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ABSTRACT

Enantioenriched pyranones are important intermediates in the synthesis of natural products and the generation of compound libraries. A
one-pot method for their synthesis is outlined. Catalytic asymmetric alkylation of 2-furfurals in the presence of catalytic (-)-MIB generates
enantioenriched furyl zinc alkoxides. Addition of water/THF followed by NBS results in formation of pyranones with ee’s >90% and yields
between 46-77%.

Advances in organic synthesis enable chemists to prepare
most natural product targets. Even with state of the art
methods, however, syntheses often require many synthetic
manipulations and purifications, resulting in low overall
yields and generation of large amounts of chemical waste.
To address these issues, increasing synthetic efficiency and
reducing E-factors (defined as the ratio of the mass of waste
produced to the mass of product) are becoming more
important in designing synthetic routes.1 One approach to
streamline organic synthesis is through tandem and sequential
reactions that accomplish multiple steps in a single flask and
minimize isolations, purifications, and solvent use.

Herein, we present a one-pot method to prepare enan-
tioenriched pyranones from 2-furfurals. Pyranones are valu-
able building blocks that have been extensively used in
natural product2-5 and diversity oriented syntheses.6

6-Hydroxy-(2H)-pyran-3-ones are typically prepared by
the oxidative rearrangement of furyl alcohols in the Ach-

matowicz reaction.7 Key intermediates in the Achmatowicz
reaction are illustrated in Scheme 1. An example of the

Achmatowicz reaction in the synthesis of (-)-8a-epi-
swainsonine2 by O’Doherty is shown in Scheme 2.

The most popular approach to enantioenriched pyranones
has relied on kinetic resolution (KR) of racemic furyl
alcohols,8 as illustrated in Fürstner’s elegant synthesis of
ipomoeassian E (Scheme 3).9 Upon treatment of the racemic
furyl alcohol under KR conditions with the Sharpless-Katsuki
catalyst and TBHP, the matched enantiomer underwent the
Achmatowicz reaction to generate the optically active
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Scheme 1. Key Intermediates in the Achmatowicz Reaction7
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pyranone. The unreacted enantiomerically enriched furyl
alcohol was then isolated in 47% yield (>99% ee) and
subjected to a second Achmatowicz reaction.9

In a KR, the product ee decreases with rising conversion
while the starting material ee increases.11 Thus, unless the

KR selectivity factor () kfast/kslow) is very large, it is always
the enantioenriched starting material that is carried forward.

Our approach to enantioenriched pyranones is based on
our enantioselective carbonyl addition/epoxidation (Scheme
4).12 These one-pot transformations generate epoxy alcohols

with three contiguous stereogenic centers with high enantio-
and diastereoselectivity. In applying this approach to the
synthesis of enantioenriched pyranones, we focused on
2-furfurals as substrates.

Employing Nugent’s enantioenriched amino alcohol (-)-
MIB (Scheme 5, 4 mol %),13,14 we first examined the

asymmetric addition of diethylzinc to 2-furfural in hexanes
at 0 °C. We were pleased to observe that the addition
furnished the furyl alcohol in 97% enantioselectivity and 98%
yield. With suitable conditions for the asymmetric addition,
attention was then focused on the second half of the tandem
process, the Achmatowicz reaction.

We initially employed reagents and conditions for the
Achmatowicz reaction that were similar to those used in our
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Scheme 2. O’Doherty Synthesis of (-)-8a-epi-Swainsonine
Featuring a Ketone Reduction with Noyori’s Catalyst10 and the

Achmatowicz Reaction

Scheme 3. Fürstner’s KR in the Synthesis of Ipomoeassin E9

Scheme 4. Our One-Pot Transformations12

Scheme 5. Asymmetric Addition with MIB
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asymmetric addition/diastereoselective epoxidation chemistry
(Scheme 4, B and C). Thus, after completion of the
asymmetric addition, TBHP (up to 5 equiv) and Ti(Oi-Pr)4

(20 mol %) were added at 0 °C and the oxidation was stirred
for 12-15 h (Table 1, entry 1). Under these, and related

conditions, the oxidation stalled at or below 50% conversion
in all cases. Longer reaction times and addition of a second
dose of Ti(Oi-Pr)4 were unsuccessful at increasing conver-
sions. Despite extensive experimentation, we were unable
to satisfactorily optimize this process.

We next examined the OV(acac)2/TBHP system for the
Achmatowicz oxidation (Table 1, entries 2-6). Direct
addition of OV(acac)2 and TBHP to the asymmetric addition
reaction mixture after the aldehyde was consumed resulted
in reduction of the vanadium by the residual alkylzinc species
(entry 2). We therefore added the TBHP (2-3 equiv) to first

quench alkyl organozinc species, followed by slow addition
of OV(acac)2. With the vanadium catalyst, our best results
were obtained with 15 mol % catalyst loading and 3 equiv
TBHP under slow addition conditions (70% yield, entry 6).
In general, OV(acac)2/TBHP systems require significantly
lower catalyst loadings, but these conditions were unsuc-
cessful in this oxidation.

Employing more traditional Achmatowicz oxidation con-
ditions, we found that addition of THF/H2O (4:1) to the furyl
zinc alkoxide product followed by N-bromosuccinimide
(NBS) in three equal portions at rt resulted in complete
consumption of the furyl alcohol in about 4 h. The pyranone
was isolated in 73% yield after purification as a 2.6:1 ratio
of diastereomers about the anomeric carbon (Table 1, entry
7). Due to the low cost and ease of the NBS oxidation, these
conditions were used to determine the substrate scope of the
one-pot pyranone synthesis in Table 2.

A series of 2-furfurals were examined in combination with
dialkylzinc reagents in the one-pot pyranone synthesis (Table
2). It is noteworthy that enantioselectivities were >90% with
all substrates examined. Isolated yields for the one-pot
procedure ranged from 46 to 77%. Of note, the pyranone in
entry 2 is an intermediate in O’Doherty’s syntheses of
daumone, digitoxin, and anthrax.3
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Table 1. Optimization of Oxidation Conditions

entry additive oxidanta yield (%)

1 TBHP Ti(Oi-Pr)4 50
(5 equiv) (20 mol %)

2 TBHP OV(acac)2 0
(2 equiv) (10 mol %)

3 TBHP OV(acac)2 50
(3 equiv) (40 mol %)

4b TBHP OV(acac)2 50
(3 equiv) (30 mol %)

5 TBHP OV(acac)2 70
(3 equiv) (30 mol %)

6 TBHP OV(acac)2 70
(3 equiv) (15 mol %)

7b,c THF/H2O NBS 73
a Oxidants were slowly added as a solution by syringe pump unless

otherwise noted. See Supporting Information for additional details. b Oxidant
was added neat. c NBS was added in three portions over 30 min at rt.

Table 2. Substrate Scope for One-Pot Synthesis of Pyranones

a Enantiomeric excess was determined after the dialkylzinc addition to
the furfurals.
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2-Furfural derivatives substituted at the 5 or disubstituted
at the 4 and 5 positions participated in the reaction to yield
pyranone products (entries 3-8). Functionalized organozinc
reagents generated by Knochel’s procedure15 were also
employed to provide pyranone products (entry 3) in com-
parable yields to reactions utilizing commercially available
dialkylzinc reagents. As shown in entry 4, the TBS protected
alcohol was tolerated. A decrease in the yield was noted for
4,5-disubstituted 2-furfural (entries 8-9). It is possible that
the cyclization onto the R-substituted enone intermediate
(Scheme 1, R2 * H) is more difficult than when R2 ) H for
steric reasons.

In summary, we have developed a one-pot protocol to
prepare enantioenriched pyranones with enantioselectivities
>90%. The procedure involves initial asymmetric alkylation
of 2-furfurals to generate zinc furyl alkoxide intermediates.

Subsequent oxidation with NBS promotes the Achmatowicz
reaction to furnish the pyranone products. This method
enables the one-pot synthesis of a variety of pyranones
simply by varying the structure of the 2-furfural derivative
and organozinc reagents employed. Our protocol represents
an improvement over the kinetic resolution approach to
pyranones by circumventing the need for additional purifica-
tions and leading to an increase in overall yield. Enantioen-
riched pyranones such as these have been used in several
natural product syntheses. Given the utility of enantioen-
riched pyranones in synthesis, we believe that this one-pot
method will be useful in the assembly of natural products.
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