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ABSTRACT

A new family of optically active 2,3-dihydrobenzofurans has been prepared by a simple chemoenzymatic asymmetric strategy. This synthetic
approach is based on the combination of a lipase-mediated kinetic resolution of 1-aryl-2-propanols or bioreduction of the corresponding
ketones followed by an intramolecular cyclization reaction. These novel compounds have been prepared in enantiopure form and in good
overall yield through a straightforward route.

Furan derivatives constitute a versatile class of heterocycles
because of their presence in many biologically active
compounds and their applications in a wide range of chemical
transformations.1 Among them, 2,3-dihydrobenzofurans are
an attractive type of oxygenated organic compound since
its basic skeleton is present in serotobenine, darifenacin,
corsifuran A, or (-)-ephedadrine A, substrates with remark-
able biological properties. A series of nonstereoselective2

and stereoselective chemical syntheses of this class of

materials have been reported in the literature,3 chemoenzy-
matic methods scarcely being reported for the preparation
of 2,3-dihydrobenzofuran.4

Here we first report an exhaustive enzymatic study for the
production of adequate alcohol intermediates in the synthesis
of 2,3-dihydrobenzofurans, which will be later used in
intramolecular cyclization reactions to obtain a wide family
of enantiopure 2,3-dihydrobenzofurans.
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Taking advantage of the high stereodiscrimination shown
by enzymes5 and the fact that resolution of racemic mixtures
is probably the most common technique used in the industrial
sector for the preparation of enantiomerically pure com-
pounds,6 we have considered the kinetic resolution of (()-
2a-d, compounds easily prepared by chemical reduction of
commercially available ketones 1a-d using sodium boro-
hydride in MeOH (Scheme 1). The chemical reduction
processes proceed smoothly obtaining the racemic 1-aryl-
2-propanols 2a-d in good to excellent yields after 1 h. This
simple chemical reaction is a more efficient alternative
than the previous synthesis reported for this family of
alcohols.3f,7

Then, after a preliminary screening of enzymatic activity,
we found Pseudomonas cepacia lipase (PSL-C I), also known
as Burkholderia cepacia lipase, as the most efficient bio-
catalyst for the asymmetric preparation of (R)-acetates 3a-d
and (S)-alcohols 2a-d (Table 1). In the lipase-mediated
acetylation, stereochemistries were in accordance with Ka-
zlauskas’ rule8 and previous enzymatic studies carried out
with 2d.9 Vinyl acetate was used as adequate irreversible
acyl donor, observing moderate enantioselectivity values
when halogen atoms were present in the 2-position of the
phenyl ring (F, Cl, and Br). PSL-C I allowed the recovery
of the (R)-acetates 3a-d up to 89% ee in all cases (entries
1, 2, 4, and 6), obtaining the best results with the methoxy
derivative 2d. In general, CAL-B showed lower stereopref-
erence values, although in the case of compounds 2b,c (X
) Cl and Br, entries 3 and 5) made possible the recovery of
the (S)-alcohols in nearly enantiopure form (96-99% ee).

Additionally, bioreduction processes offer a new alterna-
tive for the production of enantiopure alcohols, particularly
substituted 1-phenylpropan-2-ols.7,11 To examine the scope
of this methodology, ketones 1a-d were stereoselectively
reduced using a set of alcohol dehydrogenases (ADH): T,
LB, CP, PR2, RS1, and A (Scheme 2). The best results are
summarized in Table 2.

From all of the ADH tested, T, CP, RS1, and A led to the
production of the (S)-alcohols; meanwhile, LB and PR2
allowed the isolation of the complementary (R)-alcohols (see
also Table S4 in the Supporting Information). In general,
ADH CP and ADH A acted with higher levels of stereopref-
erence toward the formation of (S)-2a-d, observing slightly
higher activity values for ADH A. Comparing both lipase-
catalyzed and bioreduction processes we can conclude that
meanwhile the classical kinetic resolution of alcohols (()-
2a-d allows the recovery of both alcohol and acetate of
opposite configurations in good to excellent optical purities,
and these biotransformations are limited to a maximum 50%
isolated yield. In contrast, the bioreductions have led to the
isolation of the (S)-alcohols in enantiopure form and
quantitative yield, although any of the ADH tested has
allowed the recovery of enantiopure (R)-alcohols up to 43%
yield (see Table S4 in the Supporting Information). For all
the above reasons, bioreduction and lipase-catalyzed resolu-
tions can be considered as ideal complementary tools for
the production of enantiomerically pure compounds.

To examine the synthetic possibilities of the resulting
enantiopure alcohols, (S)-2a-d were reacted in different
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Scheme 1. Chemical Synthesis and Lipase-Mediated Kinetic
Resolution of Racemic Alcohols 2a-d

Table 1. Lipase-Mediated Kinetic Resolutions of Alcohols
(()-2a-d Using 3 equiv of Vinyl Acetate in THF at 30 °C and
250 rpm

entry lipase X t (h) eeP (%)a eeS (%)a c (%)b Ec

1 PSL-C I F 6 89 95 52 61
2 PSL-C I Cl 4 95 55 37 72
3 CAL-B Cl 8 71 96 58 22
4 PSL-C I Br 8 89 95 51.5 65
5 CAL-B Br 8 67 >99 60 36
6 PSL-C I OMe 9 95 >99 51.5 >200
a Determined by HPLC. b c ) eeS/(eeS + eep). c E ) ln[(1 - c) × (1 -

eeP)]/ln[(1 - c) × (1 + eeP)].10

Scheme 2. Bioreduction of Ketones 1a-d Followed by
Intramolecular Cyclization to Afford 2,3-Dihydrobenzofuran 4
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conditions to obtain the corresponding (S)-2-methyl-2,3-
dihydro-1-benzofuran (4).12 It must be mentioned that for
(S)-2d a previous deprotection of the methoxy group is
needed for the intramolecular coupling. Unfortunately, in all
the experimental conditions tested, racemization occurred in
a high extension. The best results were obtained when using
the brominated derivative (S)-2c and a combination of
sodium hydride and copper(I) chloride in refluxing toluene,
yielding a complete conversion into the desired benzofuran
in 77% isolated yield without any loss of the optical purity.13

Unfortunately, the lack of access to valuable precursors for
the preparation of substituted 1-(2-bromophenyl)propan-2-
ols made us focus on an alternative synthetic route.

To overcome these limitations and try to increase the
isolated yields, we move forward to the development of the
synthesis and enzymatic kinetic resolution of a more versatile
racemic intermediate, 1-2-(benzyloxy)phenyl-propan-2-ol
(2e). To achieve this aim, 2-bromophenol (5e) was smoothly
protected in the presence of benzyl bromide and potassium
carbonate yielding 6e,14 which was subsequently reacted with
BuLi and 2-methyloxirane in the presence of a Lewis acid,
obtaining the desired (()-2e in high overall yield (Scheme
3). Two different approaches were considered for the
production of enantiopure (S)-2e: (a) lipase-mediated acety-
lation of its free hydroxyl group, which occurred with an
excellent selectivity when PSL was used as biocatalyst (the
results will be analyzed later in the manuscript, see Table
3) and (b) bioreduction of ketone 1e, obtained by chemical
oxidation of alcohol 2e using the Dess-Martin reagent,
which procceded with an excellent stereopreference with
ADH A toward the production of (S)-2e in 74% yield (see
Table S4 in the Supporting Information).

Cleavage of the benzyl group by palladium-catalyzed
hydrogenation reaction of (S)-2e in MeOH led to diol (S)-7
in 92% isolated yield. Then, final intramolecular cyclization
in Mitsunobu conditions15 using triphenylphosphine and
diisopropyl azodicarboxylate (DIAD) allowed the recovery
of the benzofuran (R)-4 in enantiopure form and with good
overall yield.

To examine the scope of this synthetic methodology, we
decided to extend these studies toward the stereoselective
preparation of a set of optically active benzofurans from
conveniently substituted benzene derivatives. This general
synthetic strategy has been outlined in Scheme 4 and is based
on the preparation of the corresponding benzylic alcohols
2f-h that could be enzymatically resolved and later trans-
formed into the desired benzofurans (R)-13-15.

Initially, the starting methoxy compounds 8f-h were
chemically deprotected using boron tribromide in dichlo-
romethane to afford phenols 5f-h in quantitative yield,
protecting next their free hydroxyl group with benzyl
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Scheme 3. Chemoenzymatic Synthesis of 2,3-Dihydrobenzofuran (R)-4a from Commercially Available 2-Bromophenol (5e)

Table 2. Bioreduction of Ketones 1a-d at 30 °C and 250 rpm
during 24 h Using ADH CP and ADH Aa

entry ADH X c (%)b eeP (%)c

1 CP F 99 >99
2 A F 99 >99
3 CP Cl 97 >99
4 A Cl 99 >99
5 CP Br 92 >99
6 A Br 99 >99
7 CP OMe 95 >99
8 A OMe 98 >99

a See Supporting Information for individual conditions. b Conversion
value determined by GC of the reaction crude. c (S)-Alcohols 2a-d were
obtained. The ee was determined by HPLC or GC.
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bromide in the presence of potassium carbonate, to afford
6f-h in good to excellent yield.16 These compounds were
subsequently reacted with BuLi and 2-methyloxirane obtain-
ing the racemic alcohols 2f-h in moderate to good yields,
substrates used in the subsequent lipase-mediated kinetic
resolution experiments. The best results have been sum-
marized in Table 3, and it is important to stress that in all
cases alcohols (S)-2e-h or acetates (R)-3e-h have been
obtained in enantiopure form by using CAL-B or PSL-C I
as biocatalyst in TBME as solvent, 3 equiv of vinyl acetate
as acyl donor, and 30 °C. Depending on the reactivity of
each individual substrate, we have modified the amount of
enzyme aiming to stop the reactions closer to 50% conversion
value, yielding both substrate and product in excellent
enantiomeric excesses.

PSL-C I showed an excellent selectivity toward alcohol
2e, achieving the best stereocontrol when using a substrate:
enzyme ratio of 1:0.5 to achieve in 9 h the isolation of both
alcohol and acetate in up to 96% ee (entry 4). However, the
introduction of substituents in the phenyl ring has led to a
dramatic decrease in the reaction rate (for 2f,g, entries 7, 8,
and 11) or in the enantioselectivity (for 2h, entry 13) shown
by PSL-C I. The best results for alcohols 2f-h were found
with CAL-B by using a substrate:enzyme ratio of 1:0.5 for
2f,g (entries 6 and 10); meanwhile, 2h which possesses a
more hindered substitution need longer reaction rates and
higher loading of biocatalyst (entry 12).

Finally, the alcohols (S)-2f-h were reacted under the
previously optimized reaction conditions for (S)-2e; that
means palladium-catalyzed hydrogenation to remove the
benzyl group affording (S)-9-11, which was subjected to an
intramolecular cyclization reaction under Mitsunobu condi-
tions to isolate optically active 2,3-dihydrobenzofurans (R)-
13-15 in good overall yield. It must be mentioned that at
higher palladium loading the hydrogenation of the benzo-
fusionated phenyl ring of (S)-2h was observed, leading to
the formation of diol (S)-12, an adequate precursor for the
syntheis of benzofuran (S)-16. Thus, a general chemoenzy-

matic strategy has been developed for the synthesis of a wide
family of 2,3-dihydrobenzofurans.

In summary, we have developed a new access to a novel
family of enantiomerically pure benzofurans by means of
an asymmetric enzymatic process followed by an intramo-
lecular chemical cyclization reaction. This system here
developed opens a new window of research for the synthesis
of related oxygenated and nitrogenated heterocyclic com-
pounds in a stereoselective fashion.
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Scheme 4. Chemoenzymatic Synthesis of 2,3-Dihydrobenzofurans (R)-13-16 from Commercially Available 8f-g

Table 3. Lipase-Mediated Kinetic Resolution of (()-2e-h in
TBME Using 3 equiv of VinOAc at 30 °C and 250 rpm

entry 2e-h lipase t (h) eeP (%)a eeS (%)a c (%)b Ec

1 2e CAL-Bd 5.5 81 94 56 33
2 2e CAL-Be 5 92 91 50 70
3 2e PSL-C Id 5.5 97 81 48 176
4 2e PSL-C Ie 9 96 >99 50 >200
5 2f CAL-Bd 3 98 95 49 >200
6 2f CAL-Be 5 97 >99 50 >200
7 2f PSL-C Id 5 >99 25 20 >200
8 2f PSL-C Ie 7 >99 24 19 >200
9 2g CAL-Bd 15 92 >99 52 179

10 2g CAL-Be 5.5 99 >99 50 >200
11 2g PSL-C Id 15 99 32 24 >200
12 2h CAL-Bd 39 99 >99 50 >200
13 2h PSL-C Id 15 97 9 9 72

a Determined by HPLC. b Conversion value: c ) eeS/(eeS + eep). c E )
ln[(1 - c) × (1 - eeP)]/ln[(1 - c) × (1 + eeP)].10 d Ratio substrate:enzyme
(1:1). e Ratio substrate:enzyme (1:0.5).
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