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ABSTRACT

Recently, Nicolaou and Baran independently synthesized optically active 4-substituted 2-cyclohexenones via an efficient LiOH-mediated
intramolecular aldol condensation. Thus far, application of their cyclization approach has been limited to ketoaldehydes where the R-group is
branched. It is demonstrated that the LiOH-mediated cyclization, when applied to substrates containing unbranched R-groups, results in
significant erosion of optical purity. A mechanistic justification is provided, and a set of neutral, organocatalyzed conditions is identified that
enables cyclization with little loss in optical purity.

Optically active 4-substituted-2-cyclohexenones are
both natural products and intermediates for the synthesis
of complex molecules. An example is (R)-cryptone, an
essential oil of Eucalyptus cneorifolia, that is used as a
starting material for the synthesis of dihydrojunenol,
faurinone, β-cadinene, and other natural products.1,2

Asymmetric routes into 4-substituted 2-cyclohexenones
including cryptone have been relatively limited considering
their wide use, although notable examples do exist.3 For
example, Koga et al. used optically active bases to depro-
tonate prochiral cyclohexanones followed by isomerizat-
ion of the silyl enol ether to provide optically active
cyclohexenones.4 Later, Fuchs et al. introduced a multistep
process starting with enantiopure epoxyvinyl sulfones5 and
Eloi et al. recently reported an approach using stoichiometric
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chiral manganese complexes.6 Despite these outstanding ap-
proaches, a simple catalytic method leading to 4-substituted
cyclohexenones remains elusive. An excellent step forward
was recently reportedbybothBaranandNicolaou’s groups.
Nicolaou en route to ent-7-epizingiberene and Baran en
route to dihydrojunenol used Robinson annulations em-
ploying an asymmetric Michael addition followed by a
base-mediated ring closure (Figure 1).7

In both cases, the asymmetric Michael addition was
performed using an organocatalyst modeled after the
pioneering work of Barbas et al. and other groups.8 As
shown in Figure 1, both Nicolaou and Baran’s substrates
featured β-branched substituents proximal to the chiral
center. We wondered whether these conditions would
function for unbranched substrates, as many optically
active aldehydes are racemized under basic conditions.
We tested our curiosity by first preparing 1a using

Gellman’s catalyst combined with methyl vinyl ketone
and 3-phenylpropanal.8f The desired ketoaldehyde 1a re-
sulted in an 80%yield with 90% ee. Cyclization of 1a under
Baran’s conditions provided cyclohexenone 2a (Figure 2).
We observed a steep initial decrease in optical purity con-
comitantwith formation of product, but once the reaction is
complete, the optical purity stays constant (Figure 2). We
speculated that loss of optical purity was most likely to
occur via two pathways as described in Scheme 1.
The first pathway is the reversible enolization of alde-

hyde (Scheme 1;Keq 1gKeq 2), leading to the loss of the

stereoselectivity of the chiral ketoaldehyde before under-
going the cyclization step. The second possible pathway is
the racemization of the product via conjugate enolization
of the enone.Here the rate of epimerization of the aldehyde
R-hydrogen is slow compared to the methyl hydrogen
(Keq 1 , Keq 2), but the chiral cyclohexenone produced
undergoes an epimerization step at a faster or equal rate
(Keq 3 g Keq 2).

Based on the data presented in Figure 2, we predicted
that the aldehyde enolization was the dominant origin, as
optical purity stabilizes once the reaction is complete. To
support ourmodel further,we synthesized 2a (83% ee) and

Figure 1. Baran’s and Nicolaou’s basic conditions for Robinson
annulations.

Figure 2. Plot of percent conversion and enantiomeric excess as
a function of time for the base catalyzed aldol condensation of
substrate 1a.

Scheme 1. Possible EpimerizationRoutes Leading to the Loss of
Enantioselectivity
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subjected the material to the LiOH reaction conditions of
Baran (Figure 3). If the aldehyde enolization step is the
main source of optical purity erosion, we expect to see little
change in optical purity.We observe that the optical purity
remains nearly constant over the 2 h period that we
monitored, indicating that racemization of the product is
too slow to explain the loss of optical purity.
Based on these observations, we further hypothesized

that 1a must exhibit rapid loss of optical purity for our

model tobe valid.Wemeasured the eeof substrate 1awhile
the reaction was still at low conversion (20 min into the
reaction) (Figure 4) to test our hypothesis.
As shown in Figure 4, we observed that the ee of 1a

decreases from 89% to 35% in the first 20 min of reaction.
This indicates that 1a epimerizes faster than the rate of
cyclization, leading to the loss of enantiopurity (Keq 1 >
Keq 2). Taking the initial rates of epimerization of 2a from
plots of Figures 2 and 3 into consideration, we conclude
that Keq 2 is 30-fold faster than Keq 3. For branched
substrates such as those used by Baran and Nicolaou, we
predict that R-branched aldehydes have significantly
slower rates of aldehyde enolization.
With 1a speculated as an aberrant case, examination of

the loss of optical purity on cyclization of 1b (R = ethyl)
confirmed that nonbranched substrates exhibit erosion of
optical purity on cyclization. In the case of 1bf2b, we
observeda loss of optical purity from88% ee in the starting
material to 64% ee in the product similar to 1af2a. This
led us to conclude that the base catalyzed conditions
provide unsatisfactory results for substituents that do not

Figure 3. Plot of change in enantioselectivity of 2a in presence of
LiOH/IPA.

Figure 4. Enantioselectivity of the starting material 1a as a
function of reaction progress. Description of the experiment:
enantiomeric excess was found using 1H NMR spectrum of the
acetal-protected product. Plot A represents the acetal doublets
of the two enantiomers of the racemic 1a. Plot B represents the
doublets of the two enantiomers of the enantioselective 1a. Plot
C represents the doublets of 1a after 20 min of the reaction with
LiOH. D is a residue from the crude sample at 20 min, which
contains the starting material, product, and the excess diol
added together with the pTSA catalyst.

Table 1. Condition Screening for the Model Reactiona

entry cat.

ee smb

(%)

yieldc

(%)

ee pd

(%) Δ ee

1 ae 90 87 87 3

2 af 89 85 83 6

3 b 90 35 85 5

4 c 90 15 83 7

5 d 90 50 70 20

6 e 90 61 88 2

aReaction conditions: 1a, catalyst (30 mol %), rt, hexane, 2 h. b See
Supporting Information. cDetermined usingGC analysis. dDetermined
by HPLC analysis using IA chiral column. eReaction time is 1 h.
fOpposite enantiomer of 1a is used.
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contain a β-branch. We sought a set of organocatalytic
conditions that could fill this method’s gap.
Identifying organocatalytic conditions to promote the

desired cyclization is confounded by the observation that
aldehyde enolization or internal ketone enolization is
faster than enolization of the terminal ketone inmost cases
(Scheme 2).9,10Thismechanistic detailmight be one reason
that asymmetric organocatalyzed 6-enol endo cyclizations
where the aldehyde R center is tertiary are yet to be
described.11 We selected a range of pyrrolidine catalysts
and screened them for capacity to enolize the ketone in
favor of the aldehyde with the goal of producing 4-
substituted-2-cyclohexenones without loss of optical purity
(Table 1).
From our broader screen (see Supporting Information),

it became clear that the acidity of the group pendant to the
pyrrolidine was critical. Proline and similar derivatives
containing carboxylic acid groups (entries 3 and 4) gave
low yields or low ee (entry 5) and a poorly acidic amide

(entry 6) afforded increased yields and ee, but the best
results were obtained using a catalyst containing a pendant
group with a pKa of ∼10 (entry 1). We propose that the
matched acidity between the pendant group and the
pyrrolidine amine is a critical attribute that promotes
enolization of the ketone over the aldehyde.
As Table 2 shows, the identified conditions catalyzed

cyclization of substrates containing both aromatic and
aliphatic R-groups. The most significant loss of optical
purity from startingmaterial to productwas observedwith
simple aliphatic and aromatic groups with substitution in
the ortho position. Overall, the method appears to be
successful with a wide range of substrates.
In conclusion,we have demonstrated that basemediated

cyclization of 2-monosubstituted-5-oxohexanals requires
branching of the substituent to prevent loss of optical
purity.Weprovided evidence that the aldehyde enolization
was responsible for this decrease in optical purity and not
epimerization of the product. Using this gap as inspira-
tion, we successfully identified organocatalyzed conditions
to accomplish the aldol condensation reaction on un-
branched substrates with minimal loss of optical purity.
The method is successful on both aliphatic and aro-
matic substrates, yielding a wide range of 4-substituted
2-cyclohexenones with high yields and ee.
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Table 2. Substrate Scopea

aReaction conditions: 30 mol % of catalyst a, hexane, rt, 1�1.5 h.
b See Supporting Information. cDetermined byHPLC analysis using IA
column. d Isolated yield. eDetermined by optical rotation. fPeaks were
not fully separated (see Supporting Information). gPeaks of acetals were
inseparable.

Scheme 2. Enolization Routes for Acyclic Ketoaldehydes Re-
ported in Literature
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