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CHAPTER 1
Asymmetric Synthesis of α-Unsubstituted β-Hydroxy Acids
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Abstract: α-Unsubstituted β-hydroxy acids (3-hydroxycarboxylic acids) are
constituents of various natural products with pharmacological and other technical
properties of interest. They are also important intermediates in organic synthesis. This
article reviews various possible routes for asymmetric synthesis of enantiopure or
enantiomerically enriched α-unsubstituted β-hydroxy acids.
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1. INTRODUCTION
Chiral α-unsubstituted β-hydroxy acids (3-hydroxy carboxylic acids,
R1R2C*(OH)-CH2-CO2H) are constituents of various natural products with
pharmacological and other technical properties of interest. They are also
important intermediates in organic synthesis. Fig. (1) shows several representative
members of natural products containing the α-unsubstituted β-hydroxy acid unit1.
β-Hydroxy acids with long aliphatic side chains are often present in lipids, such as
lipid A, which is one of the lipophilic components of lipopolysaccarides in the cell
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surface of Gram-negative bacteria [1].

Figure 1: α-Unsubstituted β-hydroxy acids in natural products.

A number of biologically active depsipeptides isolated from (mostly marine)
organisms contain β-hydroxy acids [2, 3]. Beauveriolide I, a reducer of lipid
droplet formation in macrophages that does not show cytotoxic effects, is a 4membered cyclodepsipeptide of which the β-hydroxy acid building block bears a
branched aliphatic side chain [4]. In contrast, the structure of the β-hydroxy acid
constituent with a terminal thiol function and a trans-C=C bond in the HDACinhibiting cyclodepsipeptide FK228 is much more complex [5]. Dolastatin 10 is a
linear depsipeptide that exhibits cytotoxic anti-miotic activity [6]. The centrally
situated β-hydroxy acid of dolastatin belongs to the statine family, which share the
common structural feature of an additional chiral centre bearing a γ-amino
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substituent [7]. The γ-amino β-hydroxy acids, such as GABOB and carnitine,
which act as neuromodulators in the mammalian central nervous system and are
involved in the energy metabolism, respectively, can be considered statines
without a side chain at the γ-carbon [8].
Poly[(R)-3-hydroxyalkanoates] (PHAs), found in bacteria, supposedly evolved
before poly-peptides, -saccharides and -nucleic acids, as storage materials and
amphiphilic macromolecules [9]. The physical properties of PHAs, their
biodegradability and enhanced production by metabolic engineering make them
attractive candidates for the development of "green" plastics [10]. However,
industrially appliable biotechnological processes that would allow production of
enantiomerically pure R-3-hydroxyalkyl carboxylic acids from renewable natural
resources are not available so far. A review article analyzes advances towards the
production of these acids, including chemical and enzymatic degradation of
PHA´s, de novo biosynthesis and metabolic pathway engineering [11].
Simple α-unsubstituted β-hydroxy acids are abundant metabolic products. For
example, 3-hydroxy-3-phenylpropionic acid is found in plants [12] and in E. coli
[13], and 3,4-dihydroxybutanoic acid in coffee [14]. Clinically, the excretion
patterns of these products can indicate certain metabolic defects [15].
Several (anticancer) macrolides have the formal structure of α-unsubstituted βhydroxy ω-lactones [16,17]. Thus, the synthesis of such complex structures
requires the highly diastereoselective generation of the α-unsubstituted β-hydroxy
acid motif.
The α-unsubstituted β-hydroxy acid motif has spurred organic chemists to develop
around twenty synthetic routes that differ significantly from those used to
synthesize β-hydroxy carboxylic acids with substituents at the α-carbon. Not all
the synthetic strategies reviewed in the following chapters may be of general
interest; however, some of their synthetic potential probably remains
underestimated. Although some articles have briefly reviewed a range of synthetic
approaches to α-unsubstituted β-hydroxy acids in the introduction paragraphs,
only one author has discussed in depth the relevant synthetic methodologies in
terms of scalability for technical production of 3-hydroxytetradecanoic acid [18].
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Here we provide, to the best of our knowledge, the most comprehensive review to
date of synthetic routes toward enantiomerically pure or enantiomerically
enriched α-unsubstituted β-hydroxy acids to help organic chemists plan syntheses
involving α-unsubstituted β-hydroxy acid as targets or intermediates.
2. ALDOL REACTIONS WITH CHIRAL AUXILIARIES
Since the first report in 1981 by Evans, intensive research has given rise to a large
number of chiral auxiliaries, metal and organic catalysts that can produce syn- or
anti-propionate units in high yields and with excellent diastereoselectivities
(Scheme 1) [19,20].

Scheme 1: Aldol reactions with chiral auxiliaries.

2.1. Direct Addition of Unsubstituted Acetyl Units
The synthesis of optically enriched α-unsubstituted β-hydroxy acids can be
achieved by asymmetric aldol reactions. The level of diastereofacial selectivity
observed in the metal-assisted aldolizations of the chiral acetyl-derived enolates
depends on the metallic Lewis acid, the chiral auxiliary and the aldehyde. In
general, the diastereoselectivities achieved in acetyl-based aldol condensations are
only moderate when compared with the levels attainable for propionate aldol
condensations (Scheme 1). Several examples for stereoselective acetate aldol
reactions from metal enolates that render -unsubstituted -hydroxy acids can be
found in a recent review article [21].
For example, in the titanium-assisted aldol reaction, Evans auxiliary yielded
separable diastereomers in a ca. 1.7:1 ratio [22], but an improved mesitylsubstituted auxiliary furnished dr's up to 24:1 (Scheme 2, entry i) [23]. The
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recently developed chiral N-acetyl-4-tert-butyl-1,3-thiazolidine-2-thione auxiliary
can be synthesized on a multi-gram scale. Optimized conditions for the addition
of the boron-enolate to aliphatic and aromatic aldeydes in the presence of
sparteine gave a dr between 9.5:1 and >100:1 (Scheme 2, entry ii) [24,25]. Also
known are chiral acetate enolates of tin [26] and lithium [27,28] (see also on
Reformatsky Reactions Chapter 3).
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Scheme 2: Acetate aldol reactions: i) metal-assisted, ii) via borone enolates.

A reversal of selectivity in acetate aldol reaction has been observed when either
lithium or titanium enolates were generated from imidazolidinone acetamide. A
variety of aromatic and sterically demanding aliphatic aldehydes could be reacted
to give the syn- and the anti-products with high diastereomeric ratios especially
for aromatic aldehydes (Scheme 3) [29].
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Scheme 3: Reversal of selectivity in acetate aldol reactions depending on the metal.

The first report on an organocatalyzed acetate aldol reaction uses
acetylphosphonate as surrogate for acetate or acetamide. So react isatin and
acetylphosphonate in the presence of cinchona alkaloid derivatives highly
enantioselectively. The phosphonate was transformed in the ester or amide, by
methanolysis or aminolysis, respectively (Scheme 4) [30].

Scheme 4: The first organocatalyzed acetate aldol reaction.

2.2. Addition of Acetyl Units with Removable Substituent at the α-Position
Aldol reactions that yield products with removable substituents at the α-position
produce considerably higher diastereoselectivities than those using genuine acetyl
units. Hydrogenolysis of α-methylthio-β-hydroxy [19] and α-bromo-β-hydroxy
carboxylates [31] has been reported to afford the corresponding β-hydroxy
carboxylates. Debromination can be performed selectively under radical
conditions with n-Bu3SnH when C=C double bonds are present. However,
requirement of excess amounts of the tin compound and difficult separation from

Asymmetric Synthesis of α-Unsubstituted β-Hydroxy Acids

Advances in Organic Synthesis, Vol. 4 9

the (toxic) tin by-products limit the utility of this method [32]. The recently
reported Al-Hg amalgam-promoted chemoselective debromination allows a clean
transformation of 2-bromo-3-hydroxycarbonyl groups into α-unsubstituted βhydroxy acids in the presence of carbon double bonds as illustrated by Scheme 5.
The α-bromo compound, which participated in the ensuing highly stereoselective
reaction with aldehydes, could be prepared in situ by treatment of the titanium
enolate generated from the camphor-based N-acetyloxazolidinethione with
bromine (Scheme 5, entry i) [33]. For debromination, the prior removal of the
chiral auxiliary (with DMAP) was found to be essential. The reactivity of the AlHg amalgam can be tuned that it allows reductive cleavage of C-Br bonds α to the
carboxyl group alone even in the presence of other reactive C-Br bonds (Scheme
5, entry ii) [34].

Scheme 5: Synthesis (i) and debromination (ii) of α-bromo-β-hydroxy carboxylates.

2.3. Mukaiyama Aldol Reaction with Chiral Electrophiles
The remote stereoselective control by a chiral sulfinyl group was used in
Mukaiyama aldol reactions [35]. This special approach gave, for instance, (R)-3hydroxy-4-phenylbutyric acid from the (S)-2-[2-(p-tolylsulfinyl)phenyl]acetaldehyde
and O-silyl ketenethioacetal in a dr up to 16:1 (Scheme 6). The sulfinylgroup was
later removed reductively [36].
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Scheme 6: Remote stereocontrol in the Mukaiyama aldol reaction.

3. REFORMATSKY REACTIONS
The classical Reformatsky reactions consist of the zinc-induced formation of βhydroxyalkanoates from α-halo esters and aldehydes or ketones [37]. Clear proof
of the efficiency and the excellent functional group tolerance of Reformatsky-type
reactions is provided by a recently reported preparation of racemic αunsubstituted β-hydroxy acids by reaction of iodoacetic acid with aldehydes or
ketones in the presence of SmI2 (Scheme 7) [38].

Scheme 7: SmI2 - mediated Reformatsky reaction.

3.1. Reformatsky Reactions with Chiral Auxiliaries
With the aim to achieve stereoselectivity in the Reformatsky reactions, chiral
auxiliaries have been used [39]. For example, a samarium-mediated Reformatsky
reaction was run with several chiral auxiliary-bound α-bromo acetic acids. The 4substituted (Evans-type) and 5,5-disubstituted ("SuperQuat") oxazolidinones were
reacted with aliphatic and aromatic aldehydes (17 reactions) to furnish products in
32-95% yield with de values between 49% and >99% (Scheme 8). The esters and the
free acids were obtained by transesterification and hydrolysis, respectively [40]. This
protocol was applied successfully to the synthesis of a segment of the macrolide
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borrelidin [17]. Employing the Evans chiral auxiliary, the erythro and the threo
analogs of N-Boc-isostatine and N-Boc-dolaisoleucine could be obtained [41].

Scheme 8: SmI2 -mediated Reformatsky reactions with chiral auxiliaries.

3.2. Catalytic Asymmetric Reformatsky Reactions
The zinc-mediated Reformatsky reaction was performed enantioselectively in the
presence of chiral ligands. The chiral catalyst [ClMn(salen)] (20 mol%) induced
up to 86% ee (Scheme 9, entry i) [42], and with a D-phenylglycinyl prolinolderived ligand (0.5 eq.), up to 98% ee (Scheme 9, entry ii) [43]. In both cases, the
type of ester proved to influence the degree of stereoselectivity.
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Scheme 9: Enantioselectivity in Reformatsky reactions induced by chiral catalysts with salen (i)
and peptide (ii) ligands.
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Further improvement of catalytic enantioselective Reformatsky reaction was
achieved with ephedrin [44] and BINOL [45] derivatives that effectively catalyze the
Me2Zn-promoted addition of ethyl iodoacetate to aromatic aldehyde in the presence
of air or tert.-butyl hydroperoxide with ee´s up to 84% (Scheme 10). For aliphatic
aldehydes, the ee´s were lower. This trend was also observed for a Cu(I) promoted
reaction [46] and when a bisoxazolidinine as chiral ligand was used [47].

Scheme 10: Influence of the type of chiral catalysts on reaction time and yield in enantioselective
Reformatsky reactions.

4. ASYMMETRIC REDUCTION OF 3-OXO-CARBOXYLIC ACIDS
4.1. De Novo Microbial Production and Enzymatic Reduction
Reduction of acetoacetyl-CoA by acetoacetyl-CoA reductase is part of the
metabolic pathway of polyhydroxybutyrate (PHB) production in bacteria [9,10].
The first reaction of the biosynthesis is condensation between two acetyl-CoAs
leading to acetoacetyl-CoA by the catalysis of β-ketoacyl-CoA thiolase. The
second reaction is reduction of acetoacetyl-CoA to (R)-3-hydroxybutyryl-CoA by
NADPH-dependent acetoacetyl-CoA dehydrogenase (Scheme 11, entry i).
Finally, the (R)-3-hydroxybutyryl-CoA is polymerized into PHB by P(3HB)
polymerase. The degradation then starts with a depolymerization by
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depolymerase. All these enzymes are expressed in single recombinant bacteria to
produce (R)-3-hydroxybutyric acid [48,49]. Fermenting baker’s yeast can also
reduce a number of aliphatic 3-oxo-carboxylic acids to the corresponding (R)-βhydroxy acids with high ee [50]. Furthermore, using engineered Streptomyces
coelicolor bacteria, aryl-substituted 3-oxo-carboxylic acids were reduced
enantioselectively (Scheme 11, entry ii) [51]. Use of isolated carbonyl reductases
in the reduction of aromatic -ketonitriles have completely eliminated the
competing -ethylation, which is often observed with whole cell biocatalysis [52].
Enzyme combinations have been applied to the synthesis of both isomers of 3heteroaryl-3-hydroxypropanoic acids [53].
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O

+
CH3 H3C
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S
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S
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-ketothiolase

OH O

reductase

S

CoA
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R
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O
OH

OH O
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bakers yeast: 21-58%, ee >98%, R = C2H5
to n-C15H31, 10 examples.
Streptomyces: 34-80%, ee >95% to >99%,
R = CH2aryl, 10 examples.

Scheme 11: Part of the biosynthesis of polyhydroxybutyrate (PHB) in bacteria (i); enantioselective
reduction of 3-oxo-carboxylic acids by yeast or bacteria (ii).

4.2. Chemical Reduction
Reduction of 3-oxo carboxylic acids with commercially available chiral Bchlorodiisopinocampheylborane (DIP-Cl™) yields enantioselectively β-hydroxy acids
[54]. For the reduction of eight ketoacids with aromatic and aliphatic substituents,
good yields (87-92%) and high ee (91-99%) are reported while the reduction of the
carboxylic acid esters proceeds much more slowly (Scheme 12, entry i).
The Noyori catalyst, RuCl2[(R)-BINAP], can be used for the catalytic reduction of
esters of 3-oxo carboxylic acids with H2 [55]. A high yield and ee >98% can be
achieved with H2 pressures of 100 atm (Scheme 12, entry ii) [56].
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Scheme 12: Enantioselectivity in reduction (i) and catalytic hydrogenation (ii) of 3-oxo-carboxylic
acids.

In the synthesis of statine analogues, the NHBoc substituent at the γ-position
induces stereoselectivity. Thus, reduction of the β-oxo group with borohydride
yields the anti-product preferentially (Scheme 13, see also chapter 6.3.) [57,58].

Scheme 13: Induction of stereoselectivity from the γ-position.

5. ARNDT-EISTERT
DERIVATIVES

HOMOLOGATION

OF

Α-HYDROXY

ACID

The Arndt-Eistert homologation reaction is a synthetic application of the Wolffrearrangement. In general, it proceeds with retention of stereochemistry and has
become a standard protocol for the homologation of α-amino acids to β-amino
acids [59]. Similarly, the homologation of α-hydroxy acids can yield β-hydroxy
acids in two steps. The first step, conversion of the carboxylic acids to the
diazoketones, proceeds, on the whole, in good yields. The second step is the
Wolff–rearrangement. The synthesis of intermediates of carbonolide B and other
sugar carboxylic acids proceed at room temperature by the catalysis of Ag+ with
good yield (Scheme 14) [60].
A wide variety of conditions is reported for the Wolff-rearrangement of diazoketones.
A methyl tetrahydropyran-2-yl acetate was obtained by refluxing its diazoketone
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precursor in methanol in the presence of silver (I) benzoate/triethylamine catalyst
(Scheme 15, entry i) [61]. On the other hand, isoleucic acid homologs were obtained
from the diazoketones at –40°C in MeOH (Scheme 15, entry ii) [62]. The
rearrangement in water in the presence of Ag2O at ambient temperature gave statine
analogues (Scheme 15, entry iii) [63,64]. For the synthesis of the carbohydrate moiety
of a natural product, ambruticin, the rearrangement was induced photochemically
without Ag+ (Scheme 15, entry iv) [65].
O
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O

O
R

76 - 84%
conditions

O
R' O

1) (COCl)2, DMF (cat.),
DCM, 3h, rt
2) CH2N2 in Et2O,
0°C to rt, 2 h

MeO2C

O
R
O
R' O

Conditions: MeOH, silver (I) benzoate/NEt3, rt,
0.12 equiv. Ag+, 6 d rt: 37%;
0.3 equiv. Ag+, 2.5 h rt: 66-78%;
R = H, OMe, OBn, R' = H, OBn.

Scheme 14: The Arndt-Eistert homologation of α-hydroxy acids.

Scheme 15: Examples of Wolff–rearrangement of diazoketones catalyzed by Ag+ or light.
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The Arndt-Eistert homologation is useful when the α-hydroxy acid is readily
available. However, the scope of its application is limited. There are reports on
undesired β-elimination that occurs with a lactonic acid (Scheme 16, entry i) [66]
and α,β-epoxy diazomethyl ketones (Scheme 16, entry ii) [67] under Arndt-Eistert
conditions. A recent study demonstrates that the outcome of the rearrangement
depends on the reaction conditions, the nucleophile to be added to the ketene
intermediate and the substituent of the Oα-functionality. In this case, the optimal
conditions for Ag+- catalyzed Wolff-rearrangement of the diazoketones of leucic
and phenyllactic acid were found to be microwave shock heating. β-Hydroxy
products were produced in preference to α,β-unsaturated product when Oαunprotected diazoketones were used in combination with amines as nucleophiles
while acyl-type Oα-protecting groups yielded elimination products almost
exclusively. Decreasing nucleophilicity of the trapping nucleophile diminished the
yield of the homologation products (Scheme 16, entry iii) [68].

Scheme 16: Examples of undesired β-eliminations as side or main reaction under conditions of
Wolff–rearrangement.
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6. Β-HYDROXY ACIDS FROM E-OLEFINS
6.1. Asymmetric Nucleophile Conjugate Addition with C-O Bond Formation
Enantioface differentiation with E-olefins requires a source of chiral induction.
Conjugate addition of oxime nucleophiles on (E)-α,β-unsaturated imides is a
formal hydratation, because catalytic reduction of the oxime O-N linkage gives
rise to a hydroxy group. When catalyzed by a chiral salen-Al complex, this
reaction permits highly enantioselective conjugate addition of salicylaldehyde
oxime. Ethanolysis of the β-hydroxy imides in the presence of Er(OTf)3 gave βhydroxy acids (Scheme 17) [69].

Scheme 17: Conjugate addition of oxime nucleophiles to E-olefins.

6.2. Asymmetric Conjugate Radical Addition with C-C Bond Formation
Enantioselective conjugate radical additions were performed with β-acyloxy
acrylates such that the side-chain would be attached to the acrylates. Higher yields
and ee values were obtained when an equimolar amount of a Lewis acid was used.
From a mechanistic viewpoint, it is envisaged that both carbonyl groups of the
acrylate and the oxazolidinone are coordinated with the Lewis acid (MgI2) that is
chelated with the chiral bis(oxazoline) ligand and that the conjugate radical
addition takes place from the less hindered side (Scheme 18) [70].
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Scheme 18: Asymmetric conjugate radical addition with C-C bond formation.

6.3. Chiral Induction from nearby Substituents
The syn- and anti derivatives of 4-amino-3-hydroxy-5-phenylpentanoic acids (see also
chapter 4.2.) have been prepared from the corresponding -amino--unsaturated
ester. The Boc-protected -amino group could be used for chiral induction. After Nhydroxymethylation, the synthesis could be conducted to the syn-derivative via an
oxazoline, and to the anti-derivative via an epoxide (Scheme 19) [71].

Scheme 19: Intramolecular chiral induction in hydroxylation of E-olefin.
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7. β-HYDROXY ACIDS FROM 2,3-DIHYDROXY ACIDS
7.1. Regioselective Reductive Cleavage on Cyclic Sulfates
Application of the Sharpless asymmetric dihydroxylation [72] to the C=C double
bond of (E)-α,β-unsaturated dodecanoic acid ester yielded the syn-diol, which was
converted via the cyclic sulfite to the corresponding cyclic sulfate. The
regioselective reductive cleavage of the sulfate yielded (R)-3-hydroxydecanoic
acid ester (Scheme 20) [73].

Scheme 20: Regioselective reductive cleavage on cyclic sulfates.

7.2. Regioselective Substitution - Reductive Cleavage
Two hydroxy groups of α,β-dihydroxy esters (the Sharpless asymmetric
dihydroxylation products from (E)-α,β-unsaturated esters) can also be
differenciated from each other as follows: treatment with trimethyl orthoacetate
followed by chlorotrimethylsilane yielded α-chloro-β-hydroxy ester, an SN2product, in a regio- and stereoselective manner. The chlorine atom was then
removed by the tri-n-butyltin hydride-mediated radical reaction (Scheme 21) [1].
8. β-HYDROXY ACIDS FROM DIOLS
8.1. Regioselective Oxidation of 1,3-Diols
Oxidation of 1,3-diols to 3-hydroxy carboxylic acids can be performed either
directly or stepwise via an aldehyde. The ruthenium (VIII)-mediated oxidation of
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(3S,4S)-3-hydroxy-4-methyloctanol yielded (3S,4S)-3-hydroxy-4-methyloctanoic
acid, a constituent of the cyclodepsipeptide beauveriolide I (Scheme 22, entry i) [4].

Scheme 21: Regioselective substitution of 2,3-dihydroxy acids followed by reductive cleavage.

The linear β-hydroxy acid precursor of prelactone B was constructed from a 1,3diol by stepwise oxidation. The first regioselective oxidation of the primary
hydroxy group yielded an aldehyde, which was isolated and then oxidized. The
methyl ester was obtained after in situ esterification (Scheme 22, entry ii) [74].

Scheme 22: Regioselective oxidation of 1,3-diols; directly (i) or stepwise (ii).

8.2. Nucleophilic Ring-Opening of Cyclic Sulfites with C1 Homologation
1,2-Diols react with thionyl chloride to give cyclic sulfites and the
thiaheterocycles thus obtained have found versatile use in organic synthesis [75].
As already shown in Chapter 7.1., they can be further oxidized to cyclic sulfates.
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However, the cyclic sulfite, obtained quantitatively as a diastereomeric mixture
from 1-phthalimido-(R)-propane-2,3-diol, underwent nucleophilic ring-opening
by cyanide. After acidic hydrolysis of the resulting β-hydroxy nitrile, (R)-4amino-3-hydroxybutyric acid (GABOB) was obtained (Scheme 23) [8].

Scheme 23: Nucleophilic ring-opening of cyclic sulfites.

9. RING-OPENING OF β-LACTONES VIA NUCLEOPHILIC ADDITIONELIMINATION
Optically active β-lactones (2-oxetanones) offer considerable versatility as
intermediates for organic synthesis [76]. The catalytic asymmetric acyl halide –
aldehyde cyclocondensation reaction gives highly enantiomerically enriched βlactones (Scheme 24) [77].
Br
Me
10 mol % (S,S)-catalyst, O
O +
O DIEA, -78°C
R
H
R = alkyl, R = alkynyl,
56-93%, ee: 54-95%

O
R

Bn
N
(S,S)-catalyst:
Al N
N
Me
SO2CF3
F3CO2S

Scheme 24: Synthesis of enantiomerically enriched β-lactones.

β-Lactones can be viewed as "activated aldol products" and as such, should give
access to a variety of β-hydroxy ester or amide adducts by their ring-opening via
nucleophilic addition at the carbonyl function. Thus, starting from aldehydes, αunsubstituted β-hydroxy carboxamides were obtained after two high-yielding
synthetic steps [78]. This route was followed during the synthesis of the C7-C20
synthon of amphidinolide B (Scheme 25) [79].
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Scheme 25: β-Lactones as "activated" aldol products.

3-Hydroxy-3-methylglutaric acid (HMGA, dicrotalic acid), which represents as
HMG- CoA a key intermediate in biosynthesis, is a prochiral molecule. Thus, its
regioselective derivatization at the carboxy termini should lead to chiral compounds.
Such regioselectivity can be achieved via its β-lactone: HMGA was converted into
its anhydride. Treatment with a chiral base, dihydrochinine, yields the (R)-β-lactone.
With dihydrochinidin, the (S)-β-lactone was similarly obtained. The carboxylic
group was then esterified (in case it could act as a nucleophile). Nucleophilic
addition of (S)-phenethylamine afforded the corresponding HMGA-amide. Check of
the optical purity revealed >90% ee for the β-lactonization step (Scheme 26) [80].

Scheme 26: 3-Hydroxy-3-methylglutaric acid as building block for the synthesis of -methyl-hydroxy acids.

Nucleophilic addition of carboxylate anions to β-lactones can be used for ring-opening
polymerization; biocompatible polymalates were prepared in this way. It proceeds
with inversion of configuration but without any racemization (Scheme 27) [81].
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Scheme 27: Ring-opening polymerization of β-lactones.

10. OTHER STRATEGIES
10.1. Catalytic Desymmetrization
Commercially available diethyl 3-hydroxyglutarate can be transformed to a mesoanhydride on a multi-gram scale. Catalytic desymmetrization of the O-TBDPSprotected meso-anhydride with (DHQD)2AQN in the presence of MeOH gave the
(S)-monomethyl ester with 88-95% ee. Reduction of the acid function with
borane-dimethylsulfide complex followed by aqueous work-up gave an
enantiomerically enriched alcohol from the cyclic meso-anhydride in good overall
yield (Scheme 28). A more elaborate structure was constructed by manipulating
the primary alcohol function [82].

Scheme 28: Catalytic desymmetrization of 3-hydroxyglutarate.

10.2. Stereoselective Reduction of 1-Trimethylsilyl-1-alkyn-3-ones
Chiral 4-substituted 1-trimethylsilyl-1-alkyn-3-ones can be diastereoselectively
reduced with chiral boranes to the corresponding 1-trimethylsilyl-1-alkyn-3-ols in
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good yield. Hydroboration followed by oxidative work-up gave the corresponding
carboxylic acids. A number of statine analogues were synthesized following this
approach (Scheme 29) [Error! Bookmark not defined.].

Scheme 29: Stereoselective reduction of 1-trimethylsilyl-1-alkyn-3-ones.

10.3. Stereoselective Dirhodium(II)-Catalyzed C-H Insertion
L-α-Isovalerianic acid was transformed to an α-alkoxydiazoketone. The conditions

for the Rh-catalyzed C-H insertion were optimized such that the 2,4-cisconfiguration could be established exclusively with cyclization. Baeyer-Villinger
oxidation of the furanone gave the 2-isopropyl-6-phenyl-1,3-dioxan-4-one, which
was converted to the (R)-3-hydroxy-3-phenylpropanoate after acidic hydrolysis
and methyl ester formation (Scheme 30) [83].

Scheme 30: Stereoselective dirhodium(II)-catalyzed C-H insertion.
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11. ENZYMATIC RESOLUTION OF RACEMIC PRECURSORS
Racemic 3-hydroxypent-4-enoic acid tert-butyl ester was kinetically resolved by
Amano PS lipase. Both the O-acetylated (S)-isomer and the unreacted (R)-isomer
were obtained in good yield and very high enantiomeric purity (Scheme 31, entry
i). The (S)-isomer was further transformed to a branched aliphatic α-unsubstituted
β-hydroxy acid building block of a cyclodepsipeptide, plusbacin A3, by alkene
cross metathesis reaction [84].
Enantioselective transformations of β-hydroxy nitriles were achieved by whole
cells of Rhodococcus erythropolis AJ270. The enantioselectivity of the nitrile
hydrolysis increased dramatically after O-benzyl protection of the substrates. With
eight distinct nitriles, pairs of β-benzoxy acids and amides of opposite
configuration were obtained each in ee between 83% and 95% and nearly
quantitative yield (R + S) (Scheme 31, entry ii) [85]. Immobilized enzymes were
applied for the hydrolytic resolution of 3-hydroxy-3-phenylpropionates [46].

Scheme 31: Enzymatic resolution of racemic precursors.
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12. CHIRAL POOL-DERIVED β-HYDROXY CARBOXYLIC ACIDS
12.1. From (S)-3-Hydroxy-γ-butyrolactone
The nucleophilic ring-opening of O-benzyl-protected (S)-3-hydroxy-γbutyrolactone with the Weinreb amine yielded the β-benzyloxy amide with a
primary hydroxy function at the γ-carbon. Parikh-Doering oxidation gave an
aldehyde precursor for the Wittig reaction with hexyltriphenylphosphonium
bromide. Hydrogenation of the double bond proceeded with simultaneous
cleavage of the O-benzyl protecting group. Finally, the Weinreb amide was
hydrolyzed with the assistance of microwave heating to give (R)-3hydroxydecanoic acid (Scheme 32) [86].

Scheme 32: β-Hydroxy carboxylic acids from (S)-3-hydroxy-γ-butyrolactone via Wittig reaction.

The nucleophilic ring-opening of (S)-3-hydroxy-γ-butyrolactone with
iodotrimethylsilane gave iodohydrin, which, on treatment with Ag2O, yielded the
(S)-3,4-epoxybutanoate. The Grignard reaction with decylmagnesium bromide
took place chemo- and regioselectively. The (R)-3-hydroxy acid ester was
obtained in a three-step overall yield of 57% (Scheme 33) [87].
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Scheme 33: β-Hydroxy carboxylic acids from (S)-3-hydroxy-γ-butyrolactone via GrignardReaction.

12.2. From Epichlorohydrin
Chiral epichlorhydrin was first subjected to chemo- and regioselective ringopening with C10H21MgBr followed by alkaline-induced epoxide formation. The
epoxide was then ring-opened with NaCN to the β-hydroxy nitrile. Basic
hydrolysis in the presence of H2O2 yielded the corresponding acid (Scheme 34)
[88].

Scheme 34: Chiral epichlorohydrin as building block for β-hydroxy carboxylic acids.

CONCLUSION
It has been surprising to find such a microcosm of synthetic methods for the
asymmetric construction of α-unsubstituted β-hydroxy acids and derivatives
reported. The structural motif, R1R2C*(OR3)-CH2-COR4, constitutes part of many
structurally diverse natural products, and this has indeed challenged the minds of
chemists. We hope that this, to the best of our knowledge comprehensive, review
helps to make the best choice between the synthetic routes in this impressive
array.
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LIST OF ABBREVIATIONS
Ac

= acetyl

ACN

= acetonitrile

AIBN

= azobisisobutyronitrile

aq.

= aqueous

BINAP

= 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl

Bn

= benzyl

Boc

= tert-butyloxycarbonyl

cat.

= catalytic

CoA

= coenzyme A

DCC

= N,N’-dicyclohexyl carbodiimide
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DCM

= dichloromethane

de

= diasteriomeric excess

(DHQD)2AQN

= dihydroquinidine - anthranyl ligand

DIEA

= diisopropylethylamine

DMAP

= 4-(N,N-dimethylamino)pyridine

DMS

= dimethyl sulfide

DMF

= N,N-dimethylformamide

DMSO

= dimethyl sulfoxide

dr

= diasteriomeric ratio

ee

= enantiomeric excess

Et

= ethyl

equiv.

= equivalent

Fmoc

= 9-fluorenylmethoxycarbonyl

HDAC

= histone deacetylase

hν

= light

IBX

= o-iodoxybenzoic acid

KHDMS

= potassium bis(trimethylsilyl)amide

Me

= methyl

MeOH

= methanol

m-CPBA

= m-chloroperbenzoic acid
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PG

= protecting group

PhH

= benzene

recryst.

= recrystallization

rt

= ambient temperature

satd.

= saturated

TBDMS

= tert-butyldimethylsilyl

Tf

= trifluoromethanesulfonyl

THF

= tetrahydrofuran

TMS

= trimethylsilyl

Xc

= chiral auxiliary
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