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The rotational barriers and conformational properties of the hydroxyl and mercapto groups attached to theR
and â positions of cyclohexa-2,5-dione and cyclohexa-2,5-dienthione have been studied at the B3LYP/
6-311++G(d,p) level of theory. The results show that the conformational preferences of these studied systems
are the result of a subtle interplay between different competing effects (conjugation, hyperconjugation, and
steric repulsions). The applicability of the density functional theory reactivity indices and the maximum hardness
principle for the present systems has been analyzed.

Introduction

Conjugated polyenes, with alternating double and single
bonds, are more stable than their unconjugated counterparts.
The extra stabilization of conjugated isomers is a quantum
mechanical interaction named conjugation that can be rational-
ized in valence bond (VB) language using resonant structures
and in molecular orbital (MO) theory in terms ofπ-π*
interactions. The hyperconjugation1 is another quantum effect
defined as the stabilizing interaction arising from the overlap
of an occupied orbital (σ or a lone pair orbital,n) with an empty
or partially filled orbital to result in an extended molecular
orbital that enhances the stability of the system.2 Conjugation
and hyperconjugation play a fundamental role in the structure
and stability of molecules.3-12 The remarkably short C-C single
bond distance in 1,3-butadiene is a structural sign of conjugation,
while the increase in the stability of carbocations or radicals
with the number of alkyl substituents13,14 or the preference of
1,2-disubstituted ethanes for the gauche rather than the less steric
trans conformation are manifestations of hyperconjugation.15,16

Further physical evidences of conjugation and hyperconjugation
can be obtained from the significant changes of the conforma-
tional (distances and angles), spectroscopic (NMR chemical
shifts and IR stretching frequencies), and energetic (rotational
barriers) properties of molecules, which can be observed and
measured with experimental techniques. Finally, the anomeric
effect (also known as negative hyperconjugation),17 which plays
an important role in the conformational preferences of a large
amount of biochemical systems, has been explained by taking
into accountnσ f σ* and σ f σ* interactions.18-21

A molecular conformation is determined by the interplay
between attractive and repulsive interactions that occur in
molecules. Among the stabilizing forces, conjugation and
hyperconjugation play key roles in the determination of the most
favorable conformation. Indeed, hyperconjugation was consid-

ered to be the driving force for the staggered equilibrium
conformation of ethane,8 although more recently, other authors
have pointed out steric hindrance between vicinal C-H bonds
as the dominant factor.22,23The conformational preferences (syn
or anti forms) of esters, conjugated alcohols, and ethers, which
have been the subject of a great deal of experimental and
theoretical research,24-32 are also the result of competing
repulsive steric and attractive hyperconjugation interactions. If
the steric interaction is the predominant factor, then the most
stable structure will be the anti form. On the contrary, the syn
form may be the lowest energy conformer if hyperconjugation
effects are more important than steric interactions. Finally, it is
worth noting that according to Leibold and Oberhammer,25 the
stability of the syn form in vinyl alcohols is mainly due to the
conjugation between the oxygen lone pair and its adjacentπ
double bond (nπ(O) f π*(CdC)) and the anomeric effect
betweennσ(O) andσ*(CdC).

The aim of this work is to analyze the energetic barrier and
the conjugation and hyperconjugation effects in the internal
rotation of the hydroxyl and mercapto groups attached to C2
or C3 of cyclohexa-2,5-dienone and cyclohexa-2,5-dienthione
(see Figure 1). Despite their tendency toward rearomatiza-
tion,33,34 the cyclohexadienones have been used in a variety of
1,2-additions,35,36 1,4-additions,37,38 rearrangements,39,40 and
cycloaddition reactions.41,42Specifically, considerable attention
has been given to cyclohexa-2,5-dienones as versatile chiral
synthons because of their multi-functionality.43-46 On the other
hand, the mercapto and hydroxyl groups play important roles
in biological systems.47 For instance, the mercapto groups of
two cysteine residues can create a cystine unit with a disulfide
bond (S-S),48 which becomes essential to maintain the tertiary
and quaternary structure of proteins. Moreover, many biological
processes involve oxidation of alcohols to carbonyl compounds49

(e.g., the ethanol is metabolized to acetaldehyde by the alcohol
dehydrogenase enzyme).

Thus, a complete characterization of the reactivity and
electronic properties of the alcohol and thiol groups in medium
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size molecules is essential to provide a firm basis for a molecular
understanding of the biochemical behavior in larger systems.
In particular, the present study is devoted to the analysis of the
interconversion between different conformers of the hydroxyl
and mercapto derivatives of cyclohexa-2,5-dienone and cyclo-
hexa-2,5-dienthione. The comparative analysis of the rotational
behavior of thiol and alcohol groups may provide new insights
on the specific reactivity of these chemical groups. It is worth
noting that the alcohols (thiols) studied in this paper can be
conjugated with the adjacent carbondcarbon double bond with
the possible keto-enol (thione-thiol) tautomerism, one of the
oldest and most studied topics in physical organic chemistry.47

In addition to energetic and electronic characterizations, we
are also interested in principles, theorems, or rules that rational-
ize the chemical reactivity. Among them, one of the most
important is the maximum of hardness principle (MHP).50-54

This principle affirms that systems tend to a state of maximum
hardness at constant temperature, external potential, and chemi-
cal potential. The MHP has been successfully applied on
different types of chemical reactions,55 although some failures
have also been reported.56,57Moreover, the hardness profile may
play a key role in characterizing the rotational behavior of a
given system, for instance, the profiles of reactivity descriptors
such as hardness, chemical potential, and electrophilicity might
be used to rationalize the energetic data.58-62 Then, an additional
goal of this paper is to evaluate the behavior of the hardness
profiles in connection with the torsional energy profiles of
molecules where different competing effects (conjugation,
hyperconjugation, and steric repulsions) are present and may
challenge the validity of MHP on these particular systems.

Computational Details

All quantum chemical calculations were carried out with the
aid of the Gaussian 98 set of programs.63 All geometries were

optimized using density functional theory (B3LYP hybrid
functional)64-66 with the 6-311++G(d,p) basis set67 and char-
acterized at this level by harmonic vibrational frequencies as a
minimum or saddle point. Moreover, these calculations were
also used to determine the zero-point vibrational energy (ZPVE),
absolute entropies, and temperature corrections to calculate
enthalpies (H) and free energies (G) atT ) 298 K. To take into
account anharmonic effects, the ZPVEs computed at the B3LYP/
6-311++G(d,p) level were scaled by 0.9806.68 In addition, we
performed single point HF, MP2, and MP4 calculations using
the 6-311++G(d,p) basis set at the B3LYP/6-311++G(d,p)
optimized geometries to study the effect of introducing electron
correlation with perturbative methods and to check B3LYP
barrier energies.

In a recent article, one of the present authors69 has shown
that the common B3LYP calculations underestimate energy
barriers in a series of prototypical reactions, although they yield
geometrical parameters for minima and transition states with a
quality similar to that provided by the QCISD method. With
these results in mind, we have decided to optimize our geome-
tries at the B3LYP/6-311++G(d,p) level and for energies to
perform MP4/6-311++G(d,p) single point calculations at the
optimized B3LYP/6-311++G(d,p) geometries. With this MP4/
6-311++G(d,p)//B3LYP/6-311++G(d,p) method, we expect to
obtain results similar to those given by the QCISD and CCSD
methodologies.70

To quantify the degree of conjugation and hyperconjugation,
we used the natural bond orbital (NBO) theory of Reed and
Weinhold.71 The NBO procedure generates first a basis set of
orthogonalized and localized one- and two-center cores, lone
pairs, and bond orbitals, plus antibonding and Rydberg orbitals
that describe the Lewis-like molecular bonding pattern of
electron pairs in an optimally compact form. Then, the stability
energy, E(2), associated with delocalization between donor

Figure 1. Schematic representation of the pathways corresponding to the internal rotations studied in this work.
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Lewis-type NBOs (i) and acceptor non-Lewis NBOs (j) is
approximated by second-order perturbation theory as

whereqi is the donor orbital occupancy,F̂ is the Fock operator,
andεj andεi are NBO orbital energies.E(2) has become an easy
and useful tool to quantify and identify conjugation and
hyperconjugation interactions. Despite being a powerful tech-
nique for studying hybridization and molecular bonding, this
methodology has the drawback that the NBO determinantal
wave function containing the NBOs with the highest occupation
number gives a significantly lower energy than the wave
function constructed from the original MOs. As a result,
conjugation and hyperconjugation energies are usually overes-
timated using this approach.23 However, it is also true that if it
is used to compare similar systems or along a reaction coordinate
as in the present paper, the results obtained are useful to discuss
the trends observed. From a theoretical point of view, using
Kohn-Sham (KS) MOs obtained by means of DFT methods
in NBO analysis may be questionable because they assume that
KS MOs have the same meaning as those obtained at the HF
level. However, from a practical point of view, in cases where
KS and HF MOs have been compared, KS MOs obtained in
DFT approaches are very close to the HF ones.72-74

The hardness,η, is a measure of the resistance of a chemical
species to change its electronic configuration, and it is defined
as the second-order partial derivative of the total electronic
energy,E, with respect to the total number of electrons,N.52,75

Using a finite difference approximation and Koopmans’ theo-
rem,76 one obtains the two most popular working definitions of
the hardness

and

where I and A are the first vertical ionization potential and

electron affinity of the neutral molecule, respectively, andεLUMO

and εHOMO are the energies of the low unoccupied molecular
orbital (LUMO) and the high occupied molecular orbital
(HOMO), respectively. In this work,η has been calculated using
either eq 2 or eq 3. For the calculation ofI andA at the B3LYP/
6-311++G(d,p) level, the energy of the cationic and anionic
species has been computed using the unrestricted methodology,
while the energy of the neutral singlet molecules has been
calculated within the restricted formalism.

To follow the variations of the energy,E(2), andη along the
chemical processes, we have optimized structures at the B3LYP/
6-311++G(d,p) level for each valueθ about the∠C3C2X2H1
(or ∠C2C3X3H1, when the alcohol or thiol group is joined at
the C3 atom) dihedral angle. The geometries of these selected
points on the path were employed to calculate the energy,E(2),
andη of the system.

Results and Discussion

The molecular structures and selected geometrical parameters
of the B3LYP/6-311++G(d,p) optimized minima and transition
states for all internal rotations analyzed in this work are shown
in Figures 2 and 3. Throughout the text, we will use the
following notations: 2-hydroxy-cyclohexa-2,5-dienone (O1O2),
2-hydroxy-cyclohexa-2,5-dienethione (S1O2), 2-mercapto-cy-
clohexa-2,5-dienone (O1S2), 2-mercapto-cyclohexa-2,5-di-
enthione (S1S2), 3-hydroxy-cyclohexa-2,5-dienone (O1O3),
3-hydroxy-cyclohexa-2,5-dienthione (S1O3), 3-mercapto-cy-
clohexa-2,5-dienone (O1S3), and 3-mercapto-cyclohexa-2,5-
dienthione (S1S3).

Most of the internal rotations studied have two minima at
θ ) 0° (syn form) and 180° (anti form) values of the dihedral
rotation angle (either∠C3C2X2H1 for O1O2, S1O2, O1S2, and
S1S2 or∠C2C3X3H1 for O1O3, O1S3, S1O3, and S1S3) and
a transition state between these two conformations, except the
O1S3 and S1S3 rotations, which show two transition states and
two minima. The conformation atθ ) 180° is in these two
cases a transition state, and the O1S3 and S1S3 species show
very flat minima atθ ) 167.6 and 169.8°, respectively.

Energy Analysis.Table 1 summarizes the energetic results
obtained for the eight conformational changes studied in this

TABLE 1: Calculated Relative Energies (∆E, kcal/mol), Enthalpies (∆H, kcal/mol), Free Energies (∆G, kcal/mol), and Absolute
Entropies (∆S, eu) for Each Rearrangement Reactiona

∆E

species B3LYP HF MP2 MP4 MP4+ ZPVEb ∆Hc ∆Gc ∆S

O1O2ts 3.10 1.62 2.88 2.73 2.13 1.91 2.23 -1.06
O1O2a -8.09 -6.58 -7.13 -6.93 -6.62 -6.78 -6.41 -1.24
S1O2ts 2.95 1.29 2.81 2.64 2.08 1.85 2.17 -1.05
S1O2a -8.82 -6.59 -7.09 -6.82 -6.71 -6.87 -6.50 -1.27
O1S2ts 3.49 1.55 2.66 2.51 2.15 1.85 2.27 -1.38
O1S2a -2.95 -1.89 -2.36 -2.13 -2.08 -2.15 -2.00 -0.52
S1S2ts 4.12 1.68 2.99 2.75 2.37 2.09 2.46 -1.24
S1S2a -2.15 -0.58 -1.34 -1.07 -1.23 -1.28 -1.18 -0.31
O1O3ts 4.05 2.69 3.70 3.60 3.07 2.74 3.32 -1.94
O1O3s -2.78 -3.39 -2.86 -2.76 -2.41 -2.57 -2.21 -1.21
S1O3ts 4.28 2.99 3.78 3.68 3.12 2.79 3.37 -1.94
S1O3s -2.69 -3.38 -2.66 -2.60 -2.26 -2.42 -2.07 -1.17
O1S3ts1 0.02 0.05 0.30 0.29 0.06 -0.34 0.48 -2.76
O1S3ts2 2.82 1.66 2.44 2.35 1.99 1.59 2.39 -2.69
O1S3s -0.67 -0.72 -0.44 -0.37 -0.25 -0.35 -0.05 -0.99
S1S3ts1 0.02 0.01 0.16 0.15 -0.13 -0.53 0.29 -2.75
S1S3ts2 3.10 1.82 2.35 2.26 1.85 1.46 2.26 -2.69
S1S3s -0.69 -0.81 -0.57 -0.53 -0.43 -0.53 -0.23 -1.00

a All the relative values are referred to the less stable isomer for each reaction. Geometries and vibrational corrections were calculated at the
B3LYP/6-311++G(d,p) level of theory. HF, MP2, and MP4 energies were calculated using the 6-311++G(d,p) basis set with the B3LYP/
6-311++G(d,p) optimized geometries.b ZPVE is scaled by 0.9806 to take into account the anharmonic effects.c MP4 energies with the thermal
corrections (298 K) calculated at the B3LYP/6-311++G(d,p) level of theory.

E(2) ) ∆Eij ) qi

〈i|F̂|j〉
εj - εi

(1)

η1 ) I - A (2)

η2 ) εLUMO - εHOMO (3)
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work. In all of these internal rotations, the reactants and products
are defined in such a way that the rearrangement results to be
exothermic. The energy differences found between the B3LYP
and the MP2 results are smaller than 1 kcal/mol. The average
of the difference between the HF and the MP2 energy differ-
ences is 0.71 kcal/mol, while for the MP2 and MP4 energy
differences, it is 0.13 kcal/mol. Thus, one can conclude that
the series of the perturbative methods is almost converged at
the MP4 level for energy differences and that the use of more
accurate methods will only slightly modify the MP4 energy
differences. Throughout the text, all energetic discussion will
be referred to energies computed at the MP4+ ZPVE values,
where ZPVE has been computed at the B3LYP/6-311++G(d,p)

level and has been scaled by 0.9806 to take into account
anharmonic effects. In a very recent work, Kahn and Bruice77

have showed that the MP4(SDQ) level is essential to obtain
accurate rotation barriers in small alcohols.

First of all, we will analyze the alcohol and thiol rotation
barriers in the X1X2 (X1, X2) O, S) systems. In these
reactions, the anti conformation (X1X2a), anti respect to the
C2dC3 bond, is the lower energy structure due to the intramo-
lecular hydrogen bonding between the keto or the thione group
with the hydrogen of the hydroxyl or mercapto group. All the
relative values quoted in Table 1 are referred to the less stable
isomer for each rearrangement reaction; therefore, in the X1X2
systems, the rotational barriers will be related to the energetic

Figure 2. Selected parameters of the B3LYP/6-311++G(d,p) optimized geometries for OH and SH internal rotation around C2. Distances are
given in angstroms and angles in degrees.
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change between the syn conformations (X1X2s), syn respect
to the C2dC3 bond, and the transition state (X1X2ts).

For the X1X2 systems, the energy difference between the
syn and the anti conformers is larger for the X1O2 than for the
X1S2 species. This is clearly due to stronger hydrogen bonds
(H-bonds) produced by the hydroxyl group as compared to those
formed by the mercapto group. As a consequence, the energy
stabilization for the syn to anti rearrangement is larger for the
X1O2 than for the X1S2 species. However, the energetic barrier
for the syn to anti conversion is similar for the X1O2 and X1S2
systems (differences less than 0.3 kcal/mol at the MP4+ ZPVE

level), and this means that the Pauli repulsions between the
electron pairs of the X1 and X2 species are similar for all X1X2
systems.

In contrast to the previous internal rearrangements, the X1X3
systems prefer the syn form (X1X3s) to the anti structure
(X1X3a); thus, all relative values related to the X1X3 systems
of Table 1 are referred to the anti conformer. Now, one can see
that the hydroxyl group shows a somewhat higher (1 kcal/mol)
rotational energy barrier than the mercapto group. As before,
these energy barriers remain almost unaffected by the modifica-
tion of the keto group for the thione group, indicating the small

Figure 3. Selected parameters of the B3LYP/6-311++G(d,p) optimized geometries for OH and SH internal rotation around C3. Distances are
given in angstroms and angles in degrees.
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effect of the conjugation of C3dC2 with C1dO1 (or C1dS1)
in the rotational energy barrier of the hydroxyl or mercapto
group. Because of the lack of H-bonding and repulsion between
the lone pairs of X1 and X3, the torsional potential energy is
mainly the result of the interactions of the hydroxyl or mercapto
group with the C2dC3 double bond.

Natural Bond Orbital Analysis. The effects of conjugation
and hyperconjugation along the internal rotations can be
evaluated qualitatively in terms of bond lengths or quantitatively
using the NBO approach. The origin of the energy difference
between the syn and the anti conformer for the X1X2 species
is definitely attributed to the H-bond that is formed in the anti
form. Less clear is the origin of the higher stabilization of the
syn form in the X1X3 species. In this latter case, it is useful to
apply the NBO method by removing specific interactions in
the anti and syn structures.1 If the nπ(O3) f π*(C2dC3) is
removed in the O1O3a and O1O3s conformers, the energetic
difference between the two conformers is reduced from 2.78 to
1.15 kcal/mol (B3LYP/6-311++G(d,p) values). Thus, one can
conclude that this hyperconjugation is essential to explain the
origin of the energy stabilities. Moreover, the deletion of the
anomeric effectsnσ(O3) f σ*(C3-C4) and nσ(O3) f
σ*(C2dC3) of the anti and syn forms produces a further
reduction of 0.5 kcal/mol in the energy difference between the
two conformers. Finally, if one removes all electron charge
transfer from bonds and lone pairs to antibonding NBOs and
Rydberg orbitals, the anti form becomes more stable than the
syn conformer by 0.26 kcal/mol. Thus, if only the steric
interactions (the Pauli repulsions between the lone pairs in the
O3 or the O3-H1 bond pair with the C2-H2 or C4-H bond
pairs) are taken into account, the anti structure will become the
most stable conformer. This result shows that conjugation and
hyperconjugation play a key role for understanding the larger
stability of the syn form as compared to the anti conformer in

the X1X3 species. It is worth nothing that similar conclusions
have been obtained for the O1S3, S1O3, and S1S3 systems.

Figure 4 contains a NBO analysis for the O1O3 system along
the∠C2C3O3H1 dihedral angle, while Figures 5 and 6 display
some variations of the bond lengths for the same system and
dihedral angle. One can see that the conjugation due to the
nπ(O3) f π*(C2dC3) interaction in the syn structure is 1.9
kcal/mol stronger than in the anti form, resulting in a net
stabilization of the syn conformer. This fact implies that the
resonance form RdO3+sH1 and its conjugation with the double
bond (C2dC3) will be more important in the syn than in the
anti form, explaining the behavior of the C3-O3 and C2dC3
bond distances along the∠C2C3O3H1 dihedral angle. At the
anti structure (θ ) 180°), the shape of thenπ(O3) and
π*(C2dC3) NBOs allows a good interaction between them;
however, aroundθ ) 90°, their overlap and theE(2) are close
to zero. In VB language, this means that the weight of the
resonance form RdO3+sH1 has been clearly reduced, and in
the MO theory, one can say that the conjugation of the O3
electron pairs and C2dC3 has almost disappeared. From a
structural point of view, this is translated into an increase and
a reduction of the C3-O3 and C2dC3 bond lengths, respec-
tively. After θ ) 90°, the orientation of these orbitals again
becomes favorable to interact with each other, generating a
stabilization of the system and a reduction and an increase of
the C3-O3 and C2dC3 bond lengths, respectively. Finally, the
better overlap between these orbitals in the syn structure (θ )
0°) results in shorter C3-O3 (0.003 Å) and longer C2dC3
(0.002 Å) bond lengths than in the anti structure.

On the other hand, the variation of the C5dC6 bond length
along the∠C2C3O3H1 dihedral angle shows the opposite trend
observed in the C2dC3 bond distance. The C1-C2 and C1-
C6 bond distances present also an opposite behavior. These
trends can be rationalized by analyzing the conjugation of

Figure 4. Rotational energy curve (in au) and variations ofE(2) for the nπ(O3) f π*(C2dC3), π*(C2dC3) f π*(C1dO1), andπ*(C5dC6) f
π*(C1dO1) interactions (in kcal/mol) for the 3-hydroxy-cyclohexa-2,5-dienone system along the∠C2C3O3H1 dihedral angle.
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C5dC6 and C2dC3 with C1dO1 (i.e., theE(2) variation of
π(C2dC3) f π*(C1dO1) and π(C5dC6) f π*(C1dO1)
interactions along the rotation of the hydroxyl group). Figure 4
shows that the interaction between theπ(C2dC3) and the
π*(C1dO1) NBOs diminishes at the transition state and
increases at the syn and anti forms, being stronger at theθ )

180 than 0°. This is the reason for the presence of the maximum
and minimum of the C1-C2 bond length atθ ) 90 and 180°,
respectively.

In contrast, theπ(C5dC6) f π* (C1dO1) interaction shows
the opposite behavior; thus, it increases around the transition
state and diminishes at the minima structures. A smaller

Figure 5. Rotational energy curve and variations of the C2dC3, C5dC6, and C3-O3 bond lengths for the 3-hydroxy-cyclohexa-2,5-dienone
system along the∠C2C3O3H1 dihedral angle. Energy is given in atomic units and distances in angstroms.

Figure 6. Rotational energy curve and variations of the C1dO1, C1-C2, and C1-C6 bond lengths for the 3-hydroxy-cyclohexa-2,5-dienone
system along the∠C2C3O3H1 dihedral angle. Energy is given in atomic units and distances in angstroms.
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conjugation of C1dO1 with C2dC3 implies that the lone pairs
of O1 and theπ electrons of C1dO1 become more free to
conjugate with C5dC6, producing a lengthening of the C5dC6
and a shortening of the C1-C6 distances atθ ) 90°. Moreover,
the better conjugation of theπ(C2dC3) f π* (C1dO1)
interaction at the anti structure induces a weakerπ(C5dC6) f
π* (C1dO1) conjugation and C5dC6 and C1-C6 become
shorter and longer, respectively, in the anti as compared to the
syn form. As far as the C1dO1 bond length is concerned, the
π(C5dC6) f π* (C1dO1) interaction brings about a shorter
bond length at the minima, while theπ(C2dC3) f π* (C1dO1)
causes a lengthening of the C1dO1 bond distance; this last
interaction being the most important.

The bond lengths and NBO trends of S1O3 are very similar
to O1O3, except that the more delocalized lone electron pairs
of the sulfur atom allow a better conjugation of C1dS1 with
the C2dC3 and C5dC6 double bonds than C1dO1. Thus, the
π(C2dC3) f π* (C1dS1) and π(C5dC6) f π* (C1dS1)
interactions show higherE(2) values than the previous system
(O1O3), although thenπ(O3) f π*(C2dC3) interaction and
the energetic rotational barrier remain identical.

The behavior of the bond lengths and NBOs along the
∠C2C3S3H1 dihedral angle (O1S3 and S1S3) is analogous to
the rotation of the hydroxyl group; however, the long distance
of the C3-S3 bond (1.8 Å) leads to less important interactions
between the lone pair of the sulfur and theσ andπ antibonding
NBOs of C2dC3 as compared to the previous cases with the
hydroxyl group. This effect is reflected in a reduction of the
E(2) values of nπ(S3) f π*(C2dC3) conjugation and the
nσ(S3) f σ*(C2dC3) and nσ(S3) f σ*(C3dC4) hypercon-
jugations with the corresponding diminution of the rotational
energy barrier. Moreover, these smaller conjugation and hy-
perconjugation effects result in small geometrical changes along
the rotation of the mercapto group. Finally, it is worth noting
that the combination of different competing effects (conjugation,
hyperconjugation, and steric repulsions) produces the nonplanar
structures for the anti conformers (O1S3a and S1S3a).

Hardness and the Maximum Hardness Principle.There
is a large bibliography related to the qualitative and quantitative
characterization of the energy barrier with different conceptual
DFT reactivity indices, especially hardness and chemical
potential.58-62,78-81 For the present systems, we have found that
the hardness profiles along the∠C3C2X2H1 and∠C2C3X3H1
dihedral angles differ very much for the different species. Thus,
while the internal rotation of the XH1 group in the S1O2, S1S2,
O1O3, and S1O3 species follows MHP (i.e., energy minima
correspond approximately to hardness maxima and vice versa),
the same rotation in the O1O2, O1S2, and O1S3 systems breaks
it. These results reinforce the conclusion by Chandra and
Uchimaru82 about the fact that the general applicability of MHP
along any reaction coordinate is not possible. The constraints
required for MHP to be valid (constant external and chemical
potentials)54 are not fulfilled along any reaction coordinate, and
therefore, the validity of MHP has to be analyzed in each
particular case. In addition, it is worth remarking that the success
or failure of MHP must be discussed for the whole reaction
coordinate and not by just looking the hardness values at the
stationary points of the energy because the hardness maximum
or minimum does not necessarily have to coincide with the
position of the stationary points of the potential energy surface
(PES). For instance, taking into account the values in Table 2
for the energetic stationary points only, one could infer that the
rotation in the O1O3 species breaks and follows MHP according
to theη1 andη2 values, respectively. However, the study of the

full η1 andη2 profiles along the∠C2C3O3H1 dihedral angle
(see Figure 7) shows that the two hardness profiles fulfill MHP.
This characteristic is also present in the hardness values of the
O1O2, S1O3, and O1S3 systems. Thus, we can conclude that
the exploration of the hardness along the intrinsic reaction
coordinate becomes essential to decide if a reaction follows or
breaks MHP.

It is worth noting that someη1 profiles present irregular trends
with problems to mimic theη2 shapes (e.g., O1O3 of Figure
7). This problem arises from theπ conjugated structures of the
studied systems and the multi-configuration character of their
N + 1 andN - 1 electronic states. Obviously, this problem
could be overcome using a multiconfiguration method like
MCSCF, but this is out of the scope of this paper.

In contrast to the previous systems studied, the rotationalη1

and η2 hardness profiles of the S1S3 molecule display an
opposite trend (see Figure 8). While the S1S3s and S1S3ts2
structures are close to the maximum and minimum ofη2,
respectively, they become the minimum and maximum forη1.
Moreover, theη1 profile is the only one that shows the correct
number of energetic stationary points along the PES.83,84Thus,
in this case, one can consider theI - A approximation to be of
better-quality than theεLUMO - εHOMO one.

The breakdown of MHP according toη2 for O1O2, O1S2,
and O1S3 can be understood by analyzing the trend of the
HOMO along the internal rotation (the LUMO shape and energy
remain approximately constant). In Figure 9, one can see the
HOMO shape for three O1O2 structures, which corresponds to
the maximum (θ ) 120° along the∠C3C2O2H1 dihedral angle)
and the two minima (θ ) 0° andθ ) 180°) of η2. At the θ )
0° andθ ) 180° structures, the HOMO energy is determined
in part by the antibonding interaction between the bonding
π(C2dC3) and the lone pair of the O2, while at the 120°
structure, one can see that the bondingπ(C2dC3) has been
diminished and that the lone pair of the O2 now shows a bonding
interaction with the lone pair of the O1. This fact produces a
stabilization of the HOMO energy and the correspondent
breakdown of the MHP.

Finally, as to the applicability of the minimum polarizability
principle (MPP) introduced by Chattaraj and Sengupta85 on the
basis of MHP and the inverse relationship between hardness
and polarizability, we have found that there is not a one-to-one
mapping of the stationary points in the energy and polarizability
profiles along the reaction coordinate. Consequently, the MPP
is usually disobeyed, and in general, polarizability profiles have

TABLE 2: B3LYP/6-311++G(d,p) Hardness for All
Energetic Stationary Points Studied in This Papera

species η1 η2 species η1 η2

O1O2a 0.3331 0.1819 O1O3a 0.3308 0.1851
O1O2ts 0.3330 0.1826 O1O3ts 0.3321 0.1845
O1O2s 0.3250 0.1693 O1O3s 0.3366 0.1876
S1O2a 0.2592 0.1158 S1O3a 0.2615 0.1195
S1O2ts 0.2588 0.1154 S1O3ts 0.2618 0.1191
S1O2s 0.2740 0.1330 S1O3s 0.2638 0.1215

O1S3ts1 0.3178 0.1761
O1S2a 0.3098 0.1601 O1S3a 0.3166 0.1760
O1S2ts 0.3204 0.1710 O1S3ts2 0.3170 0.1767
O1S2s 0.3030 0.1536 O1S3s 0.3193 0.1778

S1S3ts1 0.2528 0.1174
S1S2a 0.2586 0.1201 S1S3a 0.2527 0.1173
S1S2ts 0.2489 0.1115 S1S3ts2 0.2541 0.1164
S1S2s 0.2594 0.1244 S1S3s 0.2535 0.1182

a η1 andη2 are calculated using eqs 2 and 3, respectively. All values
are in au.
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less interest than their analogous hardness profiles discussed in
the present text.

Conclusion

In this paper, the internal rotation of the hydroxyl and
mercapto groups has been studied in two different positions (C2

and C3) of cyclohexa-2,5-dione and cyclohexa-2,5-dienthione.
The intramolecular H-bonding between the keto or the thione
group with the hydrogen of the hydroxyl or mercapto group
explains the larger stability of the anti form in the X1X2 species.
On the other hand, the interplay between attractive (conjugation
and hyperconjugation) and repulsive (steric) interactions around

Figure 7. Profiles of energy and hardness for the 3-hydroxy-cyclohexa-2,5-dienone system along the∠C2C3O3H1 dihedral angle. All values are
in atomic units.η1 andη2 have been calculated using eqs 2 and 3, respectively.

Figure 8. Profiles of energy and hardness for the 3-mercapto-cyclohexa-2,5-dienthione system along the∠C2C3S3H1 dihedral angle. All values
are in atomic units.η1 andη2 have been calculated using eqs 2 and 3, respectively.
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C3 turns out the syn structure as the lower energy structure.
The conjugation and hyperconjugation effects have been evalu-
ated in terms of bond lengths and NBOs. We have shown that
the rotational energy barrier is mainly due tonπ(X3) f π*
(C2dC3) and the anomeric interactions. Finally, these internal
rearrangements have also been characterized by hardness
profiles. We have found that some internal rotations follow MHP
while others do not. For some particular cases in which MHP
is disobeyed, it has been possible to understand the origin of
the MHP breakdown.
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