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ABSTRACT

Oxazolidinones are widely used as chiral auxiliaries in asymmetric synthesis. The chiral auxiliary can
be selectively removed using LIOOH, LiOBn or LiSBn, but not LiOH, which instead favours
endocyclic cleavage with opening of the oxazolidinone ring. Although Evans originally suggested
that the regioselectivity of HO -mediated hydrolysis may be governed by the relative rates of
formation of the two tetrahedral intermediates, whereas the regioselectivity of HOO™ cleavage
might be determined by their relative breakdown rates, it was not clear why this should be the case.
Since then, there appear to have been no mechanistic studies that account for the differing
selectivities of LIOH v. LIOOH, and the reason for this difference in selectivity has remained
somewhat of an enigma in organic chemistry for many years. Herein, we report DFT computations
with M06-2X-D3//B3LYP-D3 to examine the origins of the regioselectivities. The computations
predict that all four nucleophiles prefer to attack at the endocyclic carbonyl group, which is less
hindered. The barrier for decomposition of the initially formed tetrahedral intermediate determines
whether or not the reaction continues all the way to the endocyclic cleavage products. For LiOH,
the barrier for decomposition of the intermediate is small and the endocyclic cleavage products are
formed. For LIOOH, LiOBn and LiSBn, the decomposition barrier is large, and the exocyclic cleavage
pathway instead becomes preferred. An alternative mechanism involving formation of a novel cyclic
peroxide intermediate was found to involve a relatively high energy pathway and has been excluded.

Keywords: buttressing effect, chiral auxiliaries, Curtin-Hammett, density functional calculations,
exocyclic cleavage, lithium hydroperoxide, N-acyloxazolidinones, nucleophilic substitution, reaction

mechanisms, regioselectivity, steric acceleration.

Introduction

Chiral oxazolidinones (‘Evans auxiliaries’) are widely used in asymmetric synthesis."* Their
most frequent applications involve N-acyl oxazolidinones, which undergo many kinds of
diastereoselective transformations on the acyl unit. Once the desired transformation has
been achieved, a preferred method of removing the auxiliary involves hydrolysis with
lithium hydroperoxide (Scheme 1). This mild hydrolytic reagent cleaves off the auxiliary
while preserving the integrity of the newly introduced stereocentre(s). The auxiliary can be
recovered in high yield after reductive quenching and a simple extraction procedure.
Despite the widespread utility of the LIOOH-mediated hydrolysis, no mechanistic basis
for its regioselectivity” has yet been established. Of the two carbonyl groups in the

AStrictly speaking, the preference for the exocyclic G-N bond cleavage pathway is an example of chemoselec-
tivity, as it reflects a competition between the reactions of the amide and carbamate carbonyl groups. However,
the LiOOH-mediated hydrolysis also displays similar selectivity with substrates such as 32, in which both
carbonyl groups are amides.® We use the more general term ‘regioselectivity’ here to cover both types of cases.
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Scheme |. LIOOH and LiOH mediated hydrolyses of N-
acyloxazolidinones.?

substrate 1, LIOOH preferentially cleaves the bond to the
exocyclic carbonyl group, affording the carboxylic acid 2
and the intact oxazolidinone 3. This regiochemical outcome
is unexpected, as it appears to indicate a preferential attack
by OOH™ on the more hindered carbonyl group of 1. The
contra-steric selectivity of LiOOH is quite general®* (for
examples of the use of this reagent in total synthesis, see
two papers by Evans et al.>°) and is obtained even with
substrates more hindered than 1. By contrast, hydrolysis by
LiOH leads to C-N bond cleavage at the less hindered (endo-
cyclic) carbonyl group, affording products such as 4 in which
the oxazolidinone ring has been destroyed.

Evans et al.>’ suggested that the LiOH- and LiOOH-
mediated hydrolyses have different rate-determining steps.
For the LiOH-mediated hydrolysis, they proposed that the
nucleophilic attack on the substrate by OH™ is rate-
determining, attack at the endocyclic carbonyl group being
faster than attack at the exocyclic carbonyl group. By contrast,
for the LiOOH-mediated hydrolysis, it was proposed that
the degradation of the tetrahedral intermediate is rate-
determining; attack by OOH™~ on the substrate being revers-
ible. In this scenario, the selectivity is determined by the
different rates of decomposition of the endocyclic and exocyc-
lic tetrahedral intermediates.

Beyond this kinetic postulate, the origin of the contra-
steric selectivity of the LiOOH-mediated hydrolysis has
remained an enigma. Herein, we report an investigation of
the hydrolytic mechanisms by means of density functional
theory (DFT) calculations. We also examine the related
cleavages of N-acyloxazolidinones mediated by LiOBn and
LiSBn, which likewise favour exocyclic C-N cleavage.

Results and discussion

LiOH-mediated cleavage

We began by performing computations on the OH ~-mediated
hydrolysis of a model N-acyloxazolidinone. Typical experi-
mental conditions for the LiOH- and LiOOH-mediated
hydrolysis reactions involve the use of 2equiv. of LiOH
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and (in the case of LiIOOH) 4-8 equiv. of H,O,, in a THE/
H,0 solvent system. Under these conditions, there are
numerous Li-bound species that could plausibly be formed
by the N-acyloxazolidinone. Features that may vary
include the number and position of bound Li ions, the
number and type of solvent molecules coordinated to Li,
the extent of aggregation (monomer, oligomer, etc.), and
the hydrogen bonding arrangements within these com-
plexes (for insights into the species formed by treatment
of N-acyloxazolidinones with Li bases, see Tallmadge and
Collum 2015°% and Tallmadge et al. 2016”). We used the
chelate complex 5 (Fig. 1, yellow box) as a model sub-
strate. Complex 5 contains one Li(OH5)>™ unit and serves
as a simple representative of the many Li-bound structures
likely present in the reaction mixture.

Fig. 1 shows the computed Gibbs free energy profile
for the hydrolysis of 5 by OH . The computational proce-
dure involved geometry optimisations with B3LYP-D3/6-
31 +G(d)'*** followed by single-point energy calculations
with M06-2X-D3/6-311 + G(d,p)"*~*® using the SMD implicit
solvent model'” of water.

The computations predict that the preferred site of attack
on 5 by OH" is the endocyclic carbonyl group. The computed
barrier for endocyclic attack (TSA, AG* = 1.6 kcal mol ™) is
2 kcal mol ! lower than the barrier for exocyclic attack (TSB,
3.5 kcal mol ™ !). In both cases, attack takes place at the top face
of the substrate (as drawn), which is not blocked by the methyl
substituent on the oxazolidinone. The tetrahedral intermediate
of the favoured endocyclic attack (6) can degrade by two
different pathways, leading to C-N or C-O bond cleavage
(TSC and TSD respectively). The C-N bond cleavage is strongly
preferred (by 15 kcal mol ™ 1, It leads to the ring-opened inter-
mediate 7. Subsequent decarboxylation would lead to
B-hydroxyamide 8, the major product obtained experimentally
in this type of reaction.

The computed energy profile of the OH™ -mediated
hydrolysis supports Evans’ proposal®’ that the initial nucle-
ophilic addition step determines the regioselectivity. In the
computations, the endocyclic addition is indeed kinetically
favoured and, once it has occurred, endocyclic C-N bond
cleavage is facile.

LiOOH-mediated cleavage

We next examined the corresponding OOH ™ -mediated
hydrolysis. The computed energy profile is shown in Fig. 2.

Similar to the reaction of 5 with OH ™, the reaction of 5
with OOH™ favours attack at the endocyclic carbonyl group.
The respective transition states (TSF and TSG) differ by
1.2 kcal mol ™ !. However, once the tetrahedral intermediate
of the favoured endocyclic attack (12) has been formed, the
reaction energy profile differs significantly from that of OH™.
The most important difference is that the C-N bond cleavage
of the endocyclic intermediate becomes much higher in
energy. For OOH™, the C-N bond cleavage has a barrier of
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Fig. . Free energy profile for the reaction of the N-acyloxazolidinone complex 5 with OH™, computed with M06-2X-D3/6-

311+G(d,p)//B3LYP-D3/6-31+G(d) in SMD water.

15kcalmol ~! (TSH), as compared with 3kcalmol ' for
OH™. The transition state energies for the two steps of the
exocyclic cleavage pathway (TSG and TSI), by comparison,
are much smaller, at 6 kcalmol™! each. Therefore, even
though OOH™ prefers to attack the endocyclic carbonyl
group, the high barrier for subsequent degradation of the
resulting intermediate means that the intermediate prefers
to revert to the reactants. Reaction by the exocyclic path-
way is preferred overall. The computations on the OOH ™ -
mediated hydrolysis agree with Evans’ original proposal
that the degradation of the intermediate determines the
regioselectivity.

We also considered a different mechanism that could, in
principle, account for the exocyclic cleavage by OOH ™. In
this mechanism, shown by the dashed lines at the right hand
side of Fig. 2, the endocyclic intermediate 12 undergoes an
intramolecular nucleophilic addition by the hydroperoxy
group onto the exocyclic carbonyl group, leading to a five-
membered cyclic peroxide (17). The peroxide then degrades
to the exocyclic cleavage products 18 + 19. Computations
predict, however, that this pathway is relatively high in
energy compared to the direct exocyclic attack pathway
(barrier = 27 kcal mol ™ 1).

In a recent study of the LIOOH-mediated hydrolysis of an
N-acyloxazolidinone, Beutner and coworkers'® detected, by

mass spectrometry, the formation of a lithium percarboxy-
late RC(O)O,Li. This salt would be readily formed by ligand
dissociation from a complex similar to 15. Beutner and cow-
orkers showed that the lithium percarboxylate decomposed
by a disproportionation reaction mediated by the excess
H,0,, and not (as had previously been thought) by reduction
during workup. They also showed that the rate-determining
step of the overall hydrolysis reaction occurred prior to the
decomposition of the percarboxylate. Our computations are
consistent with these results.

LiOBn- and LiSBn-mediated cleavages

Two other reagents, LiOBn and LiSBn, cleave N-acyloxazo-
lidinones with a preference for exocyclic cleavage
(Scheme 2).'%?° Reaction of an N-acyloxazolidinone with
LiOBn affords benzyl carboxylates (21),'° except in very
hindered cases® where undesired oxazolidinone ring-
cleavage products analogous to 4 (Scheme 1) are obtained
instead. Reaction with LiSBn affords benzyl thioesters (22),
even for hindered substrates.

To understand these selectivities, we computed the addi-
tions of BnO~ and BnS~ to the N-acyloxazolidinone com-
plex 5 (Fig. 3). For both nucleophiles, the computations
predict that the reaction energy profile is broadly analogous
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Fig. 2. Free energy profile for the reaction of the N-acyloxazolidinone complex 5 with OOH™ in water.
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Scheme 2. LiOBn- and LiSBn-mediated cleavage of N-acyloxazo- the endocyclic nucleophilic additions of the four nucleophiles

0 19,2
lidinones.'*2°

to that of OOH™, in that the endocyclic carbonyl group is
the preferred site of attack but the degradation of the endo-
cyclic intermediate has a very high energy barrier.
Therefore, the exocyclic pathway is favoured overall.

The computed regioselectivities, based on the difference
between the rate-determining barrier heights for the endo-
cyclic and exocyclic pathways (AAGY), are 5 kcal mol ~! for
BnO~ and 14 kcal mol ~* for BnS ~. Qualitatively, this result
is consistent with the higher selectivity obtained experimen-
tally with LiSBn, as compared to LiOBn.*'*°

It is interesting to note that for each of the four nucleo-
philes, the barrier for exocyclic C-N bond cleavage is always
lower than for the corresponding endocyclic C-N bond
cleavage. We attribute this to steric acceleration, resulting
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are very similar, 0-5 kcal mol ~ ', whereas those for the decom-
position of the endocyclic intermediates vary widely,
1-26 kecalmol ~*. Why do the decomposition barriers vary so
substantially? There appears to be a strong thermodynamic
contribution. In Fig. 4a, the transition state energies for
decomposition of the intermediates are plotted against the
energies of the resulting ring-opened products. A strong linear
correlation is observed (R? = 0.99). The more stable the prod-
uct, the lower the barrier for ring opening. The most stable
ring-opened product is that obtained from OH ™. A plot of the
transition state energies against the electrophilic substituent
constants 0p+ is also linear (Fig. 4b; the plot includes the three
derivatives for which suitable reference values are available in
the literature®"). This supports the idea that the barrier for ring
opening is determined by the ability of the substituent (i.e. the
incorporated nucleophile) to stabilise the nascent carbonyl
functionality through resonance.
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in water.
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substituent. The ap+ values of OMe and SMe were used to represent OBn and SBn respectively.

Conclusion

Density functional theory calculations explain why the
reactions of N-acyloxazolidinones with LiOH favour cleav-
age of the endocyclic C-N bond while the corresponding
reactions with LiOOH, LiOBn and LiSBn favour cleavage of
the exocyclic C-N bond. For the LiOH- and LiOOH-mediated
hydrolyses, our calculations provide support for Evans’ origi-
nal kinetic proposals.>” In the case of LiOH, the nucleophilic
addition of OH™ to the substrate favours attack at the endo-
cyclic carbonyl group, and the resulting tetrahedral interme-
diate has a low barrier to decomposition, meaning that the
endocyclic cleavage pathway is favoured overall. For LiOOH,
the nucleophilic addition step likewise favours attack on the
endocyclic carbonyl group, but the resulting tetrahedral
intermediate has a very high barrier to decomposition, mean-
ing that overall, the exocyclic cleavage pathway is preferred.
High barriers for decomposition of the endocyclic intermedi-
ates are also found in the reactions of LiOBn and LiSBn,
which similarly favour exocyclic cleavage. For LiOOH,
LiOBn and LiSBn, it is essentially a Curtin~-Hammett scenario
where the exocyclic and endocyclic addition steps are both
reversible and the exocyclic pathway overall represents the
kinetically favoured mechanism. Owing to the likelihood of
multiple Li-bound structures being present in the reaction
mixtures, and due to the limitations associated with model-
ling reactions involving highly polar species in solution,>*
certain aspects of the reaction energetics cannot be accurately
estimated with the DFT-based approach used here.
Nonetheless, the computations permit a determination that
the key factor responsible for the selectivity is the ability
of the nucleophile to eventually stabilise the ring-opened
endocyclic product. If strong (OH), then endocyclic cleavage
predominates; if weak (OOH, OBn and SBn), then exocyclic
cleavage predominates. The reaction rates and selectivities of
these cleavage reactions are influenced by multiple other
variables, including solvent, water content, base, temperature
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and amount of H,0,.'® Although it is not possible to model
all the species present in these reaction mixtures, our calcu-
lations nonetheless provide a satisfactory explanation for the
inherent regioselectivities of the four different nucleophiles
OH™, OOH™, BnO™ and BnS™.

Computational methods

Density functional theory calculations were performed
in Gaussian 16 (ver. C.01, see https://gaussian.com/
gaussian16/).*®> Geometry optimisations used the B3LYP-D3
functional'®* and 6-31 + G(d) basis set, with the SMD implicit
solvent model'” of water. Vibrational frequency calculations
confirmed the nature of each stationary point (energy mini-
mum or transition state) and were used to obtain thermo-
chemical data. Errors in low-frequency vibrations introduced
by the harmonic oscillator approximation were treated by
application of Truhlar’s approach,®* raising all harmonic fre-
quencies below 100 cm ™~ to exactly 100 cm ~* before evalua-
tion of the vibrational component of the thermal contribution
to entropy. Intrinsic reaction coordinate (IRC) calculations®>2°
identified the bond-forming or bond-breaking processes
occurring in key transition states. Single-point energies were
computed at the B3LYP-D3 optimised geometries using the
MO06-2X-D3 functional'*'®> and 6-311+G(d,p) basis set, in
SMD water. Gibbs free energies were calculated by adding
the corrected B3LYP-D3 thermochemical quantities to the
MO06-2X-D3 electronic potential energies and are reported at
a standard state of 298.15K and 1 mol L.

Supplementary material

Coordinates and energies of computed structures are availa-
ble on the journal’s website. Supplementary material is
available online.
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