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Cycloadditions ofo-thioquinones (o-TQs) with 1,3-dienes could proceed via either a [2+ 4] or a [4+ 2]
mechanism. Under kinetic control and with acyclic dienes the reaction affords the spiro cycloadducts5
deriving from the [2+ 4] path as the main products. Under thermodynamic control, or with cyclic dienes,
the o-TQs behave as heterodienes to give the benzoxathiin derivatives4, in most cases with complete
regioselectivity. In the present computational study, DFT calculations were performed in order to achieve
a deep understanding of both [2+ 4] and [4+ 2] paths. The reactions of threeo-TQs with six 1,3-dienes
were thoroughly investigated at the B3LYP/TZVP//B3LYP6-31G* level, and the two reaction mechanisms
were then compared, evidencing that [2+ 4] cycloadditions are kinetically favored, strongly asynchronous,
or even unconcerted, while [4+ 2] reactions are thermodynamically favored, quite asynchronous, but
undoubtedly concerted. Moreover, the observed regioselectivity was rationalized by mean of the FMO
theory and by comparison of the activation energies for different pathways.

Introduction

o-Thioquinones (o-TQs) are short-lived reactive species that
can be generated in situ under mild conditions and reacted with
electron-rich alkenes, including glycals and styrenes, in inverse
electron-demand Diels-Alder reactions leading to the benz-
oxathiin cycloadducts4 (Scheme 1).1-3

It was also reported that the carbon-sulfur double bond of
the o-TQ 2a, generated from the corresponding phthalimido
derivative1a, could be trapped as a dienophile in the presence
of 2,3-dimethyl-1,3-butadiene3a, leading to the formation of
the spiro derivative5aa, as depicted in Scheme 2.4

However, Nair and co-workers recently published a series
of articles describing the reaction ofo-TQs 2, generated from
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thiophthalimides1 with a slightly modified procedure,5 with
acyclic and cyclic 1,3-dienes to assess the formation of the
oxathiin derivatives4 as the only cycloaddition products
obtained via the participation of the oxothione moiety as a
heterodiene.6-10 Nevertheless, the possibility foro-TQs to
participate as either heterodienes or dienophiles in cycloaddition
reactions with 1,3-dienes, according to Scheme 3, was recently
demonstrated for three differento-TQs generated under milder
conditions (i.e. using Et3N as a base in CHCl3 at room
temperature) and reacted with a series of both cyclic and acyclic
1,3-dienes, as represented in Figure 1.11

The analysis of the available experimental results led to the
hypothesis that the [2+ 4] path, leading to the formation of
the spiro derivatives5, was kinetically favored, but [4+ 2]
products were thermodynamically more stable. However, some
questions remained unsolved; indeed, it was not clear why the
spiro derivatives where never obtained with cyclic dienes3d-
f. Moreover, [4+ 2] products deriving from the reaction of
o-TQs2a,b with dienes3a,b were not isolated in the adopted
reaction conditions, even though a very small amount of4ba
was detected by1H NMR when the spiro derivative5ba was
heated for 70 h at 60°C in CDCl3, while 5aawas stable under
the same conditions for more than 240 h.11 Furthermore,
theoretical questions arose from the strong regioselectivity
observed for [4+ 2] reactions when compared with the absence
of regioselectivity of [2+ 4] cycloadditions; thus, the need of
an exhaustive theoretical investigation on the reactivity of o-TQs
toward 1,3-dienes was demonstrated. Indeed, the Diels-Alder
and hetero Diels-Alder reaction mechanism has been the
subject of debate since its discovery,12-19 and the question of

whether and when the [2+ 4] and the [4+ 2] cycloadditions
herein described follow a concerted synchronous or asynchro-
nous reaction mechanism could be considered of general interest.
Furthermore, we recently reported a synthetic route involving
the [4+ 2] cycloaddition ofo-TQs leading to several polyhy-
droxylated 4-thiaflavans.20 Such compounds are able to behave
in vitro as very potent antioxidants, mimicking the action of
flavonoids and/or tocopherols, and those encouraging results
provided more impetus to our research, leading to the theoretical
study here reported.

Computational Methods
Reactants, transition states (TSs), and products were completely

optimized in the gas-phase using the B3LYP functional and the
6-31G(d) basis set.21-23 Whenever a structure presented one or more
degrees of freedom, several conformations were optimized, but only
the most favored ones were further considered. Vibrational frequen-
cies were computed at the same level of theory in order to define
optimized geometries as either minima (no imaginary frequencies)
or transition states (one imaginary frequency corresponding to the
vibrational stretching of the forming bonds) and to calculate ZPVE
corrections to electronic energies and thermochemical corrections
to enthalpies and Gibbs free energies (unscaled, 298.15 K, 1 atm).
For greater accuracy and to quantify the dependence of the energetic
results from the employed basis set, single point energies were
computed for all the stationary points at the B3LYP/TZVP level.24

The triple split valence TZVP basis set was chosen because in our
previous works it provided very good accuracy at a reasonable
computational cost.25 Total energies of the reactants derive from
the sum of the isolated reactants energies, acyclic dienes3a-c were
considered in the more stables-trans conformation. To verify if
the gas-phase model was reliable enough to correctly describe the
behavior of both the [4+ 2] and [2+ 4] cycloadditions, reactants
2aand3c, products4acand5ac, transition statesTS-4ac, TS-5ac,
and TS2-5ac, and the intermediateI-5ac were reoptimized in
solution by adopting the PCM model for CHCl3 at the B3LYP/
6-31G(d) level,26 while single point energies were computed using
the TZVP basis set. Results were then compared with those obtained
in the gas phase, and only slightly different activation and reaction
energies were observed, while no relevant differences were obtained
upon the optimized geometries and reaction mechanism features,
confirming the gas-phase model as accurate enough for our pur-
poses. It was argued that the adequate description of the geometry
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SCHEME 2

SCHEME 3. Possible Reaction Paths for the Cycloaddition
of o-TQs 2 and 1,3-dienes
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and electronic properties of sulfur-containing compounds would
require the inclusion of supplementary d functions in the basis
set.27,28 The model reactions of2a and 3c were then thoroughly
reanalyzed by using the 6-31G(d,p) basis set with additional 2df
functions on the S atom, but comparable results were obtained,
and thus our choice for geometry optimizations remains the simpler
6-31G(d) (additional details in the Supporting Information). To
exclude a competing biradicalic pathway for [2+ 4] cycloadditions,
the RHF-UHF stability of the wave function was checked forTS-
5ac and TS2-5ac, but both RB3LYP and UB3LYP methods
provided the same energy, and no instabilities were observed. IRC
analyses were performed at the B3LYP/6-31G(d) level for both
the endo and exo approaches of the [4+ 2] and [2+ 4] reaction
paths for the cycloadditions ofo-TQ 2a with 1,3-diene 3c,
requesting in each case a step size of 0.1 amu1/2 bohr. All theoretical
calculations were performed with the Gaussian 03 program pack-

age.29 Cartesian coordinates and energies for the obtained stationary
points are supplied as Supporting Information.

Results and Discussion
The discussion hereafter reported is based upon the optimiza-

tion of nine reactants (o-TQs 2a-c and 1,3-dienes3a-d), 62
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FIGURE 1. Reactants and experimentally observed products from [4+ 2] and [2+ 4] reaction paths.
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products, and 86 different transition structures, corresponding
to the approaches ofo-TQs 2a-c to 1,3-dienes3a-f for both
the [4+ 2] and [2+ 4] reaction paths, including TSs leading
to allowed but not experimentally observed products and/or
regioisomers, together with endo- and exo-TSs that, due to the
symmetric nature of dienes3a,b,d-f, would lead to the same
product. Thus, in the following sections, we will discuss the
reasons concerning the [4+ 2] or [2 + 4] selectivity, provide
details on both reaction mechanism, and discuss the observed
regioselectivity. All the stationary points geometries and the
corresponding energies are available as Supporting Information.

[4 + 2] vs [2 + 4]: Activation Barriers and Reaction
Energies.Concerning the cycloadditions ofo-TQs 2a-c with
acyclic dienes3a-c, activation barriers reported in Table 1 show
that the [2+ 4] reaction path is kinetically favored. Indeed, the
activation enthalpies∆Hq were from 3.2 (2c + 3a) to 4.7
(2a + 3c) lower than those observed for the corresponding
[4 + 2] paths. Instead, [4+ 2] reactions were decidedly favored
from the thermodynamic point of view as, in terms of reaction
enthalpies∆H, oxathiin derivatives4 are from 5.1 (4ab) to 16.6
kcal/mol (4cc) more stable than the corresponding spiro
derivatives5. Cyclic dienes3d-e, on the other hand, show a
marked preference for [4+ 2] reactions. Indeed, activation
enthalpies of [2+ 4]s are lower than those calculated for
[4 + 2]s only for reactions ofo-TQs2a,bwith dienes3d,f (from
0.1 to 1.1 kcal/mol for2b + 3f and 2a + 3d, respectively),
while [4 + 2] cycloadditions were kinetically favored in the
other cases. Moreover, reaction enthalpies show that [4+ 2]
products are from 17.0 (4bd) to 27.0 (4be) kcal/mol more stable

than the corresponding [2+ 4] products, thus leading to the
conclusion that the spiro derivatives5 could not be obtained
from cyclic dienes. Such results fit perfectly with the reported
experimental outcome of [4+ 2] and [2+ 4] cycloadditions of
o-TQs.11

As shown in Figure 2, the reason for the observed thermo-
dynamic instability of [2+ 4] products deriving from cyclic
dienes3d-f can be due to the structural strain induced by the
spiro bicyclical moiety, as deduced from the longer S1-C2,
S1-C6, and C5-C6 distances (d1, d2 and d3, respectively, in
Figure 2), the unfavorable S1-C6-C5 sp3 angle, and the
considerable distortion of the carbonyl respect to the ring plane
(Φ1 and Φ2, respectively, in Figure 2), if compared with the
thermodynamically stable spiro derivatives obtained from acyclic
dienes. Such observation is confirmed by the relatively more
favorable energies obtained for the less strained spiro com-
pounds deriving from cycloesadiene3f, if compared with those
deriving from cyclopentadienes3d and 3e (see Table 1).
Interestingly, the analysis of activation energies reported in Table
1 show that the reactivity ofo-TQs 2a-c toward [4+ 2]
cycloadditions decrease in the order2c > 2b > 2a, as ∆Hq

values were from 3.2 to 7.0 kcal/mol for the former, from 3.6
to 7.6 kcal/mol for the second, and from 5.4 to 9.3 for the latter.
In each case, the cyclopentadiene3d was the most reactive 1,3-
diene, while the 2-methylbutadiene3b was the least reactive.
On the other hand, concerning [2+ 4] cycloadditions, the
reactivity order is less marked, with∆Hq values ranging from
3.2 to 8.0 kcal/mol foro-TQ 2b, from 3.5 to 8.6 kcal/mol for
2a, and from 3.6 to 8.6 kcal/mol for2c. The 2-methylpenta-
1,3-diene3c was the most reactive witho-TQ 2a, but unfor-
tunately, transition statesTS-5bc and TS-5cc did not fully
converge, neither in gas phase nor in solvent, probably because
of the marked flatness of the PES in the region whereTS-5bc
andTS-5ccshould lie. However, due to the good comparability
of the ∆Hq and ∆Gq values observed among all the other
reactions ofo-TQs2a-c with dienes3a-f, we could reasonably
deduce that the diene3c was in each case the most reactive,
while, for the above-discussed reasons, cyclopentadiene3ewas
the least reactive toward [2+ 4] cycloadditions. Finally, it
should also be noted that cycloadditions ofo-TQs 2a,b with
dienes3a,b, conduced at room temperature, did not afford the
[4 + 2] products4, while o-TQ 3c provided the oxathiines4
with all the reacted dienes.11 Indeed, results reported in Table

TABLE 1. Activation and Reaction Enthalpies and Gibbs Free
Energies (∆Hq, ∆Gq and ∆H, ∆G, kcal/mol) for [4 + 2] and [2 + 4]
Reactions ofo-TQs 2a-c with 1,3-Dienes 3a-fa,b

[4 + 2] [2 + 4]

entry ∆Hq ∆Gq ∆H ∆G entry ∆Hq ∆Gq ∆H ∆G

4aac,e 9.2 23.0 -24.8 -9.0 5aa 5.0 18.7 -18.5 -3.5
4abc 9.3 23.0 -24.0 -8.4 5ab 5.0 18.6 -18.9 -4.0
4ac 8.2 21.4 -24.9 -9.2 5acf 3.5 17.0 -14.3 1.6
4ad 5.4 19.6 -23.6 -7.9 5adc 4.3 19.7 -3.0 12.8
4ae 6.3 20.9 -22.2 -6.3 5aec 8.6 24.5 -0.7 15.7
4af 6.8 21.1 -26.8 -11.6 5afc 6.6 21.9 -9.1 6.8
4bad 7.4 20.6 -27.8 -12.5 5ba 3.3 15.6 -21.0 -6.6
4bbc 7.6 20.5 -27.1 -12.2 5bb 3.2 16.0 -20.8 -6.2
4bc 6.4 18.8 -28.0 -12.9 5bcf,g h -17.1 -1.9
4bd 3.6 17.2 -27.0 -12.0 5bdc 3.3 18.2 -10.0 5.3
4be 3.9 17.7 -25.7 -10.4 5bec 8.0 23.1 -3.8 11.8
4bf 5.6 18.8 -29.8 -15.2 5bfc 5.5 20.1 -11.7 3.1
4cae 6.9 19.8 -31.1 -17.0 5caf 3.7 16.1 -18.6 -4.3
4cb 7.0 19.4 -31.3 -16.9 5cb 3.6 16.1 -18.5 -3.9
4cc 5.9 18.1 -31.4 -17.0 5ccf,g h -14.8 0.5
4cd 3.2 16.5 -30.2 -15.6 5cdc 3.8 18.8 -7.6 7.4
4ce 3.5 16.9 -28.8 -14.1 5cec 8.6 23.8 -1.8 13.7
4cf 4.8 17.7 -34.0 -18.3 5cfc 5.6 20.1 -9.4 5.6

a Calculated as the sum of B3LYP/TZVP energy and the thermal
correction to enthalpy or Gibbs free energy obtained from thermochemical
calculations (298.15 K, 1 atm) at the B3LYP/6-31G(d) level. Activation
barriers are calculated as the energy difference between TSs and the sum
of the isolated reactants energies, while reaction energies correspond to
the energy differences between products and the sum of the isolated reactants
energies.b R1 regioisomers were considered for both [4+ 2] and [2+ 4]
reactions.c Those products were never experimentally observed.d Product
4bawas never isolated; however, very small amounts of4bawere detected
by 1H NMR when5ba was heated for 70 h at 60°C in CDCl3. Under the
same conditions,5aawas stable for more than 240 h.e Contrarily to what
generally observed for [4+ 2] reactions, in those cases the exo TS results
were slightly favored.f Those products were never isolated; however, they
where detected by1H NMR. g TS-5bcandTS-5ccdid not converge.h Not
converged.

FIGURE 2. Products5aa (left) and 5ad (right) from the [2+ 4]
cycloadditions ofo-TQ 2awith dienes3cand3d, respectively. Selected
geometrical parameters (Å, deg) for5aaand, in parentheses, for5ad:
d1 ) 1.84 (1.89), d2) 1.88 (1.92), d3) 1.57 (1.59),Φ1 ) 111.9
(102.3),Φ2 ) 9.1 (18.3).
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1 show that the∆∆G4-5 values are relatively low foraa, ab,
ba, andbb (-5.5,-4.4,-5.9, and-6.0 kcal/mol, respectively)
if compared with those calculated for productscaandcb (-12.7
and -13.0 kcal/mol, respectively), in concordance with the
observed outcome of the reaction and thus providing a further
validation to the adopted theoretical model.

Details of the Reaction Mechanism.The energetic values
obtained for all the endo- and exo-TSs for [2+ 4] and [4+ 2]
reactions (see Supporting Information), together with the IRC
analyses reported in Figure 3 show that for [4+ 2] cycloaddi-
tions the endo approach is generally favored, unless differently
specified, while for all [2+ 4] reactions the exo approach is
decidedly preferred. For those reasons the following discussion
will refer to the endo [4+ 2] and exo [2+ 4] TSs.

In terms of reaction mechanism, a quite evident diversity that
can be observed between [4+ 2] and [2+ 4] TSs concern
synchronicity. In a recent article, Peng et al. defined the
synchronicity degree as the difference between the distances of
the bonds that are being formed.18 However, as the difference
between the lengths of the fully formed C-S and C-O bonds
is quite considerable (about 1.8 and 1.4 Å, respectively), we
considered the synchronicity as the difference between the ratios
of the forming bond distances in the TS and the corresponding
bond distances in the product, i.e.,∆dTS/P ) |(C3-S4)TS/
(C3-S4)p - (O1-C2)TS/(O1-C2)p| for [4 + 2] reactions and
∆dTS/P ) |(S1-C2)TS/(S1-C2)p - (C5-C6)TS/(C5-C6)p| for
[2 + 4]s. Evidently, in the case of a totally synchronous reaction
the ∆dTS/P value is 0. Taking into account the above observa-
tions, the analysis of the geometrical parameters reported in
Table S3 of the Supporting Information (selected distances for
the cycloaddition products are reported in Table S4 of the

Supporting Information) and the visual inspection of the motion
associated with imaginary frequencies show that all [4+ 2]
cycloadditions take place along quite asynchronous transition
states.

Indeed, as depicted in Figure 4 for the reaction2a + 3c, the
magnitude of the displacement vector associated with the
forming C-S bond is larger than the one of the forming C-O
bond and results are clear that the C-S bond formation foregoes
the C-O. The∆dTS/Pvalues range from 0.51 (TS-4aaandTS-
4ab) to 0.62 (TS-4adandTS-4bc), and the mean∆dTS/P value
is a minimum (higher synchronicity) for [4+ 2] cycloadditions
of o-TQ 2a while a maximum (lower synchronicity) foro-TQ
2b, probably due to the mesomeric electron-donating effect of
the methoxyl group, which increases the negative charge over
the quinonic oxygen (-0.234e,-0.250e,-0.230e foro-TQs
2a, 2b and 2c, respectively, from Mulliken charges). Despite
several attempts, only one TS was located for each [4+ 2]
reaction, suggesting that the mechanism is fully concerted. On
the other hand, the analysis of the geometrical parameters for
[2 + 4] TSs (see Table 2) show that the reaction ofo-TQs2a-c
with dienes3a-c takes place in a strongly asynchronous or
even unconcerted manner, with∆dTS/Pvalues ranging from 0.72
(TS-5ba) to 0.80 (TS-5abandTS-5cb). Moreover, two separate
TSs, one for the formation of the C-S bond (TS-5ac, IF )
-108.734 cm-1) and the other for the formation of the C-C
bond (TS2-5ac, IF ) -123.688 cm-1), and the stable interme-
diateI-5ac were located for the reaction ofo-TQ 2a with diene
3c, thus supporting a stepwise mechanism for this example
reaction (see Figure 4). To exclude any solvent influence on
such a two-step mechanism, we reoptimizedTS-5ac, TS2-5ac

FIGURE 3. B3LYP/6-31G* IRC analyses of the endo and exo
approaches for the [4+ 2] and [2+ 4] cycloadditions ofo-TQ 2awith
diene3c.

FIGURE 4. Transition states and intermediate for the reactions of2a
and 3c. Displacement vectors for each TS imaginary frequency are
shown as blue arrows, and distances are reported in angstroms.

TABLE 2. Selected Distances (Å), Synchronicity Degrees∆dTS/P,
and Imaginary Frequencies (cm-1) of the exo [2+ 4] TSs for the
Reaction of o-TQs 2a-c with Dienes 3a-c

entry S1-C2 C5-C6 ∆dTS/Pa IF

TS-5aa 2.34 3.12 0.75 -133.823
TS-5ab 2.31 3.17 0.80 -144.987
TS-5ac 2.41 3.21 0.74 -108.734
TS-5ba 2.49 3.20 0.72 -61.0878
TS-5bb 2.43 3.22 0.77 -91.2803
TS-5ca 2.53 3.27 0.75 -54.9273
TS-5cb 2.46 3.29 0.80 -86.0762

a Products distances are provided in Table S4 (Supporting Information).
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and the intermediateI-5ac at the B3LYP/6-31G* level by
including the solvent contribution (CHCl3) by means of the PCM
model, but analogue stationary points were located over the PES,
as also confirmed by the vibrational analysis conduced at the
same level of theory (see Figure S1 and Table S1, Supporting
Information).

A further proof supporting the stepwise mechanism was found
by performing extensive IRC analyses starting from bothTS-
andTS2-5ac: in the first case the reactants and the intermediate
I-5ac were obtained in the reverse and forward directions,
respectively, while product5ac(forward) and intermediateI-5ac
(reverse) were obtained starting fromTS2-5ac. An IRC analysis
was also performed for the [4+ 2] cycloaddition of2a + 3c
starting fromTS-4ac, confirming, in this case, a totally concerted
reaction path as only reactants and product4ac were found as
minima over the PES. The comparison of [4+ 2] and [2+ 4]
IRCs is depicted in Figure 5, which graphically summarize the
above statements. Moreover, it is worth noting that the energetic
values and the geometrical parameters of TSs reported in Tables
1 and 2, S3, respectively, together with the IRC analyses
depicted in Figure 5 show that, according to the Hammond’s
postulate, the [4+ 2] TSs are “late” (higher activation barrier,
shorter lengths for the forming bonds) while the C-S [2 + 4]
TSs occur at an “early” stage along the PES.

Unfortunately, despite the repeated trials, no intermediates
nor TSs relative to the C-C bond formation were successfully
located for the other [2+ 4] cycloadditions herein considered;
thus, we cannot guarantee that all [2+ 4] reactions follow an
unconcerted or a strongly asynchronous but concerted pathway.
Indeed, as one can see from Figure 5 for2a + 3c, the PES for
the [2+ 4] cycloaddition was particularly flat in the region
where the intermediatesI and transition structuresTS2 should
lie, making the localization of such stationary points extremely
difficult for the current optimization algorithms. Moreover,
repeated trials to perform IRC analyses starting fromTS-5aa
andTS-5abprovided the reactants in the reverse direction but
failed in the forward direction at a point over the PES (after 64
and 63 steps of 0.1 amu1/2 bohr from TS-5aa and TS-5ab,
respectively) corresponding to geometries showing a fully
formed C-S bond (1.92 Å for both structures) and a forming
C-C bond (2.51 and 2.56 Å forTS2-5aa and TS2-5ab,
respectively). Further optimizations did not fully converge either
in the gas phase or in solution; however, vibrational analyses
conduced on the last obtained IRC geometries revealed only
one imaginary frequency corresponding to the stretching of the
C-C forming bond.29 The above observations suggest that the

IRC job failure could be due to the relevant change in the
followed normal mode (IF) -133.823 and-144.987 cm-1

for TS-5aaandTS-5ab, IF ) -167.426 and-156.155 cm-1

for the nonconvergedTS2-5aaandTS2-5ab, respectively), thus
enhancing the probability for two TSs to exist along the PES.
It should be noted that such a change in the followed normal
mode was not observed for “normal” concerted asynchronous
reactions, such as the [4+ 2] cycloadditions described above.
However, it should be also considered that even if the PES
presents two TSs, as observed for the [2+ 4] reaction of2a +
3c, the ∆Hq for the second step is quite negligible (0.2 kcal/
mol for TS2-5ac) and thus the two reaction steps should occur
within a decidedly narrow time range. For the above-mentioned
reasons, we would prefer to consider theo-TQs [2+ 4] reaction
mechanism as a borderline concerted asynchronous rather than
unconcerted.

Regioselectivity.The frontier molecular orbitals depicted in
Figure 6 foro-TQ 2a and diene3c, together with HOMO and
LUMO energies reported in Table 3, show that both the [4+ 2]
and [2+ 4] cycloadditions ofo-TQs2a-c with 1,3-dienes3a-f
are controlled by the interaction of the LUMO of theo-TQs
with the HOMO of the 1,3-diene. Thus, the [4+ 2] cycload-
ditions follow an inverse electron-demand pathway, as previ-
ously reported by Nair et al.,8 while the [2+ 4] reactions
formally follow a direct electron-demand pathway, as theo-TQ
acts as the dienophile in [2+ 4] cycloadditions.

As depicted in Figure 7, the shape and the sign of the frontier
molecular orbitals involved in the reaction show that both
[4 + 2] and [2+ 4] cycloadditions could virtually provide two
symmetry-allowed regioisomers, namely R1 and R2. Unless
differently stated, the [4+ 2] R1 and R2 isomers derive from
the energetically favored (and symmetry allowed) endo- and
exo-TSs, respectively, while the exo-TSs were decidedly favored
for both [2+ 4] R1 and R2 isomers (see Supporting Information
for total energies). Concerning the [4+ 2] reaction ofo-TQs
2a-c with 1,3-diene3c, the R1 regioisomer is both kinetically

FIGURE 5. IRC analysis of the [4+ 2] and [2+ 4] reactions ofo-TQ
2a with diene3c.

FIGURE 6. HOMO and LUMO foro-TQ 2aand diene3c; the favored
and symmetry-allowed interaction is LUMOo-TQ-HOMO1,3-diene.

TABLE 3. HOMO and LUMO Energies (eV) for o-TQs 2a-c and
1,3-Dienes 3a-f

entry 2a 2b 2c 3a 3b 3c 3d 3e 3f

LUMO -3.95 -4.00 -4.10 -0.99 -1.03 -0.79 -0.74 -0.80 -0.93
HOMO -6.46 -6.49 -6.44 -6.44 -6.49 -6.19 -6.13 -5.92 -5.93
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and thermodynamically favored (see Table S5, Supporting
Information), and thus, in perfect concordance with experimental
results,11 R1 is the only expected regioisomer. A different
behavior was found for the reactions ofo-TQs 2a-c with the
2-methylbutadiene3b; indeed, in this case, R1 was kinetically
favored by 0.4, 0.2, and 0.1 kcal/mol while R2 was thermody-
namically favored with∆∆HR2-R1 values of-1.6, -1.6, and
-0.8 kcal/mol for4ab, 4bb, and4cb, respectively. It should
be noted that, as reported in our previous article, the reactions
of 2a-c with 3b conduced under kinetic control did not afford
products4aband4bb, while traces of oxathiin4cbwere actually
observed by NMR.11 The spectroscopic analysis of the raw
reaction mixture, conduced on a 300 MHz instrument, led to
the assignment of the R2 structure to compound4cb. Surpris-
ingly, our theoretical results disagreed with the experimental
findings previously reported, and such a discrepancy induced
us to reconsider the reaction of thioquinone2c with diene3b
by adopting thermodynamic conditions in order to enhance the
formation of product4cb with respect to the spiro derivative
5cb (see Supporting Information for experimental details). The
1H NMR analysis performed with a 400 MHz spectrometer
showed the formation of both regioisomers of product4cbwith
a ratio R1:R2 of 3:1, in good concordance with the predicted
theoretical results. Concerning the [2+ 4] reactions, the avail-
able experimental results show that the spiro derivatives5 were
obtained as a mixture of R1 and R2 regioisomers whenever the
asymmetric 1,3-dienes3b,c were employed.11 Activation en-
thalpies reported in Table S5 show that the R1 isomer is
kinetically favored for all the examples herein described, with
∆∆Hq

R2-R1 values ranging from 0.6 (5ab, 5cb) to 2.1 kcal/mol
(5ac). For those compounds deriving from the 1,3-dimethyl-
butadiene3c, the more consistent∆∆Hq

R2-R1 values could be
reasonably ascribed to the different steric hindrance on the diene
carbon atom involved in the S-C bond formation. Indeed, in

the case of R1, the S-C interaction occurs with the less
substituted carbon while the opposite is observed for the least
stable R2 regioisomer. On the other hand, reaction enthalpies
∆H show that the R2 regioisomer is always thermodynamically
favored, as∆∆HR2-R1 values resulted from-1.2 (5bb) to -4.1
kcal/mol (5ac)

The major thermodynamic stability of the R2 isomers could
be ascribed to a favorable CH‚‚‚O interaction between the C2-H
and the OdC (dH‚‚‚O ) 2.53 Å, C-H-O ) 111.2° for
compound5cc).31 However, a CH‚‚‚O interaction, involving the
C4-H and the OdC could also be observed for R1 (dH‚‚‚O )
2.35 Å, C-H-O ) 105.3°) and thus the lower R2 energy could
be due to a dispersive interaction between the carbonyl oxygen
and the C3-C4 double bond,32 i.e., an O‚‚‚π interaction that is
not present in the R1 isomers, as represented in Figure 8. It is
known that an O‚‚‚π interaction between a phenyl group and
the oxygen atom of an amidic carbonyl plays an important role
in the target recognition of anhydrase II inhibitors,33 and it is
thus reasonable to think that O‚‚‚π interactions could stabilize
certain conformations of organic compounds. Indeed, the
distances between the C3dC4 midpoint and the carbonyl oxygen
(dO‚‚‚π in Figure 8) are comparable to those reported by literature
for similar O‚‚‚π interactions and, more generally, for non-
bonding attractive interactions involvingπ systems.34,35It should
be noted that the major R2 stabilization observed for compounds
deriving from diene3c can be due to the unfavorable steric
interaction between the carbocyclic ring and the C-5 linked
methyl group, not present in diene3b derivatives. In conclusion,

(30) The convergence parameters obtained forTS2-5aa(TS2-5ab) are
as follows: maximum force) 0.009772 (0.012569), rms force) 0.001951
(0.002374), maximum displacement) 0.112238 (0.123450), rms displace-
ment) 0.027598 (0.030548), predicted change in energy) -2.411426×
10-3 (-2.638542× 10-3). Restarting the optimization procedure did not
produce relevant changes in geometry nor in energy.

(31) Desiraju, G. R.Chem. Commun.2005, 2995-3001.
(32) Dispersive interactions are long-range attractive forces, also known

as London forces, due to instantaneous dipoles that arise during fluctuations
in the electron clouds. Leach, A. R.Molecular Modelling, Principle and
Application; Longman: Edinburg Gate, Harlow, 1996.

(33) Hunter, C. A.; Lawson, K. R.; Perkins, J.; Urch, C. J.J. Chem.
Soc., Perkin Trans. 22001, 651-669.

(34) Korenaga, T.; Tanaka, H.; Tadashi E.; Takashi, S.J. Fluorine Chem.
2003, 122, 201-205.

(35) Meyer, E. A.; Castellano, R. K.; Diederich, F.Angew. Chem., Int.
Ed. 2003, 42, 1210-1250.

FIGURE 7. Symmetry-allowed LUMOo-TQ-HOMO1,3-diene interac-
tions for [4+ 2] and [2+ 4] paths.

FIGURE 8. 5ccregiosimers. DistancesdO‚‚‚π (in Å) for products5a-c
R2 isomers are 3.07 (5ab), 3.08 (5ac), 3.12 (5bb), 3.13 (5bc), 3.12
(5cb), 3.13 (5cc).
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bearing in mind that spiro derivatives5 are obtained mainly
under kinetic conditions, the competitive kinetic and thermo-
dynamic pathways calculated for the spiro derivatives5 suggest
that [2+ 4] reactions ofo-TQs with asymmetric dienes would
lead to mixtures of regioisomers, in concordance with the
qualitative predictions based on the FMO theory (see Figure 7)
as well as with the available experimental results.11

Conclusions

In this work we reported the first thorough study of the
[4 + 2] and [2+ 4] cycloadditions ofo-TQs and theoretical
findings fit well with the available experimental results. We
demonstrated that the [2+ 4] reactions are kinetically favored,
but the resulting spiro derivatives5 are less stable than the
[4 + 2] oxathiinic products4, and thus under thermodynamic
control the latter are the only isolable products. The analysis of
the main geometrical parameters of TSs showed that, according
with the Hammond’s postulate,TS-4 are “late”, while TS-5
are “early”. Moreover, both reaction mechanisms were deeply
analyzed by IRC calculations, evidencing a concerted asyn-

chronous mechanism for [4+ 2] cycloadditions and a heavily
asynchronous or even unconcerted mechanism for [2+ 4]
cycloadditions. Finally, the strong regioselectivity of [4+ 2]
reactions as well as the lack of regioselectivity observed for
[2 + 4]s has been analyzed and explained.
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