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The electrophilic/nucleophilic behavior of dimethyl 2,3-dimethylenesuccihaen electron-deficient 2,3-
disubstituted 1,3-butadiene, in polar Dielslder reactions has been studied using DFT methods at the B3LYP/
6-31G(d) level of theory. The electronic nature of bonding of the transition structures involved in the
cycloaddition reactions of the dierfetoward the nucleophilically activated dienophibeand the strong
electrophilically activated dienophile has been carefully examined within the natural bond orbital (NBO)
and the topological analysis of the electron localization function (ELF) frameworks. Additionally, a study of
the global electrophilicity pattern of the reagents at the ground state was performed. This evidence allows us
to rationalize the participation of electron-deficient 2-susbtituted and 2,3-disubstituted 1,3-butadienes as
nucleophiles in polar DielsAlder reactions.

Introduction acrylate4 (R = Me) and diethyl 2-methylenemalondigR =

Et) (see Scheme 1). Some observations were drawn from the
kinetic results: (i) the faster DA reaction corresponds to the
cycloaddition between the ED dierleand the ER ethyleng

(R = E); (ii) the k; for cycloaddition between the ED diede

The Diels-Alder (DA) reaction is arguably one of the most
powerful reactions in the arsenal of the synthetic organic
chemistt By varying the nature of the diene and dienophile,

many different types of carbocyclic structures can be built up. and the ER ethylen®, 0.77 mL molt s, is only twice larger

However, not all possibilities take place easily. For instance, - ;
the DA reaction between butadiene and ethylene must be forcedthan that for the reaction between ED diehand the ED

) . . ethylene5 (R = Et), 0.26 mL mot! s1; and (iii) the
to take place: after 17 h at 16& and 900 atm, it does give a o . / . :
yield of 78%2 However, the presence of electron-withdrawing cycloadditions involving the disubstituted ethyler®esnd5 are

substituents in the dienophile and electron-releasin subs’tituentsfas'[er than those involving the monosubtituted oBend 4.
P 9 The frontier molecular orbital (FMO) thedtywas used by

in the diene or vice versa can drastically accelerate the précess.these authors to predict the reactivity of these reagents in DA

For a long time, Domingo’s group has been interested in the reactions’. Spino et al. concluded that, in the normal electron

study of the mole_cular mechan_lsm O.f the polar DA reactfons. Flemand (NED) DA reaction, the FMO theory could predict the
These studies point out a relationship between the decrease o . 7 o ;
relative reactivity, while in the case of the inverse electron

the activation barrier of the cycloaddition and the charge transfer . : ;
. demand (IED) one, it could ndtin this work, several questions
(CT) along a nonsynchronous bond-formation process. Thus, . ) .
were raised, but they were not resolved: Why do a series of

the increase of the electron-rich character of the diene (the . hah f vl eludi hvl
nucleophilicity) together with the increase of the electron-poor 2-azadienes react with a osto ED ethylenes inc uding methy
acrylate, but none react with ER vinyl eth&r®hy does

character of the ethylene denvauy e (the electr.ophIIICIty) orvice d2-carbometoxy-1,3-butadien<—:t dimerize much faster than it reacts
versa results in an enhancement in the CT, which is accompanied_ . -
with ER reagents?® Note that these cases are similar to the

ivati b
byvtvhehdrop of th? giﬁvatlon ??rr]”é?i bal electrophilicity ind DA reaction between the ED dierdeand the ED ethylené,

€ have reported the use ot the global electrophilicity INAEX, ik has a rate of the same order of magnitude as that for the
w, proposed by Parr et ato classify the global electrophilicity reaction between the ED dierfeand the ER ethylené. In

?efaa::tisoe:sisvsre df';:'r?j ?SO?Sr}%%ryreiocﬁggﬂgz %r:t\sien;nmﬂi A these cases, th'e choic_e_of which pair of frontier orbitals takes
differencé in electrophilicity for the diene and dienophile pair place is sometlmgs difficult because of the closer HOMO
Aw, and the polar character of a DA reactfon '+ LUMO gap energies for both ED reagents.

! ) More recently, Domingt presented a density functional

; Sp;:n;) etf gr'mretﬂolrtgz_ginmeif?”;”emalir?;‘;d% Olf tfsre nI?A theory (DFT) analysis for a short series of DA reactions between
gactions o ethyl <, ethylenesuccinal@n electro the ED dienel and the ER ethylenes (R = Me) and3 (R =

deficient (ED) diene, with a wide variety of electron-rich (ER) Me) and the ED ethylene4 and5 (R = Me) as models of

Sit:;/:e;izrlgc(l;dggége ;nld d'EeéhZﬁ;?i? ;c'IEl?d?r?; re;ltg%/rl]yl these DA reactions studied by Spino et al. (see Scheme 1). Both
’ ’ the natural bond orbital (NBO) analysis of electronic structure
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participation of the ED diené& as nucleophile in a polar DA
reaction toward strong electrophiles &as

Now, we present a theoretical analysis on the electronic
structure of the TSs involved in the DA reactions of the ED
2,3-disubstituted 1,3-butadierfetoward the nucleophilically
activated dienophilé, 2-methylene-1,3-dioxolane, and a strong
electrophilically activated dienophil@, 1,1-dicyanoethylene.
The purpose of this study is the characterization of the dual
electrophilic/nucleophilic behavior of the ED butadiehésee
Scheme 2). We want to give an explanation for the participation
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significance as atomic cores and valence regions (e.g., bonds
or lone pairs). Valence basins are indeed clasified in terms of
the number of core basins with which they share a boundary
(e.g., the synaptic ordety This has been found a useful tool

to rationalize the electron delocalization in molecular sys-
tems!9c.f8.20-22 The topological analysis of ELF been probed
to be a useful tool to give a deeper insight into the nature of
the chemical bonding in a variety of stationary and reacting
system£%-22 including for instance, the analysis of pericyclic
processed’a9 cycloaddition reaction® radical system3? and
aromaticity?%k The integration of the one- and two-electron
density probabilities in these basins provides indeed a powerful
guantitative population analysis. The average basin population
in the basini is the result of integrating the electron density
o(r) in such domainN; = fi p(r) dr. The variance;iz (e.g., the
square of the standard deviation or quantum uncertainty) of the
population basin can be written in terms of contributions of the
remaining basinsg” = ¥;-iBj, whereBj = NiN; — Nj = — i

Jj dradrop(ri)p(ra)h(ra, ro) are written in terms of the basin
populations\; and the exchange-correlation holg,, r,). Note

that the variance measure the net “excess” of electron pairs that
are formed within a given basin in comparison to the classical
number that could be expected from the average number of
electrons localized there. Thus, covariances constitute useful
advice helping to rationalize the pattern of electron delocaliza-
tion in molecular systems. Note thaf could be associated
with the amount of the electron population of baisaonsidered

as fluctuating, while the terni3; correspond to the contributions

to such fluctuation arising from the bagirii.e., coming from

the delocalization of the exchange correlation hole on the basin

of these ED 2,3-disubstituted 1,3-butadienes as nucleophiles inj)- Our analyses of delocalization have been performed within

polar DA reactions toward strong electrophilically activated
ethylenes. This reactivity, which it is not easily explained using

such framework by using relative cross fluctuation terms;jas
= Bj/N; or, equivalently, as fluctuation contributions expressed

the FMO model, can be predicted by an analysis of the reactivity in Percentagep; = (rij/4i) x 100, where the localization index,

indexes defined within the conceptual DFT.

Computational and Theoretical Methods

DFT calculations were carried out using the B3LX¥P

exchange-correlation functionals, together with the standard!

6-31G(d) basis séf This level of theory has been shown

Ai, corresponds simply th = Yj=i(rij) = oilei. The fluctuation
contributionsp; has been included as Supporting Information
in the last column of Tables S.I and S.Il and are interpreted
here as the contribution of delocalization of population in basin
to the variance of the population in the basilN;; py = (Bj/
;) x 100. These interpretations are of course arbitary by

suitable to provide enough good performance in the analysis of definition and are used in the present context as an ansatz. The

both geometric and electronic properties in the DA reactiéhs.
The optimizations were carried out using the Berny analytical
gradient optimization methol. The stationary points were
characterized by frequency calculations in order to verify that

the TSs have one and only one imaginary frequency. The

intrinsic reaction coordinate (IR®) path was traced in order

ELF study was performed with the TopMod progfémsing

the corresponding monodeterminantal wave functions for transi-
tion state structures. All calculations were carried out using the
Gaussian03 suite of prograrffs.

The global electrophilicity inde%,w, which measures the
stabilization energy when the system acquires an additional

to check the energy profiles connecting each TS to the two electronic chargdN from a perfect donor environment, is given
associated minima of the proposed mechanism by using theby the following simple expressiom = u?/(2y), in terms of

second-order Gonfez—Schlegel integration methdf. The

the electronic chemical potentialand the chemical hardness

electronic structures of stationary points were analyzed by the 7.52% Both quantities may be approached in terms of the one

NBO method” and the topological analysis of the electron
localization function (ELF¥2 The electron localization function

n(r)1819 constitutes a measure of the spin pair distribution. It
allows us to identify those regions where the relative probability
of finding electrons with parallel spin close together is high

(i.e., where the local Pauli repulsion is strong and conveniently

n(r) — 0) from those with a high probability of finding a single
electron or a pair of opposite spin electrons (isgr) — 1).

electron energies of the frontier molecular orbital HOMO and
LUMO, ey ande, asu ~ (eq + €.)/2 andn =~ (L — en),
respectively1a.26

Results and Discussions

First, the energies and geometries of the stationary points
found in the potential energy surfaces (PES) for the two

This analysis has been recently generalized also to the analysicycloadditions will be discussed. Then, the results from the NBO

of correlated wavefunctioni§" The topological analysis of
n(r) (e.g., the analysis of the gradient fieldsg(f ))1°¢ provides

and ELF analysis of the electronic structure of the TSs involved
in these reactions are discussed in order to establish the nature

a partition of the molecular space into non-overlapping volumes of the electronic rearrangement in these cycloadditions. The
(e.g., basins) that can be associated with entities of chemicalpolar character of these DA reactions will be finally analyzed
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TABLE 1: Total ( E, in au) and Relative® (AE, in kcal

mol~1) Energies of the Stationary Points Involved in the .
Diels—Alder Reaction between the Diene 1 and the ER ’-".-“ __,'
Ethylene 6, and the ED Ethylene 7 L M . ""‘:\_
= i WL . A
1.821 % ‘_-_.3.561 e “.. 5
1 —611.737824 -5 1_35?\' e 3106
6 —306.441320 \ Li._. N g\' i.,’

TS1-D —918.158987 12.6 - .
Zw ~918.160381 11.8 . “ N {:}*&; &i

TS2-D —918.160362 11.8 p (
8 —918.232455 —33.5 3 e s
7 —263.062684 TS1-D ; TS2-D
TS-A —874.775637 15.6 ‘ L
9 —874.851206 —31.8
2 Relative tol + 6 or1 + 7. t’
(o GO
on the basis of the electrophilicity index defined within the N o
conceptual DFT. 1.964;
1. Energies.Analysis of the stationary points associated to ‘ \ ¥ o
the formation of the cycloadduc&and9 indicates that both ’ .\' _%v 1
DA reactions present different molecular mechanisms. While | "I ‘g L
the reaction between the ED diefieand the ER ethylené ¢ ‘ .
presents a two-step mechanism via the formation of a zwitte- TS-A
rionic intermediate, the reaction of the ED diehwith the ED Figure 1. Transition structures involved in the stepwise Diefdder
ethylene7 presents an one-step mechanism through a highly reaction between the dierieand the ER ethyleng, TS1-D and TS2-
asynchronous TS (see Scheme 2). Therefore, two TS%;D D, and in the one-step DietsAlder reaction ofl with the ED ethylene

andTS2-D, and a zwitterionic intermediat&w, associated with 7, TS-A. The distances are given in angstroms.

the two-step reaction of the ED diedewith the ER ethylene

6, oneTS-A associated to the one-step reaction of the ED diene Stage mechanisif.At the first stage of the reaction, only the

1 with the ED ethylen€, and the corresponding cycloadducts C1—C6o bond is being formed. On going froifS-A to 9, the

8 and 9, were located and characterized. reaction progresses with the formation of the-16 bond and,
The activation energies associated to the DA reactions of theonly when it is formed, begins the formation of the -9a5.

ED dienel with the ER ethylend, and with the ED ethylene ~ On the other hand, in the reactionbWith 6, theTS1-Dyields

7 are 12.6 TS1-D) and 15.6 TS-A) kcal-mol~2, respectively first to the intermediat&@w at which the length of the C1C6

(see Table 1). These values are slightly lower than those obtaineddond is 1.690 A, while the distance between the C4 and the C5

for the reaction of the diend with ER ethylene2, 15.3 atoms is 3.390 A. Finally, afS2-D, the length of the C4C5

kcalmol~2, and with the ED ethylens, 16.3 kcaimol1,%¢ as forming bond becomes 3.106 A.

a consequence of the slightly larger nucleophilic charactér of It is worth noting some relevant geometrical parameter of

than 2 and the larger electrophilic character dthan5 (see  the butadiene fragment at the TSs associated to thé38Ibond

later). The activation energy for the DA reaction between the formation. The lengths of the GZC3 and C2-C7 (COOMe)

ED dienel and the ED ethylen@ is only 3 kcaimol~! higher bonds at the TSs are 1.452 and 1.452 Ar&t-D and 1.433

than that for the reaction between the ED didnand the ER and 1.500 A afTS-A, while these lengths at the dierieare

ethylene6, but approximately 10 kcahol™! lower than the 1.487 and 1.495 A, respectively. Thus, while for the reaction

activation energy for the DA reaction between 1,3-butadiene of the dienel with the ER ethylenes, the C2-C7 bond

and ethylené” These energy results point out that not only the undergoes a length shortening; for the reaction of the diene

presence of electron-withdrawing substituents on ethylene andwith the ED ethylene7, the length shortening corresponds to

electron-releasing substituents on the butadiene, or vice versathe diene C2C3 (C=C) bond. On the other hand, while at the

activates the DA reaction through a polar process, but also theTS1-D, the COOMe group located at the C2 position of the

reactions between reagents possessing electron-withdrawinglienel is coplanar to the diene system, the COOMe group at

substituents (see later). Note that the presence of only electronthe C3 position is twisted (see Figure 1). A different behavior

releasing substituents on both reagents does not favor the DAIs found atTS-A where the COOMe group present at the C2

reaction?8 At the stepwise mechanism, the zwitterionic inter- position of1 is now twisted.

mediateZw is located 11.8 kcaiol~! above the separated These geometrical parameters point out a different participa-

reagents. The intermediafav with an unappreciable barrier is  tion of the COOMe group present on the C2 position and the

converted in the corresponding cycloadd@&ct Finally, the C3—C4 double bond of the butadiene systemlo&long the

formation of the8 and 9 cycloadducts is strongly exothermic  two cycloadditions. While at the DA reaction of the diehe

in —33.5 and—31.8 kcalmol ™1, respectively. with the ER ethylen& the COOMe group located on the C2
2. Geometries The geometries of the TSs are given in Figure conjugated position participates on the first stage of the reaction

1. The lengths of the G4C6 and C4-C5 forming bonds at the  acting as an electron-withdrawing group, at the DA reaction of

TSs are 1.921 and 3.561 A&s81-Dand 1.964 and 2.866 A at  the dienel with the ED ethylend is the C3-C4 double bond

TS-A, respectively. In both TSs, the long-distance between the that participates as a electron-releasing susbtituent, shortening

C4 and the C5 atoms indicates that any covalent interactionthe C2-C3 length and twisting the COOMe group located at

exists between these terminal atoms. These datal A the C2 position.
indicate that it corresponds to a highly asynchronous bond- 3. Analysis of the Electronic Structure of TS1-D and TS-
formation process. The IRC froMmS-A to the cycloadduc® A. The electronic structure of these cycloadditions was analyzed

indicates that the cycloaddition takes place via a one-step two- by using the Wiberg bond order (B&)nd the natural charges



Electro-Deficient 2,3-Disubstituted 1,3-Butadienes J. Phys. Chem. A, Vol. 112, No. 17, 2008049

obtained by a NBO analysi$.The electronic structure analysis

is complemented through an ELF analysis of the TSs that are
involved in the first stage of these cycloadditions, namely,
TS1-D andTS-A.

3.1. NBO AnalysisThe BO values between the C1 and C6
and the C4 and C5 atoms at the TSs are 0.56 and 005D
and 0.51 and 0.14 &tS-A, respectively. These data point out
the high asynchronicity on the bond formation. At these TSs,
the larger bond formation corresponds to the two-center interac-
tion between the end of the butadiene systemlofthe C1
carbon, and theS-conjugated positions of the substituted
ethylenes6 and 7, the C6 carbon atom. The more favorable
TS1-Dis slightly more advanced and more asynchronous than
the TS-A.

The BO values of the C1C2, C2-C3, C3-C4, and C2
C7 bonds at these TSs are 1.31, 1.15, 1.73, and 1. IS®&D
and 1.39, 1.21, 1.64, and 0.98E$-A. The BO values of the
C2—C3 (C=C) and C2-C7 (COOMe) bonds at these TSs show
the different behavior of the butadiene system and the C2
conjugated COOMe group at these polar DA reactions. Thus, TS1-D
at the DA reaction between the ED diehand the ER ethylene
6, both geometrical parameter and BO values point out the
participation of the COOMe group located on C2, which acts
as an electron-withdrawing group. However, along the attack
of the dienel to the ED ethylen€’, these data point out the
participation of the C3C4 double bond of 1,3-butadiene, which
acts as an electron-releasing group throughrisystem. This w
behavior is shown through the decrease of the BO value of the "
C3—C4 double bond and the increase of the BO value of the A,

viiC2)

Vics,C6)

VIC1.C8)

Vica.cd)
P cg

C2—C3 single bond as a consequence of the delocalization of cs & ?’

the electron density of the €34 r system on the C2 carbon

atom. Finally, at both TSs, the BO value of the-838 single vesce) ‘1 - “viczes)

bond, 0.95 af S1-Dand 0.98TS-A, indicates an unappreciable c6 LN ¥
participation of the COOMe group located on C3 on both @ fk '\. c
cycloadditions (see later). Note that the substitution on the C3 vien "‘"

position does not corresponds to any conjugate position relative v

to the C1 carbon.

The natural population analysis (NPA) allows the evaluation U
of the CT and its direction at these polar DA reactions. The
B3LYP/6-31G(d) natural atomic charges at the TSs associated
to the two-center interactions were shared between the diene
and the substituted ethylenésand 7. The net charge at the TS-A
butadiene fragment at these TSs is predicted to-Detle at Figure 2. Spatial localization of the maxima (e.g., attractors) of the
TS1-D and+0.20 e atTS-A. Some relevant conclusions can electron localization function (ELF) foFS1-D and TS-A.

be redrawn from these values: (i) first, these values indicate 5,5 £ E Topological AnalysisUnderstanding that the
that these TSs have some zwitterionic nature corresponding t0gchnical details and nomenclature of this methodology are
polar processes; (ii) the more favorabl'Sl-_D presgnts the widely availablel®=22 we focus directly on its application to
larger CT as a consequence of the favorable interactions betweeRe rationalization of electron delocalization associated with
the ends of the electrophilically activated ED diehand the  15.A and TS1-D transition structures in order to further
nucleophilically activated ER ethyler@ (iii) there is a change  characterize the electronic nature of these polar cycloadditions.
of the direction of the electron density transfer at both TSs. There exists ELF maxima (e.g., attractors) located in the region
While at TS1-D, the CT flows from the ER ethylen@to the associate to the GI1C6 bond forming in both TSs, whereas no
ED dienel; at TS-A, there is a change on the direction; now  evidence for attractors associated with the-C% bond region

the CT goes from the dierfetoward the strong electrophilically  can be found for these two highly asynchronous TSs. In the
activated ED ethylen&. Finally, (iv) these CTs are slightly  case ofTS1-D, the associated basin is indeed disynapiic,
larger than those obtained for the DA reaction between the diene(C1,C6), localizing 1.02e (see Figure 2 and Table SL.I in
1 and the ethylene and 5 as a consequence of the more Supporting Information). INTS-A, two monosynaptic basins
nucleophilic and electrophilic character of the ethyleGesd each associated with the carbon interacting centers can be
7 than the ethylene® and 5, respectively (see later). These identified: V(C1) andV(C6), which have populations of 0.46e
results corroborate the observed finding in polar DA reactions and 0.25e, respectively (see Table Sl.Il in Supporting Informa-
that the increase of the CT at the TSs goes accompanied withtion). The variances for these population are 0.73, 0.46, and
a drop of the activation energy associated with these polar DA 0.23, respectively, giving high delocalization values in such
reactions'a.b.6 regions corresponding te72% for V(C1,C6) in the case of
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TS1-D and to ~86%, and~91% for V(C1) and V(C6), relation fory < 0.72. The delocalization is extended over the
respectively, in the case 3fS-A. The contribution of the basin ~ V(C1,C2) and theV(C5,C6) basins (e.g., seg = 0.68). It is
populations arising from the butadiene and dienophile fragmentsclear that the formation of the GXC6 bond in this case results
to the variance of the population in th§C1,C6) are ~39% from merging the/(C1) andV(C6) basins, in contrast t6S1-D
and~54%, respectively. This gives us a picture of fluctuation for which, being the formation of the GiC6 bond more
where the direction toward the butadiene fragment is favored advanced, the associated basin is indeed disynaptic. Likewise,
around 15%. By considering then a simple balance between thethe picture of delocalization fof S-A can be associated with
electron populations in the basins associated with both the the above-discussed charge separation, showing that it extends
fragments and the corresponding positive nuclear charges, thefrom theV(C1,C2) region in dienel toward theV(C5,C6) basin
charge separation at ti&1-D structure leaves an accumulation in the ED dienophiler.
of charge on the butadiene fragment of 1.1e. The ELF picture = These monosynaptic basins associated with CT$1-D
of bonding provides further evidence that the ER dienophile |ocalizes 0.51e and 0.16e, and the populations located in the
effectively behaves as a nucleophilic species toward the ED remaining disynaptic basins in the cyclic center of reactien
dienel. (C1,C2), V(C2,C3), V(C3,C4), andV(C5,C6) are respectively

In the case off S-A, the net contribution to the fluctuation 2.42e (2.71 e), 2.34e (2.51e), 3.50e (3.19¢), and 2.86e (3.07¢)
of V(C1) arising from the butadiene fragment accounts for for TS1-D(TS-A). TheTS1-Dis certainly more advanced and
~60%, whereas those arising from the dienophile fragment reachmore asynchronous thars-A. We must note at this point that
to ~34% (including the contribution of the basi{C(6)). On the basin population associated with the-C3% bonding region

the opposite side, the net contribution to the fluctuatioveof in reactant$ and7 are 2.84e and, as mentioned above, 3.72e.
(C6) coming from the dienophile and butadiene fragments are These basin populations give us a picture of bonding that is
~55% and~34% (including the contribution of the basif consistent with the above-discussed NBO results for these polar

(C1)), respectively. Considering the mutual contributions be- DA transition states. Note for instance that the charge depletion
tween V(C1) and V(C6) gives us a picture of electron at C3-C4inTS-A is more pronounced than those $1-D.
delocalization favoring the direction from(C1) towardV(C6) The C2-C3 and C1-C2 populations become higher, in agree-
by ~5%. This picture can be nicely associated to the observationment with the above predicted CT direction toward the
of a net charge separation of 0.57e at & A structure. The  dienophile. The C5C6 basin population is also less depleted
topologically based population analysis on both fragments in TS-A than inTS1-D showing that the charge is delocalized
reveals that such CT occurs from the ED digntoward the ~ over the two CN groups (in about6%).
ED dienophile7, as observed above from the NBO results. It has also to be mentioned that the arrangement around C2
Despite the difference observed in the estimation of the CT in TS1-Dis AX3E?2 like (see Figure 2) and that the disynaptic
values from the two methods, it is interesting to note that the populations associated with the COOMe substitution at C2 and
favoredTS1-Dis predicted to be twice more polar thas-A, C3 are 2.55e (2.32) fov(C2,C7), and 2.21e (2.27) for
both from the topological analysis of ELF and from that of the V(C3,C8), respectively forfTS1-D (TS-A). This larger charge
NBO results. Figure 3a,b represents the topology at different accumulation at the C2C7 bond region imfS1-Dis consistent
localization values of ELF domains foFS1-D and TS-A, with a picture of electron transferring from the dienophile to
respectively. We must emphasize in this point that these picturesthe diene, confirming that the COOMe group at the C2 position
do not represent the evolution of the charge transferring. By effectively delocalizes more electrons than that at the C3 one
examining different decreasing values of thésosurface, the and that such an effect is more pronouncedTi®1-D as
shape of the electron delocalization in the region of the new compared withT S-A. The topological analysis of ELF comple-
bond forming C+C6 can be clearly appreciated. In the case ments the NBO picture of bonding, by indicating the shape of
of TS1-D, at low localization valuesy= 0.65), the monosyn-  electron delocalization implied along the charge rearrangement
aptic basins associated with C2 are strongly delocalized on thein these polar DA reactions. The two methodologies consistently
V(C1,C2), V(C2,C7), and V(C2,C3) basins, as it can be supportthat 2,3-dimethylenesuccinateehaves as a nucleophile
interpreted from the contributions to the fluctuation of these against the 1,1-dicyanoethyleideand as an electrophile when
population basins which accounts t®22% for each one. reacting with 2-methylene-1,3-dioxolae

In the region associated with the €C6 bond formation at In summary, the geometry parameters analysis and the
TS1-D, it is clear that thev(C1,C6) basin indeed merges to  electronic structure of the TSs allow us to establish that, at the
the V(C1,C2) and the V(C5,C6) basins. This picture of  polar DA reactions between ED 2,3-disusbtituted 1,3-butadienes
delocalization can be associated with the above-described charg@s1 and strong electrophilically activated dienophiles, only the
separation, which is delocalized from tM¢C5,C6) basin in ~ C1—C2 bond of the 1,3-butadiene mainly participates in the
the ER dienophilé toward theV(C1,C2) basin of the diend. C—C bond formations at the first stage of the cycloaddition
The separation of each localization domain can be observed ofthrough highly asynchronous TSs. The second-C38  bond
course at higher values gf Basin populations associated with  of the diene can be seen as an electron-releasing substituent
the C1-C2, C2-C3, C3-C4, and C5-C6 bonding regions in  that stabilizes the positive charge that is being developed on
the reactants (e.g., from independent ELF analyisig of 6) the C2 carbon atom along the nucleophilic attack. As a
are 3.46e, 2.13e, 3.46e, and 3.72e. InZheintermediate, the ~ consequence, the €&4 z bond cannot be involved in the
same populations become 2.10e, 2.50e, 3.46e, and 2.57e, wher®@rmation of the second €C o bond at this stage of the
the new C+C6 bonding region integrates only to 1.51e. reaction. (see Scheme 3).
Therefore, according to the formation of the endothermic 4. Analysis of the Global Electrophilicity Index at the
intermediateZw, formation of theV(C1,C6) basin atTS1-D Ground State of the ReagentsRecent studies carried out on
can be seen as a manifestation of Hammond postfiadsn polar DA reactionshave shown that the indexes of reactivity
the other hand, Figure 3b reveals f@iS-A that electron defined within the conceptual DET are powerful tools to
delocalization in the basins associated to the-C& bond establish the polar character of the reactions. In Table 2, the
formation (e.g.V(C1) andV(C6)) exhibits a strong intercor-  static global properties, electronic chemical potentiathemi-
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(a)

G %4

1=0.80 n=0.74

n=0.68 n=0.65 TS1-D

(b) .
-
=0
-0

80
68 n=0.65 TS-A
Figure 3. ELF isosurface pictures for differemi(r) values for (a)TS1-D and (b)TS-A. See the text for details.

cal hardnessy, and global electrophilicityw, for the 2,3- dipolarophiles that has been postulated to be an indicator of
disubstituted diend and the 1,1-disubstituted ethylen2sb, the polarity of a DA reaction mechanisi.

6, and 7 are presented. It should be noted that, although the  The electronic chemical potentials of the ER ethylehasad
chemical potential allows us to establish the directionality of 6, —0.0712 and-0.0724 au, respectively, are higher than that
the charge transferring, it is the electrophilicity index that also for the ED dienel, # = —0.1560 au. Therefore, along a polar
incorporates the resistance to the electron charge to be deformeghteraction, the net CT will take place from these ER ethylenes
(e.g., hardness). The index has shown to be a key quantity toward the ED diend, in clear agreement with the observed
allowing us the characterization of most important reagents usedCT at TS1-D. On the other hand, the electronic chemical
in cycloaddition reactions as strong, moderate, or marginal potential of the diené is higher than those for the ED ethylenes
electrophiles within a unique scdldn this context, it is just 5 and7, —0.1683 and—-0.2074 au, respectively. As a conse-
the difference in the electrophilicity index between dienes and quence, along a polar DA reaction, it is expected that the CT
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SCHEME 3: Dual Electrophilic/Nucleophilic Behavior

of the 1,2 Double Bond of the Diene 1 Where the Arrows
Indicate the Fluctuation of the Charge Transfer at These
Polar DA Reactions

No-participing group

Electron-withdrawing
group

Electron-releasing

N
= =0

ED ethylene ER ethylene

TABLE 2: Electronic Chemical Potential, g in au, Chemical
Hardness,# in au, and Global Electrophilicity, o in eV, for
the Dienes 1 and 10, and the ER Ethylenes 2 and 6, and the
ED Ethylenes 5 and 7

P
MeO,C
10
u n w
7 —0.2074 0.2075 2.82
5 —0.1683 0.2135 1.80
10 —0.1478 0.1869 1.59
1 —0.1560 0.2099 1.58
11 -0.1288 0.1972 1.14
6 —0.0724 0.2674 0.27
2 -0.0712 0.2682 0.26

will take place from the dieng& toward the ED ethylenésand
7, in clear agreement with the inversion of the flux of the
observed CT aTS-A.

The electrophilicity of the ED diené is 1.58 eV, a value
that falls into the range of strong electrophiles within the
scale® The electrophilicity of methyl 2-methylenebut-3-enoate
10, an ED 2-substituted 1,3-butadiene, is 1.59 eV. This value
is similar to that for the ED diend. The inclusion of one
electron-withdrawing COOMe group on the C2 position on the

Domingo et al.

cases, the CT will take place from the ER ethylenes, acting as
nucleophiles toward the ED dieriethat acts as a electrophile
(see the directions of the arrows in the Scheme 3).

On the other hand, the 1,1-disubstituted ethylehesd 7
present high electrophilicity values, 1.80 and 2.82 eV, respec-
tively. The presence of the two electron-withdrawing COOMe
groups on the C1 position of the ethylene produces a larger
electrophilic activation that the symmetric 2,3-disubstitucion on
the dienel.*c On the other hand, the substitution of the two
COOMe groups orb by two more electron-withdrawing CN
groups increases the electrophilicity 382 Note that, in the
case of the cyanoethylene series, the inclusion of a second cyano
group on ethylene increases notably the electrophilicity;of
Aw = 1.10 eV relative to that for acrylonitril®.

These ED ethylenes present larger electrophilicity values than
the dienel. Therefore, along a polar DA reaction, these ED
ethylenes force the diere which is located belovb and7 in
the electrophilicity scale, to behave as a nucleopfiidlowing
us to explain the inversion of the CT in these polar DA reactions
(see the directions of the arrows in Scheme 3).

Therefore, it is expected that the ED dieriemnd 10, which
are classified as a strong electrophile within thescale, will
act as electrophiles toward ER ethylenes2aand 6 in polar
DA reactions. This class of DA reactions has been classified as
IED cycloadditions. However, these ED dienes can also act
through its 1,3-butadiene system as nucleophiles toward strong
activated ethylenes &sand7 in polar DA reactions, which are
classified as NED cycloadditions.

Finally, it is worth to remark that the electrophilic/nucleophilic
behavior of these ED dienes can be better predicted by an
analysis of reactivity indexes defined within the conceptual DFT
than by the sole analysis based on the FMO framework because
the reactions between ED reagents have closer HGMIMO
energy gaps. Finally, note that the IED or the NED character
of the DA reactions is easily stabilized by looking at the relative
positions of the diene and dienophile within the general
electrophilicity scalé.

Conclusions

The electronic nature of the polar DA reactions of the ED
dimethyl 2,3-dimethylenesuccinatéoward the nucleophilically
activated dienophilé and the strong electrophilically activated
dienophile 7 has been characterized by the NBO and ELF
analysis of the electronic structure of the TSs involved in these
cycloadditions using DFT methods at the B3LYP/6-31G(d)
level. These TSs present a large zwitterionic character. For the

butadiene system increases the electrophilicity of 1,3-butadienepolar DA reaction between the ED dierfeand the strong

11in 0. 45 eV. However, the inclusion of a second electron-

electrophilically activated ethylerig the charge-transfer flows

withdrawing group on the C3 position has no appreciable effect from of dienel, which acts as nucleophile, toward the ethylene
on the electrophilicity value. These results are in agreement with 7. This behavior is clearly anticipated by an analysis of the
those obtained from the geometrical and electronic analysis of electronic chemical potential and the electrophilicity power of
TS1-D and TS-A in which the COOMe group on the C3 the reagents.

position of the butadiene has no appreciable role along these Some relevant conclusions can be redrawn from the present
polar DA reactions. Consequently, it is expected that the analysisstudy. At the highly asynchronous TSs associated with the first
performed for the characterization of the nucleophilic behavior stage these polar DA reactions, the-C bond-formation

of these 2,3-disubstituted butadienes should be similar to thatprocesses can be associated witha{@ene)+ 2z (ethylene)]

performed at 2-substituted butadienesl@s
The 1,1-disubstituted ethylené&sand 6 present very low
electrophilicity values, 0.26 and 0.27 eV, respectively. They

interaction instead of a [Adiene)+ 2x(ethylene)] interaction,
more typical of a concerted process. From a molecular point of
view, they are related to two- or four-center interaction reactions,

are classified as marginal electrophiles (good nucleophiles) respectively. As a consequence, at the first stage of the

within the w scale® Therefore, the DA reaction between the
ED dienel and the ER ethyelenex and 6, which present a
large Aw value, 1.32 eV, will have a large polar character, in
clear agreement with the large CT foundT@1-D. In these

cycloaddition, only the C*C2 double bond of the diene
participates directly in the €C bond formation. In the case of
the DA reactions of the ED dierietoward ER ethylenes &

the electron-withdrawing COOMe group is present on the C2



Electro-Deficient 2,3-Disubstituted 1,3-Butadienes

position of the diene that participates on the polar bond-
formation process. However, toward strong electrophilically
ethylenes ag is the C3-C4 double bond which participates in

the C-C bond formation as an electron-releasing susbtituent.
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