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Abstract

The mechanism of the oxa-Povarov reaction of aowati aryl oxonium with
cyclopentene and styrene has been studied usingridifiods at the B3LYP/6-31G*
level as a reaction model of ionic Diels-Alder (APreactions. Oxa-Povarov reactions
are initialized by an I-DA reaction between thei@at aryl oxonium and alkenes to
yield the corresponding formal 42] cycloadducts. The last step is a rapid losa of
proton giving chromang/Vhile the I-DA reaction with cyclopentene takescglalong a
two-stage one-step mechanism, the presence of a phenyl substituestynene makes
the mechanism of the I-DA reaction stepwi8e. electron localization function (ELF)
bonding analysis of selected points along the IRCthese I-DA reactions allows the
establishment of a great similarity in bond forraatalong both one-step and two-step
mechanisms. The formation of the first € single bond begins in the short range of
1.95 - 1.90 A, by the coupling of twaseudodiradical centers generated at the most
electrophilic center of the cationic aryl oxoniumdathe most nucleophilic centers of

cyclopentene and styrene, resulting in the globalge transfer that takes place along I-
DA reactions. The use of the recently proposedceddp® Parr functionsllows the

characterization of the most electrophilic centerscationic species and the most

nucleophilic centers in anionic species.
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Introduction

The Diels—Alder (DA) reaction is arguably one o timost powerful reactions in
the great arsenal of synthetic organic chemisBy.varying the nature of the diene and
dienophile, many different types of carbocyclicustures can be built with high
stereoselectivity and total regioselectivity. Arhaxstive study of DA reactions allowed
us to find good correlations between the experialergaction rates and the global
charge transfer (GCT) computed at the transitiaresstructures (TS) of the reactidns.
This finding allowed us, in 2009, to propose thdapdiels-Alder (P-DA) reaction
mechanism (see Scheme 1). This mechanism is chdae@tt by favorable
nucleophilic/electrophilic interactions at the TSsistead of molecular orbital
interactions as proposed by the FMO theb®nly few DA reactions do not follow the
polar mechanism. However, these non-polar DielssAlgN-DA) reactions, which are
characterized by a very low GCT at the TSs, artowf synthetic interest due to the
drastic reaction conditions needed for the readtaiake place.

In general, in a DA reaction, a neutral conjugatiehe reacts with a neutral
ethylene derivative to yield a six-membered carbbcysystem. However, in some
occasions, positively or negatively charged ionmeces can participate in DA
reactions. In such cases, the ionic nature of ¢aetion is preserved along the reaction
until formation of the ionic cycloadduct (CA) (s8eheme 1%.In these cases, although
a large GCT also takes place along the reactiay, thust to be classified differently
from P-DA reactions, since the zwitterionic chaeaadf the latter is evidenced only

along the reaction, as reagents and CAs are neutral

GCT=0.06e

h
N-DA
w=113eV

GCT=0.20e
r Ik

- e ar

w=2.61eV P-DA

GCT=0.45¢e

o

Me i®
\
® "N/Me |
Me Y _Me ®
€ N/ // @\l\
w=8.25eV I-DA

Scheme 1



Page 3 of 27

RSC Advances

This behavior prompted us to establish the ionel¥Alder (I-DA) reaction type,
in which reagents, TSs, feasible intermediates, @Ad remain charged during the
cycloaddition reactiof.l-DA reactions can be classified as anionic artibn& Diels-
Alder reactions. However, while cationic DA reacsotake place quickly at very low
temperature$,usually at- 78 °C, due to the high electrophilic character afianic
species, there are few anionic DA reactions becansgpite of the high nucleophilic
character of anionic species, these reactions titake place easily in absence of strong
electrophiles.

Several theoretical studies have been devoted D@ Feactions® Thus, TS
associated with the I-DA reaction of N,N-dimethyiiium cation1 with Cp 2° was
found to be energetically below the reagents amaaquence of the strong electrophilic
character ofl, w = 8.42 eV (see Scheme 2However, when the formation of a
molecular compleXMC1 was considered, the activation energy of this I-i2&ction
became positive. This I-DA reaction, which takeacplvia highly asynchronous TS,
was associated with the nucleophilic attack ofZomn the carbon atom df, followed

by a concomitant ring closure, yielding [4}ZA 3.°

Me @®_Me TS Me ®
N N — > MC1T & —— I?I’
| |
2

Me
3

1
Scheme 2
On the other hand, the I-DA reaction of diprotodatainium catiord, w = 22.79
eV, with Cp 2'° presented a two-step mechanism with formation afionic
intermediatdN (see Scheme 3)Similar to the I-DA reactions df with Cp2, TS1was
found to be- 17 kcal/mol below the reagents. Only when the fdiomaof MC2 was

considered, the activation energy became slighaftive.

H. ® _Me TS1 TS2 Me\@_
|N + MC2 N @ —> ’}‘
[}

Scheme 3

A comparative analysis of the geometric and eleatrparameters of S andTS1
shows that both structures present a large siyilarithe G C single bond formation.

In spite of this, while IRC calculations frolm51 finish at the cationic intermediall,
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IRC calculations fronTS end at the formal [4+2 CA 3. An exhaustive analysis of the
corresponding IRC shows that the formation of the single bonds in this one-step
process takes place through a two-stage mechdnism; while the G C bond
formation takes place at the first stage of thetiea along the nucleophilic attack of
Cp 2 on iminium cationl, the second €N single bond is formed along a ring closure

process at the second stage of the reaction, yge[di+Z] CA 3.

Very recently, Bateyt al have reported the synthesis of chromans su¢haasl
14, via the oxa-Povarov reaction of the oxonium ®mith several alkenes, including
cyclopentend and styrend 2 (see Scheme 4§These oxa-Povarov reactions begin by
one I-DA reaction of oxonium iof with alkenes7 and12 yielding the formal [2+2]
CAs 8 and 13, which by one rapid loss of a proton afford chras@ and14. These
reactions presenteshdo selectivity, while in the cases of the asymmetticenel?2, the

reaction was completely regioselective.

N~
14-endo

Scheme 4

For the I-DA reactions, the authors proposed twmpetitive mechanisnis: i) a
direct asynchronous [42] cycloaddition pathway, and ii) a stepwise psscinitialized
by the Prins addition of alkenes to the aryl 2-oead oxonium6, followed by an
intramolecular aromatic electrophilic substituticeaction. The authors carried out a
series of experiments in order to establish thehaeism of these I-DA reactions. Thus,
the reaction otis-p-methylstyrene was found to be non-stereospecditsiclering the
styrene geometry, indicating that a stepwise mdashawoccurs in the reactions of this
substrate. In this case, the relatigsdo/exo stereochemistry observed in the oxa-
Povarov reactions was generally found to be oppdsithat observed for the reactions

with cyclopenten& and styrend 2.
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Our theoretical studies on I-DA reactions involvingnium cations indicated that
both one-step and stepwise mechanisms can be fdimedI-DA reaction of iminium
cation 1 has one-step mechani$mtowever, the presence of the strong electron-
withdrawing piridinium substituent in iminium catig} enables the stabilization of a
feasible intermediate once the first € single bond is completely formed, making the
corresponding I-DA reaction stepwiseHowever, the very low activation energy
associated with the ring-closure process in thpvase reaction of iminium catioa,
0.03 kcal/moll makes the characterization of the correspondingerimediates
experimentally unfeasible, being the distinctiontween two-stage one-step and

stepwise mechanisms non-relevant.

Herein, we report a DFT study of the mechanismhefltDA reactions of cationic
aryl oxoniumé involved in the oxa-Povarov reactions and caraetlexperimentally by
Bateyet al.*? For this purpose, the I-DA reactions between citiaryl oxoniumé and
cyclopentener, and styrenel2 will be analyzed (see Scheme 4). Our proposab is t
perform a characterization of the molecular medrasi involved in these I-DA
reactions. An electron localization function (EEFanalysis of the bonding changes
along one-step and stepwise reactions will be ped in order to establish the
similarities between both mechanisms, and thusrepgse a unified mechanism for

bond-formation processes.

Computational Methods

DFT computations were carried out using the B3t%Bxchange-correlation
functionals, together with the standard 6-31G(didbaet® The optimizations were
carried out using the Berny analytical gradientimj#ation method® The stationary
points were characterized by frequency computatiorgrder to verify that TSs have
one and only one imaginary frequency. The IRC péathsre traced in order to check
the energy profiles connecting each TS to the tespeiated minima of the proposed
mechanism using the second order Gonzélez-Schiateration method® Solvent
effects of dichloromethane (DCM) were taken intocamt through single point energy
calculations using the polarisable continuum md&€M) as developed by Tomasi’s
group? in the framework of the self-consistent reactieidf (SCRFY° The 6-311G*
basis set was used in the single point energy ledilons in DCM. The electronic

structures of stationary points were analyzed by tiatural bond orbital (NBO)
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method" and by the electron localization function (ELFpatogical analysiss(r).*®
The ELF study was performed with the TopMod prodgfamsing the corresponding
monodeterminantal wavefunctions of the selecteducsires of the IRC. All
computations were carried out with the Gaussiasud@ of program$’

The global electrophilicity indeX ®, is given by the following expression,

co:(u2/2n), in terms of the electronic chemical potentjal and the chemical
hardness). Both quantities may be approached in terms obtieelectron energies of

the frontier molecular orbital HOMO and LUM®, andeg., asp=(ey +€.)/2 and
n=(s. —&y), respectivelf> Recently, we introduced an empirical (relative)

nucleophilicity index’® N, based on the HOMO energies obtained within thaérko
Sham schem¥, and defined a®V = Eiomo(NU) - Eiomo(TCE). The nucleophilicity is
referred to tetracyanoethylene (TCE), becausecggnts the lowest HOMO energy in a
large series of molecules already investigatedhen dontext of polar cycloadditions.

This choice allows us to handle conveniently a @ojhilicity scale of positive values.
Radical p° Parr function$’ and B, nucleophilic Parr functionS, were obtained

through the analysis of the Mulliken atomic spimsiey (ASD) of the neutral radical of

the cations and the radical cation of the dien@shil
Results and Discussion

1) Energetic, geometrical and electronic aspects of the oxa-Povarov reactions of the

cationic aryl oxonium 6 with cyclopentene 7 and styrene 12.

The oxa-Povarov reactions of the cationic aryl oxon6 with cyclopenten& and
styrenel2 begin by an I-DA reaction to yield the correspamgformal [4+2] CAs 8
and13, which by a last proton abstraction afford chroe@and14. The I-DA reaction
between aryl oxoniun® and cyclopenten& can take place along two stereoisomeric
channels; thendo and theexo ones. Along thendo channel, the carbocyclic skeleton
of cyclopentend& approaches over the O2 oxygen of aryl oxonéurAn exploration of
the potential energy surface (PES) associated thétendo andexo channels showed
that this I-DA reaction takes place through a omeg-snechanism (see Scheme 5). Thus,

one TS and one formal 42] CA were located and characterized for each afrtihe
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two stereoisomeric channels. Relative energies @MDare summarized in Table 1.
Energy discussion will be done using relative eissrgn DCM. Total energies are

given in Table S1 in Supporting Information.

9-endo

6 + 7 —

11-exo

Scheme 5

Table 1. B3LYP/6-311G* relative energies in DCM (relative @ + 7, in kcal/mol) of
the stationary points involved in the I|-DA reactiarf oxonium cation6 with
cyclopentend.

TS1n 4.7
TS1x 3.8
8 -21.0
10 -24.0

In gas phase, both TSs are located below the reag@ee Supporting
Information). However, when solvent effects of DCivle considered the activation
energies become positive. As expected, this I-Dekctien presents very low activation
energies: 4.7TS1n) and 3.8 {S1x) kcal/mol, the reaction being strongly exothermic.
Both gas phase and in DCM calculations yield tH¥AI reaction slightlyexo selective.
Conversion of formal [4+2] CAs 8 and10 into the final chroman8-endo and11-exo
demands a proton abstraction by a basic speciesn\i\ie acetate counterion was used
as the basic species, the conversion of the cati®rand 10 into the final neutral

chroman®-endo and11-exo took place without any activation barrier.

Due to the asymmetry of styred@, the I-DA reaction between aryl oxoniuén
and12 can take place along four competitive channels: iegioisomeric, theneta and

ortho channels, and two stereoisomeric channelsgttde andexo ones. Interestingly,
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an exploration of the PES associated with this I-B¥action showed that the two
regioisomeric channels present different mechanishesendo andexo stereoisomeric
channels associated with theta regioisomeric channels yield CAgl-endo and 14-

exo through a two-step mechanism, while those assatiatith theortho channels
present an one-step mechanism. Consequently, édxhendo andexo stereoisomeric
meta channels two TSs, one intermediate, and one C/A i@md, while one TS and
one CA were found along tleetho ones (see Scheme 6). Relative energies in DCM are

summarized in Table 2. Total energies are giverainle S2 in Supporting Information.
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Scheme 6

Table 2. B3LYP/6-311G* relative energies in DCM (relativee@ + 12, in kcal/mol) of
the stationary points involved in the I-DA reactminoxonium catioré with styrenel2.

TS21n 0.6 TS21x -0.1
IN1 -9.8 IN2 -10.4
TS22n -88 TS22x -84
13 -19.2 15 -19.9
TS3n 140 TS3x 15.1

17 -15.7 18 -19.8
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As in the I-DA reaction of oxonium catiof with cyclopentene7, the TSs
associated with the attack of the non-substitutédc@bon of styrend2 on the C1
carbon of6 are located below the reagents. When solvent teff@e considered, the
relative energies of TSs are 0.6 andll kcal/mol. Calculations also yield this I-DA
reaction to be slightlgxo selective. The reaction of oxonium cat®with styrenel?2 is
faster than that with cyclopenteri@s a consequence of the more nucleophilic characte
of the former (see below). Formation of the coroegping cationic intermediates is
exothermic by 9.8 (N1) and- 10.4 (N2) kcal/mol. However, with an unappreciable
activation barrier below 2.0 kcal/mol, they turrtarthe corresponding cationic CAs.
Formation of theneta CAs are exothermic by19.2 (L3) and- 19.9 @5) kcal/mol.

Along theortho channel, formation of formal [42] CAs 17 and18 throughTS3n
and TS3x present activation energies of 14.0 and 15.1 tkad)/ respectively.
Consequently, the I-DA reaction between oxoniumiocatt with styrene12 is
completely regioselective.

As in the I-DA reaction of oxonium catio@ with cyclopentener, when the
acetate counterion was used as the basic spdogesphversion of cationit3 and15
into the final neutral chromarB4-endo and 16-exo took place without any activation
barrier.

It is noteworthy that although DFT calculations gest that the I-DA reaction
between oxonium catiof with styrenel2 takes place through a stepwise mechanism,
the very low activation energy associated with tieg-closure process at the
corresponding intermediatéd1 andIN2, makes the characterization of these stepwise
mechanisms experimentally unfeasible.

The geometry of the TSs involved in the I-DA react between oxonium cation
6 and cyclopentené and styrend 2 are given in Figures 1 and 2. At the TSs involved
the I-DA reaction between oxonium catiérand cyclopentené, the distances between
the Cx C6 and C4C5 carbon atoms are 2.006 and 3.003 Arain, and 2.020 and
3.201 A atTS1x, respectively. The extent of the asynchronicitypohd-formation can
be measured by means of the difference betweeidhd lengths of the two single
bonds that are being formed in the reaction Ade= d(C4-C5) — d(C1-C6). The values
at the TSs are 1.00 aiS1n, and 1.18 alfS1x These rather high values, which are

similar to that found in the I-DA reaction betwemminium cationl and Cp2 (Al =
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1.18f (see Scheme 2), show the high asynchronicity indbformation in I-DA
reactions.

At the TSs and intermediates involved in theta regioisomeric channels of the I-
DA reaction between oxonium cati@hand styrenel2, the distances between the C1
and C6, and the C4 and C5 carbons are 2.369 and 3.401821n 2.314 and 3.769 A
at TS21x 1.596 and 2.735 A daN1, 1.573 and 2.877 A dN2, 1.569 and 2.197 A at
TS22n 1.559 and 2.248 A aIS22x respectively, while at the TSs involved in the
ortho regioisomeric channels, the distances betweerCthand C5, and the C4 and
C6 carbons are 1.916 and 2.524 AT83n, and 1.937 and 2.630 A &tS3x,
respectively. The asynchronicity at the most fabteaeta TSs are 1.04 atS21n and
1.47 atTS21x

9
g,
| 3.003?," ‘-‘Jz_ooe
P&’ 9%y,
TS1n

9 9
3.201 I“ ‘ ‘}.J/iJ
» \ 2,020

TS1x

Figure 1. Transition state structures involved in the I-D#actions between oxonium
cation6 and cyclopentené. Lengths are given in Angstroms.

The most favorableneta TS21n and TS21x associated with the I-DA reaction
between oxonium catiofi and styrenel2 are earlier thaifS1n and TS1x associated
with the I-DA reaction with cyclopenteng&, in clear agreement with the lower
activation energy found at the form8These stereoisomeric TSs, belonging to distinct
one-step and stepwise mechanisms, present a hygithaenicity, Al > 1; they are
associated with two-center interactions resultingmf the nucleophilic attack of
cyclopenten€’ or styrenel2 on the C1 carbon of oxonium catién It is noteworthy

that in the four TSs, the distance between the i@bG6 carbon atoms involved in the
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formation of the second-@ single bond is above of 3.0 A, indicating no bond

interactions.

In order to establish the solvent effects on thengetry optimizations and relative
energies, the stationary points involved in theA-2action between oxonium catién
and cyclopenten& were fully optimized in DCM at the B3LYP/6-311G*viel. The
total and relative energies are given in Table $illesthe geometries ofS1n and
TS1xin DCM are given in Figure S1 in Supporting Infatmon. Full optimizations in
DCM at the B3LYP/6-311G* level did neither modifyet relative energies (see Table
S2), nor the gas phase B3LYP/6-31G* geometries (Sgeres 1 and S1). The IRCs
from these TSs to reagents and product in DCM bomnated thewo-stage one-step

mechanism of this I-DA reaction.

Gas phase and implicit DCM solvation yield thedeA-reactions slightlyexo
selective, while experimentally beirepdo selective. Recently, we have established a
relationship between the GCT in a P-DA reaction #retendo selectivity>! In a P-DA
reaction, the favourable electrostatic interactitreg appear between the two opposite
charged frameworks in themdo rearrangement are responsible for ¢hdo selectivity.
However, in I-DA reactions the two frameworks ararmged with the same sign, i.e.
these electrostatic interactions are unfavouralideis, weak interactions present in the
endo TSs could be responsible for tmado stereoselectivity found in these I-DA
reactions. Due to the weakness of the B3LYP funefido compute this type of
interactions, single point energy calculations gsine MPWB1K global-hybrid meta-
GGA functional®®> which include long-range corrected and dispersamrected
methods, were performed at the stereoisomeric T8N and TS1x, andTS21n and
TS21x The MPWB1K/6-311G* energies in DCM are given imable S3 in the
Supporting Information. Calculations at the MPWRBG#11G* level in DCM render
the two I-DA reactions slightlendo selective in agreement with the experimental
results** Consequently, it appears that weak interactioesent in theendo TSs are

responsible for thendo stereoselectivity found in these I-DA reactions.

Finally, the GCT along these I-DA reactions was pated by two distinct
methods: i) by using the natural atomic chargesinobt from a natural population

analysis (NPA) at the TSs and intermediates assacwmith theendo stereoisomeric
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channels of I-DA reactions between oxonium caicend cyclopenten@, and styrene
12, and ii) the integration of the electron-densitytlle ELF basins (see below). To
compute the GCT at TSs and intermediates, the sqporeling structures were divided
between the oxonium cation framework and the dibitepone. The GCT is

summarized in Table 3.

) 15

&’ 3769, P

3.411 ,"'J ! 2.369 g . 2314
g ' *avd
i eal 3% “’ﬁ"‘“fw

TS21n TS21x

R Y *M
. JJ\
21e7 0% Do e

339048 L s ':;3?

TS22n 9 TS22x
-3 y
2
2.524',' 2 1.916 2. 630 11,937
>3 r M o,
Hﬁrﬂ'
TS3n TS3x

Figure 2. Transition state structures involved in the I-Déactions between oxonium
cation6 and styrend2. Lengths are given in Angstroms.
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Table 3. Global charge transfer at the TSs and intermesliassociated with thendo
stereoisomeric channels of I-DA reactions betweesnmum cation6 and cyclopentene
7, and styrend 2.

d(C1-C6) NPA ELF

6+7 TSln  2.00 0.42 0.42

1.95 0.45 0.40

1.90 0.47 0.48

P13 1.62 0.52 0.53

6+12 TS21n 2.37 0.31 0.31

2.00 0.53 0.49

1.97 0.54 0.56

IN1 1.53 0.67 0.65
d(C1-C5)

TS3n  1.92 0.36 0.36

1.88 0.37 0.35

A comparison between the two methods used for tdmpatation of the GCT
indicates that there are no significant differencBise positive charge found at the
cyclopentene or styrene frameworks at the TSs, dmivd.42e and 0.31e, indicates that
at these I-DA reactions a high amount of the etecttensity has been transferred from
cyclopentene and styrene to the strong electrapbXonium catior6. Note that while
in P-DA reactions zwitterionic species are generaadong the reactions, in I-DA
reactions they remain cationic or anionic specidsthe most favorabldS21n, the
GCT, 0.31e, is lower than that B51n, 0.42e, as a consequence of the earlier character
of the former. However, when the GCT is analyzedreg point of the IRC after passing
TS21nwith a G C distance of 2.0 A, similar to that BS1n, the GCT becomes higher
at the I-DA of styrend 2 as a consequence of the more nucleophilic charatstyrene
12 than cyclopenteng (see below).

A comparison of the geometrical and electronic petars ofTS1n andTS21n
indicates that both TSs show a great similaritggesting that the subsequent events in
bonding changes along the reaction coordinatesparticipation of these TSs in one-
step or two-step mechanisms, do not depend ortrinefige of these TSs.
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i) ELF bonding analysis along the formation of the first C- C bond in I-DA reactions of
oxonium cation 6 with cyclopentene 7 and styrene 12. Characterization of the C- C
bond formation in ionic processes.

Several theoretical studies have shown that theldagmal ELF analysis along a
reaction path can be used as a valuable tool terstahd the bonding changes along the
reaction patfi* After an analysis of the electron density, the Buvides basins,
which are the domains in which the probability iofifing an electron pair is maxim&.
The basins are classified as core basins and \aleasins. The latter are characterized
by the synaptic order, i.e., the number of atomaemnce shells in which they
participate. Thus, there are monosynaptic, disyoapisynaptic basins and so oh.
Monosynaptic basins, labelled V(A), correspond e fone pairs or non-bonding
regions, while disynaptic basins connect the cdréwo nuclei A and B and, thus,
correspond to a bonding region between A and B ard labelled V(A,B). This
description recovers the Lewis bonding model, mimg a very suggestive graphical
representation of the molecular system.

Recently, Domingat al have shown that the-@ single bond formation in both
non-polar and polar organic reactions begins insth@t G C distance range of 1.9 -
2.0 A by merging two monosynaptic basins, V(Cx) a{gy), into a new disynaptic
basin V(Cx,Cy) associated with the formation of tiesv Cx Cy single bond?® The Cx
and Cy carbons characterized by the presence ahtmsynaptic basins, V(Cx) and
V/(Cy), have been callegseudoradical centers’’

In order to understand the- C bond-formation process along these one-step and
stepwise I-DA reactions, a topological ELF analysissome relevant points of the
corresponding IRCs was carried out. The most relefzhF valence basins and their
correspondingN populations of selected points along the reacpath are given in
Table 4. On the other hand, the most relevant BirBicors at some selected points of
the IRCs of the one-step and two-step I-DA reastiah oxonium cation6 with
cyclopentend and with styrend?2 are shown in Figure 3.

Along theendo reactive channel associated with the I-DA reastioh oxonium
cation6 with cyclopenten& and styrend 2, five selected structures were analyzed: i)
the TSs, ii) the IRC structures in which the twonogynaptic basins associated with the

two pseudodiradical centers appear; iii) the IRC structures associatgith the
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formation of the first C1C6 single bond; iv) the structures in which the C4-is
completely formed; and v) the structures associatigd the formation of the second
C4- C5 single bond.

Table 4. Valence basin populatiom$ calculated from the ELF at some selected points
of the IRCs of the one-step and two-step I-DA neast of oxonium catioré with
cyclopenten&’ and styrend 2. d(A-B) stands for the distance between A and @nat

(in Angstroms).

cyclopentend styrenel2
TSin P11 P12 P13 P14 7TS21n P21 P22 IN1 TS22n
d1(C1-C6) 2.005 1.952 1.897 1.616 1.574 2.369 2.0011.973 1.596 1.569
d2(C4-C5) 3.003 2.988 2.971 2.612 2.200 3.411 3.3403.336 2.735 2.196

V(C1) 0.42 0.48 - - - - 046 - - -
V(C6) 0.45 051 - - - - 056 - - -
V(C1,C6) - - 111 170 184 - - 108 176 1.86
V(C4) - - - - 013 - - - - 0.31
V(C5) - - - - 044 - - -

v(02,C1) 166 162 161 138 138 193 168 162381 1.38
V(C3,02) 155 157 154 156 166 161 155 154581 1.67
V(C3,C4) 287 289 286 281 253 283 290 292832. 2.60
V(C5,C6) 269 261 255 224 215 314 253 248162. 211

6
4 5 =
2 1
o/ﬁﬁ 5
6 \
IJ D
6 7 11

Firstly, the two-step I-DA reaction between oxonigation6 and styrendl2 is

analyzed. ATS21n d1=2.37 A and d2= 3.41 A, no monosynaptic bagipears at the
C6 carbon of styreng2 and the C1 carbon of oxonium cati@nAt this TS, the C5C6
bonding region of styrene is characterized by ti€5/C6) disynaptic basin, integrating
3.14e. AtP21, d1 = 2.00 A and d2 = 3.34 A, two monosynapticitmsV(C1) and
V(C6), integrating 0.46e and 0.56e, appear at tlstnmucleophilic C6 carbon of
styrene 9, and the most electrophilic C1 carbon of oxoniumtian 6. These
monosynaptic basins are associated to thepseadoradical centerd’ responsible for
the subsequent CGT6 bond formation. AP22, d1 = 1.97 A and d2 = 3.34 A, the two
V(C1) and V(C6) monosynaptic basins have merged mtnew disynaptic basin,
V(C1,C6), which integrates 1.08e, indicating tle first C1 C6 single bond is already
being formed. On going frorR22 to intermediatdN1, the electron population of the
V(C1,C6) disynaptic basin increases its electronsig to reach 1.76e dN1, d1 =
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1.60 A and d2 = 2.74 A. At this intermediate no wsynaptic basins appears at the C4
and C5 carbons indicating that, at this statiorint, the formation of the second -C4
C5 sigma bond does not have begun. Finally;322n d1 = 1.57 A and d2 = 2.20 A,
while the V(C1,C6) disynaptic basin has reachedsd,.8one monosynaptic basin,
V(C4), integrating 0.31e appears at the C4 carbon.

On the other hand, afSln associated with the nucleophilic attack of
cyclopenten& on the C1 carbon of oxonium catiénthe most relevant features of its
electronic structure are the presence of two mamagsyc basins, V(C1) and V(C6),
integrating 0.42e and 0.45e, at the most electhoptenter of oxonium catioé and the
most nucleophilic center of cyclopenteneAt this TS, the C5C6 bonding region of
the cyclopentene framework is characterized by YHE5,C6) disynaptic basin,
integrating 2.69e. Considering that this regionhef cyclopenten& is characterized by
the presence of two disynaptic basins, V(C5,C6) \éid5,C6), integrating 3.59 e, the
loss of electron density at this bonding regior0@, can be associated with the
formation of the V(C6) monosynaptic basin and th€TGinvolved in these I-DA
reactions, 0.42e (see Table 3). The electronicstre of TS1n, d1 =2.00 A and d2 =
3.00 A, is very similar to that &11, d1 = 1.95 A and d2 = 2.99 A. At this point of the
IRC, the electron density of the two V(C1) and V]@&onosynaptic basins increases to
reach 0.48e and 0.51e. The electronic structurdsSah andP11 are similar to that at
P21 associated with the stepwise I-DA reaction betwaemnium catior6 and styrene
12. At P12 d1 = 1.90 A and d2 = 2.97 A, the two V(C1) andC8] monosynaptic
basins have merged into a new disynaptic basin,lV@®), which integrates 1.11e. At
this point of the IRC, the first CIC6 is already formed.

Interestingly,P11 and P12, associated to the one-step mechanism of the I-DA
reaction between oxonium catio and cyclopentene/, have similar electronic
structures thatP21 and P22 associated with the two-step I-DA reaction betwee
oxonium cation6 and styrenel2, indicating a similar pattern in the formation tbke
first C4- C5 single bond, not being dependent on the molecutehanism.

On going fromP12to P13 d1 = 1.62 A and d2 = 2.61 A, the electron pogoiat
of the V(C1,C6) disynaptic basin increases to reh@0e at thé>13 structure. At this
point of the IRC, no monosynaptic basin appeathatC4 and C5 carbons, indicating
that, at this point of the IRC, the formation oétsecond C4C5 bond has not begun.

RemarkablyP13 geometrically and electronically resemblie4 .
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Figure 3. Most relevant ELF attractors at some selected pahtthe IRCs of
the one-step and two-step I|-DA reactions of oxoniwation 6 with
cyclopentend and styrend.2.

Finally, atP14, d1 = 1.57 A and d2 = 2.20 A, while the V(C1,C&ythaptic basin
has reached 1.84e, two monosynaptic basins, V(6d){C5), integrating 0.13e and
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0.44e, appear at the C4 and C5 carbons. The mggputierge of these monosynaptic
basins yields a new V(C4,C5) disynaptic basin rasfime for the formation of the
second C4C5 bond.

The positions of the selected structures usedenBhbF bonding analysis along
the one-step I-DA reaction of oxonium cat®mwith cyclopenten& and the two-step I-
DA reaction of oxonium catio with styrenel2 are shown in Figure 4. The current
ELF bonding analysis for the formation of the-@b and C4C5 single bonds allows
the establishment of the resemblance betweemihatage one-step and the two-step
mechanisms of these |-DA reactions. Both mechanismes non-concerted bond-
formation processes. In the first part of the neast only the C1C6 single bond is
being formed by the nucleophilic attack of the @Bbon of cyclopentené or styrene
12 on the C1 carbon of oxonium catién Only when the C1C6 bond formation is
completed at the poiRR13 or atIN1, the formation of the second ©25 bond begins
at the second part of the reaction. While Figush8ws the electronic and geometrical
similarity between the selected points of both na@ctms, Figure 4 shows the similar
position of these points along the IRC. The onffedénce between both mechanisms is
the relative energy d13andIN1. The presence of the phenyl substituent in styiéne
allows for the stabilization of the positive chartpat is developing at C5 along the
nucleophilic attack of styrenk?, allowing the localization ofiN1 as a stationary point.
This behavior explains the absence of the V(C5) asgnaptic basin afS22n
However, the low activation energy associated wtk ring-closure process, 1.0
kcal/mol, makes it very difficult to experimentalgharacterizdN1, a behavior that
makes both mechanisms kinetically very similar.
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Figure 4. Schematic representation of the energy profilemglthe one-step (in
red) and two-step (in blue) mechanisms of the [4BActions of oxonium catio®
with cyclopenten& and styrend2. The non-stationary selected points of the IRC
used in the ELF analysis are represented by points.

1ii) Analysis of the global reactivity indices of the reagents involved in I-DA reactions.

The I-DA reactions were analyzed using the redgtiwndices defined within the
conceptual DFT® The global descriptors, named electronic chemiaatemtial p,
chemical hardness, global electrophilicityw, and global nucleophilicitil indices for
the series of reagents shown in Schemes 2, 3 aneldiven in Table 5.

Table 5. Electronic chemical potential, chemical hardness, electrophilicitym, and

nucleophilicity N values, in eV, for the seriesredgents shown in Schemes 2, 3 and 4.

u N W N
4 -14.60 4.67 22.79 -7.81
6 -9.06 3.06 13.42 -1.47
1 -11.15 7.38 8.42 5.72
12 -3.43 5.20 1.13 3.09
2 -3.01 5.49 0.83 3.36

7 -2.72 7.24 0.51 2.78
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Iminium cationsl and4, and oxonium catioB have very high electrophilicitgo
values, 8.42, 22.79, and 13.42 eV, respectivelg, tduheir cationic nature. These high
electrophilicities are responsible for the very lewen negative activation energies
found in gas phase. On the other hand 2Cpyclopentend and styrend 2, have high
nucleophilicity indices, N = 3.36, 2.78 and 3.09, ekéspectively. The higher
nucleophilic character of styrerd®, when compared to than cyclopentéheccounts
for the larger reactivity of the former towards axam cation6.

It is interesting to remark that in spite of thgtelectrophilic character of cations
1, 4 and 6, the ionic classification of these DA reactionsn@ a consequence of the
high electrophilicity of neither the reagent noe thigh GCT at the TSs, but the ionic
character of reagents, TSs and cycloadducts. Ehigih electrophilic neutral molecule
such tretracyanoethyleney = 5.96 eV, could participate in P-DA reactionshwitigh
polar character towards neutral dienes, but natlHDA reaction.

Along a polar reaction involving asymmetric reagemiie most favorable reactive
channel is that involving the initial -@& two-center interaction between the most
electrophilic and nucleophilic center of both restgé Recently, we have proposed the
electrophilic B and nucleophilicR, Parr functions derived from the excess of spin
electron density reacheth a GCT process from the nucleophile to the eletite®

In our reactivity model for the -GC bond formation via an ionic mechanism, a
cationic species such as oxonium cafforeceives an amount of electron density from
the neutral nucleophiles, cyclopentenend styren€el?, that in the extreme case to
receiving an amount equivalent to one electron cttenic species turns into a neutral
radical species. Similarly, when the nucleophilansanionic species, it also turns into a

neutral radical species after losing one elecffdnus, we suggest the use of the recently

proposed radica@°® Parr functioR® to analyze the local reactivity in positively or
negatively charged species. Accordingly, the rddigd Parr function of oxonium

cation6, and nucleophilic®, Parr functions cyclopenterfeand styrend 2 are given in

Figure 5.
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7°+

Figure 5. Map of the ASD of the radic& and radicalp® Parr function of oxonium
cation6, and maps of the ASD of the radical cati@iisand12™, and nucleophilicR
Parr functions of cyclopenterffeand styrend 2.

Analysis of the radicap® Parr functions of oxonium catidh indicates that the

C1 carbon is the most electrophilic center of tationic speciesp? = 0.61, in clear

agreement with the asynchronicity found in all ESsociated with the I-DA reactions
of oxonium catiors.

On the other hand, while cyclopenteffe shows a symmetric nucleophilic

activation at the olefinic C5 and C6 carbon atorRg,= P, = 0.40, the asymmetric
styrenel2 shows the largest nucleophilic activation at Choar p;, = 0.43, while the

C5 carbon atom is not nucleophilically activatey, = 0.00.

Consequently, the most regioisomeric channel aatgtiwith the I-DA reaction
between the asymmetric oxonium cat®mnd styrenel2 will be that associated with
the initial formation of the GIC6 single bond, in clear agreement with the obskerve

total regioselectivity.
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Conclusions

The mechanism of the oxa-Povarov reactions of c&tiaryl oxonium6 with
cyclopentene’ and styrend. 2 to yield chroman® and14, experimentally reported by
Bateyet al,*? have been studied using DFT methods at the B3L8R®* in gas phase
level for geometries and the B3LYP/6-311G* in DCBV¢l for energies as reaction
models of I-DA reactions. These oxa-Povarov reastibegin by the I-DA reaction of
oxonium ion6 with alkenes? and12 to yield the formal [2+2] CAs8 and13, which by
a rapid loss of a proton yield chromafsand 14. The I-DA reactions have no
appreciable activation barriers as a consequenteeastrong electrophilic character of
the cationic aryl oxoniuné. Unlike P-DA reactions, in which the polar chasaadf the
reaction is developed along the cycloaddition,-IDA reactions, the cationic or anionic
character of the species remains along the reaction

While the reaction with cyclopententtakes place along @avo-stage one-step
mechanism, the presence of a phenyl substituestyianel2 able to stabilize a positive
charge, makes the mechanism two-steps when stagilizhe corresponding
intermediate. However, the very low activation gyeassociated with the ring closure
makes the characterization of the correspondiregnmediate experimentally unfeasible.
The final proton abstraction has not appreciableatton barrier.

An ELF bonding analysis of selected points along tRCs of the one-step
mechanism of the I-DA reaction between cationid arpnium6 and cyclopenteng,
and the two-step mechanism of the I-DA reactionwben6 and styrend 2, allows the
establishment of a great similarity in bond formoatialong the two mechanisms. Both
one-step and two-step mechanisms are non-congadedsses.

As in P-DA reactions, the formation of the first C single bond begins in the
short range of 1.95 - 1.90 Aja a C-to-C pseudodiradical coupling of the most
electrophilic and nucleophilic centers of catioanyl oxonium®6, the C1 carbon, and
cyclopentene7 and styrenel2 the C6 carbon. The electron-density of the
pseudodiradical center generated at the C1 carbon of the catioglcaonium 6, with
a population of 0.46 - 048e, comes mainly from @€T that takes place along I-DA
reactionsgca. 0.47e. This interesting finding rejects the uséhefarrows used in all text
books to symbolize the changes in electron deirsipplar and ionic reactior’s®

Analysis of the global reactivity indices indicatésat the high electrophilic

character of the cationic reagents is responsibietife negative activation energies
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found in gas phase. However, this behavior is esponsible for the classification of I-
DA reactions.

Based on our reactivity model of the GCT along palad ionic reactions, herein,
we suggest the use of the recently proposed ragitdarr functions to characterize the
most electrophilic centers in cationic species #mel most nucleophilic centers in

anionic species. Thus, the analysis of the radr@alParr functions in cationic aryl
oxonium6 and the analysis of the nucleophil Parr functions in cyclopenteffeand

styrenel2 allows the anticipation of the most favorable teemter interaction along the
formation of the first €C single bond at the high asynchronous TSs, as agethe

regioselectivity in I-DA reactions involving asymtrie reagents.

Supporting Information Available: Total and relative energies in gas phase and DCM
of the stationary points involved in the I-DA rdaat of oxonium cation6 with
cyclopentene7, and with styrenel2. MPWB1K /6-311G* energies in DCM of the
stereoisomeric TSs involved in the I[-DA reaction okonium cation 6 with
cyclopenten& and styrend2 B3LYP/6-311G* full optimized geometries ®51n and
TS1xin DCM. B3LYP/6-31G* computed total energies, uregfrequency imaginary,
and cartesian coordinates of the stationary pomislved in reaction of cationic aryl

oxonium6 with cyclopenten&, and with styrené2.
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