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ABSTRACT: The synergetic use of bonding evolution theory (BET) and
noncovalent interaction (NCI) analysis allows to obtain new insight into the bond
breaking/forming processes and electron redistribution along the reaction path to
understand the molecular mechanism of a reaction and recognize regions of strong
and weak electron pairing. This viewpoint has been considered for cheletropic
extrusion of CO from unsaturated cyclic ketones cyclohepta-3,5-dien-1-one CHD,
cyclopent—3-en-1-one CPE, and bicyclo[2.2.1]hept-2-en-7-one BCH by using
hybrid functional MPWBIK in conjugation with aug-cc-pVTZ basis set.
Decarbonylation of CHD, CPE, and BCH are nonpolar cyclo-elimination
reactions that are characterized by the sequence of turning points (TPs) as
CHD, 1-11-C[CC]C'C'FFF™C'C'C'—0:HT + CO; CPE, 1-8-CC[C'C'F']-
[FF][FE]F™[C'C']—0:BD + CO; and BCH, 1-8-CC[C'C]F[FF]F™[C'CT]-
0:CD + CO. Breaking of C—C bond between the terminal carbon atoms of diene/
triene framework and carbon atom of CO fragment starts at a distance of ca. 1.9—

<:>:O (€¢)
cyclohepta-3.5-dien-1-one (CHD)

E>:

cyclopent-3-en-1-one (CPE)

ps

bicyclo[2.2.1]hept-2-en-7-one (BCH)

@

hexa-1,3.5-triene (HT)

+CO

T\

buta-1.3-diene (BD)

+ CO

|
O

cyclohexa-1,3-diene (CD)

2.0 A in the vicinity of the transition structure where the transition states are not reached yet. NCI analysis explains that the
noncovalent interactions between two fragments appeared after the breaking of C—C bonds.

1. INTRODUCTION

Molecular mechanism is understanding of bond breaking/
forming, creation/annihilation of lone pairs, and electron
rearrangement along the channel connecting reactant(s) with
product(s) via the corresponding transition state for each
elementary reaction.' Because chemical bonds are not directly
observable and measurable, elucidation of a molecular
mechanism can be provided by using physical observable
functions supported by the Hohenberg—Kohn theorem
(HKT).”™* The quantum chemical topology (QCT) is the
topological analysis of three-dimensional scalar fields such as
electron density and its Laplacian, electron localization function
(ELF), localized orbital locator (LOL), and molecular electro-
static potential, which meet requirements for understanding of
chemical structure and bonding.” ELF approach of Becke and
Edgecombe,” which was developed for the study of electron
pairing by Silvi and Savin,”~” depends on electronic density, its
gradient, and the kinetic energy density. ELF performs a
partition of system’s space into basins and basins of attractors
based on the gradients of particular scalar fields."” However,
Rene Thom in the 1960s'" invented catastrophe theory (CT),
which is a special branch of dynamical system theory.
According to the catastrophe theory, transition between
successive structural stability domains (SSDs) along a reaction
coordinate occurs at turning or bifurcation points.'> Further
development of ELF was proposed by Silvi and Krokidis,"* and
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the methodology is known as bonding evolution theory (BET).
BET is the joint use of ELF and Thom’s CT to demonstrate the
molecular mechanism of a reaction in terms of creation or
annihilation of electronic domains. The molecular mechanism
of chemical reactions including Diels—Alder cycloaddition
reaction,H_ 6 cyclization reaction,”’28 Nazarov reaction,29
Sn2 reaction,3 Cope and Claisen rearrangements,3’0732
Friedel—Crafts reaction,* Staudinger reaction,” "

tlon,g6 37 ring cleavage react1on,%8 % trimerization reaction,40 [3
+ 2] cycloaddition reaction,'***" ™% and [2 + 2] cycloaddition
reaction*”” have been studied in the BET framework. BET
analysis has revealed that in some reactions the electron density
does not flow in a cyclic, one-way curve, meaning that evolution
of chemical bonds is a pericyclic mechanism.">'**! In spite of
the fact that cheletropic reactions are an important class of
pericyclic cycloaddition reactions, the molecular mechanism of
these reactions has so far received little attention and has been
first attended by authors.””” Recently, we investigated
computationally the molecular mechanism of thermal chele-
tropic extrusion of SO, from 1,3-dihydroisothianaphthene-2,2-
and N, from (2,5-dihydro-1Hpyrrol-1-ium-1-
using BET. Decarbonylation of cyclic ketones

ene reac-

dioxide®"'
ylidene)amide™”
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is a cycloreversion (fragmentation) reaction, which is known as
a cheletropic extrusion process. From the viewpoint of orbital
topology, decarbonylation of cyclic ketones can be classified
into (i) pericyclic, orbital symmetry allowed reactions, and (ii)
pseudo—pericyclic reactions with orbital disconnection.””>* On
the basis of the foregoing, it seems worthwhile to study the
molecular mechanism of cheletropic decarbonylation of cyclic
ketones by quantum interpretative techniques. Taking into
account the mentioned topics, the purpose of this article is the
study of the molecular mechanism for decarbonylation of
unsaturated cyclic ketones of cyclohepta-3,5-dien-1-one CHD,
cyclopent-3-en-1-one CPE, and bicyclo[2.2.1]hept-2-en-7-one
BCH (see Scheme 1) by means of the BET and noncovalent
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interaction (NCI) index.”> The NCI index enables the study of
the noncovalent interactions between atoms in a semi-
quantitative and visual manner, so that the cross ELF/NCI
analysis can provide a deeper insight into the understanding of
reaction mechanisms.”*°

2. COMPUTATIONAL DETAILS AND THEORETICAL
BACKGROUND

Density functional theory calculations were employed to study
the cheletropic decarbonylation of CHD, CPE, and BCH using
Gaussian09° suite of programs. For this purpose, the global-
hybrid meta-generalized gradient approximation (GGA) func-
tionall MPWBIK®® in conjugation with Dunning’s diffuse
function augmented correlation-consistent triple-§ aug-cc—-
pVTZ basis set’” was employed in all calculations. MPWB1K
functional is specially recommended for prediction of kinetic
and thermodynamic parameters, gives excellent performance
for noncovalent interactions,” and is widely used to study the
molecular mechanism of different reactions.**”**** This
functional is not directly available in Gaussian09 and requires
an I0p command of 3/76 = 0560004400 together with the
MPWB9S functional.>*®" Geometry optimization of reactants,
transition states, and products were performed with the Berny
algorithm using the energy-represented direct inversion in the
iterative subspace algorithm (GEDIIS) optimizer.62 Intrinsic
reaction coordinate (IRC) paths in mass-weighted Cartesian
coordinates were generated for each reaction with a step size of
0.1 amu'/? Bohr using the Hessian based predictor corrector
(HPC) integrator algorithm proposed by Hratchian and
Schlegel63 to verify the structure of transition states. For each
point obtained on the IRC path, the wave function file was
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generated for the topological analysis; and also the global
electron-density transfer (GEDT) between the conjugated
system and carbon monoxide was evaluated using the
electrostatic Hirshfeld population analysis.**

The topological analysis of the ELF was carried out for each
point on the IRC path using the TopMod program® over a
rectangular parallelepipedic box with a cubic grid of step size
smaller than 0.1 Bohr and also was graphically represented by
the Multiwfn suite of tools.”” For a single determining wave
function built from orbital labeled ¢, spherically averaged like-
spin conditional pair probability is related to the Fermi hole,
and the ELF function #(r) has values bounded between 0 and
1. The ELF function is defined according to®

1
ELE = (r) = ————
D, (r)
b (ng) (1)
Qce Vp, (0P 1Vp, ()P
D) = Y IVh()P — ~|
; 4 pa(l') pﬂ(r) )
3
D) = 6 a0 + (0] o

In above equations, D,(r) is the excess of local kinetic energy
density due to Pauli’s repulsion, and D2(r) is the Thomas—
Fermi kinetic energy density, which acts as renormalization
factor."> Upper limit of ELF corresponds to the single pair of
electrons with antiparallel spins, ie., perfect electron local-
ization, while for electron—gas-like pair probability the
corresponding value is equal to one-half. A mathematical
model of the ELF gradient field V#(r) provides a partition of
the molecular space into basins of attractors that are considered
as corresponding to atomic cores, bonds, and lone pairs.'”®” In
the mathematical field of dynamical systems, the basin of an
attractor is a region of the space phase containing the points
that a steepest rise leads to the local maxima of ELF, ie.,
attractor. Basins can be classified into core basins, C(A),
centered on atoms with atomic number Z > 2, and valence
basins. Valence basins also are distinguishable according to the
their synaptic orders, i.e., monosynaptic basins, V(A),
correspond to lone pairs or nonbonding regions, disynaptic
basins, V(A, B), correspond to the two-center bonds,
protonated disynaptic basins, V(A, H), correspond to bonds
between hydrogen and an atom with atomic number Z > 2,
trisynaptic basins, V(A, B, C), correspond to three—center
bonds, and so on V(A, B, C, ..) for higher polysynaptic
basins.”’

These classifications allow the calculation of an average
population for a basin labeled €2, by integration of the density
over Q, as’

N@Q=Lf®& “

Using the basin population and its fluctuation, A(N; Q),
relative fluctuation of can be introduced, which is the
quantum—mechanical measure of delocalization of electron

density:”
o*(N; Q)

="Fa

(8
For a superbasin €2,UQy
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Figure 1. MPWB1K/aug-cc-pVIZ geometries of reactants, TSs, and products associated with the decarbonylations of CHD, CPE, and BCH,
including the lengths of the breaking bonds and imaginary frequencies of TSs.

UZ(NJ Q) = UZ(NJ QA) + GZ(NS QB) - ZB(QA) QB)

(6)

and

N(@) = N(Q,) + N(@y) )
where B(€2,, Q) is interbasin integrated exchange density.

Following the basin populations along the reaction path
defines electronic charge flows along a reaction and allows to
characterize the molecular mechanism by a sequence of
elementary catastrophe cusps (C and C') and folds (F and
F?). The C (or F) catastrophe merges two attractors (an
attractor) and a saddle point into an attractor (a wandering
point), i.e., decreasing the number of basins by 1, while the C’
(or F") catastrophe splits an attractor (a wandering point) into
two attractors (an attractor) and a saddle point, i.e., increasing
the number of basins by 1.7'%%°

The NCI approach has been performed for each point on the
IRC path using NCIPLOT code developed by Johnson and co-
workers® with utilization of the self-consistent field (SCF)
densities. The NCI technique rests on the normalized and
dimensionless reduced density gradient (RDG), s(p), as a scalar
function to describe the deviation from a homogeneous
electron distribution. This function coming from the electron
density, p, and its gradient, Vp, has been defined by68

IVpl
s(p) = —=
23/ 37r2p4

(8)
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NCI approach is able to characterize attractive or repulsive
interactions between atoms according to the topology of the
electron density.”” To differentiate between the stabilizing and
destabilizing interactions the Laplacian of the electron density,
V?p, along the main axis of variation should be examined. The
contributions to the Laplacian are the eigenvalues of electron
density (second derivative) Hessian matrix as Vp = 1, + 4, +
A5, where 4; < A, < 5. The sign of the second eigenvalue (4,)
can determine the type of interaction in plotting the RDG as a
function of electron density (2D NCI plots).*>*® Also, a RGB
coloring scheme has been used to distinguish between different
types of interactions in the 3D NCI plots by the following color
codes:

o blue isosurfaces for strong attractive interactions,

e green isosurfaces for weak (van der Waals) interactions,

e red isosurfaces for strong repulsive interactions or
nonbonded overlap.

NCI plots were generated with a 0.1 au step size on cuboid
grids, and default options of NCI code were also selected for
other variable parameters.

3. RESULTS AND DISCUSSION

The optimized geometries of reactants, TSs, and products
involved in the decarbonylation reactions of CHD, CPE , and
BCH including the lengths of the breaking bonds and
imaginary frequencies of TSs are shown in Figure 1. The
predicted activation barriers at 0 K, including electronic and
zero-point vibrational energies, are 228.3, 236.3, and 160.7 k]
mol™! for CHD, CPE, and BCH, respectively. The

DOI: 10.1021/acs.jpca.7b08503
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Figure 2. Top of the graph, energy profile for decarbonylation reaction of CHD with marked SSDs obtained from the ELF topological analysis; and
Lewis type representation of the reaction mechanism (bold bonds represent partial double bonds, filled ellipses indicate LPs monosynaptic basins
with a population larger than 4.0 €, and small ellipses with one dot indicate nonbonding pseudoradical centers). Below the graph, color-filled maps of
the ELF (in the molecular plane defined by the plane of the C;—C4—C,) and snapshots of the ELF localization domains (17 = 0.8—0.81; Color code
is black for core basins, gray for protonated disynaptic basins, blue for disynaptic basins, red for LPs monosynaptic basins of O atom, and green for

LPs monosynaptic basins of C atom) for reactant and TS.

experimental values of infinite pressure activation energies at
temperatures higher than 1100 K are 255 + 10, 194 + 10, and
146 + 6 kJ mol™’, respectively.”’

The calculated GEDT at the TS associated with the
decarbonylation of CHD shows that there is no net charge
transfer, while for TSs associated with the decarbonylation of
CPE and BCH GEDT values are 0.02 and 0.03 €, which flux
from CO toward diene framework. These values allow to
classify the studied decarbonylations as nonpolar cheletropic
extrusion reactions. The energy profiles along the reaction
coordinate together with the position of each turning point
representing the SSDs and Lewis-type representations of each
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domain, separated by the fold and cusp catastrophes of ELF, are
reported for the thermal decarbonylations of CHD, CPE, and
BCH in Figures 2—4, respectively. The color-filled maps of the
ELF in the molecular plane involved the bond breaking, and
snapshots of the ELF localization domains are also included in
Figures 2—4 for the reactants and related TSs. For each turning
point obtained on the IRC pathways, the color-filled maps of
the ELF and snapshots of the ELF localization domains are
sketched in Figures S1—S3 (see Supporting Information). The
population of the ELF valence basins for the reactants, each of
turning points, and products are gathered in Tables 1—3 for the
decarbonylations of CHD, CPE, and BCH, respectively.

DOI: 10.1021/acs.jpca.7b08503
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Figure 3. Top of the graph, energy profile for decarbonylation reaction of CPE with marked SSDs obtained from the ELF topological analysis; and
Lewis-type representation of the reaction mechanism (bold bonds represent partial double bonds, filled ellipses indicate LPs monosynaptic basins
with a population larger than 4.0 €, and small ellipses with one dot indicate nonbonding pseudoradical centers). Below the graph, color-filled maps of
the ELF (in the molecular plane defined by plane of the C,—C,—Cs) and snapshots of the ELF localization domains (1 = 0.8—0.81; color code is
black for core basins, gray for protonated disynaptic basins, blue for disynaptic basins, red for LPs monosynaptic basins of O atom, and green for LPs

monosynaptic basins of C atom) for reactant and TS.

The thermal decarbonylation of CHD can be characterized
by SSDs associated with the sequence of catastrophes CHD:
1-11-C[CC]C'C'FFF™C'C'C'—0:HT + CO. The first SSD,
1.509 < d C,—C, (A) < 1.514 and 1.509 < d C(—C, (A) <
1.504, starts exactly at the point where the CHD enters into the
reaction channel and finishes before P; point. The ELF
topology of SSD I is the same with the reactant and is
characterized by 11 valence bonding disynaptic and two
monosynaptic basins. The ELF topology of CHD presents
two disynaptic basins V(C,—C;) and V(C¢—C,) associated
with the C,—C, and C¢—C; single bonds, respectively, with the
values of the basin population of 2.03 € and relative fluctuation
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of 0.51 for each one; two disynaptic basins V(C,—C,), and
V(Cs—Cg) associated with the C;—C, and C;—C; single bonds,
respectively with the values of the basin population of 2.05 €
and relative fluctuation of 0.53 for each one; two disynaptic
basins V(C,—C,) and V'(C,—C,) associated with the C,—C,
bond, integrating to 3.36 € (1.76 € + 1.60 €), with the relative
fluctuation of 0.60; two disynaptic basins V(C,—Cs) and
V'(C,—Cs) associated with the C,=C; double bond,
integrating to 3.36 € (1.76 & + 1.60 ), with the relative
fluctuation of 0.60; one disynaptic basin V(C;—C,) associated
with the C;—C, single bond with the values of the basin
population of 2.25 € and relative fluctuation of 0.54; two

DOI: 10.1021/acs.jpca.7b08503
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Figure 4. Top of the graph, energy profile for decarbonylation reaction of BCH with marked SSDs obtained from the ELF topological analysis; and
Lewis-type representation of the reaction mechanism (bold bonds represent partial double bonds, filled ellipses indicate LPs monosynaptic basins
with a population larger than 4.0 €, and small ellipses with one dot indicate nonbonding pseudoradical centers). Below the graph, color-filled maps of
the ELF (in the molecular plane defined by the plane of the C;—C,—C,) and snapshots of the ELF localization domains (1 = 0.8—0.81; color code is
black for core basins, gray for protonated disynaptic basins, blue for disynaptic basins, red for LPs monosynaptic basins of O atom, and green for LPs

monosynaptic basins of C atom) for reactant and TS.

disynaptic basins V(C,—0) and V'(C,—0) associated with the
C,—O bond, integrating to 2.47 & (1.27 € + 1.20 €), with the
relative fluctuation of 0.71; and two monosynaptic basins V(O)
and V'(O) associated with the located lone pairs on the oxygen
atom, integrating to 5.21 € (2.61 ® + 2.60 €), with the relative
fluctuation of 0.44 for each one. The values of the relative
fluctuation of for C,=C; and C,=C; bonds are very close to
carbon—carbon bonds in benzene (as reference: A = 0.61), and
the C,—O bond is larger than both of them, meaning that the
electron density in C,—O bond is greatly delocalized with
respect to carbon—carbon bonds in benzene, while the C,=C;,
and C,=C; bonds are approximately equal to carbon—carbon
bonds in benzene. The relative fluctuation of value for other
carbon—carbon single bonds are smaller than the benzene ring,
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and electron density in these basins are delocalized to a smaller
degree than benzene ring. This is while the monosynaptic
basins of oxygen atom are localized with respect to valence
disynaptic basins in CHD. The character of the single bonds
C,—C,, C;—C¢, C,—C;, and C4—C, are confirmed by their
populations, which are very close to the formal value of 2 ¥,
while C;—C, is an electron-rich single bond with 0.25 € more
than the formal value. Formal double bonds of C,=C; and
C,=C; are described by two attractors, and their populations
are less than the formal value of 4 € The missing electron
density in the electron-depleted double bonds is located on the
V(C;—C,) valence basin and nonbonding V(O) and V'(O)
basins. The electron-depleted C,—O bond, electron-rich
nonbonding basins of oxygen atom, and positive charge of C,

DOI: 10.1021/acs.jpca.7b08503
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Table 1. Integrated ELF Basin Populations in Different SSDs along the Decarbonylation Reaction of CHD Calculated at the

MPWBI1K/aug-cc-pVIZ Level”

SSD SSDI  SSDII SSDIII SSDIV SSDV  SSDVI SSDVII SSDVII SSDIX SSDX SSD XI
Points CHD P, P, P, P, P; P, P, Ps P, Py HT + CO
dC—C; (A) 1500 1514 1.739 2.008 2.041 2.074 2.106 2.139 2.238 2.338 2372 —
dCeC; (A) 1.509 1.504 1.673 1.935 1.971 2.006 2.041 2.076 2.181 2.286 2321 —
GEDT 0.09 0.09 0.05 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 —
V (C=Cy) 2.05 2.07 2.16 2.60 2.72 2.97 3.01 3.04 3.16 323 1.74 1.74
V' (C=Cy) — — — — — — — — — — 1.50 1.62
V (C—C) 1.76 1.73 327 2.88 277 2.67 2.58 251 236 2.29 227 2.20
V' (C~Cy) 1.60 1.62 — — — — - - — - — —
V (C5=Cy) 225 2.25 232 2.69 2.79 2.89 2.97 3.05 1.61 1.64 1.65 1.69
V' (C5—Cy) — - — — — — — — 1.58 1.64 1.65 1.69
V (C4~Cs) 1.76 1.77 3.29 2.92 2.81 2.70 261 2.53 238 230 227 2.20
V' (C4=Cs) 1.60 1.59 — — — — — — — — — —
V (Cs—Cy) 2.05 2.03 2.10 2.53 2.65 2.79 3.01 3.05 3.16 1.50 1.74 1.74
V' (C5=Cs) — — — — — — — — — 1.72 1.50 1.62
V (C—Cy) 2.03 2.04 1.90 — — — — — — — — —
V (Ce~Cy) 2.03 2.03 1.92 138 — — — — — — — —
V (C,-0) 127 242 2.50 2.70 276 2.80 2.84 2.89 2.98 3.03 3.04 3.16
V' (C-0) 1.20 — — — — — — — — — — —
V (0) 2.61 2.59 2.56 241 238 233 2.30 4.54 443 436 435 4.18
V' (0) 2.60 2.58 2.54 237 234 232 2.29 — — — — —
V(C) — — — 0.31 0.23 — — — — — — —
V (Co) — — — — 0.27 0.19 — — — — — —
V(Cy) — — — 1.46 248 246 246 246 246 247 246 2.49

“The GEDT stands for global electron—density transfer (€) obtained from triene fragment.

Table 2. Integrated ELF Basin Populations in Different SSDs along the Decarbonylation Reaction of CPE Calculated at the

MPWBI1K/aug-cc-pVIZ Level”

SSD SSDI  SSDII SSDIII SSDIV  SSDV  SSDVI SSDVII SSD VIII
Points CPE P, P, P; P, Ps Ps P, BD + CO
dC—Cs (A) 1.514 1.512 1.765 1.991 2.024 2.057 2.124 2432 —
d C4~Cs (A) 1.514 1.512 1.765 1.991 2.024 2.057 2.124 2432 —
GEDT 0.10 0.09 0.04 0.02 0.02 0.02 0.02 0.01 —
V (C-Cy) 1.99 2.01 2.15 2.54 2.62 2.93 3.00 1.69 1.74
V' (C-Cy) — — — — — — — 1.52 1.60
V (C-C3) 1.77 1.73 3.29 2.98 2.90 2.82 267 2.33 2.20
V' (C=C3) 1.70 1.67 — — — — — — —
V (C5—-Cy) 1.99 2.01 2.15 2.54 2.62 2.93 3.00 1.69 1.74
V' (C3—Cy) — — — — — — — 1.52 1.60
V (C,—Cs) 2.08 2.02 1.85 — — — — — —
V (C4~Cs) 2.08 2.02 1.85 — — — — — —
V (Cs-0) 125 245 2.54 2.71 275 2.80 2.88 3.04 3.16
V' (Cs-0) 1.18 — — — — — — — —
V (0) 2.68 2.63 2.58 245 2.40 238 4.56 435 4.18
V' (0) 2.55 2.51 247 232 231 2.28 — — —
V(C) — — — 0.22 0.28 — — — —
V (Cy) — — — 0.22 0.28 — — — —
V (Cs) — — — 0.18 247 248 2.48 248 2.49
V' (Cs) — — — 1.26 — — — _ _
V" (Cs) — — — 1.26 — — —_ _ _

“The GEDT stands for global electron-density transfer (€) obtained from diene fragment.

carbon atom indicate that the carbon—oxygen bond is highly
polarized with a large weight of resonance hybrid 2 (see
Scheme 2). The electrostatic Hirshfeld population analysis
indicates that the GEDT equal to 0.09 € fluxes from CO to the
HT fragment.

The second SSD, 1.514 < d C,—C, (A) < 1.739 and 1.504 <
d C4—C, (A) < 1.673, starts from P; point at Rx = —5.970
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amu'/? Bohr and ends before P, point with the cusp (C) type
catastrophe in the C,—O bond. Two disynaptic basins V(C,—
O) and V'(C,—0) are merged into a single basin V(C,—0)
with the basin population of 2.42 € at P; point. This SSD
entails an energetic cost of 80.6 k] mol™'; and the GEDT at P,
point is unchanged. The third SSD, 1.739 < d C,—C, (A) <
2.008 and 1.673 < d C¢—C, (A) < 1.935, begins from P, point
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Table 3. Integrated ELF Basin Populations in Different SSDs along the Decarbonylation Reaction of BCH Calculated at the

MPWBI1K/aug-cc-pVTZ Level“t

SSD SSDI  SSDII  SSDIII SSDIV  SSDV  SSDVI SSDVII SSD VIII
Points BCH P, P, P; P, Ps Ps P, CD +CO
dC—C; (A) 1.523 1.527 1.715 1.979 2.014 2.048 2.118 2.504 —
dCs~Cr (A) 1.523 1.525 1.711 1.975 2.010 2.044 2.113 2.501 —
GEDT 0.10 0.09 0.06 0.03 0.03 0.03 0.03 0.02 —
V (C-Cy) 2.02 2.03 2.16 2.55 2.65 2.96 3.03 1.75 1.72
V' (C-Cy) — — — — — — — 1.52 1.64
V (C,—-C3) 1.72 1.71 3.26 2.95 2.87 2.79 2.64 229 223
V' (Cr—-Cy) 1.68 1.66 — — — — — — —
V (C5-Cy) 2.02 2.02 2.16 2.55 2.65 2.96 3.03 1.75 1.72
V' (C3-Cy) — — — — — — — 1.52 1.64
V (C4~Cs) 1.81 1.82 1.90 1.98 2.00 2.00 2.02 2.03 2.05
V (Cs—Cg) 1.87 1.87 1.87 1.86 1.86 1.86 1.86 1.87 1.88
V (C—Cg) 1.81 1.83 1.89 1.98 1.99 2.00 2.03 2.03 2.05
V (C,-Cr) 2.03 2.00 1.86 — — — — - —
V (C4~C7) 2.03 2.00 1.90 — — — — — —
V (C~0) 1.22 2.47 2.50 2.69 2.73 2.77 2.84 3.07 3.16
V' (C—-0) 1.20 — — — — — — — —
V (0) 2.70 2.67 2.58 242 238 235 461 431 4.18
V' (0) 2.56 2.53 252 2.38 237 234 — — —
V(C) — — — 0.33 0.28 — _ _ _
V(Cy) — — — 0.20 0.22 — _ _ _
V (Cy) — — — 1.29 2.54 2.50 2.50 2.49 2.49
V' (Cy) — — — 1.36 — — — — —

“The GEDT stands for global electron-density transfer (€) obtained from diene fragment.

Scheme 2. Two Resonance Forms of Carbonyl Group

at Rx = —3.215 amu'/? Bohr and completes before P; point
with two simultaneous cusp (CC) type catastrophes in the
region of C,=Cj; and C,=C; bonds. At the beginning of the
SSD III, the GEDT is decreased to 0.05 € and disynaptic basin
pairs of V(C,—Cj), V'(C,—C;), and V(C,—Cs), V'(C,—Cs)
are joined in single basins V(C,—C;) and V(C,—C;) with the
basin populations 3.27 € and 3.29 €, respectively. It is worth
noting that the SSD III is the most costly SSD in terms of
energy with an increment of 138.9 kJ mol™". The SSD IV of the
thermal decarbonylation of CHD, 2.008 < d C,—C, (A) <
2.041 and 1.935 < d C4—C, (A) < 1.971, begins with a cusp
(C") type catastrophe from P; point at Rx = —1.071 amu'/?
Bohr and finishes before P, point with an increment of 9.9 kJ
mol™" in energy. The valence disynaptic basin V(C,—C,) is
transformed into two monosynaptic basins V(C,) and V(C,)
corresponding to the homolitic bond cleavage. It should be
noted that both monosynaptic basins are found in the bonding
region and associated with the pseudoradical centers on the C,
atom with 0.31 € and on the C; atom with 1.48 €. At the
starting point of this SSD, the valence basin populations are
changed significantly, in such a manner that basin populations
of V(C,—C,), V(C;—C,), V(Cs—Cy) and the basin populations
of V(C,—C;), V(C,—C;), V(C¢—C,) are increased and
decreased, respectively, in the range of 0.37—0.44 €, also a
GEDT 0.01 € takes place from CO to the HT fragment. The
SSD V, 2.041 < d C,—C, (A) < 2.074 and 1.971 < d Cc—C,
(A) < 2.006, takes place from P, point at Rx = —0.803 amu'/?
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Bohr and ends before P point. From the beginning of this SSD
to the end of the reaction, no charge transfer takes place
between two fragments. The SSD V entails an energetic cost of
6.8 kJ mol™! and is started with a cusp (CT) type catastrophe
associated with the C4—C, bond breaking. The valence
disynaptic basin V(C4—C,) is transformed into a monosynaptic
basin V(Cg4) with a basin population of 0.27 € and the residual
electrons of disynaptic basin V(C¢—C,) has been transferred to
the monosynaptic basin V(C,). It is worth noting that the
position of the monosynaptic basin V(C,), with a basin
population of 2.48 €, is changed from the initial position, C,;—
C, bonding region, to a new position where nonbonding lone
electron pair of carbon atom in CO fragment is expected. Two
consecutive SSDs VI, 2.074 < d C;—C, (A) < 2.106 and 2.006
< d C—C, (A) < 2.041, and VII, 2.106 < d C,—C, (A) <
2.139 and 2.041 < d C4—C, (A) < 2.076, begin with the fold
(F) type catastrophe at Rx = —0.535 amu'/? Bohr and Rx =
—0.267 amu'/? Bohr, respectively. These SSDs are energetically
low cost and exhibit annihilation of nonbonding monosynaptic
basins V(C;) and V(Cq), respectively, by transferring their
electrons into the other disynaptic basins such as V(C,—C,),
V(C;—C,), and V(Cs—Cg). The SSD VIII, 2.139 < d C,—C,
(A) <2238 and 2.076 < d C4—C, (A) < 2.181, starts with a
fold (F) type catastrophe at the point where the TS is reached.
From the viewpoint of molecular mechanism, this SSD is very
important because it can characterize the topology of the TS. It
should be noted that at TS the C;—C, and C4—C, bonds are
completely broken in the TS, and the reaction continues by
merging the nonbonding monosynaptic basins V(O) and
V'(O) into a new monosynaptic basin V(O) with a basin
population of 4.54 €. Three consecutive SSDs IX, 2.238 < d
C,—C, (A) < 2.338 and 2.181 < d C,—C, (A) < 2.286; X,
2338 < d C,—C, (A) < 2372 and 2286 < d C,—C, (A) <
2.321; and XI, 2.372 < d C,—C, (A) and 2.321 < d C,—C, (A),
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start with the cusp (C') type catastrophe at Rx = 0.803 amu'/>
Bohr, Rx = 1.607 amu'/? Bohr, and Rx = 1.875 amu'/? Bohr,
respectively. In the related turning points, the cusp (C') type
catastrophes lead to the formation of C;=C,, C;=C,, and
C,=C, double bonds, respectively. At the end of the reaction,
the hexa-1,3,5-triene HT is formed and completely separated
from CO molecule.

The ELF topology of HT exhibits two pairs disynaptic basins
V(C,—C,), V'(C,—C,) and V(Cs—Cy), V'(Cs—C) associated
with the C;=C, and Cy=Cj double bonds, respectively,
integrating to 3.36 € (1.74 & + 1.62 €) with relative fluctuation
of 0.60 for each bond; two disynaptic basins V(C,—C,) and
V(C,—C;) associated with the C,—C; and C,—C; single bonds
with the values of the basin population of 2.20 € and relative
fluctuation of 0.53 for each one; and two disynaptic basins
V(C;—C,), V'(C;—C,) associated with the C;=C, double
bond, integrating to 3.38 € (1.69 € + 1.69 ®) with relative
fluctuation of 0.59. Basin populations indicate that C,—C,, C;—
C,, and C;—C4 bonds have been saturated during the reaction
course by 1.31, 1.13, and 1.31 €, respectively, while C,—C; and
C,—C; bonds have been depopulated by 1.16 € for each one.
However, the relative fluctuation of values show that the
delocalization degree for C;=C,, C;=Cs, and C;=C, double
bonds is approximately equal to benzene, while the electron
density in C,—C; and C,—C; single bonds are less delocalized
in comparison with benzene ring.

The thermal decarbonylation of CPE can be described by
SSDs associated with the sequence of catastrophes CPE, 1—8-
CC[C'C'F'][FF][EFF]F™[C'C']-0:BD + CO. The first SSD,
1.514 < d C,,—C; (A) < 1.512, starts where the ELF topology
is the same with CPE, with eight valence bonding disynaptic
and two monosynaptic basins. The ELF topology of CPE
consists of two disynaptic basins V(C,—C;) and V(C,—Cj)
associated with the C,—C; and C,—C; single bonds,
respectively, with the values of the basin population of 2.08 €
and relative fluctuation of 0.51 for each one; two disynaptic
basins V(C,—C,) and V(C;—C,) associated with the C,—C,
and C;—C, single bonds, respectively, with the values of the
basin population of 1.99 € and relative fluctuation of 0.52 for
each one; two disynaptic basins V(C,—C;) and V'(C,—C,)
associated with the C,=C; double bond, integrating to 3.47 €
(1.77 € + 170 ), with the relative fluctuation of 0.58; two
disynaptic basins V(C;—0) and V'(Cs—0) associated with the
C;—O bond, integrating to 2.43 € (1.25 € + 1.18 €) with the
relative fluctuation of 0.71; and two monosynaptic basins V(O)
and V'(O) associated with the located lone pairs on the oxygen
atom, integrating to 5.23 € (2.68 ® + 2.55 €), with the relative
fluctuation of 0.44 for each one. The relative fluctuation of
values for carbon—carbon single bond and C;—O bond in CPE
indicate that the electron density are localized and delocalized
with respect to carbon—carbon bonds in benzene. The electron
density for C,=Cj; double bond is delocalized slightly smaller
than the carbon—carbon bonds in benzene. The basin
populations for C—C single bonds are very close to the formal
value of 2 €, while basin populations of C,=C; and C;—0O
bonds are less than the formal value of 4 € in which the missed
electrons are located on nonbonding V(O) and V'(O) basins.
Similar to CHD, in the CPE the carbon—oxygen bond is highly
polarized with a large weight of resonance hybrid 2 (see
Scheme 2), and the GEDT equal to 0.10 € fluxes from BD
fragment to the CO. The SSD I entails an energetic cost of 8.7
kJ mol™" and connects to the second SSD with a cusp (C) type
catastrophe. The SSD 11, 1.512 < d C, ,—C; (A) < 1.76, takes
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place from P, point at Rx = —7.968 amu'/? Bohr and ends
before P, point. In the first turning point, the valence disynaptic
basins V(C;—0O) and V'(Cs—O) are merged into a new
disynaptic basin V(C;—O) with the basin population of 2.45 €,
and the GEDT has slightly decreased to 0.09 €. This SSD is the
most energetic step that entails an energetic cost of 135.3 kJ
mol .

The SSD 111, 1.765 < d C, ,—C; (A) < 1.991, begins from P,
point at Rx = —2.517 amu'’? Bohr and finishes before P; point
with an increment of 88.2 kJ] mol™' in energy. The second
turning point is a cusp (C) type catastrophe, which is identified
in the region of C, and C; atoms. At the beginning of this SSD,
the valence disynaptic basins V(C,—C;) and V'(C,—C;) are
merged into a new V(C,—C,) with a basin population of 3.29 %,
and GEDT decreased to 0.04 € The SSD IV, 1.991 < d C, ,—
Cs (A) < 2.024, starts with the three concurrent cusp—cusp—
fold (C'C'F") type catastrophes from P; point at Rx = —0.755
amu'’? Bohr and ends before P, point. The new nonbonding
monosynaptic basin V(C;) is created on Cg atom in the fold
(F') type catastrophe with a basin population of 0.18 €.
However, this turning point is related to the homolitic C,—Cj4
and C,—C; bond breaking, and two concurrent cusp (C'C")
type catastrophes lead to the formation of two monosynaptic
basins V(C,) and V(C,) with a basin population of 0.22 € for
each one, which is associated with the pseudoradical centers on
the C, and C, atoms, respectively; and two monosynaptic
basins V'(Cs) and V”(C;) with a basin population of 1.26 € for
each one, which is associated with the pseudoradical centers
localized on Cg atom. At the starting point of this SSD, the
valence disynaptic basins V(C,—C,) and V(C;—C,) are
populated by 0.39 € for each one, V(C,—C,) is depopulated
by 031 & and GEDT marginally decreased to 0.02 e.
Energetically, this step is of less importance with an increment
of 5.4 kJ mol™" in energy. The SSD V, 2.024 < d C, ,—C; (A) <
2.057, is determined by two concurrent fold (FF) type
catastrophes starting from P, point at Rx = —0.503 amu'/?
Bohr and ending before Pg point, which entails an energetic
cost of 3.1 kJ] mol™'. Three monosynaptic basins V(Cy),
V'(Cs), and V”(C;) are merged into a new monosynaptic basin
V(C;) with a basin population of 2.47 = In this SSD, the
GEDT value remains at 0.02 €, and this value will be unchanged
up to Py point. The SSD VI, 2.057 < d C,,—Cs (A) < 2.124,
begins with two simultaneous fold (FF) type catastrophes from
P point at Rx = —0.251 amu'/? Bohr and finishes before Pg
point. This SSD is important because its ELF topology analysis
characterizes the TS of the reaction. At the turning point, two
monosynaptic basins V(C;) and V(C,) are annihilated, and
their electrons are transferred to the disynaptic basins V(C,—
C,) and V(C;—C,) with a basin population of 2.93 & for each
one. The SSD VII, 2.124 < d C, ,—C; (A) < 2.432, starts from
P4 point at Rx = —0.251 amu"/ 2 Bohr and finished before P,
point. In this SSD, monosynaptic basins V(O) and V’(O) have
been merged into a new monosynaptic basin V(O) with a basin
population of 4.56 € due to the fold (F) type catastrophe.
Finally, the last turning point is found at Rx = 2.517 amu'/?
Bohr, 2.432 < d C,,—C; (A), in the region between the SSD
VII and SSD VIIL. Two concurrent cusp (C'C') type
catastrophes result in splitting of disynaptic basins V(C,—C,)
and V(C;—C,) into two disynaptic basins V(C,—C,), V'(C,—
C,) and V(C;—C,), V'(C5—C,), with the basin populations of
1.69 € and 1.52 € for each pair, respectively. It is worth noting
that the most electron redistribution at this turning point is
related to the depopulation of disynaptic basin V(C,—C;) by
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0.34 & The GEDT at the beginning of this SSD decreases to
0.01 €. The electron redistribution continues until the BD and
CO molecules are completely separated.

The ELF topological analysis of an isolated BD molecule
shows two pairs of disynaptic basins V(C,—C,), V'(C;—C,)
and V(C;—C,), V'(C;—C,) associated with the C,=C, and
C;=C, double bonds, respectively, integrating to 3.34 € (1.74
€ + 1.60 ©) with a relative fluctuation 0f0.55 for each bond; and
one disynaptic basin V(C,—C,) associated with the C,—C,
single bond with the values of the basin population of 2.20 €
and relative fluctuation of 0.53. During the reaction process
C,—C, and C;—C, bonds have been populated by 1.35 € for
each one, while C,—C; bond have been depopulated by 1.27 €.
The relative fluctuation of values indicate that the carbon—
carbon bonds are more localized in BD molecule with respect
to the carbon—carbon bonds in the benzene ring.

The thermal decarbonylation of BCH can be represented by
SSDs associated with the sequence of catastrophes BCH: 1—8-
CC[C'CT]F[FE]JE™S[C'C']—0:CD + CO. The first SSD, 1.523
<dC,—C, (A) <1527 and 1.523 < d C,—C, (A) < 1.525,
begins where the ELF topology is similar to the BCH, with 11
valence bonding disynaptic and two monosynaptic basins. The
ELF topology of BCH exhibits two disynaptic basins V(C,—
C,) and V(C;—C,) associated with the C,—C and C;—C,
single bonds, respectively, with the values of the basin
population of 2.02 € and relative fluctuation of 0.54 for each
one; two disynaptic basins V(C,—C4) and V(C,—Cy)
associated with the C,—C4 and C,—C; single bonds,
respectively, with the values of the basin population of 1.81 €
and relative fluctuation of 0.54 for each one; two disynaptic
basins V(C,—C,) and V(C,—C,) associated with the C,—C,
and C,—C, single bonds, respectively, with the values of the
basin population of 2.03 € and relative fluctuation of 0.52 for
each one; two disynaptic basins V(C,—C;) and V'(C,—C,)
associated with the C,=Cj; double bond, integrating to 3.40 €
(1.72 € + 1.68 ®), with the relative fluctuation of 0.62; one
disynaptic basin V(C;—Cs) associated with the C;—Cg single
bond, with the basin population of 1.87 € and relative
fluctuation of 0.53; two disynaptic basins V(C,—O) and
V'(C,—0) associated with the C,—O bond, integrating to 2.42
e (122 € + 1.20 ©), with the relative fluctuation of 0.72; and
two monosynaptic basins V(O) and V'(O) associated with the
located lone pairs on the oxygen atom, integrating to 5.26 €
(2.70 € + 2.56 ®), with the relative fluctuation of 0.45 for each
one. The relative fluctuation of values indicates that, except
C,=C; and C,—O bonds, electron density for others is more
localized with respect to carbon—carbon bonds in benzene. The
electron density for C,=C; double bond is approximately
delocalized similar to carbon—carbon bonds in a benzene ring,
while the C,—O bond is greatly delocalized. The population of
C,—C,, C;—C,, C,—C,, and C,—C; bonds are very close to the
formal value of 2 €, which can verify the nature of them as
single bonds. However, the population of other single and
double bonds are less than the formal values of 2 € and 4 €,
respectively. It very clear that the missed electron density in the
electron-depleted double bonds is transferred to the non-
bonding V(O) and V’(O) basins in such a manner that their
populations are 1.26 € more than the formal value of 2 € for
lone pairs. Similar to CHD and CPE molecules, the carbon—
oxygen bond in BCH is highly polarized with a large weight of
resonance hybrid 2 (see Scheme 2), and the GEDT equal to
0.10 € takes place from CO to the CD fragment. The first SSD
connects to the SSD II (1.527 < d C,—C, (A) < 1.715 and
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1.525 <d C,—C, (A) < 1.711) at Rx = —5.301 amu'/? Bohr (P,
point) with a cusp (C) type catastrophe in the C,—O region. At
the first turning point, two disynaptic basins V(C,—O) and
V'(C,—0) are merged into a new disynaptic basin V(C,—O)
with a basin population of 2.47 € This SSD comprises an
energetic cost of 63.8 kJ] mol™', and the GEDT at the starting
point of it is slightly decreased to 0.09 €. The SSD III, 1.715 <
d C,—C, (A) < 1.979 and 1.711 < d C,—C, (A) < 1.975, is
determined by a cusp (C) type catastrophe that starts from P,
point at Rx = —2.850 amu'/> Bohr and ends before P; point.
This SSD is the most energetic step with an energetic cost of
94.6 k] mol~". At the beginning of this SSD, two disynaptic
basins V(C,—C;) and V'(C,—C;) are merged into a new
disynaptic basin V(C,—C,) with a basin population of 3.26 &,
and the GEDT decreases to 0.06 €. The SSD IV, 1.979 < d
C,—C; (A) < 2.014 and 1.975 < d C,—C, (A) < 2.010, begins
from P point at Rx = —0.777 amu'/? Bohr and ends before P,
point with an increment of 5.1 k] mol™ in energy.

At the beginning of this SSD, two C,—C, and C,—C, bonds
are cleaved homolytically, and two simultaneous cusp (C'C")
type catastrophes lead to the transformation of disynaptic basin
V(C,—C,) into two monosynaptic basins V(C,) and V(C,)
with the basin populations of 0.33 € and 1.29 €, respectively,
associated with the pseudoradical centers on the C, and C,
atoms; and transformation of disynaptic basin V(C,—C,) into
two monosynaptic basins V(C,) and V'(C,) with the basin
populations of 0.20 € and 1.36 €, respectively, associated with
the pseudoradical centers on the C, and C, atoms.

It should be noted that, at the related turning point, the
disynaptic basins V(C,—C,) and V(C,—C,) are populated by
0.39 & for each one, while disynaptic basin V(C,—Cj) is
depopulated by 0.31 €. At the P; point the GEDT decreases to
0.03 &, and this value is unchanged up to P4 point. The SSD V,
2014 < d C;—C, (A) < 2.048 and 2.010 < d C,—C, (A) <
2.044, has been started with a fold (F) type catastrophe from P,
point at Rx = —0.518 amu'/? Bohr and finished before P point
with an energy cost of 2.9 kJ mol ™. In the related turning point,
two monosynaptic basins V(C,) and V'(C,) have been merged
into a new monosynaptic basin V(C,) with a basin population
of 2.54 €, and its position is displaced from the bonding region.
The SSD VI, 2.048 < d C,—C, (A) < 2.118 and 2.044 < d C,—
C, (A) < 2.113, is an important SSD because it contains the TS
of the reaction. This SSD starts with two concurrent fold (FF)
type catastrophes from P point at Rx = —0.259 amu'/> Bohr
and ends before P4 point. In this SSD, two monosynaptic basins
V(C,) and V(C,) disappear, and their electrons are transferred
to the disynaptic basins V(C,—C,) and disynaptic basin V(C;—
C,) with the basin population of 2.96  for each one. The SSD
VII, 2.118 < d C,—C, (A) < 2.504 and 2.113 < d C,—C, (A) <
2.501, begins with a fold (F) type catastrophe from P, point at
Rx = 0.259 amu'/? Bohr and ends before P, point and results in
the merging of two monosynaptic basins V(O) and V’(O) into
a new monosynaptic basin V(O) with a basin population of
4.61 €. The final turning point is observed in the region
between the SSD VII and SSD VIII with two simultaneous
cusp (C'C") type catastrophes at Rx = 3.109 amu'/> Bohr,
2.504 <d C,—C, (A) and 2.501 < d C,—C, (A). At the turning
point, two disynaptic basins V(C,—C,) and V(C;—C,) have
been split into two disynaptic basins V(C,—C,), V'(C,—C,)
and V(C;—C,), V'(C3—C,), with the basin population of 1.75 €
and 1.52 € (integrating to 3.27 ®) for each pair, respectively.
Also, disynaptic basin V(C,—C;) and monosynaptic basin
V(O) are depopulated by 0.35 & and 0.30 €, respectively. The
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Figure S. Two-dimensional NCI plots of the RDG, s(r), versus the electron density multiplied by the sign of the second Hessian eigenvalue 4, p(r);
and 3D NCI plots (isosurfaces) of the RDG, s(r), corresponding to s = 0.5 au and NCI color scale of —0.03 < p < 0.03 au, using SCF densities for
reactants and transition states associated with the decarbonylation of CHD, CPE, and BCH.

GEDT at the beginning of this SSD decreases to 0.02 €, and and carbon atom with the basin population of 4.18 € and 2.49 %,

electron redistribution continues until the CD and CO respectively.

molecules are completely isolated. In order to characterize the nature of interactions during the
The ELF topological feature of isolated CD molecule shows decarbonylation process, NCI analysis of the electron density

two disynaptic basins V(C,—C4) and V(C,—C;) associated has been carried out for reactants, transition states, and turning

with the C,—Cg and C,—C; single bonds, respectively, with the points separating the SSDs along the reaction coordinates. The

values of basin population of 2.05 € and the relative fluctuation NCI analysis is related to the minima of s(p), and the

of 0.52 for each one; two pairs disynaptic basins V(C,—C,), corresponding isosurfaces are constructed around these

V'(C,—C,) and V(C;—C,), V'(C;—C,) associated with the minima. The 2D NCI plots (RDG versus electron density
C,=C, and C;=C, double bonds, respectively, integrate to multiplied by 4,) and the corresponding 3D NCI plots (low-
3.36® (1.72 € + 1.64 ©) with relative fluctuation of 0.60 for each gradient isosurface) are displayed in Figure S and Figures S4—

bond; one disynaptic basin V(C,—C,) associated with the C,— S6 (see Supporting Information). It is very clear that the
C; single bond with the values of the basin population of 2.23 € noncovalent interactions can be observed when the bond
and relative fluctuation of 0.54; and one disynaptic basin breaking took place, in such a manner that NCI interaction
V(Cs—Cg) associated with the C;—Cg single bond with the critical point and ELF attractors are localized exactly at the
values of the basin population of 1.88 € and relative fluctuation same position. The 2D NCI plot of CHD comprises two low-
of 0.52. During the reaction course, C,—C,, C;—C,, C,—C,, density, low-gradient spikes at positive and negative values,
and C,—C, bonds are saturated by 1.34, 1.34, 0.24, and 0.24 ¥, which are related to the orange and green colors in the 3D NCI
respectively, C,—C; bond is depopulated by 1.17 €, and Cs—Cq isosurface, corresponding to the steric repulsion due to ring
bond population is unchanged. The values of the relative closure and weak attractive CH—C interactions, respectively.
fluctuation indicate that the delocalization degree of electron The two-dimensional NCI plot of TS associated with the
density for C;=C, and C;=C, double bonds are similar to decarbonylation of CHD shows two new low-density, low-
carbon—carbon bonds in a benzene ring, while other bonds are gradient spikes in the range of —0.06 to —0.08, which are
more localized. revealed by bicolored (red—blue), ring-shaped isosurfaces.
The common product of the studied decarbonylations is During the reaction course, spikes of the 2D NCI plot are
carbon monoxide. For carbon monoxide, the ELF shows a shifted to —0.04 value, and ring-shaped isosurfaces of TS evolve
disynaptic basin for a carbon—oxygen bond with a basin to a green—blue bicolored disk-shape, corresponding to the
population of 3.16 € and two lone pairs located on the oxygen attractive interaction. Bicolored isosurface is due to the
8514 DOI: 10.1021/acs.jpca.7b08503
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stabilizing interaction between triene and CO fragments
revealed by the blue color, and counterbalanced by destabilizing
interactions from structural constraints, revealed by the red
color.

Two-dimensional NCI plots of CPE and BCH show a low-
density, low-gradient spike at positive values, which are revealed
by red color in their 3D NCI isosurfaces, corresponding to the
ring closure. The 2D NCI plot of TS associated with the
decarbonylation of CPE has two low-gradient spikes at negative
values as a result of stabilizing interactions. The more negative
spike is manifested by the green disk-shaped isosurface, and the
other is displayed by bicolored (red—blue) ring-shaped
isosurfaces. The green disk-shaped isosurface is associated
with the attractive interaction between two terminal CH,
groups. The bicolored ring-shaped isosurface is associated
with the concurrent effects of stabilizing and destabilizing
interactions, which was discussed above. During the decarbon-
ylation of CPE, this isosurface evolves to a continuous green—
blue bicolored isosurface associated with the attractive
interactions. NCI plot analysis of TSs associated with the
decarbonylation of BCH is similar to CPE. During the
decarbonylation of BCH, the bicolored ring-shaped isosurface
of TS evolves to a continuous orange—green—blue tricolored
isosurface. The orange color of the isosurface corresponds to
the lack of bonding in the central area of the CD molecule,
while green and blue parts of the isosurface are related to the
attractive interactions between the diene fragment and CO
molecule.

4. SUMMARY AND CONCLUDING REMARKS

In this contribution, bonding evolution theory (BET) coupled
with noncovalent interaction (NCI) analysis have been used to
disentangle the bond breaking/forming processes and electron
redistribution along the reaction path associated with the
cheletropic decarbonylation of unsaturated cyclic ketones
cyclohepta-3,5-dien-1-one  CHD, cyclopent-3-en-1-one CPE,
and bicyclo[2.2.1]hept-2-en-7-one BCH. All calculations have
been carried out in the framework of density functional theory
using hybrid functional MPWBIK in conjugation with the aug-
cc-pVTZ basis set. Cheletropic extrusion of CO from CHD,
CPE, and BCH can be classified as nonpolar cyclo-elimination
reactions with the theoretical activation energies (at 0 K) of
228.3, 236.3, and 160.7 kJ mol ™', respectively. Decarbonylation
of CHD, CPE, and BCH take place, respectively, along 11, 8,
and 8 topologically differentiated successive structural stability
domains and can be represented by the sequence of turning
points as CHD, 1-11-C[CC]C'C'FFFSC'C'C'-0:HT +
CO; CPE, 1-8—CC[C'C'F'][FF][FF]F™S[C'C']-0:BD +
CO; and BCH, 1-8—CC[C'C']F[FF]JF™S[C'C']-0:CD +
CO. Topological analysis of electron localization function
(ELF) reveals that the decarbonylation of CHD, CPE, and
BCH can be described by (i) depopulation of C=C double
bonds in diene/triene fragment, (ii)) C—C bond breaking
between the terminal carbon atoms of diene/triene and carbon
atom of CO fragments at distance of ca. 1.9-2.0 A
accompanied by the appearance of pseudoradical centers on
terminal carbon atoms of diene/triene and increasing the
monosynaptic basins on carbon atom of CO, (iii) disappear-
ance of pseudoradical centers in the vicinity of the transition
structure where the transition state has not reached yet, (iv)
redistribution and reduction in the number of nonbonding
basins, and finally, (v) population of C—C single bonds in the
diene/triene framework. NCI analysis shows that the non-
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covalent interactions between two fragments appeared when
the bond breaking started where the ELF attractors are
localized. The corresponding isosurfaces are evolved to the
typical attractive interaction (green and blue isosurfaces) during
the reaction course.
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