N Houk J. Am. Chem. Soc. 125 15420
(2003)

B Havasi, T Pasinszki, N P C Westwood J. Phys. Chem. A 109
3864 (2005)

A K Chandrz, T Uchimariu, M T Nguyen J. Chem. Soc.,
Perkin Trans. 22117 (1999)

P Zanirato J. Chem. Soc., Perkin Trons. 11420 (2002)

B S Jursic, Z Zdravkovski J. Mol. Struct. (THEOCHEM ) 343
149 (1995)

Z W Lin, P K Kadaba J. Heterocycl. Chem. 34 1645 (1997)

P K Kadaba, Z W Lin Heterocycl. Commun. 3 163 (1997)

M P Repasky, W L Jorgensen Fuiaday Discuss. 110 379 (1998)
A Baranski J. Mol. Struct, (THEOCHEM') 432 229 (1998)

W Wirschun, M Winkler, K Luiz, J C Jochims J. Chem. Soc.,
Perkin Trans. 11755 (1998)

A R Katritzky, C W Rees (Eds) Comprehensive Heterocyclic
Chemistry. The Structure, Reactions, Synthesis and Uses of
Heterocyclic Compounds Vol. 5 (Oxford: Pergamon Press, 1984)
A Baranski J. Mol. Struct. (THEOCHEM ) 499 185 (2000)

J Korchow:ec, A K Chandra, T Uchimaru J. Mol. Struct.
(THEOCHEM ) 572 193 (2001)

F Himo, Z P Demdco, L Noodeman, K B Sharpless J. Am
Chem. Soc. 124 12210 (2002)
B S Jursic, Z Zdravkovski J.
127 (1995)

B S Jursic, Z Zdravkovski J.
69 (1997)

A C Tsipis, A T Chaviara finorg. Chem. 43 1273 (2004)

fol. Struct. (THEOCHEM ) 332

(ol Struct. (THEOCHEM ) 389

271.

272.

273.
274.

275.

276.

2717.

278.
279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.
301.

302.

303.

304.
305.

306.

307.

308.
309.

310.

F Himo, Z P Demko, L Nood eman, K B Sharpless J. Am
Chem. Soc. 115 9983 (2003)

B S Jursic, Z Zdravkovski J. Mol. Struct. (THEOCHEM ) 333
209 (1995)

T Jikyo, J Schziz, G Maas J. Phys. Org. Chem. 16 504 (2003)
A F Jalbout, Z Jizng, H Abou-Rachid, N N Benkaddour
Spectrochim. Acta, A 60 603 (2004)

S Baskaran, J Vasu, R Prasad, K Kodukulle, G K Trivedi,

J Chandrasckhar Tefrahedron 52 4515 (1996)

P W Groundwater, I Garneit, A J Morton, T Sharif,

S J Coles, M B Hursthouse, M Nyerges, R J Anderson,

D Bendell, A McKillop, W Zhang J. Chem. Soc., Perkin
Trans. 1 2781 (2001)

T Benincor:, F Sannicolo, L Trimarco, L Bonati, S Grandi,

D Pitea, C Guiti J. Phy.. Org. Chem. 11 455 (1998)

M J Wei, D C Fang, R Z Liu J. Crg. Chem. 67 7432 (2002)

Q R Wang, A Amer, C Troll, H Fischer, J C Jochims Chem.
Ber. 126 2519 (1993)

Q R Wang, M Altalib, J C Jochims Chem. Ber. 127 541 (1994)
M-J Wei, D-C Fang, R-Z Liu Eur. J. Org. Chem. 4070 (2004)
R J Crawford, D M Cameron, H Tokunaga Can. J/. Chem. 52
4025 (1974)

H-Y Liao, M-D Su, W-S Chung, S-Y Chu /fut. J. Quantum
Chem. 83 318 (2001)

C I Williams, M A Whitehead, B J Jean-Claude J/. Mol. Struct
(THEOCHEM ) 491 103 (1999)

L Nyulaszi, P Virnai, W Eisfe!d, M Regitz J/. Comput. Chem
18 609 (1997)

V Branchadell, E Muray, A Oliva, R M Ortuilo,

C Rodriguei-Carcta J. Phy:. Chem. A 102 10106 (1998)

J Grobe, A Armbrecht, D Le Van, B Krebs, J Kuchinke,

M Lige, E-U Wirthwein Z. Anorg. Allg. Chem. 627 1241 (2001)
K Marakchi, O K Kabbaj, N Kom:he, M L Chraibi J. Fluorine
Chem. 109 163 (2001)

A Ponti, G Molteni J. Org. Chem. 66 5252 (2001)

G Molteni, A Ponti Tetiahedron 59 5225 (2003)

J B F Dunsian, G M Elsey, R A Russeil, G P Savage,

G W Simpson, E R T Tiekink 4. J. Chem. 51 499 (1998)

G Krajsovsiky, A Gaal, N Ha der, P Matyus J. Mol. Struct
(THEOCHEM ) 518 13 (2000)

R A Firestone Tetrahedron Lett. 21 121 (1980)

O Illa, E Muray, D Amsallem, A G Moglion:, H Gornitzka,
V Branchadell, A Baceiredo, R M Ortuf.o Teirahedron:
Asymmetry 13 2593 (2002)

E Muray, A A.’lvawz—Laren:a, J F Piniellz, V Branchadell,

R M Ortuio J. Org. Chem. 65 388 (2000)

J L G Ruano, A Fraile, G Gonzalez, M R Martin,

F R Clemernie, R Gordillo J. Cirg. Chem. 68 6522 (2003)

C Cativiela, M D Diaz-de-Viilegas, J I Garcle, A T Jiménez
Tetrahedron 53 4479 (1997)

L T Nguyen, F D Proft, A K Chandra, T Uchimaru,

M T Nguyen, P Geerlings J. Cirg. Chem. 65 6096 (2001)

J Fabian, A Krebs, D Schonemarn, W Schacfer J. Org. Chem.
65 8940 (2000)

R Steudel, Y Stcudel Eur. J. finorg. Chem. 3513 (2004)

J Nakayama, S Aoki, J Takayzma, A Sakamoio, Y Sugihara,
A TIshii J. Am. Chem. Soc. 126 9085 (2004)

F Bernardi, F Cacace, G de Perris, F Pepi, I Rossi, A Troiani
Chem.— Eur. J. 6 537 (2000)

W V F Brooks, S Brownridge, J Passmore, M J Schriver,

X P Sun J. Chem. Soc., Dalton Trans. 1997 (1996)

S Y Ham, D M Birney Tetrahedron Leti. 35 §113 (1994)

N Katagiri, A Kurimoto, A Yamada, H Sato, T Katsuhara,
K Takagi, C Kaneco J. Chem. Soc., Chem. Comimim. 281 (1994)
N Katagiri, H Sato, A Kurimoto, M Okada, A Yamada,

C Kaneco J. Org. Chem. 59 8101 (1994)

R Crehuet,J] M Anglada, D Cremer, J M Bofill J. Phys. Chem.
A 106 3917 (2002)

R Reiser, C Siiling, G Schréder Chem. Ber. 125 2493 (1992)
M L Graziano, M R Iesce, F Cermoia, F Giordano, R Scarpati
J. Chem. Soc , Chem. Commun. 1603 (1989)

R Cartas-Rosado, J R Alvarez-Idaboy, A Galano-Jiménez,

A Vivier-Bunge J. Mol. Struct. (THEOCHEM ) 634 51 (2004)



mlg
T N Le, L T Nguyen, A K Chandra, F D Proft, P Geerlings

mlg
M T Nguyen J. Chem. Soc., Perkin Trans. 2 1249 (1999

http://dx.doi.org/10.1039%2Fa806687f
mlg
A Corsaro, V Pistare, A Rescifina, A Piperno,M A Chiacchio

mlg
G Romeo Tetrahedron 60 6443 (2004)

mlg
T-L Tsai, W-C Chen, C-H Yu,W J le Noble, W-S Chung

mlg
J. Org. Chem. 64 1099 (1999

mlg
W-S Chung, T-L Tsai, C-C Ho, M Y N Chiang,W J le Noble

mlg
J. Org. Chem. 62 4672 (1997)

http://dx.doi.org/10.1016%2Fj.tet.2004.06.052
http://dx.doi.org/10.1021%2Fjo980945n
http://dx.doi.org/10.1021%2Fjo9703717
mlg
J Frohlich, L Fisera, F Sauter, Y Feng, P Ertl Monatsh. Chem

mlg
126 75 (1995)

mlg
K B G Torssell, A C Hazell, R G Hazell Tetrahedron 41 5569

mlg
(1985)

http://dx.doi.org/10.1007%2FBF00811759
http://dx.doi.org/10.1016%2FS0040-4020%2801%2991358-4
mlg
M W Davies, R A Wybrow, C N Johnson, J P A Harrity

mlg
Chem. Commun. 1558 (2001)

http://dx.doi.org/10.1039%2Fb103319k
mlg
T Hayakawa, K Araki, S Shiraishi Bull. Chem. Soc. Jpn. 57

mlg
2216 (1984)

mlg
L Toma, P Quadrelli, G Perrini, R Gandolfi, C D Valenti

mlg
A Corsaro, P Caramella Tetrahedron 56 4299 (2000

mlg
S Fukuda, A Kamimura, S Kanemasa, K Hori Tetrahedron 56

mlg
1637 (2000

mlg
S Kanemasa,M Nishiuchi,A Kamimura,K Hori J. Am. Chem

mlg
Soc. 116 2324 (1994

mlg
F M Â ndez, J Tamariz, P Geerlings J. Phys. Chem. A 102 6292

mlg
(1998)

mlg
P Geerlings, F D Proft Int. J. Quantum Chem. 80 227 (2000)

http://dx.doi.org/10.1246%2Fbcsj.57.2216
http://dx.doi.org/10.1016%2FS0040-4020%2800%2900356-2
http://dx.doi.org/10.1016%2FS0040-4020%2800%2900042-9
http://dx.doi.org/10.1021%2Fja00085a012
http://dx.doi.org/10.1021%2Fjp973016t
http://dx.doi.org/10.1002%2F1097-461X%282000%2980%3A2%3C227%3A%3AAID-QUA17%3E3.0.CO%3B2-N
mlg
M L Kuznetsov, V Yu Kukushkin, M Haukka

mlg
A J L Pombeiro Inorg. Chim. Acta 356 85 (2003

mlg
P Gerbaux, M Barbieux-Flammang, R Flammang

mlg
G Bouchoux Int. J. Mass Spectrom. 219 643 (2002

mlg
R Jalal,M El Messaoudi,M Esseffar J. Mol. Struct

mlg
(THEOCHEM) 580 183 (2002

mlg
A Corsaro, G Perrini, V Pistar Á Tetrahedron 52 6421 (1996

mlg
T Pasinszki, T Karpati,N P C Westwood J. Phys. Chem. A 105

mlg
6258 (2001)

mlg
T Pasinszki,N P C Westwood J. Phys. Chem.A105 1244 (2001

mlg
J Stevens,M Schweizer, G Rauhut J. Am. Chem. Soc. 123 7326

mlg
(2001)

mlg
Z-X Yu, P Caramella, K N Houk J. Am. Chem. Soc. 125 15420

mlg
(2003

mlg
B Havasi, T Pasinszki, N P C Westwood J. Phys. Chem. A 109

mlg
3864 (2005

mlg
A K Chandra, T Uchimaru,M T Nguyen J. Chem. Soc.

mlg
Perkin Trans. 2 2117 (1999

mlg
P Zanirato J. Chem. Soc., Perkin Trans. 1 1420 (2002

http://dx.doi.org/10.1016%2FS0020-1693%2803%2900269-X
http://dx.doi.org/10.1016%2FS1387-3806%2802%2900743-1
http://dx.doi.org/10.1016%2FS0166-1280%2801%2900612-1
http://dx.doi.org/10.1016%2F0040-4020%2896%2900276-1
http://dx.doi.org/10.1021%2Fjp010830e
http://dx.doi.org/10.1021%2Fjp002851z
http://dx.doi.org/10.1021%2Fja010792c
http://dx.doi.org/10.1021%2Fja037325a
http://dx.doi.org/10.1021%2Fjp040725f
http://dx.doi.org/10.1039%2Fa904151f
http://dx.doi.org/10.1039%2Fb203577d
mlg
M P Repasky,W L Jorgensen Faraday Discuss. 110 379 (1998

http://dx.doi.org/10.1039%2Fa802427h
mlg
A BaranÂ ski J. Mol. Struct. (THEOCHEM) 432 229 (1998

mlg
W Wirschun,M Winkler, K Lutz, J C Jochims J. Chem. Soc

mlg
Perkin Trans. 1 1755 (1998)

mlg
A Baranski J. Mol. Struct. (THEOCHEM) 499 185 (2000

mlg
J Korchowiec, A K Chandra, T Uchimaru J. Mol. Struct

mlg
(THEOCHEM) 572 193 (2001

mlg
F Himo, Z P Demko, L Noodleman, K B Sharpless J. Am

mlg
Chem. Soc. 124 12210 (2002

http://dx.doi.org/10.1016%2FS0166-1280%2898%2900063-3
http://dx.doi.org/10.1039%2Fa801797b
http://dx.doi.org/10.1016%2FS0166-1280%2899%2900308-5
http://dx.doi.org/10.1016%2FS0166-1280%2801%2900629-7
http://dx.doi.org/10.1021%2Fja0206644
mlg
B S Jursic, Z Zdravkovski J. Mol. Struct. (THEOCHEM) 332

mlg
127 (1995)

mlg
B S Jursic, Z Zdravkovski J. Mol. Struct. (THEOCHEM) 389

mlg
69 (1997)

mlg
A C Tsipis, A T Chaviara Inorg. Chem. 43 1273 (2004)

http://dx.doi.org/10.1016%2F0166-1280%2894%2903920-G
http://dx.doi.org/10.1016%2FS0166-1280%2896%2904741-0
http://dx.doi.org/10.1021%2Fic035112g
mlg
F Himo, Z P Demko, L Noodleman, K B Sharpless J. Am

mlg
Chem. Soc. 125 9983 (2003)

http://dx.doi.org/10.1021%2Fja030204q
mlg
B S Jursic, Z Zdravkovski J. Mol. Struct. (THEOCHEM) 333

mlg
209 (1995)

http://dx.doi.org/10.1016%2F0166-1280%2894%2903962-K
mlg
T Jikyo, J Schatz, G Maas J. Phys. Org. Chem. 16 504 (2003)

http://dx.doi.org/10.1002%2Fpoc.625
mlg
A F Jalbout, Z Jiang, H Abou-Rachid, N N Benkaddour

mlg
Spectrochim. Acta, A 60 603 (2004)

http://dx.doi.org/10.1016%2FS1386-1425%2803%2900268-3
mlg
S Baskaran, J Vasu, R Prasad, K Kodukulla, G K Trivedi

mlg
J Chandrasekhar Tetrahedron 52 4515 (1996)

http://dx.doi.org/10.1016%2F0040-4020%2896%2900099-3
mlg
P W Groundwater, I Garnett, A J Morton, T Sharif

mlg
S J Coles, M B Hursthouse,M Nyerges, R J Anderso

mlg
D Bendell, A McKillop,W Zhang J. Chem. Soc., Perkin

mlg
Trans. 1 2781 (2001)

http://dx.doi.org/10.1039%2Fb104130b
mlg
T Benincori, F Sannicolo, L Trimarco, L Bonati, S Grandi

mlg
D Pitea, C Gatti J. Phys. Org. Chem. 11 455 (1998)

http://dx.doi.org/10.1002%2F%28SICI%291099-1395%28199807%2911%3A7%3C455%3A%3AAID-POC998%3E3.0.CO%3B2-5
mlg
M J Wei, D C Fang, R Z Liu J. Org. Chem. 67 7432 (2002)

http://dx.doi.org/10.1021%2Fjo0258709
mlg
M-J Wei, D-C Fang, R-Z Liu Eur. J. Org. Chem. 4070 (2004)

http://dx.doi.org/10.1002%2Fejoc.200400343
mlg
R J Crawford, D M Cameron, H Tokunaga Can. J. Chem. 52

mlg
4025 (1974)

http://dx.doi.org/10.1139%2Fv74-600
mlg
H-Y Liao, M-D Su, W-S Chung, S-Y Chu Int. J. Quantum

mlg
Chem. 83 318 (2001)

http://dx.doi.org/10.1002%2Fqua.1062
mlg
(THEOCHEM) 528 13 (2000

mlg
C I Williams,M A Whitehead, B J Jean-Claude J. Mol. Struct

mlg
THEOCHEM) 491 103 (1999

mlg
L NyulaÂ szi, P VaÂ rnai,W Eisfeld, M Regitz J. Comput. Chem

mlg
18 609 (1997)

mlg
V Branchadell, E Muray, A Oliva, R M OrtunÄ o

mlg
C Rodr Á guez-Garcta J. Phys. Chem. A 102 10106 (1998

mlg
J Grobe, A Armbrecht, D Le Van, B Krebs, J Kuchinke

mlg
M L È ge, E-U WuÈ rthwein Z. Anorg. Allg. Chem. 627 1241 (2001)

mlg
K Marakchi,O K Kabbaj,N Komiha,M L ChraõÈ bi J. Fluorine

mlg
Chem. 109 163 (2001)

mlg
A Ponti, G Molteni J. Org. Chem. 66 5252 (2001)

mlg
G Molteni, A Ponti Tetrahedron 59 5225 (2003)

mlg
J B F Dunstan, G M Elsey, R A Russell, G P Savage

mlg
G W Simpson, E R T Tiekink Aust. J. Chem. 51 499 (1998)

mlg
G Krajsovszky, A Gaal, N Haider, P Matyus J. Mol. Struct

http://dx.doi.org/10.1016%2FS0166-1280%2899%2900093-7
http://dx.doi.org/10.1002%2F%28SICI%291096-987X%2819970415%2918%3A5%3C609%3A%3AAID-JCC2%3E3.0.CO%3B2-R
http://dx.doi.org/10.1021%2Fjp981689l
http://dx.doi.org/10.1002%2F1521-3749%28200106%29627%3A6%3C1241%3A%3AAID-ZAAC1241%3E3.0.CO%3B2-4
http://dx.doi.org/10.1016%2FS0022-1139%2801%2900388-8
http://dx.doi.org/10.1021%2Fjo0156159
http://dx.doi.org/10.1016%2FS0040-4020%2803%2900774-9
http://dx.doi.org/10.1071%2FC97157
http://dx.doi.org/10.1016%2FS0166-1280%2899%2900398-X
mlg
R A Firestone Tetrahedron Lett. 21 121 (1980)

http://dx.doi.org/10.1016%2F0040-4039%2880%2980004-9
mlg
O Illa, E Muray, D Amsallem, A G Moglioni, H Gornitzka

mlg
V Branchadell, A Baceiredo, R M OrtunÄ o Tetrahedron

mlg
Asymmetry 13 2593 (2002

http://dx.doi.org/10.1016%2FS0957-4166%2802%2900714-0
mlg
E Muray, A Â lvarez-Larena, J F Piniella, V Branchadell

mlg
R M OrtunÄ o J. Org. Chem. 65 388 (2000)

http://dx.doi.org/10.1021%2Fjo991227j
mlg
J L G Ruano, A Fraile, G GonzaÂ lez,M R Mart Á n

mlg
F R Clemente, R Gordillo J. Org. Chem. 68 6522 (2003)

http://dx.doi.org/10.1021%2Fjo0345603
mlg
C Cativiela,M D DõÁ az-de-Villegas, J I GarcõÁ a, A I JimeÂ nez

mlg
Tetrahedron 53 4479 (1997)

http://dx.doi.org/10.1016%2FS0040-4020%2897%2900120-8
mlg
L T Nguyen, F D Proft, A K Chandra, T Uchimaru

mlg
M T Nguyen, P Geerlings J. Org. Chem. 66 6096 (2001)

http://dx.doi.org/10.1021%2Fjo015685f
mlg
J Fabian, A Krebs, D Schonemann,W Schaefer J. Org. Chem

mlg
65 8940 (2000)

http://dx.doi.org/10.1021%2Fjo000876o
mlg
R Steudel, Y Steudel Eur. J. Inorg. Chem. 3513 (2004)

http://dx.doi.org/10.1002%2Fejic.200400137
mlg
J Nakayama, S Aoki, J Takayama, A Sakamoto, Y Sugihara

mlg
A Ishii J. Am. Chem. Soc. 126 9085 (2004)

http://dx.doi.org/10.1021%2Fja047729i
mlg
F Bernardi, F Cacace, G de Petris, F Pepi, I Rossi, A Troiani

mlg
Chem. ± Eur. J. 6 537 (2000)

http://dx.doi.org/10.1002%2F%28SICI%291521-3765%2820000204%296%3A3%3C537%3A%3AAID-CHEM537%3E3.0.CO%3B2-I
mlg
W V F Brooks, S Brownridge, J Passmore,M J Schriver

mlg
X P Sun J. Chem. Soc., Dalton Trans. 1997 (1996

http://dx.doi.org/10.1039%2Fdt9960001997
mlg
S Y Ham, D M Birney Tetrahedron Lett. 35 8113 (1994)

http://dx.doi.org/10.1016%2F0040-4039%2894%2988257-6
mlg
N Katagiri, A Kurimoto, A Yamada, H Sato, T Katsuhara

mlg
K Takagi, C Kaneco J. Chem. Soc., Chem. Commun. 281 (1994

mlg
N Katagiri, H Sato, A Kurimoto,M Okada, A Yamada

mlg
C Kaneco J. Org. Chem. 59 8101 (1994)

http://dx.doi.org/10.1039%2Fc39940000281
http://dx.doi.org/10.1021%2Fjo00105a029
mlg
R Crehuet, J M Anglada, D Cremer, J M Bofill J. Phys. Chem

mlg
A 106 3917 (2002)

http://dx.doi.org/10.1021%2Fjp0142031
mlg
ML Graziano, M R Iesce, F Cermola, F Giordano, R Scarpati

mlg
J. Chem. Soc., Chem. Commun. 1608 (1989)

mlg
R Cartas-Rosado, J R Alvarez-Idaboy, A Galano-JimeÂ nez

mlg
A Vivier-Bunge J. Mol. Struct. (THEOCHEM) 684 51 (2004)

http://dx.doi.org/10.1039%2Fc39890001608
http://dx.doi.org/10.1016%2Fj.theochem.2004.07.012

960

M L Kuznetsov

311.
312.
313.
314.
315.
316.
317.
318.

319.

320.

321.
322.

323.
324.
325.

326.
327.

328.

R Cartas-Rosizdo, M Esiler, R Santoyo, J R Alvarez-Idaboy,
A Vivier-Bunge J. Phys. Chem. A 1059222 (2001)

I Oishi, E Sakamoto, H Fujimoto Inorg. Chem. 35 231 (1996)
T Suzuki, H Fujimoto {noirg. Chem. 39 1113 (2000)

P Binger, Q-H L, P Wedemann Angew. Chem., Int. Ed. Fng/.
24 316 (1985)

K Ohe, T Ishiharz, N Chatani, S Murai J. Am. Chem. Soc. 112
9646 (1990)

B M Trost, H Urabe Tetrahedron Lett. 31 615 (1990)

B M Trost, S Schneider J. Am. Chem. Soc. 111 4430 (1989)

E Beccalli, G Eroggini, A Contini, I D Marchi, G Zecch,

C Zoni Telrahedron: Asymmetry 15 3181 (2004)

M J Uddin, M Kikucit, K Takedatsu, K-I Arai, T Fu moto,
J Motoyoshiya, A Kakehi, R Iriye, H Shira;, I Yamamoto
Synthesis 365 (2000)

S Torrente, B Noyz, V Branchade!’, R Alonso J. Org. Chem. 68
4772 (2003)

Z-X Yu, K N Houk J. Am. Chem. Soc. 125 13825 (2003)

F Himo, Z P Demio, L Noodlemen J. Org. Chem. 68 9076
(2003)

Z P Demko, K B Sharpless Ciz. Lett. 34091 (2001)

M S B Wills, R L Danheiser J. Aim. Chem. Soc. 120 9378 (1998)
R C Burrell, K J Daousi, A Z Brad'ey, K J Di Rico,

R P Johnson J. Am. Chem. Soc. 118 4218 (1996)

R P Johnson Chem. Rev. 89 1111 (1989)

H Hopf, H Berger, G Zimmermann, U Nichier, P G Jones,

1 Dix Angew. Chem., In:. Ed. Engl. %5 1187 (1997)

M J M Vlaar, P Valkier, F J J de Kanter, M Schake!,

A W Ehlers, A L Spek, M Luiz, K Lammertsma Chem. —

Eur. J. 73551 (2001)

a— Russ. Chem. Bull., Int. Ed. (Engl. Transl.)
b Chem. Heterocycl. Compd. ( Engl. Transl.)


mlg
R Cartas-Rosado, M Esther, R Santoy d
A Vivier-Bunge J. Phys. Chem. A 105 9222 (2001)

mlg
I Oishi, E Sakamoto, H Fujimoto Inorg. Chem. 35 231 (1996

mlg
T Suzuki, H Fujimoto Inorg. Chem. 39 1113 (20

mlg
P Binger, Q-H LuÈ , P Wedemann Angew. Chem., Int. Ed. Engl.
24 316 (1985)

mlg
K Ohe, T Ishihara, N Chatani, S Murai J. Am. Chem. Soc. 112
9646 (1990)

mlg
B M Trost, H Urabe Tetrahedron Lett. 31 615 (1990

mlg
B M Trost, S Schneider J. Am. Chem. Soc. 111 4430 (1989)

mlg
E Beccalli, G Broggini, A Contini, I D Marchi, G Zecchi,
C Zoni Tetrahedron: Asymmetry 15 3181 (2004)

mlg
M J Uddin, M Kikuchi, K Takedatsu, K-I Arai, T Fujimoto,
J Motoyoshiya, A Kakehi, R Iriye, H Shirai, I Yamamoto
Synthesis 365 (2000)

mlg
S Torrente, B Noya, V Branchadell, R Alonso J. Org. Chem. 68
4772 (2003)

mlg
Z-X Yu, K N Houk J. Am. Chem. Soc. 125 13825 (2003)

mlg
F Himo, Z P Demko, L Noodleman J. Org. Chem. 68 9076
(2003)

http://dx.doi.org/10.1021%2Fjp011631y
http://dx.doi.org/10.1021%2Fic9504607
http://dx.doi.org/10.1021%2Fic991093s
http://dx.doi.org/10.1002%2Fanie.198503161
http://dx.doi.org/10.1021%2Fja00182a038
http://dx.doi.org/10.1016%2FS0040-4039%2800%2994582-9
http://dx.doi.org/10.1021%2Fja00194a043
http://dx.doi.org/10.1016%2Fj.tetasy.2004.07.065
http://dx.doi.org/10.1055%2Fs-2000-6334
http://dx.doi.org/10.1021%2Fjo034159g
http://dx.doi.org/10.1021%2Fja0376487
http://dx.doi.org/10.1021%2Fjo030137i
mlg
Z P Demko, K B Sharpless Org. Lett. 3 4091 (2001)

mlg
M S B Wills, R L Danheiser J. Am. Chem. Soc. 120 9378 (1998)

mlg
R C Burrell, K J Daoust, A Z Bradley, K J Di Rico,
R P Johnson J. Am. Chem. Soc. 118 4218 (1996

mlg
R P Johnson Chem. Rev. 89 1111 (1989)

mlg
H Hopf, H Berger, G Zimmermann, U N È chter, P G Jones,
I Dix Angew. Chem., Int. Ed. Engl. 36 1187 (1997)

mlg
M J M Vlaar, P Valkier, F J J de Kanter, M Schakel,
A W Ehlers, A L Spek, M Lutz, K Lammertsma Chem. ±
Eur. J. 7 3551 (2001)

http://dx.doi.org/10.1021%2Fol010220x
http://dx.doi.org/10.1021%2Fja9819209
http://dx.doi.org/10.1021%2Fja9601144
http://dx.doi.org/10.1021%2Fcr00095a009
http://dx.doi.org/10.1002%2Fanie.199711871
http://dx.doi.org/10.1002%2F1521-3765%2820010817%297%3A16%3C3551%3A%3AAID-CHEM3551%3E3.0.CO%3B2-M

	Introduction
	The cycloaddition reactions: a theoretical background
	Classification of [3+2]-cycloaddition reactions with respect to the type of the interaction of frontier molecular orbitals
	Main types of cycloaddition reaction mechanisms
	Substituent effects on the energy characteristics of cycloaddition reactions
	Effect of catalyst
	The solvent effect
	The chemoselectivity, the regioselectivity and the stereoselectivity
	The hard-soft acid-base principle

	Computational methods used in studies of [3+2]-cycloaddition reactions
	Reactions of allyl type dipoles
	Nitrones
	Ylides
	Ozone
	Metal oxides

	Reactions of propargyl-allenyl type dipoles
	Nitrile oxides
	Azides
	Diazoalkanes, nitrile imines and nitrile ylides
	Nitrous oxide

	Reactions of heterocumulenes
	Other reactions
	Intramolecular cycloaddition reactions
	Conclusion
	References

