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Abstract

The [3+42] cycloaddition (32CA) reaction of benzonitrile oxide to x-methylene cyclopentanone and propionitrile oxide to y-
methyl-o-methylene-y-butyrolactone, yielding regio- and stereochemically defined spiroisoxazolines, has been studied at the
MPWBI1K/6-311G(d,p) computational level. These processes proceed by a one-step mechanism through asynchronous transition
states. Ortho regioselectivity and anti diastereofacial selectivity are predicted in complete agreement with the experimental

outcomes.
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Introduction

Spiroisoxazolines are a structurally diverse class of biologi-
cally active candidates [1-8]. Being an integral part of several
natural products, such as calafianin [1, 2], aerothionin [3],
agelorins [4] and psammaplysins [5], spiroisoxazolines have
received special attention in organic synthesis owing to their
wide therapeutic potential. The anticancer properties of the
spiroisoxazoline analogues are well documented [6], while
in 2017, the spiroisoxazoline SMARt-420 has been identified
to revert antibiotic resistance [7], a rapidly increasing health
concern. Recently, in 2019, Pratap and coworkers [8] reported
the anti-proliferative and antimalarial activities of the
spiroisoxazoline derivatives.

The [3+2] cycloaddition (32CA) reactions of nitrile oxides
to exocyclic double bonds is the most versatile method for the
synthesis of spiroisoxazolines [9]. Numerous studies [6, 9, 10]
have been devoted by medicinal chemists to target
spiroisoxazoline derivatives from 32CA reactions of nitrile
oxides to olefins with exocyclic double bonds. These reactions
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yield regioisomeric spiroisoxazolines (see Scheme 1) or regio-
and stereoisomeric spiroisoxazolines depending on the re-
agents (see Scheme 2).

Predictability of the regio- and stereochemical outcome of
these 32CA reactions depends on the careful examination of
the reaction mechanism. Computational studies have come to
aid to obtain a precise prediction and analysis of the mecha-
nism, selectivity and reactivity of chemical reactions since the
last two decades. Density functional theory [11] has found its
place in the characterization of reactants, products, transition
state structures (TSs) and intermediates on the potential ener-
gy surface (PES) [12] defined under the transition state theory
[13]. Since 2000 [14], the location of TSs of several 32CA
reactions have been studied in detail, and in 2017, Jasinski and
coworkers performed DFT studies to locate the electronic sta-
tionary points along the PES of the 32CA reactions of
benzonitrile-N-oxides and nitroethenes [15]. The MPWBIK
functional has been recently stressed [16] in 2018 as a suitable
system for the analysis of 32CA reactions. The reaction selec-
tivity and activation parameters of several 32CA reactions
have been examined using MPW functional [17, 18] and has
provided reasonably good insight of the involved transition
states. Herein, nitrile oxide cycloadditions to monosubstituted
alkene derivatives with an exocyclic double bond are studied
using MPW functional to understand the origin of regio- and
diastereofacial selectivity in the synthesis of
spiroisoxazolines. Muhlstudt et al. [19] performed nitrile ox-
ide cycloadditions with a wide range of methylene ketones
and obtained complete regioselectivity. The 32CA reaction

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00894-020-04372-x&domain=pdf
https://orcid.org/0000-0001-8354-8693
https://doi.org/10.1007/s00894-020-04372-x
mailto:nivchem@gmail.com

117 Page 2 of 9

J Mol Model (2020) 26: 117

R—C=—/N—-oO0 -+

Nitrile oxide Ethylene derivative

Scheme 1 Synthesis of regioisomeric spiroisoxazolines

of benzonitrile oxide, BNO 1, to «-methylene
cyclopentanone, MCP 2, experimentally performed by
Muhlstudt et al. [19] (see Scheme 3), has been selected as
the first computational model to understand the
regioselectivity.

These 32CA reactions of propionitrile oxide with substitut-
ed methylene butyrolactones afford regioselective products
with 80-100% facial selectivity in favour of the anti addition
product [20]. The 32CA reaction of propionitrile oxide, PNO
4, to y-methyl-a-methylene-y-butyrolactone, MBL 5, exper-
imentally performed by Paul savage et al. [20] (see Scheme 4),
has been chosen as the second computational model to under-
stand the facial selectivity in the synthesis of
spiroisoxazolines.

Initially, the nature of interactions between the reactants in
an elementary cycloaddition step is probed from the analysis
of standard global and local reactivity indices. Subsequently,
all theoretically possible reaction paths for the 32CAs are
examined, and the obtained energetics is analysed.

Computational methods

The Berny analytical gradient optimization method was used
[21, 22] with the MPWBIK functional [23] in conjunction
with the 6-311G(d,p) basis set [24]. The optimized geometries
were then characterized at the same level to ensure that the

R—C=N—-o0 -+

Nitrile oxide Ethylene derivative

Scheme 2 Synthesis of regio- and stereoisomeric spiroisoxazolines
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reactants and products did not have any imaginary frequency
and the transition states had one and only one imaginary fre-
quency. The intrinsic reaction coordinate (IRC) [25] pathways
of the investigated CAs were traced using the second order
Gonzalez-Schlegel integration method [26, 27]. Solvent ef-
fects of tetrahydrofuran (THF) and benzene were taken into
account using the polarizable continuum model (PCM) [28,
29] in the framework of the self-consistent reaction field
(SCRF) [30-32]. Enthalpies, entropies and Gibbs free ener-
gies were calculated at reaction conditions 298 K (25 °C) and
1 atm in THF and benzene.

The global reactivity indices, electronic chemical potential
1 and chemical hardness 7, were calculated from the HOMO
(Fromo) and LUMO (Eymo) energies using the following
equations [33]:

p=(Enomo + Erumo)/2; =ELumo—Enomo

The electrophilicity index w is expressed in terms of the
electronic chemical potential 1 and chemical hardness 7 by
the following equation [33, 34]:
w=p*/2n

The relative nucleophilicity index N [35] is expressed as

N = Enqomo—E HOMO((tetracyanoethylene)

Regio- and stereoisomeric spiroisoxazolines
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Scheme 3 Regioselective 32CA
reaction of benzonitrile oxide,
BNO 1, to a-methylene
cyclopentanone, MCP 2

The electrophilic P, and nucleophilic P, Parr functions
[36] are calculated using the following equations:

P = p™® (r) (for nucleophilic attack)
Py = p° (r) (for electrophilic attack)

where p® (r) and p© (r) are the Mulliken atomic spin
densities of radical anion and radical cation respectively.

All computations were performed using the Gaussian
03 suite of programmes [37]. Topological analysis of
the electron localization function (ELF) [38—40] and
quantum theory of atoms in molecules (QTAIM) [41]
parameters for the reactants and the TSs are also per-
formed. These are collected in the supplementary
material.

Analysis of interactions between the reactants

Conceptual density functional theory-based global and
local reactivity indices [33] have been used to analyse
the interactions between reactants in several biomolecu-
lar processes, especially 32CA reactions [see, e.g.
15-18]. A similar approach has also been applied in
this study. The calculated global reactivity indices of
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BNO 1, MCP 2, PNO 4 and MBL 5 are given in
Table 1. These indices are calculated at B3LYP/6-
31G(d) level since the electrophilicity [34], and nucleo-
philicity [35] scales are defined in literature at this com-
putational level to characterize reactants in organic
reactions.

The electronic chemical potential, 1, of BNO 1, p=—
3.81 eV, is similar to that of MCP 2, u=—4.00 eV, which
indicates a corresponding non-polar character of the 32CA
reaction, while PNO 4 shows higher electronic chemical po-
tential, u=—2.91 eV, relative to MBL 5 with u=—4.22 eV.
This predicts some polar character for the 32CA reaction of
PNO 4 to MBL 5.

The electrophilicity w indexes of BNO 1 and MCP 2 are
1.45 and 1.60 eV, respectively, BNO 1 being classified in the
borderline of strong and moderate electrophiles (0.80 eV <w
< 1.50 eV) and MCP 2 being classified as strong electrophile
(w>1.50 eV) within the electrophilicity scale [34]. PNO 4
with electrophilicity index w=0.57 eV is classified as a mar-
ginal electrophile while MBL 5 with w=1.49 eV as a strong
electrophile.

In 2004, Domingo [42] established that the asynchronicity
in bond formation is controlled by the electrophilic ethylene
derivative irrespective of the polar character of the 32CA re-
action. Thus, the most electrophilic centre of the ethylene

syn

6:7 =81:19

Scheme 4 Stereo- and regioselective 32CA reaction of propionitrile oxide, PNO 4, to y-methyl-o-methylene-y-butyrolactone, MBL 5
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Table 1 B3LYP/6-31G(d) calculated electronic chemical potential /i,
chemical hardness 7, global electrophilicity w and global nucleophilicity
N, in eV, of benzonitrile oxide BNO 1, x-methylene cyclopentanone
MCP 2, propionitrile oxide PNO 4 and y-methyl-o-methylene-y-
butyrolactone MBL 5

ueV n/eV w/eV NleV
1 —3.81 5.01 1.45 2.80
2 —4.00 5.01 1.60 2.61
4 -291 7.46 0.57 2.48
5 —4.22 5.99 1.49 1.90

The nucleophilicity N index of BNO 1, MCP 2 and PNO 4 is 2.80, 2.61
and 2.48 eV, respectively, being classified as moderate nucleophiles with
N <3 eV within the nucleophilicity scale [41], while MBL 5 is classified
as a marginal nucleophile with N<2 eV

derivative is always involved in the formation of the first new
single bond. Consequently, for 32CA reactions of BNO 1 and
PNO 4 to MCP 2 and MBL 5, the electrophilic P~ Parr
functions [36] of MCP 2 and MBL 5 were analysed (see
Fig. 1). The nucleophilic P, Parr functions of BNO 1 and
PNO 4 were also computed. The Mulliken atomic spin densi-
ties are given in Fig. 1.

For the C4-C5 bond, the electrophilic P," Parr functions of
C4 and CS5 centres in MCP 2, 0.50 and 0.01, respectively, and
in MBL 5, 0.58 and 0.09, respectively, indicate that the first
single bond will involve the C4 carbon. Finally, the O1 oxy-
gen of BNO 1 and PNO 4 with P, =0.45 and 0.67, respec-
tively, presents the most nucleophilic activation, while the C3
is lesser nucleophilically activated in BNO 1 with P, =0.02
and in PNO 4 with P, =0.28.

Fig. 1 Three-dimensional
representation of the Mulliken
atomic spin densities (isovalue =
0.0004) of radical anions 2" and
5" and radical cations 1* and 4*
together with the electrophilic P,
Parr functions of MCP 2 and
MBL 5 and the nucleophilic P,
Parr functions of BNO 1 and PNO
4. Purple regions correspond to
positive values, while the brown
regions correspond to negative
regions of the Mulliken atomic
spin densities

| e
4017 [0.02
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Analysis of the energy profile and geometry
of transition states

32CA reaction of benzonitrile oxide BNO 1 to a-methylene
cyclopentanone MCP 2

Due to the non-symmetry of methylene cyclopentanone MCP
2, two regioisomeric reaction paths, labelled ortho and meta
(see Scheme 5), are feasible for this 32CA reaction. The ortho
reaction path is associated with the formation of O1-C5 and
C3-C4 bonds, while the meta channel involves formation of
0O1-C4 and C3-CS5 bonds. Stationary points along these four
reaction paths were searched in this study, which allowed
locating and characterizing the reagents, BNO 1 and MCP 2,
two transition states, i.e. TS1 and TS2, and the corresponding
cycloadducts CA1 and CA2 (see Scheme 5). Cycloadduct
CA1 is the ortho product, and CA2 is the meta product. This
32CA reaction follows one-step mechanism. The relative en-
ergies, enthalpies and free energies of products and TSs in gas
phase as well as THF are given in Table 2.

Analysis of the relative energies leads to some appealing
conclusions. The activation energies are 11.4 kcal mol ' (TS1)
and 15.9 kcal mol ™' (TS2) in gas phase and 13.4 kcal mol ™’
(TS1) and 18.1 kcal mol ™' (TS2) in THF, with the 32CA
reaction being strongly exothermic with 48.3 kcal mol !
(CA1) and 43.4 kcal mol ! (CA2) in gas phase and
46.4 kcal mol ' (CA1) and 41.6 kcal mol ™' (CA2) in THF
(see Table 2). The inclusion of THF increases the activation
enthalpies by 2.3 kcal mol ' (TS1) and 2.6 kcal mol '(TS2) as
a consequence of a larger solvation of the reagents than TSs
[43]. The activation energy 11.4 kcal mol "' associated with

.
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Scheme 5 Studied reaction paths l g
of'the 32CA reaction of BNO 1 to |
MCP 2
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TSI is lower than that associated with the non-polar 32CA
reaction of BNO 1 with methyl acrylate, 12.3 kcal mol ', in
which the ortho TS is lower than meta TS by only
1.6 kcal mol ' [44]. For the 32CA reaction of BNO 1 and
MCP 2, the most favourable reaction path is associated with
the ortho approach mode, yielding the cycloadduct CAl via

Ph
TS1 N/
> CAl
7 \O
O ortho
6 ] o
meta Ph
5 152 \ CA2

\

TSI in complete agreement with the experimental results [19].
This 32CA reaction is completely regioselective, as TSI is
4.5 kcal mol™' lower in activation energy than TS2 in gas
phase and by 4.7 kcal mol ' in THF. The formation of product
CALl is strongly exothermic which makes the reaction
irreversible.

Table 2 MPWBIK/6-311G(d.p)

calculated AE, AH and AG in Entry TS/ Medium AE (kcal/mol) AH (kcal/mol) AG (kcal/mol)
kcal/mol of products and transi- CA
tion states for the 32CA reactions
1 TS1 Gas phase 11.4 11.8 25.0
2 CAl Gas phase —48.3 —45.7 -314
3 TS2 Gas phase 15.9 16.5 30.8
4 CA2 Gas phase —434 —40.4 —-253
5 TS1 THF 13.4 14.1 27.3
6 CAl THF —46.4 —433 —29.2
7 TS2 THF 18.1 19.1 334
8 CA2 THF —41.6 —382 -232
9 TS3 Gas phase 11.4 11.7 24.7
10 CA3 Gas phase —48.3 —45.7 -31.0
11 TS4 Gas phase 12.5 12.9 26.1
12 CA4 Gas phase —45.8 —433 —28.9
13 TS5 Gas phase 15.6 16.0 30.1
14 CAS Gas phase —44.2 —41.2 —26.2
15 TS6 Gas phase 15.8 16.1 29.4
16 CA6 Gas phase —454 —42.4 -27.6
17 TS3 Benzene 12.6 13.0 259
18 CA3 Benzene —46.6 —44.0 -29.3
19 TS4 Benzene 13.8 14.2 27.3
20 CA4 Benzene —44.8 —42.2 —27.8
21 TSS Benzene 17.7 18.2 323
22 CAS Benzene —42.5 -394 —245
23 TS6 Benzene 17.6 18.1 31.4
24 CA6 Benzene —43.8 —40.7 —26.0

@ Springer
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Fig.2 MPWBI1K/6-311G(d,p) optimized transition states for 32CA reaction of BNO 1 and MCP 2. Bond lengths are given in angstrom units. Values in

parenthesis indicate the bond lengths calculated in THF

Thermal corrections to the electronic energies give
the relative enthalpies in gas phase and THF. The acti-
vation enthalpies increase by 0.4 and 0.6 kcal mol ' in
gas phase and 0.7 and 1.0 kcal mol™' in THF relative to
the activation energies, while reaction enthalpies de-
crease by 2.6 and 3.0 kcal mol ' in gas phase and 3.1
and 3.4 kcal mol™' in THF relative to the reaction en-
ergies. Inclusion of the entropies to enthalpies strongly

Scheme 6 Studied reaction paths
of the 32CA reaction of
propionitrile oxide PNO 4 to y-
methyl-a-methylene-y-
butyrolactone MBL 5
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increases the activation Gibbs energies by 13.2 and
14.3 kcal mol ™' in gas phase and THF, while the reac-
tion Gibbs energies show a sharp decrease by 14.3 and
15.1 kcal mol ' in gas phase and 14.1 and
15.0 kcal mol™' in THF.

The activation Gibbs free energy of cycloadduct CA1 be-
comes 25.0 kcal mol ™! in gas phase and 27.3 kcal mol ' in
THF, the 32CA reaction being strongly exergonic by

CA3

meta
CA5

CA6
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Fig. 3 MPWBI1K/6-311G(d,p)
optimized transition states for
32CA reaction of PNO 4 and
MBL 5. Bond lengths are given in
angstrom units. Values in
parenthesis indicate the bond
lengths calculated in benzene
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31.4 kcal mol " in gas phase and 29.2 kcal mol ' in THF.
Figure 2 shows the optimized geometries of the TSs.

Now, formation of C—C and C-O single covalent bonds
begin at a distance of 2.0-1.9 A and 1.7-1.6 A [17] respec-
tively, which indicates that the formation of new C—C and C—
O covalent bonds has not started in the TSs with C—C and C—
O forming bond distances greater than 2.0 A (see Fig. 2). The
forming C—C bond length is shorter than C—O forming bond
length at TS1, while the shorter bond length corresponds to
the formation of C—O forming bond at TS2. These two TSs
show almost similar asynchronicity, and inclusion of the sol-
vent effects of THF slightly changes the forming bond lengths
at these two TSs.

32CA reaction of propionitrile oxide PNO 4
to y-methyl-a-methylene-y-butyrolactone MBL 5

Due to the non-symmetry of both the reagents PNO 4 and
MBL 5, different stereo- and regioisomeric paths exist for this
32CA reaction. The two regioisomeric reaction paths labelled
ortho and meta and the two diastereofacial isomeric reaction
paths, labelled syn and anti, associated with the participation
of nitrile oxide and exocyclic double bond addition have been
considered here (see Scheme 6). The ortho regioisomeric
channel is associated with the formation of C3—C4 and C5-
O1 bonds, while the meta path involves formation of C3—C5

TS6

and C4-O1 bonds. The anti diastereofacial reaction path is
associated with the addition opposite to the methyl substitu-
ent, while the syn diastereofacial reaction path is associated
with the addition to the same face of the methyl substituent as
coined by Savage and coworkers [20] for this 32CA reaction.

Along these four reaction paths, four TSs, i.e. TS3, TS4,
TS5 and TS6, were located and characterized and the corre-
sponding cycloadducts, i.e. CA3, CA4, CAS5 and CA6. This
32CA reaction follows a one-step mechanism, and the relative
energies in gas phase and benzene are given in Table 2. The
activation energies range from 11.4 (TS3) to 15.8 (TS6)
keal mol ™! in gas phase and from 12.6 (TS3) to 17.7 (TS5)
kcal mol " in benzene, with this 32CA reaction being strongly
exothermic from —44.2 (CA5) to —48.3 (CA3) kcal mol ! in
gas phase and —42.5 (CAS) to —46.6 (CA3) kcal mol ! in
benzene. Inclusion of solvent effects in benzene increases the
activation enthalpy by 1.3-2.2 kcal mol ' as a consequence of
a larger solvation of the reagents than TSs [44]. This 32CA
reaction is completely ortho regioselective, as TS5 and TS6
are higher in energy than TS3 by 4.2 and 4.4 kcal mol " in gas
phase and 5.1 and 5.0 kcal mol ' in benzene. The activation
energy of TS4 is higher in energy than TS3 by 1.1 kcal mol ™
in gas phase and by 1.2 kcal mol ' in benzene, which accounts
for the 81:19 diastereomeric ratio of ortho/anti and ortho/syn
products obtained experimentally in benzene at room temper-
ature [20].

@ Springer
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The inclusion of thermal corrections to the electronic ener-
gies causes minimal increase in activation enthalpies by 0.3—
0.5 kcal mol ™, while the reaction enthalpies are increased by
2.5-3.1 keal mol'. The activation Gibbs free energies are
increased by between 12.9 and 14.1 kcal mol ™' relative to
the activation enthalpies, while the reaction Gibbs energies
are strongly increased by between 14.4 and 15.0 kcal mol ',
which is due to the unfavourable entropies associated with this
32CA process. The relative Gibbs free energies clearly ac-
count for the complete ortho regioselectivity and anti
diastereofacial selectivity experimentally observed [20].

The optimized geometries of four TSs are given in Fig. 3.

At the ortho TSs, TS3 and TS4, the length of forming C5-
Ol bond is greater than that of the forming C3—C4 bond,
while at the meta TSs, TS5 and TS6, the length of forming
C3-C5 bond is greater than that of the forming C4-O1 bond.
Forming C3—C4 and C5-O1 bond distances greater than 2.0 A
indicates that no covalent bond formation has begun yet in any
of the four TSs. Meta and ortho TSs show almost similar
asynchronicity. Inclusion of solvent effects in benzene scarce-
ly changes the forming bond lengths.

Conclusions

The 32CA reactions of «-methylene cyclopentanone and y-
methyl-o-methylene-y-butyrolactone to benzonitrile oxide
and propionitrile oxide, yielding spiroisoxazolines with regio-
and stereoselective control, have been studied at MPWB1K/6-
311G(d,p) level of theory. Analysis of Parr functions indicates
the initiation from the unsubstituted carbon atom of the ethylene
derivative. These 32CA reactions present activation enthalpy of
11.8 and 11.7 kcal mol™" in gas phase, while 14.1 and
12.9 kecal mol ™! are the respective calculated values in THF
and benzene. Analysis of the activation Gibbs free energies
indicates that these 32CA reactions are completely ortho regio-
selective and the second reaction proceeds through anti
diastereofacial selectivity under kinetic control, in complete
agreement with the experimental findings.
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