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Abstract

The [3 + 2] cycloaddition (32CA) reactions of 1-pyrroline-1-oxide with N-vinyl nucleobases leading to bicyclic N,O nucleoside
analogues have been studied within the molecular electron density theory (MEDT) at the MPWB1K/6-311G(d,p) computational
level. These non-polar zwitterionic type 32CA reactions take place through a one-step mechanism with minimal global electron
density transfer (GEDT) at the TSs and the exo/ortho approach mode as the energetically favoured reaction path. The 32CA
reactions of N-vinyl nucleobases with thymine and cytosine substituents respectively show the activation enthalpies of 15.2 and
12.5 kecal mol ! in toluene. The reactions are irreversible due to strong exothermic character of —35.4— 26.4 kcal mol ' in
toluene. The bonding evolution theory (BET) study suggests that these 32CA reactions take place through the coupling of
pseudoradical centres with earlier C—C bond formation and the formation of new C—C and C—O covalent bonds has not been
started in the TSs. Non-covalent interactions (NCI) are predicted at the TSs from the visualization of NCI gradient isosurfaces.

Keywords Molecular electron density theory - [3 + 2] Cycloaddition reactions - Nucleosides - Electron localization function

Introduction

Nucleoside analogues [1] constitute an important class of
compounds in medicinal chemistry due to their unique thera-
peutic potential to mimic physiological nucleosides. The
sphere of antiviral research experienced a major breakthrough
with the evolution of nucleoside analogues [1, 2] that have
been identified to exhibit broad spectrum activity for the treat-
ment of chronic hepatitis B in 2011 [3] and for coronaviruses
in 2019 [4]. Recently, Thomson and Lamont have also iden-
tified the use of modified nucleoside analogues as antibacte-
rial agents [5]. The mechanism of drug resistance by nucleo-
side analogues is also well documented to establish them as
important antimetabolites in the treatment of malignancies and
tumours [6]. Owing to the important involvement of naturally
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occurring nucleosides in DNA and RNA synthesis, modified
nucleoside analogues have been designed by chemists to act
on the DNA/RNA chain terminators to achieve interesting
biological results [7]. One of these modification strategies is
to replace the carbohydrate moiety of the natural nucleoside
with an isoxazolidine nucleus [8—10]. As model strategy of
synthesis, the [3 +2] cycloaddition (32CA) reactions of
nitrones and N-vinyl nucleobases provide a straightforward
route to these modified nucleosides [11]. As a unique initiative
to modified nucleosides, Procopio and coworkers [11, 12]
synthesized conformationally locked bicyclic N,O nucleoside
analogues of antiviral drugs from 32CA reactions of the cyclic
nitrone, 1-pyrroline-1-oxide 1 to N-vinyl nucleobases 2 and 3
(see Scheme 1).

This reaction proceeded with exclusive regio and
stereoselectivity [12] and induced a restricted conformational
mobility in the nucleoside analogues due to the presence of a
five-membered ring fused with the isoxazolidine system. The
reactivity, selectivity and sequential bonding rearrangements
are worth investigating theoretically due to the unique struc-
tural framework.

The evolution of computational chemistry [13] in the twen-
tieth and twenty-first century has gradually attracted
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Scheme 1 32CA reactions of 1-
pyrroline-1-oxide (1) with N- \
vinyl nucleobases (2, 3)
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theoretical chemists to analyse the reactivity and selectivity of
molecules. 32CA reactions have been targeted in several com-
putational studies due to their varied range of mechanistic
implications. In 2014, Jasinski et al. [14] proposed polar
mechanism for 32CA reactions of nitrones to substituted
nitroethenes, while the competition between one-step and
two-step mechanisms in polar 32CA reactions of C,N-disub-
stituted nitrone to nitroethenes has been explained in 2018
[15]. Stepwise zwitterionic mechanisms for 32CA reactions
[16, 17] have also been reported. Additionally, zwitterionic or
biradical adducts with “extended conformation” may exist in
reaction environment independently of [3 + 2] cycloadducts,
which was reported by Jasinski [18] for 32CA reactions of
nitroacetylene with allenyl type three-atom components.
Recently in 2020 [19], one-step non-polar mechanism has
been reported for 32CA reaction between (Z)-C,N-diphenyl
nitrone and 1,2-bismethylene-3,3,4,4,5,5-
hexamethylcyclopentane and this reaction proceeds without
the intervention of a biradical intermediate. Thus, the mecha-
nism of 32CA reactions shares an important place in the top
shelf of theoretical organic chemistry.

A new theoretical outlook on organic reactions, called the
molecular electron density theory [20, 21] (MEDT), was pro-
posed in 2016 by Domingo to analyse the changes in electron
density and hence the molecular reactivity of organic reac-
tions. The MEDT perspective has been successfully applied
to analyse several organic systems [21], majority of them ded-
icated to Diels-Alder (DA) and [3 + 2] cycloaddition (32CA)
reactions. We have recently carried out MEDT [22-26] stud-
ies to analyse 32CA reactions of acyclic nitrones, nitrile ox-
ides and azides leading to isoxazolidines [22, 23],
spiroisoxazolines [24, 25] and 1,5-disubstituted 1,2,3-
triazoles [26].

Herein, a theoretical analysis for the synthesis of bicyclic
N,O nucleoside analogues experimentally performed by
Procopio and coworkers [12] (Scheme 1) is presented within
the molecular electron density theory [20, 21] (MEDT) frame-
work. N-vinyl nucleobases with thymine and cytosine
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substituents are selected as the computational models. This
study presents the first MEDT report to analyse the synthesis
of bicyclic N,O-modified nucleosides and has been shaped
into the following five sections:

(1) Initially, the topological analysis of the electron
localisation function [27, 28] (ELF) of the reactants 1,
2 and 3 (Scheme 1) is performed. ELF, constructed by
Becke and Edgecombe in 1990 [27], establishes a quan-
titative connection between the electronic structure and
molecular reactivity. Subsequent illustrations of the ELF
attractors by Silvi and Savin in 1994 [28] have allowed
characterizing the core, bonding and non-bonding re-
gions in chemical structures. Domingo [20, 21] applied
the ELF analysis to classify the three-atom components
(TAC:s) participating in 32CA reactions, which has con-
sequently defined their reactivity profile [29]. TACs
having two pseudoradical centres (monosynaptic basin
integrating less than 1e) are called pseudodiradical type
[21], while TACs having one pseudoradical centre are
called pseudo(mono)radical type [21]. TACs with a
carbenoid centre (monosynaptic basin integrating 2e)
are classified as carbenoid type [21] and finally, the
TACs which do not have pseudoradical or carbenoid
centres are classified as zwitterionic TACs. The activa-
tion energy of 32CA reactions increases in the order pdr-
type < pmr-type = cb-type < zw-type [29].

(2) Analysis of the conceptual density functional theory [30,
31] (CDFT) indices at the ground state of the reactants is
done to initially predict the reactivity and polar character
of the 32CA reactions.

(3) Energy profile of the stationary states along all possible
regio- and stereochemical channels of the 32CA reac-
tions is studied. The global electron density transfer
[32] (GEDT) at the TSs is calculated to finally comment
on the polar character of the 32CA reactions.

(4) ELF [27, 28] topological analysis along with the Thom’s
catastrophe theory [33] is used to obtain the sequential
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bonding changes along the reaction path from bonding
evolution theory [34] (BET) analysis.

(5) Topological analysis of the quantum theory of atoms in
molecules [35, 36] (QTAIM) at the TSs is done to predict
the nature of bonding and finally, the NCI [37] gradient
isosurfaces at the TSs are plotted and analysed.

Computational methods

All stationary states were optimized using Berny analytical
gradient optimization method [38] with the MPWBIK func-
tional [39] in conjunction with the 6-311G(d,p) basis set [40].
This computational level has been successfully applied in
MEDT studies [21, 24, 25, 29] of 32CA reactions. The ab-
sence of imaginary frequencies for local minimum and one
imaginary frequency at the TSs was ensured through frequen-
cy calculations at the same level on the optimized geometries.
Intrinsic reaction coordinate [41-43] (IRC) calculations were
performed to verify the minimum energy reaction pathway
(MERP) in mass-weighted Cartesian coordinates between
the TSs, reactants and products.

The CDFT [30, 31] indices are namely the electronic chem-
ical potential [30, 44] u, chemical hardness [30, 45] 7, elec-
trophilicity index [30, 46] w and relative nucleophilicity index
[47] N by Egs. (1)-(4)

p=(Enomo + Erumo)/2 (1)
~ELumo—Enomo (2)
w=y*/2n (3)
N = Enomo~EHOMO(tetracyanoethylenc) (4)

where Eyomo and Erymo are the HOMO and LUMO ener-
gies and EHOMO(tetracyanoethy]ene) is the HOMO energy of
tetracyanoethylene as the reference.

The global electron density transfer [32] (GEDT) was cal-
culated from the natural population analysis (NPA [48, 49])
by Eq. (5)

GEDT = Xg, (5)
where ¢4 is the net charge and the sum is taken over all the
atoms of the nucleophile.

The electrophilic P;" and nucleophilic P, Parr functions
[50] are calculated using Egs. (6) and (7):

Py = p,/* (r) (for nucleophilic attack) (6)
P = p/c (r) (for electrophilic attack) (7)

where p, (r) and p,/“ (r) are the Mulliken atomic spin
densities (MASD) of radical anion and radical cation
respectively.

The conductor-like polarizable continuum model (PCM) in
the framework of the self-consistent reaction field [51-53]
(SCRF) was used for solvent calculations in toluene. The en-
thalpies, Gibbs free energies and entropies were calculated in
gas phase and toluene at the experimental temperature [12]
383 K (110 °C) and 1 atm.

ELF [27, 28] topological analysis and QTAIM [35, 36]
parameter calculations were performed using the Multiwfn
[54] software. ELF basin analysis was done with high-
quality grid with spacing 0.06 Bohr. The UCSF Chimera soft-
ware [55] was used to visualize the ELF localization domains
and attractors. All computations were performed using the
Gaussian 03 suite of programs [56].

Results and discussion

ELF topological analysis of 1-pyrroline-1-oxide 1, N-
vinyl nucleobases 2 and 3

Topological analysis of the ELF [27, 28] establishes a quan-
titative correlation between the electronic structure and the
reactivity of three-atom components [20, 21, 29] (TACs) par-
ticipating in 32CA reactions. Consequently, the topological
analysis of the ELF of 1-pyrroline-1-oxide 1 was performed
to predict its reactivity in 32CA reactions. In addition, the ELF
of N-vinyl nucleobases 2 and 3 was also analysed. The ELF
localization domains are given in Fig. 1.

ELF topology of 1-pyrroline-1-oxide 1 shows the presence
of two monosynaptic basins, V'(O1) and V(O1), integrating a
total population of 5.88 e, a V(N2,C3) disynaptic basin inte-
grating 3.80 e and a V(N2,01) disynaptic basin integrating
1.55 e. The V(O1) and V'(O1) monosynaptic basins can be
associated with the non-bonding electron density on the O1
oxygen. V(N2,C3) and V(N2,01) disynaptic basins can be
associated respectively with the underpopulated N—C double
bond and N-O single bond. Thus, 1-pyrroline-1-oxide 1 can
be classified as zwitterionic TAC owing to the absence of
pseudoradical or carbenoid centres. ELF of the N-vinyl
nucleobases 2 and 3 shows the presence of two disynaptic
basins, V(C4,C5) and V'(C4,C5), integrating a total of 3.53
and 3.52 e, respectively, associated with the underpopulated
C4-C5 double bond.

After establishing the bonding pattern of the reagents, the
atomic charge distribution of 1-pyrroline-1-oxide 1 and N-
vinyl nucleobases 2 and 3 was analysed through NPA [48,
49] (Fig. 2). In 1-pyrroline-1-oxide 1 (calculated dipole mo-
ment 4.28 D), the O1 oxygen is negatively charged by — 0.542
e, the N2 nitrogen is positively charged by 0.121 e and the C3
carbon shows a negligible charge of —0.008 e. The computed
dipole moment and charge distribution suggests charge sepa-
ration in the nitrone; however, it differs from the expected
charges from Lewis’s bonding model. The term “zwitterionic”
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Fig. 1 MPWBI1K/6-311G(d,p)
ELF localisation domains
represented at an isosurface value
of ELF =0.85 of 1-pyrroline-1-
oxide 1, N-vinyl nucleobases 2
and 3. Protonated basins are
shown in blue, disynaptic basins
are shown in green, monosynaptic
basins are shown in red and core
basins are shown in magenta
colours
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used by Domingo [21] for this classification refers to the spe-
cific bonding pattern of the resonance Lewis structure pro-
posed by Huisgen for the “1,3-dipoles” participating in
32CA reactions [57]. This term is not synonymous to the
dipolar electronic structure of the nitrones.

In the N-vinyl nucleobases 2 and 3, the unsubstituted car-
bon C5 shows higher negative charge value compared with
C4 bearing positive charge 0.019 e in 2 and negligible nega-
tive charge 0.007 in 3, which indicates the changes in elec-
tronic rearrangement of the alkyne system due to thymine and
cytosine substitution.

Analysis of the CDFT indices of the reactants

The concept of “Conceptual DFT” dates back to the
pioneering work of Parr [58], and has been subsequently
reviewed by Geerlings, Proft and Langenaeker in 2003 [31],
and recently, by Domingo et al. in 2016 [30]. CDFT [30, 31]
has been used as a powerful tool to understand the reactivity in
numerous studies devoted to Diels Alder and 32CA reactions.
Within the MEDT, the most relevant CDFT indices are
analysed to address the chemical behaviour of the reactants.
The standard electrophilicity and nucleophilicity scales [30]
are defined at B3LYP/6-31G(d) level and hence have been
used in the present CDFT study. The electronic chemical po-
tential [44], u, chemical hardness [45], 7, electrophilicity [46],
w, and nucleophilicity [47], N, at the ground state of 1-
pyrroline-1-oxide 1, N-vinyl nucleobases 2 and 3, are listed
in Table 1.

The electronic chemical potential [30, 44] u of 1-pyrroline-
1-oxide 1, p=—2.90 eV, is slightly lower than that of the
vinyl nucleobases 2, y=—3.85 eV, and 3, py=—3.46 eV,

Fig. 2 MPWBIK/6-311G(d)
calculated natural atomic charges,
in average number of electrons e,

3
of 1-pyrroline-1-oxide 1, N-vinyl 2~ 0008
nucleobases 2 and 3. Negative N0.121
charges are coloured in red, and | 1
I . HeoH
positive charges in blue -
0.542
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indicating that the corresponding 32CA reactions will have
non-polar character.

The electrophilicity [46] w and nucleophilicity [47] N indi-
ces of 1-pyrroline-1-oxide 1 are 0.77 and 3.48 eV respective-
ly, being classified a marginal electrophile and strong nucleo-
phile within the corresponding scales [30].

The electrophilicity w and nucleophilicity N indices of N-
vinyl nucleobase 2 are 1.50 and 2.80 eV respectively, being
classified a strong electrophile and moderate nucleophile,
while vinyl nucleobase 3 is classified a moderate electrophile
and strong nucleophile.

In 2004, Domingo [59] established that the asynchronicity
in bond formation is controlled by electrophilic ethylene de-
rivative participating in the 32CA reaction irrespective of the
polar character of the reaction. As a result, the formation of the
first new single bond begins from the most electrophilic centre
of the ethylene derivative. Analysis of atomic spin densities
(ASD) of the radical ions determines the electron density
changes at the reactive sites and the local CDFT index, namely
the electrophilic P," and nucleophilic P, Parr functions [50]
is analysed to obtain a quantitative comprehension.
Consequently, for 32CA reactions of 1 with N-vinyl
nucleobases 2 and 3, the electrophilic P, Parr functions
[50] of 2 and 3 were analysed (Fig. 3). The nucleophilic P,
Parr function of 1 was also computed. The Mulliken atomic
spin densities (MASDs) are given in Fig. 3.

For the C4-C5 bond, the electrophilic P," Parr functions of
C4 and CS5 centres in 2, 0.07 and 0.17, respectively and in 3,
—0.03 and 0.17 respectively, indicate that the first single bond
starts from the C5 carbon. This agrees well with the ELF
topological analysis showing formation of pseudoradical cen-
tre at C5 earlier than C4 (the “ELF topological analysis at the

TSs” section) in the bonding evolution theory study (the
o
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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 1-pyrroline-1-oxide 1, N-vinyl nucleobases 2 and 3

H n w N

1 -2.90 5.47 0.77 3.48
-3.85 4.93 1.50 2.80
—-3.46 4.93 1.22 3.18

“Bonding evolution theory (BET) study of the 32CA reaction
of 1-pyrroline-1-oxide 1 with the N-vinyl nucleobase 2” sec-
tion) Finally, the O1 oxygen of 1 with P, = 0.72 presents the
most nucleophilic activation, while the C3 is lesser nucleo-
philically activated in 1 with P, =0.38.

Analysis of the energy profile associated with the
32CA reactions of 1-pyrroline-1-oxide 1 with the N-
vinyl nucleobases 2 and 3

For the 32CA reactions of 1-pyrroline-1-oxide 1 to N-vinyl
nucleobases 2 and 3, the two regiochemical paths, labelled
ortho and meta, and the two diastereofacial isomeric reaction
paths, endo and exo, along these two regiochemical paths,
have been considered. The ortho regioisomeric reaction paths
are associated with the formation of the C3—-C5 and C4-O1
bonds, while the meta paths are associated with the formation
of the C3—C4 and C5-O1 bonds (Scheme 2 and Scheme 3).
The endo diastereofacial reaction path is associated with the
approach of the N-vinyl nucleobases 2 and 3 in such a way
that the thymine or cytosine substituent lies on the same side
of the pyrroline ring of the nitrone 1, while in the exo
diastereofacial reaction path, the thymine or cytosine

Fig. 3 Three-dimensional
representation of the Mulliken
atomic spin densities (MASDs)
(isovalue = 0.0004) of radical
anions 2~ and 37, and radical
cation 1" together with the
electrophilic P, Parr functions of
2 and 3 and the nucleophilic P,
Parr functions of 1. Purple regions
correspond to positive values of
the MASD, while the brown
regions correspond to negative
regions of the MASD

TS1
exo

+
N—O TS2 3
endo

Ortho

+ —_—
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o
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Scheme 2 Studied reaction paths for 32CA reactions of 1-pyrroline-1-
oxide (1) with N-vinyl nucleobases 2

substituent of the N-vinyl nucleobase lies on the opposite side
of the pyrroline ring of the nitrone 1.

The search for stationary points along the reaction paths
allowed locating and characterizing the reagents, 1, 2 and 3,
one TS, TS1 (exo/ortho, 1 +2), TS2 (endolortho, 1 +2), TS3
(exo/meta, 1+2), TS4 (endo/meta, 1+2), TS5 (exolortho,
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Scheme 3 Studied reaction paths
for 32CA reactions of 1-
pyrroline-1-oxide (1) with N-
vinyl nucleobases 3

Q;_o

)J\ TS7
q

1+3), TS6 (endolortho, 1+3), TST (exo/meta, 1+ 3), and
TS8 (endo/meta, 1 + 3), along each reaction path and the cor-
responding cycloadducts 4-11, the bicyclic nucleoside ana-
logues. Consequently, these reactions proceed through one-
step mechanism. The studied reaction paths for 32CA reaction
of 1 with 2 and 3 are respectively shown in Scheme 2 and
Scheme 3. The relative energies, enthalpies, entropies and free
energies in gas phase and toluene at 383 K are given in
Table 2, while the total energies in gas phase and toluene are
given in S1 and S2 in the supplementary material.

The activation enthalpies range from 11.0 (TS5) to 16.0
(TS4) in gas phase and from 12.5 (TS5) to 19.6 (TS4)
kcal mol ! in toluene, with the 32CA reactions being strongly
exothermic from 38.6 (8) to 29.4 (7) kcal mol ! in gas phase
and from 35.4 (8) to 26.4 (7) kcal mol ! in toluene. Some
appealing conclusions can be drawn from the relative ener-
gies. (i) The most favourable reaction path is associated with
the exo/ortho approach mode in both reactions, yielding the
experimentally obtained isoxazolidines 4 and 8, the bicyclic
N,O-nucleoside analogues, via TS1 and TSS5. (ii) The
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activation enthalpy for 32CA reaction of 1 with 3 with the
cytosine substituent is lowered than that for 32CA reaction
of 1 with 2 with the thymine substituent by 1.4 kcal mol " in
gas phase and 2.7 kcal mol ™' in toluene at 383 K. (iii) The
32CA reactions show negative relative entropies of TS1-TS8
between —43.2 and —52.0 cal mol ' K" in gas phase and
between —39.9 and — 50.9 cal mol ' K™ in toluene. The cal-
culated negative relative entropies of cycloadducts 4-11 are
—47.6 to —55.1 cal mol' K™' in gas phase and —45.1 to
—54.3 cal mol ' K™ in toluene.

(iv) These 32CA reactions are ortho regioselective and exo
stereoselective in refluxing toluene, in complete agreement
with the experiments [12]. The activation enthalpy, AH of
exolortho TS1 associated with the 32CA reaction of 1 with
2, is lowered than that of TS2, TS3 and TS4 by 2.4, 2.8 and
4.4 keal mol ' respectively in toluene at 383 K, while the exo/
ortho TSS associated with the 32CA reaction of 1 with 3 is
lowered than that of TS6, TS7 and TS8 by 2.5, 3.3 and
3.8 keal mol ™" respectively in toluene at 383 K. The activation
free energy, AG of exo/ortho TSI associated with the 32CA
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Table 2 MPWBI1K/6-311G(d,p) calculated relative energies (kcal mol ™), enthalpies (kcal mol "), Gibbs free energies (kcal mol ") and entropies
(cal mol ""K ™), computed at 383 K of the stationary points involved in the 32CA reactions of 1-pyrroline-1-oxide 1 with N-vinyl nucleobases 2 and 3

Gas phase Toluene

AE AH AG AS GEDT AE AH AG AS GEDT
TS1 11.6 12.4 31.2 —49.3 0.022 13.7 15.2 30.5 -399 0.028
4 -36.2 —33.1 -13.0 —52.5 -334 -29.5 -12.2 —45.1
TS2 12.9 14.1 34.0 -52.0 0.013 15.6 17.6 347 —44.7 0.010
5 -329 —29.6 -89 —542 -29.8 -26.5 -59 -539
TS3 13.6 14.6 34.1 -50.7 0.032 16.1 18.0 34.8 —438 0.037
6 —35.1 -31.9 -10.8 —55.1 -323 —282 -9.7 —482
TS4 15.0 16.0 357 -51.3 0.031 17.7 19.6 36.4 —43.8 0.028
7 =329 -294 -95 -51.9 -30.0 -26.4 =56 —54.3
TS5 9.3 11.0 27.6 —433 0.023 11.6 12.5 30.4 —46.8 0.012
8 —42.6 —38.6 -20.2 —48.0 —3838 -354 -16.4 —49.7
TS6 10.1 12.0 29.4 —453 0.031 139 15.0 324 —45.6 0.010
9 -372 -331 —138 -50.2 -339 -30.5 —-10.1 —533
TS7 12.0 13.6 30.1 —43.2 0.031 15.0 15.8 32.6 —44.0 0.029
10 -37.0 -32.8 —14.6 —47.6 -33.7 -30.3 —11.1 -50.0
TS8 11.9 14.0 324 —48.1 0.027 15.0 16.3 35.8 -50.9 0.014
11 —355 =312 -12.3 —49.4 -323 —28.6 -8.1 —53.5

reaction of 1 with 2, is lowered than that of TS2, TS3 and TS4
by 4.2,4.3 and 5.9 kcal mol ' respectively in toluene at 383 K.
The activation free energy of exo/ortho TSS associated with
the 32CA reaction of 1 with 3 is lowered than that of TS6,
TS7 and TS8 by 2.0, 2.2 and 5.4 kcal mol ™' respectively in
toluene at 383 K. This suggests that for 32CA reaction of 1
with 2, the endo/ortho, exo/meta and endo/ortho are forbidden
from kinetic point of view. For 32CA reaction of 1 with 3, the
endolortho and exo/meta channels are less favoured but not
forbidden, and the endo/meta channel is forbidden from kinet-
ic point of view.

(v) The formation of isoxazolidines is strongly exothermic,
which makes the reactions irreversible. (vi) The reaction en-
thalpy of isoxazolidine 4 is lowered than that of 5, 6 and 7 by
3.0, 1.3 and 3.1 kcal mol respectively in toluene at 383 K,
while the reaction enthalpy of isoxazolidine 8 is lowered than
that of 9, 10 and 11 by 4.9, 5.1 and 6.8 kcal mol ' respectively
in toluene at 383 K. (vii) The inclusion of thermal corrections
to the electronic energies increases the activation enthalpies by
0.8-2.1 kcal mol " in gas phase and by 0.9-1.9 kcal mol ' in
toluene, while the reaction enthalpies are decreased by 3.1—
4.0 kcal mol " in gas phase and 3.3—4.1 kcal mol " in toluene.
(viii) The inclusion of entropies to enthalpies strongly in-
creases the activation free energies by 16.5-19.9 kcal mol
in gas phase and by 15.3-19.5 kcal mol ' in toluene and
strongly decreases the reaction enthalpies by 18.2—
21.1 kcal mol " in gas phase and by 17.3-20.8 kcal mol " in
toluene. This is due to the unfavourable entropies associated
with these 32CA reactions. The activation Gibbs free energy
of the isoxazolidines 4 and 8 respectively becomes 30.5 and
30.4 kcal mol™' in toluene at 383 K. These activation free

energies are respectively lowered than that of the other feasi-
ble reaction paths by 4.2-5.9 kcal mol™" and 2.2—
5.4 kcal mol ™! in toluene and hence account for the ortho
regioselectivity and exo stereoselectivity experimentally ob-
served [12]. The MPWB1K/6-311G(d,p) optimized geometry
of TSs is given in Fig. 4 and the geometrical parameters are
listed in Table 3.

In toluene, the distances between C3 and C5 and O1 and
C4 interacting centres at the eight TSs are 2.126 and 2.094 A
at TS1, 2.082 and 2.088 A at TS2, 2.172 and 1.980 A at TS3,
2.103 and 1.982 A at TS4, 2.077 and 2.105 A at TS5, 2.048
and 2.124 A at TS6, 2.155 and 1.994 A at TS7 and 2.090 and
1.989 A at TS8 respectively. These geometrical parameters
indicate that while the ortho TSs TS1, TS2, TS5 and TS6
show low Ad (| dcs ca—doi_cs| ) values of 0.032, 0.006,
0.028 and 0.076 A, the meta TSs TS3, TS4, TS7 and TS8
show Ad (| dcs_ca—dor cs| ) values of 0.192, 0.121, 0.161
and 0.101 A. The bond length in gas phase-optimized struc-
tures shows minimal differences than that in toluene. These geo-
metrical parameters also suggest that at all eight TSs, the forma-
tion of the C—O and C—C single bonds has not yet been started,
which is in agreement with the ELF topological studies at the
TSs (see the “ELF topological analysis at the TSs™ section).

The bond formation process can be quantitatively assessed
by the calculation of / index and the asymmetry index A/
proposed by Jasinski [17], given by Egs. (8) and (9)

Ly 1-({rSxyrTx v}/ xy) (8)

where ™5,y is the distance between the reaction centres X
and Y in the transition state and 7¥y_y is the same distance in
the corresponding product.
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Fig. 4 MPWBI1K/6-311G(d,p)
optimized gas phase geometries
of the TSs involved in the 32CA
reactions of 1-pyrroline-1-oxide 1
with N-vinyl nucleobases 2 and 3

39 “ 5‘3 P ”j‘ ‘J’a :‘f": Q‘
TSI TS2 ‘TS:‘
® * @ e 2
% "a M 250,

TS4 TS5 TS6

Table3 MPWBIK/6-311G(d,p) calculated geometrical parameters of the TSs involved in the 32CA reactions of 1-pyrroline-1-oxide 1 with N-vinyl

nucleobases 2 and 3

Gas phase Toluene
rA) les- lea- Al r(A) les- lea Al
cs o1 cs o1

C3-C5 C4-01 C3-C5 C4-01
TS1 2.143 2.093 0.587 0.513 0.07 2.126 2.094 0.599 0.514 0.09
4 1.517 1.408 1.517 1.409
TS2 2.096 2.083 0.615 0.499 0.12 2.082 2.088 0.624 0.497 0.13
5 1.513 1.388 1.513 1.389
TS3 2.175 1.987 0.568 0.585 0.02 2.172 1.980 0.570 0.592 0.02
6 1.519 1.404 1.519 1.406
TS4 2.112 1.978 0.628 0.580 0.05 2.103 1.982 0.634 0.579 0.05
7 1.539 1.393 1.539 1.395
TS5 2.069 2.105 0.640 0.470 0.17 2.077 2.105 0.634 0.470 0.16
8 1.521 1.376 1.521 1.376
TS6 2.058 2.104 0.653 0.491 0.16 2.048 2.124 0.660 0.476 0.18
9 1.528 1.394 1.528 1.394
TS7 2.142 2.015 0.585 0.567 0.02 2.155 1.994 0.577 0.583 0.01
10 1514 1.406 1.514 1.407
TS8 2.111 1.975 0.627 0.584 0.04 2.090 1.989 0.642 0.575 0.07
11 1.537 1.395 1.539 1.396
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Fig. 5 Simple representation of
the sequential bonding changes of

32CA reaction of 1-pyrroline-1- 1 =
oxide 1 and N-vinyl nucleobase 2 CHg ':Q.
predicted by BET study = o
2 4 5 Z Wy 5 7RI 5
—_— _—
o N
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S0-1 S1-1
(0] H o} H (¢}
N
o N o
S4-1 S3-1 S2-1
Ly :
oo N
..O../ . 3 ..1./ N 3
CH3 : CHy %, ;
/ N\\\\\‘ '4 5 e > / N W 4 5
o N
H ° N o
S5-1 S6-1

The asymmetry index for the present reactions is given by,

Al = |lcc-lco 9)

The calculated / index and the asymmetry index A/ at the
TSs associated with the 32CA reaction of 1 with 2 and 3 are
listed in Table 3. The ortho TSs show high asymmetry index
Al as compared with the meta TSs. The forming C3—C5 bond
is more advanced than the forming C4-O1 bond at the ortho
TSs TS1, TS2, TS5 and TS6, which is in agreement with the
ELF topological analysis along the reaction path showing ear-
lier formation of C3—C5 bond (see the “Bonding evolution
theory (BET) study of the 32CA reaction of 1-pyrroline-1-
oxide 1 with the N-vinyl nucleobase 2” section). The calculat-
ed values in toluene show similar trend as the gas phase, with
minimal changes in the calculated / and A/ values.

Finally, in order to evaluate the polar nature of these 32CA
reactions, the GEDT [32] at the TSs was analysed. The gas
phase GEDT values at the TSs are 0.02 e at TS1, 0.01 e at
TS2, 0.03 e at TS3, 0.03 e at TS4, 0.02 e at TS5, 0.03 e at
TS6, 0.03 e at TS7 and 0.03 ¢ at TS8 (see Table 2). In toluene,
the GEDT values at the TSs show values between 0.01 and

0.04 e (see Table 2). These values being less than 0.1 e suggest
a non-polar character for the 32CA reactions.

Bonding evolution theory (BET) study of the 32CA
reaction of 1-pyrroline-1-oxide 1 with the N-vinyl
nucleobase 2

The conjunction of ELF topological analysis [27, 28] and
Thom’s catastrophe theory [33], termed as the bonding evo-
lution theory (BET [34]), has proven to be a very useful meth-
odological tool to establish the nature of the electronic rear-
rangement associated along the reaction path. Herein, the BET
of the 32CA reactions of 1-pyrroline-1-oxide 1 with N-vinyl
nucleobase 2 is studied as the model example. The sequential
bonding changes resulting from the BET study are presented
in Fig. 5.

The 32CA reaction of 1 with 2 takes place along seven
different phases (see Table 4). Phase I starts at SO-I, dc4_
01=2.58 A and dc3 ¢5=2.78 A, which corresponds with
the first structure of the IRC. ELF of SO-I is similar to that
of'the separated reagents (see the “ELF topological analysis of
1-pyrroline-1-oxide 1, N-vinyl nucleobases 2 and 3” section).
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Table4 ELF valence basin populations, distances of the forming bonds
and relative® electronic energies of the IRC structures SO-I-S6-I defining
the seven phases characterizing the molecular mechanism of the 32CA
reaction of 1-pyrroline-1-oxide 1 with vinyl nucleobase 2 yielding
cycloadduct 4. Distances are given in angstroms, A, and relative energies
in kcal mol ™!

Phases 1 1 /i v Vv vl il

Structures SO-I S1-  S2-I S3-1 S4-1 S5-1 Sé6-1 4

deson 258 218 215 209 196 192 174 141
desosy 278 226 223 214 196 192 173 152
AE 00 105 110 116 74 47 -122 -362
VOl)  3.03 283 283 296 287 2.88 275 246
VI(Ol) 285 299 298 284 290 2.88 268 248
V(N2,C3) 376 3.4 3.04 254 218 213 195 181
VN2,01) 151 139 138 134 124 122 113 1.00
V(N2) 083 099 127 174 182 211 235
V(C3)

V(C4,C5) 174 173 333 299 269 246 216 197
VI(C4,C5) 172 1.61

V(C3) 0.34

V(C4) 0.18

V(C5) 0.36

V(C4,01) 0.69 1.35
V(C3,C5) 126 1.36 1.67 1.90

Phase I starts at S1-I, dcy o1 =2.18 Aand dcs_cs=2.26 A
with energy cost of 10.5 kcal mol . This phase is character-
ized by the creation of a new V(N2) monosynaptic basin,
integrating 0.83 e, associated with the formation of a lone pair
at the N2 nitrogen. The electron density of this lone pair main-
ly comes from the depopulation of the N2—-C3 bonding region
along Phase I, which experiences depopulation from 3.76 e at
SO-I to 3.14 e at S1-1.

Phase III starts at SZ-I, dc4701 =2.15 A and dc3,c5 =
2.23 A with energy cost of 11.0 kcal mol™'. The two
V(C4,C5) and V'(C4,C5) disynaptic basins present at S1-I

Table 5 MPWBIK/6-311G(d,p) calculated most significant ELF
valence basin populations at the TSs

TS1 TS2 TS3 TS4 TS5 TS6 TS7 TS8

V(1) 296 294 295 289 294 294 296 289
V'(Ol) 284 288 283 289 288 286 283 290
V(N2) 127 139 136 132 126 1.14 130 131
V(N2,01) 134 131 130 127 131 131 128 127
V(N2,C3) 254 244 251 252 255 259 255 254
V(C4,C5) 299 301 3.00 293 3.02 301 301 292
V(C3) 036 038 038 041 037 044 040 040
V(CS) 034 036 035 046 034 037 031 044

@ Springer

have merged into a new V(C4,C5) disynaptic basin, integrat-
ing 3.33 e, which indicates beginning of the rupture of C4-C5
double bond.

Phase IV starts at S3-I, dca o1 =2.09 A and des_cs=
2.14 A with energy cost of 11.6 kcal mol ', which is charac-
terized by the creation of a new V(C3) and V(C5) monosyn-
aptic basins, integrating 0.34 e and 0.36 e respectively, asso-
ciated with the formation of a pseudoradical centre at the C3
and C5 carbon. The electron density for formation of
pseudoradical centre at C3 comes from the N2—C3 bonding
region which experiences depopulation from 3.04 e at S2-1 to
2.54 e at S3-1. Together with this change, the V(C4,C5)
disynaptic basin experiences depopulation from 3.33 e at
S2-1 to 2.99 e at S3-1, leading to formation of pseudoradical
centre at C5. In this phase, TS1 is found.

Phase V starts at S4-1, dca o1 =1.96 A and dcs 5=
1.96 A. At the beginning of this phase, the first more relevant
change along the IRC takes place. At this structure, while the
V(C3) and V(C5) monosynaptic basins present at S3-I are
missing, a new V(C3,C5) disynaptic basin, integrating 1.26
e, is created. These topological changes indicate that the for-
mation of the first C3—C5 single bond has begun at a C—C
distance of 1.96 A.

Phase VI starts at S5-I, dcy 01 =1.92 A and des cs=
1.92 A, which is characterized by the creation of a new
V(C4) monosynaptic basin, integrating 0.18 e, associated with
the formation of a pseudoradical centre at the C4 carbon.
Together with this change, the V(C4,C5) disynaptic basin
experiences a depopulation of 0.23 e along Phase V.

Finally, the last Phase VII starts at S6-1, dcy o1 =1.74 A
and dcs s =1.73 A, and ends at the cycloadduct 4, dcy o1 =
1.41 A and dcs_cs=1.52 A. At S6-1, the second more relevant
change along the IRC takes place. At this structure, while the
V(C4) monosynaptic basin is missing, a new V(C4,01)
disynaptic basin, integrating 0.69 e, is created. These relevant
topological changes indicate that the formation of the second
C4-01 single bond has begun at a C—O distance of 1.73 A,
through the C— to —O coupling of the electron density of the
C4 pseudoradical carbon (integrating 0.18 ¢) and part of the
non-bonding electron density of the O1 oxygen [29]. Along
this last phase, the molecular electron density is relaxed to
reach the structure cycloadduct 4, in which the populations
of'the V(C4,01) and V(C3,C5) disynaptic basins reach a pop-
ulation of 1.35 and 1.90 e, respectively.

ELF topological analysis at the TSs

Finally, the ELF topology of the eight gas phase TSs was
analysed and compared. The populations of the most signifi-
cant ELF valence basin at TS1, TS2, TS3, TS4, TS5, TS6,
TS7 and TS8 are given in Table 5, while the pictorial represen-
tation of ELF localisation domains of TS1-TS4 is given in
Fig. 6.
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Fig. 6 Pictorial representation of
MPWBI1K/6-311G(d) ELF
localisation domains of TS1-TS4
represented at an isosurface value
of ELF = 0.85. Protonated basins
are shown in blue, disynaptic
basins are shown in green and
monosynaptic basins are shown
in red. The attractors are shown in
orange colour V(C4.CS)
V(C4.CS)
TSI TS2
VIN2)
V(N2 ' e
¢ ) e V(N2,01)
Q°
V(C3) { A e
AT o201 VG
V(CS)——uma =—V(0l)  V(C$ v VOl
» vion \'((01))
d V(CA.CS) u
TS4 V(C4.CS)

TS3

ELF of TS1-TS8 shows the presence of one V(N2) mono-
synaptic basin, integrating 1.14-1.39 e, whose electron density
comes from the depopulation of the N2-C3 bonding region.
Note that V(N2,C3) disynaptic basin experiences a depopulation
of the electron density from 3.80 e in 1 to 2.54 ¢, 2.44 ¢, 2.51 ¢,
2.52¢e,2.55¢,2.59 ¢, 2.55 e and 2.54 ¢ in TS1-TSS8, respectively.

At the alkyne framework, the pair of disynaptic basins,
V(C4,C5) and V'(C4,C5), associated with C4-C5 bonding
region in N-vinyl nucleobases 2 and 3 have experienced de-
population and are merged into one V(C4,C5) disynaptic ba-
sin in the TSs integrating a total population of 2.92-3.02 e.

The ELF of the TSs also shows the presence of one V(C5) and
one V(C3) monosynaptic basin integrating at 0.31-0.46 e and
0.36-0.44 e respectively associated with the formation of
pseudoradical centre at C3 and CS5. It should be noted that
the pseudoradical centre is formed earlier at C5, which begins
the formation of the new C—C single bond, in complete agree-
ment with the analysis of the Parr functions (the “Analysis of
the CDFT indices of the reactants” section).

Finally, the absence of neither V(C3,C5) nor V(C4,01)
disynaptic basin at these TSs indicates that the formation of
new C3—-C5 and O1-C4 single bonds has not yet begun,

Table 6 QTAIM parameters, in au, of (3,-1) CPs at the TSs in the regions associated with formation of new C3-C5 (CPc_c) and C4-O1 (CPc_o)

single bonds

CPe ¢ (C3-C5) CPe_o (C4-O1)
p e Ep(r,) P e Epfr,)

TS1 0.067 0.035 ~0.018 0.061 0.129 —0.007
TS2 0.073 0.028 —0.021 0.063 0.131 ~0.008
TS3 0.065 0.035 —0.017 0.075 0.140 —0.012
TS4 0.074 0.027 ~0.021 0.077 0.140 —0.013
TS5 0.076 0.028 ~0.023 0.060 0.130 ~0.006
TS6 0.078 0.022 —0.024 0.061 0.127 —~0.007
TS7 0.069 0.033 ~0.019 0.071 0.137 ~0.010
TS8 0.074 0.027 —0.021 0.077 0.140 ~0.013
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Fig. 7 NCI gradient isosurfaces
of TS1 and TS5. Surfaces are
coloured in the (—0.02, 0.02) au
range of sign (A,)p (isosurfaces =
0. au)

TS1

p>0 sign (A:) pdecrease

N
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TSS

sign (A2) pincrease P >0

}.:<0
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Strong
attraction

which is consistent with the corresponding C4-O1 and C3—
C5 distance above 2.0 A (see Table 3).

QTAIM topological analysis at TSs

A quantum theory of atoms in molecules [35, 36] (QTAIM)
topological analysis of the electron density p at the critical
points (CPs) corresponding to the molecular region associated
with the formation of new C3—-C5 and O1-C4 single bonds at
the eight TSs was carried out. The calculated QTAIM param-
eters are given in Table 6.

Laplacian of electron density Vzp(rc) at CPc_c and CPc_o
shows positive values at the eight TSs. The low electron den-
sity p(r,) values together with the positive Laplacian Vp(r-.) at
these CPs indicate the absence of any covalent bonding inter-
action between the reacting nuclei at these TSs, and conse-
quently that the formation of the new C3-C5 and O1-C4
single bonds has not yet started at these TSs, in complete
agreement with the ELF topological analysis (the “ELF topo-
logical analysis at the TSs™ section).

In 2011, Garcia and coworkers [37] proposed the NCI plot
program to map and analyse non-covalent interactions in mo-
lecular systems. NCI plot uses the reduced density gradient
(RDG) which is used to isolate non-covalent interactions in
real space. Large negative values of sign (\,)p indicate attrac-
tive interactions, while large positive values of sign (\,)p are
associated with repulsive interactions. NCI plots of the pre-
ferred TSs, TS1 and TS5 of the two studied 32CA reactions
are shown in Fig. 7.

TS1 shows non-covalent attractive overlap (blue portions)
as well as repulsive overlap (red portions) between O1 and C4
and also between C3 and C5. For TS5, while the non-covalent

@ Springer

Weak
interaction

Strong
repulsion

attractive overlap (blue portions) and repulsive overlap (red
portions) are shown between O1 and C4, only the repulsive
overlap (red portions) is shown between C3 and C5.

Conclusion

The 32CA reactions of 1-pyrroline-1-oxide 1 with N-vinyl
nucleobases 2 and 3 have been studied within MEDT at the
MPWBI1K/6-311G(d,p) computational level.

Topological analysis of the ELF of 1-pyrroline-1-oxide 1
allows its classification as zwitterionic TAC participating in
zw-type 32CA reactions that is consistent with the calculated
high activation enthalpies of 12.5-19.6 kcal mol ' in toluene.

These 32CA reactions take place through a one-step mech-
anism and the lowest activation enthalpy corresponds to the
exolortho approach mode. The 32CA reaction of N-vinyl
nucleobase with the cytosine substituent is lowered than that
of the thymine substituent by 2.7 kcal mol " in toluene at
383 K. These 32CA reactions show minimal GEDT at the
TSs, which suggests their non-polar character.

The BET analysis shows formation of pseudoradical cen-
tre at the unsubstituted C5 carbon of the N-vinyl nucleobase
initially and agrees well with the Parr function predictions,
consequently leading to the earlier C3—C5 bond formation
through coupling of pseudoradical centres. Topological anal-
ysis of ELF and AIM indicates early TSs in which the forma-
tion of new C—C or C—O covalent bonds has not started.

The present MEDT study allows concluding that the 32CA
reactions of 1-pyrroline-1-oxide 1 with N-vinyl nucleobases 2
and 3 leading to bicyclic N,O nucleoside analogues are non-
polar zwitterionic type 32CA reactions involving early TSs,
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and bond formation takes place through one-step mechanism
through coupling of the pseudoradical centres.
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