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Abstract
Approaches to the preparation of enantioenriched materials via catalytic methods that destroy
stereogenic elements of a molecule are discussed. Although these processes often decrease overall
molecular complexity, there are several notable advantages including material recycling,
enantiodivergence and convergence, and increased substrate scope. Examples are accompanied by
discussion of the critical design elements required for the success of these methods.

Since the inception of enantioselective catalytic methodology, the prevailing strategic approach
has relied on inducing chirality into a prochiral atom by the generation of new asymmetric
centers or axes (Figure 1a). While this tactic has proven extremely effective, the number of
viable prochiral functional groups is relatively limited. An alternative approach to the
production of enantioenriched materials is to begin with a racemic mixture and subsequently
eliminate the intrinsic stereochemistry from a portion or all of this mixture. The scope of this
approach to enantioselective catalysis is as wide as the number of chiral molecules in existence.
While inherently a complexity minimizing process, this approach has proven to be valuable in
the synthesis of chiral building blocks and more complex synthetic targets.

In 2005, we defined the term “stereoablation” in the context of an enantioconvergent reaction.
1 Our initial definition was “the conversion of a chiral molecule to an achiral molecule,” based
on the Oxford English Dictionary definition for ablation: “the action or process of carrying
away or removing; removal.”2 Upon further consideration of the importance of such methods
in enantioselective chemical transformations, we have seen fit to expand the scope of this
definition to include reactions where an existing stereocenter in a molecule is destroyed, but
the intermediate molecule need not be wholly achiral.3 This revised definition thereby includes
many other important advances. To date, few stereoablative strategies have been exploited for
enantioselective catalysis, although notable exceptions include metal π-allyl alkylations4 and
many dynamic kinetic resolutions.5 In this Emerging Area highlight, recent examples of novel
approaches to asymmetric catalytic methods for stereoablation will be discussed. We hope to
demonstrate that this is an important, though underutilized, method of asymmetric synthesis.
6

When considering catalytic enantioselective stereoablative reactions, two possible regimes
arise: one in which the stereoablative step is the enantioselective step (Figure 1b), and one in
which stereoablation precedes the enantioselective step (Figure 1c). In the first case, a catalyst
must selectively react with one enantiomer or enantiotopic group of the substrate to provide
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enantioenrichment. In the second case, a nonselective stereoablation is required before the
enantioselective step.

Kinetic resolution is of the former type, selectively transforming one enantiomer of a racemic
mixture to product. In addition to making enantiomer isolation a trivial process, stereoablative
approaches often have the added capability of converting the achiral product back into a
racemic starting material mixture by a relatively straightforward procedure. Recycling this
material minimizes the waste common to many kinetic resolutions due to discard of the
undesired enantiomer.

Recently, the Stoltz laboratory has reported an oxidative kinetic resolution (OKR) of secondary
alcohols (Scheme 1).7,8,9,10 Utilizing molecular oxygen as the terminal oxidant, [Pd(nbd)
Cl2] (nbd = norbornadiene) and (−)-sparteine catalyze the oxidation of alcohol (+)-1 to achiral
ketone 2, leaving unreacted alcohol (−)-1 of high ee. Selective stereoablation by β–hydride
elimination of a Pd-alkoxide to form product ketone has been shown to be enantiodetermining
by extensive mechanistic7d,8 and computational7f studies. To date, a wide variety of secondary
alcohols have been successfully resolved with this catalyst system.

Additionally, ketone 4, obtained in the resolution of alcohol (±)-3, can be recycled by reduction
to racemic (±)-3 in quantitative yield, allowing greater than 50% overall yield of the
enantioenriched alcohol after a second resolution (Scheme 2).

When other stereocenters are present in the alcohol, enantioenriched ketones can be obtained.
In the Stoltz synthesis of (+)-amurensinine (7), racemic alcohol (±)-5 was resolved successfully
using the [(sparteine)PdCl2] catalyst system (Scheme 3).11 In addition to highly
enantioenriched alcohol (−)-5, diketone (−)-6a was obtained in 79% ee. This diketone
presumably arises from overoxidation of the initial ketone product ((+)-6b, R = H2) in the
presence of O2. In fact, the monoketone (+)-6b could be isolated with 77% ee at shorter reaction
times, albeit with lower ee of alcohol (−)-5. Importantly, the products (−)-6a and (+)-6b have
the opposite configuration at C(5), potentially providing access to (−)- amurensinine. In
general, OKR of alcohols with multiple stereocenters can provide enantioenriched product
ketones as well as alcohols, opening the door to enantiodivergent synthetic strategies.

Oxidative resolution of sulfoxides has also been demonstrated. Unlike alcohol oxidation, in
which C–H bond cleavage is stereoablative, in sulfoxide oxidation S–O bond formation leads
to stereoablation. Of particular note is an example by Jackson and coworkers. It was found that
a racemic mixture of sulfoxides was effectively resolved with a vanadium catalyst and diiodide
ligand (R)-9 (Scheme 4).12 The high selectivity in sulfoxide oxidative kinetic resolution led
them to investigate a tandem enantioselective sulfide oxidation followed by sulfoxide
resolution. Treatment of sulfide 11 with their oxidative conditions provided sulfoxide (R)-8 in
70% yield and >99.5% ee, along with achiral sulfone 10. The combined effect of the two
processes allows the synthesis of highly enantioenriched sulfoxides with higher yields than a
typical kinetic resolution. Additionally, coupling two enantioselective reactions has the
potential to bring poorly selective methods into the synthetically useful range because of the
enhanced yield and product enantiopurity relative to the individual steps.

An unusual example of stereoablative kinetic resolution has been reported by Noyori.13

Hydrogenation of allylic alcohols with chiral catalyst [((S)-BINAP)Ru(OAc)2] results in
kinetic resolution by symmetrizing one enantiomer of substrate (Scheme 5). This reductive
kinetic resolution (RKR) is capable of resolving racemic alcohols such as (±)-12 with
exceptionally high selectivity factors, providing achiral alcohol 13 as the byproduct. Although
(R)-12 is obtained in high ee, there is currently no simple, direct method for recycling 13 back
to (±)-12. Nonetheless, this RKR process provides a complementary method to the previously
described OKR, using a reductive gas instead of an oxidative gas.
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In addition to byproduct recycling, greater than 50% yield in a stereoablative process can be
achieved by performing a desymmetrization. Such reactions utilize substrates that contain two
enantiotopic functional groups, one of which selectively reacts with a chiral catalyst. Stoltz
has reported a desymmetrization of meso diol 14 using their Pd-catalyzed oxidation conditions
to obtain ketoalcohol (+)-15 in 72% yield with 95% ee (Scheme 6).7a

Catalytic enantioselective processes have also been employed in the desymmetrization of
epoxides. Andersson has reported the use of chiral diamine 17 in the rearrangement of epoxides
to allylic alcohols.14 Treatment of cyclohexene oxide (16) with 5 mol% 17 in the presence of
LDA as the stoichiometric base provided (R)-2-cyclohexenol (12) in 96% ee (Scheme 7).
Selective removal of one of the enantiotopic protons in the starting material accompanies
destruction of one of the stereocenters of the epoxide in the elimination step. While there have
been several other examples of catalytic asymmetric epoxide desymmetrization, this system
has the largest reported substrate scope, with five allylic alcohols formed with good to excellent
ee.

A second type of stereoablative enantioselective catalysis consists of stereoablation followed
by enantioselective bond formation. In these enantioconvergent processes, both enantiomers
of a racemic mixture are converted to an achiral intermediate, which is converted subsequently
to an enantioenriched product in a separate process (Figure 1c). It is critical to avoid kinetic
resolution in the stereoablative step in order to ensure good yield in a reasonable time.

A prominent type of enantioconvergent catalysis is dynamic kinetic resolution (DKR) of
racemic alcohols. A particularly elegant system was developed by Bäckvall, wherein an achiral
metal catalyst (18) capable of rapid stereomutation via the corresponding ketone was coupled
with selective acylating enzyme CALB (Scheme 8).15 The rates of these two simultaneous
reactions are critical to the success of the process. The rate of stereomutation must be
considerably greater than the rate of acylation in order to maintain an optimal 1:1 mixture of
alcohol enantiomers for the enzymatic resolution. While kinetic resolution by acylation is a
common approach to obtaining enantioenriched alcohols, the pairing of the stereoablative Ru
catalyst and the acylation enzyme increases the overall efficiency of the reaction, as it allows
yields greater than 50%. However, systems such as this are rare because the two concurrent
catalytic reactions must tolerate one another.

To avoid catalyst incompatibility, it is desirable to identify a single catalyst system capable of
both the stereoablative step and enantioselective bond-forming step. In the realm of alcohol
oxidation, Williams recently reported a deracemization of secondary alcohols utilizing a
bifunctional Ru catalyst (Scheme 9).16 This system uses a single catalyst to perform a
nonselective stereoablative oxidation followed by an enantioselective reduction. Exposure of
racemic alcohol mixture (±)-20 to a catalyst formed in situ from [RuCl2(benzene)]2, phosphine
21, and (R,R)-DPEN (22) with cyclohexanone as a hydrogen acceptor produces achiral ketone
23. Pressurization of the reaction with H2 promotes enantioselective hydrogenation to the
enantioenriched alcohol (S)-20. While the demonstrated substrate scope of this reaction is still
limited, the system overcomes the shortcoming of low yields of kinetic resolution processes,
providing benzylic alcohols in 82–97% yield. The unique ability of the Ru catalyst to operate
via two distinct mechanisms is critical to the success of this method. According to the principle
of microscopic reversibility, the nonselective transfer dehydrogenation must also be
nonselective in the reverse reaction, and therefore cannot complete the deracemization.
However, introduction of an atmosphere of H2 opens a different, highly selective mechanistic
pathway leading to alcohols of high ee.

Recently, Stoltz established that racemic mixtures of allyl β-ketoesters are efficiently converted
to enantioenriched α-quaternary cycloalkanones in an enantioconvergent process mediated by
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Pd and phosphinooxazoline (PHOX) ligands (Scheme 10).1 The mechanism is presumed to
proceed through a Pd-enolate (26) formed by deallylation and stereoablative loss of CO2 from
(±)-24. No significant kinetic resolution of the racemic starting materials was observed, and,
coupled with the high chemical yield and enantioselectivity, these reactions represent an
efficient method for the generation of enantioenriched building blocks for synthesis.17

An interesting extension of this enantioconvergent method is the combination of a reactive
allyl enol carbonate moiety with a latent allyl β-ketoester (28, Scheme 11). In the course of
this reaction, a new stereocenter is first generated via decomposition of the allyl enol carbonate
to reveal a Pd-enolate which undergoes enantioselective allylation. It is important that the
catalyst be able to effectively overcome the inherent stereochemical preference of the substrate
since the starting material is a racemic mixture. If the catalyst is unable to overcome the
substrate preference, then a poor product d.r. will result. Notably, in this reaction, a 7:3 d.r.
was obtained with Ph3P as ligand, while an enhanced d.r. of 4:1 was observed with (S)-t-
BuPHOX (25) as ligand. In the second step of this double-allylation reaction, the newly
revealed ketone in 29 activates the allyl ester toward decarboxylation and formation of Pd-
enolate 30. Catalyst control over the configuration of the second stereocenter leads to a Horeau
type enhancement18 of the overall ee of the product. In this case, product (−)-31 forms in 92%
ee.

A second stereoablative reaction has been reported with the Pd/PHOX catalyst system. In this
case, the putative Pd-enolate (26) is trapped with an alternate electrophile: a proton (Scheme
12).19 Again, the enantiopure catalyst is involved in both the bond-breaking and bond-forming
steps, although the exact mechanistic course of the reaction remains unclear.20 The divergent
reactivity of the enolate intermediate toward different electrophiles highlights the effectiveness
and convenience of these stereoablative reactions. While the stereoablative step in both
reactions is likely identical, two different structural motifs (α-quaternary and α-tertiary
ketones) are both available from a common starting material.21

Catalyst design in catalytic enantioconvergent processes is especially important in cases such
as the enantioselective decarboxylative allylation and protonation reactions described above.
Since the catalyst is intimately involved in both the stereoablative (C–C bond-breaking) and
enantioselective (C–C or C–H bond-forming) steps, it is critical that the first step be insensitive
to substrate stereochemistry.

Analogous enolate methods are known in which stoichiometric reagents are used in the
stereoablative step.22 Importantly, kinetic resolution of the starting material is avoided by
employing an achiral reagent (e.g., sec-BuLi) for this process. Among these is the asymmetric
Li-enolate protonation method of Vedejs, wherein a catalytic amount of a chiral amine (34)
coupled with slow addition of stoichiometric phenylacetic acid derivative 35 leads to amide
(R)-33 in high ee (Scheme 13).23

A unique, metal-free approach to stereoablation was developed by Hénin and Muzart.24 In this
work, a light initiated Norrish Type II fragmentation is employed to eliminate the stereocenter
present in tetralone 36 and access intermediate enol 37 (Scheme 14). Subsequently, amino
alcohol 38 mediates tautomerization to the enantioenriched product (R)-32. Other amino
alcohols provide higher levels of conversion and yield at the cost of enantioselectivity.

A recent report of a stereoablative enantioconvergent process for cross-coupling was detailed
by Fu in 2005. In the reaction, a racemic α-bromo amide or benzylic bromide is treated with
catalytic Ni, enantiopure (i-Pr)-Pybox ligand, and an alkylzinc reagent to create an
enantioenriched tertiary stereocenter (Scheme 15).25 Although the mechanistic details have
not been fully elucidated, it has been hypothesized that the racemic bromide (39) initially
decomposes to a radical intermediate (40), negating the stereochemistry of the starting material.
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Subsequent combination of the carbon-centered radical with the Ni catalyst and Negishi-type
coupling provides (−)-42 and completes the catalytic cycle.

As a final example, Trost has reported an intermolecular system where both the electrophilic
and nucleophilic partners are racemic (43 and 44, Scheme 16).26 It is proposed that (±)-43 is
converted to an achiral η3-allyl ligand bound to Pd (45), which is subsequently attacked by
deprotonated azlactone 46, forming product 47 with excellent enantio- and diastereocontrol.
The remarkable stereochemical control in this work is made possible by two separate
stereoablative steps.

Conclusions
Although to date the primary focus during the development of enantioselective catalysis has
been the creation of new stereocenters on prochiral substrates, asymmetric catalysis is not
limited to the selective construction of new stereocenters. The selective destruction of
stereogenic elements is also a viable, and increasingly important, technique that is beginning
to show its utility in synthetic applications. This approach has several advantages including
easily recycled byproducts, easily accessible racemic or meso starting materials, entries into
enantioconvergent catalytic processes, and opportunities for enantiodivergent synthesis. As
these new methods become more prominent and are further developed by the synthetic
community they will surely play a pivotal role in the construction of enantiopure materials.
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Figure 1.
Strategies for enantioselective catalysis.
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Scheme 1.
Stoltz’s oxidative kinetic resolution of secondary alcohols.
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Scheme 2.
OKR in the Stoltz synthesis of (+)-amurensinine.
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Scheme 3.
OKR in the Stoltz synthesis of (+)-amurensinine.
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Scheme 4.
Jackson’s oxidation of sulfoxides and sulfides.
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Scheme 5.
Noyori’s reductive kinetic resolution.
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Scheme 6.
Stoltz’s desymmetrization of meso diol 14.
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Scheme 7.
Andersson’s epoxide desymmetrization.

Mohr et al. Page 16

Org Biomol Chem. Author manuscript; available in PMC 2010 October 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 8.
Bäckvall’s dynamic kinetic resolution of alcohols.
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Scheme 9.
Williams’ deracemization of benzylic alcohols.
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Scheme 10.
Stoltz’s stereoablative enantioconvergent allylation.
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Scheme 11.
Stoltz’s cascade asymmetric allylation generating two quaternary stereocenters.
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Scheme 12.
Stoltz’s stereoablative enantioconvergent protonation.
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Scheme 13.
Vedejs’ enantioselective enolate protonation.
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Scheme 14.
Muzart’s photolytic stereoablative process.
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Scheme 15.
Fu’s enantioconvergent Negishi coupling.
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Scheme 16.
Trost’s doubly-stereoconvergent allylic alkylation.
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