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The origin of the synchronicity in C–C bond formation in polar Diels–Alder (P-DA) reactions involving
symmetrically substituted electrophilic ethylenes has been studied by an ELF analysis of the electron
reorganization along the P-DA reaction of cyclopentadiene (Cp) 4 with tetracyanoethylene (TCE) 10 at
the B3LYP/6-31G* level. The present study makes it possible to establish that the synchronicity in C–C
bond formation in P-DA reactions is controlled by the symmetric distribution of the electron-density
excess reached in the electrophile through the charge transfer process, which can be anticipated by an
analysis of the spin electron-density at the corresponding radical anion. The ELF comparative analysis of
bonding along the DA reactions of Cp 4 with ethylene and with TCE 10 asserts that these DA reactions,
which have a symmetric electron reorganization, do not have a cyclic electron reorganization as the
pericyclic mechanism states. Due to the very limited number of cases of symmetrically substituted
ethylenes, we can conclude that the synchronous mechanism is an exception of DA reactions.

Introduction

The Diels–Alder (DA) reaction is arguably one of the most
powerful reactions in the arsenal of the synthetic organic
chemist.1 From the discovery of the DA reaction in the 1920s by
Otto Diels and Kurt Alder,2 a tremendous amount of experimen-
tal and theoretical work has been devoted to the study of the
mechanism and the selectivity of these cycloaddition reactions.
Several theories and rules have been proposed in the literature
for the study of the reactivity and selectivity of DA reactions,
namely the frontier molecular orbital (FMO) theory,3 the tran-
sition state theory (TST),4 and more recently static reactivity
indexes defined within the conceptual density functional theory
(DFT).5

The first transition state structure (TS) for the DA reaction
between butadiene 1 and ethylene 2 was proposed by
A. Wassermann in 1935 (see Scheme 1 and Fig. 1a).6 He
suggested that the lengths of the two forming bonds in the sym-
metric TS were 2.0 Å, a distance close to the 2.3 Å currently
obtained (see Fig. 1b). Even today, this symmetric TS is used as
the prototype for the DA reaction in all textbooks.

However, this DA reaction does not take place easily. For
instance, it must be forced to take place: after 17 h at 165 °C
and 900 atm, it gives a yield of 78% (see Scheme 1). Presence
of electron-releasing substituents in the diene and electron-
withdrawing substituents in the dienophile or vice versa can
drastically accelerate the process. An exhaustive study on the
mechanisms of the DA reactions has enabled us to establish
a relationship between the activation energy and the polar

Scheme 1

Fig. 1 (a) Wassermann’s and (b) B3LYP/6-31G* TSs associated with
the known DA reaction between butadiene 1 and ethylene 2.
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character of the reaction, measured through the charge transfer
(CT) at the TS, allowing for the establishment of the polar
Diels–Alder (P-DA) mechanism.7 Theoretical studies of DA
reactions performed using TST have shown that the use of elec-
trophilic asymmetric ethylenes leads to asynchronous TSs.7,8 In
addition, the degree of asynchronicity follows a direct relation-
ship with the polar character of the reaction,9 which can be
anticipated with the analysis of the electrophilicity index ω,10

defined within the conceptual DFT.11

In 2003, we performed a DFT study12 of the P-DA reactions
between cyclopentadiene (Cp) 4 and the series of cyanoethylenes
5–10, which was studied experimentally by Sauer et al. (see
Scheme 2).13 In this series of P-DA reactions, a clear relationship
between the experimentally observed acceleration rate13 and the
polar character of the DA reaction was established (see Table 1
and Fig. 2). Both experimental13 and theoretical12 studies
showed that, while the largest acceleration caused by the cyano
substitution corresponds to the DA reaction between Cp and the
asymmetrically substituted 1,1-diacyanoethylene (DCE) 8, the
fastest reaction is that with tetracyanoethylene (TCE) 10, which
is the most electrophilic species of this series (see Table 1). Inter-
estingly, while the P-DA reaction of Cp 4 with DCE 8 takes
place through a highly asynchronous TS, this reaction with TCE
10 takes place through a synchronous TS that geometrically
resembles that of the butadiene 1 with ethylene 2 reaction (see
later). We thus concluded that the synchronicity of the C–C
bond-formation process can not be related with the reaction
rate.12 Analysis of the local electrophilicity index ωk

14 of this
cyanoethylene series allowed for the establishment of a

relationship between the local electrophilic activation of the
ethylene carbons and the synchronicity of the reaction. Thus,
while DCE 8, which presents a highly asynchronous TS, has
the maximum of ωk at the non-substituted carbon, trans and cis
1,2-dicyanoethylenes 6 and 7, and TCE 10, which present syn-
chronous TSs, show the same electrophilic activation at the two
ethylenic carbons.

Very recently, we have investigated the origin of the asynchro-
nicity in bond formation in polar cycloadditions.15 An electron
localization function16 (ELF) analysis of bond formation along
the 1,3-dipolar cycloaddition of Padwa’s carbonyl ylide 11 with
the 1,2-benzoquinone 12 (see Scheme 3) established that the
C–O bond formation at the carbonyl oxygen atom of benzoqui-
none 12 anticipates the C–C bond formation. This study estab-
lished that along a favorable two-center interaction, the bond
formation begins at the most electrophilic center, which is the
center with the highest excess of electron-density achieved
through the CT process, and not, as expected, at the center that
presents the larger positive charge.15

Recently, we have performed an ELF study of the electron
reorganization along the non-polar Diels–Alder (N-DA) reac-
tions between Cp 4 and ethylene 2 and styrene 14.17 ELF results
for the synchronous mechanism associated with the N-DA reac-
tion between Cp 4 and ethylene 2 stressed that the electron reor-
ganization demanded from the reagents to reach the
pseudodiradical structures18 involved in the synchronous C–C
bond formation is responsible for the high activation energy (see
Fig. 3). It is interesting to remark that at TSc, d(C1–C6) = 2.2 Å,
no monosynaptic basins appear at the terminal carbon atoms of
the reagents (see Fig. 3). The comparative ELF analysis of some
relevant points along the intrinsic reaction coordinate (IRC) of
these N-DA reactions suggested that the synchronous mechan-
ism, which has a symmetric electron reorganization associated
with the formation of the pseudodiradical structures, do not have
a pericyclic electron reorganization.17

Most electrophilically activated ethylenes present asymmetric
substitution. Only a few reagents have an ethylenic symmetric
substitution. Some of the most experimentally utilized reagents
are summarized in Scheme 4. Note that most of them are

Table 1 Experimental rate constants (k), a electrophilicity ω (in eV)
index of reagents, and CT (in e) at the TSs associated to the Diels–Alder
reactions of Cp (4) with ethylene (2) and with the cyanoethylene series
5–10

k [M−1 s−1]a ωb CTb

Ethylene (2) 10−5 0.73 0.03
Acrylonitrile (5) 1.04 1.74 0.15
trans-1,2-Dicyanoethylene (6) 81 3.08 0.24
cis-1,2-Dicyanoethylene (7) 91 3.01 0.25
1,1-Dicyanoethylene (8) 4.5 × 104 2.82 0.28
Tricyanoethylene (9) 4.8 × 105 4.38 0.36
Tetracyanoethylene (10) 4.3 × 107 5.96 0.43

aRef. 13. bRef. 12.

Scheme 2

Fig. 2 Plot of the logarithm of the experimental rate constant vs. the
charge transfer (CT), R2 = 0.99, for the Diels–Alder reactions of Cp 4
with ethylene 2 and with the cyanoethylene series 5–10.
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derivatives of maleic or fumaric acids. Previous theoretical
studies devoted to P-DA reactions involving these reagents have
indicated that these cycloadditions take place through synchro-
nous bond-formation processes.19 In spite of the similarity of the
geometry of the TSs involved in these P-DA reactions and that
associated with N-DA reaction between butadiene and ethylene,
the bond-formation process must to have some relevant differ-
ence which allows for an explanation of the observed accelera-
tion on P-DA reactions.

In spite of the fact that the analysis of the local electrophilicity
at the symmetrically substituted ethylenes allows for a prediction
of a synchronous C–C bond-formation process,12 the origin of
these synchronous polar cycloadditions remains unknown. In
this study, we present an ELF analysis of the electron reorganiz-
ation along P-DA reactions involving symmetrically substituted
ethylenes, with the aim of establishing the origin of synchroni-
city of bond formation in polar cycloadditions. With this

purpose, the electron reorganization along the reaction channel
associated with P-DA reactions between Cp 4 and DCE 8 and
TCE 10 is studied by a topological analysis of the ELF along the
reaction coordinate.

Computational methods

DFT calculations were carried out using the B3LYP20 exchange-
correlation functionals, together with the standard 6-31G* basis
set.21 The optimisations were carried out using the Berny
analytical gradient optimisation method.22 The stationary points
were characterized by frequency calculations in order to verify
that TSs have one and only one imaginary frequency. The IRC23

paths were traced in order to check the energy profiles connect-
ing each TS to the two associated minima of the proposed mech-
anism using the second order González–Schlegel integration

Scheme 3

Fig. 3 ELF attractors at selected points of the IRC of the N-DA reaction between Cp 4 and ethylene 2 (top) and between Cp 4 and styrene 14
(bottom).

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 3841–3851 | 3843
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method.24 The electronic structures of stationary points were
analyzed by the natural bond orbital (NBO) method25 and by the
topological analysis of the ELF, η(r).16 The ELF study was
performed with the TopMod program26 using the corresponding
monodeterminantal wavefunctions of the selected structures of
the IRC. All calculations were carried out with the Gaussian 03
suite of programs.27

The global electrophilicity index,10 ω, is given by the follow-
ing simple expression,10 ω = (μ2/2η), in terms of the electronic
chemical potential μ and the chemical hardness η. Both quan-
tities may be approached in terms of the one electron energies of
the frontier molecular orbital HOMO and LUMO, εH and εL, as
μ ≈ (εH + εL)/2 and η ≈ (εL − εH), respectively.

28 Associated
with the definition of global electrophilicity, there is an
additional and useful relationship that accounts for the maximum
electronic charge,10 ΔNmax, that the electrophile may accept from
the environment. It has been defined as: ΔNmax = −(μ/η).
Recently, we have introduced an empirical (relative) nucleophili-
city index, N,29 based on the HOMO energies obtained within
the Kohn–Sham scheme,30 and defined as N = EHOMO(Nu) −
EHOMO(TCE). The nucleophilicity is referred to TCE, because it
presents the lowest HOMO energy in a large series of molecules
already investigated in the context of polar cycloadditions. This
choice allows us conveniently to handle a nucleophilicity scale
of positive values.29 Local electrophilicity indices,31 ωk, were
evaluated using the following expression: ωk = ωfk

+ where fk
+ is

the Fukui function for a nucleophilic attack.32 Also, the partition
for ΔNmax is possible in terms of ΔNmax(k) = ΔNmaxfk

+.31

Results and discussion

In order to understand the origin of the synchronicity in bond
formation in P-DA reactions involving symmetrically substituted
electrophilic ethylenes, this theoretical study has been divided
into four different parts: (i) the mechanistic study of P-DA reac-
tions of Cp 4 with the asymmetrically substituted DCE 8 and the
symmetrically substituted TCE 10; (ii) analysis of these P-DA
reactions based on DFT reactivity indices; (iii) ELF analysis of
the bond formation along the P-DA reaction between Cp 4 and
DCE 8 and TCE 10, and (iv) analysis of the factors controlling
the synchronicity in bond formation in P-DA reactions involving
symmetrically substituted electrophilic ethylenes.

(1) Mechanistic study of the P-DA reaction of Cp 4 with
cyanoethylenes DCE 8 and TCE 10

An analysis of the potential energy surface for these P-DA reac-
tions indicates that they correspond to one-step processes.11

Therefore, two TSs, TS-DCE and TS-TCE, and their corre-
sponding cycloadducts were located and characterized. The gas-
phase B3LYP/6-31G* activation barriers associated with these
P-DA reactions are, 10.5 kcal mol−1 (TS-DCE) and 11.5 kcal
mol−1 (TS-TCE) (see Fig. 4).12 Further MPW1K/6-31+G** cal-
culations yielded activation barriers close to experimentally esti-
mated values: 8.9 kcal mol−1 (TS-DCE) and 5.6 kcal mol−1

(TS-TCE).33

The lengths of the C4–C5 and C1–C6 forming bonds at the
TSs are 1.987 and 2.798 Å at TS-DCE, and 2.201 and 2.205 Å
at TS-TCE, respectively (see Fig. 4 and Scheme 5).12 The
lengths of the forming C–C bonds for the synchronous TS-TCE
are closer to those found for the synchronous TS associated with
the N-DA reaction between Cp and ethylene 2, 2.249 and
2.249 Å.17 The asynchronicity at the TSs, measured by means of
the difference between the distances of the two forming bonds,
is 0.81 at TS-DCE and 0.00 at TS-TCE. Therefore, while
TS-DCE is associated with a highly asynchronous bond-for-
mation process, TS-TCE is associated with a synchronous one.

The natural population analysis allows for the evaluation of
the CT along these polar cycloadditions. The B3LYP/6-31G*
natural atomic charges have been partitioned between Cp 4 and
the electron-deficient substituted ethylenes. The negative charge
transferred from Cp 4 to the cyanoethylenes is 0.28 e at
TS-DCE and 0.43 e at TS-TCE (see Fig. 4), thereby indicating
that the nature of these TSs may be traced to some zwitterionic
character, which increases with the electron-withdrawing substi-
tution. Finally, the synchronous TSc associated with the N-DA
reaction between Cp 4 and ethylene 2 has a negligible charge
transfer, ca. 0.0 e.16

Two main conclusions can be obtained from this analysis at
the TSs: (i) there is not any correlation between the synchronicity
of a P-DA reactions and its activation energy; while the synchro-
nous DA reaction between Cp 4 and ethylene 2 is one of the
most unfavorable DA reactions, that between Cp 4 and TCE 10
is one of the most favorable; (ii) there is a clear relationship

Scheme 4 Some symmetrically substituted electrophilic ethylenes.

Fig. 4 B3LYP/6-31G* geometries, relative energies and CT in TSs
associated with the P-DA reactions between Cp 4 and DCE 8 and TCE
10. MPW1K/6-31+G** energies in parentheses.

3844 | Org. Biomol. Chem., 2012, 10, 3841–3851 This journal is © The Royal Society of Chemistry 2012
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between the CT and activation energy; the acceleration exper-
imentally observed for the DA reactions of Cp with ethylene 2
and the cyanoethylene series, including DCE 8 and TCE 10,
exhibits a clear linear correlation (see Fig. 2).

(2) Analysis based on DFT reactivity indices

Studies carried out on cycloaddition reactions have shown that
the reactivity indices defined within the conceptual DFT are
powerful tools for analyzing the polar character of such reac-
tions. The static global properties, electronic chemical potential,
μ, chemical hardness, η, global electrophilicity, ω, and global
nucleophilicity, N, for ethylene 2, Cp 4 and the cyanoethylenes
DCE 8 and TCE 10 are displayed in Table 2, while the local
properties are presented in Table 3.

The electronic chemical potential of cyanoethylenes, −0.21
eV (8) and −0.26 eV (10), is less than the electronic chemical
potential of Cp 4 (μ = −0.11 eV) thereby indicating that the net
CT will take place from Cp 4 towards these electron-poor ethyl-
enes. The electrophilicity of cyanoethylenes, ω = 2.82 eV (DCE
8) and 5.96 (TCE 10), allows for the classification of these
species as strong electrophiles within the electrophilicity scale.11

On the other hand, Cp 4 presents a high nucleophilic value, N =
3.37 eV, being classified as a strong nucleophile.34 Therefore, the
electrophilicity difference between the diene and dienophile, Δω
= 1.99 eV (DCE 8/Cp 4) and 5.13 eV (TCE 10/Cp 4), which has
been proposed as a measure of the polar character of DA reac-
tions, indicates that these reactions will have a large polar charac-
ter.11 The very low value of Δω for the N-DA reaction between
Cp 4 and ethylene 2, 0.1 eV, agrees with the non-polar character
of this reaction.

The local electrophilicity index, ωk, can be used as a measure
of the distribution of the global electrophilicity in the different
atomic sites of a molecule. An analysis of ωk for the asymmetric
ethylene DCE 8 shows that the most electrophilic center of the
molecule corresponds to the unsubstituted C5 carbon atom of the
ethylene, the β-position. However, the symmetric ethylene TCE
10 presents the same electrophilic activation at the two ethylenic
carbons. In addition, the ΔNmax(k) index at the C5 center in the
asymmetric DCE 8 is even larger than that of the symmetric
TCE 10, the most electrophilic ethylene. Note that the ΔNmax(k)

predicts a similar charge distribution at the two ethylenic
carbons of TCE 10.

Two main conclusions can be obtained from this DFT analysis
at the ground state of the reagents: (i) the global reactivity
indices, namely global electrophilicity, ω, and global nucleophi-
licity, N, are able to characterize the behaviors of an organic mol-
ecule when it participates in a polar reaction; and (ii) the local
electrophilicity, ωk, is able to identify the most electrophilic
centers within a molecule. In asymmetrically substituted mol-
ecules as DCE 8, the center having the maximum of ωk will par-
ticipate in asynchronous bond-formation processes, whereas in
symmetrically substituted molecules as TCE 10, the symmetric
distribution of the maximum of ωk into the two ethylenic
carbons is able to predict a synchronous bond formation.

(3) ELF bonding analysis along the IRC paths of the P-DA
reactions between Cp 4 and DCE 8 and TCE 10

Recent theoretical studies have shown that the topological analy-
sis of the ELF along the reaction path associated with a cyclo-
addition is a valuable tool for understanding the bonding
changes along the reaction path.35 Consequently, a topology
analysis of the ELF along the IRCs of the P-DA reactions
between Cp 4 and cyanoethylenes DCE 8 and TCE 10 was per-
formed in order to understand the synchronicity in bond for-
mation in P-DA reactions. The N populations of the more
relevant ELF valence basins in different phases along the two
IRCs are listed in Tables 4 and 5. A schematic picture of the
bonding changes along the different phases involved in these
P-DA reactions are given in Fig. 5 and 6, while the attractor pos-
itions and atom numbering for the most relevant points are
shown in Fig. 7.

Analysis of ELF basin populations along the IRC of the P-DA
reaction between Cp 4 and DCE 8 allows for the characterization
of ten phases (see Table 4). Phase I, d1 > 3.37 Å and d2 >
3.55 Å, shows the ELF picture of attractors of the separated
reagents. At phase I, two disynaptic basins each one associated
with the two C–C double bond of Cp 4, namely V(C1,C2),
V′(C1,C2) and V(C3,C4), V′(C3,C4), whose electronic popu-
lations integrate 3.42 e and 3.43 e, respectively, and one

Table 3 Local electrophilicities, ωk, in eV, and ΔNmax(k) of
cyanosubstituted ethylenes DCE 8 and TCE 10

ω5 ΔNmax(5) ω6 ΔNmax(6)

DCE 8 0.59 0.21 1.41 0.50
TCE 10 1.53 0.44 1.53 0.44

Table 2 Electronic chemical potential, μ, chemical hardness, η,
electrophilicity, ω, and nucleophilicity, N, values, in eV, and ΔNmax
values of Cp 4 and the cyanosubstituted ethylenes DCE 8 and TCE 10

μ η ω N ΔNmax

TCE 10 −0.26 0.15 5.96 0.00 1.69
DCE 8 −0.21 0.21 2.82 0.65 1.00
Cp 4 −0.11 0.20 0.83 3.37 0.55
Ethylene 2 −0.12 0.29 0.73 1.86 0.43

Scheme 5

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 3841–3851 | 3845
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disynaptic basin corresponding to the central C2–C3 single
bond, V(C2,C3), integrating 2.21 e, can be distinguished. DCE 8
shows two disynaptic basins associated with the C5–C6 double
bond, V(C5,C6) and V′(C5,C6), integrating 3.38 e, two disynap-
tic basins associated with C6–C7 and C6–C8 single bonds,
V(C6,C7) and V(C6,C8), integrating 2.22 e and 2.29 e, respect-
ively, and two disynaptic basins associated with the C–N triple
bonds, V(C7,N) and V′(C7,N) and V(C8,N′) and V′(C8,N′),
integrating 4.46 e each one. Finally, there are two monosynaptic
attractors associated with the lone pairs of the terminal nitrogen
atoms, V(N) and V(N′), whose electronic population integrates
3.22 e and 3.24 e, respectively. The attractors associated with the
nitrile groups, which change only in population integration along
the cycloaddition reaction, will not be discussed or shown in
Table 4.

Whereas the two reactants approach each other along phase II,
3.37 > d1 > 2.46 Å and 3.55 > d2 > 2.99 Å, the two disynaptic

basins associated with the C3–C4 double bond of the Cp moiety
are merged into each other to become one (i.e. V(C3,C4)) with
an electronic population of 3.22 e. In phase III, 2.46 > d1 >
2.39 Å and 2.99 > d2 > 2.96 Å, the other pair of disynaptic
basins associated with the second C1–C2 double bond of the Cp
moiety are also merged into one basin (i.e. V(C1,C2)) which
integrates to 3.26 e. The electronic reorganization of the other
attractors mentioned above appears slightly unchanged. In phase
IV, 2.39 > d1 > 2.32 Å and 2.96 > d2 > 2.93 Å, the basins
associated with the C5–C6 double bond of the DCE moiety,
V(C5,C6) and V′(C5,C6), merge into one basin (i.e. V(C5,C6),
showing an electronic population of 3.36 e.

ELF analysis for phase V, 2.32 > d1 > 2.09 Å and 2.93 > d2 >
2.84 Å, shows new electronic reorganizations in the moieties of
the two reagents: the electronic population of the V(C1,C2) and
V(C3,C4) basins of the Cp moiety have asymmetrically
decreased to 3.14 e and 2.80 e, respectively, whereas that of

Table 4 Valence basin populations N calculated from the ELF of some selected points associated with the asynchronous formation of the C1–C6 and
C4–C5 σ bonds along the P-DA reaction between Cp 4 and DCE 8. The CT along the IRC is also included

I II III IV V
VI

VII VIII IX XTS-DCE

d(C4–C5) 3.373 2.458 2.388 2.315 2.086 1.987 1.948 1.624 1.605 1.564
d(C1–C6) 3.545 2.990 2.958 2.926 2.835 2.798 2.781 2.375 2.209 1.608
CT 0.03 0.15 0.16 0.18 0.25 0.28 0.29 0.30 0.27 0.14
V(C1,C2) 1.68 1.62 3.26 3.23 3.14 3.04 3.02 2.47 2.31 2.00
V′(C1,C2) 1.74 1.68
V(C2,C3) 2.21 2.33 2.36 2.38 2.51 2.60 2.64 3.14 1.60 1.70
V′(C2,C3) 1.66 1.82
V(C3,C4) 1.74 3.22 3.20 3.19 2.80 2.63 2.56 2.14 2.08 1.99
V′(C3,C4) 1.69
V(C5,C6) 1.67 1.59 1.62 3.36 3.18 2.74 2.70 2.12 2.02 1.81
V′(C5,C6) 1.71 1.77 1.74
V(C5) 0.22 0.37 0.41
V(C4) 0.32 0.47
V(C4,C5) 0.53 1.62 1.68 1.80
V(C1) 0.02 0.30
V(C6) 0.34 0.36 0.72 0.84
V(C1,C6) 1.75

Fig. 5 A schematic representation of disynaptic and monosynaptic basins along the eight phases characterizing the P-DA reaction between Cp 4 and
DCE 8, represented by full lines and by ellipses with a dot, respectively. Dotted over full lines indicate a large basin population, while dotted lines
indicate a low basin population.
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V(C2,C3) begins to rise to 2.51 e. On the other hand, the elec-
tronic population of the V(C5,C6) basin decreases to 3.18 e. The
most interesting changes observed in phase V are the formation
of one monosynaptic attractor at the β-conjugated C5 carbon of
the DCE moiety, the V(C5) basin, with an electronic population
of 0.22 e, and the formation of another monosynaptic attractor at
the terminal C4 carbon of the Cp moiety, the V(C4) basin, with
an electronic population of 0.32 e. During this phase, the for-
mation of the first C4–C5 single bond begins to take place.

In phase VI, 2.09 > d1 > 1.99 Å and 2.84 > d2 > 2.80 Å, a
new monosynaptic basin appears at the C6 carbon of the DCE
moiety, the V(C6), with an electronic population of 0.34 e. ELF
analysis for the remaining attractors shows a similar electronic
pattern to that found in phase V. In this phase, TS-DCE is
located at a distance of 1.987 Å between the C4 and C5 carbons,
and with a CT from Cp to DCE of 0.28 e. Note that this value is
identical to that obtained from the NBO analysis, 0.28 e (see
Fig. 4).

In phase VII, 1.99 > d1 > 1.95 Å and 2.80 > d2 > 2.78 Å, the
most relevant changes along the IRC take place; the V(C4) and
V(C5) monosynaptic attractors are merged into one disynaptic
attractor to form the V(C4,C5) basin which is associated with
the formation of the first C4–C5 single bond of the cyclo-
addition, with a population of 0.53. Despite this, the V(C5)
basin continues to display an electronic population of 0.36 e.

Continuing with the ELF analysis along the IRC for this
cycloaddition, in phase VIII, 1.95 > d1 > 1.62 Å and 2.78 > d2
> 2.38 Å, a larger electronic population in the V(C4,C5) basin,
1.62 e, which is associated with the more advanced formation of
the first C4–C5 single bond, may be seen. The electronic popu-
lation in the V(C6) basin has grown to 0.72 e, and an attractor at
C1, namely V(C1), with a minimal electronic population of 0.02
e has also begun to appear. At the end of this phase, the C4–C5
bond can be considered formed with a length of 1.624 Å, while
the distance between the C1 and C6 remains far, 2.375 Å. In
phase VIII the largest CT along the cycloaddition reaction, 0.30
e, takes place. Along this phase, it can be seen a consistent
decreasing of the electronic population in the V(C1,C2) and
V(C3,C4) basins and a increasing of that in the V(C2,C3) basin,
which is in agreement with the formation of corresponding
single and double bonds along the cycloaddition.

In phase IX, 1.62 > d1 > 1.61 Å and 2.38 > d2 > 2.21 Å, the
electronic populations for V(C1) and V(C6) attractors are
increased until they reach a population of 0.30 and 0.84 e,

respectively. In this phase, the CT of the reaction decreases to
0.27 e, probably due to a back-donation from the DCE moiety to
that of Cp. At the end of phase IX, while the first C4–C5 single
bond has already formed, d1 = 1.61 Å, the second C1–C6 single
bond has not yet been formed, d1 = 2.21 Å. Consequently, this
phase shares the two stages of this one-step mechanism.

Finally, in phase X, 1.61 > d1 > 1.56 Å and 2.21 > d2 >
1.61 Å, both monosynaptic basins V(C1) and V(C6) merge into
one disynaptic basin, V(C1,C6), which corresponds with the for-
mation of the second C1–C6 single bond of the cycloaddition. It
can be observed that at the end of phase X, the electronic popu-
lations in the V(C1,C2) and V(C3,C4) basins are around 2.0 e,
and the sum for the V(C2,C3) and V′(C2,C3) basins is 3.52 e,
which is consistent with the C–C single and double bond charac-
ter, respectively, when the cycloadduct is formed.

Analysis of ELF basin populations along the IRC of the P-DA
reaction between Cp 4 and TCE 10 allows for the characteriz-
ation of eight phases (see Table 5). Phase I, d > 3.40 Å, shows
the attractors of Cp 4 and TCE 10. A similar description to that
found for the P-DA reaction between Cp 4 and DCE 8 can be
seen. In the present case, TCE 10 shows two disynaptic basins
associated with the C5–C6 double bond, V(C5,C6) and
V′(C5,C6), integrating to 3.39e.

In phase II, 3.40 > d > 3.17 Å, as the two reagents approach
each other, the two disynaptic attractors of the TCE moiety,
V(C5,C6) and V′(C5,C6), merge into each other to become one
(i.e. V(C5,C6)) with an electronic population of 3.39 e. In phase
III, 3.17 > d > 3.13 Å, something similar but in the Cp moiety
occurs: pairs of disynaptic basins associated with the double
C1–C2 and C3–C4 bonds of the Cp moiety are also merged into
one basin (i.e. V(C1,C2) and V(C3,C4)), which integrate 3.30 e
and 3.31 e, respectively.

In phase IV, 3.13 > d > 2.21 Å, two monosynaptic basins,
V(C5) and V(C6), appear in the TCE moiety, with an electronic
population of 0.38 e each. It can also be seen that the electronic
populations slightly decrease in basins V(C1,C2), V(C3,C4) and
V(C5,C6), whereas the electronic population of the V(C2,C3)
basin increases slightly. This behavior is expected due to the loss
of the double bond character in some bonds and the increase of
the double bond character in other bonds. In this phase,
TS-TCE is located at a distance of 2.21 Å between the C1(4)
and C6(5) carbons, and with a CT from Cp to TCE of 0.38 e.

In phase V, 2.21 > d > 2.08 Å, a new pair of monosynaptic
attractors associated with the C1 and C4 carbons of the Cp

Fig. 6 A schematic representation of disynaptic and monosynaptic basins along the ten phases characterizing the P-DA reaction between Cp 4 and
TCE 10, represented by full lines and by ellipses with a dot, respectively. Dotted over full lines indicate a large basin population, while dotted lines
indicate a low basin population.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 3841–3851 | 3847

D
ow

nl
oa

de
d 

by
 B

ei
jin

g 
U

ni
ve

rs
ity

 o
n 

16
 J

un
e 

20
12

Pu
bl

is
he

d 
on

 1
5 

M
ar

ch
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2O

B
25

15
2C

View Online

http://dx.doi.org/10.1039/c2ob25152c


moiety appear, the V(C1) and V(C4) basins, with a symmetric
integration of 0.32 e. The other pair of V(C5) and V(C6) mono-
synaptic attractors associated to the TCE moiety symmetrically
increases its electronic population to 0.78 e. A similar pattern to
that discussed in the above phase for V(C1,C2), V(C3,C4),
V(C5,C6) and that for V(C2,C3) is found in phase IV. At the
end of this phase, the CT from Cp to TCE rises to 0.44 e. It is
interesting to note that points belonging to phases IV and V have
similar attractor pictures to those found in phases IV and Vof the
N-DA reaction between butadiene 1 and ethylene 2.35a

In phase VI, 2.08 > d > 2.07 Å, monosynaptic attractors
V(C1) and V(C6), and the other ones, V(C4) and V(C5), are
merged into two disynaptic attractors, V(C1,C6) and V(C4,C5),
respectively, with an electronic population of 0.80 e and 0.81 e,
respectively. These disynaptic attractors are associated with the
formation of the two new single C–C bonds along the cyclo-
addition. A similar pattern to that of the P-DA reaction of Cp 4
with DCE 8 is observed: two monosynaptic attractors, V(C5)
and V(C6) associated with the TCE moiety still keep an elec-
tronic population of 0.33e and 0.34e, respectively.

Fig. 7 ELF attractors at selected points of the IRC of the P-DA reactions between Cp 4 and DCE 8 (top) and TCE 10 (bottom).

Table 5 Valence basin populations N calculated from the ELF of some selected points associated with the synchronous formation of the C1–C6 and
C4–C5 σ bonds along the P-DA reaction between Cp 4 and TCE 10. The CT along the IRC is also included

I II III
IV

V VI VII VIIITS-TCE

d(C1(4)–C6(5)) 3.400 3.174 3.133 2.206 2.084 2.069 1.980 1.609
CT 0.10 0.13 0.14 0.38 0.44 0.44 0.43 0.29
V(C1,C2) 1.76 1.65 3.30 2.95 2.40 2.38 2.28 2.01
V′(C1,C2) 1.62 1.65
V(C2,C3) 2.22 2.24 2.25 2.59 3.04 3.05 3.16 1.69
V′(C2,C3) 1.78
V(C3,C4) 1.74 1.66 3.31 2.95 2.39 2.37 2.28 2.02
V′(C3,C4) 1.62 1.65
V(C5,C6) 1.65 3.39 3.38 2.76 2.24 2.24 2.11 1.85
V′(C5,C6) 1.74
V(C1) 0.32
V(C4) 0.32
V(C5) 0.38 0.79 0.33
V(C6) 0.38 0.78 0.34
V(C1,C6) 0.80 1.28 1.76
V(C4,C5) 0.81 1.29 1.76
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In phase VII, 2.07 > d > 1.98 Å, the aforementioned mono-
synaptic basins disappear and the electronic population in the
attractors assigned to the bond region, V(C1,C6) and V(C4,C5),
increase to 1.28 e. Population of the V(C2,C3) disynaptic basin
begins to increase, whereas the population of V(C1,C2),
V(C3,C4) and V(C5,C6) disynaptic ones decreases.

Finally, in phase VIII, 1.98 > d > 1.61 Å, a split of the disy-
naptic basin V(C2,C3) into two disynaptic basins V(C2,C3) and
V′(C2,C3), integrating 1.69 and 1.78 e, respectively, is observed.
This behavior accounts for the formation of the C2–C3 double
bond at the corresponding cycloadduct.

The present ELF analysis corroborates the early observation
obtained from the geometrical and electronic analysis at
TS-DCE and TS-TCE: while along the approach of Cp 4
towards the asymmetrically substituted DCE 8, the bond for-
mation begins at the most electrophilically activated β-conju-
gated C5 carbon of DCE 8, along the approach of Cp 4 towards
the symmetrically substituted TCE 10, the bond formations take
place concurrently at the two ethylene C5 and C6 carbons of
TCE 10.

A comparison of the ELF attractors at phases V and VIII of
the P-DA reaction between Cp 4 and DCE 8 (see Fig. 5), and
phases V and VII of the P-DA reaction between Cp 4 and TCE
10 (see Fig. 6) with those associated with the N-DA reaction
between Cp 4 and ethylene 2 and between Cp 4 and styrene 14
(see Fig. 3),17 shows great similitude. Consequently, the large
stabilization observed in P-DA reactions relative to the N-DA
reactions can be associated with the large CT found in the
polar processes, which enables the C–C bond formation through
zwitterionic pseudodiradical structures.36 These comparative
studies also allow assertion that the N-DA reactions between Cp
4 and ethylene 2 and the P-DA reaction between Cp 4 and TCE
10, which take place through synchronous TSs, do not have a
cyclic electron reorganization as the pericyclic mechanism indi-
cates, but a symmetric electron reorganization along the plane of
symmetry that the Cp 4 and ethylene 2 and TCE 10 molecules
share along the C2–C3 and C5–C6 bonds. These symmetric
changes, visualized in Fig. 6, are demanded to reach the pseudo-
diradical structures shown in Fig. 3 and 7, which open the sub-
sequent synchronous bond formation.

(4) Factors controlling the synchronicity in the C–C bond
formation in P-DA reactions

What is the origin of the synchronicity in the bond formation in
P-DA reactions involving symmetrically substituted electro-
philes? ELF analysis along the reaction path associated with the
P-DA reaction between Cp 4 and the symmetrically substituted
TCE 10 shows a synchronous C–C bond formation. Point E at
d = 2.08 Å belonging to phase V (see Fig. 7) presents a similar
ELF attractor pattern than that found at point A at d = 2.14 Å of
the N-DA reaction between Cp 4 and ethylene 2 (see Fig. 3),
which was characterized as a pseudodiradical species.17

However, these structures present two substantial differences:
(i) while point E is located 8.6 kcal mol−1 above the separated
reagents, point A is located 18.2 kcal mol−1 above of the
reagents; that is, point E has an electronic stabilization of
8.6 kcal mol−1 relative to point A (note that stabilization reaches

16.0 kcal mol−1 at the MPW1K/6-31+G** level); and (ii) while
at point E the CT is 0.44 e, it is negligible at point A, 0.00 e.
Consequently, the large stabilization of point E, which can be
associated to a zwitterionic pseudodiradical species, can be
related to the large CT that takes place in the polar mechanism.

In the extreme case of transferring an amount of an electron-
density equivalent to one electron, TCE 10 becomes a radical
anion. Analysis of the atomic spin density (ASD) at the radical
anion of TCE 10 indicates that it is symmetrically distributed at
the two ethylenic C5 and C6 carbons, 0.32 (see Fig. 8). Note
that in the radical anion of DCE 8, the ASD is mainly concen-
trated at the non-substituted C5 carbon, 0.74, which corresponds
to the most electrophilic center of DCE 8 (see Fig. 8). It is inter-
esting to note that the populations found in the V(5) and V(6)
monosynaptic basins in the asymmetric TS-DCE and the sym-
metric TS-TCE correlate well with the ASD distribution at the
radical anions of DCE 8 and TCE 10. Consequently, the sym-
metric distribution of the electron-density excess in the TCE
moiety achieved through the CT process along the polar cyclo-
addition is responsible for the synchronicity in the C–C bond
formation. Note that a similar ASD distribution is found at the
radical anion of maleic anhydride (see Fig. 8), which also par-
ticipates in P-DA reactions via synchronous TSs.19

Fig. 8 Atomic spin densities (ASDs) of anion radicals of DCE 8, TCE
10 and maleic anhydride.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 3841–3851 | 3849
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Consequently, it seems that along a polar cycloaddition, the
CT that takes place from the nucleophile towards the electrophile
favours the electron reorganisation needed to reach the formation
of the monosynaptic basins in both the nucleophile and the elec-
trophile. In the case of symmetrically substituted ethylenes such
as TCE 10 and those shown in Scheme 4, the symmetric distri-
bution of the electron-density excess at the two ethylenic
carbons may favour the synchronous C–C bond formation, while
in the case of asymmetrically substituted ethylenes such as DCE
8, the asynchronous bond formation begins at the most electro-
philic center, which corresponds to the center of maximum elec-
tron-density accumulation reached in the electrophilic species
through the CT process (see Fig. 9).15

Conclusions

The origin of the synchronicity in bond formation in P-DA reac-
tions has been studied by an ELF comparative analysis of the
electron reorganization along the P-DA reactions of Cp 4 with
DCE 8 and TCE 10 at the B3LYP/6-31G* level. These reactions,
which have a one-step mechanism, present a different synchroni-
city in bond formation, controlled by the location of the most
electrophilic centers in these substituted ethylenes. Thus, while
DCE 8, which has the most electrophilic center at the β-conju-
gated position, presents a high C–C asynchronous bond for-
mation, TCE 10, which has a symmetric electrophilic activation
at the two ethylenic carbons, presents a synchronous C–C bond
formation.

This study makes it possible to the establish that the synchro-
nicity in bond formation in P-DA reactions is controlled by the
symmetric distribution of the electron-density excess reached in
the electrophilic species through the CT process, which can be
anticipated by an analysis of the spin electron-density at the cor-
responding radical anion.

The ELF analysis of bonding along the N-DA reactions
between Cp 4 and ethylene 2 and the P-DA reaction between Cp
4 and TCE 10 allows for the establishment that these DA reac-
tions, which have a symmetric electron reorganization along the
plane of symmetry dividing the Cp 4 and ethylene 2 and TCE 10
molecules along the C2–C3 and C5–C6 bonds, do not have a

cyclic electron reorganization as the pericyclic mechanism states.
Finally, due to a very limited number of cases of symmetrically
substituted electrophilic ethylenes, we can conclude that the syn-
chronous mechanism is an exception among the DA reactions.
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