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This paper describes a mechanistic study, in the interplay of experiment and theory, on the cycloadditions of a bicyclic
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mesoionic 1,3-dipole versus a series of representative symmetrical (1-phenyl-1H-pyrrole-2,5-dione and dimethyl maleate)

and asymmetrical [(E)-(2-nitrovinyl)benzene, acrylonitrile, and but-3-en-2-one] olefinic dipolarophiles. These results allow a
comparative analysis with monocyclic dipoles and open further avenues to structurally diversified heteroatom-rich rings.
The unichiral version of the bicyclic dipole leads to adducts containing up to five chiral centers, whose formation proceeds
with high levels of facial stereoinduction in reactions involving bulky dipolarophiles. The second and largest part of this study
provides a theoretical interrogation on the pericyclic mechanism with DFT-methods [M06-2X/6-311G++(d,p)]. In order to
extract even subtle mechanistic details at the bottom, we have also explored charge transfers between reaction partners
using an NBO analysis, which satisfactorily justifies the stereochemical outcome.

Introduction

1,3-Dipolar cycloadditions represent an indispensable synthetic
tool to construct five- and six-membered rings in an expeditious
fashion and often with high levels of regio- and stereoselection.!
This assembly exploits a wide range of unsaturated
dipolarophiles in conjunction with some reactive dipoles, which
usually exhibit a remarkable orthogonality to other functional
groups. As a result, this family of pericyclic reactions has found
interesting applications in biological studies?3 and materials
design.4

The search for reactive, yet functionalized, dipoles capable
of building-up complex structures with stereocontrol is still a
must. Mesoionics, once considered exotic ionic structures and
showing significant electron delocalization, are always an
appropriate choice given their versatility and facile supply of
polyheteroatomic arrangements in one-pot condensations.>®
The use of mesoionics is however limited by the steps required
to obtain such heterocycles and the intrinsic stability of their
structure, which often hamper high-yielding synthesis of the
target products.”

For many years we have been interested in the design of
mesoionic dipoles and their utility in heterocycle synthesis with
a focus on stereocontrolled strategies.® Explorations with a
modified 1,3-thiazolium-4-olate (usually nicknamed
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thioisomiinchnone) bearing a dialkylamino group constituted a
watershed as the latter exerted a pivotal stereoelectronic effect
enabling the preparation of hitherto unknown heterocycles by
conventional dipolar cycloadditions.¢b

While most thioisomiinchnones undergo dipolar
cycloadditions to provide stable bridged
cycloadducts, which eventually fragment into pyrid-2-ones by a
stepwise  elimination of hydrogen sulfide, other
thioisomiinchnones give rise to dihydrothiophenes when
reacted with B-nitrostyrenes.®!0 Although the structural
diversity in heterocyclic build-up represents a plus in
mesoionics-based cycloadditions, an additional advantage of
these heterocyclic dipoles is the simplified assembly of multiple
fused rings, present in natural compounds and drugs, as the
resulting cycloadducts might be prevented from subsequent
ring opening. A conformationally-restricted mesoionic dipole as
starting material would enable such decorations so long as little
or no chemical evolution takes place subsequently. In recent
studies, we have reported the preparation and 1,3-dipolar
reactivity against substituted acetylenes of 2-phenyl-5,6-
dihydrothiazolo[2,3-b]thiazol-4-ium-3-olate (1),1* and an
enantiomerically pure version (2), easily generated from a chiral
amino alcohol,'2 which afford pyridin-2-one derivatives. We
describe here the extension of their reactivity toward five well-
established dipolarophiles (3-7). Prompted by the potential
significance of these synthetic pursuits, our quantum
calculations aimed at elucidating the reaction pathways and
energy landscape now goes down to dissecting the electron
distribution and orbital contribution at the saddle points, which
allows a more precise rationale of the mechanism and
interpretation of orbital control in dipolar cycloadditions.

with alkenes
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Results and Discussion

Synthesis and Reactivity. The dipolar reactivity of 2-phenyl-5,6-
dihydrothiazolo[2,3-b]thiazol-4-ium-3-olate (1) against
symmetrically-substituted [1-phenyl-1H-pyrrole-2,5-dione (3)
and dimethyl maleate (4)] and asymmetrically-substituted [(E)-
(2-nitrovinyl)benzene (5), acrylonitrile (6), and but-3-en-2-one
(7)] olefinic dipolarophiles (Figure 1) has been thoroughly
investigated, leading to 1:1-cycloadducts that readily
incorporate a polyheteroatomic core. Some reactions involving
asymmetrical dipolarophiles (vide infra) have proven to be
highly stereoselective and completely regioselective.
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Figure 1. Structures of thioisomiinchnones 1 and 2 and the set of
dipolarophiles employed in this work (3-7).

The reaction of 1 and 3, conducted in CH,Cl, solution at
room temperature, afforded after 24 h a mixture of the 6,8-
diphenyldihydro-2H-6,9b-epithiopyrrolo[3,4-c]thiazolo[3,2-
alpyridine-5,7,9(3H,8H,9aH)-triones 8 and 9, which were stable
enough to be purified and isolated by crystallization in
moderate vyields (43% and 28%, respectively). These adducts
could not be separated, however, when the reaction was
carried out in toluene at reflux, as the latter evolved into a
complex mixture. As we shall see later, the formation under
such conditions of a fluorescent product, detected by TLC
analysis, is noteworthy.

Crystals of cycloadducts 8 and 9, suitable for X-ray
diffraction analysis, could be obtained by recrystallization and
slow evaporation, and their unequivocal structures are shown
in Figure 2.

Figure 2. Structures 8 and 9 and its solid-state structures (X-ray
diffractometry). Ellipsoids are shown at 50% probability.
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1H and 13C NMR analysis are consistent with such structures
and some signals possess also diagnostic value, thereby aiding
the elucidation and structural correlations in these polycyclic
system. The exo H-6a and H-9a protons of 8 show downfield
shifts (4.55 and 4.30 ppm, respectively) relative to the
corresponding endo-hydrogens of 9 (4.30 and 4.08 ppm,
respectively). Moreover, the coupling constant Jea 0. (8.5 Hz for
8 and 7.0 Hz for 9) allows a valuable inspection of the
stereochemical course (vide infra).

As mentioned previously, a mixture of cycloadducts 8 and 9
heated in refluxing toluene in the presence of silica gel as
catalyst afforded a fluorescent tricyclic pyrid-2-one (10). This
substance could further be purified by crystallization and
isolated in 54% yield.

By refluxing in toluene a mixture of 1 and 4 for 4 h, which
was subsequently cooled to room temperature, the exo
cycloadduct dimethyl 5-ox0-6-phenylhexahydro-6,8a-
epithiothiazolo[3,2-a]pyridine-7,8-dicarboxylate (11)
crystallized spontaneously (71% vyield). Its structure was
unambiguously determined by X-ray diffraction analysis (Figure
3). In contrast, the minor endo cycloadduct 12 could not be
isolated. The endo H-7 and H-8 protons of 11 appeared as two
doublets at 4.11 and 3.74 ppm (J7,5 9.0 Hz).
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Figure 3. Chemical structures of 10-13 and crystal structure of
cycloadduct 11 depicted at 50% ellipsoid probability.

When cycloadduct 11 was heated at reflux in toluene for
prolonged time (80 h) with silica gel as heterogeneous catalyst,
a new fluorescent compound appeared in the reaction mixture,
whose structure was tentatively assigned to dimethyl 5-oxo-6-
phenyl-3,5-dihydro-2H-thiazolo[3,2-a]pyridine-7,8-
dicarboxylate (13). Unfortunately, all attempts to get this
substance in pure form failed.

Although the cycloaddition of 1 with non-symmetrical
alkenes (5-7) would afford four cycloadducts in every case, the
reaction of 1 and 5 (1:1.5 molar ratio) in CH,Cl, at room
temperature for 72 h selectively gave rise to 8-nitro-6,7-
diphenyltetrahydro-6,8a-epithiothiazolo[3,2-a]pyridin-5(6H)-
one (14) in 63% yield, whose structure could be verified by
single crystal X-ray diffraction (Figure 4). The endo H-7 and exo
H-8 protons of 14, which resonated as two doublets (/7,3 4.5 Hz)
at 4.54 and 5.78 ppm, respectively, correlated well (HSQC
experiment) with the corresponding peaks of C-7 (57.0 ppm)
and C-8 (97.8 ppm) carbon atoms, while the C-6 and C-8a

This journal is © The Royal Society of Chemistry 20xx



bridgehead carbon atoms resonated at 77.3 and 86.2 ppm,
respectively.

Figure 4. Chemical structures of 14 and 15 and crystal structure of
cycloadduct 14 shown at 50% ellipsoid probability.

A solution of 14 in CH,Cl; kept at room temperature for
several days led to the formation of 6-mercapto-8-nitro-6,7-
diphenyl-6,7-dihydro-2H-thiazolo[3,2-a]pyridin-5(3H)-one (15)
(52% yield). This conversion was essentially complete within 19
h by refluxing a solution of 14 in CH,Cl, containing silica gel. Two
singlet signals at 2.33 ppm and 5.33 ppm, attributale to the SH
and H-7 protons respectively, along with chemical shifts
characteristic of C-6, C-7, C-8, and C-8a carbon atoms (60.0,
50.5, 126,4, and 154,4 ppm, respectively) confirmed the
structure of 15 (see ESI).

The cycloaddition of 1 with acrylonitrile (6) was carried out
at room temperature using the dipolarophile itself as solvent.
After 24 h the mixture was quenched and two major
cycloadducts could be isolated by column chromatography in
low yield (18 and 20% for 16 and 17 respectively). Suitable
crystals for X-ray diffraction analysis allowed us to identify them
as 5-ox0-6-phenylhexahydro-6,8a-epithiothiazolo[3,2-
alpyridine-8-carbonitriles 16 and 17 (Figure 5).
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Figure 5. Chemical formulas of 16 and 17 accompanied by their
crystal structures. Ellipsoids are shown at 50% probability.

The more relevant difference observed in the 'H NMR
spectra of 16 and 17 correspond to the chemical shifts of their
H-8 protons that appeared as double doublets at 3.96 ppm (16)
and 3.56 pm (17). Also, the coupling constants measured in such
signals (/ = 4.0 and 10.0 Hz for 16 and J = 3.5 Hz and 8.0 Hz for
17) have diagnostic value.

On refluxing for 30 min a mixture containing 1 and but-3-en-
2-one (7), compound 18, 8-acetyl-6-[(3-oxobutyl)thio]-6-
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phenyl-6,7-dihydro-2H-thiazolo[3,2-a]pyridin-5(3H)-one, could
be isolated in 32% vyield. Again, adequate crystals for X-ray
diffractometry revealed the unambiguous structure shown in
Figure 6. The formation of 18 can be judiciously rationalized in
terms of a conjugate addition involving the non-isolated thiol 19
plus an additional molecule of but-3-en-2-one.
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Figure 6. Chemical formulas of 18-20 and solid-state structure of
compound 18. Thermal ellipsoids are shown at 50% probability.

The exo cycloadduct 20 could also be isolated from the
reaction mixture by column chromatography in 22% yield. Its *H
NMR spectrum indicated that the H-8 proton resonates at lower
field (4.99 ppm) than the corresponding H-8 protons of 16 and
17. Moreover, its coupling constants are smaller than those
measured in the proton spectrum of 17 (J = 2.5 Hz and 6.5 Hz).

In a recent computational study we have shown that the size
of the dipolarophile is a key feature in facial stereocontrol as
inferred from an isopropyl group attached to wnichiral'3
thioisomiinchnone 2.12 To prove this concept further, this work
now enlarges the scope of cycloadditions of 2 with other bulky
dipolarophiles like 3 and 5. The cycloaddition of 2 with 1-phenyl-
1H-pyrrole-2,5-dione (3) was performed under the same
conditions described above for the reaction of 1 and 3.
Inspection of the reaction mixture by TLC analysis showed the
formation of several products, although only the unichiral exo-
cycloadducts 21 and 22 could be isolated by fractional
crystallization in 72% and 15% vyield, respectively. Once again,
single-crystal X-ray analysis proved to be instrumental in
structural elucidation and Figure 7 shows the solid-state
structure of (3S,6R,6aR,9aS,9bR)-3-isopropyl-6,8-
diphenyldihydro-2H-6,9b-epithiopyrrolo[3,4-c]thiazolo[3,2-
a]pyridine-5,7,9(3H,8H,9aH)-trione (22). Its 'H and 13C NMR
data were quite similar to those of 21. Thus, 'H NMR spectra of
21 and 22 showed doublet signals at ~4.1 ppm (H-6a) and ~3.8
ppm (H-9a) with coupling constants (Jea,0a = 7.0 Hz) identical to
those found in the TH NMR spectrum of 9.

As described before for the transformation of 11 into 13,
cycloadducts 21 and 22 were converted in refluxing toluene
containing silica gel into enantiopure (S)-3-isopropyl-6,8-
diphenyl-2,3-dihydropyrrolo[3,4-c]thiazolo[3,2-a]pyridine-
5,7,9(8H)-trione (23) in 37 % yield.
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Figure 7. Chemical formulas of 21-23 and crystal structure of 22 with
thermal ellipsoids at 50% probability.

On the other hand, the chiral dipole 2 reacted with (E)-(2-
nitrovinyl)benzene (5) (1:1.1 ratio) in CHyCl, at room
temperature for 30 h, to give (35,6S,7R,8R,8aS)-3-isopropyl-8-
nitro-6,7-diphenyltetrahydro-6,8a-epithiothiazolo[3,2-
alpyridin-5(6H)-one (24) in 78% yield. However, starting from a
1:1.5 (dipole:dipolarophile) ratio a mixture of 24 (33%) and the
thioether derivative 25 (22%) was isolated after 48 h. The origin
of the latter might reasonably be interpreted by spontaneous
breakage of the Cg,-S bond in 24 followed by nucleophilic
addition of the SH group of 26 on the Si face of an extra
molecule of 5, as discussed above for the reaction of 1 with but-
3-en-2-one (7). Moreover, the structure of 25 was determined
by X-ray diffraction analysis (Figure 8).

Figure 8. Chemical structures of 24-26 and solid-state crystal
structure of 25 with thermal ellipsoids depicted at 50% probability.

In order to demonstrate unequivocally that cycloadduct 24
arises from the reaction of 2 and 5, a solution of 24 and 5 (1:1
molar ratio) was stirred in CH,Cl; for five days, leading to a
complex mixture from which only the Michael-type adduct 25
could be isolated. Furthermore, a solution of 24 in refluxing

4| J. Name., 2012, 00, 1-3

CH,Cl; in the presence of silica gel for 72 h did not afford thiol
26; instead compound 25 was isolated again, thereby revealing
that retro-cycloaddition of 24 releases the dipolarophile, which
reacts then with 24 to give 25. These results clearly evidence the
role of bulky dipolarophiles in stereocontrolled cycloadditions
with a chiral thioisomilinchnone such as 2.

Computational Analysis. Firstly, we have addressed the
influence exerted by dipolarophiles on the 1,3-dipolar
cycloadditions of thioisomiinchnone 1 with compounds 3-7. All
the reactions were simulated at the MO06-2X/6-311++G(d,p)
level using the continuum solvation model (SMD) in the solvent
employed experimentally. Accordingly, the reactions with 1-
phenyl-1H-pyrrole-2,5-dione (3) and (E)-(2-nitrovinyl)benzene
(5) were simulated in CH,Cl,, whereas the reaction with
dimethyl maleate (4) was evaluated in toluene. Because of the
reactions with acrylonitrile (6) and but-3-en-2-one (7) were
carried out under neat conditions using such dipolarophiles as
solvents, their role was simulated computationally by means of
2-propanol and N,N-dimethylacetamide, respectively.

The reactions of 1 with symmetrical dipolarophiles 3 and 4
are highly concerted processes that could lead to endo
cycloadducts 8 and 12 and/or to their exo isomers 9 and 11,
respectively. Both endo and exo approaches of 3 to
thioisomiinchnone 1 are characterized by very similar energy
barriers. This small energy difference clearly accounts for the
experimental isolation of both diastereomers (Figure 9, left). In
stark contrast, the reaction of 1 with 4 is more selective (Figure
9, right) and formation of diastereomer 11, experimentally
isolated, constitutes the most favorable process.

In order to understand the enhanced reactivity of dimethyl
maleate (4) during its exo approach to dipole 1 (TS11), we
compared the main NBO (natural bond orbital)'* interactions of
the four saddle points TSs, TSe, TS11, TS12. Figure 10 shows the
optimized geometries of such saddle points together with the
two main orbital interactions for each structure. The most
concerted cycloadditions were found for 1-phenyl-1H-pyrrole-
2,5-dione (3), whereas the cycloadditions with dimethyl
maleate are slightly more asynchronous. The donation process
(from dipole to dipolarophile) in the four saddle points involves
the same orbitals [LP(C2) of the dipole as donor and the nt* of
the dipolarophile as acceptor], where the strongest interaction
corresponds to TSi2 and the weakest one to TS11. On the other
hand the back-donation interactions for saddle points TSg, TS
and TS12 are weaker than the corresponding donation processes
and involve the same orbitals as well, namely the nt orbital of
the dipolarophile as donor and the n*(C7a-N4) of the dipole as
acceptor. The behavior is reversed in the most favored
approach of dimethyl maleate (TSii1), for which the back-
donation is markedly higher than the opposite interaction,
where the acceptor orbital is the empty lone pair of the C-7a
carbon atom [LV(C7a)].

As noted in our preceding synthetic analysis, the reaction of
1 with unsymmetrical dipolarophiles (5-7) would afford up to
four cycloadducts in every case: 14 and 27-29 from [(E)-(2-
nitrovinyl)benzene (5); 16, 17, 30, and 31 from acrylonitrile (6);
and 20 and 32-34 from but-3-en-2-one (7).

This journal is © The Royal Society of Chemistry 20xx
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Figure 9. Relative free energy values (AG, kcal mol?) of all stationary
points involved in both endo and exo approaches of 1 to 3 and 4,
calculated at the M06-2X/6-311++G(d,p) level in CH,Cl, for 3 and
toluene for 4 (SMD).

Figure 11 shows the free energy barriers for the four
competitive approaches of 1 and 5 in CH,Cl,. The results
indicate that cycloadducts 14 and 27 should be generated
through a two-step mechanism whose first stage is the rate-
limiting step. This stepwise mechanism is energetically favored
with respect to the concerted mechanism leading to
regioisomers 28 and 29. The formation of 14 is kinetically
favored with respect to that of 27 by ~3 kcal mol?, in good
agreement with experimental results.

It is worth mentioning that factors contributing to the
stabilization of zwitterionic intermediates in cycloaddition

ARTICLE

reactions, like lia and l7 in the present work, have been
discussed recently.’> Herein, in the reaction with (E)-(2-
nitrovinyl)benzene (5), the electron-withdrawing effect owing
to the nitro group allows to concentrate a high electron charge
that stabilizes the intermediates. The electrostatic potential
maps for such two zwitterionic intermediates are shown in
Figure 11, where the electron charge is highly localized on the
nitro groups.

The four approaches acrylonitrile  (6) to
thioisomiinchnone 1 are concerted cycloadditions, albeit they
proceed with different levels of asynchronicity (Figure 12). Thus,
the formation of cycloadducts 30 and 31 occurs through more
concerted pathways than the rest, although they are also
energetically disfavored, pointing to a regioselective
cycloaddition, in close mimicry to the cycloaddition of 1 and 5.

The most asynchronous saddle point (TSs6) is practically as
stable as its diastereomer TS17 (AAG* 0.66 kcal mol?), thereby
suggesting a non-diastereoselective cycloaddition as it was
demonstrated experimentally.

The energy landscape of the four reaction channels of 1 with
but-3-en-2-one (7) (Figure 13) is likewise similar to those
previously described for the cycloaddition with acrylonitrile
(Figure 12). The reaction is regioselective because the more
asynchronous saddle points (TS20 and TSs2) are more favored
than their regioisomers TSs3 and TSsa, although the calculated
AAG* [AGH(TSz0) - AGH(TS3;) < 1 kcal mol?] value would justify
the lack of diastereoselectivity and the formation of both
cycloadducts (20 and 32) in similar ratio. Moreover, this finding
suggests that the formation of thioether 18 should most likely
arise from the evolution of cycloadducts 20 and 32.

of

]
LP(C2)-n*(C3-C4) LP(C2)-n*(C3-C4)
[86.7 keal mol?] [67.7 keal mol ]

&

T(C3-C4)-*(C7a-N4)
[39.7 keal mol?]
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m(C3-C4)-m*(C7a-N4)
[43.8 keal mol %]
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LP(C2)-m*(€2-C3)
[115.4 keal mol?]

LP(C2)-n*(C2-€3)
[27.8 keal mal?]

T(C3-C4)-*(C7a-N4)
[20.5 keal mol?]

n(C2-C3)-Lv(C73)
[149.2 keal mol]

Figure 10. Optimized geometries of saddle points TSs, TS, TS11 and TS1; at the M06-2X/6-311++G(d,p)-level in CH,Cl; for 3 and in toluene for
4 (SMD). Bond distances are given in angstroms. The highest values of charge transfer found in the four saddle points are given in kcal mol=.
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dimethylacetamide (SMD method).

Our computational study shows that the cycloadditions of
asymmetrical dipolarophiles 5, 6 and 7 with 1 are regioselective.
Moreover, the endo approaches for this regiochemistry are
favored, albeit to a lesser extent. In order to explain this
selectivity we have compared the main orbital interactions
present in the saddle points TS1is, TSis and TSs» (endo
approaches of dipolarophiles 5-7 to dipole 1) with those of the
opposite regiochemistry, namely TSis, TS31 and TSss. Such
geometries along with the main orbital interactions are

This journal is © The Royal Society of Chemistry 20xx
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Figure 13. Relative free energy values (AG, kcal mol?) of all stationary
points involved in the four possible approaches of 1 and 7 calculated
at the M06-2X/6-311++G(d,p) level in 2-propanol (SMD method).

gathered in Figures 14 and 15. The most favored approaches
proceeding through TS114, TS16 and TSs; exhibit a high charge
transfer in the direction dipole-dipolarophile, whereas the
corresponding back-donation is irrelevant. On the other hand,
the less favored attacks occurring through TSzg, TS31 and TSsa
exhibit a similar behavior to those of TS11 (see Figure 10), where
the back-donation dictates the charge transfer process.
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LP(C2)-m*(C3-C4) LP(C2)-m*(C3-C4) LP(C2)-m*(C3-C4) LP(C2)-m*(C3-C4)
[173.7 keal mol?] [45.1 keal mol] [253.4 keal mol '] [35.4 kcal mol!]

n(C3-C4)-n*(CTa-N4) {C3-C4)-i*(C7a-N4)
[55.8 kcal mol!] [63.00 kcal mal?]

Figure 14. Optimized geometries for saddle points TS114, TS29, TS16 and TSs; at the M06-2X/6-311++G(d,p)-level in CH,Cl, for 5 and in N,N-
dimethylacetamide for 6 (SMD). Bond distances are given in angstroms. The highest values of charge transfer found in the four saddle points
are given in kcal mol.

It is worth pointing out that although the formation of 16
and 32 are concerted cycloadditions, the geometry of their
saddle points TS16 and TSs; is quite similar to that of TS114, which
corresponds to a stepwise process. Furthermore, the
interaction energy is even higher for the cycloaddition with
acrylonitrile (TS16) (see Figures 14 and 15).

The IRC (intrinsic reaction coordinate) analyses for saddle
points TSig and TSs2 show a caldera-like region with a
pronounced depression of the energy gradient. The geometries
for such structures are quite similar to TS214, which corresponds
to the second saddle point of the stepwise cycloaddition of 1
LPlC2-m(ca-Ca) LPIC2¥{C-CA) with (E)-(2-nitrovinyl)benzene (5). Also the back-donation
[162:5 keal mot] 27.1 keal mol '] courses are similar both in orbital composition and interaction
energies. In this case the lowest charge transfer was obtained
in the cycloaddition with acrylonitrile (6) (Figure 16).

In order to assess the facial stereocontrol induced by the
chiral thioisomiinchnone (2) with the bulkiest symmetrical and
asymmetrical dipolarophiles employed in this work (3 and 5),

n(;ﬂ&ﬂ;ﬁ;ﬁ;;}lﬂ we have considered the formation of all the possible
diastereomers, i.e. up to four in the cycloaddition with 1-
Figure 15. Optimized geometries for saddle points TSs2 and TSss at  phenyl-1H-pyrrole-2,5-dione (21, 22, 35, and 36) and up to eight
the MO06-2X/6-311++G(d,p)-level in 2-propanol (SMD). Bond with (E)-(2-nitrovinyl)benzene (24, and 37-43).
distances are given in angstroms. The highest values of charge
transfer found in the four saddle points are given in kcal mol-.
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Figure 16. IRC analyses for saddle points TSs6 (left) and TSs2 (middle). The geometries for the lowest gradient in the caldera-type region are
depicted as well together with NBO interactions during the back-donation. The optimized geometry for TS214 at the M06-2X/6-311++G(d,p)-
level in CH,Cl; (SMD) and the back-donation interaction are shown on the right.

Figure 17 shows the energy barriers for the four approaches
of 2 and 3, leading to cycloadducts 21, 22, 35, and 36. The exo-
approaches of 3 to the 2-Re,7a-Re and 2-Si, 7a-Si faces of 2would
afford 21 and 22, respectively, through the corresponding
saddle points TSz1 and TSz, whereas 35 and 36 would form, via
TS3s and TSsg, as a result of the endo-approaches of 3 to the 2-
Re,7a-Re and 2-Si,7a-Si faces of 2. All cycloadditions are very
concerted processes and the free energies computed for TS;3,
TS, and TSss are similar to those found for TSg and TSy (Figure
9). The highest energy barrier corresponds to the formation of
the endo cycloadduct 36, where the approach of the 1H-
pyrrole-2,5-dione ring lies near the isopropyl group (TSse)
exerting a marked steric effect. However, the isopropyl group
does not affect significantly the exo approach of 3 to the same
face (2-Si,7a-Si) of the mesoionic ring (TS22) (vide infra), a fact
which manifests itself in a lower energy barrier and explains the
isolation of cycloadduct 22.

A suitable algorithm for depicting, in qualitative form, the
non-covalent interactions exerted by the bulky isopropyl group
involves the use of the RDG (reduced density gradient)1®
function, whose 3D representation (reduced gradient
multiplied by the sign of the second Hessian eigenvalue of the

This journal is © The Royal Society of Chemistry 20xx

electron density, against the electron density) allows an eye-
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Figure 17. Relative free energy values (AG, kcal mol?) of all stationary
points involved in the endo and exo approaches of 2 and 3 calculated
at the M06-2X/6-311++G(d,p) level in CH,Cl; (SMD method).
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visualization of the zones where such weak interactions take
place. Figure 18 shows the 3D plots of the steric and Van der
Waals interactions played by the isopropyl group during the
approach of 3 to thioisominchnone 2 through the 2-Si,7a-Si
face (TS22 and TS36). As shown in this Figure, the 1H-pyrrole-2,5-
dione ring lies far from the isopropyl group in the exo approach
(TS22) and the small steric repulsion is offset by the Van der
Waals interaction. This situation mismatches the graphical plot
for TS3s where the imide ring lies in close proximity to the
isopropyl group and the Van der Waals interactions do not
offset such a substantial steric hindrance.

The energy gaps associated to the reaction of 2 with (E)-(2-
nitrovinyl)benzene (5) are collected in Figures 19 and 20.
Pathways involving the approach of 5 to the 2-Re,7a-Re face of
2 (Figure 19) are more favored processes than the
corresponding approaches to the 2-Si,7a-Si face (Figure 20),
thus highlighting the facial selection exerted by the isopropyl
group on a bulky dipolarophile like 5. Notably, the reaction
channels facing carbon atoms C-2 and C-7a of 2 with C-2 and C-
1 of 5, respectively, are stepwise processes whereas the
reaction pathways with the opposite regiochemistry are
concerted, albeit energetically less favored, processes. Stepwise

ARTICLE

cycloadditions involving the 2-Re,7a-Re face of 2 have free
energy barriers similar to those shown in Figure 11, while the
processes involving the 2-Si,7a-Si face are somewhat less
favorable from an energy viewpoint.

A

A /

~
Hydrogen bonds

SN N
Van der Waals Steric repulsions

Figure 18. 3D Plots of the reduced density gradient (RDG) versus the
electron density. Results are shown for the geometries of the
transition structures TS, and TSsg optimized at the MO062X/6-
311++g(d,p) level in CH,Cl, (SMD).
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Figure 19. Relative free energy values (AG, kcal mol!) of all stationary points involved in the four approaches of 5 to the 2-Re,7a-Re face of
2 calculated at the M06-2X/6-311++G(d,p) level in CHyCl, (SMD method).
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Figure 20. Relative free energy values (AG, kcal mol?) of all stationary points involved in the four approaches of 5 to the 2-Si,7a-Si face of 2

calculated at the M06-2X/6-311++G(d,p) level in CHyCl; (SMD method).

Among the cycloadditions computationally studied, the
reaction of dipole 2 with (E)-(2-nitrovinyl)benzene appears to be
the most selective process and predicts the formation of only
one cycloadduct (24), thus corroborating the experimental
results.

In order to gain further insight into the facial stereocontrol
exerted by the isopropyl group of the chiral thioisomiinchnone
2, we employed the well-established distortion/interaction
model to quantify the distortion energies of the reactants when
they approach to both the 2-Re,7a-Re and 2-Si,7a-Si faces of 2.
The distortion/interaction or activation strain model has been
found to be particularly useful to account for the experimental

2-Re,7a-Re face of 2 2-Si,7a-Si face of 2

trends in reactivity and selectivity of some dipolar
cycloadditions.1?

Figure 21 shows the distortion energies of the dipole (in red)
dipolarophiles (blue), interaction energies (green) and
activation energies (black) for the saddle points calculated in
the reactions of the dipole 2 with 3 (above) and 5 (below). The
results obtained for the reaction with 1-phenyl-1H-pyrrole-2,5-
dione (3) show that the distortion energies of the dipole mirror
the free energy barriers depicted in Figure 17, where the values
for the transition structures TSz1, TS22 and TSs3s appear to be
quite similar. On the other hand, the saddle point TSs¢, which
corresponds with the endo approach of 3 to the 2-Si,7a-Si face

of 2 shows a higher distortion energy.
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Figure 21. Distortion energies of the dipole (red) dipolarophiles (blue), interaction energies (green) and activation energies (black) for the
reactions of chiral thioisomiinchnone 2 with dipolarophiles 3 (above) and 5 (below) along with optimized structures of the saddle points
TS133 and TS139 at the M06-2X/6-311++G(d,p) level in CH,Cl, (SMD method). For clarity the backbone of the dipole and the nitro group has
been represented with balls, whereas the remaining molecular fragments are depicted with wireframe.
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The distortion energy of the dipole for the reaction with (E)-
(2-nitrovinyl)benzene (5) also matches the free energy barriers
obtained (Figures 19 and 20). The saddle points corresponding
to the concerted cycloadditions show that the approach of 5 to
the 2-Si,7a-Si face of 2 (TSa2 and TSy3) gives rise to higher values
of AG* and distortion energy of the dipole than the approach of
5 to the 2-Re,7a-Re face of 2 (TS0 and TSa1). On the other hand,
the results obtained for the stepwise processes agree with
those of the reaction with 1-phenyl-1H-pyrrole-2,5-dione (3),
where the exo approach of the dipolarophile to the 2-Si,7a-Si
face of 2 (TS139) leads to a similar distortion energy than that of
the approach to the opposite face (2-Re,7a-Re) (TS1lz4 and
TS137). These differences in the distortion energy of the dipole
for TS13g3 and TS139 can be visualized in Figure 21, where the
endo approach of 5 to 2 in TS135 forces the dipole to distort due
to the proximity of both isopropyl and nitro groups.

We have noted previously that the reaction of
thioisomiinchnone 1 led to a thioether derivative (18) when
reacted with but-3-en-2-one (7). This behavior could also be
detected in the reaction between the chiral dipole 2 and (E)-(2-
nitrovinyl)benzene (5), where the enantiomerically pure
thioether 25 comes, unequivocally, from the endo cycloadduct
(24). Compound 25 could then be generated by conjugate
addition of thiolate 45 or thiol 26 to one additional molecule of
5. The intermediacy of 26 would require the abstraction of H-8
by the sulfur atom attached to C-6 in 45 (Scheme 1).
Cycloadduct 14 could evolve in a similar way, although
compound 46 was not detected experimentally.

15R™H
26 R~ iPr

l5
5 R*fs

44 RTH
45 RTipr

Ph" NO,
46 R™H
25 RTIpr

Scheme 1. Possible transformations of cycloadducts 14 and 24 to
yield thiols 15 and 26 or thioethers 46 and 25.

This journal is © The Royal Society of Chemistry 20xx

Figure 22 shows the reaction pathways for the formation of
thiols 15 and 26 from cycloadducts 14 and 24, respectively. The
conjugate addition of the (E)-(2-
nitrovinyl)benzene (5) could take place either by reaction of
thiols 15 and 26 or thiolates 44 and 45. The markedly higher
stability of thiols relative to that of thiolates [even isolable in
one case (15)], and the fact that 44 and 45 must be stronger
nucleophiles, suggests that the formation of 15 and 26 would

second unit of

take place through the intermediacy of 44 and 45. The reaction
profiles depicted in Figure 22 show that, even though the
energy barriers involved in the formation of 15 and 26 are
identical, the rate-limiting step and the relative stability of the
zwitterionic intermediates 44 and 45 is different. Accordingly, if
these intermediates were formed, the average life of 45 should
be higher than that of 44, which would account for the
subsequent reaction of 45 with another molecule of (E)-(2-
nitrovinyl)benzene to give the cycloadduct 25.

Ac (kcal moj 1)

. 00
02 P17
e 24 S—
15 26

Figure 22. Relative free energy values (AG, kcal mol?l) of all
stationary points involved in the transformation of 14 and 24 into
thiols 15 and 26, respectively, calculated at the MO06-2X/6-
311++G(d,p) level in CH,Cl; (SMD method).

Conclusions

The reactivity of 2-phenyl-5,6-dihydrothiazolo[2,3-b]thiazol-4-
ium-3-olate (1) against symmetrical [1-phenyl-1H-pyrrole-2,5-
dione (3) and dimethyl maleate (4)] and asymmetrical [(E)-(2-
nitrovinyl)benzene (5), acrylonitrile (6), and but-3-en-2-one (7)]
olefinic dipolarophiles, as well as the unichiral version (2) with
3 and 5 have been investigated in detail. The cycloaddition of 1
with 1-phenyl-1H-pyrrole-2,5-dione (3) was
diastereoselective, which contrasts to the situation with

not

dimethyl maleate (4), from which only the exo cycloadduct (11)
could be obtained. The reactions with unsymmetrically-
substituted dipolarophiles (5-7) were found to be completely

regioselective. The isopropyl group of the unichiral
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thioisomilinchnone 2 dictates a marked facial stereocontrol
against bulky dipolarophiles like 3 and 5, giving rise to
enantiomerically-pure cycloadducts. Computational results at
the MO062-X/6-311++G(d,p) level with inclusion of solvent
effects (SMD model) have demonstrated that these kinetically-
controlled  1,3-dipolar  cycloadditions are concerted
transformations of varied synchronicity with the sole exception
of (E)-(2-nitrovinyl)benzene (5), which takes place by a stepwise
mechanism with the characterization of zwitterionic
intermediates that evolve to the most favored regioisomers. A
natural bond orbital (NBO) analysis of molecular interactions at
the saddle points reveals that cycloadditions with symmetrical
dipolarophiles are favored when back-donation (electron flux
from dipolarophile to dipole) overcomes the donation effect.
On the contrary, when this situation occurs with asymmetrical
dipolarophiles, the resulting cycloadditions are disfavored, i.e.
such saddle points lead to the non-observed regioisomers.
However, the transition structures evolving into the favored
regioisomers exhibit strong donation processes. Analyses of the
energy barriers for unichiral thioisominchnone 2 show in
general a pronounced facial stereoselection, which agrees with
the distortion energy of the dipole.

Experimental section

General methods. Solvents and reagents were purchased from
commercial suppliers and used without further purification. The
identity of all compounds was confirmed by their elemental
analyses, melting points, NMR and crystallographic data
(Electronic Supplementary Information). Optical rotations were
measured using a Na lamp ([a]p values at A = 589 nm).

Computational details. All the geometries were optimized by
the density functional theory (DFT) with the MO06-2X18 in
combination with 6-311++G(d,p)!® basis set and were
performed  with program package?°. The
geometries were optimized including solvation effects in
toluene and dichloromethane, which have been estimated by
the well-established solvation model density (SMD)?! method
that takes into account different contributions such as long-
range electrostatic polarization (bulk solvent effect). The IRC
analysis (intrinsic reaction coordinate) for the cycloadditions
involving compound 1 demonstrate that each saddle point
belongs to the reaction path. Ground and transition structures
were characterized by none and one imaginary frequency,
respectively. All the relative energies shown are free energies
calculated at 298.15 K with respect to the reagents. The orbital
interaction in the saddle points and the geometries of the low-
gradient region in caldera-type areas were carried out with the
NBO 6.0 package?? and visualized with Jmol.23

Gaussian09
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Synthetic methods.

6,8-Diphenyldihydro-2H-6,9b-epithiopyrrolo[3,4-
c]thiazolo[3,2-a]pyridine-5,7,9(3H,8H,9aH)-trione (9). A
mixture of 1 (7 mmol) and 3 (10.5 mmol) in CH,Cl, (80 mL) was
kept at room temperature for 24 h until the disappearance of
the orange color of the mesoionic heterocycle (1). The solution
was concentrated at reduced pressure (rotary evaporator)
affording crystals of the exo cycloadduct (9) (28%). Mp 220-221
oC; IR (KBr) vmax 3060, 2934, 2358, 1707, 1497, 1445, 1380,
1260, 1186, 752, 695 cm1; 1H NMR (CDCls, 500 MHz): § 7.43-
7.21 (m, 10H), 4.20-4.17 (m, 1H), 4.08 (d, J = 7.0 Hz, 1H), 3.88 (d,
J =7.0 Hz, 1H), 3.50-3.39 (m, 2H), 3.29-3.23 (m, 1H) ppm; 13C
NMR (CDCl3, 125 MHz): 6 172.1, 171.5, 170.9, 131.3, 130.2,
129.1, 129.0, 128.9, 128.6, 128.3, 126.2, 87.2, 75.0, 60.0, 51.3,
46.5, 33.5 ppm. Anal. Calcd for C;H16N,03S;: C, 61.75; H, 3.95;
N, 6.86; S, 15.70. Found: C, 61.57; H, 3.98; N, 6.72; S, 15.83.

6,8-Diphenyldihydro-2H-6,9b-epithiopyrrolo[3,4-
c]thiazolo[3,2-a]pyridine-5,7,9(3H,8H,9aH)-trione (8). After
filtration of compound 9, the resulting solution was evaporated
to dryness under reduced pressure to give a solid residue, which
consisted of a mixture of 8 and 9. That solid was recrystallized
from ethyl acetate yielding the endo cycloadduct (8) (43%). Mp
227-229 °C; IR (KBr) vmax 3058, 2973, 2929, 2879, 1778, 1714,
1493, 1378, 1333, 1213, 1187, 760, 730, 691 cm; 1H NMR
(CDCls, 500 MHz): & 7,77 (d, J = 7.0 Hz, 2H), 7.44-7.37 (m, 6H),
7.16 (d, J = 7.0 Hz, 2H), 4.56 (d, J = 8.5 Hz, 1H), 4.30 (d, J = 8.5
Hz, 2H), 4.20-4.17 (m, 1H), 3.47-3.34 (m, 3H) ppm; 13C NMR
(CDCl3, 125 MHz): 6 170.8, 170.3, 169.7, 131.3, 131.1, 129.2,
129.2,129.1, 129.04, 128.4, 126.4, 86.2, 72.9, 59.0, 54.1, 46.6,
34.1 ppm. Anal. Calcd for C1H16N203S;: C, 61.75; H, 3.95; N,
6.86; S, 15.70. Found: C, 61.63; H, 4.01; N, 6.80; S, 15.91.

6,8-Diphenyl-2,3-dihydropyrrolo[3,4-c]thiazolo[3,2-

a]pyridine-5,7,9(8H)-trione (10). A mixture of cycloadducts 8
and 9 (0.5 g) in toluene (300 mL) containing silica gel [Merck 60
(400-230 mesh)] (3 g) was stirred at reflux for 72 h until the
disappearance of both cycloadducts (TLC analysis: ethyl
acetate:hexane 1:2 v/v). The silica gel was removed by filtration
and washed with acetone until formation of a colorless solution.
The solvent was removed under reduced pressure giving a solid,
which was suspended in ethyl acetate yielding solid
thiazolopyridone 10 that was further recrystallized from ethyl
acetate (54%). Mp 195-196 9C; IR (KBr) vmax 3023, 1754, 1709,
1654, 1586, 1363, 1137, 1098, 766, 690 cm-1; 'H NMR (CDCls,
500 MHz): & 7.50-7.34 (m, 10H), 4.48 (t, J = 8.0 Hz, 2H), 3.49 (t,
J = 8.0 Hz, 2H) ppm; 13C NMR (CDCls, 125 MHz): & 164.0, 163.7,
161.7, 149.4, 134.3, 131.1, 130.0, 129.6, 128.8, 128.6, 127.8,
127.3, 126.5, 126.0, 101.6, 50.4, 28.6 ppm. Anal. Calcd for
C21H14N203S: C, 67.37, H, 3.77; N, 7.48; S, 8.56. Found: C, 67.24;
H, 3.81; N, 7.40; S, 8.70.

Dimethyl 5-ox0-6-phenylhexahydro-6,8a-
epithiothiazolo[3,2-a]pyridine-7,8-dicarboxylate (11). A
mixture of 1 (2.6 mmol) and 4 (3.8 mmol) in toluene (50 mL) was
stirred at reflux during 4 h until the disappearance of the orange
color of the mesoionic heterocycle (1). The solution was allowed
to cool at room temperature, affording crystals of the exo
cycloadduct 11 (71%). Mp 185-187 °C; IR (KBr) vmax 3452, 3406,
3034, 2946, 2880, 2835, 2361, 1742, 1716, 1447, 1354, 1217,

This journal is © The Royal Society of Chemistry 20xx



1159, 1058, 965, 949, 844, 748, 697; cm1; TH NMR (CDCls, 500
MHz): § 7.36-7.27 (m, 5H), 4.19-4.16 (m, 1H), 4.11 (d, 1H, J= 9.0
Hz), 3.74 (d, 1H, J = 9.0 Hz), 3.69 (s, 3H), 3.36-3.33 (m, 2H), 3.24
(s, 3H), 3.12-3.08 (m, 1H). 13C NMR (CDCls, 125 MHz): & 171.6,
169.7, 168.6, 131.1, 128.7, 128.3, 128.1, 86.0, 74.1, 63.0, 55.2,
52.3,51.8,45.7,32.9 ppm. Anal. Calcd for C17H17NOsS;: C, 53.81;
H, 4.52; N, 3.69; S, 16.90. Found: C, 53.78; H, 4.49; N, 3.71; S,
17.15.
8-Nitro-6,7-diphenyltetrahydro-6,8a-epithiothiazolo[3,2-
alpyridin-5(6H)-one (14). A mixture of 1 (2.12 mmol) and (E)-(2-
nitrovinyl)benzene (5) (3.21 mmol) in CH,Cl; (25 mL) was kept
at room temperature for 72 h until the disappearance of the
orange color of the mesoionic heterocycle (1). The solvent was
evaporated to dryness affording a solid residue that was treated
with ethyl acetate yielding the title compound, which could be
obtained in pure form by recrystallization from ethyl acetate
(63%). Mp 204-205 2C; IR (KBr) vmax 3414, 3064, 3036, 2994,
2934, 2881, 1719, 1550, 1366, 1332, 939, 860, 775, 741, 702,
694, 609 cm; IH NMR (CDCls, 500 MHz): 6 7.28-7.30 (m, 2H),
7.03-7.12 (m, 6H), 7.03-7.05 (m, 2H), 5.78 (d, J = 4.5 Hz, 1H), 4.54
(d, J = 5.0 Hz, 1H), 4.25 (m, 1H), 3.47 (m, 2H), 3.29 (m, 1H) ppm;
13C NMR (CDCls, 125 MHz): 6§ 171.1, 135.7, 131.0, 128.5, 128.4,
128.4, 128.3, 128.2, 128.0, 97.8, 86.1, 77.2, 56.0, 46.2, 33.9.
Anal. Calcd for C19H16N205S;: C, 59.35, H, 4.19; N, 7.29; S, 16.68.
Found: C, 59.22; H, 4.18; N, 7.25; S, 16.79.
6-Mercapto-8-nitro-6,7-diphenyl-6,7-dihydro-2H-
thiazolo[3,2-a]pyridin-5(3H)-one (15). To a solution of
compound 14 (0.2 g) in CHxCl; (30 mL) was added silica gel
[Merck 60 (400-230 mesh)] (3 g) and the mixture was stirred at
reflux for 19 h until the disappearance of 14 (TLC analysis: ethyl
acetate:hexane 1:2 v/v). The silica gel was removed by filtration
and washed with dichloromethane until a colorless solution
resulted. The solvent was removed under reduced pressure
giving rise to thiol 15, which was crystallized from diethyl ether
on standing (52%). Mp 213-214 °C; IR (KBr) vmax 3059, 2941,
2892, 2558, 1695, 1578, 1446, 1300,1234, 1186, 721, 697 cm-1;
14 NMR (CDCls, 500 MHz): & 7.33-7.43 (m, 8H), 7.22-7.24 (m,
2H), 5.33 (s, 1H), 4.70-4.75 (m, 1H), 4.14-4.20 (m, 1H), 3.15-3.25
(m, 2H), 2.33 (s, 1H) ppm; 13C NMR (CDCl3, 125 MHz): & 168.1,
154.7, 139.3, 135.8, 129.4, 129.1, 129.0, 128.8, 128.7, 126.9,
125.3, 60.0, 50.5, 50.1, 28.6. Anal. Calcd for Ci9H16N203S3: C,
59.35, H, 4.19; N, 7.29; S, 16.68. Found: C, 59.27; H, 4.15; N,
7.28; S, 16.80.
5-0Ox0-6-phenylhexahydro-6,8a-epithiothiazolo[3,2-
alpyridine-8-carbonitrile (16). Compound 1 (2.98 mmol) was
dissolved in acrylonitrile (6) (20 mL) and kept at room
temperature for 24 h until the disappearance of the orange
color of 1. The endo cycloadduct 16 was isolated by column
chromatographic (ethyl acetate:petroleum ether 1:5 v/v) and
recrystallized from ethyl acetate (18%). Mp 134-135 C; IR (KBr)
Vmax 3422, 3058, 3031, 2826, 2874, 2237, 1717, 1598, 1445,
1360, 1332,1261,1185,1112,978,927,794, 765, 708 697, 673,
574, 501, 457 cm; TH NMR (CDCls, 500 MHz): 6 7.45-7.36 (m,
5H), 4.20-4.16 (m, 1H), 3.97-3.95 (dd, 1H, J = 4 Hz, J = 10 Hz),
3.71-3.65 (m, 1H), 3.51-3.43 (m, 2H), 3.21-3.17 (dd, 1H, J = 10
Hz, J = 13 Hz), 3.05-3.01 (dd, 1H, J = 4 Hz, J = 13 Hz). ppm; 13C
NMR (CDCls, 125 MHz): 171.7,132.8,129.0, 128.7,127.9, 117.9,
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87.1, 71.4, 46.4, 44.5, 40.9, 34.5. Calcd for Ci4H12N;0S3: C,
58.31; H, 4.19; N, 9.71; S, 22.24. Found: C, 58.27; H, 4.21; N,
9.68; S, 22.07.

5-0Ox0-6-phenylhexahydro-6,8a-epithiothiazolo[3,2-
alpyridine-8-carbonitrile (17). In following the
methodology as for endo cycloadduct 16, the exo cycloadduct
was recrystallized from ethyl acetate. (20%). Mp 157-158 °C; IR
(KBr) vmax 3409, 3059, 2936, 2884, 2243, 1800, 1718, 1595,
1444, 1363, 1299, 1218, 1151, 1070, 989, 938, 844, 702, 626,
558, 491 cm1; 1H NMR (CDCls, 500 MHz): 6 7.45-7.38 (m, 5H),
4.18-4.11 (m, 1H), 3.57-3.55 (dd, 1H, J = 3.5 Hz, J = 8 Hz), 3.51-
3.43 (m, 2H), 3.34-3.29 (m, 1H), 3.18-3.14 (dd, 1H, J = 8 Hz, J =
13 Hz), 3.03-3.00 (dd, 1H, J = 4 Hz, J = 13 Hz). ppm; 13C NMR
(CDCls, 125 MHz): 172.0, 132.6, 129.0, 128.7, 128.0, 118.9, 88.3,
71.3, 46.1, 45.8, 41.5, 34.2. Calcd for C14H12N,0S;: C, 58.31; H,
4.19; N, 9.71; S, 22.24. Found: C, 58.25; H, 4.22; N, 9.69; S,
22.10.

8-Acetyl-6-((3-oxobutyl)thio)-6-phenyl-6,7-dihydro-2H-
thiazolo[3,2-a]pyridin-5(3H)-one (18). Compound 1 (4.26
mmol) was dissolved in but-3-en-2-one (7) (20 mL) and heated
at reflux for 30 minutes, until the disappearance of the orange
color of 1. The solution was evaporated to dryness and the
residue was dissolved in warm ethyl acetate. After cooling to
room temperature the tittle compound crystallized as a white
solid (32%). Mp 182-183 °C; IR (KBr) vmax 3338, 2980, 2879,
2829, 1705, 1678, 1639, 1518, 1372, 1248, 1202, 1125, 985,
849, 706, 588, 461 cm1; TH NMR (CDCls, 500 MHz): § 7.54-7.53
(d, 2H, J = 7.5 Hz), 7.40-7.37 (t, 2H, J = 7.5 Hz), 7.32-7.29 (t, 1H,
J=7.5Hz),4.26-4.23 (t, 2H,J = 7.5 Hz), 3.24-3.20 (d, 1H, J=16.5
Hz), 3.19-3.10 (m, 2H), 3.05-3.02 (d, 1H, J = 16.5 Hz), 2.66-2.63
(t, 2H, J = 6.5 Hz), 2.56-2.53 (t, 2H, J = 6.5 Hz), 2.21 (s, 3H), 2.07
(s, 3H). ppm; 13C NMR (CDCls, 125 MHz): 205.9, 193.5, 167.0,
151.8, 138.3, 128.5, 127.8, 127.5, 105.7, 56.9, 47.9, 42.3, 39.2,
29.7, 28.0, 27.1, 23.9. Anal. Calcd for C19H21NOsS;: C, 60.77; H,
5.64; N, 3.73; S, 17.08. Found: C, 60.62; H, 5.72; N, 3.65; S,
16.78.

8-Acetyl-6-phenyltetrahydro-6,8a-epithiothiazolo[3,2-
alpyridin-5(6H)-one (20). From the reaction mixture of 1 and 7,
the exo cycloadduct 20 could be isolated by column
chromatography (ethyl acetate:petroleum ether 1:5 v/v).
Recrystallized from ethyl acetate (22%) had mp 178-179 °C; IR
(KBr) vmax 3344, 3083, 2943, 2889, 1686, 1640, 1442, 1374,
1347, 1115, 950, 925, 842, 749, 628 cm1; 1H NMR (CDCls, 500
MHz): 6 7.45-7.43 (dd, 2H, J = 1.5 Hz y J = 8.5 Hz), 7.34-7.29 (m,
3H), 5.00-4.98 (dd, 1H, J = 2.5 Hz, J = 6.5 Hz), 4.28-4.21 (m, 1H),
4.05-3.99 (m, 1H), 3.52-3.48 (dd, 1H,J=2.5Hz,J=16.5 Hz), 3.16-
3.09 (m, 2H), 3.03-2.99 (m, 1H), 2,29 (s, 3H) ppm; 13C NMR
(CDCl3, 125 MHz): 194.84, 166.02, 135.69, 134.65, 128.66,
128.51, 127.35, 94.59, 59.78, 48.57, 33.86, 30.13, 28,26. Anal.
Calcd for CisHisNO.S,: C, 58.99, H, 4.95; N, 4.59; S, 21.00.
Found: C, 58.73; H, 5,11; N, 4.48; S, 19.85.

(3S,65,6aS,9aR,9bS)-3-Isopropyl-6,8-diphenyldihydro-2H-
6,9b-epithiopyrrolo[3,4-clthiazolo[3,2-a]pyridine-
5,7,9(3H,8H,9aH)-trione (21). A mixture of 2 (2.2 mmol) and 3
(3.3 mmol) in CH,Cl; (80 mL) was kept at room temperature for
24 h until the disappearance of the orange color of the
mesoionic heterocycle (2). The solvent was evaporated to

same
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dryness under reduced pressure and the resulting residue was
dissolved in ethyl acetate. Further addition of petroleum ether
(6 mL) resulted in crystals of the title compound (72%). Mp 221-
223 9C; [a]p 52.32 (¢ 4.6 CH>ClL); IR (KBr) Vmax 3477, 3063, 3034,
2962,2873,1781, 1704, 1596, 1498, 1375, 1195, 751, 694 cm™1;
1H NMR (CDCls, 500 MHz): 6 7.35-7.44 (m, 8H), 7.20-7.23 (m,
2H) 4.02 (d, J = 7 Hz, 1H), 3.98-4.00 (m, 1H), 3.84 (d, J = 7 Hz,
1H), 3.36 (dd, J = 8.5 Hz, J = 11.5 Hz, 1H), 3.24 (q, 1H, J = 5.5 Hz),
2.94-3.01 (m, 1H), 1.01 (d, J = 7.5 Hz, 1H), 0.91 (d, J = 6.5 Hz, 3H)
ppm; 133C NMR (CDCls, 125 MHz): 6 171.9, 171.0, 169.9, 131.4,
130.6, 129.10, 129.0, 128.9, 128.7, 128.2, 126.2, 88.0, 66.2,
60.6, 50.6, 33.5, 26.6, 20.2, 16.1. Anal. Calcd for Ca4H22N203S;:
C,63.98, H, 4.92; N, 6.22; S, 14.23. Found: C, 63.87; H, 4.90; N,
6.18; S, 14.40.
(3S,6R,6aR,9aSs,9bR)-3-Isopropyl-6,8-diphenyldihydro-2H-
6,9b-epithiopyrrolo[3,4-c]thiazolo[3,2-a]pyridine-
5,7,9(3H,8H,9aH)-trione (22). After filtration of compound 21,
the resulting solution was evaporated to dryness under reduced
pressure giving a solid that was dissolved in diethyl ether,
crystallizing subsequently a mixture of cycloadduct 22 and 2.
Further recrystallization from diethyl ether afforded pure 22
(15%). Mp 223-224 °C; [a]p 18.72 (c 5.2 CH2Cl3); IR (KBF) Vmax
3476, 3065, 3033, 2967, 2936, 2901, 2872, 1781, 1713, 1596,
1495, 1388, 1189, 772, 753, 694 cm1; 'H NMR (CDCls, 500 MHz):
87.34-7.43 (m, 8H), 7.21-7.23 (m, 2H) 4.12 (d, J = 7 Hz, 1H), 3.96
(dd, J= 6.0 Hz, J = 9.5 Hz, 1H), 3.87 (d, J = 6.5 Hz, 1H), 3.50 (q, J
= 6.0 Hz, 1H), 3.18 (d, J = 12.0 Hz, 1H), 2.00-2.10 (m, 1H), 1.03
(d, J = 6.5 Hz, 3H), 0.97 (d, J = 6.5 Hz, 3H) ppm. 13C NMR (CDCls,
125 MHz): 6§ 172.3, 172.1, 170.8, 131.4, 130.4, 129.1, 129.0,
128.9, 128.7, 128.3, 126.2, 87.5, 74.6, 65.3, 60.3, 51.3, 36.0,
31.1, 19.9, 19.7. Anal. Calcd for C34H22N203S;: C, 63.98, H, 4.92;
N, 6.22; S, 14.23. Found: C, 63.90; H, 4.94; N, 6.20; S, 14.37.
(S)-3-Isopropyl-6,8-diphenyl-2,3-dihydropyrrolo[3,4-
clthiazolo[3,2-a]pyridine-5,7,9(8H)-trione (23). In following the
same procedure as for 10, the title compound was isolated after
reaction completion (48 h). Recrystallization from diethyl ether
gave the pure compound in 37% yield. Mp 222-223 °C; [a]p
255.72 (c 5.4 CH,Cl,); IR (KBr) vmax 3454, 3060, 3022, 2965, 2929,
2880,1758,1713,1642,1371,1111,767,693, 620 cm; 1TH NMR
(CDCls, 500 MHz): & 7.50-7.52 (m, 2H), 7.35-7.45 (m, 8H) 5.12-
5.15 (m, 1H), 3.65 (dd, J1 = 9.0 Hz, J, = 11.5 Hz, 1H), 3.40 (dd, J =
1.5 Hz, J = 11.5 Hz, 1H), 2.63-2.70 (m, 1H), 1.10 (d, J = 7.0 Hz,
3H), 0.99 (d, J = 7.0 Hz, 3H) ppm; 13C NMR (CDCls, 125 MHz): &
164.4, 164.2, 162.0, 150.2, 134.5, 131.6, 130.5, 130.1, 129.1,
128.9, 128.1, 127.6, 126.9, 126.3, 101.5, 68.0, 29.5, 29.2, 19.4,
16.2. Anal. Calcd for C4H20N,05S: C, 69.21, H, 4.84; N, 6.73; S,
7.70. Found: C, 69.39; H, 4.90; N, 6.49; S, 7.89.
(3S,6S,7R,8R,8aS)-3-Isopropyl-8-nitro-6,7-
diphenyltetrahydro-6,8a-epithiothiazolo[3,2-a]pyridin-5(6H)-
one (24). A mixture of 2 (3.6 mmol) and 5 (4 mmol) in CH,Cl, (45
mL) was kept at room temperature for 30 h, the solvent was
removed under reduced pressure, and the resulting crude was
suspended in diethyl ether yielding compound 24, which was
recrystallized from diethyl ether (78%). Mp 137-139 °C; [a]p
382.62 (c 5.2 CH,Cl,); IR (KBr) vmax 3399, 3060, 3032, 3009, 2960,
2896, 2873, 1709, 1555, 1374, 1361, 1324, 1276, 697 cm1; 1H
NMR (CDCls, 500 MHz): & 7.26-7.30 (m, 2H), 7.10-7.20 (m, 8H)
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5.70(d,J = 4.5 Hz, 1H), 4.44 (d, J = 4.5 Hz, 1H), 4.14-4.17 (m, 1H),
3.35(dd, J=7.0 Hz, J = 11 Hz, 1H), 3.26 (dd, J = 5.5 Hz, J = 11.5
Hz, 1H) 2.92-2.96 (m, 1H), 0.98 (dd, J = 2.0 Hz, J = 7.0 Hz, 6H)
ppm; 133C NMR (CDCls, 125 MHz): § 169.6, 135.6, 131.2, 128.5,
128.3, 128.2, 127.9, 100.2, 87.0, 78.9, 65.1, 55.9, 34.0, 27.4,
19.8, 15.9. Anal. Calcd for C22H22N203S;: C, 61.95, H, 5.20; N,
6.57; S, 15.03. Found: C, 61.85; H, 5.22; N, 6.43; S, 15.28.

(3S,6S,7R,8R)-3-Isopropyl-8-nitro-6-((R)-2-nitro-1-
phenylethyl)thio)-6,7-diphenyltetrahydro-2H-thiazolo[3,2-
alpyridin-5(3H)-one (25). In following the same procedure as
for 24, although using a different molar ratio of the starting
materials, 1:1.5 (2:5), the title compound was isolated after
reaction completion (48 h). The solvent was evaporated under
reduced pressure, and further addition of diethyl ether resulted
in crystals of compound 24 in 33% yield. The filtrate was
evaporated under reduced pressure and the crude was
dissolved in methanol crystallizing 25 in 22% yield. Mp 189-191
oC; [alp 26.72 (¢ 5.1 CHCly); IR (KBr) vmax 3407, 3060, 3030,
2967, 1705, 1581, 1551, 1455, 1376, 1311, 1215, 1191, 696 cm™
1. 14 NMR (CDCls, 500 MHz): & 7.51 (d, J = 7.5 Hz, 2H), 7.44 (t, J
= 7.5 Hz,2H), 7.35-7.40 (m, 3H), 7.27-7.30 (m, 3H), 7.14-7.22 (m,
5H), 5.47 (s, 1H), 5.04-5.10 (m, 1H), 4.60 (dd, J = 4.5 Hz, J = 11.5
Hz, 1H), 4.30 (dd, J = 11.5 Hz, J = 13.0 Hz, 1H), 3.25 (dd, J = 8.5
Hz, J = 12.0 Hz, 1H), 3.16 (dd, J = 4.5 Hz, J = 13.0 Hz, 1H), 3.05
(dd, J = 1.0 Hz, J = 12.0 Hz, 1H), 2.60-2.64 (m, 1H), 1.1 (d, J = 6.5
Hz, 3H), 1.00 (d, J = 7.0 Hz, 3H) ppm; 13C NMR (CDCls, 125 MHz):
6 168.3, 155.7, 137.2, 136.6, 134.5, 129.9, 129.6, 128.9, 128.8,
128.1, 127.5, 126.5, 126.2, 78.1, 67.7, 63.2, 49.0, 45.6, 30.8,
29.2, 19.8, 17.0. Anal. Calcd for C3oH29N30sS;: C, 62.59, H, 5.08;
N, 7.30; S, 11.14. Found: C, 62.42; H,5.03; N, 7.21; S, 11.30.

Transformation of 24 into 25 catalyzed by silica gel. A
mixture of 24 (1.95 mmol) and silica gel (10 g) in CH,Cl; (100 mL)
was heated at reflux for 72 h. TLC monitoring (ethyl
acetate:hexane 1:3 v/v) revealed that the initial cycloadduct did
not disappear completely. The catalyst was removed by
filtration and washed with CH,Cl, until formation of a colorless
solution. The solvent was removed under reduced pressure
giving a solid residue, which was suspended in diethyl ether and
led to compound 25 (5%).

Transformation of 24 into 25 in the presence of (E)-(2-
nitrovinyl)benzene (5). A solution of cycloadduct 24 and (E)-(2-
nitrovinyl)benzene (5) in CH,Cl; (molar ratio 1:1) was stirred for
five days. TLC analysis (ethyl acetate:hexane 1:3 v/v) showed
the formation of a new compound, which was purified by
preparative TLC and had spectroscopic data identical to a pure
sample of 25.
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