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Abstract

The bonding evolution in hetero-Diels-Alder (HDAgactions has been studied by
an ELF analysis of the electron reorganization g@lahe HDA reaction between
nitroethylene6 and dimethylvinylamine (DMVAP at the B3LYP/6-31G* level. This
cycloaddition takes place along a two-stages ogg-stechanism. In the first stage of
the reaction, the GXC6 bond is formed by coupling of twgseudoradical centers
positioned at the most electrophilic carbon ofagthylene6 and the most nucleophilic
center of DMVADO. In the second stage, the formation of the se€#dC7 bond takes
place between pseudoradical center positioned at the C7 carbon of DMVA and som
electron-density provided by the lone pairs of Dé oxygen. This behavior is in
complete agreement with analyses of the local mphtlicity and nucleophilicity
indices, and the spin density of the radical arobmitroethylene6 and of the radical
cation of DMVA 9. Finally, a relationship between the polar chamacf the reaction

and the regioselectivity has been established.



Introduction

The Diels-Alder (DA) reaction is arguably one oétimost powerful reactions in
the arsenal of the synthetic organic chemist [1f2permits the rapid construction of
six-membered carbocycles from a 1,3-butadieneditee, and an ethylene derivative,
the dienophile, with a high stereo- and regioseligt The diversity of substitution
which may be present in the diene and the diene@mébles the DA reaction to be one
of the most important synthetic organic reactiofise synthetic utility of this reaction
does not arise only from the substitution in bdté tiene and the dienophile, but also
from the exchange of one or more carbon atomseofttbystem by a heteroatom such
as O, N, S, P, etc. (see Chart 1). The correspgnidih reactions are called hetero-
Diels-Alder (HDA) reactions, having a significamhportance because they allow for
the construction of six-membered heterocycles.

(pleaseinsert Chart 1)

Usually, DA reactions take place through one-step mechanism. Only, in the
singular cases in which the substitution allowsda@tabilization of feasible biradical or
zwitterionic intermediates, the reaction becomepwise. One-step mechanisms can
take place through synchronous or asynchrowaosnd-formation processes.

Electron localization function [3-6] (ELF) analys$ bonding along the intrinsic
reaction coordinate (IRC) of the DA reaction of logentadienel, Cp) with ethylene
(2), which is classified as a non-polar Diels-Alder (MJDreaction [7], indicates that
this synchronouss bond-formation process takes place according & fttlowing
pattern (see Figure 1) [8]: i) breaking of the &hre bonds present il and 2; ii)
formation of twopseudodiradical species; iii) formation of the two new bonds by
coupling of twopseudodiradical species, and iv) formation of the new € 1t bond

present in cycloadduct (CA) at the end of the reaction. It is interestingdgmark that



the transition state (TS) structure associated thih N-DA reaction is located at the
end of phase i; consequently, the@bond formation has not started yet in the TSsThi
picture makes possible to rule out any concertenddmeaking and bond-formation
processes as proposed by the pericyclic model iichwikhey would take place
concurrently around a cyclic electron rearrangement

(pleaseinsert Figure 1)

However N-DA reactions do not have any synthetierest due to the drastic
experimental conditions demanded as a consequendeeohigh activation energy
associated with the formation of thegseudodiradical species [8]. The presence of
electron-withdrawing substituents in the dienophsach as 1,1-dicyanoethylen, (
DCE), favors DA reactions by lowering the activatienergy [9]. The corresponding
acceleration is related with the polar charactertted reaction, allowing for the
classification of polar Diels-Alder (P-DA) react®nj7]. This substitution breaks the
symmetry of the dienophile, making the@Cao bond formation asynchronous [9].

ELF bonding analysis along the P-DA reaction ofIGpith DCE 4 indicates that
the bond formation takes place through a two-stagesstep mechanism. The tweC
o bonds are formed according to the following pat{gee Figure 2) [10]: i) breaking of
the threert systems in both Cp and DCE4; ii) formation of thepseudoradical centers
at the most nucleophilic center of @@and the most electrophilic center of D@Hii)

formation of the first €C o bond by coupling of the electron-density accumualaie
thesepseudoradical carbons; iv) formation of tha system at the Cp framework and
concentration of electron-density at the two carbatoms to form two new
pseudoradical centers; and v) formation of the secondGCo bond by coupling of the
electron-density accumulated at these carbons. -DAPreactions the changes in

electron-density are favored by the charge tran@@dr which takes place from the



nucleophile, Cpl, to the electrophile, DCE. This CT begins at an earlier step of the
reaction, ata 3.0 A, and increases along the reaction untifeheation of the first €
C o bond is finished. Note that the CT at the asynobus TS of this reaction, which is
located at phase iii before forming the firstCo bond, is 0.28e. Thus, the observed
acceleration in P-DA reactions with the increasethef CT can be related with the
feasibility of formation of the corresponding zwitibnic pseudodiradical species
involved in the € C bond formation [10].

(pleaseinsert Figure 2)

In 1999, we studied the effects of the electrorasing substitution on the
dipolarophile in the HDA reactions of electrophifitroethylenes with three ethylenes
of increasing nucleophilicity: properne methyl vinyl etheiB, and dimethylvinylamine
(DMVA) 9 (see Scheme 1) [11]. A good correlation betweendtceleration of the
reaction and the polar character of the TS wasbksitt@d. The polar character
measured by the CT at the TS of the reaction ng actelerates the reaction but also
increases thendo stereo anartho regioselectivity [11].

(pleaseinsert Scheme 1)

We have recently studied the changes in bondinggalDA [8] and P-DA [10]
reactions given in Figures 1 and 2. Herein, wegrean ELF analysis of the electron-
reorganization along the most favorabhelo/ortho reactive channel associated with the
HDA reaction between nitroethylefieand DMVA 9, which corresponds to the most P-
DA reaction of the series given in Scheme 1 [11e purpose of this paper is to shed
light on the electronic changes during HDA reactioand to provide new insight into
the answer this question: how does theOChond in HDA reactions take place, and
which is the origin of the asynchronicity in boratfhation and regioselectivity?; in

other words, the question is how electrons flowirduthe reaction?.



Computational M ethods

DFT calculations were carried out using the B3LYR,[L3] exchange-correlation
functionals, together with the standard 6-31G* ast [14]. The optimizations were
carried out using the Berny analytical gradientiraation method [15,16]. The
stationary points were characterized by frequeradgutations in order to verify that
TSs have one and only one imaginary frequency. IRt [17] paths were traced in
order to check the energy profiles connecting €&8tio the two associated minima of
the proposed mechanism using the second order ®@ar3éhlegel integration method
[18,19].The electronic structures of stationary points waralyzed by the natural bond
orbital (NBO) method [20,21] and by the ELF topatay analysis/(r) [3-6]. The ELF
study was performed with the TopMod program [28ing the corresponding
monodeterminantal wavefunctions of the selectadtgires of the IRC. All calculations
were carried out with the Gaussian 03 suite of g [23].

The global electrophilicity index [24]w, is given by the following simple
expression [24]w= (u2/2r]), in terms of the electronic chemical potentialand the
chemical hardnesp. Both quantities may be approached in terms ofotine electron
energies of the frontier molecular orbital HOMO ahdJMO, &4 and g, as
H=(eq+g. )/2 and n=(g_ -¢ty), respectively [25,26]. Recently, we have
introduced an empirical (relative) nucleophilicbgex [27,28] N, based on the HOMO
energies obtained within the Kohn-Sham scheme g8],defined abl = Eqomo(Nu) -
Enomo(TCE). The nucleophilicity is referred to TCE, besa it presents the lowest

HOMO energy in a large series of molecules alreadgstigated in the context of polar

cycloadditions. This choice allows us conveniemndlyhandle a nucleophilicity scale of



positive values [28]. Local electrophilicity ind&e[30], «,, and the local
nucleophilicity indices [31],Nx, were evaluated using the following expressions:

w, =wf and N, =Nf, where f,” and fy are the Fukui functions for nucleophilic

and electrophilic attacks, respectively [32].

Resultsand Discussion

This study is divided into four parts: i) first, @malysis of the stationary points
involved in the ortho and meta regioisomeric channels associated with #melo
approach of DMVA9 to nitroethylene6 is performed; ii) then, an analysis of the
reagents based on the DFT reactivity indices welldompleted in order to state the
reactivity and regioselectivity in this HDA readatioiii) thereafter, a complete ELF
analysis along the most favoratdedo/ortho reactive channel associated with the HDA
reaction between nitroethyler® and DMVA 9 will be performed to analyze the
changes in bonding; iv) finally, an analysis of fhetors controlling the asynchronicity

in bond-formation and regioselectivity in this HD@&action will be carried out.

1) Analysis of the stationary points involved in the two regioisomeric channels
associated with the endo approach of dimethylvinylamine 9 to nitroethylene 6.

Analysis of the stationary points involved in theDA reaction between
nitroethylene6 and DMVA 9 indicates that this cycloaddition takes placeaviane-step
mechanism through a high asynchronous TS. Detaiénergies and structures of the
stationary points are not discussed here. A deltallscussion is found in ref 7. The

most relevant features of tkedo regioisomericl Sno andT Snm are given in Figure 3.



(pleaseinsert Figure 3)

Some relevant characteristics of these TSs muspdieted out: i) the most
favorableortho TSno presents a low activation energy, 4.7 kcal/mola @®nsequence
of the strong electrophilic character of nitroedng 6 and the strong nucleophilic
character of DMVA9 (see later). Note that the N-DA reaction betwegn 1Cand
ethylene 2 presents a very high activation energy: 19.9 kwal/ [8]; ii) the
regioisomericmeta TSnm presents a very high activation energy, 29.2 kuall/ i.e.,
TSnm is 24.5 kcal/mol higher in energy th&$no; iii) both regioisomeric TSs present
a high asynchronicityAl(Tsno) = 0.89 A and\(Tshm) = 1.29 A, whera\l=(d1- d2) (d1
and d2 are the lengths of the two forming bonng)while the bond-formation begins
at the most favorablertho TSno at the C1 carbon atom of nitroethylefieat the most
unfavorable regioisomeriweta TSnm it begins at the O4 oxygen; and v) the CT at the
most unfavorableneta TSnm, 0.50e, is higher than that at the most favorabteo

TSno, 0.41e.

2) Analysis based on DFT reactivity indices.

Studies carried out on cycloaddition reactions rehvavn that the indices defined
within the conceptual DFT [33,34] are powerful ®dbr analyzing the reactivity and
the regioselectivity in polar reactions. The stajiobal properties, namely electronic
chemical potentialy, chemical hardness), global electrophilicityw, and global
nucleophilicity, N, for nitroethylen®& and DMVA 9 are displayed in Table 1, while

their local properties are presented in Table 2.



Table 1. Electronic chemical potentigl, chemical hardnesy, global electrophilicity

w, and global nucleophilicity, N, in eV, for nitréglene6 and DMVA 9.

H n w N
DCE4 -5.64 5.65 2.82 0.65
nitroethyleneb -5.33 5.45 2.61 1.07
Cp1l -3.01 5.49 0.83 3.37
ethylene2 -3.37 7.77 0.73 1.86
propene/ -3.01 7.57 0.60 2.32
methyl vinyl ethe8 - 2.43 6.98 0.42 3.20
DMVA 9 -1.87 6.50 0.27 3.99

The electronic chemical potential of nitroethyléqu = - 5.33 eV, is below the
electronic chemical potential of DMVA, p = - 1.87 eV, thereby indicating that in a
polar process, the net CT will take place from DM\@Ato the electron-deficient
nitroethylenes, in clear agreement with the CT observed at the TS

Nitroethylene6 has a high electrophilicity indexy = 2.61 eV, being classified as
a strong electrophile within the electrophilicityase [35]. Nitroethyleneb, is one of the
most electrophilic species of the monosubstitutéylene series. On the other hand,
nitroethylene6 presents a nucleophilicity index of N 1.07 eV, being classified as a
marginal nucleophile [36].

DMVA 9 has a very low electrophilicity index [244)= 0.27 eV, being classified
as a marginal electrophile within the electropityjiscale. On the other har@lpresents
a very high nucleophilicity index [27,28], N 3.99 eV, being classified as a strong
nucleophile. Note that DMVA is the most nucleophilic dienophile of Scheme de(s
Table 1). Therefore, the electrophilicity differenbetween the heterodiefeand the
electron-rich dienophil®, Aw = 2.34 eV, which has been proposed as a meastine of
polar character of DA reactions involving simple lawmles [35], indicates that this

reaction will have a large polar character, in clagreement with the CT analysis
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performed afl Sno. Note that the P-DA reaction between Cwith DCE 4 presents a
lower Aw, 1.99 eV. The lower polar character of this reactgin clear agreement with
the lower CT found at the corresponding TS, 0.286, the larger activation energy, 9.3
kcal/mol [35].

The local electrophilicity [30]w, , and nucleophilicity [31],N} , indices can be

used to measure the distribution of the globaltedgbilicity and nucleophilicity at the

different atomic sites of a molecule, and thusesthe local reactivity. Along a polar
reaction involving asymmetric reagents, the mosbiable reactive channel is that
involving the initial interaction between the mad¢ctrophilic and nucleophilic center

of both reagents.

Table 2. Local electrophilicity w,, and local nucleophilicity, Ny, in eV, for
nitroethylenes and DMVA 9.

nitroethylene DMVA
6 ) 9 Ny
C1 0.73 C6 1.64
C2 0.20 C7 0.37
N3 0.61 N8 1.54
04 0.57
05 0.50

Analysis of the local electrophilicityy, in the asymmetric nitroethyler@shows
that the most electrophilic center of this molectideresponds to the C1 carban,, =

0.73 eV, although the nitrogen and the oxygen atbehsnging to the N® group also
present a strong electrophilic activatieg,; = 0.61 eV w,, = 0.57 eV andv,, = 0.50
eV. The most nucleophilic activated centers of DMYAre the C6 carbon, N= 1.64
eV, and the N8 nitrogen, N = 1.54 eV. Therefore, the most favorable reactive

channels will be those involving the participatiohthe C1 carbon of nitroethylerée
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and the C6 carbon of DMVAGY, in clear agreement with the total regioseledgtivit

observed.

3) ELF bonding analysis along the IRC path of the HDA reaction between nitroethylene
6 and DMVA 9.

Recent theoretical studies have shown that theldgmal analysis of the ELF
along the reaction path associated with a cycldexidiis a valuable tool for
understanding the bonding changes along the reaptth [8,10,37-43]. Consequently,
a topology analysis of the ELF along the IRC of mhest favorablendo/ortho channel
associated with the HDA reaction between nitroethgb and DMVA 9 was performed
in order to understand the asynchronous bond-feoman this HDA reaction. Th&\
populations of the more relevant ELF valence basirdifferent phases along the IRC
are listed in Table 3. A schematic picture of tlemding changes along the different
phases involved in this HDA reaction is given igute 4, while the attractor positions

and atom numbering for the most relevant pointshosvn in Figure 5.
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Table 3. Valence basin populationsl calculated from the ELF of some selected points
associated with the asynchronous formation of theC6 and O4-C% bonds along the HDA
reaction between nitroethyleéeand DMVAO9. The CT along the IRC is also included.

Phase | Il 1] v \ VI VI VI IX X
6&9 TSno CAno
dl =d(C1,C6) 3.53 2.54 2.20 2.17 2.04 1.98 157 571 1.56 1.54
d2 =d(04,C7) 3.45 3.08 2.97 2.97 2.94 2.92 195 911 1.78 1.44
BO(C1,C6) 0.02 0.14 0.33 0.35 0.47 0.53 0.96 0.960.97 1.00
BO(04,C7) 0.00 0.02 0.03 0.03 0.04 0.05 0.44 0.470.57 0.82
CT (ELF) 0.01 0.19 0.30 0.31 0.35 0.62 0.61 0.62 .600 0.29
CT (BO) 0.04 0.17 0.32 0.33 0.41 0.45 0.53 0.52 470. 0.37
V(C1,C2) 1.77 1.75 1.73 3.51 3.55 2.79 2.69 2.01 022. 2.01 2.01
V'(C1,C2) 1.78 1.79 1.78
V(C2,N3) 2.79 2.80 2.94 3.06 3.02 3.12 3.17 3.63 663. 3.97 4.07
V(N3,04) 1.73 1.72 1.59 1.57 1.58 1.53 1.55 1.47 471. 1.46 1.53
V(N3,05) 1.70 1.70 1.65 1.58 1.57 1.56 1.52 1.23 211. 1.17 1.01
V(04) 2.78 2.86 2.86 2.87 2.90 2.92 2.93 2.91 2.942.94 2.71
V'(04) 2.94 2.92 2.95 2.99 2.99 2.98 3.00 3.08 3.103.09 2.56
V(O5) 2.84 2.88 2.90 2.90 2.93 2.92 2.94 2.93 2.902.87 2.74
V'(05) 2.84 2.88 2.92 2.93 2.92 2.97 2.97 3.03 3.073.05 3.09
V(C6,C7) 1.87 1.79 3.48 3.34 2.90 2.70 2.61 2.13 122. 2.08 2.00
V'(C6,C7) 1.87 1.86
V(C7,N8) 2.35 2.43 2.01 2.20 2.94 2.93 2.98 2.64 532. 2.40 2.04
V(N8) 1.68 1.70 1.15 1.09 1.08 0.99 0.95 1.57 1.621.77 2.09
V'(N8) 0.95 0.74
V(C2) 0.55 0.61 0.52 0.49 0.47 0.35
V'(C2) 0.26 0.26
V(C1) 0.20
V(C6) 0.45 0.61
V(C7) 0.07 0.21
V(C1,C6) 0.95 1.74 1.74 1.77 1.82
V(04,C7) 1.13

(pleaseinsert Figure 4)

(pleaseinsert Figureb)
ELF analysis of nitroethylen& shows two disynaptic basins V(C1,C2) and
V’(C1,C2) associated with the €C2 double bond, whose electronic populations
integrate 1.77e and 1.78e, one disynaptic basii2\N8), integrating 2.79e, and two
disynaptic basins V(N3,04) and V(N3,05), integrgtia.73e and 1.70e. Finally,
nitroethylene6 also shows four monosynaptic basins V(04), V'(O¥]05) and

V’(05), each one integratinga 2.8e, associated with the lone pairs presenteatOh
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and O5 oxygen atoms. On the other hand, DM¥Aresents two disynaptic basins,
V(C6,C7) and V’(C6,C7), associated with the-@& double bond, whose electronic
populations integrate 1.87e each one, one disynbpsin V(C7,N8), integrating 2.35e,
and one monosynaptic basin V(N8), associated ighlone pair at the N8 nitrogen,
whose electronic population integrates 1.68e.

Analysis of ELF basin populations along the IRCtlod HDA reaction between
nitroethylene6 and DMVA 9 allows for the characterization of ten phases (Sd#e 3
and Figure 4). Phase |, d1 = d(316) > 3.53 A and d2 = d(G£7) > 3.45 A, shows
the ELF picture of attractors of the separated ertsy Whereas the two reactants
approach each other along the short phase 1,388 > 2.54 A and 3.45 > d2 > 3.08
A, the two disynaptic basins associated with the €B double bond of vinylamine
moiety merge into the disynaptic basin V(C6,C7),0sd electronic population
integrates 3.48e. While the disynaptic basin V(@J,8kperiences a strong reduction in
electron-density reaching 2.0le, the monosynaptsinb V(N8) splits into two
monosynaptic basins, V(N8) and V'(N8), integrating5 and 0.95e. An appreciable CT
takes place from DMVA to nitroethylenes, 0.19e (0.17e BO) in this early phase. In
phase Ill, 2.54 > d1 > 2.20 A and 3.08 > d2 > 2/7the two disynaptic basins
associated with the GC2 double bond of the nitroethylene moiety merge ione
disynaptic basin V(C1,C2), whose electronic popofaintegrates 3.51e. At the end of
this phase, an appreciable CT takes place, 0.3824d®O).

The most relevant changes of the cycloaddition ootphases IV to VI located
in a narrow region of the IRC. In the short phage2.20 > d1 > 2.17 A and 2.97 > d2 >
2.97 A, some relevant changes take place in thglaritine moiety. While a new
monosynaptic basin V(C6), integrating 0.45e, appearthe terminal C6 carbon of the

vinylamine moiety, the disynaptic basin V(C6,C7)pexences a strong reduction in
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electron-density reaching 2.90e (see Figure 5).uBameously, two monosynaptic
basins V(N8) and V'(N8) merge into the former, gring 1.08e.

In the short phase V, 2.17 > d1 > 2.04 A and 2.9@2>> 2.94 A, while the
monosynaptic basin V(C6) reaches 0.61e, a new nyoapsic basin V(C1), integrating
0.20e, appears at the terminal C1 carbon of theatltylene moiety (see Figure 5).
Interestingly, an unexpected monosynaptic basin2y,(@htegrating 0.55e, appears at
the C2 carbon of nitroethylene. This basin remawsn in the finalCAno. Note that
this monosynaptic basin V(C2) appears also in phase the P-DA reaction between
Cp 1 and DCE4; however, in this reaction it disappears with themation of the
second €C bond at the end of the cycloaddition [10]. Theydaptic basin V(C1,C2)
experiences a strong reduction in electron-densiéi¢hing 2.79e. This change can be
related to the formation of the two new monosyrmapisins V(C1) and V(C2), the
former required for the formation of the new -@6 bond. Note that the total
population of the monosynaptic basins V(C1) and 2)(€a 0.8e, agrees with the loss
of the population in the disynaptic basin V(C1,028e. In this phase, the TS of the
reaction is located at d1= 2.044 and d2= 2.938vich presents a large CT, 0.35e
(0.41e BO). In the short phase VI, 2.04 > d1 3814%nd 2.94 > d2 > 2.92 A, another
relevant changes along the IRC take place. Thenmwaosynaptic basins V(C1) and
V(C6), positioned at the terminal C1 and C6 carbaointhe reagents, merge into a new
disynaptic basin V(C1,C6), integrating 0.95e. Thebanges are associated with the
formation of the first C1C6 o bond, at a distance of 2.00 A. The population @ th
basin is increased along the IRC until reachingftmmation of CAno. At this phase,
the monosynaptic basin V(C2) reaches 0.61e, wheheapopulation of the disynaptic
basin V(C1,C2) is decreased to 2.69e. Along thiaspha large amount of CT takes

place, 0.62e (0.45e BO).
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Phase VII, 1.98 > d1 > 1.57 A and 2.92 > d2 > BA96onstitutes a wide space of
the IRC, in which a second monosynaptic basin eated at C2, V'(C2), integrating
0.26e. Interestingly, while the electron-density tbe disynaptic basin V(C1,C6)
associated to the new €6 o bond is increased by 0.79e, the electron-densithef
disynaptic basin V(C6,C7) is depopulated by 0.4&e= (Figure 5). Taking into account
that the population of the disynaptic basin V(C),@®% CAno is 1.82e,it can be
consideredhat the formation of G1C6 has been completed by 96%. In this step, at d1=
1.62 and d2= 2.45 A, the maximum CT along the IRKe$ place, 0.74e. Phase VII
divides the one-step mechanism of the cycloadditiothe two-stages; while the €1
C6 o bond is practically already formed, the formatairthe O4 C7 bond has not yet
started. At the end of this phase, the CT begirdetvease as a consequence of a retro-
donation process.

In the shortphaseVlll, 1.57 > d1 > 1.57 A and 1.95 > d2 > 1.91 Anaw
monosynaptidasin at C7, namely V(C7), with a minimal electogmopulation of 0.07e
has begun to appear. Along this phase, the popualafi the disynaptic basin V(C1,C6)
reaches 1.74e, indicating that the-Cb5 o bond is practically already formed. Finally,
the monosynaptic basins V(04) and V'(04), and V(@jl V’(O5) associated with the
lone pairs of the O4 and O5 oxygetoms reach 6.04e and 5.97e, respectively. Note
that in nitroethylends, the total population of these monosynaptic basns.72e and
5.68e, respectively. Consequently, a large amoltiteoelectron-density transferred to
the nitroethylene is concentrated at the termirab@®d O5 oxygeatoms

In phase IX, 1.57 > d1 > 1.56 A and 1.91 > d2 >8147 the population of the
monosynaptic basin V(C7) reaches 0.21e, while timulation of the disynaptic basins
V(C7,N8) is decreased to 2.40e (see Figure 5). Eameously, while the population of

the two monosynaptic basins present in C2 decrdagestotal amount of 0.28e, the
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population of the disynaptic basin V(C2,N3) inceesa 0.31e to 3.97e. These changes
indicate that part of the electron-density beloggio the monosynaptic basins V(C2)
and V'(C2) present in the previous phase is abddngehe disynaptic basin V(C2,N3).
At the beginning of phase X, 1.56 > d1 > 1.54 A @n@8 > d2 > 1.44 A, the
monosynaptic basin V(C7) merges into a new disyoapasin V(04,C7), which
integrates 0.79e. Note that the formation of thsymhptic basin, which is associated
with the formation of the second ©87 o bond, demands together with the
annihilation of the monosynaptic basin V(C7) a dmpation of 0.50e of the
monosynaptic basins V(0O4) and V'(O4). The low papah of the disynaptic basin
V(04,C7) atCAno, 1.13e, accounts for a strongly polarized CZ o bond.

Some significant conclusions can be drawn from BB bonding analysis: i) this
HDA reaction involving asymmetric reagents takeacpl via a two-stages one-step
mechanism with a very high polar character. Foromatf the first C1C6 bond takes
place in the first stage of the reaction. The @pomding changes in bonding to reach
the complete formation of the C1-@6bond cover a wide extension of the IRC, phases
| to VII. On the other hand, formation of the sed¢d C7 bond takes place at the end
of the IRC, phase X; ii) The most noticeable bebawaf TSno, which is located in
phase V, is the presence of a monosynaptic bas@l)V@t the C1l carbon of
nitroethylene and a monosynaptic basin V(C6) atGBecarbon of DMVA iii) the C4
C6 bond formation begins at in phase VI by merding two monosynaptic basins
positioned at the terminal C1 and C6 carbons, d(@B) = 2.04 A. This distance is very
close to that found in the formation of the first@bond in the P-DA reaction between
Cp 1 and DCE4: 1.99 A [10]; iv) the O4C7 bond formation, which takes place at
d(O4 C7) = 1.78 A, involves the monosynaptic basin VA some of the electron-

density belonging to one monosynaptic basin of@deoxygen. This fact is similar to
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that found in the €0 bond formation in the 1,3-dipolar cycloadditioetlween a
carbonyl ylide as dipole and the C=0 of a 1,2-bgurmne as dipolarophile [44]; v)
analyses of the CT along the cycloaddition basetherNBO and ELF show a similar
pattern. The CT begins in an earlier phase of #aetron from the nucleophile to the
electrophile, reaching an amount of 0.62e (0.52€NBt the end of phase VIII. This
CT process is associated with the formation offitst C1- C6 o bond. After passing
phase VIII, the CT decreases as a consequenceatfcadonating process associated

with the formation of the second ©@87 ¢ bond.

4) Factors controlling the asynchronicity in bond formation and the regioselectivity in

the HDA reaction between nitroethylene 6 and DMVA 9.

What is the origin of the asynchronicity in bondm@ation and the regioselectivity
in this HDA reaction? ELF analysis along the mastourableendo/ortho reaction path
associated with the HDA reaction between nitroethglé and DMVA 9 shows an
asynchronous €C and GO bond formation. Points of ELF belonging to phasef
this HDA reaction are similar to those found atggh¥ of the IRC of the P-DA reaction
between Cpl and DCE4 (see Figure 2 in reference 6). These points, wiaih
characterized agwitterionic pseudodiradical species [10], present two monosynaptic
basins at C1 and C6 carbons of nitroethylérand DMVA 9, respectively. Note that
these centers correspond to the most electrogmlicthe most nucleophilic centers of
these molecules as indicated by the local eleciiiopy wx and local nucleophilicity N
indices. We have recently suggested that some eoklbctron-density that integrates

these monosynaptic basins comes from the CT pr¢teks
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In the extreme case of transferring an amount c#lactron density equivalent to
one electron, nitroethyler@becomes a radical anion, and DM\@ecomes a radical
cation. Analysis of the atomic spin density at the radiaalon of nitroethylene
indicates that the spin density is mainly locatetha C1 carbon, 0.49e, while that at the
radical cation of DMVAQ9 is located at the C6 carbon atom, 0.69e (see &iGir
Consequently, the asymmetric distribution of elattdensity in the nitroethylene and
the DMVA moieties, achieved through the CT procalssmg the polar cycloaddition is
responsible for the formation of the C1 and C6 nsynaptic basins along the most

favourableortho pathways, and thus for the asynchronous bond fowma

(pleaseinsert Figure 6)

Accordingly, it appears that along a polar cyclaadd, the CT that takes place
from the nucleophile towards the electrophile fagouhe electron-reorganization
required to reach the formation of the monosynapdisins in both the nucleophile and
the electrophile. Then, the most favourable regimisric channel is that involving the
bond formation between thepseudoradical centers. Thus, the asymmetric formation
of thesepseudoradical centers in the two reagents is responsible fordfgeselectivity

observed in P-DA reactions.

In spite of the few cases given in Scheme 1, a gend correlation between the
CT at the most favourabtdo/ortho TS and the regioselectivity measuredM\E rsm-
Ts0) IS found (see Figure 7a). In this series, thedase of regioselectivity can be also
related to the nucleophilic character of the didnl@pwhich increases in the order:

propene7 (N = 2.32 eV) < methyl vinyl ethe8 (N = 3.20 eV) < DMVA9 (N = 3.99
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eV) (see Figure 7b and Table 1). Therefore, a gmbationship between the polar

character of these HDA reactions and the regiogeigccan be established.

(pleaseinsert Figure7)
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Conclusions

The bonding evolution in HDA reactions has beemist by an ELF analysis of
the electron reorganization along the HDA reachetween nitroethylené and DMVA
9 at the B3LYP/6-31G* level. This reaction takesgelaalong a two-stages one-step
mechanism (see Figure 8). In the first stage efréaction, the GIC6 bond is formed
by coupling of twopseudodiradical centers positioned in the most electrophilic carbo
of nitroethylenes, the C1 carbon, and the most nucleophilic cert@MVA 9, the C6
carbon (see bonding changes between phases V andh Wigure 8). These
pseudodiradical centers appear to be reached by the CT that talkee along the
approach of the nucleophile to the electrophileictviieaches a maximum value with
the formation of the first €C bond (see the increase of CT between phases Viand
Figure 8). This behavior is in complete agreemeiti the analysis of spin density of
the radical anion of nitroethylerteand that of the radical cation of DMV&

In the second stage of the reaction the formatibthe second O4C7 bond
between thepseudoradical center positioned at the C7 carbon of DMVA and som
electron-density provided by the lone pairs of @% oxygen takes place (see bonding
changes between phases IX and X in Figure 8). AlilvegO4 C7 bond formation,
which occurs at the end of the cycloaddition, erebnation takes place from the nitro
04 oxygen (see the decrease of CT between phasawdlX in Figure 8).

The electron-reorganization at the zwitteriopgeudoradical species generated
by the CT process along these polar reactions, wisicsimilar to that shown by the
radical anion of the electrophile and the radiaian of the nucleophile, accounts for

the regioselectivity in P-DA reactions involving yasmetric electrophilic and
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nucleophilic species. The most favorable regioistenehannels are those associated

with the most favorable-Go- C coupling at the zwitterionipgseudoradical species.

(pleaseinsert Figure 8)
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Caption to Figures

Figure 1. Schematicrepresentation of disynaptic and monosynaptic lsah along
synchronous bond formation in the N-DA reactionAmstn Cpl and ethylen@.

Figure 2. Schematiaepresentation of relevant disynaptic and monosynéasins [6]
along the asynchronous bond formation in the P-Beéiction between Cpand DCEA.

Figure 3. B3LYP/6-31G* geometries, relative energies and ©f the endo
regiosiomeric TSs associated with the HDA reactomiween nitroethylen& and
DMVA 9.

Figure 4. Schematiaepresentation of disynaptic and monosynapticisasiong the ten
phases characterizing the HDA reaction betweenoetiiylene6 and DMVA 9,
represented by full lines and by ellipses with & despectively. Dotted over full lines
indicate a large basin population, while dottecdinndicate a low basin population.

Filled ellipses indicate a very large basin popalat

Figure 5. ELF attractors for selected points of the IRO"réSno to reagents and to
CAno. Distances d1(C1-C6) and d2(04-C7) are givenngsiroms.

Figure 6. Atomic spin densities of the anion radical ofoéthylenes and of the radical
cation of DMVADO9.

Figure 7. Plot of the relative activation energies of te@o TSs QAE(rsm-tse) IN

kcal/mol)versus (a) the CT (in e) and (b) the nucleophilicityiiddliex (in eV).

Figure 8. Schematic representation of the most relevant ghiaselved in the C1C6
and O4-C7 bond formation in the two-stages one-step masiranf the HDA reaction
between nitroethylené and DMVA 9. The CT and its direction (bold arrow) are
represented in blue, while the ©- C and Oto- C coupling betweemseudoradical

centers are given single-headed light green arrows.
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Figure 6. Atomic spin densities of the anion radical ofogthylenes and of the radical
cation of DMVAO9.
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centers are given single-headed light green arrows.



