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1. Introduction

The 1,3-dipolar cycloaddition reactions (1,3-DC) represent a
useful tool for the construction of both heterocyclic and carbocyclic
rings.!~ Reactions between nitrones and alkenes leading to isoxa-
zolidine rings are among the best known processes of this kind.!
The formation of functionalized isoxazolidines and then, after
hydrogenolysis of the N-O bond, f-amino alcohols plays an impor-
tant role in the synthesis of nitrogen-containing compounds.*~®

The general usefulness of 1,3-dipolar cycloadditions involving
nitrones in target-oriented syntheses*'' and our experimental
observations'>'? inspired us to study further cycloadditions
involving cyclic 5-membered nitrones (e.g. N) and unsaturated y-
and &-lactones (e.g. L1 and L2) via computational methods. We
decided to extend these theoretical calculations to model 1,3-DC
involving cyclic nitrones and unsaturated cyclic ethers—dihydrofu-
ran E1 and dihydropyran E2, as well.

In contrast to the Diels-Alder reaction which has received a
great deal of theoretical attention,'4"1® there are not many compu-
tational studies of 1,3-DCs of nitrones to multiple carbon-carbon
bonds.'”° Ten years ago, Tanaka et al.'” examined the 1,3-DC of
3,4-dihydroisoquinoline N-oxide to methyl 2-butenoate. The
authors proposed a concerted mechanism with a nonsymmetric
transition state in which the C-0 bond is formed to a greater de-
gree than the C-C one. The exclusive formation of the endo-adduct
can be attributed to the stabilizing secondary orbital interactions
of the ester carbonyl group with both the phenyl ring and the
HOMO lobe on the nitrogen atom. Houk et al.?! have performed
ab initio calculations on the 1,3-DC of a simple hypothetical model
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nitrone 1 to dipolarophiles containing electron-releasing substitu-
ents. Once again, the endo-product is kinetically favored owing to
stabilizing secondary orbital interactions. It should be noted, how-
ever, that the simplest nitrone may occur rather as formaldoxime,
and a formal 1,2-hydrogen shift to form the nitrone structure re-
quires the high energy of activation; consequently, the cycloaddi-
tion may have a stepwise mechanism.?*

Pranata and Manguson?* have studied the regioselectivity of
nitrone cycloadditions. While in the 1,3-DCs between 1 and elec-
tron-rich alkenes, the ortho-regioisomers were predicted to be
more favorable than the meta ones (see Schemes 2 and 3 for regio-
chemical description), in the case of the cycloaddition to electron-
poor alkenes, calculations predicted a lack of regioselectivity. The
reaction of 1 and nitroethylene has been investigated by Cossio
et al.?® The asynchronicity in the bond formation process in the
two regioisomeric approaches of nitroethylene to the nitrone is
controlled by the electron-poor dipolarophile; the bond formation
at the B-position of the alkene has been found to be more advanced
than that at the a-position. Their calculations predicted an endo-
stereoselectivity and meta-regioselectivity. The latter has not been
confirmed by experimental data.?® The authors suggested that reg-
ioselectivity of these reactions cannot be predicted by means of
simple electronic arguments, but also steric and polar effects must
be taken into consideration to account for both the regio- and the
stereochemical outcome.

Domingo?’? has studied the 1,3-DC of nitrone 2 to the tert-butyl
vinyl ether. B3LYP/6-31G* calculations predicted an exo-stereo-
selectivity with an ortho-regioselectivity, which are in agreement
with experimental data.?’® The exo-stereoselectivity has been
assigned, since in the case of the endo-approach a steric hindrance
is progressively developed between the phenyl group at the nitro-
gen atom and the tert-butyl group of the ether. Incorporation of
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solvent effects increased the activation energies and decreased the
exothermic result of the process because of a greater solvatation of
a polar nitrone than that of the TSs and cycloadducts.?>2® Solvents
also cause a higher stabilization of the endo-TS and, as a conse-
quence, a slight decrease in the stereoselectivity.

The 1,3-DC of the cyclic nitrone 3 to methyl propiolate and acry-
lonitrile has been studied by Marco and Domingo.?”® For the reac-
tion with methyl propiolate, DFT calculations predicted the
experimentally observed meta-regioselectivity. However, for the
reaction with acylonitrile, the predicted regioselectivity has been
found to depend on the computational level used. Further calcula-
tions indicated the exo-approach to be energetically favored for the
latter dipolarophile (in agreement with experimental findings) due
to the steric repulsion of the nitrile function and methyl substitu-
ents of the nitrone that progressively develops in the alternative
endo-approach.

Merino et al.?® have studied the 1,3-DCs of both electron-poor
and electron-rich alkenes to the p-glyceraldehyde nitrone 5,25" glyo-
xylic nitrone 6,2%¢ and C-heteroaryl nitrones 7.2%¢ Taking into con-
sideration conformational lability of the nitrones, the predictions
thus obtained are in good agreement with experimental findings.

Langlois et al.?® have performed calculations of frontier mole-
cular orbital energies and coefficients of the oxazoline type nitrone
4 and electron-poor alkenes using RHF/AM1 level. These studies
confirmed experimentally observed endo-selectivity. The authors
explained such a preference by a second-order orbital interaction
between the electron-withdrawing group of the olefin and the
endo-ring oxygen atom of the nitrone molecule.

The competition of concerted versus stepwise mechanism in
1,3-DC of nitrone 1 to ethene, cyclobutadiene, and benzocyclo-
butadiene was studied by Gandolfi et al.3'® R(U)B3LYP/6-31G*
calculations demonstrated that in case of ethene and benzocyclo-
butadiene product formation should take place via the concerted
cycloaddition path. In the case of the reaction of nitrone 1 with
reactive antiaromatic cyclobutadiene, which may promote a step-
wise diradical pathway, R(U)B3LYP/6-31G* calculations suggest
that it is a borderline case in which a stepwise process can compete
with concerted mechanism.?!?

Gandolfi*'? also studied the 1,3-DC of nitrone 1 with vinylbor-
anes. The performed calculations showed that vinylboranes may
undergo very fast [3+2] cycloaddition to nitrones resulting in a sin-
gle endo-adduct. It was also pointed out that the boronyl substitu-
ent is intimately involved in the reaction mechanism via very
strong B- - -O interactions that are able to produce very low energy
barriers, regioselectively, and to complete endo-selectivity, in a sort
of effective and selective intramolecular catalysis.>'®

As a part of our research on the application of 1,3-DC reactions
in the synthesis of polyhydroxylated alkaloids,'?> we investigated
reactions between cyclic 5-membered nitrones with 5- and 6-
membered lactones.'>3233 The reactions involving 6-membered
lactones showed the formation of exo-adducts exclusively in high
diastereoselectivity.'?*13P< Conversely, 5-membered lactones react
with lower diastereoselectivity affording mixture of products; in
this case we have observed formation of endo-adducts, as well 3233
Similar results have been reported by Font et al.>* for simple nit-
rone N and lactones L1/L2 (Scheme 1). Moreover, it was found that
the stereochemical pathway of cycloadditions involving y-lactones
is more complicated due to reversibility of the reactions, which has
not been observed for §-lactones.>*

A few years ago, in a paper from the University of Florence and
our laboratory,*® cycloadditions of cyclic nitrones to glycals were
investigated. In all cases, the formation of exo-adducts has been ob-
served, exclusively. For these simple cyclic dipolarophiles Kakisa-
wa et al.3® have observed high exo-selectivity, as well (Scheme 1).

Herein, we report preliminary part of our theoretical studies on
1,3-DC reactions. This is the first attempt to analyze reactions be-
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Scheme 1. The 1,3-DC of nitrone N to lactones L1 and L2>4 and ethers E1 and E2.3°

tween cyclic nitrones and cyclic dipolarophiles. As models we
chose cycloadditions investigated by Font>* and Kakisawa®
involving simple nitrone N, lactones L1/L2, and ethers E1/E2. Our
theoretical studies represent a good starting point for the analysis
of the more complicated cases of 1,3-DCs including asymmetric
induction with chiral cyclic nitrones and chiral lactones or ethers.
This would provide interesting examples of simple diastereoselec-
tive cycloadditions, or double asymmetric inductions, where the
chirality elements of each reactant may influence the stereoselec-
tivity either in concert or in opposition, matched and mismatched
pairs.

2. Computational methods and computational models

All calculations were carried out with caussian 03 suite of soft-
ware.>” Geometry optimizations of the stationary points (reactants,
oriented complexes, transition structures, and products) were car-
ried out using DFT methods at the B3LYP/6-31+G(d) level theory.>®
The stationary points were characterized by frequency calculations
in order to verify that minima and transition structures (TSs) have
zero and one imaginary frequency, respectively. The optimizations
were carried out using the Berny analytical gradient optimization
method.>® The electronic structures of the critical points were
studied by the natural bond orbital (NBO) method.*® The intrinsic
reaction coordinates (IRC)*! were also calculated to analyze the
mechanism in detail for all the transition structures obtained.

As a computational model, we used the simplest cyclic 5-mem-
bered nitrone N to investigate regio- and diastereoselectivity for its
reaction with lactones L1 and L2 and cyclic ethers E1 and E2. We
considered two reaction channels, ortho and meta, corresponding
to two possible substitutions of isoxazolidines. For both channels,
exo- and endo-approaches were studied. Consequently, four transi-
tion states leading to four possible cycloadducts were located for
each nitrone-lactone or nitrone-ether pair. As an experimental ref-
erence, we used Font’s>* and Kakisawa’s>® reports (Scheme 1).

3. Results and discussion
3.1. Analysis of FMO interactions. Prediction of regioselectivity

Figure 1 presents the geometry of the nitrone N and several
important electronic and structural parameters. The N,-O; and
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Figure 1. B3LYP/6-31+G(d) optimized geometry of nitrone N. Bond lengths, Wiberg
bond orders (BO), natural charges, and orbital coefficients [HOMO/LUMOY] for Oy, N,
and Cz atoms are included.

C5-N, bond lengths are 1.27 and 1.31 A, respectively (for the num-
bering of atoms see Chart 2). However, bond order (BO) analysis
shows that the former one has more of a single bond character
(1.14 BO) than the latter one (1.36 BO). This observation corre-
sponds well with other studies on cyclic nitrones.?’? The natural
population analysis (NPA)*? for this nitrone indicates that oxygen
0, atom supports a negative charge (—0.54 e). A very small nega-
tive charge was also found on carbon Cs3 (—0.02 e).

The frontier molecular orbital analysis for the cycloadditions
studied shows that the main interactions occur between the
HOMOyipole of N and the LUMOipolarophile Of the electron-poor al-
kenes, either 5- or 6-membered lactone (Fig. 2). In the case of elec-
tron-rich unsaturated ethers, the main interaction is between the
HOMOyipolarophite Of the ether and the LUMOg;poe Of the nitrone.

In general, the regioselectivity of these cycloadditions could be
rationalized in terms of a more favorable FMO interactions be-
tween the largest coefficient centers of the dipole and the dipolaro-
phile. The similar values of molecular coefficient of nitrone (at
oxygen O; and carbon C; of both HOMO and LUMO, Fig. 1) as well
as of LUMO of lactones and HOMO of ethers (Table 1) make such
predictions difficult. It can be assumed, however, that an overlap
of the O orbital of the nitrone with C4 orbital of the lactone and
the C3 orbital of the nitrone and the Cs of the lactone should be pre-
ferred for the nitrone-lactone pair. On the other hand, for the nit-
rone-ether pair, an overlap of the O, orbital of the nitrone with the
C, orbital of the ether as well as the C; orbital of the nitrone and
the Cs orbital of the ether should dominate.

Molecular density distribution for reactants confirms the above
predictions. In the case of the nitrone N, a negative charge on both
0; (-0.54 e) and C3 (—0.02 e) atoms was found. The lactones L1/L2
have, on average, negative charges on C3 (—0.33 e) and C4(—0.19 e)
atoms, whereas ethers E1/E2 have positive charges on C; (0.13 e)
atom and negative one on C3 (—0.35 e) atom.
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Figure 2. FMO interactions in the 1,3-DC reactions of the nitrone N with lactones L1

and L2 and ethers E1 and E2.

Table 1
Molecular coefficients of dipolarophiles?®
Cy Cs
L1 LUMO 0.40 -0.28
HOMO -0.26 -0.29
L2 LUMO -0.39 0.26
HOMO 033 0.35
G G
E1 LUMO 034 -0.39
HOMO -0.38 -0.27
E2 LUMO 0.17 -0.27
HOMO 0.39 0.28

2 For numbering of atoms see Chart 1.

7 R = heteroaryl ( furane, tiophen, pyrole, piridine ect.)

Chart 1.
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In principle, the more nucleophilic center should react with the
less nucleophilic one. Hence, in the reaction of N with L1/L2 the
more nucleophilic oxygen of the nitrone should attack the C4 atom
of the lactone more preferably than the C; one. Consequently, it
provides the isomer with the nitrone oxygen atom attached to
C4 atom of the lactone and the nitrone C; atom attached to Cs
atom of the lactone. Conversely, in the reaction of the nitrone N
with cyclic vinyl ethers, the formation of the isomer with the
nitrone oxygen attached to the C, atom of the ether and conse-
quently the nitrone C3 atom to the C3 atom of the ether should
be observed.

The above analysis of the regioselectivity via FMO and charge
distribution analysis gives the same results. For both approaches,
a meta-regioselectivity is predicted for lactones and an ortho-regio-
selectivity for ethers. These results correlate very well with exper-
imental data.343643

3.2. The 1,3-DC reaction of nitrone N with lactones L1 and L2

3.2.1. Energies

The cycloaddition of the nitrone N with the lactone L1 or L2 can
take place along four channels corresponding to exo- and endo-ap-
proaches of reactants in two possible regioisomeric senses: the
ortho and meta pathways (see Scheme 2). For each nitrone-lactone
pair, we have studied four TSs: TS1-ex (TS3-ex), TS1-en (TS3-en),
TS2-ex (TS4-ex), and TS2-en (TS4-en); and four cycloadducts:
P1-ex (P3-ex), P1-en (P3-en), P2-ex (P4-ex), and P2-en (P4-en).

A schematic representation of the stationary points along all
reaction channels is presented in Scheme 2. Figure 3 presents the
geometries of TSs corresponding to the 1,3-DC reactions involving
v- (L1) and &-lactones (L2), respectively; Table 2 reports relative
energies for the transition states of cycloadditions for both lac-
tones. It was assumed that reactions proceeded from reactants
[N+L] to cycloadducts via formation of van der Waals’ molecular
complexes [N---L] prior to the transition state structures.**

From transition structures, the related minima associated with
the final cycloadducts can be obtained. All cycloaddition pathways
are slightly exothermic processes in the range of —13.2 to
—7.1 kcal/mol. For the process involving lactone L1, the meta
cycloadducts P1-ex and P1-en are more stable than the ortho ones
(P2-ex and P2-en). For meta channels, both enthalpy and free
energy show that the exo-product P1-ex has a lower energy than

TS1-ex
TS3-ex

meta
channel

the endo P1-en. A larger stability of the exo-adduct is also observed
for the ortho channel. The same trend was noticed for the reaction
involving 6-membered lactone L2; the P3-ex/P3-en pair displays
lower energies than the P4-ex/P4-en one. However, in comparison
to the reaction involving L1, the energy difference between both
meta-adducts P3-ex/P3-en is lower (AAH only 0.4 kcal/mol) than
for the P1-ex/P1-en pair (AAH 2.0 kcal/mol). Low energy differ-
ences 0.4 kcal/mol for P3-ex/P3-en might suggest that under ther-
modynamic control, the formation of an equimolar mixture of
adducts should be observed. This is, however, not the case, since
for cycloadditions involving 3-lactone, the reversibility of reaction
experimentally has never been observed. On the other hand, the
2.0 kcal/mol energy difference for P1-ex/P1-en of the y-lactone
might suggest the asymmetric transformation of adducts under
thermodynamic control. This can be noticed since upon prolonga-
tion of the reaction time at reflux, reversibility of the cycloaddition
has been observed.>? The low stability of the nitrone caused, how-
ever, a dramatic decrease in the reaction yield, practically exclud-
ing such an asymmetric transformation. Hence, the progress of the
reaction is stopped after the disappearance of substrates when the
ratio of adducts, in both cases, L1 and L2, is kinetically controlled.>3
Bearing this in mind, we focused attention on activation barriers
and transition state structures.

The analysis of the activation enthalpies for the TSs reveals that
meta-approaches are favored over ortho ones (for models involving
L1 and L2); this is in agreement with the FMO analysis (see Section
3.1). The TS1-ex and TS1-en (TS3-ex and TS3-en) have lower ener-
gies than TS2-ex and TS2-en (TS4-ex and TS4-en), in the range
5.0-6.5 kcal/mol (7.8-8.8 kcal/mol). This meta-regioselectivity is
in agreement with experimental data.3*“3 The difference of activa-
tion enthalpy between exo- and endo-TSs for both channels indi-
cates that these reactions prefer the exo-selectivity. However, the
difference between TS1-ex and TS1-en is only 0.7 kcal/mol in com-
parison with the TS3-ex/TS3-en difference being equal to 3.0 kcal/
mol. The activation free energies also proved this preference (devi-
ation has been noticed for AG* for TS2-ex; this is due to the strong
negative activation entropy value which is responsible for an in-
crease of the activation free energy value).

In Table 2, the relative activation energies for reverse reactions
(from adduct to reactants) have been attached. These values are
close to those for direct reactions (from reactants to adduct), which
indicates that both reactions involving y- and &-lactones are

ortho P2-ex n=1
channel P4-ex n=2

0 (0]
(O 7
H H TS1-en TS2-en
0 H TS3-en L1 n=1 m»
\N L2 n=2
P1-en n=1 P2-en n=1
P3-en n=2 P4-en n=2

Scheme 2. The 1,3-dipolar cycloaddition reactions of nitrone N and lactones L1 and L2.
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g 1

TS2-ex TS2-en

Figure 3. Transition structures for 1,3-DC reaction between the nitrone N and lactones L1 and L2.

Table 2

Relative energies: free energies (AG, kcal/mol), enthalpies (AH, kcal/mol), and
entropies (AS, cal/mol K) at 25 °C, for TSs and products of reaction between N and L1
(L2y*

Direct reaction Reverse reaction

AH AS AG AH AS AG
TS1-ex 18.1 —18.4 235 26.6 3.0 26.0
TS1-en 18.8 -19.0 24.5 253 0.8 25.0
TS2-ex 23.1 —233 30.1 273 3.8 26.4
TS2-en 24.6 -16.3 29.4 27.4 33 26.4
P1-ex -13.2 —48.5 13
Pl-en -11.2 —48.1 34
P2-ex -7.9 —48.7 6.6
P2-en -71 —47.9 7.2
TS3-ex 19.4 —18.4 24.9 28.2 2.8 27.4
TS3-en 22.4 -16.4 273 29.1 34 29.1
TS4-ex 27.1 -16.4 319 309 3.9 29.6
TS4-en 28.2 -17.8 335 28.9 3.5 27.8
P3-ex —12.9 —48.2 1
P3-en -12.5 —49.2 23
P4-ex -7.7 -20.3 6.8
P4-en 0.0 —32.7 9.7

@ All TSs energies are referred to energy value of [N- - -L] van der Waals’ molecular
complex and energies of all adducts are referred to sum [N+L].

reversible. As it was mentioned above this is true for 5-membered
lactone only.

To explain the experimentally observed different reactivities of
v- and §-lactones, especially the ability of the formation of endo-
adducts by the former and a lack of that by the latter, we analyzed
the geometries of both endo-transition states TS1-en and TS3-en.
We have found unfavorable interactions between the hydrogen
atoms of the nitrone and the §-lactone in TS3-en (Fig. 4). The dis-
tance between showed hydrogen atoms is 1.96 A and this value is
closed to forming bond length values (see Table 3). Similar interac-
tions can be observed also for TS1-en, in this case, however, the
interaction is smaller and the corresponding distance amounts to
2.60 A. Such a disfavorable interaction in the endo-approach is lar-
ger for a transition state involving the 6-membered lactone which
causes increase of the endo-TS energy (TS3-en), and thus conse-

TS1-en

TS3-en

Figure 4. Geometries of both endo-TSs for 1,3-DCs of nitrone N to lactones L1 and
L2 (some hydrogen atoms are omitted for clarity).

quently increases the diastereoselectivity of the reaction (strong
preference of formation of the exo-product). On the other hand,
for a reaction involving a 5-membered lactone, the steric interac-
tion in the endo-approach is smaller and thus the diastereoselectiv-
ity exo/endo is lower.

3.2.2. Geometrical parameters

The optimized geometries of eight TSs corresponding to the
reaction of lactones L1 and L2 are depicted in Figure 3. The corre-
sponding selected geometric parameters are given in Table 3.

In the case of more favorable meta-TSs, the lengths of the C;-0O5
distances are shorter than for the lengths of the C,-C3 ones (for
numbering of atoms see Scheme 2). On the other hand, the oppo-
site is found for ortho-transition structures, with C;-0s distances
being longer than C,-C3 ones. Such a reverse situation is in agree-
ment with previously studied 1,3-dipolar cycloadditions with elec-
tron-poor dipolarophiles.?®¢ If we take into consideration that C-
0 bonds are more advanced than C-C bonds, the meta channel can
be envisioned to some extent as a Michael addition (nitrone oxy-
gen acts as a nucleophile). In one of our previous papers, bearing
in mind the high preference of anti approach of a nitrone to the ter-
minal substituent of the §-lactone, we have postulated more ad-
vanced C-0 bond formation.’®* Conversely to the meta channel,
the ortho one, representing a typical asynchronous process, can
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Table 3
Selected geometric parameters for transition structures illustrated in Figure 3*

Meta channel

Atoms’ distances [A] Dihedral angles

Ortho channel

Atoms’ distances [A] Dihedral angles

C-0s G-C3 05-C1-Co-C5 05-N4-G5-C, C-05 C-C3 05-C1-Co-C5 05-N4-C5-C,
TS1-ex 1.93 222 5.8 48.5 TS2-ex 2.16 2.06 1.6 513
TS1-en 1.87 2.25 -1.6 —44.0 TS2-en 2.13 2.05 -8.6 —49.3
TS3-ex 1.95 2.20 10.2 49.3 TS4-ex 2.15 2.04 -2.7 49.5
TS3-en 1.92 2.20 -8.1 —43.6 TS4-en 2.15 2.06 -11.9 -50.6

2 For numbering of atoms see Scheme 2.

be considered as an early TS, as it indicates a relatively long dis-
tance for the C-O bond formation.?”?

The conformation of the isoxazolidine rings is defined by a
geometry around the C;-C,-C3-N4-0Os atoms. The results obtained
are similar for both channels. All exo-TSs show positive values for
the Os-N4-C3-C, dihedral angle in contrast to endo-TSs having
negative values. For both lactones larger absolute values for ortho
channels are observed. The values of Os—-C;-C,-C3 dihedral angle
are in range —11.9° to 10.2°. For TS2-ex, TS1-en, and TS4-ex, these
values are close to 0°. Such results indicate that generally these
four atoms are in plane and only nitrogen atom is out-of-plane.

3.2.3. Bond orders and charge analysis

The concept of bond order (BO) can be utilized to obtain a more
precise analysis of the extent of bond formation and bond breaking
along the reaction pathway.*> This theoretical tool has been used
to study the molecular mechanism of chemical reactions. To follow
the nature of the formation process for C;—05 and C,—Cs bonds, the
Wiberg?® bond indexes have been computed by using the NBO
population analysis as implemented in caussian 03. The results are
included in Table 4.

The general analysis of the bond order values for all the TS
showed that cycloaddition reactions involving lactones are asyn-
chronous with an interval of 0.40-0.48 and 0.36-0.64 for the meta
and ortho channels, respectively. For the meta channel, the BOs of
C,-C5 formation (0.40-0.43) are slightly lower than for formation
of C;-05 ones (0.45- 0.48). In the case of ortho channel, the BOs
of C,-C3 bond formation (0.61-0.64) have greater values than for
C;-05 bonds (0.36-0.37). These data show a change of asynchro-
nicity on the bond formation process for the two regioisomeric
pathways.

The natural population analysis allows to evaluate the charge
transfer between two reactants in the TS. The charge transfer in
terms of residual charge on the nitrone fragment in TS, for all opti-
mized TSs, is shown in Table 4. Although the positive values are
indicative of an electron flow from the HOMO of the nitrone to
the LUMO of the lactone, their magnitudes reveal an almost neutral
reaction.

Table 4

Wiberg bond orders and charge transfer (in terms of residual charge of nitrone
fragment in transition state) for transition structures TS1-ex (TS3-ex), TS1-en (TS3-
en), TS2-ex (TS4-ex), and TS2-en (TS4-en)*

Ci-G -G C3-Ny N4-Os 05-C; NPA qcr (€)
TS1-ex 1.26 0.40 0.98 1.00 0.47 0.09
TS1-en 1.24 0.43 0.99 0.99 0.45 0.11
TS2-ex 1.26 0.61 0.94 1.07 0.36 0.17
TS2-en 1.25 0.62 0.93 1.07 0.36 0.10
TS3-ex 1.24 0.48 0.98 1.00 0.40 0.08
TS3-en 1.23 0.48 0.97 1.00 0.41 0.07
TS4-ex 1.26 0.62 0.93 1.08 0.37 0.08
TS4-en 1.25 0.64 0.92 1.07 0.36 0.04

2 For numbering of atoms see Scheme 2.

3.3. The 1,3-DC reaction of nitrone N with ethers E1 and E2

3.3.1. Energies

The cycloaddition of nitrone N with ether E1 (or E2) can take
place along four reactive channels corresponding to the exo- and
endo-approaches of reactants in two possible regioisomeric senses:
the ortho and meta pathways (Scheme 3). For each nitrone-ether
pair, we studied four TSs: TS5-ex (TS7-ex), TS5-en (TS7-en), TS6-
ex (TS8-ex), and TS6-en (TS8-en); and four cycloadducts: P5-ex
(P7-ex), P5-en (P7-en), P6-ex (P8-ex), and P6-en (P8-en).

A schematic representation of the stationary points along all
reactive channels is shown in Scheme 3. Figure 5 shows the geo-
metries of TSs corresponding to the 1,3-DC reactions involving
dihydrofuran E1 and dihydropyran E2, respectively, while Table
5 displays relative energies for transition states of cycloadditions
for both cyclic ethers. Here again, it was assumed that the reactions
proceeded from reactants [N+L] to cycloadducts via the formation
of van der Waals’ molecular complexes [N---L] prior to the transi-
tion state structures.**

From transition state structures, the related minima associated
with the final cycloadducts can be obtained. All cycloaddition path-
ways involving dihydrofuran are exothermic processes in the range
of —20.4 to —14.8 kcal/mol. The ortho cycloadducts P6-ex and P6-
en are ca. 1.5-4.8 kcal/mol energetically more favored than the
meta ones (P5-ex and P5-en) owing to an anomeric effect that oc-
curs between the oxygen atom of the nitrone and the oxygen atom
of the ether.4” For both channels, a greater stability of the exo prod-
uct than the endo one is predicted (ca. 0.8 and 4.1 kcal/mol for meta
and ortho channels, respectively). The same tendency was pre-
dicted for reactions involving dihydropyran E2; the P8-ex/P8-en
pair is at lower energy than the P7-ex/P7-en one and, for both
channels, exo-adducts are more stable than endo ones. However,
in comparison with the reaction involving E1, the cycloadditions
involving E2 are less exothermic (only from —12.8 to —9.8 kcal/
mol), and the energy difference between both ortho-adduct P8-
ex/P8-en is lower (AAH only 2.7 kcal/mol) than for the P6-ex/
P6-en pair (AAH 4.1 kcal/mol).

In Table 5, the relative activation energies for reverse reactions
(from adduct to reactants) have been enclosed. These values are al-
most two times larger than for direct reactions (from reactants to
adduct) which indicates that, in contrary to reactions involving lac-
tones, cycloadditions to both unsaturated ethers should be
irreversible.

The analysis of the activation enthalpies for the TSs reveals that
for both ether models,ortho-exo-approaches (TS6-ex and TS8-ex)
are especially favored over the other ones. This is in agreement
with FMO analysis (see Section 3.1) and, the formation of adducts
P6-ex and P8-ex as major products has been observed.>® Conse-
quently, according to the experimental findings,*® P6-en and P8-
en should be minor products for reactions involving E1 and E2,
respectively. The calculations, however, predict energies of meta-
exo-TSs being lower than for ortho-endo ones (ca. 0.7 kcal/mol for
E1 and ca. 1.9 kcal/mol for E2). Similar to cycloadditions to the lac-
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Scheme 3. The 1,3-dipolar cycloaddition reactions of nitrone N and ethers E1 and E2.
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Figure 5. Transition structures for 1,3-DC reaction between the nitrone N and ethers E1 and E2.

tones, in the case of ethers, exo-TSs are lower in energy than the
endo-TSs. In contrary to the lactones TSs, however, the energy dif-
ferences between exo- and endo-TSs for cycloadditions to ethers
are larger. The careful analysis of geometries of two endo-TSs
(TS6-en and TS8-en) is shown in Figure 6 (compare with Fig. 4).
These endo-TSs are more disfavorable than corresponding lactones’
ones, because of an additional hydrogen-hydrogen interaction
(compare with Fig. 4).

3.3.2. Geometrical parameters and analysis of frequencies
The optimized geometries of eight TSs corresponding to the
reaction of nitrone N with ethers E1 and E2 are illustrated in Figure

6. The corresponding selected geometric parameters are given in
Table 6.

In the case of the more favorable ortho-TSs, the distances of the
C,-0s are slightly longer or equal to the distances of the C,—C5 ones
(for numbering of atoms see Scheme 3). Similar results were found
for 1,3-DCs to vinyl ethers.?’?’# The opposite is found for meta-
transition structures, with the formation of C;-Os bond being less
advanced than C,-Cs distances. However, some deviation of the
general trend is found for TS5-en, which has a C-O forming bond
longer than the C-C one.

The conformation of the isoxazolidine rings is defined by geo-
metry around C;-C,-C3-N4-Os atoms. The obtained results are
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Table 5
Relative energies: free energies (AG, kcal/mol), enthalpies (AH, kcal/mol), and
entropies (AS, cal/mol K) at 25 °C, for TSs and products of reaction between N and
E1(E2)*

Table 7

Wiberg bond orders and charge transfer (in terms of residual charge of nitrone
fragment in transition state) for transition structures TS5-ex (TS7-ex), TS5-en (TS7-
en), TS6-ex (TS8-ex), and TS6-en (TS8-en)?

Direct reaction Reverse reaction Ci-C, C-C3 C3-Ny N4-Os5 05-C4 NPA qcr (e)
AH AS AG AH AS AG TS5-ex 1.32 0.58 0.95 1.05 034 —0.04
— p o P P 27 g TS5-en 1.31 0.59 0.95 1.05 0.34 —0.06
TS6-ex 1.50 0.24 1.13 1.07 0.16 -0.05
TS5-en 24.4 -20.2 304 37.4 1.0 37.1
TS6-en 1.48 0.26 1.11 1.05 0.18 -0.08
TS6-ex 19.8 -19.7 25.7 383 3.7 37.2
- o =y T e By 50l TS7-ex 1.55 0.27 1.09 1.04 021 —0.04
- ey e Toe : ’ : TS7-en 1.56 0.26 1.11 1.05 0.21 -0.02
g T o Y TS8-ex 126 0.56 0.95 1.03 031 -0.09
e 204 499 iy TS8-en 1.47 0.27 1.11 1.06 0.18 -0.08
P6-en -16.3 —46.9 -13 2 For numbering of atoms see Scheme 3.
TS7-ex 25.2 -19.6 31.1 33.9 2.1 333
TS7-en 29.2 —22.1 35.8 38.2 3.1 37.2
TS8-ex 221 -25.7 299 34.9 2.8 34.1 NBO population analysis as implemented in caussian 03. The results
[Tgs'e“ %'(1; ‘}3-2 3;2 Haly ol 355 are shown in Table 7.
-ex —10. =g B .
P7-en g3 _470 42 The general analysis of the bond order values for all the TSs
P8-ex _12.8 477 14 showed that cycloaddition reactions involving ethers are asynchro-
P8-en -10.1 -453 34 nous with an interval of 0.21-0.59 and 0.16-0.56 for the meta and

2 All TSs energies are referred to energy value of [N- - -E] van der Waals’ molecular
complex and energies of all adducts are referred to sum [N+E].

247A f |
') ‘\ /2,13;‘,“

] D .

TS6-en TS8-en

Figure 6. Geometries of both ortho- and endo-TSs for cycloadditions of nitrone N to
ethers E1 and E2 (some hydrogen atoms are omitted for clarity).

similar for both channels. All exo-TSs show a positive value of the
05-N4-C3-C; dihedral angle in contrast to endo-TSs having nega-
tive value and this is similar to trend found for lactones’ TSs. Once
again low value of 05-C;-C,-C3 indicates almost co-planarity of
these atoms. However, positive values of dihedral angle Os-C;-
C,-Cs were found for TS-6ex and TS-8ex in comparison to
TS-5ex and TS-7ex. This change is probably connected with change
of ether’s ring size.

3.3.3. Bond orders and charge analysis

The concept of bond order (BO)*® can be utilized to obtain more
exact analysis of the extent of bond formation and bond breaking
along a reaction pathway. This theoretical tool has been used to
study the molecular mechanism of chemical reactions. To follow
the nature of the formation process for C;-Os and C,-C3 bonds,
the Wiberg?® bond indexes have been computed by using the

Table 6
Selected geometric parameters for transition structures illustrated in Figure 5%

ortho channels, respectively. For the meta channel the BOs of C;-0Os
(0.21- 0.34) distances are slightly lower than for C,-C3 ones (0.26-
0.59). Also in the case of the ortho channel, the BOs of C,-Cs dis-
tances (0.24-0.56) have greater values than for C;-Os ones
(0.16-0.31).

Finally, the natural population analysis allows us to evaluate the
charge transfer between two reactants at the TS. The charge trans-
fer in terms of residual charge on the nitrone fragment in TS, for all
optimized TSs, is shown in Table 7. Although the negative values
are indicative of an electron flow from the HOMO of ether to the
LUMO of the nitrone, their magnitudes reveal an almost neutral
reaction.

4. Conclusions

The presented study demonstrates that DFT calculations at
B3LYP/6-31+G(d) level theory can be used for description of the
cycloaddition reaction between the 5-membered cyclic nitrone
and both electron-poor and electron-rich cyclic dipolarophiles.
These calculations successfully reproduced experimental regio-
and stereoselectivity observed by Font>* Kakisawa,® and by
us,'>3233 although the results obtained provide only qualitative
picture. According to the performed analysis, the regioselectivity
(ortho versus meta channel) is controlled by FMO coefficients
and/or charge distribution in reactants. Comparison of cycload-
ducts’ and TSs’ energies reveals high exo-diastereoselectivity for
both cycloadditions, involving lactones and ethers. Moreover, the-
oretical results explain very well the experimentally observed
differences in reactivity between 5- and 6-membered cyclic
dipolarophiles. They confirm high exo-diastereoselectivity of
cycloadditions involving latter dipolarophiles due to unfavorable
steric interactions in the corresponding endo-transition state.
Moreover, they show that these interactions are stronger for the
cyclic ether than for the lactone.

Meta channel

Atoms’ distances [A] Dihedral angles

Ortho channel

Atoms’ distances [A] Dihedral angles

C;-05 -G 05-C-C,-C3 05-N4-C5-C, C;-0s5 C-Cs 05-C;-C,-C3 05-N4-C5-C,
TS5-ex 2.14 2.14 -7.1 433 TS6-ex 221 2.17 4.6 48.9
TS5-en 2.17 2.11 -10.8 —47.7 TS6-en 217 217 -0.6 —45.3
TS7-ex 2.10 2.13 —4.2 43.7 TS8-ex 2.18 2.14 5.4 48.1
TS7-en 2.10 2.13 -9.1 —50.0 TS8-en 213 2.13 —6.6 —46.9

2 For numbering of atoms see Scheme 3.
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Our studies are the first which analyze 1,3-DC reactions involv-

ing cyclic reactants—both nitrone and dipolarophile. Consistence of
theoretical predictions with experimental results put more light on
such reactions and open an access to subsequent analysis of more
complex cases of 1,3-DC involving reactants bearing substituents,
thus introducing single or double asymmetric induction phenom-
ena. It should be stressed that the results obtained might be helpful
in planning further experiments leading to the synthesis of poly-
hydroxyl alkaloids having desired substitution and configuration.
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