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Abstract
1,3-Dipolar cycloaddition of nitrones to oxanorbornadienes is an important method for the enantioselective synthesis of 
highly substituted 5-membered heterocycles such as furans and isoxazolidines, which have high utility in the chemical 
and pharmaceutical industries. The mechanism of the reaction and the effects of substituents on the (3 + 2) cycloaddition 
reactions (32CA) of C,N-dialkyl nitrones with a series of substituted oxanorbornadienes have been studied with focus on 
the site-selectivity (attack on the more substituted double bond of the oxanorbornadiene derivatives versus attack on the 
less substituted double bond), enantioselectivity and stereo-selectivity using density functional theory calculations at the 
M06/6-311++G(d,p) of theory. The results showed that the addition step to form the bicyclic isoxazolidines cycloadducts 
has generally low barriers compared to the cycloreversion step which converts the cycloadducts into furans and monocyclic 
isoxazolidines. Generally, electron-withdrawing substituents favour the nitrone attack on the highly substituted double bond, 
while electron-donating substituents favour the attack on less substituted double bond. The R enantiomers are generally 
favoured over the S enantiomers, and exo stereo-isomers are generally favoured over the endo stereo-isomers, irrespective 
of substituents.

Keywords Dipole · Oxanorbornadiene · Nitrone · Enantioselectivity · Density functional theory

1 Introduction

1,3-Dipolar cycloaddition is one of the classic reactions 
of synthetic organic chemistry which generates regio- and 
stereo-chemically defined heterocycles of vital importance 
for both academic and industrial researches [1–6]. Reactions 
between nitrones, nitrile imines and alkenes leading to the 
formation of isoxazolidines and pyrazolines are well-known 
examples of this kind [7]. The products of these reactions 
have found wide applications in almost every area of organic 
synthesis and drug design and as intermediates for the syn-
thesis of a variety of compounds after cleavage of the N–O 
bond [7].

These reactions, like Diels–Alder cycloadditions, depend 
on the electrophilic and nucleophilic characters of the rea-
gents, and the reaction is influenced by substituent effects of 
dipoles and dipolarophiles [8]. Synthesis of isoxazolidines 
by dipolar cycloadditions of nitrones to alkenes and alkynes 
has been extensively explored. A lot of experimental studies 
have been devoted to the regio- and stereo-selective syn-
thesis of these reactive intermediates. In cycloadditions of 
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nitrones with alkenes, the nitrone can approach in an endo or 
an exo mode giving rise to two different diastereomers. The 
endo/exo selectivity in the 1,3-dipolar cycloaddition reac-
tion is primarily controlled by the structure of the reactants 
or by a catalyst [9]. Although nitrone-alkene cycloaddition 
reactions have been utilized in the synthesis of many isoxa-
zolidines including those which form the cores of poten-
tial antifungal and antibacterial agents, some aspects of 
this chemistry would benefit from detailed molecular-level 
understanding [10]. This versatile pericyclic reaction, which 
involves a range of electron-poor, electron-rich and neutral 
dipolarophiles, offers the possibility of generating isoxazoli-
dines with up to three new contiguous stereo-centres (regio-, 
stereo- and enantioselectivities). This stereochemistry can 
thus be controlled by either choosing the appropriate reac-
tants or by controlling the reaction by a metal complex act-
ing as a catalyst [11]. Agarwal et al. [6] found that sulfoxide-
based ketene thioacetals are very good chiral controllers of 
(3 + 2) cycloadditions and reported on the further application 
of sulfoxide-based ketene thioacetals as dipolarophiles in an 
intramolecular nitrone cycloaddition and its application to a 
short synthesis of the antifungal antibiotic cispentacin. Nie 
et al. [2] also reported the use of recyclable tetraarylphos-
phonium-supported imidazolidinone catalyst to control the 
dipolar cycloaddition of nitrones with unsaturated aldehydes 
to provide isoxazolidine aldehydes in good yields with excel-
lent diastereo- and enantioselectivities. Cristina et al. [12] 
reported the reactions of a series of 1,3-dipoles with norbor-
nadiene derivatives. Depending on the type of dipole used, 
ratios of varying selectivities were obtained (see Scheme 1).

2  Computational details and methodology

We performed all the DFT calculations with the Spartan’14 
[13] and Gaussian 09 [14] quantum chemistry software 
packages at the M06/6-311++G(d,p) level of theory. The 
M06 functional developed by Zhao and Truhlar [15] has 
been found to be effective at computing thermochemistry 
and kinetics of reactions [16–18]. In the Minnesota hybrid 
meta-generalized gradient approximations (meta-GGA) suite 
of density functionals, M06 is among the best performing in 
geometry optimizations and energy calculations [19].

The initial guess structures of the considered molecules 
were constructed using the Spartan’s graphical model 
builder and minimized interactively using the Sybyl force 
field [20]. Transition-state structures were computed by first 
obtaining guess input structures by constraining specific 
internal coordinates of the molecules (bond lengths, bond 
angles, dihedral angles) while fully optimizing the remain-
ing internal coordinates. This procedure gives appropri-
ate guess transition-state input geometries, which are then 
submitted for full transition-state calculations without any 
geometry or symmetry constraints. Using the polarizable 
continuum model (PCM), benzene was employed to com-
pute solvation effects in the reactions [21]. The full optimi-
zation calculations were carried out with the Gaussian 09 
package. Full harmonic vibrational frequency calculations 
were carried out to ensure that all transition-state structures 
have a Hessian matrix with only a single negative eigen-
value, characterized by an imaginary vibrational frequency 
along the respective reaction coordinates. Intrinsic reaction 
coordinate calculations were then performed to ensure that 
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Scheme 1  32CA reactions of 1,3-dipoles with norbornadiene deriva-
tives. However, to the best of our knowledge, no theoretical studies 
of the 32CA of these 1,3-dipoles to oxanorbornadienes have been 
described in the literature so far. Thus, the impact of varying substitu-
ents and solvents on these reactions is completely unknown. Herein 
we fill this gap by reporting the regio-, stereo- and enantioselectivi-

ties in the 1,3-dipolar cycloadditions reactions of oxanorbornadiene 
with phenyl nitrones and dimethyl nitrilimine (Schemes  2, 3, 4 and 
5). DFT calculations have been performed to delineate the impact of 
substituents, particularly electron-donating and electron-withdrawing 
substituents on the dipolarophile reactants on the selectivity of the 
reaction
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each transition state smoothly connects the reactants and 
products along the reaction coordinate [22–27].

The global electrophilicities (ω) and maximum electronic 
charge (ΔNmax) of the various oxanorbornadiene and both 
dimethyl nitrilimine and nitrone derivatives are calculated 
using Eqs. (1) [28] and (2) [29, 30]. The electrophilicity 
index measures the ability of a reactant to accept electrons 
[31], and it has been found to be a function of the electronic 
chemical potential, μ = (EHOMO + ELUMO)/2 and chemical 
hardness, η = (ELUMO − EHOMO) as defined by Pearson’s 
acid–base concept [28]. Hence, species with large electro-
philicity values are more reactive towards nucleophiles. 
These equations are based on the Koopmans theory [32] 
originally established for calculating ionization energies 
from closed-shell Hartree–Fock wavefunctions, but have 
since been adopted as acceptable approximations for com-
puting electronic chemical potential and chemical hardness.

The maximum electronic charge transfer (ΔNmax) meas-
ures the maximum electronic charge that the electrophile 
may accept. Thus, species with large ΔNmax index would be 
the best electrophile given a series of compounds.

The global electrophilic ( P+
K

 ) and nucleophilic ( P−
K

 ) Parr 
functions were obtained through the analysis of the Mulliken 
and natural bond orbital (NBO) atomic spin densities (ASD) 
of the radical anion and the radical cation by single-point 
energy calculations over the optimized neutral geometries 
using the unrestricted UM06 formalism for the radical spe-
cies [33].

3  Results and discussion

3.1  32CA reaction of nitrones 
with oxanorbornadiene (ONBD)

This section begins with a minimally substituted model sys-
tem where the reactant ONBD is unsubstituted. The goal 
here is to examine the intrinsic reactivity of the two species 
in the absence of any substituents for later comparison with 
more realistic models. The reactions follow a two-step mech-
anism involving 1,3-dipolar reaction between unsubstituted 
oxanorbornadiene and phenyl nitrone to form the bicyclic 
intermediate, followed by Diels–Alder cycloreversion to 
form five-membered heterocyclic furans and isoxazolidine.

Gas-phase energies and energies corrected with ben-
zene solvation were computed for the reactions of ONBD 
with C-phenyl N-methyl nitrone. Details of the ener-
gies are shown in Fig. 1. Due to the symmetric nature 

(1)� = �
2∕2�

(2)ΔN
max

= −�∕�

of the ONBD, for which addition across either double 
bond results in the same structure, the addition can take 
place along four reaction channels since regioselectivity 
in the reaction is lost. The remaining selectivity arises 
from one pair of stereo-isomers and one pair of enanti-
omers as depicted in Schemes 2 and 3. Clearly, from the 
results, the most favourable pathway for the reaction is 
through TS1-ex/S. The difference in activation energies 
between TS1-ex/S and TS2-en/S is 4.6 kcal/mol and that 
between TS1-ex/S and TS1-ex/R is 0.7 kcal/mol, and thus, 
the predicted trend favours exo/S stereo-/enantioselectiv-
ity. In Fig. 1, inclusion of solvent (benzene) effects using 
the PCM method only increases the barrier by 1 kcal/
mol and the trends in the stereo- and enantioselectivities 
remain unchanged. In the Diels–Alder cycloreversion step 
(thermolytic cleavage step), higher activation barriers are 
recorded along all the isomeric transition states computed 
in this study. In this step, the TS with the least energy 
barrier is TS2A-en/S (34.2 kcal/mol in gas phase as well 
as 32.4 kcal/mol in benzene). Also, considering the most 
favoured reaction pathway (TS1-ex/S), it is observed that 
upon formation of I1 with a reaction energy of 51.7 kcal/
mol (gas phase), the cycloreversion step requires an acti-
vation barrier of 42.4 kcal/mol to form the thermolytic 
adducts. Hence, considering these energetic demands it 
can easily be concluded that the reaction will terminate 
at the first step. These observations are in total agreement 
with studies [12, 23] that have shown that in the reaction 
of norbornadiene derivatives with nitrones, bicyclic inter-
mediates are isolated as the final products as our results 
show that the barriers leading to the formation of the five-
membered rings are generally too high.

3.2  Substituent effects on the reaction

In order to analyse electronic effects on the reaction, we will 
present and discuss, in two different sections, the energy pro-
files corresponding to the eight reactive channels as depicted 
previously in Schemes 2 and 3. In the first section, the effects 
of electron-withdrawing substituents on the ONBD reactant 
are discussed. In the other section, the effects of electron-
donating substituents on the ONBD are discussed.

In the first step of the two-step reaction process, the 
dipole adds to the dipolarophile to form eight bicyclic inter-
mediates I1–I8 arising from the unsymmetrical nature of 
the substituted ONBD through transition states TS1-ex/S, 
TS1-ex/R, TS2-en/S, TS2-en/R, TS3-ex/S, TS3-ex/R, TS4-
en/S and TS4-en/R. In the second step, the bicyclic adducts 
undergo Diels–Alder cycloreversion through transition states 
TS1A-ex/S, TS1A-ex/R, TS2A-en/S, TS2A-en/R, TS3A-
ex/S, TS3A-ex/R, TS4A-en/S and TS4A-en/R to form five-
membered heterocycles (furans and isoxazolidines) P1–P6.
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Fig. 1  Free energy profile of the reaction of methyl nitrone with oxanorbornadiene in gas phase at the M06/6-311++G(d,p) level of theory. 
Results for computations in benzene at 298.15 K are in parenthesis

Scheme 2  The reaction of phenyl nitrone with substituted oxanorbornadiene to form bicyclic isoxazolidine cycloadducts
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3.2.1  The reaction of C‑phenyl, N‑methyl nitrone 
with substituted oxanorbornadienes

Examination of the energetics of the cycloadditions of ester-
substituted ONBD shown in Fig. 2 leads to the conclusion 
that the most favoured pathway for the reaction is through 
TS1-ex/S. The activation energy of the reaction through this 
transition state is 2.2 kcal/mol. The transition state of the 
corresponding enantiomer (TS1-ex/R) is not significantly 
different (5.0 kcal/mol) in energy than TS1-ex/S, and thus, 
a mixture of enantiomers can be expected in this reaction, 
which is in complete agreement with yields experimen-
tally obtained by Christina et al. [12]. The remaining six 
transition states leading to the formation of the different 
cycloadducts, however, are relatively higher. The subsequent 
Diels–Alder cycloreversion steps have relatively higher 
activation barriers, and hence, the reactions are likely to 
terminate at the intermediate stage. This observation again 
was made experimentally [12]. The energy profiles corre-
sponding to the eight reaction pathways at the DFT M06/6-
311++G(d,p) level of theory are displayed in Fig. 2. We also 
repeated the cycloadditions of ester-substituted ONBD with 
the phenyl nitrone in solvent (benzene) in order to mimic the 
actual experimental conditions, and the results are shown in 
Table S1 in supporting information. As it can be seen from 

Table S1, although there are some slight variations in the 
magnitude of the energies, the trends remain the same as that 
observed for the gas-phase calculations. Hence, on the basis 
of this we can conclude that the gas-phase calculations are 
sufficient for the study of the systems under consideration. 
The optimized geometries of the transitions states as well 
as relevant geometrical parameters involved in the 32CA of 
ester-substituted oxanorbornadiene to C-phenyl, N-methyl 
nitrone are shown in Fig. 3.

In view of the observed energetic trends, we extended the 
studies by replacing the ester groups on the dipolarophile to 
investigate the effects on product outcomes. Results of the 
reaction of the substituted oxanorbonadiene with the phenyl 
nitrone are shown in Tables 1 and 2. In the case of bromo-
substituted oxanorbornadiene reaction with the C-phenyl, 
N-methyl nitrone, energetic trends analogous to the ester-
substituted ONBD are observed where the TS1-ex/S path-
way is the most favoured with an activation barrier of 
4.6 kcal/mol. TS2-en/S is found to be the least favoured with 
an energy barrier of 15.9 kcal/mol. In the reaction of amide-
substituted oxanorbornadiene reaction with the C-phenyl, 
N-methyl nitrone, TS1-ex/R is found to be the most favoured 
route with an activation barrier of 0.4 kcal/mol. However, 
for cyano-substituted oxanorbornadiene reaction with the 
C-phenyl, N-methyl nitrone, TS2-en/R is found to be the 

Scheme 3  Diels–Alder cycloreversion of bicyclic isoxazolidine cycloadducts to form derivatives of furan and isoxazolidines
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most favoured with an activation barrier of 0.2 kcal/mol. In 
all cases, the intermediates formed from the (3 + 2) cycload-
dition are very stable. The stability of the 3 + 2 adducts and 
the high barriers of the cycloreversion steps make the cyclor-
eversion step unfavourable. Therefore, there are no doubts 
that the cycloreversion step will not occur. These observa-
tions are consistent with some recent studies that have found 
the thermolytic cleavage step in these kinds of reactions as 
highly unfavourable due to high barrier constraints [22, 24]. 
The energies of the cycloreversion step as well as the reac-
tion energies for all the substituents considered in the reac-
tion of substituted ONBD and C-phenyl, N-methyl nitrone 
are shown in Table 2.

3.3  The reaction of methyl nitrone with  CH3
−‑, 

 OMe−‑,  OH−‑ and  NH2‑substituted ONBD

This section discusses the effects of electron-donating 
substituents  (CH3, OMe, OH,  NH2) on the energetics 
of the reaction of ONBD with methyl nitrones. Methyl 
nitrone has been used as a surrogate of phenyl nitrone as 
recent studies on similar organic reactions have shown that 

methyl nitrone can be used as a reduced model for phenyl 
nitrone used in experiments [23, 24]. The activation and 
reaction energies of the various electron-donating substitu-
ents considered in this section of our study are given in 
Tables 3 and 4. Generally, it has been found that substi-
tuting the R groups on the dipolarophile with electron-
donating groups generally favours the attack of the nitrone 
on the least hindered side which is contrary to the reaction 
of the phenyl nitrone with the substituted oxanorborna-
diene. It turns out from the calculated activation energies 
in the case of amine-, methyl- and hydroxyl-substituted 
ONBD given in Table 3 that the most favoured reaction 
channel corresponds to the formation of the I2 cycload-
duct through TS1-ex/R. These favoured TSs are located 
0.9 kcal/mol (amine-substituted ONBD), 1.1 kcal/mol 
(methyl-substituted ONBD) and 1.2 kcal/mol (hydroxy-
substituted ONBD) above the reactants. The remaining 
seven transition states leading to the formation of the dif-
ferent cycloadducts in each case, however, are relatively 
higher. On the other hand, in the reaction of OMe-substi-
tuted ONBD with methyl nitrone it found that the forma-
tion of the I8 via TS4-n/R is preferred.

Fig. 2  Free energy profile for the 32CA of ester-substituted oxanorbornadiene to C-phenyl, N-methyl nitrone at the M06/6-311++G(d,p) level of 
theory. Relative energies in kcal/mol
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3.4  The reaction of methyl nitrone with  CN−‑,  Br−‑, 
 CO2Me−‑ and  SO2H‑substituted ONBD

In this section, we present a discussion on the effects of 
electron-withdrawing substituents (CN, Br,  CO2Me and 
 SO2H) on the energetics of the reaction of ONBD with 
methyl nitrones. Herein, the results shown in Tables 3 and 
4 suggest that CN-substituted ONBD,  CO2Me-substituted 
ONBD and  SO2H-substituted ONBD proceed in a dis-
parate fashion to the electron-donating groups (EDGs) 
reactivity where in all cases the TS1-ex/S is the most 
preferred reaction channel. The calculated activation bar-
riers are 0.1 kcal/mol for CN, 0.4 kcal/mol for  CO2Me 
and 0.8 kcal/mol for  SO2H, respectively. However, for 
bromo-substituted ONBD, the TS1-ex/R is found to be the 
most favoured route with an activation barrier of 0.1 kcal/
mol, which is in agreement with the established trend in 
the EDGs reactivity. Here again, the cycloreversion step 
involved in the reaction of the methyl nitrone and the vari-
ous derivatives of oxanorbornadiene are found to be highly 
unfavourable. The energies of the cycloreversion step as 
well as the reaction energies for all the substituents con-
sidered in the reaction of substituted ONBD and C-methyl, 
N-methyl nitrone are shown in Table 4. It should be noted 

that in Tables 3 and 4, some transition states could not be 
located although it is conceivable they may exist.

3.5  The reaction of dimethyl nitrilimine 
with methyl‑substituted ONBD

Intrigued by the outcomes of the study so far, we extended 
our studies to the reactivity of methyl-substituted ONBD 
with a different dipole (dimethyl nitrilimine). In this case, 
the 1,3-dipolar cycloaddition reaction of the dimethyl 
nitrilimine with ONBD can take place along four reaction 
channels corresponding to the regioselectivity arising from 
whether the approach of the dipolarophile by the dipole 
is via path ‘a’ or path ‘b’, and the various stereo-selectiv-
ities arising from whether the group is syn or anti to the 
bridging atom as shown in Schemes 4 and 5. From the 
calculated relative energies (Fig. 4), TS4-ex is favoured 
kinetically in comparison with the other approaches; in 
addition, the formation of products P1 + P2 is favoured 
thermodynamically. Therefore, the expected isolable prod-
ucts in these reactions are the 5-membered heterocycles 
(furans and pyrazolines).

TS1ex/R TS1ex/S TS2en/R TS2en/S

TS3ex/R TS3ex/S TS4en/R TS4en/S

Fig. 3  Optimized geometries of the transitions states involved in the 
32CA of ester-substituted oxanorbornadiene to C-phenyl, N-methyl 
nitrone at the M06/6-311++G(d,p) level of theory. All bond distances 

are measured in Å. Hydrogen atoms are ignored for brevity. Atomic 
colour code (red = oxygen, blue = nitrogen, grey = carbon)
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3.6  Global reactivity indices

In recent times, the global reactivity index has become a 
popular reactivity descriptor in computational organic 
chemistry. In view of this, we calculated the electrophilic-
ity indices (ω) and maximum electronic charge transfer 
(ΔNmax) of the various derivatives of the oxanorbonadienes 
considered in this work. Within the context of the global 

reactivity index, reactants with large ω values are more reac-
tive towards nucleophiles. Inspection of the tabulated results 
(Table 5) will reveal that the trends in the electrophilicity 
indices follow the order nitro > CN = aldehyde > ester > par-
ent > methyl = hydroxy > amine > methoxy. Thus, given 
the series of the substituted oxanorbonadiene considered 
in this present study, nitro-substituted oxanorbonadiene 
will be the most reactive towards a nucleophile, whereas 

Scheme 4  The reaction of methyl-substituted oxanorbornadiene with dimethyl nitrilimine
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methoxy-substituted oxanorbonadiene is expected to be the 
least reactive. This observation is in total agreement with the 
trends in activation energies computed for the reactions of 
the various oxanorbonadiene derivatives with the nitrones 
considered in this work.

3.7  Local reactivity indices of oxanorbornadiene 
and phenyl nitrone

In attempt to rationalize the regioselectivity of the reactions, 
we invoked the global electrophilic ( P+

K
) and nucleophilic 

( P−
K
) Parr functions. Within the conceptual density func-

tional theory (CDFT) proposed by Domingo et al. [33], 
electron density always fluxes from the nucleophile to the 
electrophile in polar organic reactions. Therefore, atomic 
centres with the largest magnitude of the electrophilic and 
nucleophilic Parr functions will be the point of attack dur-
ing the cycloaddition. We have selected the reaction of the 
ester-substituted oxanorbonadiene and the phenyl nitrone as 

representative model for this study. Consequently, we have 
presented the various atomic labels for the ester-substituted 
oxanorbonadiene and the phenyl nitrone in Fig. 5 for brev-
ity sake.

The Mulliken and NBO atomic spin densities (ASD) at 
the cycloaddition centres give a quantitative measure of their 
electron density. Therefore, atomic centres with the largest 
Mulliken and NBO spin densities in a given molecule will 
be the most favoured point of attack during the cycloaddi-
tion reaction.

Results obtained from the Mulliken and NBO atomic 
spin densities calculations are summarized in Table 6 in the 
supporting information. Some recent studies [23, 24] have 
found that in this type of cycloaddition reaction, the dipola-
rophile assumes an electrophilic character while the nitrone 
manifests nucleophilic behaviour. Therefore, the appropriate 
atomic spin density to describe the dipolarophile and the 
dipole is the cationic and anionic spin densities, respectively. 
Inspection of the results shows that, for the electrophilic 

Scheme 5  Diels–Alder cycloreversion of bicyclic pyrazoline cycloadducts to form derivatives of furan and monocyclic pyrazolines
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Mulliken spin densities,  C1 = 0.103,  C2 = 0.087,  C4 = −0.056 
and  C5 = −0.036. Hence, in the cycloaddition reaction the 
nitrone should be expected to selectively add across carbons 
 C4 and  C5, which is consistent with the trends established 
from the activation energies as well as the experimentally 
obtained results.

Similarly, analysis of the electrophilic NBO spin densi-
ties reveal that  C1 = 0.071,  C2 = 0.012,  C4 = −0.094 and 
 C5 = −0.076. Based on these results, it is expected that in 
the cycloaddition reaction the nitrone will preferentially 
add across carbons  C4 and  C5, which is consistent with the 

Fig. 4  Free energy profile for 32CA of a methyl-substituted oxanorbornadiene to dimethyl nitrilimine. All relative energies in kcal/mol

Table 5  Global 
electrophilicities for various 
substituted oxanorbornadiene. 
Orbital energies are in electron 
volts (eV)

Reactant HOMO LUMO μ η ω ΔNmax

Parent (H) − 6.26 − 0.27 − 3.26 5.99 0.86 0.52
Methyl − 5.87 0.01 − 2.86 5.71 0.72 0.50
Hydroxy − 5.45 0.00 − 2.86 5.71 0.72 0.50
Aldehyde − 7.20 − 3.01 − 4.49 2.99 3.37 1.50
Nitro − 7.91 − 3.61 − 4.76 2.45 4.62 1.94
Amine − 5.13 0.20 − 2.80 6.37 0.62 0.44
Ester − 5.98 − 1.98 − 3.98 4.00 1.98 1.00
Cyano − 7.59 − 2.87 − 4.49 2.99 3.37 1.50
Methoxy − 5.49 0.07 − 2.45 7.07 0.42 0.35
Parent (H) − 6.26 − 0.27 − 3.26 5.99 0.86 0.52
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trends established from the activation energies as well as 
the experimental product outcomes reported.

For the purposes of reproducing our results, we have 
reported the Cartesian coordinates for all the relevant 
structures involved in the reaction of the dimethyl nitrile 
imine with the dimethyl-substituted oxanorbonadiene 
in Table S3. Additionally, the Cartesian coordinates for 
all the structures involved in the reaction of the phenyl 
nitrone with the diester-substituted oxanorbonadiene are 
also reported in Table S4.

4  Conclusion

In the reactions of C,N-disubstituted nitrones with oxanor-
bonadiene derivatives, the activation barriers for the for-
mation of the R enantiomer are very low compared to the 
barriers for the formation of S enantiomer. The formation 
of the exo stereo-isomers is generally favoured, and this 
selectivity is as a result of steric factors in the transition 
states. In the reaction of the parent oxanorbonadiene with 

(a) (b)

Fig. 5  Atomic labels of the ester-substituted oxanorbonadiene (dipolarophile) and phenyl nitrone (dipole)

Table 6  Mulliken and NBO 
atomic spin densities of ONBD 
and phenyl nitrone

Oxanorbonadiene Phenyl nitrone

Mulliken NBO Mulliken NBO

Anion Cation Anion Cation Anion Cation Anion Cation

C1 0.035 0.103 − 0.202 0.071 C11 − 0.14 0.027 0.145 0.117
C2 0.021 0.087 − 0.221 0.012 C12 − 0.332 − 0.148 − 0.478 − 0.52
C3 − 0.057 − 0.056 0.058 0.034 C13 0.18 0.145 − 0.127 − 0.109
C4 − 0.125 − 0.056 − 0.266 − 0.094 C14 − 0.235 − 0.163 − 0.278 − 0.127
C5 − 0.124 − 0.036 − 0.262 − 0.076 C15 − 0.158 − 0.152 − 0.256 − 0.243
C6 − 0.051 − 0.036 0.062 0.036 C16 − 0.211 − 0.11 − 0.362 − 0.081
C7 0.548 − 0.05 0.755 0.836 C17 − 0.156 − 0.146 − 0.251 − 0.231
C8 − 0.228 0.678 − 0.313 − 0.337 C18 − 0.232 − 0.142 0.278 − 0.13
C9 0.554 0.68 0.754 0.814 O6 − 0.623 − 0.298 − 0.655 − 0.257
C10 − 0.215 − 0.296 − 0.311 − 0.336 N1 0.014 0.049 − 0.01 0.09
O1 − 0.499 − 0.407 − 0.59 − 0.515
O2 − 0.618 − 0.452 − 0.714 − 0.551
O3 − 0.478 − 0.432 − 0.566 − 0.508
O4 − 0.526 − 0.472 − 0.616 − 0.539
O5 − 0.584 0.456 − 0.673 − 0.545
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the phenyl nitrone, formation of the exo stereo-selective S 
isomer (TS1-ex/S to I1) is the most favoured. Generally, 
electron-withdrawing substituents on the oxanorborna-
diene favour the nitrone attack on the highly substituted 
double bond, while electron-donating substituents on 
the oxanorbornadiene favour the attack on less substi-
tuted double bond. Results obtained from the Parr func-
tions reveal that the cycloaddition occurs between atomic 
centres with the largest Mullikan and NBO atomic spin 
densities.

In the reactions of dimethyl nitrilimine to methyl-substi-
tuted ONBD, the reaction proceeds via addition across the 
least substituted double bond of the ONBD reactant (path 
A). The five-membered pyrazolines and furans are formed 
because, not only are the barriers for the cycloreversion steps 
relatively lower, the products are relatively more stable than 
the intermediates.

5  Supporting information

The Supporting Information file provides Cartesian coordi-
nates of all optimized geometries and absolute energies for 
all reactants, intermediates and transition states considered 
in this study.
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