FULL PAPER

Understanding the Molecular Mechanism of the 1,3-Dipolar Cycloaddition
between Fulminic Acid and Acetylene in Terms of the Electron Localization
Function and Catastrophe Theory

Victor Polo,"”! Juan Andres,*'*! Raquel Castillo,™ Slawomir Berski,'"' and Bernard Silvi'*

Abstract: The potential-energy profile
of the 1,3-dipolar cycloaddition of ful-
minic acid and ethyne has been investi-
gated theoretically within the frame-
work provided by the electron localiza-
tion function (ELF) analysis. This has
been achieved by carrying out density

the changes in the topology of the
system. The analysis provides a chemi-
cal description of the reaction mecha-
nism in terms of heterolytic concerted
nonsynchronous bond formation: the
first four catastrophes enable the si-
multaneous formation of the C-C

bond and a lone pair on the nitrogen
atom, whereas the remaining ones lead
to the ring closure. The valence basin
populations calculated along the reac-
tion path do not support any mecha-
nism involving pentavalent nitrogen.
The simulation of the solvent effect, by

functional theory (B3LYP approach)
calculations using the bonding evolu-
tion theory. Eight different domains of
structural stability have been identified
along the reaction path, as well as the
bifurcation catastrophes responsible for

Introduction

Theoretical descriptions of chemical reactivity are based on
concepts derived from the corresponding potential-energy
surface (PES). Molecular structures (reactants, products,
and possible intermediates) are associated with the mini-
mum positions in the valleys, while the transition structure
(TS) is a saddle point of index one on the PES. The energet-
ic aspects of the reaction can be obtained from the energies
of these stationary points, that is, the thermodynamic and ki-
netic parameters can be derived from the relative values of
energy between them. Therefore, the standard description
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means of a continuum model, does not
indicate any significant difference of
the mechanism of reaction between the
gas phase and solution.

ELF

of chemical reactivity tends to rely on calculation of the ge-
ometries and energies of these stationary points lying on the
reaction pathway of a given chemical rearrangement.

Chemical concepts such as those of bonds and lone pairs
enable one to adopt a quite different, but nevertheless com-
plementary, point of view. In this case the effort is put into
understanding the changes in bonding that occur along the
reaction pathway connecting reactants and products through
the corresponding TS. For a chemical reaction involving
multiple bond breaking and bond formation, the following
main questions need to be answered:

1) How do the chemical events (bond breaking/forming
processes) occur, that is, do they follow a step-wise or a
concerted mehanism ?

2) How does the electronic reorganization proceed along
the reaction path?

3) How does the electron flow accompanying the chemical
rearrangement relate to the bond breaking/forming pro-
cesses?

4) Does bond breaking and forming take place in the TS
region?

To clarify these matters, some attempts have been made
to render a quantitative definition of chemical bonding from
quantum mechanical observables obtained from first princi-
ple calculations; these include the delocalization index!!
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based on the electron pair density in the atoms in molecules
(AIM) approach of Bader,**! and a bond basin population
from the electron localization function (ELF) approach of
Becke and Edgecombe,”! as extensively developed by Silvi
and Savin.”?¥ In particular, the ELF approach is topological
and divides a system’s space into basins and basin attractors
based on the gradients of particular scalar fields. ELF basins
are defined quantities although based on strong physical ar-
guments regarding the Fermi hole!'*'” and the correspond-
ing tendency of electron pairs to occupy different regions of
space.

In addition, Thom’s catastrophe theory is an attempt to
find a universal mathematical treatment of morphogene-
sis,"®l understood as a temporally stable change in the form
of a system. We have recently combined ELF and catastro-
phe theory to analyze the molecular changes that take place
along the reaction pathway for the molecular mechanism of
the Diels—Alder reaction between ethylene and 1,3-buta-
diene.™ The ELF analysis was performed from the Kohn—
Sham orbitals for each point along the reaction path and the
study of the evolution of ELF basins enabled us to identify
the turning points at which there is a change in the number
or type of ELF basins. Catastrophe theory is used for an
exact characterization of those points. ELF basins can be as-
signed to electron pairs and the evolution of ELF basins is
related to the formation/breaking of chemical bonds or crea-
tion/annihilation of lone pairs.'”)

1,3-Dipolar cycloadditions may share features with the
more well-known Diels—Alder reaction and since their intro-
duction by Huisgen in 1960,”*?"! the 1,3-dipolar cycloaddi-
tion has emerged as a powerful tool in organic synthesis.
The five-membered rings formed through 1,3-dipolar cyclo-
additions are important intermediates in the preparation of
natural products, such as alkaloids and B-amino acids.”??4
In recent times, significant advances have been made in our
understanding of these types of cycloadditions, by means of
experiments and computational quantum mechanical calcu-
lations.” " The mechanism of this type of chemical reaction
has been the subject of intense study, but, nevertheless,
many of the crucial mechanistic features, such as the direc-
tion of the electron flow along the corresponding reaction
pathway, remain disputed.”>¥ In this paper, the joint use of
ELF analysis and catastrophe theory is applied to a simple
1,3-dipolar cycloaddition reaction between fulminic acid and
acetylene.

Computational Methods

Technically, the ELF analysis was performed for a series of structures cal-
culated along the reaction path. The turning points between structural
stability domains were then located and the catastrophe identified when
the two successive domains belong to the same Born—Oppenheimer
energy surface. The calculations were performed by means of density
functional theory (DFT) with the B3LYP exchange-correlation poten-
tial® =" together with the 6-31G(d,p) basis set®®! as included in the Gaus-
sian 98 program.”! Stationary points on the potential energy surface
were confirmed by calculation of harmonic vibrational frequencies, all
positive for a minimum and one imaginary for a transition structure (TS).
The intrinsic reaction coordinate (IRC) method of Fukui,* developed
by Gonzalez and Schlegel,*!! was employed to follow the reaction path in
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mass-weighted coordinates in the forward and reverse directions starting
at the TS. Analytical calculation of force constants was performed for
each point along the IRC in the gas phase and only at the TS in the sol-
vent phase. The calculated reaction path comprises a total of 140/125
points in the gas/solvent phase with a step size of 0.1 amu'?Bohr. The
topological analysis of ELF was carried out with the TopMod!*?! suite and
graphical representation by the Amira program.'*’! The ELF function was
calculated over a rectangular box by using a cubic grid of step size
smaller than 0.1 Bohr. The effect of the solvent was simulated by the con-
tinuum model of Rivail,*! based on the use of cavities and a multipolar
expansion of the solute electrostatic potential.

What ELF analysis can tell us about the reaction mechanism: The topo-
logical analysis of the ELF gradient field, 5/7(r), provides a mathematical
model permitting the partition of the molecular position space into
basins of attractors, which present in principle a one-to-one correspon-
dence with local chemical objects such as bonds and lone pairs. These
basins are either core basins, labeled C(A), or valence basins, V(A,...),
belonging to the outermost shell and characterized by their coordination
number with core basins; this is called the synaptic order. Very recent-
Iy it has been demonstrated that the size-independent spin-pair compo-
sition function has a clear meaning as a local indicator of chemical bond-
ing, which enables the recovery of the ELF of Becke and Edgecombe.
This method has been well documented in a series of articles presenting
its theoretical foundations,'*”!>%=8 jts applications to the understanding
of the chemical structure of molecules and solids,'*!"*-% the prediction
of reactivity,>*" and the study of chemical reactions in terms of ele-
mentary catastrophes.!'> 14196770l

Within the framework provided by the ELF analysis, a chemical reaction
is viewed as a series of topological changes occurring along the reaction
path. The parameters defining the reaction pathway (such as the nuclear
coordinates and the electronic state) constitute the control space. The
evolution of the bonding along the reaction path is modeled by the
changes in the number and synaptic orders of the valence basins. Each
structure is only possible for values of the control parameters belonging
to definite ranges, in other words to subsets called structural stability do-
mains (SDD). For any two points of the control space belonging to a
given structural stability domain, there is the same number of critical
points of each type in the ELF gradient field. Within a structural stability
domain, the critical points (i.e., points at which 7#(r) =0.0) are said to
be hyperbolic, that is, without zero critical exponent. At the turning
points between two consecutive SDDs, at least one critical exponent
must be zero in order to change its sign. The type of a critical point is
given by the number of positive critical exponents (the positive eigenval-
ues of the Hessian matrix for a gradient dynamic system) of the critical
point. This is called the index I, Along the reaction path the chemical
system goes from one structural stability domain to another by means of
bifurcation catastrophes occurring at the turning points. Each catastrophe
transforms the overall topology in such a way that the Poincare—Hopf re-
lation is fulfilled. This technique shows how the bonds are formed and
broken and also emphasizes the importance of the geometrical con-
straints in a chemical reaction. Moreover, the identification of the ele-
mentary catastrophe, and therefore the knowledge of its universal unfold-
ing, yields the dimension of the active control space governing the reac-
tion.

From a quantitative viewpoint, the evolution of the total and spin-basin
populations along the path provides a key to understanding the role
played by the different chemical interactions. Three types of bifurcation
catastrophes have been encountered in the study of chemical reactions:

1) The fold catastrophe, which corresponds to the creation or to the an-
nihilation of two critical points of different parity; for example, a
wandering point gives rise to an attractor (index 0) and a saddle
point of index 1.

2) The cusp catastrophe, which transforms one critical point into three
(and vice versa), such as in the formation or the breaking of a cova-
lent bond.

3) The elliptic umbilic catastrophe, in which the index of a critical point
changes by two.
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Results and Discussion

What can be predicted from the isolated species?: The to-
pology of the ELF function of the fulminic acid molecule re-
veals four valence basins, namely V(H,,C,), V(C,N),
V(N,0), and V(O), the populations of which are 2.46, 5.73,
1.98, and 5.42 e, respectively. Due to the axial symmetry of
the molecule, the attractors of the V(C,,N) and V(O) basins
are degenerated in circles and therefore correspond to struc-
tural instabilities, as any lowering of the symmetry would
split each circle into several point attractors. The basin pop-
ulations correspond neither to the standard Lewis structure
1 nor to 2 (Scheme 1), because the population of V(H,,C))

® ) N e 0 _®
H—C,=N—0| «— H,—C,=N=—=0 =— H;——C;=—=N—0I|

1 2 3

Scheme 1. Proposed resonance structures for fulminic acid 1-3.

is significantly larger than 2.00e, in fact N[V(H,,C))]=
2.46 e. In order to model the density distribution by the su-
perposition of resonance forms, structures involving a lone
pair on the carbon atom, such as 3, have to be taken into ac-
count.

The populations and number of electrons for each Lewis
resonance structure 1-3 are reported in Table 1. Structure 1

Table 1. Basin populations (N), variance of the basins (¢%), and number
of electrons per basin of the resonance structures.

ELF Lewis structures
N scaled Nt o 1 3
V(H,,C)) 2.46 2.52 0.79 2 2 4
V(C,,)N) 5.73 5.88 1.68 6 6 4
V(N,0) 1.98 2.03 1.23 2 4 2
V(0) 5.42 5.56 1.34 6 4 6

[a] The scale factor is 16.0/15.59=1.0263.

is in better agreement with the basin populations and with
the octet rule, while 2 shows a pentavalent environment for
N, and 3 considers the lone pair at C; suggested by the high
population of V(H;,C,). It is possible to calculate the rela-
tive weights of the resonance structures, w;, w,, and w;, by
solving the following system of nonequivalent linear equa-
tions [Egs. (1)—(5)].

wi+w, +w; =1 (1)
2wy + 2w, +4w; =252 (2)
6w, +6w, +4w; =5.88 (3)
2wy +4w, +2w; =142 4)
6w, +4w, +6w; =5.56 9)

Note that the solution depends on the equations consid-
ered; a reasonable agreement between calculated and esti-
mated coefficients is 0.72, 0.08, and 0.20 for structures 1, 2,
and 3, respectively.
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The validity of this model can be checked by the simula-

tion of the & HCN bending mode (see Scheme 2), which cor-

responds largely to a vibration calculated at 216 cm™..

d H, 9
— <\ -
H1@£N—gl — \\\CWEN—_Ql

Scheme 2. Bending of HCN angle (0).

In terms of hybridization we expect that the sp* character
of the carbon will increase as the angle H,C,N decreases
from 180° to 120°. The expected trend is already verified for
H,C,N=170°: the population of the V(C,,N) and V(H,,C,)
basins are lowered by 0.34 and 0.11 e, respectively, and a
monosynaptic basin V(C,) appears as shown on Figure 1.

vi{C, H) vi(C) V(N, 0O)
'J' v
Vi{C, N) V({0)

Figure 1. ELF localization domains (7=0.75 isosurface) of fulminic acid
for ¥ HCN=170°.

The population of this last basin is calculated to be
N[V(C,)]=0.64 e. It is worth noting that the cost of this de-
formation is only 48 cm™!, that is, less than the contribution
of v, to the zero-point energy. This V(C,;) basin is the germ
of the formation of a bond with ethyne provided another
V(C) monosynaptic basin is formed on the ethyne carbon
atom. This occurs for the H,C,C; angle of approximately
150° (the energy cost is 9 kcalmol™!). Accordingly, the first
step of the cycloaddition will yield an intermediate, for
which possible structures are 4 and S. Structure 4 does not
lead to the final product, whereas structure S5 does by the
formation of a dative bond between O and C,.

H 26 H -
c e N |e c,==N N O
- / ol
- —cC
Hs Cs\ CZ\ . Ha 3\ Cz@
\H2 \Hz
4 5

Description of the 1,3-dipolar cycloaddition reaction using
ELF and catastrophe theory: In the literature, the 1,3-dipo-
lar cycloaddition reaction of fulminic acid and acetylene has
been studied extensively by means of ab initio and DFT
methods, leading to an activation energy at the CASPT2//
CASSCF(6,6)/6-31G(d) level of 12.2 kcalmol ™' and a re-
action energy of 77.7 kcalmol '[! at the MP4(SDTQ)/6-
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311G(d,p)//HF/6-311G(d,p) level. Our study, which makes
use of the B3LYP6-31G(d,p) method, gives an activation
energy of 13.73 kcalmol™! and an exothermic reaction
energy of 78.40 kcalmol™, including zero-point energy
(ZPE) correction in the gas phase (Table 2).

Table 2. Total energies, zero-point-energy, and lowest frequency calculated at the B3LYP6-31G(d,p) level in

the gas and solvent phases (total energy only).

tion of the fulminic acid moiety. Fulminic acid is a 1,3-
dipole and strongly polarizes the m-electron cloud of acety-
lene. Both reactants are parallel to each other to maximize
this interaction. During this step, polarization is improved
by the bending of the C,—~N—O atoms and leads to a slight
zig-zag conformation of
H,C,NO. The carbon atom de-
viates from a pure sp hybridi-

zation and an electron pair is

Symmetry Total energy [au] ZPE [au] lowest .
gas solvent frequency [cm™'] ~ formed to fill the vacancy at
HCNO C., —168.57377 —168.57891 0.01999 21736 the carbon atom. This is the
HCCH D., —77.32957 —77.33247 0.02673 56439 longest step on the reaction
RC C, —245.90762 —245.910131 0.04780 20.46 path running over 32 points,
TS C, —245.88383 —245.88922 0.04910 —445.28 while the total energy rises by
isoxazole C, —246.03963 —246.04580 0.05808 606.36 8.01 kealmol~'. Since the uni-
[a] Energy corresponding to the first point along the IRC. versal unfolding of a fold ca-
tastrophe depends upon a
Prior to the calculated part of the IRC, fulminic acid and unique parameter, the dimen-
acetylene form a hydrogen-bond complex (reaction com-
plex, RC) in which one hydrogen atom of acetylene points
towards the O atom of fulminic acid at an equilibrium dis- 1.062 1.165 1.208
tance of 2.260 A in the gas phase. There is no structural q 1'065/;\ 1'161/,\1\ e
change in the ELF basins relative to the isolated reactants; Gl \ ) l “ N
the stabilization energy of the complex is about 2 kcalmol™!
in the gas phase. Geometries for isolated reactants, TS, and 1,066 1.205

isoxazole are presented in Figure 2, optimized for B3LYP6-
31G(d,p) in the gas and acetonitrile phases. Solvation does
not change the ELF/catastrophe theory description of the
reaction considerably. The position and length of steps
change slightly, but the sequence and the overall description
remains constant. Therefore, in the discussion we will ana-
lyze the data for the gas phase. (See supporting information
for data for the solvent phase.)

The reaction path calculated at the B3LYP6-31G(d,p)
level in the gas phase using the IRC method is shown in
Figure 3. A schematic representation of the ELF basins cre-
ated at each step is depicted below the graph. Calculations
were performed by means of ab initio methods; in particular
many-body perturbation theory based on the second-order
Mgller-Plesset perturbation operator (MP2) with the
same basis set giving similar results. In order to ensure the
stability of the restricted B3LYP wavefunction, stability cal-
culations were carried out for all points along the reaction
path.””! The ELF topology evolution along the reaction path
involves eight structural stability domains connected by
turning points at which bifurcation catastrophes occur.

The populations for each basin at the turning points be-
tween consecutive SDDs are presented in Table 3. For com-
pleteness, the ELF analysis for isolated reactants (acetylene
and fulminic acid) and the product (isoxazole) are included,
as well as the initial point calculated on the IRC path. Dis-
tances between atoms C,—C; and C,~O are also included in
the table. The population of core basins remains constant
along the reaction path at 10.48 electrons.

The first catastrophe is of fold-type in Thom’s catastrophe
classification and occurs for r(C,—C;)=3.213 A and r(C—
0)=2.942 A. This is a typical plyomorphic process in which
the number of basins increases from 11 to 12. The monosy-
naptic attractor V(C,) is formed as a result of the deforma-
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' 107.7 29.2 /!

105.1
105.0
112.5 109.0
112.5 109.0

1.423 1029 1105
103.1 110.4

Figure 2. Optimized geometries calculated using B3LYP6-31G(d,p) in
the gas (normal) and solvent (italic) phases for isolated reactants, TS,
and isoxazole. Bond lengths and bond angles are given in Angstroms and
degrees, respectively.
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Figure 3. Part of the reaction path studied by means of the IRC method for the reaction between fulminic acid and acetylene in the gas phase. There are,
in total, 140 points calculated with a step size of 0.1 amu'?Bohr. The scheme below the graph shows the ELF basins for each step: a line connecting two
atoms means they are connected by one disynaptic (or hydrogenated) basin, while an ellipse means a monosynaptic valence basin attached to the nearest

atom.

Table 3. The basin populations (N) calculated for the ELF basins in the fulminic acid and ethyne reaction in the gas phase, corresponding to different

points on the reaction path: isolated reactants, initial point of the IRC, turning points, and product.

Basin Reactives Initial point Step I Step II Step III Step IV Step V Step VI Step VII Product
Fec 3.632 3.213 2.529 2224 1.852 1.783 1.507 1.489 1.424
Feo 3.084 2.942 2.586 2.425 2216 2.172 1.859 1.802 1.345

V(C) - - 0.20 1.28 1.08

V(C,Gy) - - - - - 1.43 1.58 213 217 243

V(Gy) - - - - 0.13

V(C,,N) 5.63 6.06 5.84 3.95 351 3.70 3.57 3.14 3.09 2.81

V(N) - - - 1.10 1.90 2.43 2.52 2.84 2.87 3.16

V(N,0) 2.05 1.61 1.63 1.58 1.47 1.33 1.34 122 1.20 1.05

V,(0) 5.48 5.64 5.64 5.60 5.62 5.58 5.55 5.24 511 4.37

V,(0) - - - - - - - 0.31

V(C,,0) - - - - - - - - 0.74 1.72

V(G,) - - - - - - 0.12 0.30

V(C,,GC) 5.23 5.41 5.34 531 5.05 4.34 422 3.86 3.84 3.46

V(H,,C)) 2.47 2.37 2.37 2.19 2.16 2.14 2.15 2.15 2.15 2.15

V(H,,C,) 2.29 221 224 2.26 2.30 2.43 2.33 222 221 2.19

V(H,,C;) 2.29 2.19 224 2.24 2.25 2.14 212 2.11 211 2.15

sion of the active control space is one. The active control pa-
rameter is the angle H;C,N bending. A comparison of basin
populations at the first point of step I with the isolated reac-
tants reveals the increment of electron density at the lone
pairs of the O atom. The basin which represents the lone
pairs at this atom, V(O), increases its population from 5.48
to 5.64 e, while N[V(N,0)] decreases from 2.05 to 1.63 e.
Step II runs over 15 points on the reaction path. There is
an increment in the energy of 4.14 kcalmol ' and the step
finishes exactly before the TS is reached. The distance r(C,—
C,) shortens from 2.529 to 2.276 A, while r(C,—O) varies
from 2.586 to 2.453 A. There is a change in the r(C,-N) dis-
tance from 1.180 to 1.201 A; the angle N—C,—H, bends from

Chem. Eur. J. 2004, 10, 5165-5172 www.chemeurj.org
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148.5 to 139°. The catastrophe is of fold type and results in
the creation of a monosynaptic basin on the nitrogen atom:
V(N). The formation of the lone pair at the N atom reduces
its partial positive charge originated by the strong polariza-
tion of the N—O bond; this is reflected in the very small
population of the V(N,O) basin (1.58 ¢). To analyze the hier-
archical structure of ELF basins when a new chemical entity
is created, we have plotted the tree-reduction diagram of
the first point of step II in Figure 4 (top). The newly created
basin V(N) is connected to V(C;,N) and to V(N,O) by criti-
cal points of index 1 with ELF values 0.83 and 0.70, respec-
tively. Note that the value of V(N) attractor is 0.84, so V(N)
and V(C,,N) are closely joined. The order of steps I and II
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core CO)CN) CCH C(C2) C(C3) n=1.
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HCNO " Vi2CpNy =087
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V(N.O) n =084
valence 7=074 |: V12(0) =091
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n :EE V(N) n=095
=075 ViACLN)  7=0.90
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core C(0) CN) C(C1) C(C2) C(C3) n=1.
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=061 V(C,0) =082
=064 7=073 V1a(C2C3) =093
1 =0.66 |
V(H,.Cy) n=1
n=0.64 V(H,.Cs) n=1

Figure 4. Localization domain tree-reduction diagrams for steps II (top),
IV (middle), and VII (bottom) turning points.

is explained by the different flexibility of H,—C,—N and C,—
N—O angles. The energy barrier to move the hydrogen from
the linear form is lower than for the oxygen and the devia-
tion from linearity leads to the formation of monosynaptic
basins V(C,) and V(N).

The third step starts exactly at the point where the TS is
reached and it is characterized by a fold-type catastrophe
similar to the one in step I. The monosynaptic V(C;) basin
is formed. The carbon atom C; of acetylene “feels” the par-
tial positive charge on C; of fulminic acid and accumulates
electron density pointing to C,, while C; adopts sp” hybridi-
zation. In this step changes in the population of other basins
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are involved: V(CN) and V(C,,C;) decrease and V(C)),
V(N), and V(G;) increase. There is a concentration of elec-
tron density in the region between C; and C; as a prelude of
the formation of the C,—C; covalent bond along the next
step. At this point, the distance r(C,—C;) (2.224 A) is shorter
than r(C,-O) (2.425 A); the angle H;C;C, is 155.8°. Step III
runs over 20 points and the energy lowers by 13.95 kcal-
mol ' Figure 5c shows the ELF basins at the TS.

a)
V{Cy,H) VtH o) VN
Vi) k'J L,OVIO} @
v VI{G)
G, Y] V(Hy, Cz) 1

e

4 (o

J—ViC;,0)

wE® i

Figure 5. Snapshots of ELF localization domains (7=0.71 isosurface) for
a) reactants, b)step II turning point, c¢) TS, d)step IV turning point,
e) step VII turning point, and f) product.

-~

The fourth step is characterized by a cusp catastrophe.
Two monosynaptic basins V(C,) and V(C;) disappear to
form a disynaptic basin V(C,,C;), representing the formation
of the C,—C; covalent bond. The distance r(C,-C;) is
1.852 A and r(C,-O) is 2.216 A. This step runs over only
4 points and the energy decreases by 6.02 kcalmol™'. The
tree-reduction bifurcation diagram is plotted in Figure 4
(middle). The newly created basin V(C,,C;) possess a maxi-
mum ELF value of 0.87 and it is connected to V;,(C;,N)
and V,,(C,,C;) by critical points of index 1 with ELF values
of 0.74 and 0.68, respectively. Looking at the populations,
N[V(C,N)] increases sharply up to 0.88e while the
N[V(C,,C;)] remains constant. The basin V(C;) in the previ-
ous steps has borrowed electron density from V(C,N) to
improve polarization forces between fulminic acid and acet-
ylene, and once the chemical bond C,—C; is formed, the
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electron density borrowed previously returns quickly to the
V(C,,N) basin.

The next catastrophe happens at #(C,—C;)=1.783 A and
r(C,-0)=2.172 A. 1t is a fold-type catastrophe and the
number of basins increases from 13 to 14. After the C,—C;
bond is formed, the population of V(C,—C;) decreases, loos-
ing the triple-bond character. The carbon C, is almost sp’
hybridized and a small quantity of electron density forms
V(C,). The population of V(C,) starts with 0.13 ¢ and the
maximum population reached is 0.50 e, revealing a large
positive charge at C, during this step. Other basins suffer
important variations in their population during this step:
V(C,,)N) and V(C,,C;) decrease, while V(N) and V(C,,C;)
increase to reach a population closer to a typical lone pair
and a single bond. Step V runs over 21 points and the
energy decreases by 36.97 kcalmol .

The sixth catastrophe occurs for r(C,—C;)=1.507 A and
r(C,-0)=1.859 A. It is a fold catastrophe and the number
of basins increases from 15 to 16. Step VI is similar to
steps I, III, and V, and a monosynaptic basin V,(O) is
formed. There are two basins V,(O) and V,(O) correspond-
ing to the lone pairs on the O atom, but the new one,
V,(0), is much less populated. The large electronegativity
of the O atom impedes the sharing of electron density from
its lone pairs, but finally the partial positive charge at C,
leads to the formation of V,(O) pointing towards C,. This is
the shortest step, just 3 points along the reaction path and
the energy decreases by 5.35 kcalmol .

The last step is determined by the seventh catastrophe,
running over 27 points along the reaction path. The catastro-
phe results in the formation of the C,—O bond. In Thom’s
classification the catastrophe belongs to a cusp type. Two
monosynaptic basins, V,(O) and V(C,), collapse into a new
disynaptic basin V(C,,0). The associated process is of the
miomorphic type and the number of basins decreases from
16 to 15. This step is interpreted as the closure of the ring.
The distance r(C,—O) is still long (1.826 A) but a disynaptic
basin V(C,,0) has been formed. In Figure 4 (bottom), the
topology of the ELF is studied by the tree-reduction dia-
gram of ELF basins at the first point of step VII. The maxi-
mum ELF of the new basin V(C,,0) is 7=0.82 and it is con-
nected to V,(O) and V,,(C,,C;) by critical points of index 1,
with ELF values 7=0.80 and 0.61, respectively. The very dif-
ferent population of V(O) (5.55¢) and V(C,) (0.30 e) prior
to the bond formation suggests a bonding of dative type be-
tween the lone pair of O and the positively charged C,. The
step lasts for 27 points on the IRC; the energy decreases by
35.47 kcalmol ™" until the minimum is found.

The IRC path concludes when the minimum correspond-
ing to the isoxazole molecule is found. The population of
the newly created basins along the reaction course presents
maximal value at the product of V(C,,C;)=243e,
V(C,,0)=1.72 e, and V(N)=3.16 e. On the other hand, the
rest of the basins possess minimal populations: V(GC,,C;) =
346e, V(C,N)=2.81e, V(N,O)=1.05¢, and V(O)=4.37e.
It is interesting to compare the populations of V(C,,0)
(1.72 ¢) and V(N,0) (1.05¢). A typical single C—C bond is
represented by a disynaptic bond basin possessing a popula-
tion around 1.9 e. The presence of an electronegative atom
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(O) decreases the bond basin population and attracts the
bond basin towards the more electronegative atom. In
Figure 5, the complete sequence of snapshots of the ELF for
the more crucial points along the reaction path is presented.

Conclusions

The ELF and catastrophe theory provide a powerful techni-
que for characterizing the steps of the reaction mechanism
for the 1,3-dipolar cycloaddition between fulminic acid and
acetylene. This work presents a clear description of the mo-
lecular mechanism, which is characterized by seven catastro-
phes (five fold-type and two cusp-type catastrophes).

The reaction can be viewed as a transfer of electron densi-
ty from the reactant-like basins into three newly created
basins that represent two chemical bonds between the reac-
tants and a lone pair on the N atom in the eight steps char-
acterized by catastrophe theory. Comparing the populations
between the reactants and the product, the largest drain of
electron density is for the basin V(C,,N) loosing 2.82e.
Other basins also present a decrement in their population:
V(C,,G;) 1.76 e, V(O) 1.09 e, and V(N,0O) 1.00 e. This elec-
tron density is relocated into the new basins formed along
the reaction course: V(C;,G;), V(C,,0), and V(N) present
maxima of populations at the product of 2.43 e, 1.72 e, and
3.16 e, respectively.

The whole reaction path involves eight structural stability
domains. The first step of the reaction leads to the activated
complex. It is clearly driven by the low-frequency modes of
the reactants that are responsible for the fold catastrophes
giving rise to the monosynaptic basins V(C;), V(N), and
V(C;). The activated complex formation is then obtained
through a cusp catastrophe, which merges V(C;) and V(G;)
into V(C,,C;). The ring closure is a dative process in which
the oxygen atom provides an electron pair, since it occurs
by means of a cusp catastrophe prepared by two fold catas-
trophes. In fact the total valence population of the oxygen
atom decreases after the transition state and is minimal
before the closing cusp catastrophe.

The molecular mechanism of a given chemical reaction
can be decomposed and characterized by the joint use of
ELF analysis and catastrophe theory into a sequence of
steps that represent simple chemical changes. It is therefore
an appropriate tool in the contemporary understanding of
the principles governing chemical reactivity.
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