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1. Bonding Evolution Theory (BET) study of the non-polar 32CA reaction between
Al 1b and ethylene 3

The BET study of the non-polar 32CA reaction betwéé 1b and ethylene8
indicates that this reaction can be topologicalharacterised by nine differentiated
phases. Simplified representation of the molecmachanism of the non-polar 32CA
reaction between Alb and ethylene8 by ELF-based Lewis structures is shown in
Scheme SI1A representation of the relative energy for tel@addition process along
the intrinsic reaction coordinate (IRC) is givenHigure S1 the nine phases in which
the reaction path is topologically divided are sapeal by black dashed lines crossing
the energy curve at the poirRs The populations of the most significant valenasibs
(those associated with the bonding regions direictplved in the reaction) of the
selected points of the IR®;, are included iffable S] the attractor positions of the
electron localisation function (ELF) basins for ghants involved in the bond formation
processes are shown figure S2and the basin-population changes along the reaction
path are graphically represented-igure S3

The longPhase I(seeFigure S}, 3.718 A> d(C1-C5) > 2.908 A and 3.337 A
d(N3—-C4) > 2.800 A, begins at molecular complex (MEZL1, which is a minimum in
the reaction path connecting the separated reagehid and ethylend, with the TS
of the reaction,TS1. The bonding pattern of a MC usually resembleg tfathe
separated reagents. Thus, ELF topological anabj9i$C1 only reveals slight changes
in the ELF valence basin electron populations & Ah and ethylene frameworks with
respect to the topological features of Ml (see Section 3.1) and ethyleBiéseeTable
S1). The two V(C1) and V’(C1) monosynaptic basineatty present in Alb, which
are associated with a Qikeudoradicatenter and which characterise pseudoradical
electronic structure, are also observe¥&l integrating a total population of 0.57e. It
should be emphasised that along this phase, th@é1y’(honosynaptic basin oriented
above the molecular plane of the Al framework dases its electron population from
0.29e to 0.08e at the end of this phase, its eleatensity being redistributed among the
adjacent hydrogen atoms. On the other hand, the \Wi@4,C5) and V’(C4,C5)
disynaptic basins in the ethylene moiety, integtil.70e and 1.69e, suggest the
presence of a CL5 double bond according to the Lewis chemical boratiel. At
MC1, the global electron density transfer [1] (GED3 hegligible, 0.01e.

Phase 1) which is also long (se€igure S}, 2.908 A> d(C1-C5) > 2.311 A and
2.800 A> d(N3-C4) > 2.319 A, begins d1. At this point, the V'(C1) monosynaptic
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basin present a1C1 has disappeared by means of a cGspatastrophe, while the
V(C1) monosynaptic basin remains with a populatbf.25e. This topological change
can be related to a rehydridisation process ofhiwidised sp C1 carbon of the Al
framework to the sphybridisation demanded for the formation of the-C% single
bond. AtP1, the GEDT has slightly increased to 0.04e but resnzery low.

The changes in electron density taking place alBhgses land Il, which are
mainly related to the rehydridisation process ef @1 carbon from o sp and to the
increase of the population of the €N\2 bonding region, imply an energy cost (EC) of
ca. 7.6 kcal-mof (seeTable S).

The shortPhase lli(seeFigure S), 2.311 A> d(C1-C5) > 2.297 A and 2.319 A
> d(N3-C4) > 2.307 A, begins &2. At this point, which corresponds to a second cusp
C catastrophe, the two V(C4,C5) and V'(C4,C5) diptita basins present at the
ethylene framework of the previold have merged into a new V(C4,C5) disynaptic
basin integrating 3.20e, after having been depopdldy a total of 0.17e along the
previous Phase II At the Al framework, while the population of th&(N3)
monosynaptic and the V(N2,N3) disynaptic basins tesreased to 3.32e and 1.90e,
that of the V(C1,N2) disynaptic basin has increase®.31e. In addition, the V(C1)
monosynaptic basin has doubled its population, &.5€covering part of the electron
density previously redistributed among the hydrogéoms. AtP2, the GEDT has
reached the maximum value along the reaction, QM@eh is suggestive of the low
polar character of this 32CA reaction.

Phase IV 2.297 A> d(C1-C5) > 2.174 A and 2.307 A d(N3-C4) > 2.206 A,
begins atP3. This point is characterised as a féiticatastrophe implying the creation
of a new V(N2) monosynaptic basin at the N2 nitrogé the Al framework with an
initial population of 0.76e. The electron densitfytbis V(N2) monosynaptic basin,
which is associated with the non-bonding N2 londr paresent at the final
pyrazolidinoneb, comes entirelyrom the sudden strong depopulation of the V(C1,N2)
disynaptic basin experienced BB to 2.55e. This behaviour,e. population of the
V(N2) monosynaptic basin at the expense of the p@ption of the V(C1,N2)
disynaptic basin, will be maintained throughout teaction. AtP3, the GEDT remains
0.10e. At this phase, the TS of the reactib8], d(C1-C5) = 2.272 A and d(N3C4) =
2.286 A, is found. Only slight changes in electdemsity at the TS with respect ®8

are observed.
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The changes in electron density taking place aBhgses llland IV, which are
mainly related to the depopulation of the-G2 and C4C5 bonding regions, release a
slight molecular relaxation energy (MRE)az. 0.9 kcal- mof (seeTable S).

Phase V2.174 A> d(C1-C5) > 2.091 A and 2.206 & d(N3-C4) > 2.136 A,
begins atP4. This point is characterised as a féiticatastrophe implying the creation
of a new V(C5) monosynaptic basin at the C5 cadfdhe ethylene framework with an
initial population of 0.25e. The electron densitly tbis V(C5) monosynaptic basin,
which is demanded for the €C5 single bond formation, comes entirely from the
sudden strong depopulation of the V(C4,C5) disyinapasin experienced &4 to
2.96e. AtP4, at which the GEDT has slightly decreased to Q.8 GEDT begins a
progressive decrease until the reaction is finished

The very shoriPhase Vi(seeFigure S), 2.091 A> d(C1-C5) > 2.033 A and
2.136 A> d(N3-C4) > 2.086 A, begins @&5. This point is characterised as a f&itl
catastrophe implying the creation of a new V(C4nogynaptic basin at the C4 of the
ethylene framework with an initial population oR@e. Such as in the creation of the
V(C5) monosynaptic basin, the electron density le# ¥/(C4) monosynaptic basin,
which is demanded for the N84 single bond formation, comes entirely from the
sudden strong depopulation of the V(C4,C5) disyinapasin experienced &5 to
2.63e. AtP5, the V(C5) monosynaptic basin has reached anrefedensity of 0.40e. It
Is interesting to note that the three C1, C4 angh$&udoradicatenters required for the
formation of the new CAC5 and N3C4 are simultaneously presentR& (seeP5 in
Figure S2.

Phase VI] 2.033 A> d(C1-C5) > 1.868 A and 2.086 A d(N3-C4) > 1.937 A,
begins atP6 by means of a cus@ catastrophe. In this phase, the first most relevan
change along the IRC take places; the two V(C1) ¥(d5) monosynaptic basins
present in the previouBhase Vlhave merged into a new V(C1,C5) disynaptic basin
with an initial population of 1.19e (sé#% in Figure S2and the merger of V(C1) and
V(C5), in green aP5, into V(C1,C5), in blue aP6, in Figure S3. This noteworthy
topological change indicates that the formatiotheffirst C+C5 single bond begins at
a C-C distance ofca. 2.03 A, through the C-to-C coupling of the two @&id C5
pseudoradicatenters [1]. Note that the Qikeudoradicatenter was already present at
Al 1b (seeTable S).
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Phase VII) 1.868 A> d(C1-C5) > 1.849 A and 1.937 A d(N3-C4) > 1.919 A,
begins atP7 by means of a cusp' catastrophe and is also very short (B&gire S).
The most relevant topological change observedPatis the split of the V(N3)
monosynaptic basin present B6 into two new monosynaptic basins, V(N3) and
V’(N3), integrating 2.67e and 0.58e, respectivedggP7 in Figure S2. Interestingly,
the new V’(N3) monosynaptic basin, which is demahdlar the subsequent N@4
single bond formation, allows characterising therfitBogen as @seudoradicatenter.

Finally, the lastand longPhase IX(seeFigure S), 1.849 A> d(C1-C5)> 1.525
A and 1.919 A> d(N3-C4)> 1.463 A, begins a8 by means of a cusp catastrophe
and ends at pyrazolidinorte In this phase, the second most relevant charayey dhe
IRC takes place. The two V’(N3) and V(C4) monosyti@apasins present &7 have
merged into a new V(N3,C4) disynaptic basin withimitial population of 1.03e (see
P8 in Figure S2and the merger of V’'(N3) and V(C4), in greerPat into V(N3,C4), in
blue at P8, in Figure S3. This noteworthy topological change indicatest ttize
formation of the second N&4 single bond begins at an-® distance o€a.1.92 A, by
a C-to-N coupling of the two N3 and @4eudoradicatenters [1].

At pyrazolidinone5, no significant topological changes with respeat the
topological features of the laB8 are observed. Along this phase, the two disynaptic
basins, V(C1,C5) and V(N3,C4), associated withrtee single bonds have reached an
electron density of 1.74e and 1.88e, respectivigierestingly, the electron density
gathered in the N34 bonding region alonBhase IXmainly comes from the V(N3)

monosynaptic basin, which reaches an electron geofs2.28 at pyrazolidinong.

From this BET study, the molecular mechanism ofriba-polar 32CA reaction
between the simplest Allb and ethylen& can be summarised as follows (Ssheme
S1): i) the reaction begins with the disappearancehefV’'(C1l) monosynaptic basin
associated with the hybridised?sp1 pseudoradicatenter of Allb (Phases bBndll) in
order to achieve the $pibridisation demanded for the formation of the-C5 single
bond. This rehybridisation process entails a mddeE& of 7.6 kcal-mdt i) then, the
V(C1,N2), and the V(C4,C5) and V’(C4,C5) disynagiasins related to the €NI2 and
C4-C5 double bond regions of the Al and ethylene fraor&s begin to depopulate
releasing a slight MRE of 0.9 kcal-rifahlong Phases llland 1V, and provoking the

appearance of the V(N2) monosynaptic basin assatiaith the non-bonding N2 lone
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pair present at the final pyrazolidinoBgiii) this depopulation permits the creation of
two V(C4) and V(C5) monosynaptic basins at the letiny framework Rhases Viand
V), which arerelated to the C4 and Cpseudoradicalcenters demanded for the
formation of the new CAC5 and N3C4 single bonds; iv) formation of the V(C1,C5)
disyanaptic basin associated with the first newC3 single bond takes place at aCC
distance of 2.03 A through the merger of the twd& 1) and V(C5) monosynaptic
basins Phase VI) [1]; v) then, the electron density around the NiBogen is
redistributed in such a manner that a new V’(N3nhosynaptic basin related to an N3
pseudoradicatenter is createdPfiase VIl); and vi) finally, formation of the V(N3,C4)
disynaptic basin associated with the second new(¥3single bond takes place at the
end of the reaction path at ar-®l distance of 1.92 A through the merger of the two
V(N3) and V(C4) monosynaptic basirRhase IX [1].

HZ 3 § I X I K v K

’ % NH g/N‘NH _>‘ (fN‘NH —~ 5 NH —» g " NH
54 —_— === —=== Q---
MC1 P1 P2 P3 P4

% k] Vi H Vii H . Vill

...
6/..\NH > < «-"NH E—\@b”_{ - &H}NH X - C/NH
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C

Scheme S1. Simplified representation of the molecular medsianof the non-polar
32CA reaction between Allb and ethylen& by ELF-based Lewis structures.
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Figure S1. Relative energyAE, in kcal-mot) variations along the IRC (aritBohr)
associated with the non-polar 32CA reaction betwAérlb and ethylene3. Black
dashed lines separate the nine phases definecelpothtsPi along the IRC, while the
red point indicates the position ©51. Relative energies are given with respect to the
separated reagents.
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Figure S2. ELF attractor positions for the points of the IREfining Phases VI — IX
involved in the formation of the GC5 and N3C4 single bonds along the non-polar
32CA reaction between Alb and ethylen&. The electron populations, in e, are given
in brackets.
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Figure S3. Graphic representation of the basin populaticengles along the non-polar
32CA reaction between Alb and ethylene. Dash dotted curves represent bonding
regions described by two basins, dashed curvessept bonding regions described by
only one basin and continuous curves represento#tsins directly involved in the
formation of the new single bonds; black curvesesent basins that do not participate
in the bond formation processes, grey curves reptgbe sum of basins characterising
a bonding region, the red colour is for lone pagsgen for carborpseudoradical
centers and blue for the new formed single bonds.
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Table S1. Valence basin populations N calculated from thé- Bf the IRC pointsP1l — P8, defining the nine phases characterising the
molecular mechanism of the non-polar 32CA reachietween Allb and ethylen&. The stationary points1C1, TS1 and5 are also included.
Distances are given in A, GEDT values and elecumpulations in e, and relative energies in kcal-mol

Points 1b 3 MC1 P1 P2 P3 P4 P5 P6 P7 P8 CA TS
Catastrophes C C F F Fr C c' C

Phases 1 1" \Y VI Vil VI IX

d(C1-C5) 3.718 2.908 2.311 2.297 2.174 2.091 2.033 1.868 491.8 1.525 2.272
d(N3-C4) 3.337 2.800 2.319 2.307 2.206 2.136 2.086 1.937 191.9 1.463 2.286
DE -2.4 -15 5.2 5.2 4.3 1.3 -2.1 -179 -20.1 -62.0 5.3
GEDT 0.01 0.04 0.10 0.10 0.09 0.07 0.05 -0.02 -0.03 -0.13 0.10
V(C1,N2) 2.95 2.97 3.05 3.31 2.55 2.27 2.15 2.07 1.90 1.89 1.Y5 512
V(N2) 0.76 1.22 1.47 1.61 1.94 1.96 2.28 0.84
V(N2,N3) 2.10 2.09 2.07 1.90 1.89 1.78 1.70 1.66 1.56 1.55 1.36 871
V(C4,C5) 1.71 1.70 1.67 3.20 3.20 2.96 2.63 2.49 2.19 2.17 1.88 .18 3
V'(C4,C5) 1.71 1.69 1.70

V(C1) 0.31 0.28 0.25 0.50 0.51 0.60 0.66 0.52
V'(C1) 0.31 0.29

V(N3) 3.53 3.54 3.48 3.32 3.32 3.28 3.25 3.23 2.67 2.67 2.28 .32 3
V'(N3) 0.58

V(C4) 021 028 044

V(C5) 025  0.40

V(C1,C5) 119 147 150 174

V(N3,C4) 103 188
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2. ELF topological analysis of the C—C and N-C bond formation processes along
the polar 32CA reaction between Al 1b and DCE 6

2.1 ELF topological analysis along the more favdaleameta regioisomeric channel

The populations of the most significant valencermsef the stationary points and
of the selected points of the IRC involved in tlenfation of the new CAC5 and
N3-C4 single bonds are included Tiable S2 while the attractor positions of the ELF
basins for the points involved in the bond formatmwocesses are shownkigure S4

At MC2-m, d(C1-C5) = 2.957 A and d(N3C4) = 2.462 A, the Al framework
appears characterised by two disynaptic basins,1\Z) and V(N2,N3), integrating
3.39e and 2.02e, and one V(N3) monosynaptic basih & population of 3.46e.
According to the Lewis chemical bond model, these tisynaptic basins could be
associated to CGIN2 double and N2N3 single bonds, while the monosynaptic basin
could be related to the non-bonding N3 electrorsitgrtommonly represented as two
N3 lone pairs. On the other hand, two V(C4,C5) &fi(C4,C5) disynaptic basins
describe the CAC5 double bond of the DCE moiety integrating altptpulation of
3.29e. Although the bonding pattern of MCs usuadlgembles that of the separated
reagents, sel C1, in this case the ELF picture MC2-m is somewhat different. Note
that the two V(C1l) and V’(C1l) monosynaptic basinBaracterising the C1
pseudoradicalcenter of Allb are not present a¥1C2-m, while the double bond
character of the GIN2 bonding region has increased.MC2-m, the GEDT is already
high, 0.17e.

At TS2-m, d(C1-C5) = 2.796 A and d(N3C4) = 2.142 A, the slight depopulation
of the two V(C4,C5) and V’'(C4,C5) disynaptic basofsthe DCE framework by only
0.03e have provoked their merger into one singleéAMC5) disynaptic basin integrating
3.26e. Meanwhile, at the Al framework, only a stigkectron density redistribution can
be noticed; while the population of the V(C1,N2%haptic basin increases to 3.46e,
the V(N2,N3) disynaptic and V(N3) monosynaptic basare depopulated to 1.89e and
3.40e AtT S2-m, the GEDT has increased to 0.27e, a high valuBZQrA reactions that
allows establishing the high polar character of 32€A reaction between Alb and
DCEG®.

The changes in electron density taking place confiogn MC2-m to TS2-m,
which are very scarce and only imply slight elestensity variations within the
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molecular system mainly directed towards the rugtoir the C4C5 double bond of
DCE 6 and depopulation of the NRI3 bonding region, account for the very low
activation barrier ota. 0.4 kcal-mof from MC2-m (seeTable S3.

At P1-m, d(C1-C5) = 2.680 A and d(N34) = 1.822 A, a new V(C5)
monosynaptic basin, integrating 0.31e, is obsemtethe C5 carbon of the ethylene
framework. The electron density of this monosyr@apasin, which is related to the C5
peudoradical center demanded for the formation of the new-C3 single bond,
proceeds from the V(C4,C5) disynaptic basin, whaogeulation has strongly decreased
to 2.79e at this point, and from the GEDT takingcel along this polar reaction. R1-

m, the GEDT has continued increasing to the highevalf 0.39e.

At P2-m, d(C1-C5) = 2.675 A and d(N3C4) = 1.810 A, the presence of a new
V(N3,C4) disynaptic basin integrating 0.98e togetiwéh the strong depopulation of
the V(N3) monosynaptic basin to 2.64e indicates tihe formation of the first N3C4
single bond begins at an-8 distance ota. 1.81 A through the donation of part of the
non-bonding electron density of the N3 nitrogerthi® C4 carbon (seel-m andP2-m
in Figure S3. Note that the N3 and C4 atoms are the most opbiéc and
electrophilic sites of Allb and DCESG, respectively. AtP2-m, simultaneously to the
formation of the first N3C4 single bond, the maximum GEDT along the reaqgbiath
is reached, 0.42e, which emphasises the strong gwdaacter of this 32CA reaction.

At P3-m, d(C}+C5) = 2.318 A and d(N&4) = 1.521 A, the V(C1)
monosynaptic basin associated with the gdkudoradicalcenter of Allb is again
observed with an electron population of 0.15e asoasequence of the strong
depopulation experienced by the V(C1,N2) disynapiésin to 2.38e (seB3-m in
Figure S4. This lost electron density together with the a@mgdation of the V(N2,N3)
disynaptic basin to 1.48e also contributes to tippearance of a new V(N2)
monosynaptic basin, integrating 1.756”@8tm, related to the non-bonding N2 nitrogen
lone pair present at pyrazolidinoBeAt this point, the V(C5) monosynaptic basin has
reached a high electron population of 0.67e. Naée the two C1 and Qaseudoradical
centers demanded for the subsequent@Slbond formation are still present at this
point, when the N3C4 bond formed first has reacheal 91% of its final population at
pyrazolidinone8. At P3-m, the GEDT has decreased to 0.27e due to a retratido

process from the DCE to the Al substructures.
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At P4-m, d(C1C5) = 2.145 A and d(N3C4) = 1.500 A, while the V(C1) and
V(C5) monosynaptic basins have disappeared, a né@1)XZ5) disynaptic basin
associated with the formation of the secondCa single bond is observed between the
Cl1l and C5 carbons with an electron population @04, thus indicating that the
formation of the second GC5 single bond starts at aC distance ota. 2.14 through
the C-to-C coupling of the two C1 and @Seudoradicakenters (se®4-m in Figure
S4) [1]. The V(N3,C4) disynaptic basin formed firsadhreached 1.64e at this point,
which is the 95% of its final population at pyradaione8, thus characterising tavo-
step one-stemechanism in which the formation of the second bbedins when the
formation of the first single bond is practicallgropleted [2]. AtP4-m, the GEDT is
0.14e.

Finally, at pyrazolidinons, d(C}+C5) = 1.564 A and d(N3C4) = 1.441 A, the
new V(C1,C5) and V(N3,C4) disynaptic basins reaopypations of 1.82e and 1.72e.
Interestingly, while the populations of the V(C4)Gihd V(C1,N2) disynaptic basins
are similar to those of the formere. 1.83e and 1.74e, the V(N2,N3) disynaptic basin
has a lower electron population, 1.38e. At las,tthio V(N2) and V(N3) monosynaptic
basins related to the two non-bonding N2 and N@®gén lone pairs integrate 2.25e and
2.24e. A8, the GEDT is negligible, 0.03.
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Table S2. Valence basin populations N calculated from th& Bf the stationary points
and some points of the IRC involved in the formata the newC1-C5 andN3-C4
single bonds along the more favourabletaregioisomeric channel associated with the
polar 32CA reaction between Ab and DCEG. Distances are given in A, GEDT values
and electron populations in e, and reldtierergies in kcal-mdl He puesto en la table
la linea que separa los reactivos del MC

) H H H
s NNk NNk ANk
NCES M= el G
MC2-m TS2-m P1-m P2-m
H H
s NoNE QNH
NC,, NC,\ NC
NC NC NC
P3-m P4-m 8
Points 1b 6 MC2-m TS2-m P1-m P2-m P3-m P4-m 8
d(C1-C5) 2957 2796 2.680 2.675 2.318 2.145 1.564
d(N3-C4) 2462 2142 1.822 1.810 1521 1500 1.441
AE -8.9 -85 -11.1 -114 -23.1 -295 -58.2
GEDT 0.17 0.27 039 040 034 0.26 0.03
V(C1,N2) 2.95 3.39 346 364 367 238 219 174
V(N2) 1.75 1.78 2.25
V(N2,N3) 2.10 2.02 1.89 1.72 170 148 142 1.38
V(C4,C5) 1.66 1.66 3.26 279 278 218 2.07 1.83
V'(C4,C5) 1.66 1.63
V(C1) 0.31 0.15
V'(C1) 0.31
V(N3) 3.53 3.46 340 361 264 232 227 224
V(C5) 031 031 0.67
V(C1,C5) 1.09 1.82
V(N3,C4) 098 158 164 1.73

? Relative to the separated reagentsiiand DCES.
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regioisomeric channel associated with the polarBa€action between Alb and DCE
6. The electron populations, in e, are given in bets.
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2.2 ELF topological analysis along the less favduesortho regioisomeric channel

The populations of the most significant valencermsef the stationary points and
of the selected points of the IRC involved in tleenfation of the new CiC4 and
N3-C5 single bonds are included Table S3 while the attractor positions of the ELF
basins for the points involved in the bond formatwocesses are shownHkigure S5

ELF topological analysis d¥l C2-0, d(C1-C4) = 2.758 A and d(N&C5) = 2.752
A, shows a similar bonding pattern to that of ttepasated reagents; in the Al
framework, besides the two V(C1,N2) and V(N2,N3%ydiaptic basins, integrating
2.98e and 2.12e, associated to the tweN2ZLand N2N3 bonding regions, a V(N3)
monosynaptic basin, related with the non-bondingeN@tron density, is observed with
an electron population of 3.36e. It should be nated the immediate loss of the planar
arrangement around the C1 carbonM€2-0 in order to achieve the non-planar
orientation demanded for the—-C bond formation makes that, unlikd, only one
V(C1l) monosynaptic basin characterises the @4eudoradical center with
approximately half of the electron density gatheaedb, 0.38e. Additionally, the two
V(C4,C5) and V’(C4,C5) disynaptic basin that chéease the C4C5 double bond of
DCE 6 remain at the DCE moiety & C2-o0 with a total population of 3.26e. M C2-

o, there is already a notable GEDT, 0.14e.

At TS2-0, d(C1-C4) = 2.311 A and d(N&5) = 2.093 A, the two V(C4,C5) and
V’(C4,C5) disynaptic basins describing the ©% bonding region of the DCE
framework have merged into one single V(C4,C5) mlggic basin as a consequence of
the slight depopulation of this region by 0.07enfitg from MC2-0 to TS2-0, the
populations of the V(C1,N2) and V(N2,N3) disynapliasins have remained almost
invariable, while those corresponding to the V(@bJd V(N3) monosynaptic basins
have increased and decreased to 0.53e and 3.%pecti®ely. AtT S2-0, the GEDT has
increased to 0.25e, a value that allows establiskie polar character of th&rtho
regioisomeric channel of this 32CA reaction.

The changes in electron density taking place confiogn MC2-0 to TS2-0,
which are associated with slight electron densétgations within the molecular system
mainly directed towards the rupture of the-C% double bond of DCE, population of

the C1pseudoradicalcenter and decrease of the non-bonding N3 eledensity,
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account for the very low activation barrierasf. 0.6 kcal-mof from MC2-o (seeTable
S2).

At Pl-o, d(CtC4) = 2.121 A and d(N&5) = 2.560 A, a new V(C4)
monosynaptic basin, integrating 0.07e, is founthatC4 carbon of the DCE framework
while a slight depopulation of the V(C4,C5) disyhiagasin to 3.15e can be noticed
(seeTable S3andP1-o in Figure S%. This new V(C4) monosynaptic basin is related
with the C4pseudoradicatenter demanded for the subsequent@lbond formation.
At this point, the V(C1) monosynaptic basin hascheal 0.69e and the V(N3) one has
continued being depopulated to 3.05ePAto, the GEDT is very high 0.32e.

At P2-0, d(C1-C4) = 2.048 A and d(N3C5) = 2.536 A, the disappearance of the
two V(C1) and V(C4) monosynaptic basins preserihatpreviousPl-o, together with
the presence of a new V(C1,C4) disynaptic basiegrating 0.96e, indicates that the
formation of the first C3C4 single bond starts at aC distance of 2.05 through the C-
to-C coupling of two C1 and Cgseudoradicalcenters (se®2-o in Figure SY [1].
Another relevant topological change than can beedtat this point is the existence of
a new V(N2) monosynaptic basin, integrating 0.6dssociated with the non-bonding
N2 nitrogen lone pair of the final pyrazolidinofile as a consequence of the strong
depopulation of the adjacent V(C1,N2) disynaptisibdo 2.40e. AtP2-0, coinciding
with the formation of the first CAC4 single bond, the GEDT has reached the maximum
value among the selected points of the IRC, 0.36et again, this high value
emphasises the high polar character of the 32C&iogabetween AlLb and DCES.

At P3-0, d(C}+C4) = 1.556 A and d(N&5) = 1.865 A, a new V(C5)
monosynaptic basin, associated with apgSBudoradicakenter, can be observed at the
DCE framework integrating 0.63e (sB8-0 in Figure S). This electron density mainly
comes from the strong depopulation that the V(Cldi&ynaptic basin has suffered to
2.62e. At the same time, the V(N3) monosynaptidrbpsesent at the previol?3-o
splits into two new V(N3) and V’(N3) monosynaptiadins integrating 2.62e and 0.32e
(Figure S%. While the first one is associated to the N3agéan lone pair, the second
one can be related to the l8eudoradicatenter demanded for the subsequentC&
single bond formation. On the other hand, the V@3},disynaptic basin has acquired
1.81e, and the V(N2) monosynaptic basin increasespopulation to 2.00e as a

consequence of the depopulation of the neighbouNi(@1,N2) and V(N2,N3)
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disynaptic basins to 1.78e and 1.58eP&to, the GEDT has decreased to 0.14e due to
a retro-donation process from the DCE to the Alstuigtures.

At P4-0, d(C1-C4) = 1.554 A and d(N3C5) = 1.837 A, while the two V(N3) and
V(C5) monosynaptic basin have disappeared, a neWN3¥}5) disynaptic basin is
created with an electron population of 1.06e (8é® in Figure S%. This topological
feature indicates that the formation of the sedddC5 single bond begins at an-®
distance ofca. 1.84 A through the C-to-N coupling of two C5 an8 pseudoradical
centers. At this point, the population of the fifstmed V(C1,C4) disynaptic basin
remainsca. 96% of that at pyrazolidinong thus characterising tavo-stage one-step
mechanism [2]. AP4-0, the GEDT is 0.13e.

Finally, at pyrazolidinond, d(C1-C4) = 1.515 A and d(N&C5) = 1.474 A, only
electron density variations are noticeabietii the molecular system is completely
relaxed (see electron populationsTiable S3. Similar to 8, the new V(C1,C4) and
V(N3,C5) disynaptic basins have reached populatiohs1.89e and 1.70e and,
interestingly, the V(N2,N3) disynaptic basin endghva very low population of 1.36e.
At 7, the GEDT is almost nult;0.01e.
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Table S3. Valence basin populations N calculated from th& Bf the stationary points
and some points of the IRC involved in the formata the new C2C4 and N3C5
single bonds along the less favourabitho regioisomeric channel associated with the
polar 32CA reaction between Ab and DCE6. Distances are given in A, GEDT values
and electron populations in e, and reldtieeergies in kcal- mol

H . H H H

'@g/’N\'N' (g/N"N" g/N"N'lr ARk

e s e

MC2-c TS2-0 P1-0 P2-0

. H H
o &
P3-0 P4-c 7

Points 1b 6 |MC20 TS2-0 Pl-o P2-0 P3-0 P4-0 7
d(C1-C4) 2.758 2.311 2.121 2.048 1.556 1.554 1.515
d(N3-C5) 2.752 2.625 2.560 2.536 1.865 1.837 1.474
AE -6.3 -57 -65 -75 -37.9-39.2 -56.2
GEDT 0.14 025 0.32 0.350.14 0.13 -0.01
V(C1,N2) 2.95 2.98 297 296 240178 177 1.75
V(N2) 0.61 2.00 2.02 2.26
V(N2,N3) 2.10 2.12 215 212 210158 158 1.36
V(C4,C5) 166 164 319 315 3.01199 199 182
V’'(C4,C5) 1.66| 1.62
V(C1) 0.31 0.38 0.53 0.69
V'(C1) 0.31
V(N3) 3.53 3.36 3.17 3.05 292262 260 2.25
V'(N3) 0.32
V(C4) 0.07
V(C5) 0.72
V(C1,C4) 096 181 1.81 1.89
V(N3,C5) 1.06 1.70

 Relative to the separated reagentdibnd DCES.
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Figure Sb. ELF attractor positions for the selected poiritshe IRC involved in the

formation of the C2C4 and N3C5 single bonds along the less favourabtého
reactive channel associated with the polar 32CAtiea between Allb and DCES®.

The electron populations, in e, are given in bréske
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3. Theoretical background
3.1 Topological analysis of the ELF

Like many other chemical concepts, chemical bonds defined in a rather
ambiguous manner as they are not observable, thdrreelong to a representation of
the matter at a microscopic level, which is nolyfebnsistent with quantum mechanical
principles. To harmonise the chemical descriptibrmatter with quantum chemical
postulates, several mathematical models have beeriaped. Among them, the theory
of dynamical systems [3], convincingly introduceg Bader through the Theory of
Atoms in Molecules (AIM) [4], has become a powenfiuéthod of analysis. The AIM
theory enables a partition of the electron densithiin the molecular space into basins
associated with atoms. Another appealing procedthat provides a more
straightforward connection between the electronsiferdistribution and the chemical
structure is the quantum chemical analysis of thé Bf Becke and Edgecombe [5].
ELF constitutes a useful relative measure of tleetedn pair localisation characterising
the corresponding electron density [6,7]. Withie fnamework of Density Functional
Theory (DFT), ELF is a density-based property et be interpreted in terms of the
positive-definite local Pauli and Thomas Fermi kimesnergy densities in a given
system. In the validity of such a framework, thgeantities provide key information to
evaluate the relative local excess of kinetic eyelgnsity associated to the Pauli
principle. ELF presents values in the range [3}; lighest values being associated with
the spatial positions with higher relative electtonalisation [8-11]. After an analysis
of the electron density, ELF provides basins ofaatbrs, which are the domains in
which the probability of finding an electron parmaximal. The spatial points in which
the gradient of ELF has a maximum value are desegihas attractors [10]. ELF basins
are classified as core basins, C(...), and valebasins, V(...). The latter are
characterised by the synaptic ordeg, the number of atomic valence shells in which
they participate. Thus, there are monosynaptigndigtic, trisynaptic basins and so on
[11]. Monosynaptic basins, labelled V(A), corresgdn the lone pairs or non-bonding
regions, while disynaptic basins, labelled V(A,Bdnnect the core of two nuclei A and
B and, thus, correspond to a bonding region betweand B. This description recovers
the Lewis bonding model, providing a very suggesiyvaphical representation of the

molecular system.
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3.2BET

When trying to achieve a better understanding afdbwy changes in organic
chemical reactions, the so-called BET has proveldet@ very useful methodological
tool [12]. BET applies Thom’s Catastrophe TheoryT\QGoncepts [13-15] to the
topological analysis of the gradient field of thieFE

Within the BET methodology [12], the structuralkstily of the critical points of
the ELF gradient field is examined for the systeimuaclei and electrons ‘evolving’
along the Born-Oppenheimer energy hypersurface ogiven reduced reaction
coordinateg.g.the intrinsic reaction coordinate, occurring agsult of the variation in
the control space parameters from reactive to mtodanfigurations. The chemical
process becomes thus rationalised in terms of samee structural stability domains
(SSDs), also called phases, comprising structuoegydhe path where the number and
type, e.g. synaptic orders, of critical points of the gradiéald of ELF remain without
changes [12].

Within the BET context, the turning points betwdbase phases are located and
the discontinuities or bifurcation catastrophes t&nidentified. BET allows, thus,
characterising unequivocally the behaviour of theasnical system upon bifurcations
associated with the ELF gradient field changingngldhe reaction coordinate. The
different catastrophes in this case corresponchéoréduction or the increase of the
critical points associated with attractors of eleatpairs defining bonding and non-
bonding,e.g.lone pairs, domains for electron (de)localisation.

A detailed examination of the topology of ELF aladhg IRC pathway for a given
reaction reveals the existence of several catastopelonging exclusively to the fold,
F andF', and cuspC andC', elementary types, according to Thom'’s classificatThe
F catastrophe merges an attractor and a saddle iptond wandering point,e. a non-
critical point, decreasing the number of basind pwhereas" splits a wandering point
into an attractor and a saddle point increasing rthmber of basins by 1. The
superscript is used in those catastrophes in wdittler the number of attractors or the
synaptic order increase. The cusp catastr@pheerges two attractors and a saddle point
into an attractor decreasing the number of basns, bwhile C' splits an attractor into
two attractors and a saddle point increasing thebmu of basins by 1. The symbol of a
catastrophe written in bold is used to mark a taipke leading to the formation of the
first covalent bond. The analysis of the changesenumber and type of ELF valence
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basins for the structures involved along the IR@hefreaction allows establishing a set
of points, Pi, separating the different phases that charactéhisestudied molecular
mechanism.

Several theoretical studies have shown that thelagral analysis of the ELF
offers a suitable framework for the study of themipes of electron density [16-22].
This methodological approach is used as a valuadnke to understand the bonding
changes along the reaction path and, consequemntlgstablish the nature of the
electronic rearrangement associated with a giveleecatar mechanism within the BET

perspective.
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