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It is shown that the topological analysis of the electron localization function (ELF), a measure of the local
Pauli repulsion, is a useful tool to describe the bonding nature of transition structures of simple pericyclic
processes. In this work, we have revisited thg3Jhydrogen, [1,3]methyl, and [1,3]fluorine simple
sigmatropic rearrangements in the allyl system. Results based on the integrated densities over the ELF basins
and their related properties at the B3LYP/6-3HG(d,p) level of theory showed explicitly a delocalized
structure for the antarafacial {Chydrogen rearrangement, a two radical interaction for the methyl suprafacial
(Cy) migration, and a pairion interaction for the fluorine suprafacial {Qransfer. Results on these well-
studied systems confirm the topological analysis of the ELF as a useful descriptor for the study of bonding
structure of pericyclic transition states. In this context, the ELF analysis is shown to be a complementary
value to the WoodwardHoffmann rules, which provide an orbital symmetry basis of understanding.

Introduction tion of orbital symmetry. In this context, the allowed,&] TS

Characterization of the bonding nature of pericyclic transition has bee_n descnbed n the Ilztfrature basu;ally In terms of “two
states plays a fundamental role in chemistry. Hence, energeticWeakly interacting radicals*** The analysis of structure and

considerations, as first-order responses, have received a grea?rbital .bon.d.ing ipteractions of the tlransition state yields finally
deal of attention. However, an analysis of the electron distribu- to the intuitive picture of a delocalized process for the3]-

tion at the external potential defermined by nuclei at the Ydrogen migration. Similarly, the WoodwartHoffmann al-

P S
transition structure (TS) is a major concern for selectivity issues Iowed. [laa%]alktﬁl banq h?logen mflgrgtllont procissefs tto b?[h
related with reactivity of the pericyclic paths. Concerning the concelved on Ine basis of a s%pra acial stereochemistry wi
energetic aspects of chemical reactivity, accurate calculations/Nversion at the migrating cente? Radical or ionic interactions

of activation energies and rates, substituent effects of rates, ancIor thes_e TSs gi;?e expected from a purely first-order orbital
kinetic isotope effects have been the major challenge problems'mgrai::on mo h. d. the topoloaical Ivsis of the elect
for many years in the description of these reaction mechariisms. n the other hand, the topological analysis ot the electron

The Woodware-Hoffmann analysis, based on the conservation Iocal_ization function (ELF) of I_3ecke a_n_d Edgecorfib®
of orbital symmetry2~° is the basis for the understanding and provides an elegant and convenient partition of the molecular

systematization of these chemical processes. Particularly inter->P3¢€ into basins of attractors that can be interpreted consistently
esting are the unimolecular and one step [1,3] sigmatropic " the basis of simple ideas of chemical bonding based on the

rearrangements because of their relevant applications in organi auli exclusion principle. This methodology has proven to be

and inorganic synthetic chemistry. Although there is no defini- E pfj‘.c“c?" tool fo: tTet.descrlptlo?éggtzhe natLlllre OT chemical
tive experimental evidence for a thermal, concerted [1,3]- onding In several stationary sys as well as in some

. . ; 5 . .
hydrogen shift in a hydrocarbon system, this possibility has been _S|mple chemical reaction processési® Several interesting

already pointed out for related systems such as alkyl-substituted'SSU€S ©f chemical reactivity and selectivity have been also

allenes, 1-silapropene, and 1-phosphaproperié The bench- addressed with this increasingly useful t661%° A wide range
mark [1’5381 rearrange’ment of hydrogen in thé allyl system of useful applications of these tools for the treatment of chemical

(propene) has been extensively studied from a theoretical bonds_, hasl been f_ound recen_tly over many different f_|elds L
viewpoint15-24 The interest has been mainly devoted to the CNEMIStry?! Following our previous work on the {BJfluorine

elucidation and understanding of structural, dynamical, and migration process in the 3-fluorpropene sys@we ha\{e

thermodynamical aspects of such fundamental pericyclic chemi- eXP'OTe_d the bonding nature of related TSs with the_ am of
cal processes. Results, based on several types of calculationssX@mining further the usefulness of t_he_ EL.F analysis in _the
have been finally interpreted in terms of the simple theoretical context of local aspects of electron distribution and chemical

principles of the WoodwardHoffmann rules for the conserva- reactivity of pericyclic reactions. The benchmark reactions
corresponding to the [Bjhydrogen, [4,3methyl, and [1,34]-
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* Departamento de Bica. the local Pauli repulsion effecté2® Our aim is to explore the

* Departamento de Quaica. ELF analysis as a possible descriptor of the electron rearrange-
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ment along pericyclic TSs. It must be noted at this point that basins. Indeed, the relative fluctuatia(\;), which has been
the analysis based on the ELF does not depend in principle onshown as an efficient tool to study delocalizatf8¢is defined
the orbitals?®63 It will be shown explicitly from the present in terms of the above guantities

results that the analysis of properties of the electron density
integrated over the ELF basins provides a clear picture of the
bonding, which complements the Woodwaitdoffmann analy-

sis for these type of reactions. A highly delocalized bonding
structure will appear naturally for the {84 sigmatropic Computational Details
rearrangement of hydrogen while radical-like and ion-pair like
structures are obtained for the,[&]methyl and the [13]-
fluorine transfer, respectively.

UZ(Ni)
N

AN = (1)

All optimizations have been carried out using the Gaussian98
package of prograrf% within the Berny algorithm at the

Theory

The local function ELR() has been defined and interpreted
in terms of the excess of local kinetic energy density due to the
Pauli repulsionT(p(r)) and the ThomasFermi kinetic energy
density, Tn(p(r))3324

1
TO
tr ’Th(r)

These quantities, when they are evaluated for a single deter-
minantal wave function built from Hartred=ock (HF) or
Kohn—Sham (KS) orbitalsgi(r), can be written straightforward

as

ELF(r) = 1)

1 11Vp(r)?
T(r)==- (O —= 2
(022wmm 5 o0 )
Ty(r) = 2.87%(r)** ®)
P =3 g (4)

where atomic units have been used. The key term in the ELF is
the functionT(r) of eq 2, which represents the excess of kinetic
energy density due to the Pauli exclusion principle. The final
form of the ELF, eq 1, is conveniently ranged between 0 and
1. The chemical interpretation is that a region of the space where
the ELF has a high value represents a region of the space wher
it is probable to find an electron pair. The gradient field of the
ELF function provides us with basins of attractors whose
properties can be then interpreted in connection with relevant (b)
chemical-bonding characteristics. In this context, these properties
have been related with the intuitive concepts of localization and
delocalization of the electron denditythrough a standard
topological population analysis.

Thus, the average population of a ba$in,is obtained from
the integral of the one electron densitfr) over the volume of
the basin

Ny = fg, p(r) dr ()

and their population variance?(N;) (i.e., the quantum uncer-
tainty of the basin population), can be calculated in terms of
the diagonal elements of the first-orde(r) and second-order
7t(r1,r2) density matrixes

o’(N) = fglf drlfQif dr(r.r) + N = [N]* (6)

(c)

Figure 1. Schematic representation of the B3LYP/6-31G(d,p)-
) ) ) optimized TSs corresponding to the (a),Blhydrogen, (b) [134-
Therefore, the covariance analysis might be useful for a careful methyl, and (c) [43Jfluorine sigmatropic shift reactions in the allyl

examination of the electronic delocalization involving a pair of system.
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Figure 2. Localization domains of the ELF at the transition state of the (a3hydrogen, (b) [43]methyl, and (c) [4,3]fluorine sigmatropic
shift reactions in the allyl system. The EI=F0.80 isosurfaces were calculated from the optimized wave functions at the B3LYP+6+&H,p)
level of theory.

B3LYP/6-311+G(d,p) level of theory. Stationary points have Hydrogen Migration. The [1,3hydrogen sigmatropic shift
been fully characterized using the vibrational analysis. The is a degenerate rearrangement, which has been previously
symmetry allowed [4,3jhydrogen, [4,3]methyl, and [1,3]- characterized at several levels of theory. The earliest results were
fluorine TSs to be found with a unique imaginary frequency, based on RHF/STO-3&-and RHF/4-31G-optimizef station-
and the intrinsic reaction coordinate (IRC) path#faypnnecting ary points. Single point calculations on the RHF/4-31G structure
each with the corresponding reactant and product conformationsincluding 3x 3Cl, RHF/DZ, RHF/DZP, IEPA/DZ, IEPA/DZP,
was calculated. The evaluation of the topological analysis of PNO-CI/DEZP, and CEPA/DZP levels were also preseffted.
ELF function defined in eq 1 and its gradient field-associated MC-SCF calculations suggested that the forbiddeg3fL
properties, eqs-27, has been obtained and analyzed using the pathway does not exist for the 1,3 shift in propéhi&esults
TopMod?”-88 and the visualization Vis®d series of programs.  from complete optimizations at the RHF/3-21G, RHF/6-31G,
. . RHF/6-31G(d), and MP2/6-31G(d)//RHF/6-31G levels of theory

Results and Discussion have also been reported, including the existence of a higher

Figure 1 schematizes the geometrical structure for eachenergy TS with &C,, symmetry!® Structural data for the TS at
optimized TS. The topology of the electron localization domains the CASSCF/6-31G(d) level are also kno#nAll of these
(represented by the ELF 0.80 isosurface) for the three results have been interpreted in light of the Woodward
symmetry-allowed TSs is depicted in Figure 2. The correspond- Hoffmann orbital symmetry principles, and a favored antarafa-
ing bifurcation diagrams are depicted in Figure 3. The topologi- cial pathway is now firmly establishédOur present analysis
cal ELF results based on the B3LYP/6-31-1G(d,p)-optimized focuses directly for the first time on the bonding nature of the
density are presented in Tables 3 for the [L,3;]hydrogen, TS based on the ELF, a local measure of the Pauli repulsion
the [1,,3]methyl, and the [43J]fluorine sigmatropic migrations,  effects.
respectively. These tables show the calculated basin populations The irreducible representation domains bounded by the ELF
Ni, varianceso?(N;), relative fluctuationsA(N)), and main = 0.80 isosurface at the transition state of thg3lhydrogen,
contributions from other basinis(%) to ¢%N;) for each TS. [1a3methyl, and [1,34fluorine sigmatropic shift reactions in
Although core basin populations and related properties do notthe allyl system are schematized in Figure-2arespectively.
have a relevant role for the description of the observed reactivity In red are represented the three core basins, C(C1), C(C2), and
patterns along the sigmatropic rearrangements, this informationC(C3), corresponding to the carbon atoms; in green are
has been included for completeness of the present analysis. represented the five V(C,H) protonated disynaptic basins,
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Figure 3. Bifurcation diagrams corresponding to the ELF analysis at the transition state of the,8ghyilrogen, (b) [43]methyl, and (c)
[143J]fluorine sigmatropic shift reactions in the allyl system, from the optimized wave functions at the B3LYP46+&(H,p) level of theory.

corresponding to the single bond between the C and the Hfluctuation @) values. Carbon atom core populations, C(C), are
atoms; and in brilliant green are represented two disynaptic centered on 2.1e with the lowest delocalization valdes (Q.1);
valence basins, V(C1,C2) and V(C2,C3), which correspond to the C-H bond valence populations of 1.9e and 2.1e appear with
the rearranging pairs of CC bonds. There are also three valencantermediate delocalization values+£ 0.3—0.4); the C-C bond
attractors associated directly with the migration of the hydrogen valence populations of 2.5e appear with slightly higher values
atom and the rearrangement of the two V(C,C) densities: two of delocalization { = 0.5); and finally, the populations
valence monosynaptic basins are associated with the terminalassociated with the migration of the hydrogen atom V(H6) (1.0e)
carbons, V(C1) and V(C3), schematized in blue, and one valenceand the rearrangement of the two CC bonds densities (2.5e)
monosynaptic basin V(H6), depicted in green, appears directly appear with the highest values of delocalizatidbr~0.7—0.8).
at the position of the migrating hydrogen atom. The valence From the contribution analysis data, we will note below that
V(C1) and V(C3) basins are localized above and below the there is a noticeable electronic delocalization involving some
molecular plane, and their volume shapes are highly distorted.set of basins. The populations are being delocalized mainly
The position and shape of the located valence basins V(C1,-between the neighborhood basins; the shape and extent of this
C2), V(C2,C3), V(C1), V(C3), and V(H6) can be related exchange, as we will see below, are unique characteristics for
explicitly with the intuitive view of the distortion of the electron  each stationary point. It must be noted that for the core
flow along the rearrangement as expected for an antarafacialpopulations, the exchange occurs only through the bond line
[1s,34hydrogen sigmatropic shift. It is clear that a more detailed connecting the basins but for the-El and the G-C valence
analysis of the electron rearrangement along the pericyclic population basins this indeed occurs through spatial interactions.
pathway can be taken by resorting to the analysis of the Core fluctuations are not very important because of their high
electronic populations and its associated relative quantum localization population values. More interesting is the valence
fluctuations. analysis, which reveals explicitly the form of a delocalized
In Table 1, the electron properties derived from integration bonding of the complete [Bj] TS structure. We can see, for
of the electron density in the ELF basins are reported. It can beinstance, that the V(C2,H3) basin population is noticeably
immediately noted that there are four types of different basins, delocalized with the V(C1,C2) and V(C2,C3) basins (32.4%),
which differ on the quantum uncertainty?3 or in the relative and the V(C1,H1) population is delocalized on V(C1,H2)
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TABLE 1: ELF Basin Populations Ni, Variance 6%(Ni), TABLE 2: ELF Basin Populations Ni, Variance 6?(Ni),
Relative Fluctuation A(Ni), and Main Contributions of Other Relative Fluctuation 4(Ni), and Main Contributions of Other
Basinsi (%) to ¢2(Ni), Corresponding to TS [1,3]H at the Basinsi (%) to ¢%(Ni), Corresponding to TS [1,,3JCH3 at
B3LYP/6-311++G(d,p) Level of Theory the B3LYP/6-311++G(d,p) Level of Theory

basin  Ni o2(Ni) A(Ni) contribution analysis (%) basin  Ni o2(Ni) A(Ni) contribution analysis (%)

1 C(Cl) 21 03 0.1 4(28.0),522.8),10(11.4),11(27.8) 1 C(C1) 21 03 0.1 5(27.0),13(32.5),14(32.5)

2 C(C2) 21 03 0.1 6(29.0),11(29.2),12(29.2) 2 c(Cc2) 21 03 0.1 6(28.0),7(29.0),14(33.8)

3 C(C3) 21 03 0.1 7(22.8),8(28.0),12(27.8),13(11.4) 3 c(c3) 21 03 0.1 8(28.0),9(29.0),13(33.8)

4 V(C1,H1) 2.1 0.7 0.3 1(10.8),5(28.7),9(5.2),10(16.7), 4 C(C4) 21 03 0.1 10(31.3),11(29.1),12(32.2)
11(27.4) 5 V(C1,H1) 21 07 0.3 1(10.8),6(3.7),7(4.3),8(3.7),

5 V(C1LH2) 1.9 0.7 0.4 1(8.1),4(26.4),9(12.1),10(14.7), 9(4.3),13(34.2),14(34.2)
11(25.7) 6 V(C2,H2) 2.2 07 0.3 2(10.7),5(3.6),7(30.0),10(6.9),

6 V(C2,H3) 2.7 06 0.3 2(11.7),11(32.4),12(32.4) 12(3.6),13(3.6),14(36.9)

7 V(C3,H4) 1.9 0.7 0.4 3(8.1),8(26.4),9(12.1),12(25.7), 7 V(C2H3) 22 07 0.3 2(11.2),54.2),6(30.4),10(4.6),
13(14.7) 12(3.7),13(3.3),14(38.4)

8 V(C3,H5) 2.1 0.7 0.3 3(10.8),7(28.7),9(5.3),12(27.4), 8 V(C3,H4) 22 07 0.3 3(10.7),53.6),9(30.0),10(6.9),
13(16.8) 12(3.6),13(36.9),14(3.6)

9 V(H6) 1.0 0.6 0.7 4(5.6),5(14.1),7(14.1),8(5.6), 9 V(C3H5) 22 0.7 0.3 3(11.2),5(4.2),8(30.4),10(4.6),
10(18.3),11(8.8), 12(3.7),13(38.4),14(3.3)
12(8.8),13(18.3) 10 V(C4,H6) 2.4 09 0.4 4(9.2),6(3.0),7(3.2),8(3.0),

10 V(C1) 0.8 0.6 0.8 1(4.9),4(18.6),5(17.9),6(4.1), 9(3.2),11(32.5),12(30.0),
7(3.4),9(19.9),11(24.6), 13(6.8),14(6.9)

12(4.8) 11 V(C4,H7) 2.2 07 0.3 4(11.3),10(36.1),12(36.1),

11 V(C1,C2) 25 1.2 0.5 1(5.9),2(6.1),4(15.5),6(16.9), 13(3.9),14(3.9)
9(4.6),10(12.2),12(17.2) 12 V(C4,H8) 2.4 08 0.3 4(9.2),6(3.0),7(3.2),8(3.0),

12 V(C2,C3) 25 1.2 0.5 2(6.2),3(5.9),6(16.9),7(15.4), 9(3.2),10(32.5),11(30.0),
8(15.1),9(4.5),11(17.1), 13(6.8),14(6.9)

13(12.3) 13 V(C1,C3) 29 14 0.5 1(6.1),3(6.4),5(16.6),8(18.1),

13 V(C3) 0.8 06 0.7 3(4.9),5(3.4),6(4.1),7(17.9), 9(18.7),10(4.1),12(4.0),
8(18.6),9(19.9),11(4.8), 14(20.3)

12(24.6) 14 V(C1,C2) 29 14 05 1(6.1),2(6.4),5(16.6),6(18.1),
7(18.7),10(4.1),12(4.0),
13(20.3)

(28.7%), V(C1,C2) (27.4%), and V(C1) (16.7%) basins. The
V(C1,H2) population is being delocalized with V(C1,C2) synaptic core basins C(Ci), in red, corresponding to each carbon
(27.4%), V(C1) (16.7%), and V(H6) (12.1%) basins. The atom, eight disynaptic valence protonated V(C,H) basins, in
behavior of V(C3,H4) and V(C3,H5) is found symmetric to green, corresponding to the—®& bond regions, and two
those of V(C1,H2) and V(C1,H1) basin populations, respec- disynaptic valence V(C,C) basins, in brilliant green, correspond-
tively. Fluctuation patterns corresponding to the V(C,C) em- ing to the two CC bonds. It can also be noted that there is not
phasize the great coupling of bonding. It can be noted that mainany polisynaptic basin connecting the methyl and the allyl
contributions arise from the neighbors, V(C,C) and V(C,H) fragments. Furthermore, it will be seen from the fluctuation
basins, as well as the closest V(C) basin. For instance, the patterranalysis that populations on these fragments are not exchanged
of contribution analysis for V(C3,C2) is 17.2% with the V(C1,- between them. Thus, it can be observed from Table 2 that the
C2) basin, 15.4% with the V(C3,H4) basin, and 12.3% with valence-protonated basin populations are centered or-2.4e
the V(C3) basin. The migrating hydrogen atom population at and it has intermediate delocalization valugs={ 0.3—0.4).
V(H6) shows contributions of 18.4% with both V(C1) and The fluctuation analysis indicates that as expected, electron
V(C3) basins, 14.1% with the closest V(C,H) basins (i.e., H2 density is delocalized mainly on the closest valence and core
and H4), and 8.8% with each V(C,C) basins. The V(C1) basins. The observed fluctuation patterns for both the allyl and
population depicts a pattern of fluctuation involving mainly the the methyl fragments indicate that they are effectively separated
V(C1,C2) (24.6%) basin and the V(H6) basin (19.9%) with species at the TS. For instance, we can see that V(C4,H6),
important contributions arising from the V(C1,H1) and V(C1,H2) V(C4,H7), and V(C4,H8) are delocalized on the C(C4) (9.2,
(18.6%) basins. The V(C3) basin population shows the corre- 11.3, and 10.3%, respectively) and noticeably between them-
sponding symmetry-related pattern to V(C1). selves £30% each). This view is reinforced by the fact that
It is thus evident from the topological analysis of the ELF the two V(C,C) valence basins have major fluctuations only
for the antarafacial TS that it can be visualized effectively as a with basins on the allyl fragment. For instance, the population
strongly dynamical delocalized entity, which agrees with a of the V(C1,C3) basin is exchanged 20.3% with those from the
pericyclic process in a sense that extends and complements (ifv(C2,C3) basin, 18.0% with both the V(C3,H9) and the V(C3,-
semiquantitatively) the view based only on orbital symmetry H8) basins and 16.4% with the V(C1,H5) basin. Indeed, the
considerations. In this context and from the contribution analysis total number of electrons at the methyl and allyl fragments (9.1e
data, the key role of the valence \{®) basins is emphasized and 23.1e, respectively) reveals, after introducing nuclear
as a dynamical and transitory natural reservoirs for the rear- charges, that the TS can be rationalized directly as two weakly
rangement of the fluxing electron density. It must also be noted interacting methyl and allyl radicals. It is interesting to note
that global symmetry constraints are conserved and reflectedagain that all of these analyses have been done without resorting

in the ELF analysis of the corresponding TS. to either orbitals or symmetry requirement arguments. We need

Methyl Migration. As it is known, the WoodwardHoff- to emphasize at this point that the topology from the ELF
mann-allowed [4,3Jalkyl migration process involves a suprafa- analysis has been shown to be independent enough of the level
cial stereochemistry with inversion at the migrating ceftés> of theory being used.

Figure 2b depicts the calculated ELF domains of localization  Fluorine Migration. The topological analysis of the ELF
for the corresponding TS. There are represented four mono-for the [1,3Jfluorine migration in the allyl system has been
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TABLE 3: ELF Basin Populations Ni, Variance 6%(Ni),
Relative Fluctuation 4(Ni), and Main Contributions of Other
Basinsi (%) to 63(Ni), Corresponding to TS [1,34F at the
B3LYP/6-311++G(d,p) Level of Theory

basin ~ Ni o?(Ni) A(Ni) contribution analysis (%)

1 Cc(Cl) 21 03 0.1 529.3),6(30.1),10(31.5),11(3.3)

2 c(C2) 21 03 0.1 7(28.3),10(30.5),11(31.5)

3 C(C3) 21 03 0.1 829.3)9(30.1),11(31.5),10(3.3)

4 C(F) 21 04 02 1264.9),1330.8)

5 V(CLH1) 21 06 0.3 1(12.0).6(32.2),7(4.6),10(34.4),
11(5.8), 12(4.8),13(3.4)

6 V(CLH2) 2.1 0.7 0.3 1(11.7),5(30.5),7(3.6),10(32.0),
11(5.2),12(9.0),13(3.9)

7 V(C2H3) 2.1 0.7 0.3 2(11.2),5(4.3),6(3.5),8(4.3),
9(3.5),10(34.3),11(35.0)

8 V(C3H4) 2.1 06 0.3 3(12.0),7(4.6),9(32.2),10(5.8),
11(34.8),12(4.8), 13(3.4)

9 V(C3H5) 21 07 0.3 3(11.7),7(3.6),8(30.5),10(5.2),
11(32.0),12(9.0), 133.9)

10 V(CL,C2) 27 13 05 1(6.4),2(6.2),5(16.8),6(16.2),
7(18.0),11(24.1),12(3.5)

11 V(C2,C3) 27 13 0.5 2(6.4),3(6.2),7(18.0),8(16.8),
9(16.2),10(24.1),12(3.5)

12 V(F) 51 15 0.3 4(17.1),6(4.1),9(4.1),10(3.1),
11(3.2),13(63.2)

13 Vo(F) 24 12 05 4(9.7),10(2.9),11(3.0),12(75.8)

recently explored at the B3PW91/6-311G(d,p) level of thé8ry.
The Woodward-Hoffmann-allowed Cs suprafacial TS was
rationalized as a fluorineallyl ion—pair with a charge separa-
tion of 0.6e. From Figure 2c and Table 3, we can see that at
the present level of calculation all of the topological charac-

teristics are retained. In the present representation, we have fou
core attractors, in red, corresponding to the three carbon atoms

C(C), and to the F atom, C(F). There are also five V(C,H) basins,
in green, corresponding to the-®& bonds, while the valence
region of the halogen atom is divided by two attractorg(FY
and V,x(F), in blue, with a basin population of 7.5e. The five
V(C,H) basins again show intermediate delocalization values
(4 = 0.3) for populations centered on 2.1e, while the V(C,C)
and V(F) basins are the most delocalized populatidrs 0.5).
There is not any polisynaptic basin connecting the fluorine and
allyl fragments. From the basin-integrated density calculations,

electron populations in both spatial basin regions yield a charge

separation in the sense of £, . . GHs(*9-6¢) The observed
fluctuation patterns for C(F) and;{¥) on the halogen center,
and for the valence populations on the allyl part, agree with
the view of an ior-pair interaction with some delocalization
among the allyl spatial regior§8 Note again that these conclu-
sions have been drawn only on the basis of the topology of the
ELF function, a measure of the local excess of kinetic energy
due to the Pauli principle.

Bifurcation Diagrams. With the aim to help in the present

discussion and clarify the differences between the three mech-

anisms and the new insights provided by the ELF partition
technique, we have also obtained the bifurcation diagrams
corresponding to the [Bjhydrogen, [1,3]methyl, and [4,34]-
fluorine sigmatropic shift reactions. These are schematized in
Figure 3a-c, respectively. It can be noted that for the antarafa-
cial hydrogen migration, the bifurcation diagram shows a unique
reducible valence domain for the V(C1), V(C3), and V(H6),
which is separated at ELE 0.82. In the case of methyl and
fluorine [1,3] migrations, the valenessalence separation
between the allylic moiety and either the €6t the F takes
place effectively at lower ELF values, 0.35 and 0.20, respec-
tively. Bifurcation diagrams complement the population analysis
reported in Tables-13, emphasizing and characterizing uniquely

Chamorro et al.

the nature of bonding in the {B;Jhydrogen, the [13]methyl,

and the [3,34fluorine sigmatropic rearrangements in terms of
a highly delocalized one, a two radicals interaction one, and an
ion—pair interaction one, respectively.

Concluding Remarks

It has been shown that the topological analysis of the ELF is
capable of describing the bonding nature of the allowe@Jt
hydrogen, [4,3]methyl, and [},34fluorine TSs corresponding
to the sigmatropic shift in the allyl system. A semiquantitative
description, which agrees well with the traditional intuitive
picture of bonding, is reached for each stationary point. For
this type of one step unimolecular process, the TS resembles a
highly delocalized one in the case of hydrogen transfer, a two
radical interaction in the case of methyl migration, and an-ion
pair separation in the case of fluorine rearrangement. The basin
properties calculated from the B3LYP/6-3t+G(d,p) density
allow us to draw conclusions, which agree and complement the
standard WoodwardHoffmann symmetry orbital-based analy-
sis. This fact is a remarkable result because the single analysis
of bonding using the ELF tool is based formally only on the
local kinetic energy excess due to the Pauli repulsion, without
using any of the frontier molecular orbital interactions.
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