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Abstract The electronic structure, the origin of the ex-
traordinary stability and the reaction mechanisms of the
decomposition reaction of the three-membered ring
cyclopropenone (I0), its phenyl derivative (IIO) and
its sulfur analogues (IS and IIS) have been investigated
at the B3LYP/6-311+G** level of theory. All critical
points on the reaction surface, reactants, transition states
and intermediates were determined. Reaction rate con-
stants and half-lives have been computed. Natural bond
orbital (NBO) analysis has been used to investigate the
type and extent of interaction in the studied species.
Results indicate that the decomposition reaction occurs
via a stepwise mechanism, with the formation of a
short-lived intermediate. The characters of the inter-
mediates for the decomposition of IIO and IIS are
different. In case of IO decomposition, the intermediate
structure is of prevailing zwitterionic character, whereas
that for the decomposition of IIS is of prevailing car-
bene character. Solvent effects are computed, analyzed
and discussed.
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Introduction

Cyclopropenone was first synthesized in solution [1-3].
Cyclopropenone is a molecule of considerable theoretical
interest, since it combines remarkable stability with ex-
treme strain. Various physical studies [4] suggest that
much of its stability is derived from the special conjuga-
tive stabilization of the two-7t electron systems. In addi-
tion, cyclopropenone has a number of interesting
chemical properties [5, 6] that suggest it could be a
useful synthetic intermediate. Several theoretical and ex-
perimental studies on cyclopropenones and cyclopropene-
thione have been carried out to understand the electronic
structure, spectroscopy and the stability of these com-
pounds [7-19]. The photochemical and thermal decarbon-
ylation of cyclopropenones to produce acetylenes and
carbon monoxide [20-27] is displayed in Scheme 1.

In spite of the importance of this decomposition reaction,
the literature does not seem to contain any systematic study
of its mechanism. It is the aim of the present work to
quantitatively explore the mechanism of the decomposition
reaction of cyclopropenone, its phenyl derivative and its
sulfur analogue. High level theoretical models within the
framework of density functional theory (DFT) will be used
to explore critical points on the decomposition reaction path.
Bonding characteristics and conjugative interactions will be
analyzed and discussed for transition states and stable inter-
mediate species. Natural bond orbital (NBO) analysis will
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Zwitter ion
Carbene

Scheme 1 Decarbonylation of cyclopropenones to produce acetylenes
and CO

be used to give a deeper insight into the bonding character-
istics of these species.

Computational methods

All calculations were performed using the Gaussian09W
package [28]. The DFT/B3LYP method [29-31] was used
throughout this work for exploring the mechanisms of the
decomposition reactions of the studied compounds: cyclo-
propenone (I0), cyclopropenethione (IS), phenlcycloprope-
none (IIO) and phenlcyclopropenthione (IIS). Critical points
along the reaction paths were located and their geometries
were fully optimized at the B3LYP/6-311+G** basis set
[32] level of theory. B3LYP/6-311+G** frequency analysis
calculations were performed to characterize the stationary
points as the minima and transition states and to evaluate
zero-point energies (ZPEs). In all calculations, transition
state structures are characterized by one and only one

Fig. 1 Fully optimized
geometric structure and Mulliken
charge densities on each atom of
cyclopropenone (10), the ionic
resonance structure (I0-a) and
acroleine (2) contributing to the
resonance hybrid structure of 10

10
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imaginary frequency, while no imaginary frequencies were
obtained for the minimum-energy species of reactants and
intermediates. Intrinsic reaction coordinate (IRC) calcula-
tions [33, 34] were performed, starting at the transition
states to check the reaction path of each reaction. Single
point calculations were performed on the gas-phase opti-
mized structures in order to include solvent effects. Those
effects were computed within the framework of the self-
consistent reaction field polarized continuum model (SCRF-
PCM) [35-37] as implemented in Gaussian09W. Through-
out the paper, we refer to the DFT wave function (i.e., Kohn-
Sham orbitals) as molecular orbitals (MOs).

NBO calculations were performed at the B3LYP/6-311+
G** level using NBO 3.1 as implemented in the Gaus-
sian09W package in order to measure quantitatively the
intramolecular delocalization in the studied systems. NBO
theory [38, 39] has proved extremely useful in analyzing
hyperconjugative [40] interactions through the second-order
perturbation energy (E‘*); which is estimated as:

E®) = AE; = q;(Fy)*/Ae

where ¢; is the donor orbital occupancy, A€ is the difference
between the energy of an acceptor orbital (j) and a donor
orbital(i) and Fj; is the off-diagonal NBO Kohn-Sham ma-
trix. The shape of highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO) orbitals were constructed using the Gauss View
5.0.8 visualization program [41].

Results and discussion

Cyclopropenone: origin of the extraordinary stability
Figure 1 presents the fully optimized geometric structure of
IO charge densities on each atom and dipole moment vector

computed at the B3LYP/6-311+G** level of theory. Some
selected geometric parameters are given in Table 1. The

2
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Table 1 Comparison of the
geometric parameters of cyclo- Bond length (A) IS 10 Angle (degrees) IS 10
propenone (I0) and that of
cyclopropenthione (IS) calculat- R(1-2) 1.332 1.348 A(2-1-3) 61.9 62.1
ed at the B3LYP/6-311+G** R(1-3) 1.433 1.423 AQ2-1-4) 144.3 147.7
level of theory R(1-4) 1.086 1.080 A(1-2:3) 62.00 62.1
R(2-3) 1.433 1.423 A(1-2-5) 144.6 147.7
R(2-5) 1.086 1.080 A(3-1-4) 153.8 150.3
R(3-6) 1.211 1.629 A(1-3-2) 56.1 55.8
A(1-3-6) 151.9 152.1
A(3-2-5) 153.5 150.3
A(2-3-6) 152 152.1

correspondence between the theoretically computed and ex-
perimentally measured [12, 17, 18, 42] geometric parameters
is excellent.

IO is a highly polar molecule with a dipole moment of
4.43 D (experimental value 4.39 D). This high polarity has
been attributed to, and is a reflection of, the C=0O bond
polarity alone. This does not seem to be correct since, at the
same level of theory, formaldehyde has a dipole moment
almost half that of 1O. The results of the present work reveal
that the high dipole moment of IO may be attributed to the
contribution of an ionic resonance structure (I0-a) to the
resonance hybrid of 10. Let us examine the origin of the

Fig. 2 Plots of the charge
distribution of the frontier
orbitals of IO and 2

HOMO of 1

LUMO of 1

extraordinary stability of 10. The following discussion will
go along three main lines. These are:

1. A discussion of charge density distributions in relation
to the tightness of binding and C=0 bond polarity.

2. An analysis and discussion of the frequency, amplitude
and intensity of the C=0 vibration, and

3. An NBO analysis of the interaction energy between the
C=C and C=0 bond orbitals.

In the analysis and discussion along these three lines
comparison will be made with the isolated C=0O case
(formaldehyde) and the 7-isoelectronic molecule acrolein

HOMO of 2

contour plot of HOMO of 1

LUMO of 2
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Fig. 3 C=O0 stretching modes
for 10, 2 and formaldehyde.
Blue arrows Direction of the
dipole moment, brown arrows
show direction of the dipole
moment unit vector, pale blue
arrows direction and amplitude
of the displacement vectors

C=0 str mode of 1

(2). Figure 2 presents the frontier MOs of 10 and those for
the 7t-isoelectronic acrolein. The molecular charge distribu-
tion in the MOs presented in this figure indicates clearly the
tightness of binding in IO relative to that of acrolein. In the
MOs presented, the charge distribution extents over the
entire molecular framework. The contour plot of the HOMO
of IO reveals that the p, orbital at C1 plays a central role in
this respect.

It is this p, orbital that is engaged in and is responsible for
the tight binding between the C=C and the C=0 7-systems.
In IO, the C=0 bond shows a marked ionic character, with
the O atom carrying about 0.6 e, which is almost double that
on the O atom in acrolein or formaldehyde (0.3 e). This ionic
character of the C=0 bond facilitates the formation of the
ionic resonance form I0-a and is responsible for the higher
polarity of this compound. Figure 3 presents the C=0O vibra-
tional modes for 10, 2 and formaldehyde. The C=0

Fig. 4 Geometry changes
along the decomposition
reaction path of 10

TS1 freq=-419.8 an
E=-190.668365 a.u.
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vibration in formaldehyde is coupled strongly with the
HCH angle bending (scissoring) vibration and appears with
moderate intensity (118) at 1,650 cm™'. In the case of 2, the
C=0 vibrational mode seems to show weak coupling with
the C=C vibrations and shows a shift to slightly higher
frequencies to appear at 1,770 cm ' with a greater amplitude
and more than double the intensity (275) observed in the case
of formaldehyde. The situation is completely different in the
case of 10, where the C=0 vibration mode couples strongly
with the C=C bond vibrations and is shifted up field consid-
erably to appear at 1,900 cm ™' with a very large amplitude
and very strong intensity (800).

Decomposition reaction of cyclopropenone

The thermal decomposition of IO might proceed via a con-
certed mechanism in which the two C—C bonds undergo
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cleavage simultaneously, or it may follow a two-step
mechanism; i.e., a step-wise mechanism in which a ring
rapture is a first step, which leads to an intermediate that
will undergo a C-C cleavage to form the products. We
have examined these two routes. The potential energy
change for the concerted mechanism is very much steeper
than that of the stepwise mechanism. The concerted pathway
leads to a very high energy barrier of >100 kcal/mol '
and, therefore, this route is not likely and will not be
investigated further. A search along the stepwise mech-
anism for critical points was conducted on three levels.
A scan on the CI-C3 bond stretching coordinate was
carried out leading to a critical point identified as the
transition structure along this route. Optimization and
subsequent frequency calculations revealed that this is
a saddle point on the reaction energy profile character-
ized by one, and only one, negative frequency. This
transition state (TS1) is presented in Fig. 4. It should
be noted that this transition state is only 31.7 kcal/mol ™'
above 10 and is characterized by a moderate imaginary
frequency (419 cm™'), indicating the low curvature of
the potential energy profile. This vibrational mode is a
coupling between the C1-C3 stretching and the C1-C3-
C2 angle bending (scissoring) mode. The second step of
the decomposition reaction did not start until C1-C3 is
almost broken (1.88 A) where the C2—C3 bond stretches
until CO and acetylene are formed. Figure 4 presents the
transition state along this route (TS2). This transition struc-
ture is much less polar than 10 (1=0.82 D) and the potential
energy profile seems to be of much lower curvature, with a
vibrational mode corresponding to the C2—C3 stretching
going down smoothly to products. The different curva-
tures and corresponding reaction modes indicate clearly
that the decomposition reaction takes place in two con-
secutive steps. Figure 4 presents the two transition
states, the intermediate structure and some snapshots
along the reaction path. The intermediate shows a con-
siderable separation of charge and is highly polar, sug-
gesting a zwitterionic character.

Fig. 5 Fully optimized
geometry, Mulliken charge
densities and dipole moment
vector and contour plot of the
HOMO of IS

Fig. 6 The 1,429 cm ' vibration C=S mode strongly coupled with

ring vibration (indicated by pale blue arrows)

Cyclopropenthione

The fully optimized geometric structural parameters of cyclo-
propenthione (IS) are compared to the corresponding param-
eters of 10 in Table 1. The charge distribution and dipole
moment vector are presented in Fig. 5. Data in Table 1 reveal
a very slight effect on the geometry of the three membered
ring of replacement of oxygen by sulfur. IS shows separation
of charge at the C=S bond, with the sulfur atom carrying
almost 0.38 e. IS is slightly more polar (u=4.762 D) than 10
and show salmost the same charge density distribution for its
frontier orbitals as 10 (cf’ Figs. 2, 5).

The C=S vibrational mode in IS shows a completely
different trend to that discussed before for the C=0 stretch-
ing modes in 10 and 2 or formaldehyde. In IS, the vibra-
tional spectrum shows two main bands at 1,429 and
1,650 cm ', The intensity of the former vibration band is
three times as strong as that of the latter. Both vibrational
modes involve C=S stretching, yet are strongly coupled and
dominated by ring vibrations. Figure 6 presents the
1,429 cm™ ! vibration indicating the ring vibrations.

The decomposition of IS is highly endothermic as com-
pared to that of I0. The decomposition mechanism of IS is
also a stepwise mechanism similar to that of 10. The tran-
sition state of the first step, TS-1 and that of the second step
TS-2 and the intermediate zwitterions structure are all dis-

played in Fig. 7.
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Fig. 7 Fully optimized T
structures for transition states \
and zwitterionic intermediate

for the stepwise decomposition
of IS

Phenylcyclpropenone and phenylcyclopropenthione

Let us now investigate the electronic structure and decom-
position reactions of phenylcyclpropenone (IIO) and phe-
nylcyclopropenthione (IIS). The equilibrium geometries of
11O and IIS are arrived at by full geometry optimization at
the B3LYP/6-311+G** level of theory. These are presented
in Fig. 8 together with the charge densities on each atom. All
bond lengths in the IO ring in IIO are longer than the
corresponding ones in I0. This may be attributed to the
extended delocalization of the 7t system and, consequently,
the decrease in the tightening of binding in the three-
membered ring. IIS shows the opposite trend, however,
where slight shortening of all bond lengths in the three-
membered ring is observed. However, both molecules suffer
considerable polarization of the charge density leading to
greater dipole moments that amount to 5.46 and 6.13 D, for
1O and IIS, respectively.
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The potential energy surfaces for the decomposition reac-
tions were scanned to locate critical points. Transition states
and intermediate structures were located and identified. The
geometries of reactants, transition states and the intermedi-
ates for decomposition reaction of 11O and IIS in ground
state were optimized unrestrainedly by means of the DFT/
B3LYP. For the two reactions studied, we reported the gas-
phase potential energy profiles calculated as relative ener-
gies (including ZPVE) of the species involved in the reac-
tion pathways with respect to the ground-state reactant.

Figure 9 presents the geometries and charge density on
each atom for all critical points located and identified on the
potential energy surfaces for the two reactions studied. The
presence of the phenyl ring does not alter the geometry of IO
yet an increase in 7-electron delocalization is observed.
There is a general resemblance between the reaction routes
taken by 11O, IIS and IO. First order transition states corre-
spond in all cases to the rupture of the cyclopropenone ring
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Fig. 8 Equilibrium geometries and charge densities on atoms for 11O and 1IS
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ZPE(au)= 0.125446

O Zw

ZPE(au)= 0.117463

Imaginary Frequency= -298.6680 cm'

110 TS2

ZPE(au) = 0.116004
Imaginary Frequency= -309.6582 cm’'

1S
Intermediate

ZPE(au)=0.123340

ZPE(au)=0.117408

ZPE(au) =0.122331
Imaginary Frequency=-304.1381 cm’’

('@ IS TS2

ZPE(au)=0.121091
Imaginary Frequency=-586.5005 cm’’

Fig. 9 Geometries, charge densities on atoms and dipole moment vectors of all critical points along the decomposition reaction path of IO and IIS

followed by a second independent step involving the cleav-
age of the C—C bond forming CO and the corresponding
acetylene.

Figure 10 shows a schematic diagram of the predicted
reaction paths and activation energies for the decomposition
of 11O and IIS. The first barrier height is calculated to be
26.33 and 37.73 kcal/mol ' for 11O and IIS, respectively. In

contrast to the case of the parent 10, the transition state for
the first step in the decomposition of IIO and of IIS is higher
in energy indicating that this step is the rate-limiting step of
this reaction.

Figure 11 shows the IRC profile for TS1 of IIO. In the
forward direction, the IRC calculations terminated with the
formation of an intermediate structure, while the reverse

@ Springer
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1(0)

Activation energy
kcal mol™?

IIS

T52

Activation energy
kcal mol™

Fig. 10 Gas-phase potential energy profiles for the studied reactions.
The relative energies (kcal/mol™) of the transition states and inter-
mediates are calculated with respect to the ground-state reactant

direction leads directly to the parent phenylcyclopropenone.
The present calculations, at B3LYP/6-311+G** level, con-
firmed that the TS1 first order saddle point does connect the
reactant (IIO) and an intermediate and thus confirms the
stepwise mechanism of this reaction. The IRC calculation
for TS2 in the second step of the decomposition of 11O is
depicted in Fig. 11. The present IRC calculations verified
that the transition structure (TS2) connects the stable inter-
mediate structure and the products. The second step in the
decomposition reaction, i.e., the dissociation of the interme-
diate structure into CO and acetylenes, seems to be much
faster due to the considerably lower barrier height, which
amounts to 0.54 and 8.62 kcal/mol™! for 11O and IIS, re-
spectively. This would suggest that the intermediate struc-
ture for the decomposition reactions of 11O and IIS are of

@ Springer

short duration; in agreement with pervious theoretical and
experimental studies [12, 17, 18].

The nature of the stable intermediate structure

The PES for the decarbonylation of IIO and IIS, just as that
for the parent molecule 10, shows that the loss of CO is a
stepwise process. Synchronous cleavage of both C1-C3 and
C2—C3 bonds is unlikely since the simultaneous increase in
both carbon—carbon distances results in a steep rise in ener-
gy. The valley on the PES follows the elongation of one of
the C—C bonds, while the other bond remains virtually
unchanged. Only when the first single bond of the cyclo-
propenone ring is almost broken (at ca. 2.2 A, which is little
bit longer than that in case of 10), does cleavage of the
second bond begin. The relaxed PES scan does not show the
formation of the intermediate; however, geometry optimiza-
tion in the two dimensional space governed by C1-C3 and
C2—-C3, in the region between TSI and TS2, allowed us to
locate the energy minimum. This structure has a C1-C3
distance of 2.23 A, a C2—-C3 of 1.36 A. Frequency calcu-
lations confirmed that this structure corresponds to a real
minimum since there are no imaginary frequencies. These
results agree well with the previously reported DFT/CCSD
study of the carbonylation of acetylene.

The phenyl substituents in IIO and IIS lie in the
plane of the cyclopropenone ring, and both molecules
are perfectly planar. Cleavage of the C1-C2 bond and
the formation of the intermediate are accompanied by a
substantial change in the molecular geometry and charge
density distribution. Thus, the dipole moments are re-
duced substantially and smoothly on going through TS1,
intermediate and TS2. There are also dramatic changes
in geometry along this path. Thus, while 11O and IIS
and the corresponding TS1 structures are perfectly co-
planar, the intermediate structures loss this coplanarity
where the phenyl ring at C2 moves from the Z arrange-
ment with respect to the substituent at C2 in the starting
geometry to a transoid position. The torsion angle
amounts to 37° for both 11O and IIS.

In the case 11O, the first transition state (TS1) is charac-
terized with only one imaginary frequency (-304 cm™ '),
which corresponds to a coupling between the C1-C3
stretching and C2—C1-C3 angle bending modes. The imag-
inary vibrational modes associated with the only negative
eigenvalue of the TS2 corresponds to the C2—C3 bond
breaking. Some selected geometric parameters of TS1 and
TS2 for the reactions studied together with charge distribu-
tion are shown in Table 2 and Fig. 12.
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Fig. 11a,b Intrinsic reaction coordinate (IRC) for decomposition reaction for IIO computed by B3LYP/6-311+G**. a TS1 (b) TS2

The nature of the short-lived intermediate is somewhat
controversial. Some previous studies suggested a carbine
like-character, whereas others suggested a pure zwitterionic
character for these short-lived intermediates. The geometry
and charge distributions of the intermediate structures for the
decomposition of 11O and IIS are shown in Fig. 12. Both
intermediate structures are non-coplanar with an out of plan

angle of 37°. It is well known that carbenes in general enjoy
maximum conjugative interaction, forcing coplanarity of com-
posite molecules. Furthermore, the 11O intermediate shows a
considerable separation of charge in the ph-C bond region.
Thus, C2 accumulates almost 0.5e, whereas the phenyl carbon
atom carries a considerable positive charge of 1.347e. Further-
more, C-O and C2-C3 bond distances are about 1.151 and

@ Springer
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Table 2 Optimized geometrical

parameters of phenylcyclprope- Recic2 Recies Re2es Rezes Rcio <csc2car <cicscz O C2

none (II0) and phenylcyclopro-

penthione (IIS) using B3LYP/6- 10

311+G** Reactant  1.431 1431 1344 1.203 62.0 -0.574 —0.178
TS1 1.772 1.341 1.350 1.183 88.48 -0.504 -0.202
Inter 2.231 1.364 1.376 1.147 132.69 -0.395 -0.151
TS2 1.644 1.287 1.159 112.057 —-0.433 -0.143
J1(0)
Reactant 1.437 1.421 1.356 1.447 1.208 146.3 62.3 —0.590 —0.004
TS1 1.903 1.352 1.367 1.446 1.130 125.8 88.9 -0.429 -0.057
Inter 2.408 1.382 1.370 1.435 1.151 128.9 111.1 —0.391 0.076
TS2 2.359 1.578 1.289 1.412 1.156 142.94 111.0 -0.434  0.107
IS
Reactant 1.428 1.410 1.345 1.439 1.637 150.6 62.4 —0.125 0.057
TS1 2.007 1.334 1.387 1.463 1.546 123.4 95.0 0.218 0.013
Inter 2.430 1.323 1.438 1.460 1.536 118.0 122.3 0.269 0.046
TS2 2.325 1.701 1.238 1.411 1.553 159.4 103.5 0.183 0.116

1.370 A respectively, which are very close to typical value of
zwitterionic structures (C1-0=1.11 A, C2-C3=1.35 A) [17].

This charge separation together with the non-coplanarity
of the intermediate structure suggests a prevailing zwitter-
ionic character of this intermediate. On the other hand, the
intermediate structure of IIS does not show any charge
separation at all and hence one can assume a prevailing
carbine like character for this intermediate. It should be
noted that, in both cases, the intermediate is a resonance
hybrid; however, the prevailing zwitterionic character dom-
inates in the case of 110 and the carbine character dominates
in case of IS intermediate.

Kinetics and thermodynamic parameters

Let us examine the energetics of the decomposition reaction.
Figures 10 and 13 present the potential energy profile for the
decomposition of IIO and IO. The enthalpy changes of the
decomposition reaction of IO (¢f” Table 3), and 11O are —3.47
and —1.16 kcal/mol ™', respectively, indicating the exothermic
nature of the decomposition process. For the decomposition of
IS and IIS, however, the reaction is endothermic (= 40.20 kcal/
mol ). In the four reactions studied, the first step is the rate
determining step, with activation energy barriers of 5.35,
32.64, 26.33 and 37.73 kcal/mol™" for the decomposition
reaction of 10, IS, ITIO and IIS, respectively.

In the present work, the rate constant for the decomposi-
tion reactions studied were estimated from transition state
theory (TST) formulation [43] using

k‘[‘s’]‘ = kBT/h exp(—AG#/RT ) (1)

where kg and 4 are Boltzmann’s and Planck’s constants,

@ Springer

respectively, AG” is the change in the standard Gibbs free
energy between the transition state and the reactant species
(including the respective ZPEs). The results of the present
calculations are presented as krgy in Table 4. One can
readily conclude that reactants, intermediates and products
are all kinetically stable species at ambient temperature,
although IIS is thermodynamically unstable with respect to
the decomposition process.

The kinetic and thermodynamic parameters are shown in
Table 4. Data in Table 4 reveal that the decomposition of IS
is much slower. The rate determining step (first step) has an
activation energy almost double that of IO, causing a con-
siderable decrease in the reaction rate constant. The second
step in the decomposition reaction resembles to a great
extent that of IO in terms of reaction rate and duration.

Solvent effect

In the present work, solvent effects were computed using
single point calculations on the gas-phase optimized geom-
etries, using the SCRF-PCM approach. Three different sol-
vents, namely water, DMSO and diethylether (DEE), were
considered. The computed solvation energies and relative
energies for the studied reactions are reported in Table 5.
Solvent effects do not induce changes in the shape of the
potential energy profile. All species in the decomposition
reaction routes are more stable in solution. For example, in
the case of 110, reactant, TS1 and the stable intermediate are

Fig. 12 Most relevant geometrical parameters of the species involved P>
in the decomposition reaction of the studied compounds (11O, IIS).
Bond distances are in angstroms and angles in degrees
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Fig. 13 The variation of the relative energies of all critical points on the
decomposition reaction path of IO and IS with B3LYP and MP2 methods

stabilized by 11.62, 6.88 and 8.93 kcal/mol ' in water as a
solvent; computed values of relative energies indicate that, the
initial barrier increases by about 0.94 kcal/mol ' with respect
to the gas-phase value. In the case IIS, the initial and third
barriers increase by about 1.71 and 4.14 kcal/mol™' with
respect to the gas-phase value, respectively. In contrast, the
second barrier decreases by around 2.37 kcal/mol .

NBO analysis

Some selected NBO data are presented in Table 6. The natural
population of the pz orbitals on the three carbon atoms and of
the oxygen atom is shown in Table 6. The pz orbital of C3 is
slightly higher in energy and less populated than that for C1
and C2. It should be noted that C3 is strongly involved in
bonding via charge transfer interactions. Thus, it acts as elec-
tron donor via its 2 s and 2p orbitals, which lose charge to the
m-system, and acts as electron acceptor via its Rydberg orbitals.
Second order perturbation analysis of the Fock matrix indicates
that the major interaction involves the 7tc;_c» bond orbital and

@ Springer

the anti-bonding 71* 3.0 bond orbital. This interaction amounts
(E*) to 86 kcal/mol ' and is by far greater than all other
interactions among the orbitals in 10. Worth noting also is
the interaction of the oxygen lone pair orbital with the Rydberg
orbitals of C3. This interaction amounts to, and is responsible
for, the population of the virtual Rydberg orbitals of C3.

In conclusion, the extraordinary stability of IO may very
well be attributed to

(1) The strong interaction between the C=C and the C=0
bond orbitals and the consequent extension of the
Tr-system

(2) The involvement of the C3 pz orbital in tightening of
binding and imparting an “aromatic character” to 1, in
addition to

(3) The contribution of the ionic resonance form I0-a to
the resonance hybrid. This may also elaborate upon the
suggestion of the “aromatic character” of 10.

The results of the NBO analysis (the stabilization energy
E@) for 11O and IIS compounds are given in Tables 7 and 8.
Large £? values indicate a more intensive interaction between
the electron donors and electron acceptors. The most important
centers of interactions in the present study are LP of O and S/
0*c1-c3, 0%cic2, oc1c2/T*c10, Oci-c3/T*ci0 and Oca.ca/
T*cs.ce. It is interesting to follow the trend of interaction
between LP(O) and ¢ ¢;.c3 along the decomposition reaction
path. ) values decrease from reactant to TS2, whose contri-
butions are 24.74, 8.34, 6.61, and 3.77 kcal/mol ™! for reactant,
TS1, intermediate and TS2, respectively. As shown in Ta-
ble 6, the hyperconjugative interactions between oc,.c3 and
T*cs.ce In the phenyl ring increase from reactant to TS2.
These values support the proposed stepwise mechanism
leading to phenylacetylene and carbon monoxide. The results
of NBO analysis show that E® values corresponding to
charge transfer from the phenyl ring to the C=C bond, in
the three membered ring of IIS, are more pronounced than
that in the case of IIO. In the case of the intermediate of
IO, the most important interaction energy is electron
donation from oc3.c» to the antibonding acceptor 7t*cs_c¢
orbital with a stabilization energy of about 66.62 kcal/mol .
In contrast, the interaction between LPO and C1-C3 is of
much lower value and amounts to 6.61 kcal/mol™'. This is
further evidence for the prevailing zwitterionic character of
this intermediate structure.

Assessment and evaluation of the theoretical model

In order to assess and evaluate the computational approach
used in the present study, computation at the MP2 levels of
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Table 3 Comparison of the total energies (au) and relative energies (kcal/mol ") computed for the decomposition reactions of IO and IS at different
levels of theory

R TS-1 Inter TS-2 Product
10
B3LYP 6-311+G** —190.70030 —190.64975 —190.66407 —190.66415 —190.7056957
Aug-CC-pVTZ -190.71846 —190.66827 —190.68299 —190.67070 —190.7234017
MP2 6-311+G** —190.1743198 —190.122244 —190.128763 —190.123048 —190.1914025
Aug-CC-pVTZ -190.2967827 —190.2451854  —190.2509466 —190.2445641 —190.3064685
IS
B3LYP 6-311+G** —513.6640781 —513.61205768 —513.615576 —513.577438276 —513.6060318
Aug-CC-pVTZ —513.68429 —513.63241 —513.635913 —513.596787208 —513.625338
MP2 6-311+G** —512.7510306 —512.73364 —512.69323113 —512.673189907 —512.7029917
Aug-CC-pVTZ —512.8822433 —512.8326694 —512.8231051 —512.8247355| —512.8256417
Relative energies
Method Basis set R-TS P-TS
R-P TS1 Inter TS2 P TS1 Inter TS2
B3LYP 6-311+G** 3.386 -31.720 —22.734 —22.684 0 =35.106 —26.120 —26.069
Aug-CC-pVTZ 3.101 —31.494 —22.257 —29.969 0 —34.595 25358 -33.070
MP2 6-311+G** 10.719 -32.677 —28.586 -32.173 0 —43.397 —-39.306 —42.892
Aug-CC-pVTZ 6.078 -32.377 —28.762 -32.767 0 —38.4552 —34.84 —38.845
IS
B3LYP 6-311+G** —36.424 —32.642 —30.435 —54.367 0 3.781 18.750 —17.942
Aug-CC-pVTZ -36.992 —32.555 -30.357 —54.908 0 4.438 6.636 -17.916
MP2 6-311+G** —30.144 -31.781 -36.269 —48.845 0 1.636 -6.125 —18.701
Aug-CC-pVTZ -35.517 —31.108 -37.109 —36.086 0 4410 -1.592  —0.569

theory are employed. In addition to the Gaussian triple zeta
basis set, the correlation consistent triple zeta, Aug-CC-PVTZ
were also used. Results are compared to those obtained at the
B3LYP/6-311+G** level of theory. This comparison is pre-
sented in Table 3 for both IO and IS. Figure 13 presents the
variation of the relative energies of all critical points on the
decomposition reaction path with the theoretical model used. It
is evident from the data presented in Table 3 and Fig. 13 that the

B3LYP/6-311++G** level of theory was able to capture the
features of the decomposition reaction profile satisfactorily.
The correspondence with the more expensive MP2 cal-
culations is very good for the reactants, TS-1 and the
products. This is true for both the 10 and IS decomposition.
However, the regions at which correlation energies dominate
the interaction, i.e., the zwitterionic and TS-2 regions, the
correspondence is not so good, yet the B3LYP/6-311++G**

Table 4 Summary of thermo-

dynamic and kinetic properties Comppund 10 IS 1o s

of the decomposition reactions quantity

studied in the present work
AH, kJ/mol -13.898 145.696 —4.652 160.812
AG*,, kJ/mol 78.00 130.568 105.00 150.90
K. 13.289% 1072 8.136x 10! 2.463%x10°° 2.2057x10 14
t,, S 5.22 8.518x10° 2.8x10° 3.14x10"
AG",, kJ/mol 12.309 17.943 2.164 34.49
K, s ! 433x10'° 1.964x10°° 2.698x10" 5.607x10°
ty, s 1.600x107° 3.528x10° 2.569x1071° 1.236x10°
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Table 5 Calculated solvation and relative energies (kcal/mol ") of the
reactant, intermediate, transition states for IIO and IIS decomposition
reaction in solution using the B3LYP/6-311+G** level of theory.

Table 7 Second-order delocalization energies £ for the studied
compound (IIO) calculated at B3LYP/6-311+G** level of theory

DMSO Dimethylsulfoxide, DEE diethylether Donor Acceptor EP/keal/mol ™!
Reactant TS1 Inter TS2 Reactant LPO (2) c*¥ci_ 24.74
110 LPO (2) c* Cl - C3 23.78
LPO (1) c* Cl - C2 4.43
Water AE,,  -11.625 —6.883  —8.932 -3.188
LPO (1) c* Cl - C3 451
AE,. 0.000 —27.271 -5.014 —2.755
Gc2-c3 T*ci-o 89.49
DMSO AEg -11.412 —6.732 —8.889 —3.156 .
Gci1-c3 o%c1-0 3.23
AE,. 0.000 —27.208 —4.907 —2.742 "
Cci1-c2 T"cs-co 27.21
DEE AEqq —8.519 —4.994 =7.736 —2.392 "
AE, 0.000  —26.054 —4322 2354 Tes-co o 1936
" re : : : : TS1 LPO 6* el 8.34
Gc2-c3 c*ci-o 74.21
Water AEgq -11.226 —6.426 —8.184 —5.457 "
O C3-Cl T* c2-cs 12.53
AE,. 0.000 —39.445 -2.722 —12.761 "
DMSO  AE ~10.937  —6244 7980 5361 g c 6 T 969
sol ’ ’ ’ ' Inter LPO c* Cl-C3 6.6
AE,. 0.000 —39.337 —2.744 —12.653
O C2-C3 c* Cl-0 48.54
DEE AE —8.036 —4.649 —5.884 —4.067
AE 0000 38032  -3245 11850 ocr-ce oTes < 6602
e ) ) ) ) TS2 LPO c* Cl-C3 3.77
G c2-c3 6*c3-0s 44.73
. . o Tc1 - 05 6 * a3 23.29
level of theory still represents the reaction profile qualitatively.
Using the augmented correlated triple basis set does not
change the general picture much.
In conclusion, the theoretical model used in the present ~ Conclusions

study is able to capture satisfactorily the features of the
potential energy profile for the decompositions of 10 and
IS. Even at the region dominated by correlation interaction
energies, the overall qualitative agreement is still satisfacto-
ry considering the much higher cost of other high level
methods.

The electronic structure of 10 has been investigated theo-
retically. The extraordinary stability of IO may very well be
attributed to (1) the strong interaction between the C=C and
the C=0 bond orbitals and the consequent extension of the
m-system; (2) the involvement of the C3 pz orbital in

Table 6 Some selected natural bond orbital (NBO) parameters computed at the B3LYP/6-311+G** level of theory for IO

Atom Type(AO) Occupancy Energy Atom natural electron configuration

Cl pz Val(2p) 0.84385 —0.16312 [core]2S(1.03)2p(3.13)3d(0.01)

C2 pz Val(2p) 0.84455 —0.16318 [core]2S(1.03)2p(3.13)3d(0.01)

C3 pz Val(2p) 0.79963 —0.13446 [core]2S(0.76)2p(2.71)3S(0.01)3d(0.01)4p(0.02)
06 pz Val(2p) 1.49482 —0.24784 [core]2S(1.70)2p(4.87)3p(0.01)3d(0.01)
Donor Acceptor E?

BD C 1-C2 BD*C3-06 28.13

BD C 1-C2 BD*C3-06 86.13

BD C1-C3 BD*C3-06 2.74

LP (1) RY*(1)C 3 16.93

LP2)O 6 BD*(1) C1-C3 24.04

LP(2) O6 BD*(1) C2-C3 239
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Table 8 The second-order delocalization energies £ for the studied
compound (IIS) calculated at B3LYP/6-311+G** level of theory

Donor Acceptor E®/kcal/mol ™!
Reactant LPS G *cl_eo 11.54
LPS 6 *crcs 11.76
G c1-c2 6 *cis 104.30
Gca2cC3 6 * cacs 28.53
TS1 LPS 6 *cics 19.67
G c1-c3 6 *crs 99.79
O cs5-c6 6 * ciec2 20.25
Inter LPS 6 *clic3 63.85
LPC2 6 *cocs 64.11
Ocis 6 *cics 4.53
TS2 LPS 6 *clcs 5.29
G cl-c3 T*crs 12.53
G c2-C3 G * cecs 192.24
G cl-s 6* s 23.29

tightening of binding and imparting an “aromatic character” to
10; in addition to (3) the contribution of the ionic resonance
form 10-a to the resonance hybrid. This may also elaborate
upon the suggestion of the “aromatic character” of 1O.

The reaction mechanisms of the decomposition reaction of
IO, its phenyl derivative (IIO) and its sulfur analogue (IIS)
were investigated at the B3LYP/6-31++G** level of theory.
All critical points on the reaction surface, reactants, transition
states and intermediates were determined. NBO analysis was
used to investigate the type and extent of interaction in studied
species. The results indicate that the decomposition reaction
occurs via a stepwise mechanism, with the formation of a
short-lived intermediate. The character of the intermediate
for the decomposition of 11O and IIS are different. In case of
IO decomposition, the intermediate structure is of prevailing
zwitterionic character, whereas, that for the decomposition of
IIS is of prevailing carbene character.
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