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Density functional theory calculations at the M06-2X level of theory were employed to study the
reactivity and regioselectivity of 1,3-dipolar cycloaddition reactions of nitrile oxides with cyclodienes.
Calculated relative activation free energies reproduce the experimentally observed product ratios. The
electronic energies of activation are found to be mainly controlled by distortion energies required to
achieve the transition states. Both electronic and steric effects influence regioselectivities. Theoretical

predictions were performed on previous experimental data and analyzed with the use of the distortion/
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interaction model. The obtained results will help in obtaining a better understanding of the factors that

DET affect the relative cycloaddition rate.
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1. Introduction

The Huisgen 1,3-dipolar cycloaddition reaction is a powerful
method for constructing five-membered heterocycles [1,2]. The 1,3-
dipolar cycloaddition of nitrile oxides to alkenes is a well-
established methodology for the synthesis of isoxazolines [3],
which constitute an important family of heterocyclic compounds
with potential applications in medicinal chemistry, such as anti-
influenza activities and antifungal properties [4]. Nitrile oxide
1,3-dipoles react with carbon—carbon dipolarophiles [5], such as
alkenes [6], alkynes [7], and benzyne [8], to give A*-isoxazolines
and isoxazoles. Nitrile oxides are usually not stable dipoles;
therefore, they are synthesized in situ from hydroximoyl halides,
aldoximes or from primary nitroalkanes [9]. In the 1,3-dipolar
cycloaddition reaction of a nitrile oxide to a terminal alkene the
5-regioisomer is formed in a regioselective manner. However,
when using 1,2-disubstituted alkenes, a mixture of the 4- and 5-
regioisomer is obtained [10].

Computational studies of 1,3-dipolar cycloadditions have been
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carried out in order to rationalize the reactivity and regioselectivity
of these reactions. However, these results often contradict the
experimentally observed findings. In this regard, Fukui's frontier
molecular orbital (FMO) theory has been established as a powerful
model for the understanding of these reactions [11]. In recent years,
the conceptual density functional theory (DFT) model was devel-
oped by Parr [12] and later by Domingo [13], and the activation
strain model has been developed by Houk and Bickelhaupt [14]. In
these studies, parameters of various base sets have been calculated
to predict and explain the regioselectivity or reactivity of these
types of cycloadditions. According to most of the DFT works on 1,3-
dipolar cycloaddition reactions of nitrile oxides, the concerted
mechanism is preferred [15]. However, a stepwise diradical
mechanism has also been proposed [16]. Despite thorough studies
of 1,3-dipolar cycloaddition reactions between a nitrile oxide and
an alkene and alkynes [17], results about reactions involving dienes
or cyclodienes are less common.

It was shown in previous studies, that 1,3-dipolar cycloadditions
of nitrile oxides with cyclodienes afforded cycloalkene-fused iso-
xazoline products (Scheme 1), that were later transformed into
dialkenylated heterocycles via ring opening and cross metathesis
[18]. The 1,3-dipolar cycloaddition with cyclopentadiene (2) yielded
cyclopentene-fused isoxazoline derivatives in modest isolated

0040-4020/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jorge.escorihuela@uv.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tet.2023.133435&domain=pdf
www.sciencedirect.com/science/journal/00404020
www.elsevier.com/locate/tet
https://doi.org/10.1016/j.tet.2023.133435
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.tet.2023.133435

L. Kiss and J. Escorihuela

—:Zéoa)
|N :
/} (o]
7N
"
j\ (]
z

CH3CN, 25 °C

R R
1 P-2a P-2a"
@ o2 @
1®
3 N 4 (o}
i N
CH3CN, 25 °C R CH3CN, 70 °C
1
3a' P-4a
o
Q o O
C); o | 2
CH3CN, 70 °C ‘ CH3CN, 70 °C

_ 'U
%% §
.
g
‘ o
&
(e}
z

Py
N
o
(9]

P-7a

Scheme 1. 1,3-Dipolar cycloadditions of nitrile oxides with cyclodienes (R = Me, Et,
Ph).

yields. When using 1,3-cyclohexadiene (3), the reactivity increased
generating the isoxazoline derivative with a regioisomer ratio of
35:4. The transformation of 1,4-cyclohexadiene (4) under similar
conditions only afforded traces of the desired isoxazoline product.
The cycloaddition reaction of 1,3-cyclooctadiene (5) provided only a
mixture of regioisomers of unsaturated cyclooctene-fused iso-
xazolines in a ratio of 2.5:1. The cycloaddition with 1,5-
cyclooctadiene (6) at 80 °C gave a single unsaturated cycloadduct
in 23% yield. The cycloaddition of nitrile oxide was extended to the
constrained unsaturated bicyclic ring system containing 2,5-
norbornadiene (7) [19], which showed an enhanced reactivity
compared to the other assayed cyclodienes (2—6).

With these results in hand and with the intention of better
understanding the factors that govern the reactivity and regiose-
lectivity of 1,3-dipolar cycloaddition reactions of nitrile oxides with
the cyclodienes, we decided to investigate by means of density
functional theory calculations the reactivity and regioselectivity of
1,3-dipolar cycloaddition reactions of nitrile oxides with the
different cyclodienes. Activation barriers were calculated by DFT
calculations at the M06-2X/6-311+G(d,p) level of theory. In addi-
tion, reactivities and regioselectivities were also investigated by
distortion—interaction analysis along the reaction coordinate and
by frontier molecular orbital theory. The deeper understanding of
1,3-dipolar cycloaddition reactions would be of help in the design
of novel isoxazoline derivatives with applications in the field of
medicinal chemistry.

2. Results and discussion

Geometry optimizations were performed with Gaussian 16 [20]
at the M06-2X level using the 6-311+G(d,p) basis set in acetonitrile
using the SMD solvent model [21] to mimic the experimentally
used solvent (acetonitrile, e = 37.5). The transition structures (TS),
activation energies (AE"), activation free energies (AGY), and free
energies of the reaction (AGxy) for the different 1,3-cycloaddition
reactions are shown in Fig. 1. The TS denoted as TS-Xa corre-
sponds to the transition state leading to the product having the
isoxazoline O-atom closer to the sp? C-atom of the cycloalkene ring,
where X corresponds to cyclodiene. Meanwhile, the transition state
leading to the product having the isoxazoline C-atom closer to the
sp? C-atom of the cycloalkene ring product is denoted TS-Xa’. The
free-energy barriers for the reactions under study using EtNO, for
the generation of nitrile oxide 1a are all around 27—32 kcal/mol.
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The computed trends in reactivity for these 1,3-cycloaddition re-
actions are identical when considering activation electronic en-
ergies or free activation energies. In particular, the free energy
barriers for the reaction of cyclopentadiene (2) were found to be for
TS-2a and TS-2a’, respectively. The difference in activation free
energies (AAGY) between the two both transition states is 2.3 kcal/
mol, which is in good agreement with the experimental findings of
complete regioselectivity favoring the product with the isoxazoline
O-atom located closer to the sp? carbon atom of the cyclopentene
ring. When evaluating the reaction of 1,3-cyclohexadiene (3),
involving a cyclodiene with conjugated double bonds, an increase
of reactivity was observed, as inferred from the calculated free
energy barriers, which decreased to 29.1 kcal/mol. This lower bar-
rier is in line with experimentally observed high conversions. The
relative electronic energy (AAG!) of the two regioselective transi-
tion states was slightly smaller, ie., 0.5 kcal/mol. Despite the
product having the isoxazoline O-atom closer to the sp? C-atom of
the cyclohexene ring was kinetically favored, the product having
the isoxazoline C-atom closer to the sp? C-atom of the cycloalkene
ring was thermodynamically favored. The reaction with 1,4-
cyclohexadiene (4) did not proceed experimentally, and only
traces of the cycloaddition product were observed [18a]. This is in
agreement with the high computed barrier of 32.3 kcal/mol. For the
reaction of 1,3-cyclooctadiene (5) and 1,5-cyclooctadiene (6), low
yields were observed at room temperature [18a], which is in line
with the similar barrier for 5 and 6 around 32 kcal/mol. A similar
barrier was found when using 2,5-norbornadiene (7) a more
strained cyclodiene. Namely, the activation free energies were
found to be lower in agreement with the enhanced reactivity for
this cyclodiene [18b]. DFT calculations supported the formation of
the exo-derivative as the main product in a ratio 10 to 1, similar to
the reaction of norbornadiene derivatives with cyclic nitrone de-
rivatives [12]. This ratio corresponds to a difference in activation
energies of 1.4 kcal/mol at room temperature, according to transi-
tion state theory. This is in good agreement with the calculated
AAG* value (1.5 kcal/mol).

The lengths of the newly forming C---O and C---C bonds in the
transition state structures are shown in Fig. 1. All 1,3-cycloadditions
of dienes with nitrile oxide proceeded involving a concerted
mechanism via a five-membered ring transition states [22]. A closer
analysis of the transition state structures reveals that the formation
of the isoxazoline derivative with the O-atom closer to the sp? C-
atom of the cycloalkene ring, proceed earlier and via more favored
transition states than those leading to the isoxazoline derivative
with the C-atom closer to the sp? C-atom of the cycloalkene ring.
Earlier transition states lead to less distorted geometries in the
transitions state structures. All cycloadditions were found to be
exergonic with free energies of reaction (AGx) ranging from —25.2
to —28.7 kcal/mol for all cyclodienes under study. The 1,3-dipolar
cycloaddition involving 2,5-norbornadiene proceeded with a
higher exergonicity around —41 kcal/mol. Similar barriers were
obtained by single point energy calculations using the hybrid
wB97-D functional and the 6-311+G(2d,2p) basis set, which was
utilized as a benchmark. Using this level of theory, Gibbs energy
barriers were found to be 0.5—0.6 kcal/mol higher that at the M06-
2X/6-311+G(d,p) level of theory but maintaining the trend in
reactivity and regioselectivity.

To unravel the factors controlling the trends in reactivity of the
different cyclodienes, the activation strain model, also known as
the distortion/interaction model, was applied to analyze the tran-
sition states [14]. This theoretical model has been successfully
applied to a wide range of chemical reactions during the past
decade, including nucleophilic substitution [23], elimination [24],
cycloadditions [25], organometallic chemistry [26], and other
processes in organic chemistry. According to this model, the
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Fig. 1. Optimized structures of the transition states at the M06-2X/6-311+G(d,p) level of theory with bond forming distances in A. Values of activation energy (AE?), activation free
energy (AG"), and free energy of the reaction (AG,y,) are shown below each structure in blue, red, and green, respectively, in kcal mol .

transition state structure is decomposed into two fragments (dipole
and dipolarophile) and the energy is separately calculated by
single-point energy calculations on the distorted fragment. The
difference in energy between the distorted fragment and the
optimized ground-state geometry is known as the distortion en-
ergy. The difference between the activation energy (AEY) and the
total distortion energy (Egjst) corresponds to the interaction energy
(Eint), which is given as a negative value (i.e., stabilizing) and, hence,
it counteracts the distortion energy. The black arrows correspond to
the activation energies (AE!). The green arrows correspond to the
distortion energies of the dipolarophiles, whereas the blue arrows
correspond to the distortion energies of the dipoles. The total
length of blue and green arrows corresponds to the total distortion
energy (Egist). The red arrows correspond to the favorable interac-
tion energies (Eint). The transition structures and activation en-
ergies for the different 1,3-cycloaddition reactions are shown in
Fig. 2.

For all transition states involved in the 1,3-dipolar cycloaddition
of nitrile oxide 1a and the different cyclodienes (2—7), the distor-
tion energy of nitrile oxide 1a was found to be the main contributor
to the distortion energy, which ranged from 20.1 to 24.7 kcal/mol,
in line with previously reported 1,3-dipolar cycloaddition studies
[27]. In the TS structures, both the O—N—C and the N—C—C angles of
the distorted dipole, i.e., nitrile oxide 1a, varies from 139° to 142°
and from 143° to 147°, respectively. The greater the O—N—C angle
decreases, the greater the distortion and the higher the distortion
energy. This deviation from linear structure in the ground-state
geometry is responsible for the higher distortion energy of the
dipole. In contrast, the distortion energy of the dipolarophile
(cyclodiene) was relatively small and varied from 4.1 to 6.2 kcal/
mol. From all cyclodienes under study, 2,5-norbornadiene (7) dis-
played the lowest distortion energy. When comparing the two TSs
in the cycloaddition with cyclopentadiene (2), the transition state
leading to the product having the isoxazoline O-atom closer to the
sp? C-atom of the cycloalkene ring (TS-2a) displays a distortion
energy 1.5 kcal/mol lower than that of TS-2a’, mainly attributed to
the higher distortion energy arising from nitrile oxide 1a, and a
higher interaction energy. In reaction with 1,3-cyclohexadiene (3),
the 0.7 kcal/mol difference in AE* favoring TS-3a is originated from
the difference in the interaction energy, as TS-3a and TS-3a’, have
similar total distortion energies. The nature of the differing inter-
action energy for the TS leading to the two possible regioisomers
can be rationalized according to the different orbital interaction,
which should be more favorable in TS-2a and TS-3a, when

5.5 5.7 5.8
11.2
11.0 10.2 5.5
3.8 l I9.3 9.6
18.9 201 19.3 14.9 16.0
24.6 24.6 24.7 20.4 201

TS-5a TS-5a’

Fig. 2. Graph of distortion, interaction, and activation energies for the 1,3-dipolar
cycloaddition of nitrile oxide 1a and cyclodienes (blue: distortion energy of dipole,
green: distortion energy of dipolarophile, red: interaction energy, black: activation
energy). Energies are given in kcal mol~".

compared to TS-2a’ and TS-3a’ (see Fig. S1, Supporting Informa-
tion). The reaction with 1,4-cyclohexadiene (4) showed a higher
distortion energy compared to that of 1,3-cyclohexadiene (3),
which should be responsible of the higher activation barrier.
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Interestingly, when comparing the conjugated 1,3-cyclooctadiene
(5) and non-conjugated 1,5-cyclooctadiene (6), similar distortion
energies were computed. Finally, for the reaction with 2,5-
norbornadiene (7), the difference in the activation energies can
be attributed to the higher distortion energy of the dipole in the
endo transition state (TS-7a’).

Given the fact that the transition states shift along the reaction
coordinate - some are early (low strain) while others are late (high
strain), a distortion/interaction-activation strain analysis on the
reaction coordinate defined as newly forming C—C bond was per-
formed for transition states involving cyclodienes 2, 3 and 5. Fig. 3
shows the distortion/interaction-activation strain analysis of the
IRC for cycloadditions going via TS-2a (red), TS-2a’ (pale red), TS-3a
(blue), TS-3a’(pale blue), TS-5a (green) and TS-5a’ (pale green). As
shown in Fig. 3, cycloadditions leading to the formation of to the
product having the isoxazoline O-atom closer to the sp? C-atom of
the cycloalkene ring, i.e., TS-2a, TS-3a and TS-5a, are characterized
by an early transition state, with a relatively long forming C—O
bond distance, in particular TS-2a and TS-3a. The approach leading
to the formation of the other regioisomer via TS-2a’, TS-3a’ and TS-
5a’, is reflected in an increase of distortion energies, now for both
dipole and dipolarophiles, and a decrease in the interaction energy.

The 1,3-dipolar cycloaddition using PhCH;NO; for the in situ
generation of nitrile oxide 1b was also studied (Fig. 4). From the
experimental observations, PhCH,NO, generally gave higher yields
than CH3CH;NO, [18a]; thus, lower activation barriers would be
expected for reactions involving this reagent as the dipole source.
The transition structures (TS) and activation energies for the
different 1,3-cycloaddition reactions with cyclodienes 2—7 leading
to the product having the isoxazoline O-atom closer to the sp? C-
atom of the cycloalkene ring are shown in Fig. 4. The computed
activation energies (AE") and activation free energies (AG') were
found to be lower than those for the 1,3-dipolar cycloaddition using
CH3CH;NO,, showing the higher reactivity of 1b. Furthermore, all
reactions proceed with an exergonicity (AGny) higher than those
computed for the reaction with 1a. Again, the reaction of 2,5-
norbornadiene (7) displayed the lowest activation free energy in
good agreement with the enhanced reactivity for this cyclodiene.

The activation strain model was also applied to analyze the
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interaction energy AEj,{dotted) along the reaction coordinate (forming C—O bond
distance in angstroms) for cycloaditions of TS-1a with TS-2a (red), TS-2a’ (pale red),
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TS-2b
15.9, 29.1, -27.8

TS-3b
15.1, 28.2, -28.1

TS-4b
18.1, 31.2, -28.0

TS-5b
17.9, 30.8, -25.6

TS-6b
18.2, 30.9, -30.7

TS-7b
14.0,27.2, -43.0

Fig. 4. Optimized structures of the transition states at the M06-2X/6-311+G(d,p) level
of theory with bond forming distances in A. Values of activation energy (AE'), acti-
vation free energy (AG'), and free energy of the reaction (AG,,) are shown below each
structure in blue, red, and green, respectively, in kcal mol~".

transition states of the different cyclodienes (2—7). All transition
states involved in the 1,3-dipolar cycloaddition displayed nitrile
oxide 1b distorted from linear geometry in the ground state (Fig. 5).
This deviation was responsible for the higher distortion energy of
the nitrile oxide 1b, which was the main contributor to the total
distortion energy. In the distorted nitrile oxide 1b from the TS
structures, the O—N—C varies from 139° to 142°, whereas the
N—C—C angle ranges from 143° to 145° (Fig. 5a). As observed for the
1,3-dipolar cycloaddition with nitrile oxide 1a, the distortion en-
ergy of the dipolarophile (cyclodiene) was significantly lower and
varied from 3.7 to 6.1 kcal/mol (Fig. 5b). In a similar manner, as
observed for the CH3CNO dipole, conjugated cyclodienes had the
lowest total distortion energy, which would be responsible of the
lower activation barriers. When comparing 1,3-cycloadditions of
1,3-cyclohexadiene (3) and non-conjugated 1,5-cyclohexadiene (4),
both distortion energies of dipole and dipolarophile were higher for
TS-4b. In the TS structures, the dipole had a more distorted struc-
ture in TS-4b, as the change in O—N—C angle was higher, which was
reflected in a higher dipole distortion energy (Egist(1b))- The lower
activation barrier for TS-3b is in agreement with the experimental
yield over the product coming from TS-4b. Again, the reaction with
2,5-norbornadiene (7) displayed the lowest activation energy,
which can be attributed to the lower distortion energy of the dipole
and the dipolarophile in the transition state (TS-7b).

To investigate the reactivity of the different cyclodienes acting
as dipolarophiles, we computed the energies of the frontier mo-
lecular orbitals (FMO) of the two dipoles and the different dienes
acting as dipolarophiles. By means of this theory, reaction rates
have been rationalized in cycloaddition reactions [28]. The results
are shown in Fig. 6. In normal-electron demand 1,3-cycloaddion
reactions, the highest occupied molecular orbital (HOMO) of the
dipole interacts with the lowest unoccupied molecular orbital
(LUMO) of the dipolarophile. Two conclusions can be extracted
from the FMO analysis. First, the HOMO of 1a is 1.41 eV lower in
energy than that of 1b. Thus, the HOMO of 1b interacts more
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Fig. 5. (a) Distorted structures of nitrile oxide 1b for the different transition states for the 1,3-dipolar cycloaddition of nitrile oxide 1b and cyclodienes. (b) Values of activation
energy (AFE', in black), interaction energy (Ein., in red), distortion energy of dipole (Edist(1b), in blue) and distortion energy of dipolarophile (Egisy(x), in green) for the 1,3-dipolar

cycloaddition of nitrile oxide 1b and cyclodienes. Energies are given in kcal mol~".
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Fig. 6. Frontier molecular orbitals (FMO) involved in the 1,3-dipolar cycloaddition of nitrile oxides and dienes calculated at the HF/6-31G level of theory.

strongly with the LUMO of the dipolarophiles. As a consequence,
higher interaction energies were calculated for 1b, given the strong
interaction of the low-lying LUMO with the HOMO of the dipolar-
ophile. The LUMO of conjugated dienes is lower in energy than that
of non-conjugated cyclodienes. Consequently, the HOMO of the
dipole interacts more strongly with the LUMO of the dipolarophile.
This is in agreement with the more favorable interaction energy for
conjugated dienes 3 and 5, in comparison to that of 4 and 6.

3. Conclusions

The reactivity and regioselectivity of 1,3-dipolar cycloaddition
reactions of nitrile oxides with cyclodienes have been investigated
by means of density functional theory calculations at the M06-2X
level of theory. The computed free energies of activation are in
agreement with experimentally observed product ratios. The acti-
vation strain model revealed that the regioselectivity is mainly
governed by the distortion energies of the nitrile oxide. When
benzonitrile oxide was used instead of ethylnitrile oxide, the
favorable interaction energies increase. The results found in this
study will help in obtaining a better understanding of the factors
that affect the relative cycloaddition rates and will pave the way for
the rational design of novel 1,3-dipolar cycloaddition reactions and

for the synthesis of novel isoxazoline derivatives with applications
in the field of medicinal chemistry.
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Description of computational methods; computed energies and
cartesian coordinates for all reported of the stationary points. This
material is available free of charge via the Internet at http://pubs.
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