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A mesoionic bicycle, easily synthesized from a proteinogenic
amino acid, L-leucine, behaves as both thiazolium-olate and
diazolium-olate dipoles, as unveiled by its dipolar cycloadditions.
This chameleonic reactivity has been thoroughly interpreted by
dissecting the mechanistic landscape aided by the distortion-
interaction model.

The concept of dual reactivity, by which single molecules may
exhibit complementary and often opposing roles, allows for elegant
and divergent synthetic strategies, which would otherwise require
multiple reagents or pathways. This vast concept is well exemplified
by tautomeric species and umpolung effects of the classical
carbonyl reactivity.! More recent and specific development include
new catalysts with dual reactivity,2 ambivalent reaction conditions,3
and chameleonic behaviors shown by simple reagents like
acetylenes, oximes, hydrides, and even water.*

Given the enormous versatility of [3+2]-cycloaddition reactions
en route to highly-functionalized heterocycles present in natural
products and pharmaceuticals,® 1,3-dipoles by virtue of their
bielectronic character might be susceptible of opposing reactivities.
However, to our knowledge the dipolar duality has not yet been
achieved and most dipoles follow invariably well-established
reactivity patterns. Among cyclic dipoles, mesoionic heterocycles
were once postulated to exist in equilibrium with their uncharged
valence tautomers, but trapping of such species remains largely
elusive. Some alkylated 1,3-thiazolium-4-olates  (dubbed
thioisomiinchnones), however, appear to equilibrate with non-
dipolar tautomers that react as mild nucleophiles in the presence of
strong electrophiles.®

Clearly the possibility of detecting dual reactivity hinges on
dipoles prone to tautomeric equilibria. Herein we show the proof of
principle with a bicyclic ring-fused thioisomiinchnone (3), which can
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easily be obtained in a few steps from the naturally-occurring
amino acid L-leucine (1), via the intermediacy of its hydantoin 2
(Figure 1, top).” Compound 3 shows the expected masked dipole at
the C2-S1-C8 fragment, namely a 1,4-thiazolium-3-olate. Proton
transfer, however, from C5 to C2 would render a different
mesoionic ring (4: 4,7-diazolium-6-olate; Figure 1, middle), where
the masked dipole is now located across the C5-N4-C8 bonds. This
kind of dipoles has received little attention, although a recent study
has demonstrated its synthetic utility by reaction with acetylenes.?
The unequivocal identity of 3 can be inferred from its spectroscopic
data. In particular, a triplet signal resonating at 5.03 ppm can be
reliably assigned to the hydrogen atom at the C5 atom (see ESI).
Clearly, the term “Janus” (i.e. “two faces”) is appropriate and eye-
catching to denote the dual reactivity of this mesoionic heterocycle.
A dipolarophile could intercept either of them (3 and 4), so long as
such dipoles equilibrate in solution. To check this surmise,
compound 3 was reacted with two representative and reactive
alkenes, such as 1-phenyl-1H-pyrrole-2,5-dione (5) and dimethyl (E)-
butenedioate (6). These cycloadditions were heated in toluene
using a professional MW oven (2.45 GHz), thereby enabling
accurate control of both power and temperature (see ESI) for 1h.
Although complex mixtures were detected by TLC analyses, the
resulting products evolving from the dipolar cycloaddition could be
isolated by crystallization (diethyl ether) from the reaction mixture.
The dipolar cycloaddition of 3 with 5 gave rise to the endo
cycloadduct 7 in 45% vyield. Gratifyingly, crystals of the latter
suitable for X-ray diffraction were grown by slow evaporation and
allowed us its unequivocal structural elucidation (Figure 1, bottom).
In a previous study, it has been shown the marked facial control
exerted by a bulky alkyl group in the dipole,® a fact corroborated by
the present result as well. The cycloaddition with 6 was likewise
conducted as described above and a different dihydropyrrole
structure (8) could be isolated in 24% yield. Both NMR (showing the
lack of a CH40 fragment) and elemental analysis were inconsistent
with the expected cycloadduct (with molecular formula
Ca7H26N206S). Again, X-ray diffractometry was rewarding enough to
confirm the unambiguous solid-state structure of 8 (Figure 1,
bottom). The formation of the latter cannot be rationalized if one
assumes the cycloaddition of 6 with a 1,4-thiazolium-3-olate
moiety, but rather with its chameleonic transformation into 4,7-
diazolium-6-olate. Scheme 1 outlines a mechanistic proposal, where
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the formation of 8 would proceed through the generation of
cycloadduct 9 by a ring-opening pathway that we shall discuss in
detail later.

To understand the differential reactivity of dipoles 3 and 4
against compounds 5 and 6, we performed a full computational
study at the ONIOM(MO06-2X/6-311++G(d,p):M06-2X/6-31G) level
of theory!®12 uysing the Gaussian09 package.l* Furthermore, to
reproduce the experimental conditions, all calculations were carried
out in toluene (SMD model)! at 373.1 K. A distortion/interaction
(D/1) model was employed to assess the origin of the reactivity of
the dipolar cycloadditions. The D/I model has proven to be a useful
tool to predict and justify the reactivity of mesoionic dipoles.1>16
Figure 2 shows the optimized geometries of the reactants where
the ball and wireframe representations correspond to high- and
low-level calculations, respectively. In addition and, given the
inherent chirality provided by L-leucine, the formation of all the
possible diastereomers during the approaches of 5 (or 6) to dipoles
3 and 4 were taken into consideration as well. This analysis affords
up to four cycloadducts from each pair of reactants. Although the
mesoionization protocol resulted in extensive racemization yielding
compounds 3 and 4 as essentially racemic mixtures, the remaining
computation focused on the (R)-configured enantiomer to assess

° NA 6 Br COOH PhNCS
g7 Ph =————— HN_ N_p,
A Et;N NaoH ® €]
s1 H;N"">coo
2 S
[=]
3 2 1
] g ]
@o i(o H® o
Co_ ON_ N pp == |%_ N N_p, o ®N37N\Ph
¥ 04
S s S
P Ph Phl
3 4
Ph co,me

5 6 S

MW 100°C
Tojuene

MW 100°C
Tojuene

Figure 1. Retrosynthetic route for the preparation of 5-isobutyl-6-
oxo-2,7-diphenyl-6,7-dihydro-5H-imidazo[2,1-b]thiazol-4-ium-3-
olate (3) (top). Equilibrium between mesoionic heterocycles 3 and 4
(middle). Reactions of thioisomiinchnone 3 with dipolarophiles 5
and 6 leading to the endo cycloadduct 7 and dihydropyrrole 8,
respectively. X-ray structures of 6 (left) and 7 (right) shown at 50%
ellipsoid probability (bottom).
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the facial stereocontrol exerted by both the isobutyl group of 3 and
the phenyl group of 4. It is noteworthy the greater relative stability
of dipole 3 with respect to 4 by 6.7 kcal molL. A topological analysis
of electron densityl” of both mesoionic rings show very similar
results electron density [p(r)] and Laplacian of the electron density
[V2p(r)] in their five bond critical points (BCP) and ring critical points
(RCP), which point to similar reactivity as dipoles (see ESI).

Figures 3 and 4 show the computed reaction pathways for
dipolarophiles 5 and 6 versus dipoles 3 (top) and 4 (bottom). The
energy barriers for the reactions between 4 and 5 are lower than
those estimated for the cycloadditions with the thiazolium-olate
dipole (3). The enhanced reactivity of the diazolium-olate tautomer
(4) is consistent with a higher interaction energy wit compound 5
(see Figure 5, top).
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Figure 2. Optimized geometries of dipoles 3 and 4 and
dipolarophiles 5 and 6 at the ONIOM(MO06-2X/6-311++G(d,p):MO06-
2X/6-31G) level of theory in toluene (SMD) at 373.1 K. Ball and
wireframe representations correspond to high- and low-level
calculations, respectively. Relative free energy values of 3 and 4 are
given in kcal molL.

The less favored approaches of 3 to 5 correspond to the formation
of exo cycloadducts 10 and 11. The geometries of the
corresponding saddle points TS1;; and TSy are quite similar, and
although the formation of 11 proceeds by a stepwise process, the
structure of TSio is characteristic of a very asynchronous
cycloaddition. Both saddle points (TS1i1 and TSig) shows a
pronounced steric hindrance caused by the phenyl group linked to
N7 in dipole 3, which prevents close contacts between dipole and
dipolarophile (Figure 6) which translates into a high distortion
energy of the dipolarophile.
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Figure 3. Computed free energy barriers for the reaction of
dipolarophile 5 with dipoles 3 (above) and 4 (below) at the
ONIOM(MO06-2X/6-311++G(d,p):M06-2X/6-31G) level, in toluene
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Likewise, the less favored cycloadditions of 5 with the diazolium-
olate (4) correspond to either stepwise (TS13s) or asynchronous
(TS13) cycloadditions, which lead however to endo cycloadducts 13
and 15. The phenyl group at the N7 position exhibits a strong m-nt
stacking interaction with the phenyl group of 4.
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Figure 4. Computed free energy barriers for the reaction of
dipolarophile 6 with dipoles 3 (above) and 4 (below) at the
ONIOM(MO06-2X/6-311++G(d,p):M06-2X/6-31G) level, in toluene
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Figure 5. Distortion energies of dipoles (red), dipolarophiles (blue),

interaction energies (green) and activation energies (black) for the

reactions of dipoles 3 and 4 with dipolarophiles 5 (top) and 6 (bottom).
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Once again, such an interaction moves the dipolarophile away
moiety from the dipole moiety (Figure 6), thus increasing the
distortion energy of the dipolarophile.

In following the above-mentioned computational procedure,
the free energy b arriers for the reaction channels of 6 to dipoles 3
and 4 are collected in Figure 4. All the approaches of 6 to the
diazolium-olate dipole (4) show very similar energy barriers, albeit
slightly higher for the saddle points involving the approach of 6 to
the 5-5i,8-Si face of 4 (TS,3 and TSg), which show in that case a little
increase in distortion energy of the dipole (Figure 5, bottom).

As mentioned, the product isolated by reaction of 4 and 6, i.e.
dihydropyrrole 8, arises from cycloadduct 9, whose formation is not
favored, from both kinetic and thermodynamic viewpoints. These
data support the complex reaction mixture obtained
experimentally.

On the other hand, the reaction with the thiazolium-olate
dipole (3) suggests that formation of cycloadduct 18 is strongly
disfavored with respect to those of 17, 19 and 20. The
corresponding saddle point that led to that cycloadduct (TSis)
shows a high total distortion energy and a low interaction energy,
as expected, the phenyl group linked to the N7 atom in 3 hinders
sterically one of the methyl carboxylate fragments of 6 (Figure 7).
Like the cycloadditions with 5, the results obtained for 6 point
clearly to an enhanced reactivity of the diazolium-olate dipole
relative to its thiazolium-olate counterpart. However, in this case,
the increased reactivity is associated with a lower distortion energy
of the dipole. This difference accounting for the dual reactivity of
dipoles 3 and 4 with 5 and 6 does also suggest a significant
influence of the structure of dipolarophiles on the energetic profile.
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Figure 6. Optimized geometries of TSig, TS111, TS13 and TS15 at the
ONIOM(MO06-2X/6-311++G(d,p):M06-2X/6-31G) level of theory in
toluene (SMD) at 373.1 K.
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Figure 7. Optimized geometry of TSig at the ONIOM(MO6-2X/6-
311++G(d,p):M06-2X/6-31G) level of theory in toluene (SMD) at
373.1K.

Figure 8 shows the calculated reaction pathway leading to 8 via
the intermediacy of cycloadduct 9. Fragmentation of the latter
alleviates ring strain yielding 11g through the corresponding saddle
point TS1s. This kind of ring opening has been previously described
for reactions of thioisomiinchnones with alkenes.!® This path would
then be followed by attack of the nitrogen atom in zwitterionic
intermediate 113 to the methyl carboxylate group (TS2g) giving rise
to a tetrahedral intermediate (12g). The latter evolves directly to a
neutral and stable intermediate (13g). In this transition state (TS3s),
the leaving group (methoxide) attacks directly to the carbonium ion
and both bond breaking at the pyrrolidinedione ring and bond-
forming step occur in a concerted manner. Lastly, TS4g corresponds
to the concerted elimination of methanol giving product 8. The free
energy profile of this elimination is consistent with a high
thermodynamic control during the conversion of cycloadduct 9 into
8.

Moreover, this computational study shows that the reactions of
dipoles 3 and 4 with 5 are controlled by the dipolarophile
distortion, caused to a significant extent by the phenyl group linked
to N7 of the dipole, which exerts both m-m stacking and steric
interactions with 5. The stereochemical outcome with 6 depends
however on the dipole. Thus, the less favored cycloaddition with
dipole 3 combines high total distortion energy plus low interaction
energy, while the reaction with 4 is controlled by the distortion of
the dipole. In a nutshell, dipole 4 appears to be more reactive than
3, as inferred from a higher interaction energy with the
dipolarophiles evaluated. In addition, all the cycloaddition reactions
of compound 5 are thermodynamically favored with respect to
those of 6 (see Figures 3 and 4). Finally, the cycloadduct (9) that
evolves into dihydropyrrole 8 is the most unstable species formed
in the reaction between 4 and 6. A further look at the reaction
profile depicted in Figure 8 also indicates that the formation of 8 is
largely driven by thermodynamically control.
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Figure 8. Reaction pathway leading to dihydropyrrole 8 from cycloadduct 9. Free energy values are given in kcal mol.

Conclusions

In conclusion, we disclose for the first time the anomalous
behavior of a Janus-type mesoionic dipole susceptible of dual
reactivity owing to proton transfer between two atom
positions, giving access to divergent structures. Although this
ditopic character has been shown against a couple of
dipolarophiles, these preliminary results have been explained
by theoretical calculations and the principle can be exploited
to fine-tune the dipoles to further the scope of novel [3+2]
cycloadditions.
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