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Abstract—Ab initio and DFT calculations have been applied to the 1,3-dipolar cycloaddition of nitrones with olefins. The transition states
for these structures were located and activation energies were calculated. These results were used to develop a semi-quantitative model,
Simple Addition of Substituent Effects Model, which accounts for the experimentally observed regio- and stereoselectivity. © 2002 Elsevier

Science Ltd. All rights reserved.

1. Introduction

1,3-Dipolar cycloaddition reactions of nitrones with alkenes
have found general application in organic synthesis.' The
isoxazolidines formed from these reactions are versatile
intermediates in the synthesis of a multitude of natural
compounds. Ab initio quantum mechanical calculations
have been described in the literature to model the stereo-
chemical outcome of reactions with nitrones and different
dipolarophiles.”> However, to date, they have not con-
sidered the effects of substitution of the nitrone moiety. In
this paper we describe the results from a theoretical study in
which the electronic effects of substitution of both the
nitrone and dipolarophile are considered and a semi-
quantitave model has been developed. The results agree,
in general, with the stereoselectivity observed for the 1,3-
dipolar cycloadditions of nitrones with olefins. Furthermore,
the regioselectivity predicted by our model also agrees with
the experimental results.

It is known that nitrones react with olefins bearing a strong
electron-withdrawing group to give the C-4 substituted
isoxazolidines, while the C-5 regioisomer is preferred
when electron-donating and moderate electron-withdrawing
substituted olefins are used. Nevertheless, there are some
cases where the prediction of regioselectivity is not straight
forward, especially when 1,2-disubstituted olefins are
involved.***

Reactions of substituted dipolarophiles with a simple
nitrone have been studied computationally by Magnuson
and Pranata.” Calculations at RHF level suggest that for
substituted ethylene dipolarophiles with groups such as
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methyl or carboxaldehyde, the regioselectivity may be
correlated with the ability of the substituent to donate or
withdraw electrons. This result is expected from electronic
considerations’ and the same trend is observed experi-
mentally.® However, the regioselectivity ratios calculated
in Magnuson’s paper’ do not agree with the high regio-
chemical control exhibited for the addition of nitrones to
different kind of dipolarophiles. We now wish to extend
Magnuson and Pranata’s study by looking at multiple
substitutions.

2. Computational methods

Geometry optimisations of the transition structures and the
reactants were carried out using ab initio methods at the
restricted Hartree—Fock (RHF) level of theory with the
6-31G" basis sets. B3LYP/6-31G” single-point energy
calculations were performed on the fully optimized RHF
transition structures. Frequency calculations were used to
confirm the nature of the stationary points. All transition
state structures had only one imaginary harmonic vibra-
tional frequency. Corrections for zero-point energies
(ZPE) have not been included, because they were not
expected to have a significant effect on the relative energies.
Calculations were performed using Cadpac version 6.0% and
run on Silicon Graphics Computers (IRIX 5.3 and 6.3).

3. Results and discussion
3.1. RHF/6-31G" calculations. Comparison to SASEM

We began our study with just one substituent in either
nitrone or dipolarophile, to investigate the relative
importance of electronic and steric effects in 1,3-dipolar
cycloadditions. Scheme 1 shows all the possible modes of
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Scheme 1.

Table 1. TS activation energies (kJ/mol) of the 1,3-dipolar cycloaddition of
nitrones la-1f to ethylene (2) at RHF/6-31G" (B3LYP/6-31G"// HF/6-
31G", in parentheses) and relative energies to TS1 at RHF/6-31G"

Nitrone RI R2 R3  AEF (kl/mol)  E.
TS1 1a H H H 11620 @4751) 0
TS2 1b Me H H 110.04 (43.24) —6.17
TS3 1c H Me H 13222 (62.95) 16.02
TS4 1d H H Me 120.17 (39.74) 3.97
TS5 1le CHO (s-cis) H H 128.20(51.92) 12.10
TS6 1f H CHO (s-cis) H 117.20 (56.44) 1.00

addition for each reaction. For the systems with substituted
olefins there are four possible isomers (4-/5-isomers and
exolendo-isomers). The results are summarized in Tables 1
and 2.

We see that, in general, electron-donating and withdrawing
substituents at the dipolarophile have opposite effects on the
regioselectivity, although steric hindrance may also be
important in some cases.*™ While with electron-donating
groups, the favoured regiochemistry results from substitu-
tion at the oxygen end of the dipole, the other regioisomer
becomes more important as the electron-withdrawing ability
of the substitutent increased. The Boltzmann factors were
calculated at room temperature in order to predict the degree
of regioselectivity for each system, which gave high regio-
chemical control (Table 3).”

The first calculations were carried out for the transition state
structures with the nitrones 1la—1f and ethylene. C-substitu-
tion of the nitrone gave an interesting result, suggesting that
both electronic and steric effects influence the stability of
the transition states and play an important role in the course
of the cycloaddition (Table 1). In the case of TS2 with a
C-methyl nitrone, we found lower energy for the transition
state, 6.17 kJ/mol, than the unsubstituted one, TS1. The TS2
is also 22.19 kJ/mol lower in energy than TS3. This
suggests that E-alkyl-substituted nitrones should be more
reactive than Z-alkyl-substituted nitrones, as has been
reported.'” The transition states with carbonyl C-substituted
nitrones were calculated to be higher in energy than the
unsubstituted transition state, TS1.

Table 2. TS activation energies (kJ/mol) of the 1,3-dipolar cycloaddition of nitrones to different alkenes at RHF/6-31G" (B3LYP/6-31G"// HF/6-31G", in

parentheses)

Entry Nitrone Alkene R4 RS R6

AE* (kJ/mol)

Mono alkene-substitution

1 la 2a Me H H
2 la 2b CHO (s-cis) H H
3 la 2b CHO (s-trans) H H
Double substitution

4 la 2¢ CHO (s-cis) Me H
5 la 2d CHO (s-cis) H Me
6 1b 2a Me H H
7 1b 2b CHO (s-cis) H H
8 1d 2b CHO (s-cis) H H
9 le 2a Me H H
10 1f 2a Me H H

5X
115.24 (48.49)
110.84 (34.78)
117.41 (44.36)

128.61 (50.53)
118.12 (44.31)
108.95 (44.36)
105.26 (31.39)
113.87 (31.39)
127.77 (52.90)
116.06 (56.64)

5N

118.69 (51.84)
94.58 (12.87)
115.42 (38.97)

111.34 (27.77)
98.13 (19.22)
112.21 (47.31)
89.25 (9.09)
113.74 (20.28)
131.35 (56.45)
120.49 (61.14)

4X

132.27 (61.46)
89.85 (39.16)
96.71 (38.50)

96.05 (47.38)
111.14 (47.38)
126.40 (56.87)
70.85 (35.12)

91.18 (32.92)

143.45 (64.11)
143.15 (76.74)

4N

133.08 (61.81)
77.46 (27.04)
94.46 (36.26)

79.80 (30.74)
100.31 (43.77)
128.69 (58.82)
56.38 (18.53)
84.31 (26.79)
146.55 (66.26)
133.63 (69.42)

Table 3. Calculated Boltzmann ratios in percentage at 300 K

Entry Nitrone+alkene 5X SN 4X 4N
1 la+2a 80 20 0 0
2 1a+2b (s-cis) 0 0 0 100
3 1la+2b (s-trans) 0 0 29 71
4 la+2c 0 0 0 100
5 la+2d 0 70 <0.5 30
6 1b+2a 78 22 0 0
7 1b+2b 0 0 0.3 99.7
8 1d+2b 0 0 6 94
9 le+2a 81 19 <0.5 0
10 1f+2a 85 15 0 0

Next we explored the transitions states for the reaction
between the parent nitrone and propene or acrolein
(Table 2, entries 1-3). We observed that electron-donating
groups, such as methyl, in the dipolarophile gave the
5-substituted isoxazolidine 5X, entry 1, (115.24 kJ/mol) as
preferred (Scheme 1), while for electron-withdrawing
groups, like carbonyl, the 4-substituted isoxazolidine 4N,
entry 2, is favoured (77.46 kJ/mol) (Scheme 2). Further-
more, this result allows us to predict that electron-withdraw-
ing groups should accelerate nitrone cycloadditions, which
is consistent with the frontier orbital treatment of nitrone
1,3-dipolar cycloadditions.’
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positive values found for the transition structures 4X and
4N, entry 7, (Table 4, Fig. 1), suggest that stabilizing effects,
such as secondary orbital interactions (SOI) or Coulombic
attractions between the nitrogen and carbonyl groups, may
be present. Some authors have recently questioned the role,
even the existence of SOL'? More recent calculations,
however, on a simple model clearly give evidence that
such interactions should be present, thereby accounting

Table 4. Estimated double-substitution TS activation energies in kJ/mol, as addition of substituent effects, SASEM (differences with the corresponding ab
initio activation energies in Table 2, in parentheses)

Entry Nitrone/alkene 5X 5N 4X 4N

4 la/2¢ 127.71 (—0.90) 110.65 (—0.69) 92.34 (—3.70) 76.50 (—3.30)
5 1a/2d 113.33 (—4.79) 93.62 (—4.51) 106.73 (—4.41) 93.53 (—6.78)
6 1b/2a 109.07 (0.13) 112.53 (0.32) 126.10 (—0.29) 126.91 (—1.78)
7 1b/2b 104.67 (—0.58) 88.42 (—0.83) 83.69 (12.83) 71.30 (14.92)

8 1d/2b 114.80 (0.93) 98.55 (—15.20) 93.82 (—2.64) 81.43 (—2.89)
9 le/2a 127.34 (—0.43) 130.79 (—0.56) 144.37 (0.92) 145.18 (—1.37)
10 1f/2a 116.24 (—0.17) 119.69 (—0.79) 133.27 (—9.88) 134.08 (—0.45)

TS1+Y AE;, AE; are the corresponding energy changes for the TSs in Tables 1 and 2 (entries 1-3), respect to TS1.

Figure 1.

When the dipolarophile is substituted with a carbonyl, we
found that the s-cis conformation in the TS is preferred to
the s-trans. Since acrolein itself is more stable in the s-trans
conformation, this model predicts that there is a switch in
the conformation of the dipolarophile from the ground state
to the transition state. The conformational switch from s-cis
to s-trans for acrolein is 34.26 kJ/mol (calculated at RHF/6-
31G™), which is lower than the cycloaddition barrier
(77.46 kJ/mol). This follows a precedent found by Houk
et al."! for Diels—Alder reaction of butadiene with acrolein.

In order to explain the experimental results found for nitrone
cycloadditons, we decided to investigate systems where
both nitrone and dipolarophile were substituted. We have
located the four possible transition structures for each (3+2)
interaction between substituted nitrones (la-1f) and
propene, acrolein, E-crotonaldehyde and methacrolein.
The results are listed in Table 2, entries 4—10.

We confirmed that in cases where the effects of steric
hindrance are expected to be minimal, the electronic effects
of the substituents are additive. Table 4 shows the estimated
energy barrier for the transition states with two substituents
by adding the electronic effect of the substituents obtained
from the ab initio calculations to TS1. The contribution of
each substituent resulted from the difference in energy
between TS1 and each of the transition states with one
substituent. We then compared the resulting energies
obtained by this simple addition of substituent effects
model (SASEM) with the ab initio energies. Since steric
effects between substituents are not considered in these esti-
mated energies, we expected all the difference of energies to
be negative, as it is in most of the cases. However, the large,

for experimental observations.'? This result is consistent
with the experimental findings for C-substituted nitrones
and olefins with electron-withdrawing groups. It has been
reported that substitution of the carbon of the nitrone
functionality increases the tendency toward formation of
the 4-regioisomer."*

3.2. B3LYP/6-31G" single point energies

Single-point electronic energies were computed to the
B3LYP/6-31G" level on RHF/6-31G" geometries and the
results were similar to the ab initio RHF ones, except for
the case of s-cis acrolein as dipolarophile where DFT calcu-
lations do not seem to predict the reversal on the regio-
chemistry observed for olefin containing electron-
withdrawing substituent.® At both levels of calculation, the
frontier molecular orbital (FMO) analysis for the cyclo-
addition of nitrone la and acrolein shows that the main
interaction occurs between the HOMO of the nitrone
(9.35 eV, RHF value and 6.10 eV, B3LYP value) and the
LUMO of the acrolein (2.70 eV, RHF value and 1.49 eV,
B3LYP value). The regioselectivity could then be ration-
alized in terms of more favorable FMO interactions between
the largest coefficient centers of the dipole and dipolaro-
phile. In the case of RHF, the favoured interaction leads
to the regioisomers found by the study of the transition
structures. However, at B3LYP level, the ground state
FMO prediction is reversed in the TS. The results obtained
at RHF and B3LYP level of calculation agree with the
experimental findings for olefins containing electron-
donating groups. For electron-withdrawing groups, only
the RHF transition state energies correlates with the experi-
mentally observed regiochemistry.6 For the nitrone and
acrolein, MP2/6-31G*//RHF/6-31G" agrees with B3LYP/
6-31G"//RHF/6-31G".

3.3. Assessment of SASEM with experimental results

Our calculations predict that the effect of substitution of the
olefin is additive for nitrone 1,3-dipolar cycloadditions, in
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Scheme 3. Regioselectivity is always complete and always calculated correctly. No minor regioisomer reported.” Exo/endo assignment uncertain.

those cases where steric factors are less important. If this
model is good, it would provide a semi-quantitative method
for explaining the stereochemical outcome of these
reactions and therefore at this point we wanted to check
that experimental data was in agreement.

We have predicted regio- and stereoselectivities assuming
Boltzmann distribution at room temperature for different
1,3-dipolar cycloadditions of nitrone found in the
literature.®*

Scheme 3 shows the stereoselectivity ratios calculated using
SASEM with the parent nitrone and the illustrated alkene, as
models for the 1,3-dipolar cycloadditions. We also include
the ratios from ab initio energies in those cases where we
had computed a similar system. In all the cases, the experi-
mental results showed total regioselectivity and the ratios
calculated were in complete agreement with the regio-
selectivity found in the literature. The stereoselectivities
were also consistent with the experimental findings.

In all the examples collected in Scheme 3 with electron-

withdrawing substituents, the oxygen attacks away from
the substituent. There are, however, examples in the litera-
ture'® where the favoured regiochemistry, in contrast to
expectations, leads to the regioisomer where the substituent
in the olefin is oriented to the oxygen end of the dipole
cycloadducts for these kinds of dipolarophiles. In a paper
by Annunziata et al.,'® B-alkoxy and y-alkoxy-o,B-unsatu-
rated esters were studied in their 1,3-dipolar cycloaddition
with nitrones (Scheme 4).

_ oxX R
R~ﬁ,—0 , CO,Me R\Ny\ox
L R —_—
| CO,Me
CO,Me R o
Rxﬁro Xow/|r R~N\'37/\\OX R\N\iC’ 2Me
+ —_— +
CO,Me R
X0
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Scheme 4. Surprising selectivities on cycloadditions, see Ref. 16. Regio-
selectivity is complete in the first case and 1:1-1:4 in the second.
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For the B-alkoxy class of dipolarophiles, applying our
SASEM, we get a prediction of 1:1 regioselectivity for
these systems. This is closer to experiment than prediction
by analogy to Diels—Alder reactions, for which a carbonyl
group will have a much greater effect than a methyl. In the
case of y-alkoxy-o,[3- unsaturated esters, our calculations
do not predict the poor regiocontrol that is observed, but
rather the formation of the regioisomer A only (Scheme 4).
Since the regiochemical outcome of the cycloaddition for
this type of olefin is unexpected when we consider the effect
of the electron-withdrawing substituent, it is likely that the
v-alkoxy group is important in determining the regio-
selectivity and the methyl group might not be a good
model for it.

4. Conclusion

The ab initio calculation at RHF/6-31G" level for the 1,3-
dipolar cycloaddition of substituted nitrones and olefins
explain the experimental results observed in most cases.
With these calculations, we could quantify the electronic
and steric effect of the substituents for these reactions and
this become a useful semi-quantitative method for predict-
ing the stereochemical outcome of nitrone additions.
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