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ABSTRACT

An enantioselective r-hydroxyacetate aldol reaction that employs N-acetyl pyrroles as activated ester equivalents and generates syn 1,2-diols in
good yield and diastereoselectivity is reported. This dinuclear zinc�ProPhenol-catalyzed transformation proceeds with high enantioselectivity
with a wide variety of substrates including aryl, alyl, and alkenyl aldehydes. The resulting r,β-dihydroxy activated esters are versatile
intermediates for the synthesis of a variety of carboxylic acid derivatives including amides, esters, and unsymmetrical ketones.

Enantiopure syn 1,2-diols are important pharmaco-
phores present in bioactive polyketide natural products
anddrugs.Apowerfulmethod for constructing 1,2-diols in
a stereocontrolled fashion is the direct R-hydroxyacetate
aldol reaction, which allows assembly of the 1,2-diol
functionality concomitant with formation of a new C�C
bond.1 In addition, this strategy avoids the use of toxic
Os catalysts.2 While several catalytic enantioselective
R-hydroxyacetyl aldol protocols have been reported, their
application in synthesis has been limited due to the general
requirement that the enolate partner be either an aromatic

ketone3 or a hydroxyacetone derivative.4 To access the
more synthetically versatile R,β-dihydroxyester function-
ality, Bayer�Villager oxidation of the R,β-dihydroxyaryl
ketone products has been employed.5 Catalytic asym-
metric direct glycolate aldol reactions, with aldol donors
at the carboxylic acid oxidation state, are muchmore rare.
Denmark et al.6 recently reported a glycolate aldol reaction
that can deliver either the syn or anti diol product in high
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selectivity, but this method requires the use of specialized
fully protected and preformed silyl ketene acetal donors,
which deliver the diol products in a protected form. We
describe herein a simplified approach that does not require
the synthesis and use of enolate donors with high geome-
trical purity,7 but employs unprotected activated ester
donors, providing free syn 1,2-diol products in high yield
and enantioselectivity.
Our laboratory has pioneered the use of dinuclear zinc�

ProPhenol catalysts for aldol-type transformations,8

including R-hydroxyacetate aldol reactions with aryl
ketones.3c In our recent efforts toward the total synthesis
of laulimalide, we required a directR-hydroxyacetate aldol
reactionwhere the enolate donorwas at the ester oxidation
state.9 We found that ortho-substituted aryl ketone donor
1a provided the desired diol product (3a) in good yield
and diastereoselectivity when the dinuclear zinc complex
of ProPhenol ligand 2a was employed as the catalyst
(Scheme 1). However, subsequent oxidation of 3a to the
aryl ester under various conditions proceeded with poor
chemoselectivity, resulting in either PMB cleavage or olefin
epoxidation.8bThe lower reactivityof anR-hydroxycarboxylic
acid type substratemade their use seemunlikely.Nevertheless,
in the course of those studies, we found that when
N-(R-hydroxyacetyl)-2-ethylpyrrole (1b) was employed
as the enolate partner, the desired syn 1,2-diol 3b could
be obtained with good diastereoselectivity.10 In addition,
the pyrrole product could easily be converted to an ester of
any desired alcohol by simple esterification.
The results of our studies toward laulimalide demon-

strated that dinuclear zinc�ProPhenol catalysts were
capable of performing highly diastereoselective addition
reactions with chiral β-siloxyaldehydes. The real challenge
was whether these complexes could also facilitate highly
enantioselective R-hydroxyacetate aldol reactions without

the need for additional chiral directing groups in the
substrate. In this report, we describe the development of
a zinc�ProPhenol-catalyzed enantioselective hydroxyace-
tate aldol reaction that employs N-acylpyrrole donors as
activated ester equivalents.
Our studies toward this goal began by investigating the

potential of a variety of ester equivalents to participate
in the R-hydroxyacetate aldol reaction when dinuclear
zinc�ProPhenol complex 2a was employed as the catalyst
(Figure 1). While a variety of ester derivatives, including
2-acylimidazolesandacetylpyrroles,participated in the trans-
formation, only the N-acetylpyrrole delivered promising
yields and enantioselectivities. Use of anN-acylbenzoxazoli-
none substrate (1f) only led to decomposition. In these
studies, we also confirmed that substitution of the pyrrole
at the 2-position (1b vs 1c) led to a slight increase in the
enantio- and diastereoselectivity of the process.

The synthesis of our desired R-hydroxyester equivalent
1b is easily accomplished in a two-step process from
commercially available 2-ethylpyrrole11 and benzyloxya-
cetyl chloride (Scheme 2). Treatment of 2-ethylpyrrole
with n-butyllithium at low temperature, followed by addi-
tion of the pyrrole anion to the benzyloxyacetyl chloride,

Scheme 1. Hydroxyacetyl Aldol in Laulimalide Synthesis

Figure 1. Variation of activated ester structure.
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provided thedesiredN-acylpyrrole4 in a respectable yieldon
scales up to 77 mmol. Simple cleavage of the benzyl group
with boron trichloride gave the R-hydroxyacetylpyrrole 1b
in excellent yield.

Having developed a large-scale synthesis of our desired
activated ester derivative, we next sought to optimize the
aldol transformation in terms of yield and enantioselectivity
(Table 1). We found that use of 2 equiv of the aldehyde
was optimal to obtain the 1,2-diol product in good yield
and improved enantioselectivity (entries 1�3). Increasing
the equivalents of aldehyde to more than 2 equiv did not
provide any additional benefits. The effects of solvent (entry
4), temperature (entry 5), and concentration (entry 6) were
explored and led to slight improvements in enantioselec-
tivity, but the reaction still suffered from low conversion.
Additives that have been shown to improve catalyst turn-
over also failed to increase the conversion (entries 7�8).3c

Finally, by increasing the catalyst loading (entries 9�10)
and conducting the reaction at 0 �C for 48 h, we were able
to isolate the diol product in excellent diastereoselectivity,
enantioselectivity, and yield.We next looked at the effect of
catalyst structure on the enantioselectivity of the process
and found that ligand 2b provided the product in improved

yield and selectivity (entry 11). Modification of the aryl
substituents on the diaryl prolinol in 2a, however, did
not significantly affect the selectivity of the reaction (see
Supporting Information).
With optimal conditions for the R-hydroxyacetate aldol

reaction in hand, we next set out to determine the scope of
aldehydes that can participate in this transformation
(Table 2). A range of branched and linear alkyl aldehydes
reacted in good yield, d.r., and enantioselectivity (entries
1�7). This result is particularly important because other
glycolate aldolmethodologies haveonlyprovedparticularly
effective for aryl and monosubstituted alkyl aldehydes. In
fact, R-branched aldehydes such as cylcohexanecarboxal-
dehyde (Table 2, entry 1) often provide none of the desired
1,2-diol product when previously reported methods are
employed.6b In our zinc�ProPhenol-catalyzed aldol addi-
tion, the reaction proceeds with the highest selectivity when
aldehydes are disubstituted at the R-carbon (entries 1�3).
Aldehydes with a tetrasubstituted R center also react with
excellent diastereoselectivity and only slightly reduced ee
(entries 8�10). On the other hand, aromatic aldehydes
(entries 11�12) and R,β-unsaturated aldehydes (entry 13)
reacted in high enantioselectivity when the transformation
was performed at slightly lower temperatures. These
promising results demonstrate the potential utility of this
transformation for a broad range of aldehyde substrates,
and further development of the catalytic system to improve
the diastereoselectivity with certain substrates is ongoing in
our laboratory. Of further note, this transformation tole-
rates a variety of functional groups in addition to the free

Scheme 2. Synthesis of N-(R-Hydroxyacetyl)-2-ethylpyrrole

Table 2. Substrate Scope

aReactions performed using 0.2 mmol of 1b, 2.0 equiv of aldehyde,
0.025 g of 4 Å molecular sieves, 20% (S,S)-2b or (R,R)-2a, and 40%
Et2Zn in THF (0.4 M) at 0 �C for 48 h. b Isolated yield. cDetermined by
1H NMR of crude reaction mixture. dDetermined by chiral HPLC
analysis e 20 mol % (R,R)-3a was used. fRun for 72 h at �15 �C

Table 1. Optimization Studies

entrya Y temp yield (%) dr (syn/anti) ee (%)

1 0.75 rt 55 5:1 68

2 1.5 rt 63 4:1 84

3 2.0 rt 72 5:1 83

4b 2.0 rt 53 3:1 85

5 2.0 0 �C 48 3.5:1 95

6c 2.0 0 �C 53 5:1 94

7d 2.0 0 �C 47 4.7:1 93

8e 2.0 0 �C 43 3.9:1 96

9c,f 2.0 0 �C 42 7.7:1 92

10c,g 2.0 0 �C 67 7.7:1 90

11c,h 2.0 0 �C 77 11:1 �92

aUnless otherwise noted, reactions performed using 15% (R,R)-2a,
30%Et2Zn, and 0.2mmol 1b in THF (0.2M). bToluene as solvent. cRun
at 0.4 M in THF. dTriphenylphosphine (30 mol %) used as additive.
eMethyl 2,2-dimethyl-3-hydroxypropionate (30%) used as additive.
f 5% (R,R)-2a and 10% diethylzinc. g 20% (R,R)-2a and 40% diethyl-
zinc. hWith (S,S)-2b.
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hydroxyl group of the startingmaterial and the free 1,2-diol
of theproduct, includingketals (entries 7, 9), olefins (entry 9),
and silyl ethers (entry 10).
Confirming our initial goals of this project, the acetyl-

pyrrole proved to be a highly versatile activated ester
equivalent for the synthesis of a variety of carboxylic
acid derivatives, ketones, or alcohols (Scheme 3). The free
1,2-diol could be easily converted to the methyl ester (5a),
benzyl ester (5b), or benzyl amide (5c) in high yield by
simply treating the diol with the appropriate nucleophile.
Conversion of the diol to the protected acetonide (6) also
proceeded in excellent yield, and subsequent reduction to
the alcohol (7) with LiAlH4 or conversion to the nonsym-
metrical ketone (8) by treatment with a Grignard reagent
thenDBU12 proceeded in 99%and 88%yield respectively.
The utility of the R-hydroxyacetate aldol reaction was

further demonstrated in our current efforts toward the total
synthesis of cytotoxic natural product peloruside A (9). In
our initial route, theR,β-dihydroxyesterwas installedvia an
olefination/dihydroxylation sequence starting from com-
mercially available ester 10 (Scheme 4). Reduction of 10 to
the aldehyde, followed by Horner�Wadsworth�Emmons
olefination provided R,β-unsaturated ester 11. Osmium-
catalyzed dihydroxylation of the olefin then provided our
desired syn 1,2-diol 12 in good yield and enantioselectivity
under optimized conditions. Employing our ProPhenol-
catalyzed reaction, we were able to construct the same
functionality in a single atom economic transformation
that avoids the olefination reaction and precludes the use
of toxic osmium salts. Variation of the acetal protecting
group on the aldehyde allowed us to improve the

diastereoselectivity of the reaction and obtain the diols
(3p�r) in good yield and enantioselectivity.
In conclusion, we have demonstrated that dinuclear

zinc�ProPhenol complexes are capable of facilitating
highly stereoselective R-hydroxyacetate aldol reactions
with N-acylpyrroles as activated ester equivalents. This
process generates completely unprotected syn 1,2-diols in
good yield, diastereoselectivity, and enantioselectivity.13

In addition, R-branched alkyl aldehydes, which are often
unreactive or proceed with poor selectivity in other glyco-
late aldol systems, perform remarkably well under our
reaction conditions. The resulting N-acylpyrrole products
are versatile activated ester intermediates for a variety of
functionalization reactions, including conversion to ester,
amide, ketone, or alcohol derivatives. The broad substrate
scope and mild reaction conditions make this procedure
a valuable reaction for the synthesis of enantioenriched
1,2-diol structures, and further studies to improve the
selectivity with certain substrates are ongoing in our
laboratory.
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Scheme 3. Derivatization of N-Acylpyrrole Products Scheme 4. Diol Synthesis towards Peloruside A
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