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Abstract Many undergraduate organic chemistry books do not
agree with the order of relative stability of alkenes towards
hydrogenation reactions. Although they ascribe the stability of
alkenes to the number and spatial position of the alkyl groups
attached to the vinyl carbon atoms, results from the quantum
theory of atoms in molecules indicate that the influence of an
alkyl substituent on the stability of unsaturated hydrocarbons
arises from the slight removal of electron density of the 7t bond,
not from donation of their charge density to unsaturated carbon
atoms as stated in many text books. There is an inverse relation
between delocalization index—the number of shared electrons
between two atoms, or Wiberg bond index of C=C bond—and
the number of methyl groups attached to the vinyl carbon atoms.
Electron withdrawing groups (EWGs) attached to unsaturated
carbon atoms of alkenes and alkynes have two different behav-
iors: slight EWGs (alkyl groups) stabilize unsaturated carbon
atoms while the strong EWG destabilizes the unsaturated carbon
atoms. Generalized valence bond theory was also used to study
the ambiguous behavior of fluorine substituents bonded to vinyl
carbon atoms.

Keywords QTAIM - DFT - GVB - Alkene - Alkyne -
Stability
Introduction

The first calorimetric measurements of unsaturated compounds
were not very precise. In order to improve their precision,
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Kistiakowsky and coworkers [1-7] measured the heat of hy-
drogenation of several unsaturated organic compounds in gas
phase through catalytic hydrogenation, with a degree of uncer-
tainty of = 0.20 %. However, this technique could be applied
only to appreciably volatile substances. Later, Williams pro-
posed an extension of Kistiakowsky and coworkers’ meth-
od to the condensed phase, making it possible to obtain
heats of hydrogenation of other unsaturated compounds [8].
Following Kistiakowsky’s work, several hydrogenation
calorimetric measurements with different solvents arose
[9-11].

Alternatively, Rossini and coworkers [12] determined the
heat of combustion of a series of hydrocarbons in gas phase,
and also analyzed the effect of methylene addition in the
hydrocarbon heat of combustion.

The heat of hydrogenation is one of the thermodynamic
criteria most often used to evaluate the relative stability of
alkenes and alkynes [13]. The heat of hydrogenation is re-
stricted to the stability of the 7t bond present in the molecule
rather than that of the whole molecule [14]. On the other hand,
the heat of combustion can be used to evaluate the overall
stability of the hydrocarbon, and allows better comparison
among alkenes with different degrees of substitution since
the products of the combustion reaction are always the same
(water and carbon dioxide) [15]. However, the heat of com-
bustion cannot be used to compare reaction energy difference
values for substituted alkenes with those of non-hydrocarbon
substituent groups.

Although experimental heats of hydrogenation and/or com-
bustion have been obtained for many organic compounds, these
data are not available for all hydrocarbons due to incomplete
reaction, side reaction and lack of accuracy. This being the case,
one way to address this problem is to use theoretical empirical
methods. Early empirical methods were not successful for
many different reasons [16]; however, by employing the pa-
rameterized additive method of group contributions, Sagadeev
and Barabanov [16] calculated the enthalpies of combustion of
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more than 200 organic compounds (hydrocarbons, alcohols,
aldehydes, etc.) with 1 % error in comparison with experimen-
tal results.

In the 1980s, ab initio calculations performed by Schleyer
and Ibrahim [17], Dewar and Storch [18] and Wiberg [19]
determined the formation enthalpies in gas phase for some
restricted classes of compounds. The drawbacks of these early
ab initio studies were computing limitations and inaccuracies
of correlation energy. The method of rapid estimation of basis
set error and correlation from partial charges (RECEP), devel-
oped by Csonka et al. [20-23] was used to calculate the
enthalpies of formation of dozens of organic compounds. By
performing parametrizations on B3LYP, Cioslowski et al.
[24-26] applied the bond density function approach to calcu-
late formation enthalpies with an average absolute error of
3.3 keal mol .

Whyman and co-workers performed ab initio calculations
to obtain formation and combustion enthalpies of several
saturated and unsaturated, cyclic and aliphatic hydrocarbons.
They observed a two-fold decrease of errors when going from
a linear chain to a strained cyclic structure, which they as-
cribed to free rotation of fragments in the linear structure [27].

The undergraduate organic chemistry textbooks cited here
[15, 28-30] ascribe the stability of alkenes to the number and
spatial position of alkyl groups attached to the vinyl carbon
atoms [31]. The stability of alkenes is related directly to the
number of alkyl groups bonded to their vinyl carbon atoms
(see Scheme 1 where selected relative stability orders of
alkenes were taken from some undergraduate books).
Literature shows that the heats of hydrogenation of most
alkenes are nearly —30 kcal mol .

From Scheme 1, we note that the order of relative stability
of alkenes towards hydrogenation reactions is not the same for
all references. Similar observations can be made from the
work of Cunha [31].

From ab initio calculations, Whangbo and Stewart [32]
found that HOMO energy of alkenes increases and 7 bond
energy decreases as the number of alkyl groups attached at

Relative stability from heats of hydrogenation Reference
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Scheme 1 Relative stability of alkenes towards hydrogenation reaction
from calorimetric measures according to 15, 28, 29 and 30
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C(sp?) increases. Schleyer and Kost [33], Schmidt et al. [34]
and Sun et al. [35] used ab initio methods to calculate the
strength and energy of the 7t bond from several unsaturated
molecules, including compounds with heteroatoms bonded by
double bond to vinyl carbon.

The n-Gaussian methods (z=1, 2, 3 and 4) arose from the
observation that some ab initio methods have a systematic
error in the energy calculation of some important molecular
systems. These n-Gaussian models (Gn) employ an array of
well-defined ab initio calculations in order to obtain accurate
thermochemical data [36]. Each generation has a distinct
array. The fourth generation of the n-Gaussian method, G4,
came up with significant improvements in comparison with
3, in the determination of formation enthalpies, proton and
electron affinities. G4 modifies G3 by adding an extrapolation
procedure to obtain a Hartree-Fock (HF) limit in the total
energy calculation; increasing d-polarization sets to 3d on
first-row atoms and 4d on second-row atoms; replacing
QSCISD(T) by CCSD(T) for the highest level of correlation
treatment; and using B3LYP for geometry optimization and
zero point calculations [37].

In this work, we used quantum theory of atoms in mole-
cules (QTAIM), density functional theory (DFT) and the G4
method to study the topology and stability of alkenes and
alkynes, fluoro-substituted or not, by means of their electron
densities and thermodynamics of combustion and hydrogena-
tion reactions, respectively. We also used different kinds of
electron withdrawing groups (EWGs) attached to vinyl car-
bons [C(sp?)] and acetylenic carbon [C(sp)] atoms to evaluate
their influence on the stability of corresponding alkenes and
alkynes, respectively. In addition, generalized valence bond
(GVB) calculations from VB2000 method [38] for fluorine-
substituted alkenes were performed to evaluate the ambiguous
behavior of fluorine substituent. Unlike statements taken from
undergraduate organic chemistry textbooks, QTAIM results,
along with Wiberg bond index values, indicate that the influ-
ence of alkyl substituents on the stability of unsaturated hy-
drocarbons arises from the slight removal of electron density
from the 7t bond and not from a charge density donation of the
alkyl group.

Computational details

The geometries of the studied species were optimized
according to Berny’s algorithm using energy-represented di-
rect inversion in the iterative subspace (DIIS) in redundant
internal coordinates [39, 40]. Vibrational analysis on the op-
timized geometries of selected points of the potential energy
surface (PES) was carried out in order to determine whether
the resulting geometries are true minima or transition states,
by checking the existence of imaginary frequencies. The
calculations were performed at B3LYP/6-311++G(d,p) level
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[41, 42] and G4 [37] levels of theory by using Gaussian 09
package [43]. Search for the lowest minimum at PES was
done by conformational analysis of alkenes with alkyl groups
as substituents.

The values of free energy of combustion were parameter-
ized to allow comparison among them since the stoichiometric
coefficients of reactants and products of each combustion
reaction are not the same for all reactions. A parameter each
from the combustion reactions of ethene and ethyne was
chosen. Based on the stoichiometry of these reactions, the
values of parametrized free energy of combustion were ob-
tained using the relation: 2AGomp/X, Where x is the stoichio-
metric coefficient of the CO, molecule of each combustion
reaction. Then, except for the combustion reactions of ethene
and ethyne, all other values of free energy of combustion
reaction were parameterized. As stated above, one disadvan-
tage when using combustion reaction as a stability parameter
for alkenes and alkynes is that the values of free energy of the
combustion reaction of unsaturated compounds containing
fluorine atoms cannot be parameterized to be comparable with
the corresponding values of AGgy, of ethyne and ethene or
other alkynes and alkenes. In addition, there is a smaller
energy difference in the calculated combustion reaction in
comparison with the calculated hydrogenation reaction, which
gives less precision to the former.

Electronic density was derived from Kohn-Sham orbitals
and further used for QTAIM calculations by means of
AIM2000 software [44]. The algorithm of AIM2000 for
searching critical points is based on the Newton—Raphson
method, which relies heavily on the chosen starting point
[45]. Iterations to find critical points begin with nuclear posi-
tions, mean values of maxima pairs and mean values of
maxima triples, followed by iterations from grid points at a
chosen start point nearby a possible critical point. The delo-
calization index (DI), obtained from the integration of the
Fermi hole density, is a measure of the number of electrons
that are shared or exchanged between two atoms or basins
[46]. Because the source of correlation at the HF level is the
Fermi correlation, changes in DIs when going from an HF to a
correlated wave function, i.e.,, after the inclusion of Coulomb
correlation, are expected to be small [47].

Usually, DIs have a minor dependence on the basis set [48,
49]. The values of DI obtained from DFT are expected to be
more reliable than those from the HF method [50], since DFT
one-electron density describes a partial contribution of elec-
tron correlation. However, because the DIs are derived from
an approximate monodeterminantal wave function, this index
is often overestimated [47, 51]. However, for the purposes of
comparison, this overestimation should not affect the trends or
correlations involving DIs found in this work.

The DI, along with other topological and non-topological
data, has been used to establish whether the analyzed substit-
uent group attached to vinyl or acetylenic carbon is an EWG

or an electron donating group relative to a reference molecule
(ethylene or acetylene for alkenes or alkynes, respectively). In
addition, it is important to emphasize that the DI is not a
measure of bond strength, although it is correlated with bond
order [52].

Other topological descriptors (AIM atomic charge, charge
density and Laplacian of the charge density in the bond critical
point) were also used to corroborate DI results. The AIM
atomic charge is obtained from the integration of electron
density within the corresponding atomic basin and the
Laplacian of the charge density is the sum of the three eigen-
values of the Hessian matrix of the charge density (A, A,, and
As). A negative sign for Vp represents the concentration of
the charge density while a positive sign for V?p represents
charge depletion.

Another important analysis from the QTAIM theory is the
ellipticity (&), which is given by (A{/A;) —1, where A; and A,
are eigenvalues of the Hessian matrix of the charge density; ¢
is a measure of how the electron density distribution is
distorted from the axial symmetry of the bond.

The Wiberg bond index [53] provides insight into the
nature of the bond and could be used to interpret changes in
electronic structures when changing the substituent. In this
work, the Wiberg bond index was used to compare the DI of
alkene and alkynes, fluoro-substituted or not.

Valence bond calculations were performed at GVB/6-31++
G(d,p) level of theory by means of VB2000 software [54].
GVB orbitals were generated in the Molekel visualization
program [55]. In order to evaluate the ambiguous behavior
of fluorine atom in fluoroethene, we performed GVB calcu-
lations based on group function theory (GFT). The general-
ized valence bond [56] method generates one VB structure for
a given number of valence electrons and orbitals by means of
perfect-pairing approximation, where its wave function is a
product of germinal two-electron functions that are associated
with a particular bond or lone pair. The GFT method [38] is
used for all valence bond methods in VB2000 and divides the
molecule in two parts: HF localized orbitals and VB orbitals,
yielding a CASSCF-type wavefunction with univocal VB
orbitals.

Results and discussion

The alkenes studied in this work ranged from ethylene (only
hydrogen atoms bonded to vinyl carbon atoms) to 2,3-dimeth-
yl-2-butene (only methyl groups bonded to vinyl carbon
atoms). Fluorine substituents bonded to vinyl or acetylenic
carbon atoms, respectively, were also used to better under-
stand the stability of alkenes and alkynes and their corre-
sponding topological properties. It is important to note that
stability is a thermodynamic property that does not depend on
the mechanism of the reaction being considered.
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The free energy of combustion of alkenes and alkynes was
calculated. However, for the purposes of comparison, it could
not be applied to substituted alkenes and alkynes (with fluo-
rine substituents). For a more comprehensive evaluation in-
volving substituted and not substituted alkenes and alkynes,
heat and free energy of hydrogenation were then calculated
and used for comparative analysis with topological and non-
topological data. The former could be compared directly with
experimental data and the latter encompasses both enthalpy
and entropy contributions in the study of the thermodynamic
behavior of hydrogenation reactions.

Table 1 shows the free energy of hydrogenation (AGyyq) of
studied alkynes and alkenes, fluoro-substituted or not, from
B3LYP/6-311++G(d,p) and G4 levels of theory, the free en-
ergy of combustion and enthalpy of hydrogenation at the G4
level of theory, plus the DI of C=C or C=C bonds, Wiberg
bond index of C=C or C=C bonds, the AIM atomic
charge of carbon atom [q(C)] of vinyl or acetylenic
carbon from B3LYP electron density and bond lengths of
double and triple CC bonds.

The heat of hydrogenation and free energy of hydrogena-
tion, calculated by G4 level of theory, have the same order of
stability except for a slight inversion (derived from a small
energy difference) between 2-methyl-2-butene and 2,3-di-
methyl-2-butene, which could indicate that 2-methyl-2-butene
tends to be more stable than 2,3-dimethyl-2-butene when the
entropy contribution is not considered. Alternatively, 2,3-di-
methyl-2-butene is slightly more stable than 2-methyl-2-bu-
tene when comparing free energy of combustion (from
B3LYP/6-311G++** level of theory) and free energy of hy-
drogenation (from both B3LYP/6-311G++** and G4). This
inversion indicates an imprecise order of stability between 2-
methyl-2-butene and 2,3-dimethyl-2-butene. A possible rea-
son for the difference in the order of stability involving 2-
methyl-2-butene and 2,3-dimethyl-2-butene could be the
competition between stabilizing inductive effect and the
destabilizing steric hindrance effect of methyl substituents
bonded to vinyl carbon atoms.

Owing to the fact that all studied reactions are exergonic
(Table 1), the stability of the unsaturated molecule (the reac-
tant in all studied reactions) increases as AGyyq becomes less
exergonic. We use this assumption to derive all orders of
stability presented in this work.

Scheme 2 shows the order of relative stability, with respect
to their 7t bonds, of the free energy of hydrogenation of
selected non-substituted alkenes obtained from Table 1. The
related orders of stability from Scheme 2 are in agreement
with the well-known statement that the stability of unsaturated
hydrocarbons increases as the number of alkyl groups bonded
to vinyl carbon atoms increase for alkenes. This order of
stability is similar for both levels of theory used in this work.
We found the same order of stability as in Scheme 2 in
Allinger’s Organic Chemistry [57]. No order of stability of
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alkenes in Scheme 1 is similar to that calculated in this work,
although those from references [15] and [30] are closest to that
in Scheme 2.

The analysis of AIM atomic charge and DI in Table 1
indicate that, as the number of alkyl groups attached to vinyl
or acetylenic carbon atom increases, the charge density in the
bonding region of C=C or C=C bond and the charge density in
the atomic basins involved in these bonds decrease (or be-
comes less negative in the case of atomic charge), when
compared to ethene and ethyne, respectively. Even one aryl
group attached to vinyl or acetylenic carbon atom decreases
the charge density in the bonding region and in the carbon
atomic basin of double and triple CC bonds, when compared
to ethene or ethyne.

Table 2 shows the charge densities (p), Laplacians of the
charge density (V?p) and ellipticities (¢) of the bond critical
points (BCPs) of studied alkynes and alkenes, fluoro-
substituted or not, from B3LYP electron density.

Analyzing charge densities and Laplacian of the charge
density of C=C and C=C BCPs (Table 2), it is possible to
observe a decrease in charge density of the 7t bond when the
number of alkyl groups attached to the unsaturated carbon
atom increases. This trend is in accordance with that found for
the DI. Accordingly, the Laplacian of the charge density
becomes less negative, i.e., the charge density of the C=C
and C=C bonds become less concentrated, as the number of
alkyl groups attached to the unsaturated carbon atom
increases.

The ellipticity values for alkynes are very close to zero,
indicating that the distribution of electron density at the triple
bond is very symmetrical, while no cylindric symmetry is
found in double CC bonds, as expected. In the case of alkenes,
the value of ¢ increases as the number of alkyl groups or
fluorine atoms attached to vinyl carbon atoms increases (see
Table 2), yielding a more distorted electron distribution along
the C=C bond.

Values of DI, AIM atomic charge and charge density of
BCP indicate that alkyl and aryl groups when attached to C=C
or C=C bonds are not electron donating groups as stated in the
current literature but EWGs.

One may assume that when decreasing the charge density
in the bonding region the corresponding bond length tends
to increase. Accordingly, the variation in bond length of
double and triple CC increases when the number of alkyl
groups attached to vinyl or acetylenic carbon increases
because the charge density in the bonding region of these
7t bonds decreases. Then, bond length values in Table 1
follow the expected trend in accordance with the variation
of AIM atomic charge, charge density of BCP and DI. As
a consequence, the alkyl groups and aryl group in alkene
and alkyne behave as slight EWGs, where the slight de-
crease of charge density of the 7t bond region leads to an
increase in their stabilities.
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Table1 Free energy of hydrogenation (AGy,yq), in kcal mol ", of studied
alkynes and alkenes, fluoro-substituted or not, from B3LYP/6-311++G(d,
p) and G4 levels of theory, parametrized free energy of combustion
(AG’ omp), in keal mol ™!, from B3LYP/6-311++G(d,p), enthalpy of
hydrogenation from G4, delocalization index of C=C or C=C bonds

[DI(CC)], Wiberg bond index of C=C or C=C bonds, atomic charge of
carbon atom [¢(C)] of vinyl or acetylenic carbon, in a.u., from B3LYP
electron density, and C=C or C=C bond lengths, in Angstroms, from
B3LYP/6-311++G(d,p) and G4 levels of theory. AIM Atoms in molecules

Molecule AG comy’ AGpya/keal mol ! AHpyg/keal mol ! DI Wiberg bond index AIM properties CC bond length/A
(kcal/mol) —— (CC) (B3LYP) _—
B3LYP B3LYP G4 G4 q (C)a.u. B3LYP G4

Alkenes
Ethene —-298.27 2391 —24.05 -3248 1.90 2.04 —-0.043 1.328 1.327
Propene -29328 —19.80 —20.77 —29.31 1.84 197 —-0.058/~0.021° 1.331 1.329
trans-butene -291.54 —17.04 -—18.74 -27.04 1.79 192 —-0.035 1.332 1.331
cis-Butene -292.04 —-18.04 -19.79 —28.35 1.79 192 —-0.033 1.336 1.333
2-Methylpropene -291.17 -1699 —18.75 —27.53 1.79 190 -0.065/-0.015%  1.334 1.332
2-Methyl-2-butene -290.77 —14.72 -17.39 2642 1.75 1.85 -0.038/-0.022¢  1.339 1.337
2,3-Dimethyl-2-butene  —291.68  —12.23 -16.71 —26.81 1.72 1.80 —-0.032 1.346 1.344
Fluoroethene b -21.76 2226 -30.71 1.80 1.96 0.001/0.444°¢ 1.320 1.321
1,2-Difluoroethene -b -23.92 -24.06 —33.00 1.69 1.87 0.528 1.323 1.324
1,1,2-Trifluoroethene ~ —° -29.17  -30.68 —39.20 1.60 1.80 0.631%/1.071° 1.322 1.324
Tetrafluoroethene -b -39.18 4145 —49.65 1.55 1.73 1.168 1.322 1.323
Styrene —246.42  —1796 —19.72 2822 1.77 190 —0.040/-0.005% 1.336 1.334

Alkynes
Ethyne —283.27 5946 5827 —73.88 271 299 —0.080 1.199 1.198
Ethynylbenzene —-241.60 4923 —51.54 —68.47 251 282 —0.044/-0.059¢ 1.205 1.204
2-Buthyne -279.84  —44.19 M h 252 277 —0.094 1.204 -
Propyne -280.43  —51.08 -51.79 —68.43 264 287 —0.072/-0.134°  1.202 1.201
Fluoroethyne -b -73.84 —73.66 —89.76 262 2.83 0.205/0.254°¢ 1.193 1.193
Difluoroethyne -° -91.08 -91.55 -108.08 247 271 0.655 1.184 1.184

#Values of parametrized free energy of combustion were obtained by using the relation: 2AGomy/X, Where x is the number of CO, yielded in the
combustion reaction. The parameter is based on combustion reaction of ethane (for alkenes) and of ethyne (for alkynes)

° The corresponding AGeomp, of these compounds values cannot be parametrized to be comparable with the corresponding values of AGem, of ethyne

and ethene because of the presence of heteroatom F
¢ Carbon bonded to methyl substituent

4 Carbon bonded to two methyl substituents

¢ Carbon bonded to one fluorine atom

fCarbon bonded to two fluorine atoms

€ Carbon bonded to phenyl

"No minimum in the PES was found for 2-buthyne by using G4 level of theory

The value of DI of C=C bond in cis/trans-butene and 2-
methyl propene is the same (DI=1.79) although they have
different relative stabilities. Likewise, their corresponding
Wiberg bond index values are also very similar (1.92 and
1.90). These DI and Wiberg index results are reasonable
because cis/trans-butene and 2-methyl propene have the same

HaC

HaC CH, MG~ =CHz _ HC A\ HCJ HiC /
HyC CH3>j/ﬂ3> hd Z NeHy > HC 2 s NS s

CHg CHg
CHj

number of alkyl groups attached to the vinyl carbon where
they contribute equally to the number of shared electrons in
C=C bond. Moreover, the influence of substituent group in DI
and Wiberg bond index of a vicinal bond occurs only by
electron donation or removal (from inductive effect,
hyperconjugation or resonance effect), and it does not occur

CHj

CH, HZC4CH2

Scheme 2 Relative stability obtained from free energy of hydrogenation reaction of alkenes according to B3LYP/6-311++G(d,p) and G4

levels of theory
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Table2 Charge densities (p), Laplacians of the charge density (V*p) and
ellipticities (&) of the bond critical points (BCPs) of studied alkynes and
alkenes, fluoro-substituted or not, from B3LYP electron density

Molecule p (au) V2p (au) €

Alkenes
Ethene 0.344 -1.029 0.330
Propene 0.343 —1.016 0.350
Trans-butene 0.342 —1.005 0.371
Cis-butene 0.339 —0.987 0372
2-Methylpropene 0.341 —1.000 0.365
2-Methyl-2-butene 0.337 —-0.969 0.389
2,3-Dimethyl-2-butene 0.331 —0.927 0.409
Fluoroethene 0.352 -1.074 0419
1,2-Difluoroethene 0.354 —1.084 0.578
1,1,2-Trifluoroethene 0.351 —1.053 0.738
Tetrafluoroethene 0.351 —-1.020 0.932
Styrene 0.339 —1.002 0.324

Alkynes
Ethyne 0412 —-1.241 0
Ethynylbenzene 0.406 -1.200 0.023
2-Buthyne 0.403 —-1.156 0
Propyne 0.407 -1.195 0
Fluoroethyne 0.393 —0.886 0
Difluoroethyne 0.387 —0.851 0

by van der Waals forces derived from intramolecular repul-
sions between these substituents as in the case of cis-butene.

Figure 1 shows the increasing order of stability, according
to hydrogenation reaction, relative to their 7t bonds, of alkenes
and alkynes, fluoro-substituted or not, from B3LYP/6-311++
G(d,p) and G4 levels of theory. No difference between both
calculations exists for the order of stability of all alkynes,
substituted and not, except for the absence of 2-butyne opti-
mized structure from G4.

According to the atomic charge of vinyl carbon, only a slight
removal of the charge density occurs because this atom becomes
slightly less negative as the number of alkyl substituents attached
to the vinyl carbon atom goes from zero (ethene, —0.043 au.), one
(propene, —0.021 au.), and two (2-methylpropene, —0.015 au.).
As a consequence, the alkyl groups are slight EWGs in alkynes
and alkenes.

Therefore, when attached to unsaturated carbon atoms of
alkene or alkyne, alkyl groups are not electron donating
groups as stated by organic chemistry textbooks. However,
they do stabilize the unsaturated CC bond with respect to a
reference molecule (ethene or ethyne). It is important to em-
phasize that alkyl substituents behave differently (as electron
donating groups) when attached to trivalent carbon atoms in
carbocation intermediates.

The dual behavior of alkyl group is a consequence of the
fact that it is neither a strong EWG nor a strong electron
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donating group. Its behavior will then be dependent on the
electron density environment to which it is attached. In a poor
electron density environment, such as a sigma intermediate or
carbocation intermediate, the alkyl group is a moderate elec-
tron donating group, while in a rich electron density environ-
ment, such as in ethene or ethyne, the alkyl group is a mod-
erate EWG.

Regarding the free energy of hydrogenation for all studied
alkenes, fluoro-substituted or not, we can see that two fluorine
atoms attached to the same vinyl carbon atom decrease the
stability of the substituted alkene with respect to ethene and
ethyne, respectively (Fig. 1). Nonetheless, when only one
fluorine atom is attached to each vinyl carbon atom, a different
behavior towards stability of 7t bond occurs: fluoroethene and
1,2-difluoroethene have greater or similar stability with re-
spect to ethene, respectively. The DI and Wiberg bond index
of C=C bond in fluorethene is higher than that from trans/cis-
butene or other alkenes with higher number of alkyl substitu-
ents. Even in 1,2-difluoroethene, the difference of its C=C DI
and Wiberg bond index is less significant when comparing to
that from 2,3-dimethyl-2-butene. Nonetheless, two fluorine
atoms bonded to the same vinyl carbon atom leads to a more
prominent decrease in C=C DI and Wiberg bond index.

In accordance with the stability trend shown in Scheme 2, the
DI and Wiberg bond index results in Table 1 also reveal the
ambiguous nature of fluorine substituent in alkenes. Thus, in the
case of substituted alkenes, a fluorine substituent can be
regarded as a strong EWG only when two fluorine atoms are
attached to only one vinyl carbon atom (in 1,1,2-trifluoroethene)
or attached to both carbon atoms (in tetrafluoroethene).

One fluorine atom bonded to each vinyl carbon atom
behaves as a slight EWG, which stabilizes the unsaturated
hydrocarbon by slight removal of the charge density from the
corresponding 7t bond. This slight removal occurs because
one fluorine atom is not such a strong EWG according to its
Hammett substituent constants (0;,=0.06, 0'=-0.07; 0 =
—0.03; og=-0.48), which can be attributed to its opposing
electron donating effect through a resonance effect [58]. This
ambiguous behavior of the fluorine substituent will be further
analyzed on the basis of modern valence bond theory.

Figure 2a shows a plot of energy of hydrogenation of
alkenes from B3LYP/6-311++G(d,p) level of theory versus
delocalization index of the corresponding unsaturated C=C
bonds from B3LYP electron density; Fig. 2b shows a plot of
Wiberg bond index obtained from B3LYP/6-311++G(d,p)
level of theory versus delocalization index of the correspond-
ing unsaturated CC bonds of alkenes and alkynes, fluoro-
substituted or not.

The plot in Fig. 2a shows that the stability of the alkenes
increases as the DI of the CC bond decreases. The results
presented in Fig. 2a reinforce the idea that alkyl groups stabilize
alkenes by removal of electron density of double CC bonds,
respectively (when compared to a reference molecule, ethylene).
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> HC——=CH > HC

CH; >

Fig.1 Relative stability of all studied alkenes (a) and alkynes (b ) from free energy of hydrogenation calculated by G4 and B3LYP/6-311G++(d,p). *No

optimized structure for 2-butyne in G4 calculation

The plot in Fig. 2b shows that the results of Wiberg bond index
and DI have an excellent correlation, which reinforces the results
found with DI

Further results and discussion concern the analysis of the
ambiguous behavior of the fluorine atom attached to vinyl
carbon atoms in substituted alkenes by using modern valence
bond theory. As stated above, the generalized valence bond
method generates a CASSCF-type wavefunction with univo-
cal VB orbitals, which are closer to the Lewis model of
chemical bonding.

Valence orbitals of sigma and 7t bonds are singly
occupied in all modern VB methods, which avoid prob-
lems of electron correlation and allow the evaluation of
orbitals overlap. The orbitals overlap can be associated
with the strength of a covalent bond and can also be used
to detect orbital delocalization under the influence of vicinal
substituents.

Fig. 2 a Plot of free energy of

Free energy of hydrogenation (B3LYP) versus CC DI of alkenes

Figure 3a shows the doubly occupied VB orbitals of fluorine
lone pairs (LP 1, 2 and 3) and singly occupied VB orbitals of C-
F bond, named VB(C-F); and VB(C-F),, of fluoroethene. Two
lone pairs of fluorine are distorted slightly to the vicinal carbon
atom. Data of VB orbitals overlap involving LP 1, LP 2, VB(C-
F), and VB(C-F), agree with the graphical information of the
corresponding VB orbitals (see Table 3). All this information
indicates that the fluorine atom has an electron donating nature
through the resonance effect of its lone pairs.

Figure 3b shows the selected GVB orbitals of trifluorethene:
two lone pairs of two fluorine atoms bonded to the same vinyl
carbon atom and four singly occupied C-F orbitals from the
same vinyl carbon atom. Three GVB lone pairs are not
distorted, but LP2’ has a slight distortion to vinyl carbon atom.
The data in Table 4 agrees with the graphical information from
Fig. 3b, where only LP2’ has a small overlap integral with
VB(C-F)’; and VB(C-F)’,. These information indicate that

Carbon-carbon DI of alkenes and alkynes versus Wiberg bond index

15 1.7 1.9 2.1 23 25 2.7 29

hydrogenation from B3LYP/6- 0
311++G(d,p) versus C=C
delocalization index (DI) of
substituted alkenes. b Plot of
Wiberg bond index from B3LYP/
6-311++G(d,p) versus C=C and
C=C DI of substituted alkenes and
alkynes, fluoro-substituted or not

Free energy of hydrogenation /kcal.mol-1

Carbon-carbon DI

a

R2=0.9374
R?=0.9929

‘Wiberg bnd index
9

Carbon-carbon DI

b
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LP1

LP3

VB (C-F)’,

b

Fig. 3 a Doubly occupied generalized valence bond (GVB) orbitals of
lone pairs of fluorine substituent (LP1, LP2 and LP3) and singly occupied
GVB orbitals of C-F sigma bond [VB(C-F); and VB(C-F),] of
fluoroethene. b Doubly occupied GVB orbitals of lone pairs of two

fluorine atoms in trifluoroethene have no electron donating
influence from the resonance effect.

Therefore, our GVB study of fluoroethene and trifluoroethene
agrees with their topological data and shows that fluorine
atom in fluoroethene has a considerable electron donating
effect (in which it becomes a slight EWG) while trifluoroethene
has no electron donating effect from fluorine (where it becomes
a strong EWG).

Conclusions

The influence of alkyl groups in the order of stability of the
studied alkenes derived from the calculation of the free energy
of hydrogenation using B3LYP/6-311++G(d,p) level of theory

Table 3 Overlap matrix of selected valence bond (VB) orbitals of
fluoroethene of fluorine lone pairs (LP1, LP2 and LP3) and VB orbitals
of C-F bond [VB(C-F); and VB(C-F),]

LPI LP2 LP3 VB (C-F),
VB (C-F), 0.104 0.040 0° 1.0°
VB (C-F), 0.064 0.039 0 0.885

# Minimum overlap value

°® Maximum overlap value

@ Springer

vB (c-F), H / H
v/

LP2 :F * LP1
LP3

VB (C-F),

VB (C-F),

fluorine substituents (LP1, LP2, LP1’ and LP2’) and singly occupied
GBYV orbitals of two C-F sigma bonds [VB(C-F);, VB(C-F),,VB(C-F)’,
and VB(C-F)’,] of trifluoroethene

is similar to that obtained from G4 level of theory; both orders
of stability are similar to that in [51]. However, the order of
stability between 2-methyl-2-butene and 2,3-dimethyl-2-bu-
tene is inaccurate owing to the competition between the stabi-
lizing inductive effect and the destabilizing steric hindrance
effect of the alkyl groups attached to the vinyl carbons.

Fluorine atoms attached to unsaturated carbon atoms in
substituted alkenes display ambiguous behavior. When two
fluorine atoms are attached to the same vinyl carbon atom,
they destabilize the corresponding substituted alkene with
respect to ethene. Nonetheless, when only one fluorine atom
is attached to one or each vinyl carbon atom it imparts a more
stable fluoro-substituted alkene, or equally stable 1,2-difluoro-
substituted alkene with respect to ethene.

Table 4 Overlap matrix of selected VB orbitals of trifluoroethene of two
fluorine lone pairs (LP1, LP2, LP1’ and LP2’) and of two C-F sigma
bonds [VB(C-F),, VB(C-F),,VB(C-F)’; and VB(C-F)’;]

LP1 LP2 LPI’ LP2’
VB(C-F), - 0 0 0
VB(C-F), - 0 0 0
VB(C-F), - - 0 0.010
VB(C-FY, - - 0 0.011

#Negative value has no physical meaning
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Although alkyl groups attached to unsaturated carbon
atoms stabilize alkenes and alkynes, they are not electron
donating groups for unsaturated hydrocarbons, as indicated
in many undergraduate organic chemistry textbooks. In al-
kenes and alkynes, alkyl groups behave as slight EWGs
according to QTAIM and Wiberg bond index results.

EWGs attached to unsaturated carbon atoms of alkenes and
alkynes have two different behaviors: slight EWGs stabilize
unsaturated carbon atoms while strong EWGs destabilize
unsaturated carbon atoms.
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