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The stereochemical outcome of 1,3-dipolar cycloaddition reactions to chiral allyl ethers is described, and a proposed inter-
pretation is discussed.

Introduction

The achievement of good levels of stereoselection in reac-
tions of nonrigid acyclic substrates represents a difficult
task in organic synthesis. Several studies over the last two
decades have dealt with this issue, and solutions ranging
from substrate control to the use of chiral reagents or 2
better 2 chiral catalysts have been proposed.[1] We will dis-
cuss here a particular case of substrate-controlled stereo-
selectivity: the cycloaddition of 1,3-dipoles to acyclic chiral
allyl ethers. This topic has received considerable attention
over the past few years, due to the synthetic versatility of
the cycloadducts, and represents an example of excellent
interplay between experimental work and theoretical in-
vestigation.[2]
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1,3-Allylic Strain

The stereoselectivity observed in reactions of chiral allylic
systems is generally explained on the basis of the 1,3-allylic
strain effect, believed to determine the preferred conforma-
tions of an allylic stereocenter in the ground state, and thus
the different shielding of the two diastereotopic faces of the
alkene.[3] According to this theory, the preferred conforma-
tion presents the less hindering allylic substituent in an ec-
lipsed conformation with the double bond. Ab initio calcu-
lations have confirmed this effect, and demonstrated the
purely steric origin of the strain, allowing quantitative
evaluation of the energies involved (Figure 1).[4,5]

Figure 1. Ab initio (RHF/6231G*//3221G) relative energies (kcal/
mol) of different conformations of 3-methyl-1-butene and (Z)-4-
methyl-2-pentene in the ground state
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For terminally unsubstituted alkenes and (E)-olefins, two

conformations 2 A and B 2 are favored (Figure 1). Con-
formation A, featuring the allylic hydrogen atom eclipsed
with the double bond, is preferred over B (in which the
same position is occupied by a methyl group) by about 1
kcal/mol at the RHF/6231G*//3221G level. On the other
hand, (Z)-alkenes are almost completely locked in con-
formation A9, due to the steric requirements of the double
bond, which force the smallest residue (the hydrogen atom)
into the plane of the alkene. The structure with one methyl
group eclipsed with the alkene presents severe steric repul-
sions between the two methyl groups, and is a maximum on
the potential energy surface. Therefore, on the basis of
purely steric considerations, reactions of (Z)-alkenes should
be more stereoselective than those of their (E) counterparts,
since the difference in shielding of the two diastereofaces of
the olefin should, due to the different substituents at the
allylic stereocenter, be amplified by conformational lock.

Such a picture, however, is a static one, and small devi-
ations from the conformations shown in Figure 1 are not
so costly.[4a] This is actually what happens when a substrate
changes its geometry from that of the ground state to that
of the transition state. Barriers to internal rotations are in
general lower than the energy barrier of a reaction:[5] How-
ever, this theory assumes that the factors influencing the
conformational preferences of the substrate in its ground
state will also influence those of the corresponding trans-
ition states 2 and eventually, according to the
Curtin2Hammet principle, the stereochemical outcome of
the reaction.

When the allylic stereocenter features heteroatomic sub-
stituents capable of stereoelectronic effects, as in the case of
allylic ethers, the general picture can be quite different. The
presence of an allylic oxygen atom significantly alters the
conformational preferences of the allylic stereocenter: Stere-
oelectronic effects superimpose on the steric effects caused
by the 1,3-allylic strain. Since this stereoelectronic tuning
involves energies of 122 kcal/mol at most,[6] chiral (Z)-allyl
ethers will not be significantly affected by the stereoelec-
tronic effect of the ethereal oxygen atom, the allylic strain
conformational preferences being worth about 4 kcal/mol
(see Figure 1). On the other hand, stereoelectronic effects
can enhance the stereochemical preferences in (E)-alkenes
by cooperating with steric factors.

Figure 2 gives the ab initio (RHF/6231G*) located con-
formational minima for 3-buten-2-ol.[6] Conformation E,
with a methyl group eclipsing the double bond, is consider-
ably higher in energy than its deoxygenated counterpart
(conformation B of Figure 1), the relative energy raising
from 0.95 to 1.53 kcal/mol. This effect is attributable to the
preference of the C2O bond to stay in the plane of the π-

Figure 2. Ab initio (RHF/6231G*) relative energies (kcal/mol) for
different conformations of 3-buten-2-ol in the ground state
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system, due to stereoelectronic factors and orbital interac-
tions.[6] As a consequence, the two conformations C and D
of Figure 2, featuring the hydrogen atom and the hydroxy
group eclipsed with the alkene, respectively, are calculated
to have almost the same energy at the RHF/6231G* level.

The Inside and Outside Alkoxy Effects

As previously stated, provided that only small conforma-
tional changes are required, the conformational preferences
of the substrate in the ground state will be reflected in the
transition state. This means that these preferences superim-
pose on, and have be reconciled with, the transition state’s
geometrical and electronic requirements.[7] Thus, in the case
of 1,3-dipolar cycloaddition, the conformational prefer-
ences of the allylic stereocenter have to fit with the require-
ments of the reacting double bond and with the steric and
electrostatic demands of the 1,3-dipole in a 5-membered,
cyclic transition structure.[8210] The 1,3-dipoles can be di-
vided roughly into two classes: the linear, ‘‘propargylic’’
ones (such as nitrile oxides and diazo derivatives), and the
bent, ‘‘allylic’’ ones (i.e. nitrones, azomethine ylides, and
such).[2] The transition structure for the reaction of a linear
1,3-dipole with an alkene is planar, while allylic 1,3-dipoles
approach the alkene in a nonparallel plane, Diels2Alder-
like fashion. Two approaches, endo and exo, are thus pos-
sible for substituents on the reacting moieties (see
Figure 3).[8211]

Figure 3. Ab initio (RHF/3221G) transition structures for the
cycloaddition reaction of different 1,3-dipoles to ethylene

The constraints imposed by the concerted nature of the
reaction have two major consequences: (i) the five-mem-
bered ring causes crowding of the so-called inside position
with respect to the outside and anti ones, the last being the
least hindered (Figure 4), and (ii) partial atomic charges on
the 1,3-dipole moiety exert an electrostatic influence (Fig-
ure 5).[7,10a] In general, when the regioselectivity of the reac-
tion brings the allylic substituents close to the negatively
charged terminus of the 1,3-dipole, a destabilization of the
outside region is observed for an electronegative residue
(e.g., an oxygen atom) in the allylic position.[8,10,12] In this
case, direct determination of the relative energies for differ-
ent substituents at the allylic stereocenter in the inside, out-
side, and anti conformations was performed using ab initio
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(RHF/3221G and 6231G*) methods for nitrile oxide
cycloadditions to substituted alkenes, resulting in the pro-
posal of the ‘‘inside alkoxy’’ theory. Relative energies are
given in Figure 4.[12]

Figure 4. Ab initio (RHF/3221G) relative energies (kcal/mol) for
different conformations of the transition structures of fulminic acid
with 3-methyl-1-butene and 3-methoxy-1-butene

Figure 5. CHELPG charges in the transition structures for the
cycloaddition reaction of different 1,3-dipoles to ethylene

On the basis of purely steric considerations (Figure 4,
X 5 Me), the anti position is preferred, while the inside
one is the most severely crowded, the steric destabilization
amounting to about 1 kcal/mol. Alkoxy substituents, how-
ever, tend to avoid the anti conformation, because the over-
lap between πb

C5C and σ*C2O orbitals withdraws electrons
from the reacting alkene, and destabilizes the corresponding
TS. This effect is minimized when the oxygen-containing
group occupies either the inside or the outside position, but
the latter is electrostatically destabilized by repulsive inter-
action between the two partial negative charges on the ap-
proaching oxygen atoms. This electrostatic effect represents
at least 2 kcal/mol, and causes a reversal of the conforma-
tional preferences for an oxygenated allylic substituent, the
most crowded inside position being its favorite one. Thus,
with reactions of chiral allyl ethers, the conformation of the
TS featuring the alkoxy residue in the inside position and
the alkyl group in the anti one is favored for both steric (the
anti position is the less crowded) and stereoelectronic (the
alkoxy residue prefers the inside position) reasons. As a con-
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sequence, a relatively high degree of stereoselectivity results,
favoring the 5,59-anti cycloadducts (Figure 4).[7,12] This ef-
fect is obviously stronger when the dipolarophile features
electron-rich ethereal oxygen atoms; electron-poor oxygen-
ated residues, such as esters, allow only small levels of ste-
reoselectivity.[2,12b,12c]

In this model, the partial atomic charges on the 1,3-di-
pole in the transition structure of the reaction are of great
importance. Figure 5 shows CHELPG charges at the RHF/
3221G level.[10a] On the basis of purely electrostatic consid-
erations, nitrile oxides and nitrones are expected to produce
comparable levels of anti selectivity, since in both instances,
similarly negatively charged oxygen atoms (Figure 5) inter-
act with the allylic substituents. Experimentally, nitrones
show comparable 2 or better 2 anti selectivities than nitrile
oxides;[2] it must be noted that geometrical considerations
also play a role in the stereochemical outcome of the reac-
tion, nitrones being bent dipoles while nitrile oxides are of
the propargylic type (Figure 3). Nitrile imines behave sim-
ilarly to nitrile oxides, as expected on the basis of their geo-
metries and charge distributions.[2,13]

On the other hand, when the reaction occurs with the
opposite regioselection, and the negatively charged dipole
terminus hence attacks the alkene carbon atom β to the
allylic stereocenter, a reversal of stereoselectivity from anti
to syn is possible, as may be anticipated if the atomic
charges depicted in Figure 5 are considered. In this case, an
‘‘outside alkoxy effect’’ can be regarded as responsible for
the stereochemical course of the reaction, and indeed a
preference for syn adducts has been observed in some reac-
tions of diazomethane and nitrones with alkenes.[2b,14,15]

Figure 6 shows the relative energies for diazomethane/al-
kene cycloaddition for the formation of both regioisomers,
evaluated at a semiempirical (PM3) level.[2b,14,16] Depending
on the regioisomeric outcome of the reaction, an ‘‘inside’’
or an ‘‘outside’’ effect is operative for the alkoxy residue.
Both ‘‘inside alkoxy’’ and ‘‘outside alkoxy’’ effects, however,
have common roots: the unfavorable orbital overlap that
destabilizes the conformation in which the OR group is in
the anti position, and electrostatic interactions with charged
termini of the 1,3-dipole in the cycloaddition transition
structure.

Figure 6. PM3 relative energies (kcal/mol) for different conforma-
tions of the transition structures of diazomethane with 1-butene
and 3-methoxy-1-propene (both regioisomers are considered); (a)
not a true minimum on the potential energy surface
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In this review, we will focus on both inter- and intramole-

cular 1,3-dipolar cycloadditions of various dipoles to
acyclic chiral allyl ethers.

1,3-Dipolar Cycloadditions of (Z)-Alkenes
Reaction with (Z)-alkenes can, in principle, be extremely

stereoselective. The major problem resides in the often low
level of reactivity of the alkene itself toward 1,3-dipoles, due
to the severe steric requirements of the substrate.[2] Another
serious problem derives from regioselection in the reaction:
Intermolecular cycloadditions to 1,2-disubstituted alkenes
are often regiorandom, and the lack of regioselectivity se-
verely diminishes the synthetic utility of the methodology.
For instance, the reaction between formaldehyde N-benzyl-
nitrone and methyl (4S)-(Z)-4-benzyloxy-2-pentenoate re-
sults in the formation of both regioisomers, each as a mix-
ture of two diastereoisomers (Scheme 1).[15] Inspection of
the data, however, is extremely interesting: The reaction is
slightly regioselective, favoring the cycloadducts bearing the
stereocenter at the 4-position of the isoxazolidine. For both
regioisomers, however, the stereoselectivity is high, and an
explanation for this is to be found in the transition state
conformations shown in Figure 7. As stated previously, the
requirements of a (Z)-alkene both in the ground state and
in the transition state strongly favor the conformation in
which the small allylic substituent is in the sterically
crowded inside region. Favored TS F also features the
benzyloxy residue in the anti conformation, avoiding the
electrostatically unfavorable outside one; the result is a 5,59-
anti stereoselectivity (3a/3b . 92:8; 4a/4b . 97:3).[17] The
regioisomeric transition structure G, on the other side, still
maintains the hydrogen atom inside, but features the alkoxy
group in the outside (not destabilized) region, and allows
for the preferential formation of the 4,49-syn cycloadducts
(3c/3d 5 10:90; 4c/4d 5 8:92).

Scheme 1. Intermolecular 1,3-dipolar cycloaddition of nitrones to
chiral (Z)-alkenes
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Figure 7. Favored transition structures for the preferential forma-
tion of 5,59-anti or 4,49-syn regio- and diastereoisomeric adducts
(cf. Scheme 1)

A simple way to avoid undesired formation of regioisom-
eric mixtures can, however, be found in intramolecular reac-
tions.[2,18,19] A three- or four-atom chain connecting dipole
and dipolarophile will ensure complete regioselectivity and
avoid too much strain on the bicyclic transition structure.
In this fashion, completely regioselective cycloadditions of
nitrones and nitrile oxides to chiral allyl ethers have been
accomplished, affording only isoxazolidines and isoxazol-
ines bearing the stereocenter at the 5-position of the hetero-
cyclic ring: One example is depicted in Scheme 2. The ste-
reoselectivity of intramolecular nitrone cycloaddition to a
(Z)-alkene is extremely high, because of the conformational
lock imposed by the alkene (Z) geometry. Obviously, only
the two diastereoisomeric transition structures featuring the
hydrogen atom in the inside position are relevant, and the
alkoxy group preference for the anti position over the out-
side one determines the reaction stereoselectivity, in favor
of the 5,59-anti adduct.

Scheme 2. Intramolecular 1,3-dipolar cycloaddition of nitrones to
chiral (Z)-alkenes

A related study carried out on a structurally similar
nitrile oxide also led to interesting conclusions
(Scheme 3).[19a] In this case, an increase in the steric require-
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ments of the alkyl residue at the allylic stereocenter (from
methyl to tert-butyl) resulted in an impressive decrease in
the 5,59-anti stereoselectivity. In fact, in the reaction of the
methyl derivative 9, transition structure J predominates,
and a 80:20 diastereoisomeric ratio results. A more
hindered tert-butyl group, however, strongly prefers the less
crowded anti position: This tendency overrides that of the
alkoxy group to avoid the outside region. Both TS J and K
are operative, and a stereorandom reaction results.

Scheme 3. Intramolecular 1,3-dipolar cycloaddition of nitrile ox-
ides to chiral (Z)-alkenes

Intermolecular diazomethane cycloadditions with chiral,
electron-poor allyl ethers are completely regioselective; the
isomers possessing the allylic stereocenter at the 4-position
of the pyrazoline are formed exclusively.[2b,14,20222] Several
chiral alkoxy-substituted (Z)-alkenes (nitro olefins, vinyl
sulfones and enoates) were studied with the purpose of es-
tablishing the origin of the high π-facial selectivity: in all
cases, the chemical yields were almost quantitative, and the
4,49-syn stereoselectivities were 2 as expected 2 extremely
high (Scheme 4). The preferred transition structure L,
shown in Scheme 4, should be favored on the basis of the
‘‘outside alkoxy’’ effect. Conversion of pyrazolines 16218
to the corresponding cyclopropane derivatives was achieved
in good yields and with complete stereocontrol.[20a]

Scheme 4. Intermolecular 1,3-dipolar cycloaddition of diazometh-
ane to chiral (Z)-alkenes

1,3-Dipolar Cycloadditions on Monosubstituted
and (E)-Alkenes

The stereochemical outcome of 1,3-dipolar cycloaddition
to monosubstituted and (E) chiral allyl ethers was not easily
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rationalized until the formulation of the ‘‘inside alkoxy’’
theory.[2,7,12] Since, as with (Z)-alkenes, intermolecular reac-
tions involving (E)-olefins are often nonregioselective, the
bulk of experimental data has been collected for terminal
alkenes. The steric requirements imposed by the terminal
or the (E) double bond on the conformation of the allylic
stereocenter are indeed the same, since the substituent in
the inside position of the transition structure is close to a
hydrogen atom in both cases.

Ab initio determination of the conformational prefer-
ences in reactions between fulminic acid (the simplest nitrile
oxide) and substituted alkenes (as depicted in Figure 3) re-
sulted in the postulation of the so-called ‘‘inside alkoxy’’
effect, and stimulated an increasing number of studies to
assess the reliability and limitations of this theory. For ni-
trile oxide reactions, a few points are well established: (i)
the favored 5,59-anti selectivity derives from a balance be-
tween the tendency of the allylic alkoxy residue to avoid
both the outside and the anti positions (because of electro-
static repulsion with the incoming oxygen atom of the 1,3-
dipole and the unfavorable orbital overlap, respectively),
and the tendency of the alkyl group to stay in the less
hindered anti region (Figure 3); (ii) this effect is stronger for
electron-rich allylic oxygen atoms and bulky alkyl groups;
(iii) other allylic heteroatoms have the same effect (allylic
amines, for instance, behave similarly to allylic ethers); (iv)
if the allylic heteroatom bears a hydrogen atom, the con-
formational preferences in the transition state can be signi-
ficantly altered because of H-bond formation with the di-
pole oxygen atom. Selected results are collected in
Table 1.[2,12,23,24]

Table 1. Stereochemical outcome of the 1,3-dipolar cycloaddition
of aryl nitrile oxides to chiral alkenes[2,22]

The conclusions derived for intermolecular nitrile oxide
cycloadditions also maintain their validity for the corres-
ponding inter- and intramolecular reactions of (E)-al-
kenes.[2,19] More interestingly, the ‘‘inside alkoxy’’ theory
also works for other 1,3-dipolar cycloadditions, resulting in
regioisomers bearing the stereocenter close to the former
negatively charged atom of the 1,3-dipole. Inspection of
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atomic charges in the TS clearly suggests that, for the reac-
tions of 1,3-dipoles shown in Figure 5, the formation of the
‘‘inside alkoxy’’ product should be favored, diazomethane
cycloadditions being less selective because of the low nega-
tive charge on the terminal nitrogen atom.[10a] A direct
comparison between different 1,3-dipoles can be made for
cycloadditions to the same chiral alkene. This was achieved
by investigation of reactions of chiral α9-alkoxy-α,β-unsat-
urated esters (the so-called Baylis2Hillman adducts), which
react with nitrile oxides, nitrones, nitrile imines, and diazo-
methane with complete and identical regioselectivities
(some examples are shown in Scheme 5). Unfortunately,
azomethine ylides do not react under these condi-
tions.[2,13,15,16]

Scheme 5. Intermolecular 1,3-dipolar cycloadditions of various 1,3-
dipoles to Baylis2Hillmann adducts

The syn diastereoisomers (deriving from the ‘‘inside al-
koxy’’-type transition structure M) are favored in all cases.
Clearly, the different geometrical requirements of the trans-
ition state geometries do play a role in tuning the stereo-
selectivity of the reactions; however, it does appear that di-
azomethane cycloadditions are generally less selective than
those of nitrile oxides and nitrones[15,16] (only a few data
are available for nitrile imine reactions).[13] This effect can
be ascribed to the low degree of electrostatic destabilization
of the outside region in the reaction TS, because of the low
negative charge on the nitrogen atom, and finds an excellent
explanation in the ‘‘inside alkoxy’’ theory.

Other substrates widely tested in 1,3-dipolar cycloaddi-
tions are chiral γ-alkoxy-substituted, electron-poor (E)-al-
kenes (Scheme 6). For example, azomethine ylides react
with esters in a completely regioselective fashion, affording
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Scheme 6. Intermolecular 1,3-dipolar cycloadditions of azomethine
ylides to electron-poor chiral (E)-alkenes

‘‘inside alkoxy’’ 3,39-anti products with good to excellent
stereoselectivity.[2,25227]

Cyclic nitrones are also completely regioselective in their
reaction with (E)-γ-alkoxy-α,β-unsaturated esters. For ex-
ample, five-membered cyclic nitrone 46 reacts with alkenes
42245 with complete regioselectivity and excellent endo se-
lectivity (Scheme 7). The diastereoisomeric ratios, that
range from 73:27 (47a/b) to 83:17 (49a/b), may be explained
by ‘‘inside alkoxy’’ transition structures. Analogous results
were obtained for cycloadditions with the corresponding
carboxylic acids. The reactions of six-membered cyclic
nitrones are less endo-selective.[28]

Scheme 7. Intermolecular 1,3-dipolar cycloaddition of cyclic nitro-
nes to chiral (E)-alkenes

On the other hand, the nonstereogenic formaldehyde N-
benzyl nitrone reacts with (E)-γ-alkoxy-α,β-unsaturated es-
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Scheme 8. Intermolecular 1,3-dipolar cycloaddition of nitrones to
chiral (E)-alkenes

ters with poor regioselectivity, as was the case for their (Z)
counterparts (Scheme 8; cf. Scheme 1).[15] In the formation
of 4-methoxycarbonyl-5-alkyl-substituted isoxazolidines
(50a, 50b, 51a, and 51b), the 5,59-anti ‘‘inside alkoxy’’ prod-
uct prevails. When the corresponding regioisomers c and d
are formed, however, a reversal of stereoselectivity to 4,49-
syn adducts is observed, in accordance with the ‘‘outside
alkoxy’’ effect. Obviously, intramolecular reactions are
completely regioselective.[18]

Cycloadditions of diazomethane to (E)-γ-alkoxy-α,β-un-
saturated esters are completely regioselective, affording only
3-methoxycarbonyl-4-alkylpyrazolines with high 4,49-syn
selectivity. Scheme 9 shows some examples. TSs N and O

Scheme 9. Intermolecular 1,3-dipolar cycloaddition of diazometh-
ane to chiral (E)-alkenes
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provide an explanation of the experimentally observed ste-
reoselectivities: The allylic alkoxy residue avoids the anti po-
sition (preferred by the alkyl residue) and occupies the in-
side position in TS N and the outside position in TS O. 1,3-
Allylic strain slightly destabilizes the inside position and TS
N, thus leading to a preference for 4,49-syn pyrazolines that
increases with increasing bulkiness of the alkoxy
residue.[2,14,20222,29]

Intermolecular cycloadditions of silyl nitronates to (E)-γ-
alkoxy-α,β-unsaturated esters and enones are also com-
pletely regioselective, and the ‘‘outside alkoxy’’ products are
favored (Scheme 10). The cycloadducts were easily con-
verted in the corresponding isoxazolines in good yields and
with excellent stereoselectivity.[30] This procedure is particu-
larly interesting since cycloaddition of nitrile oxides with
the same substrates is only poorly regio- and stereoselecti-
ve.[2b,31]

Scheme 10. Intermolecular 1,3-dipolar cycloaddition of silyl nitro-
nates to chiral (E)-alkenes

Metal Coordination Control in 1,3-Dipolar
Cycloaddition Reactions

While the stereoselectivity achieved in 1,3-dipolar cyclo-
addition reactions to chiral allyl ethers is predictable on the
basis of the 1,3-allylic strain [for (Z)-alkenes] and of ‘‘in-
side’’ and ‘‘outside’’ alkoxy effects [in the case of non-
hindered terminal and (E)-alkenes], chiral allylic alcohols
display an erratic behavior, resulting in either anti or syn
selectivity. This effect is due to the possibility of hydrogen
bond formation between the incoming negatively charged
terminus of the 1,3-dipole and the hydroxy group in the
outside position (Figure 8).

Figure 8. Proposed conformations for the transition structure of
fulminic acid with 3-buten-2-ol



L. Raimondi, M. BenagliaMICROREVIEW
The stereochemical outcome of the reaction depends

strongly on the solvent, the reagent dilution, and other geo-
metrical characteristics of the TS. The results are often un-
predictable, and in general no significant stereoselectivity is
observed.[2] A typical example is shown in Table 2. Reaction
of five-membered cyclic nitrone 46 with various allylic alco-
hols is always completely endo-selective; the 5,59 selectivity
is generally low, and can be either anti or syn. On the other
hand, the corresponding six-membered cyclic nitrone 70 af-
fords both endo and exo adducts, again with a low 5,59-
anti/syn ratio.[28]

Table 2. Stereochemical outcome of the 1,3-dipolar cycloaddition
of cyclic nitrones to chiral allylic alcohols

A major breakthrough in this field was achieved by per-
forming the cycloaddition reaction in the presence of che-
lating Lewis acids. Best results were obtained with magnes-
ium salts in noncoordinating solvents such as dichlorome-
thane. Under these conditions, nitrile oxides reacted with
chiral allylic alcohols to afford 5,59-syn cycloadducts in ex-
cellent chemical yields and with high degrees of stereo-
selectivity. Nitrile imine and nitrone cycloadditions to al-
lylic alcohols are also highly stereoselective under Mg21

complexation conditions: some data are reported in
Scheme 11 and in Table 3.[13,32]

Several Lewis acids were tested for their ability to pro-
mote the 1,3-dipolar cycloaddition; attention is currently
focussed on the use of chiral, enantiomerically pure ligands
at the metal center. The possibility of employing efficient
chiral catalysts should greatly enhance the synthetic versat-
ility of 1,3-dipolar cycloadditions: Chiral catalysts, in fact,
allow in principle for complete stereocontrol over the reac-
tion, independent of the absolute configuration of the react-
ants. Different complexes featuring various metals (such as
B, Al, Ti, Pd, Yb) and chiral ligands are currently under
investigation, and should find widespread applications in
organic synthesis.[2a,33]
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Scheme 11. Intermolecular 1,3-dipolar cycloadditions of nitrile ox-
ides and nitrile imines to chiral alcohols in the presence of Mg21

salts (cf. Scheme 5)

Table 3. Stereochemical outcome of the 1,3-dipolar cycloaddition
of nitrones to chiral allylic alcohols in the presence of MgBr2

Theoretical Models of the Transition Structures
in 1,3-Dipolar Cycloadditions

Previously we discussed several examples of theoretical
methods applied to the case of 1,3-dipolar cycloaddition.
Transition structures have been efficiently identified by the
use of either ab initio (MO, DFT) or of semiempirical
methods, and inspection of these is extremely useful in pre-
dicting reaction selectivity.[2,729] However, despite the
enormous progress achieved in the last few years, direct ap-
praisal of ‘‘real’’ substrates by these methods is often a pro-
hibitive task. Synthetically useful molecular systems in gen-
eral have too many heavy atoms (i.e. atoms other than hy-
drogen), and can populate too many significant conforma-
tions to be treatable efficiently at high levels of theory in a
reasonable amount of time. At present, the use of more reli-
able high-level theoretical methods is confined to model
systems, with all the limits of this approach. On the other
hand, computational methods widely in use nowadays, such
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as force field methods,[34] allow quick conformational ana-
lysis on molecules of great complexity, but cannot be ap-
plied as such to the study of transition structures. Forming
and breaking of bonds, in fact, requires an electronic treat-
ment which must be performed with quantum mechanical
methods. This statement holds even truer with cycloaddi-
tion reactions, in which two bonds are formed in a concer-
ted way.

In order to circumvent these problems, two solutions
have been proposed. In the first one, the so-called QM/MM
method, a quantum mechanical (QM) treatment of the mo-
lecular component involved in the transition state of the
reaction is alternated with a molecular mechanical (MM)
optimization of the remaining portions of the molecule.
These two steps are performed in sequence until the conver-
gence criteria of the method are met. Partitioning of the
molecular system into two portions, however, is not so
simple, and several problems have been encountered; ap-
plication of the method is thus not yet widespread. In the
case of 1,3-dipolar cycloadditions of nitrile oxides, however,
results have been encouraging.[35]

A more simple approach 2 ‘‘transition state modeling’’
2 was proposed by Houk and has found several applica-
tions in the past years.[7] The idea is extremely simple: From
the ab initio, high-level transition structures identified for
simple model systems, it is possible to derive geometrical
parameters and introduce them into the parameter set of
standard force fields. In this way, transition structures
(saddle points on the potential energy surface) can be
treated artificially as minima; standard molecular mech-
anics methods can thus be applied. The level of agreement
between experimental and computed stereoselectivities
achieved by this approach, in a wide variety of different
reactions, is amazing.

Nitrile oxide reactions, in both their inter- and intramole-
cular varieties, were the first to be treated by modified MM
methods. Geometrical parameters (bond lengths, bond
angles, torsional preferences) derived for the reaction be-
tween fulminic acid and ethylene were used in the MM2
force field, and the parameter set was further augmented to
allow for the ‘‘inside alkoxy effect’’.[7,12] The MM2 force
field thus implemented was used in several cases to predict
cycloaddition stereoselectivity.[36] Some examples are re-
ported in Figure 9.

Simple inspection of transition structures for cycloaddi-
tions of other 1,3-dipoles to alkenes allowed the extension
of the parameter set for nitrile oxide reactions to other 1,3-
dipoles. Only the atomic charges on the atoms involved in
the formation of the five-membered ring and the para-
meters for the dipole moiety were modified in the para-
meter set. With this simple tuning of the modified MM2
force field, modeling of nitrones (Figure 10) proved pos-
sible.[15,37]

Conclusions

In organic synthesis, we frequently encounter efficient
procedures, but often with deficient explanations of their
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Figure 9. Calculated vs. experimental anti/syn ratios for nitrile ox-
ide cycloadditions with alkenes

Figure 10. Calculated vs. experimental anti/syn ratios for inter- and
intramolecular nitrone cycloadditions with alkenes

mechanisms and/or stereochemical outcomes. The case re-
viewed here shows, to an extent, an opposite trend. Several
theories have been advanced to explain the stereochemical
outcome of 1,3-dipolar cycloadditions to different chiral al-
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kenes, and planning of successful synthetic strategies is
nowadays possible. We can only wish that such a fruitful
interplay between theoretical investigation and experi-
mental work will in the near future spread to all fields of
organic chemistry.
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Koch, C. Wentrup, G. Bertrand, J. Am. Chem. Soc. 1997,
119, 281922824.

[12] [12a] L. Raimondi, Y.-D. Wu, F. K. Brown, K. N. Houk, Tetra-
hedron Lett. 1992, 33, 440924412. 2 [12b] K. N. Houk, H.-Y.
Dhu, Y.-D. Wu, S. R. Moses, J. Am. Chem. Soc. 1986, 108,
275422755. 2 [12c] K. N. Houk, S. R. Moses, Y.-D. Wu, N. G.
Rondan, V. Jäger, R. Schohe, F. R. Fronczek, J. Am. Chem.
Soc. 1984, 106, 388023882.

[13] S. Kanemasa, S. Kobayashi, Bull. Chem. Soc. Jpn. 1993, 66,
268522693.

[14] R. Annunziata, M. Benaglia, M. Cinquini, L. Raimondi, in
Electronic Conference on Heterocyclic Chemistry (Eds.: H. S.
Rzepa, J. Syndner), CD-ROM, Royal Society of Chemistry
Publications, 1996 (CD-ROM included in Chem. Commun.
1997, no. 6).

[15] R. Annunziata, M. Benaglia, M. Cinquini, F. Cozzi, L. Rai-
mondi, Eur. J. Org. Chem. 1998, 182321832.

Eur. J. Org. Chem. 2001, 1033210431042

[16] R. Annunziata, M. Benaglia, M. Cinquini, F. Cozzi, L. Rai-
mondi, J. Org. Chem. 1995, 60, 469724706.

[17] The concerted nature of the reaction transition state ensures
complete stereocontrol over the 4,5 relative configuration,
which in this case [(Z)-alkenes] is syn, while anti for reactions
of (E)-olefins. In other words, the cycloaddition maintains the
configuration of the starting alkene, see refs.[2,8,9]

[18] [18a] R. Annunziata, M. Cinquini, F. Cozzi, L. Raimondi, J.
Org. Chem. 1990, 55, 190121908. 2 [18b] R. Annunziata, M.
Cinquini, F. Cozzi, L. Raimondi, Tetrahedron 1987, 43,
405124056.

[19] [19a] R. Annunziata, M. Cinquini, F. Cozzi, L. Raimondi, Gazz.
Chim. Ital. 1989, 119, 2532269. 2 [19b] R. Annunziata, M. Cin-
quini, F. Cozzi, C. Gennari, L. Raimondi, J. Org. Chem. 1987,
52, 467824681. 2 [19c] R. Annunziata, M. Cinquini, F. Cozzi,
G. Dondio, L. Raimondi, Tetrahedron 1987, 43, 236922380.

[20] [20a] E. Muray, A. Alvarez-Larena, J. F. Piniella, V. Branchadell,
R. M. Ortuño, J. Org. Chem. 2000, 65, 3882396. 2 [20b] J. Rifé,
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Jiménez, in Electronic Conference on Heterocyclic Chemistry
(Eds.: H. S. Rzepa, J. Syndner), CD-ROM, Royal Society of
Chemistry Publications, 1996 (CD-ROM included in Chem.
Commun. 1997, no. 6). 2 [22b] C. Cativela, M. D. Dı́az de Vil-
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