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ABSTRACT: The enantioselective reduction of prochiral 4,4-disubstituted 2,5-cyclohexadienones to chiral 2-cyclohexenones
has been accomplished by the use of a carefully selected chiral bisphosphine—Cul complex and diisobutylaluminum hydride—
hexamethylphosphoric triamide complex. This reagent has provided access to a key bicyclic intermediate for the total synthesis of
the natural enantiomer of the pentacyclic sesterterpene retigeranic acid that involves spatial discrimination between CH; and
CH,CH,R substituents, an operation that has been elusive previously. In addition, a second method for desymmetrization is
described using catalytic enantioselective [4 + 2]-cycloaddition of cyclopentadiene to prochiral 4,4-disubstituted 2,5-

cyclohexadienones.
S ome years ago, we described an effective, stereocontrolled
synthesis of the Himalayan lichen-derived natural product
+)-retigeranic acid (1, Figure 1)."?
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Figure 1. Retigeranic acid (1).

The synthesis was facilitated by the efficient synthesis® of the
intermediates (£)-3 and (&)-4 starting with the cheap
commercially available aldehyde 2 (“melon aldehyde”) and
methyl vinyl ketone, as shown in Scheme 1.

The bicyclic intermediate 4 was efficiently elaborated to the
pentacyclic target (+)-1 by the strategic application of two
cycloaddition reactions. It was initially envisaged that the

Scheme 1. Synthesis of Intermediate 4
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enantiomers of 3 might be made enantioselectively from 2 and
methyl vinyl ketone using a chiral pyrrolidine derivative, thus to
enable an enantioselective synthesis of retigeranic acid.
Unfortunately, despite the use of a variety of chiral pyrrolidines,
only modest enantioselection (ca. 1.5:1) was observed, a result
that clearly was a consequence of the involvement of both E-
and Z-enamines $ and 6 in the Michael addition to methyl vinyl
ketone (Figure 2).
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Figure 2. E- and Z-Enamines $ and 6.

That lack of control of E/Z-geometry can be ascribed to the
nearly equal steric bulk of a methyl and methylene group and
the very small energetic difference between S and 6. The
inability to control the E/Z-geometry in reactive enamine
intermediates remains an unsolved problem.

Recently, we have returned to the quest for an
enantioselective synthetic route to the key chiral enone 3
with the results that are described herein. The approach which
we have taken to the enantioselective synthesis of 4 involves the
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enantioselective reductive desymmetrization of the correspond-
ing cyclohexadienone 7 which was readily prepared from 3, as
shown in Scheme 2.

Scheme 2. Oxidation/Reductive Desymmetrization
Sequence for the Enantioselective Preparation of 3
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The success of such a desymmetrization® would again
depend on finding a solution to the heretofore unsolved
problem of differentiation between CH; and CH,CH,R groups.
Our hope was that such a distinction might be realizable by the
nucleophilic addition of a Cu(I)-hydride reagent in which a
bulky chiral bisphosphine ligand is bound to copper.
Enantioselective Cu(I)-hydride reduction of a,f-unsaturated
enones has recently been studied in detail by the Buchwald’
and Lipshutz® groups.

Our initial experiments on the enantioselective reduction of
7 to (+)-3 were conducted under the optimum conditions
reported by Lipshutz et al. using the (S)-DTBM-SEGPHOS
ligand and Cu(OAc),H,O and phenylsilane in toluene at
temperatures between —78 °C and —20 °C.°

These reactions were slow (very slow at —78 °C) and
generally required 3—5 days to achieve maximum conversion,
but unfortunately the ee values of the enone 3 were only in the
range of 35% to 50%. The other chiral bisphosphines studied
gave even lower ee’s of 3.7 In view of these results, we decided
to try the method developed in our laboratory several years ago
involving a chiral bisphosphine, Cul, diisobutylaluminum
hydride (DIBAL), and hexamethylphosphoric triamide
(HMPA).® It was gratifying that this method afforded good
results with (S)-DTBM-SEGPHOS (8, Scheme 3A) and even
better results with (R,R)-Ph-BPE (9, Scheme 3B) using 10 mol
% ligand and Cul in each case.

The dextrorotatory enantiomer was obtained using both (S)-
8 and (RR)-9. The absolute configuration of (+)-3 was
establis&)led by cyclization with EtAICL,’> to give the enone
(—)4

The ability of the Cu(I)-9 hydride to reduce 7 to (+)-3 with
9/1 enantioselectivity is impressive, and that encouraged us to
examine a few other y,y-disubstituted cyclohexadienones, as
discussed below. It is interesting that three-dimensional
modeling studies of the addition of the Cu(I)-9 hydride
complex to dienone 7 led to the expectation that the
(+)-enantiomer of 3 would be the favored product.

We were able to upgrade the enantiomeric purity of the
chiral product (+)-3 (obtained as described above) from 80% ee
to 99% ee for the cyclization product (—)-4 by the process
outlined in Scheme 4, or simply by chromatography on a chiral
OD-H column.

Cyclization of (+)-3 to (—)-4, followed by diastereoselective
reduction (LiAlH, in ether at —25 °C) and reaction with 4-
bromophenylisocyanate and Et;N in ether, gave the solid 4-
bromophenylcarbamate (+)-10 which could be purified by
recrystallization with ether—hexanes (25:1) to afford product of
99% ee, mp 129—130 °C, [a]® = +34.5 (¢ = 0.82, CHCL,).
Reductive cleavage (LiAlH, in THF at reflux) gave the
corresponding 2-cyclohexenol which upon treatment with

Scheme 3. Reductive Desymmetrization of 7 Using (A) (S)-
DTBM-SEGPHOS (8) and (B) (R,R)-Ph-BPE (9)
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Scheme 4. Upgrade of Enantiomeric Purity from (+)-3 to

(-)-4
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MnO, in CH,Cl, gave pure enone (—)-4, [a]8 = —145.7 (c
=0.51, CHCl;) of 99% ee by HPLC analysis on a Chiralcel OD-
H column.

The enantioselective reduction using the Cu(I)-9 hydride
reagent from DIBAL and Cul was also applied to the
cyclohexadienones 11 and 13 with the results indicated in
Scheme S. The very high enantioselectivity of the desymmet-
rization 11 — 12 is understandable in view of the large
difference in the size of methyl and phenyl substituents.'" More
surpising is the degree of enantioselectivity in the formation of
the y-methyl-y-methoxy enone 14.

Scheme 5. Desymmetrization of Dienones 11 and 13
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We have also studied the selective reduction of the long
known prochiral cyclohexadienone 15 (made from CHCl,, p-
cresol, and aqueous NaOH),12 with surprising results. First, the
reduction of 15 is less enantioselective using DIBAL-HMPA as
a reductant rather than PhSiH;, with Cu(I)-9 as the copper-
hydride source, even though the rate of reduction was
considerably faster than had been observed with the dienone
7 (Scheme 3), 11, or 13 (Scheme 5). Second, the attachment of
the hydride occurred to the opposite f-carbon of 15 relative to
7, 11, or 13, as shown in Scheme 6, and resulted in the
cyclohexanone 16, along with 14% of the saturated ketone 17
(vide infra).

Scheme 6. Desymmetrization of Dienone 15
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Scheme 8. Enantioselective Desymmetrization of 15 by [4 +
2]-Cycloaddition
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the chiral 2-cyclohexenone 21 by a retro-Diels—Alder reaction.
The optical rotation of 20, and thus the absolute configuration,
was opposite to the product 16 from Cu(I)-9 hydride reduction
of 185, a fact which was further supported by chiral GC analysis
of both products.

Furthermore, the enone in enantioenriched adduct 19 lends
itself to further stereoselective transformations, exemplified by
methyl cuprate addition to afford ketone 22 as a single
diastereomer, which underwent a retro-Diels—Alder reaction to
give functionalized enone 25 (Scheme 9).'®

Although chromatographic separation of 16 and 17 was
difficult, pure 16 was readily obtained by the sequence: (1)
bromination to form 18, which could be chromatographically
separated from 17, and (2) debromination. The enantiomeric
excess of 16 obtained by the use of PhSiH; as the reductant was
77% whereas the use of DIBAL—HMPA reagent afforded
product of 33% ee. The low enantioselectivity of the latter
reaction was 1ntr1gu1n§ and could not be explained by a racemic
background reaction.”” This prompted us to investigate other
means to obtain this product and also confirm the absolute
configuration of the reduction product 16 by an independent
method.

For this purpose, we devised an entirely different approach to
the enantioselective desymmetrization of prochiral y,y-disub-
stituted cyclohexadienones which takes advantage of chiral
oxazaborolidinium cationic catalysis of [4 + 2]-cycloaddition
reflsctions, 13 inspired by the transformation shown in Scheme
7.

The analogous cycloaddition of cyclopentadiene to the
cyclohexadienone 15 proceeded to give the adduct 19 in good
yield and with good stereoselectmty using our second-
generation F2/F0-AlBr; catalyst,'** as shown in Scheme 8.

The chiral adduct 19 could be selectively reduced at the a,f3-
double bond by r-Selectride and then thermolyzed to provide

Scheme 7. Enantioselective [4 + 2]-Cycloaddition
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Scheme 9. Conjugate Addition to Enone 19 and Crystal
Structure of Chlorocyclopropane 24
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The desired conjugate addition product 22 was accompanied
by two diastereomeric tetracylic monochlorocyclopropanes 23
and 24 which were separable by careful column chromatog-
raphy."” Unambiguous proof of the absolute configuration of
the tricyclic adduct 19, expected from the established Diels—
Alder pretransition state model,"*” was achieved by X-ray
crystallographic analysis of 24.

The oxazaborolidinium-catalyzed [4 + 2]-cycloaddition of
cyclopentadiene with cyclohexadienones represents another,
complementary approach for their desymmetrization.

As a result of these studies, the absolute configuration of the
quaternary carbon of enone 16 from the Cu(I)-9 hydride
reduction is thus assigned (S). The low enantioselectivity in this
reaction in combination with the opposite sense of stereo-
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induction observed in the reductions of 7, 11, and 13 is
intriguing and deserving of further investigation.

In summary, we have developed a novel method to
desymmetrize y,y-disubstituted cyclohexadienones to chiral
cyclohexenones utilizing the Cu(I)-9 complex and DIBAL—
HMPA as the reductant. The method exerts effective
stereocontrol even in the challenging differentiation between
a methyl (CH,) and methylene (CH,CH,R) group and enables
the asymmetric formal synthesis of the natural enantiomer of
retigeranic acid. Additionally, when faced with an unexpectedly
low ee in the reduction of dichloromethane-substituted
substrate 15, we demonstrated the applicability of oxazaboro-
lidinium-catalyzed [4 + 2]-cycloadditions for the purpose of
desymmetrizing cyclohexadienones. The Diels—Alder adduct
thus obtained could be further exploited to stereoselectively
obtain chiral 3,4,4-trisubstituted cyclohex-2-en-1-ones.
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