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Abstract: The mechanism of ring—
chain-ring tautomerization and the
prominent effect of the solvent envi-
ronment have been computationally in-
vestigated in an effort to explain the
enantiomeric interconversion observed
in 2-oxazolidinone derivatives, hetero-
cyclic analogues of biphenyl atropisom-
ers, which were isolated as single stable
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be used as axially chiral catalysts. This
study has shed light on the identity of
the intermediate species involved in
the ring—chain-ring tautomerization
process as well as the catalytic effect of
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polar protic solvents. These mechanis-
tic details will prove very useful in pre-
dicting and understanding ring-chain
tautomeric equilibria in similar hetero-
cyclic systems and will further enable
experimentalists to devise appropriate
experimental conditions in which axial-
ly chiral catalysts remain stable as
single enantiomers.

enantiomers and have the potential to

Introduction

Ring—chain-ring tautomerization is a process that involves a
proton-shift-assisted ring opening followed by a ring closure
and is a significant step in the organic synthesis of five- and
six-membered 1,3-heterocycles containing oxygen, nitrogen,
or sulfur atoms.! In the past decade, ring—chain tautomeric
equilibria have been studied for 1,3-X,N-heterocyclic sys-
tems (X =S, O) with great interest”™ and have also attracted
attention in physical and medicinal chemistry.”!

Recent studies have shown that ring—chain-ring tautome-
rization is a key pathway for the synthesis of various impor-
tant compounds. Thiazolidinyloxazolidines and spirothiazoli-
dines, which are analogues of bis-oxazolidines notably used
as chiral catalysts® and anticancer™ and neuroprotective
agents,® have been obtained from the ring—chain tautomeri-
zation of mercaptomethyl bis-oxazolidine.””! Furthermore,
this process has also been observed in the conversion of
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bicyclo[4.2.0]octane derivatives into trisubstituted enam-
ines.’! Two recent studies have proved the existence of ring—
chain tautomerization in simplified analogues of isoniazid-
NAD(P) adducts, which are known for their prominent ac-
tivity against Mycobacterium tuberculosis,”) and in 2-ferro-
cenyl-2,4-dihydro-1H-3,1-benzoxazines.”

The ring—chain tautomerization process has been shown
to occur in heterocyclic compounds, such as in a novel 1,3-
imidazolidine containing a vinyloxy group®! as well as in
pyrazolidine, pyridazine, and oxazolidine derivatives, which
are of particular interest in this study.'"'?

Compounds comprising the oxazolidine ring, which are
also the subject of this study, have been introduced as drugs
for the treatment of insulin resistance, hyperglycemia, and
some lipid disorders.">"! The chemical importance of these
compounds is not limited to medicinal chemistry, oxazoli-
dine derivatives have also been used as directing groups in
asymmetric synthesis."*!"]

N-(0-Aryl)-5,5-dimethyl-2,4-oxazolidinedione derivatives
1 and N-(o-aryl)rhodanines (X=S) and 2-oxazolidinethiones
(X=0) 2 (Scheme 1) are heterocyclic compounds that have
a chiral axis enabling the formation of thermally intercon-
vertible enantiomers by hindered rotation around the N—
Cary bond."*?! The synthesis of atropisomeric compounds,
molecules that bear a chiral axis rather than a stereogenic
atom and have barriers to rotation that are high enough to
allow the isolation of enantiopure species, is currently of
particular interest in many studies. The best-known atropiso-
meric systems are biaryl compounds with ortho substituents
that hinder rotation and prevent racemization. Atropisomers
are used as effective chiral catalysts enabling the transmis-
sion of chiral information during reactions.’” Recent advan-
ces in this field include an effective method for the enantio-
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Scheme 1. Structures of N-(o-aryl)-5,5-dimethyl-2,4-oxazolidinedione 1,
N-(o-aryl)-5,5-dimethylrhodanine (X=S) and 2-oxazolidinethiones (X=0)
2, and N-(o-aryl)-4-hydroxy-5,5-dimethyl-2-oxazolidinone derivatives 3
(Z=F, Cl, Br, I or Me).

selective construction of biaryl compounds devised by
Thomson and co-workers.”! Furthermore, Miller and co-
workers have described a dynamic kinetic resolution of
biaryl atropisomers by peptide catalysis®! and Cozzi et al.
have applied organocatalysis to atroposelective reactions.!
Moreover, in a combined experimental and computational
study, atropisomerism has been created by introducing
ortho-substituted aryl groups into peptoid backbones.]
Nevertheless, Roussel et al. have claimed that internal rota-
tion does not account for the trend in the activation barriers
for some 2-pyrimidinethione derivatives and have suggested
a ring-opening-ring-closure mechanism rather than hindered
rotation around the N—C,,,; bond.”’!

In a comprehensive study, Demir-Ordu and Dogan inves-
tigated the interconversion between the SM and RP enan-
tiomers of N-(o-aryl)-4-hydroxy-5,5-dimethyl-2-oxazolidi-
none derivatives 3 (Scheme 1)!'¥ and proposed a racemiza-
tion that occurs through a “ring—chain-ring tautomeriza-
tion” mechanism.'"” To clarify the mechanism, the intercon-
version of the enantiomer in ethanol was followed by HPLC
and the activation barrier for the interconversion of SM into
RP was reported to be 25.3 kcalmol™."!l The interconver-
sion was suggested to occur via an acyclic aldehyde inter-
mediate formed by ring—chain tautomerization. The alde-
hyde intermediate, although not observed on the NMR
timescale in CDCl;, was treated with benzylamine in toluene
and trapped in the form of an imine. The product was iden-
tified as having a cyclic aminal structure formed by attack of
the NH group on the formed imine. Thus, the presence of
the acyclic aldehyde intermediate was verified indirectly by
'H and *C NMR characterization of the cyclic aminal prod-
uct formed after its treatment with benzylamine in tol-
uene.” 2-Oxazolidinone derivatives 3 are heterocyclic ana-
logues of biphenyl atropisomers and have been found to be
resolvable by HPLC on a chiral column. These separated
enantiomers have the potential to be used as axially chiral
catalysts.l'””! Thus, it is imperative to gain more insight into
their modes of racemization in order to be able to establish
the conditions in which they remain stable as single enan-
tiomers.

It is difficult to assess the mechanism that governs the rac-
emization process on a purely experimental basis. However,
theoretical methods have the potential to identify various
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factors and hence a computational investigation of the
mechanism of ring—chain-ring tautomerization in N-(o-
tolyl)-4-hydroxy-5,5-dimethyl-2-oxazolidinone 3 z=
methyl) has been carried out by means of DFT calculations
to gain an in-depth understanding of the mechanism in-
volved (Scheme 2).

Thermodynamic
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Scheme 2. Rotation and ring—chain-ring tautomerization of 2-oxazolidi-
none 3.

Results and Discussion

Rotation around the N—C,,,, bond: The reduction of 1 with
NaBH, at C4 was expected to lead to four stereoisomers
(RP, SM, SP, and RM) of 3 as a result of the new chiral
center at C4 (Scheme 2). The kinetic products (SP and RM)
that form in accord with the Felkin—~Anh model,”® that is,
by hydride attack of the ortho-phenyl substituent from the
anti direction, were converted into the thermodynamic prod-
ucts (RP and SM) by a fast rotation around the N—C,,
bond. As a result, the hydroxy group at C4 and the ortho-
phenyl substituent are antiplanar with respect to each other
(RP and SM) (Scheme 2).[*?

Initially, the rotation around the N—C,, bond of 3 was
studied. The ground-state configuration of RP and the cor-
responding rotational transition state between RP and RM
are displayed in Figure 1. The rotational transition state
(TS-Rot) has a dihedral angle of 0,,.4=180.3°, the four
atoms being planar. In the ground state of RP, 6=71.3°. In
the kinetically favored product (RM, 6 =—72.7°) the methyl
and hydroxy groups face each other and are in a sterically
unfavorable orientation, thereby increasing its energy. We
were also able to localize a second rotational transition state
that is also quasiplanar (6=—2.8°), but it was found to be
higher in energy (by 3.8 kcalmol !, see the Supporting Infor-
mation) due to the lack of favorable interactions between
the hydroxy group at C4 and the methyl hydrogen atoms of
the ortho-phenyl substituent.

In RP, the lone pair of the hydroxy oxygen has a favora-
ble interaction with the methyl hydrogen atoms at CS5. In
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TS-Rot

Figure 1. RP (lowest ground state) and TS-Ret (rotational transition
state) of 2-oxazolidinone 3 determined by DFT calculations at the
B3LYP/6-31+ G(d,p) level of theory.

TS-Rot, the methyl hydrogen atoms at the ortho position of
the phenyl ring repel the hydroxy unit at C4, however, a fa-
vorable hydrogen bond between the hydroxy group and the
nitrogen is present (Figure 1). The same situation holds for
the SM/SP pair.

The results of the theoretical calculations on the rotation
are shown in Table 1 (rotational free-energy profiles can be
found in the Supporting Information). The experimentally

Table 1. Rotational free-energy barriers (298.15 K) determined at various
levels of theory for 2-oxazolidinone 3.[*!

Method AG™ gotation [kcalmol™]
RM/RP rotation SM/SP rotation

B3LYP 9.4 [10.4] 9.6 [11.1]
BMK 9.2 [10.4] 9.3 [10.9]
MO06-2X 9.0 [10.1] 9.2 [10.7]
MPWB1K 9.0 [10.1] 9.1 [10.7]
MP2 9.2 9.6
SCS-MP2 9.9 10.3

[a] Basis set: 6-311+4G(3df?2p). [b] Values in brackets were obtained
from CPCM calculations with the same basis set. [c] Geometry optimiza-
tions: B3LYP/6-31 + G(d,p).

hypothesized fast rotation is validated by the calculated low
rotational barrier (ca. 10 kcalmol ™), which leads to the for-
mation of the thermodynamic products SM and RP. Howev-
er, these rotational barriers do not correspond to the experi-
mentally determined barrier to tautomerization (25.3 kcal
mol ™).} Moreover, rotation around the N-C,, bond
cannot account for the experimentally observed interconver-
sion of SM into RP.

Ring—chain-ring tautomerization: After the formation of
the thermodynamic products, heating of the resolved single
RP enantiomer to 323 K led to conversion into its counter-
part, SM. This was proposed to occur by ring opening of the
heterocyclic ring followed by reclosure because the intercon-
version between RP and SM cannot be achieved by a rota-
tional mechanism. The ring—chain-ring tautomerization
mechanism for the conversion of RP into SM proceeds by
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Scheme 3. Ring-chain-ring tautomerization of 2-oxazolidinone 3 via an
amido or imino acyclic intermediate.*?

N3—C4 bond cleavage leading to the formation of an acyclic
aldehyde intermediate (Scheme 3).'?! The ring subsequently
closes by Si or Re face attack of the nitrogen leading to the
formation of the corresponding enantiomer.

The interconversion of RP into SM by the ring—chain-ring
tautomerization mechanism could, in principle, occur via
both an amido and/or imino intermediate (Scheme 3).
Herein we investigate by theoretical calculations the mecha-
nistic details of the tautomerization pathway of 2-oxazolidi-
none 3 to elucidate whether the amido or imino intermedi-
ate occurs and whether both pathways are possible.

As the tautomerization takes place in ethanol, we investi-
gated the effect of the environment by calculating the reac-
tion profiles with and without the assistance of explicit sol-
vent (ethanol) molecules. Bulk solvation effects were also
taken into account.

Microsolvation, solvating with explicit solvent molecules,
has extensively been used in modeling reaction mechanisms
in which the solvent plays a particular stabilizing role.”!
The use of solvent molecules in the assistance of the proton
transfer steps, as in the case here, has proven to be crucial
because the solvent serves as the proton conduit.* Further-
more, several studies have shown that reactions involving
the carbonyl functionality, such as peptidic amides, first in-
terconvert into their more reactive tautomeric counterparts;
these tautomerization steps were also shown to be facilitated
by polar protic solvents.**¢

First, the amido mechanism (Scheme 3) was investigated
without the assistance of ethanol molecules. The potential
energy surface for this pathway, which illustrates the inter-
conversion of RP into SM, is displayed in Figure 2. The
ground-state RP yields the acyclic Amido intermediate 1 via
RP TS Amido No EtOH, the bond cleavage having a barri-
er of 48.5 kcalmol™'; this intermediate undergoes rotation
around the N-C,,, bond to give Amido intermediate 2. In
this step the P configuration of the aryl ring changes into
the M configuration. Then rotation around the C4—C5 bond
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Figure 2. Potential energy surface for the ring—chain-ring tautomerization of RP via an acyclic amido intermediate (B3LYP/6-311 + G(3df,2p)//B3LYP/

6-31+G(d,p)).

occurs to yield Amido intermediate 3 and the R configura-
tion of the stereocenter in the reactant is ready to yield the
S configuration in the product. Note that all amido inter-
mediates are plausible conformers of each other. Finally,
ring closure occurs to yield the SM enantiomer. The two
ground states (RP and SM) and the ring-opening and ring-
closure transition states (RP TS Amido No EtOH and SM
TS Amido No EtOH, respectively) are mirror images of
each other (Figure 2).

The two rotational barriers are significantly lower than
that of the first step in which bond rupture occurs, hence the
ring-opening step for the RP enantiomer is identified as the
rate-determining step in the ring—chain-ring tautomerization
process. However, because the barrier for this step is unreal-
istically high, the effect of solvent assistance on this step has
been explored. The transition-state structures for the afore-
mentioned ring-opening step are shown with and without
explicit (ethanol) molecules in Figure 3. Visual inspection of
the transition-state structures clearly shows that the ring-
opening step is prone to assistance by solvent bridges, in
line with the Grotthus mechanism,”"! which suggests proton
transport occurs through molecular wires. The barriers for
ring—chain-ring tautomerization corresponding to C4-N3
bond rupture are summarized in Table 2 at various levels of
theory.

The assistance of protic ethanol molecules lowers the bar-
rier on average by about 10 kcalmol™', but still the barriers
remain too high by at least 10 kcalmol™' compared with
values determined experimentally (25.3 kcalmol ™). There-
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RP TS Amido 1 EtOH

RP TS Amido 2 EtOH

Figure 3. Optimized transition-state geometries for ring—chain-ring tauto-

merization via the “amido” acyclic intermediate (B3LYP/6-314G(d,p)).
Critical distances given in A.
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Table 2. Free-energy barriers (323 K) at various levels of theory for the
ring—chain-ring tautomerization of 2-oxazolidinone 3 via the “amido” in-
termediate.*l
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Table 3. Free-energy barriers (323 K) at various levels of theory for the
ring—chain-ring tautomerization of 2-oxazolidinone 3 via the “imino” in-
termediate.l*!

Method AG™ Ring opening [kcalmol ']

Amido No Amido 1 Amido 2

EtOH EtOH EtOH

B3LYP 48.5 [47.8] 37.3 [36.6] 39.7 [37.7]
BMK 50.8 [50.0] 40.3 [39.5] 41.4[39.3]
MO06-2X 51.4 [50.7] 37.5 [36.7] 36.0 [33.9]
MPWBI1K 53.1 [52.3] 42.1 [41.3] 43.8 [41.7]
MP2 48.5 35.8 35.2
SCS-MP2 50.3 39.3 39.8
B3LYP-PCM opt.! 50.6 [49.9] 37.9 [37.1] 40.8 [38.9]

[a] Basis set: 6-311+4G(3df.2p). [b] Values in brackets obtained from
CPCM calculations with the same basis set. [c] Geometry optimizations:
B3LYP/6-31+G(d,p). [d] Experimental value: 25.3 kcalmol ' at 323 K.
[e] These energies refer to PCM optimized geometries with B3LYP/6-
314+ G(d,p).

fore the interconversion of RP into SM was also explored
via the “imino” form of the aldehyde intermediate, as
shown in Scheme 3. In the case of the imino intermediate, it
was impossible to locate the transition state without solvent
assistance. This can easily be rationalized by inspecting
some critical distances between pairs of atoms involved in
the reaction coordinate. In this case the distance between
the carbonyl oxygen at the C2 position and the hydroxy
group at C4 is too large (3.833 A) to allow direct proton
transfer between these two centers. In the imino mechanism,
one (RP TS Imino 1 EtOH) or two ethanol molecules (RP
TS Imino 2 EtOH) act as a bridge in the transfer of a
proton from the hydroxy group at C4 to the carbonyl
oxygen at C2 (Figure 4). Both the proton transfer and the

1.308 g 1 585
= , N\
\9 4 .
g

v ~
RP TS Imino 1 EtOH RP TS Imino 2 EtOH

Figure 4. Optimized transition-state geometries for ring—chain-ring tauto-
merization via the “imino” acyclic intermediate (B3LYP/6-314G(d,p)).
Critical distances given in A.

C4—N3 bond cleavage occur simultaneously leading to the
formation of the acyclic imino structure. Subsequently, with
the attack of N3 from the opposite side, the SM isomer
forms. The assistance of two ethanol molecules in the forma-
tion of an acyclic imino intermediate further lowers the bar-
rier to ring opening (Table 3). At all levels of theory, the ac-
tivation barrier for ring opening in the presence of two etha-
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© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

AG* Ring opening [kcalmol™ |

Method Imino 1 EtOH Imino 2 EtOH
B3LYP 35.5 [36.3] 27.0 [26.8]
BMK 38.3 [39.0] 30.0 [29.7]
M06-2X 35.5 [36.1] 27.0 [26.6]
MPWBI1K 38.2 [38.9] 31.0 [30.6]
MP2 35.6 27.5
SCS-MP2 39.2 30.8
B3LYP-PCM opt.! 36.7 [36.7] 29.7 [27.4]

[a] Basis set: 6-311+4G(3df2p). [b] Values in brackets obtained from
CPCM calculations with the same basis set. [c] Geometry optimizations:
B3LYP/6-31+G(d,p). [d] Experimental value: 25.3 kcalmol ' at 323 K.
[e] These energies refer to PCM optimized geometries with B3LYP/6-
314+ G(d,p).

nol molecules becomes remarkably close to the experimen-
tal value.

Based on the perfect agreement between the theoretically
determined free-energy barriers (imino mechanism 27 kcal
mol™') and the experimental value (25.3 kcalmol™"), it can
be concluded that the ring—chain-ring tautomerization
occurs by the imino mechanism. An overview of the entire
pathway for the RP/SM interconversion by the “solvent-as-
sisted imino mechanism” and the corresponding potential
energy surface is shown in Figure 5. In short, the ground-
state RP (RP 2 EtOH) undergoes ring opening to yield the
acyclic Imino intermediate 1, which then gives Imino inter-
mediate 3 by overcoming two rotational steps, as previously
shown in Figure 2. Finally, the Imino intermediate 3 con-
verts into the SM (SM 2 EtOH) by ring closure. Compared
with the “non-assisted amido mechanism” (Figure 2), the ro-
tational barriers for the imino mechanism with two ethanol
molecules were found to be slightly higher, however, it is
again clearly seen that the rate-determining step for the in-
terconversion of RP into SM is the ring-opening step for the
RP enantiomer, as expected.

The amido and imino forms of the acyclic intermediate,
which are formed by the ring opening of the RP enantiomer,
are shown in Figure 6 with two solvating ethanol molecules.
The main difference between these intermediates is the C2
atom and its substituents. In the Amido intermediate 1
there is a carbonyl group at the C2 position, whereas in the
Imino intermediate 1 this center is in its corresponding tau-
tomeric form. The amido intermediate is the result of
proton transfer between the hydrogen atom at N3 and the
carbonyl group at C4; the imino intermediate is the out-
come of proton transfer between the OH group at C2 and
the carbonyl group at C4.

Solvent molecules are aligned to assist proton transfer.
The distance between N3 and C4 is 2.796 A in the amido in-
termediate, whereas it is 2.532 A in the imino intermediate.
Although the barriers leading to the imino intermediate are
lower, the intermediate itself is slightly higher in energy
than the amido intermediate (ca. 4 kcalmol™ for solvated
systems, see the Supporting Information).
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Figure 5. Potential energy surface for the ring—chain-ring tautomerism of RP 2 EtOH via the imino intermediate (B3LYP/6-311+ G(3df2p)//B3LYP/

6-314+G(d.p)).

Amido intermediate 1

Imino intermediate 2

Figure 6. Amido and imino acyclic intermediate structures of 2-oxazolidi-
none 3 with two ethanol molecules (B3LYP/6-31+G(d,p)). Critical dis-
tances given in A.

Conclusion

In this paper, the enantiomeric interconversion observed for
2-oxazolidinone derivatives 3, heterocyclic analogues of bi-
phenyl atropisomers with potential to be used as axially
chiral catalysts, has been theoretically assessed; the mecha-
nism of their interconversion as well as the environmental
factors that contribute to their racemization have been thor-
oughly elucidated.

This study has shown that the SM and RP enantiomeric
pairs of N-(o-tolyl)-4-hydroxy-5,5-dimethyl-2-oxazolidinone
(3) interconvert through a ring—chain-ring tautomerization
mechanism. An acyclic aldehyde intermediate was previous-
ly suggested, although not experimentally isolated; this
study has revealed that the ring—chain-ring tautomerization
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occurs via an “imino intermediate” rather than an “amido
intermediate”.

Solvent effects were found to be essential in the reaction
mechanism because proton-hopping is facilitated by the
presence of assisting ethanol molecules, in line with the
proton transport suggested for hydrogen-bonded solvents in
the Grotthus mechanism.”"! Although the kinetic functionals
BMKP and MPWBI1KP slightly overestimated the ring-
opening barrier, M06-2X,* known to perform well in or-
ganic systems with dispersive effects,®>*! showed results
that are consistent with the experimental findings.

In summary, this theoretical study has shed light on the
conditions in which 2-oxazolidinone derivatives 3, which are
potential chiral catalysts, remain stable as single enantiom-
ers. The role of solvent is crucial in the racemization proc-
ess. Hence, the use of aprotic solvents will likely suppress
racemization. The results of this work will prove very useful
for similar heterocyclic analogues of biphenyl atropisomers
that are used as axially chiral catalysts.

Computational Section

Geometry optimizations and frequency calculations at the B3LYP/6-31 +
G(d,p)P level of theory were performed by using the Gaussian 03 and
09 program packages.”” The intrinsic reaction coordinate (IRC)** for
the ring—chain-ring tautomerization path was traced to connect the tran-
sition-state structures and the corresponding reactants and products.
Zero-point energies and thermal corrections were obtained from vibra-
tional frequencies, which were also used to confirm the nature of the sta-
tionary points. Energy values for the rotational barriers include thermal
free-energy corrections at 298.15 K and 1 atm, whereas energy values for

Chem. Eur. J. 2012, 18, 12725-12732
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the ring—chain-ring tautomerization mechanism were calculated at 323 K
to comply with the experimental conditions. The effect of a polar envi-
ronment was taken into account through single-point calculations by the
use of the self-consistent reaction field (SCRF)™ theory, utilizing the
conductorlike polarizable continuum (CPCM)“! model in ethanol. The
UFF cavity model™®! in Gaussian 09 was used. Energy values for solvent
calculations include thermal free-energy corrections taken from gas-
phase optimizations. Single-point energy calculations were performed for
all structures at the B3LYPF® BMK,* MPWBIK,™ MP2* SCs-
MP2,! and M06-2X"¥ levels by using the 6-311+G(3df,2p) basis set on
B3LYP/6-314+G(d,p) optimized structures. At each level of theory, the
free energies include the thermal free-energy corrections obtained from
gas-phase calculations at the B3LYP/6-31+ G(d,p) level.
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