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ABSTRACT: Three enzymatic routes toward γ-hydroxy-α-amino acids
by tandem aldol addition−transamination one-pot two-step reactions are
reported. The approaches feature an enantioselective aldol addition of
pyruvate to various nonaromatic aldehydes catalyzed by trans-o-
hydroxybenzylidene pyruvate hydratase-aldolase (HBPA) from Pseudo-
monas putida. This affords chiral 4-hydroxy-2-oxo acids, which were
subsequently enantioselectively aminated using S-selective transaminases.
Three transamination processes were investigated involving different
amine donors and transaminases: (i) L-Ala as an amine donor with
pyruvate recycling, (ii) a benzylamine donor using benzaldehyde lyase
from Pseudomonas fluorescens Biovar I (BAL) to transform the
benzaldehyde formed into benzoin, minimizing equilibrium limitations,
and (iii) L-Glu as an amine donor with a double cascade comprising
branched-chain α-amino acid aminotransferase (BCAT) and aspartate amino transferase (AspAT), both from E. coli, using L-Asp as a
substrate to regenerate L-Glu. The γ-hydroxy-α-amino acids thus obtained were transformed into chiral α-amino-γ-butyrolactones,
structural motifs found in many biologically active compounds and valuable intermediates for the synthesis of pharmaceutical agents.
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■ INTRODUCTION

γ-Hydroxy-α-amino acids represent compounds with relevant
biological and pharmacological importance.1 Examples include
antidiabetics such as (2S,3R,4S)-4-hydroxyisoleucine,
4-hydroxy-L-norvaline, and 4-hydroxypipecolic acid and nutri-
t iona l supp lements in the food indus t ry , e . g .
trans-4-hydroxy-L-proline.1a,2 Moreover, they constitute struc-
tural motifs of more complex naturally occurring and synthetic
molecules, namely antibiotics,3 antimitotics,4 and (bio)-
herbicides,5 as well as chiral building blocks for the production
of active ingredients, e.g. α-amino-γ-butyrolactones,
4,5-dihydroxynorvaline, and 4-hydroxypyroglutamic acid and
derivatives (Figure 1).2b,d,6

Therefore, substantial research efforts have been devoted to
their synthesis using multistep catalytic or stoichiometric
chemical approaches (Figure 2).1a,2g,7 Biocatalytic access to
these compounds is regarded as a powerful strategy because of
their simplicity and stereoselectivity starting from simple
achiral materials (Figure 2).2c,e,8

In this sense, the sequential combination of carboligases and
transaminases in one-pot one-step or one-pot two-step
reactions with or without substrate recycling offers broad
synthetic possibilities. Using this route, chiral L- and
D-homoserine, D-anti-dihydroxynorvaline, 4-hydroxyisoleucine,
norpseudoephedrine, and norephedrine were prepared.2e,8b,e,9

However, the number of examples is scarce and, although they
represent a remarkable achievement, they are often limited by
the poor stereoselectivity profile of pyruvate aldolases as
catalysts to generate the corresponding 4-hydroxy-2-oxo acid
precursors or the lack of transaminase selectivity toward the
aldol adduct.
Herein, we report three strategies for the biocatalytic

diastereoselective synthesis of γ-hydroxy-α-amino acids by
combining an enantioselective pyruvate-aldolase and
S-selective transaminases,8b starting from pyruvate and diverse
aldehyde substrates.

■ RESULTS AND DISCUSSION
Stereoselective Aldol Addition of Pyruvate to

Aldehydes Catalyzed by trans-o-Hydroxybenzylidene
Pyruvate Hydratase-Aldolase (HBPA). The trans-o-hydrox-
ybenzylidene pyruvate hydratase-aldolase (HBPA, EC
4.1.2.45) from Pseudomonas putida was discovered in the
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metabolic degradative pathway of naphthalene and naphtha-
lenesulfonates.10 In vivo, HBPA catalyzes the reversible aldol
condensation of pyruvate to salicylaldehyde in two steps: an

aldol addition and a subsequent dehydration, both steps being
catalyzed by the enzyme. Interestingly, it has been reported
that HBPA catalyzes the aldol addition of fluoropyruvate to
aromatic aldehydes with high stereoselectivity, in which the
dehydration products were not detected, likely because the
fluorine atom precludes the dehydration step by the enzyme.11

We envisioned that HBPA could catalyze aldol additions of
pyruvate to nonaromatic electrophiles, in which the
dehydration activity could be largely minimized or even
suppressed, rendering aldol adducts with high enantioselectiv-
ity. We assayed various nonaromatic electrophiles (1a−s;
Scheme 1) as substrates of HBPA in the aldol addition of
pyruvate.
Good to excellent conversions to 4-hydroxy-2-oxo acids 3

(70−95%) were achieved for most of the electrophiles,
indicating an excellent structural substrate tolerance of
HBPA (Scheme 2). A single residue mutation, the HBPA
H205A variant, greatly improved the catalyst efficiency toward
1c,k,o, yielding 3c,k,o, respectively, in 66−75% conversion.
Molecular models of the complex of pyruvate-enamine-

bound HBPA with aldehydes 1c,o suggest that the H205A
mutation generates a new cavity in the HBPA active site, which
reduces the steric hindrance. This cavity can be occupied by
the phenyl moiety of the incoming aldehyde (Figure 3 and
Figure S93), thus facilitating the interactions with residues
Trp224 and Phe269. Moreover, an analysis of the HBPA
structure shows that the carboxylic groups of Glu206, Asp207,
Asp208, and Asp265 are within 5 Å of the δ and ε-N atoms of
the imidazole group of His205, stabilizing its protonated state

Figure 1. Examples of bioactive compounds bearing a γ-hydroxy-α-amino acid moiety or α-amino-γ-butyrolactone.

Figure 2. Examples of strategies for the synthesis γ-hydroxy-α-amino
acids: (a) synthesis from D-ribonolactone as a chiral precursor and
stereocontrolled transformation;7d (b) aldol reaction with oxazoli-
donyl chromium carbene complex and photocyclization;7c (c) cyanate
to isocyanate rearrangement and enzymatic kinetic resolution;1a (d)
aza-Michael additions controlled by a crystallization-induced asym-
metric transformation;7f (e) Mannich condensation and catalytic
epimerization;7b (f) palladium(II)-catalyzed aza Claisen rearrange-
ments;7a (g) direct β or γ-hydroxylation of amino acids via α-
ketoglutarate-dependent dioxygenases;2c,8a (h) enzymatic synthesis
via carboligase-transaminase reactions.2e,8b,e,9

Scheme 1. Panel of Aldehyde Substrates 1 Assayed in the Aldol Addition of Pyruvate 2 Catalyzed by Wild-Type HBPA and Its
H205A Variant
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(Figure 4). This positive charge is also stabilized by a π-cation
interaction with the aromatic moiety of Trp224. Therefore,
removal of this protonated imidazole, which is ∼8 Å from the
ε-amino group of the essential Lys183, by the H205A mutation
modifies the electrostatic environment of the active site, which
could also contribute to the enhanced activity of this mutant
toward the selected substrates.
Enantiomeric ratios were determined by HPLC on a chiral

stationary phase after transforming the aldol adducts 3 into
3-hydroxy ester derivatives 4 (Scheme 2 and Figures S74−
S85). The corresponding authentic racemic samples were
produced by employing 2-oxo-3-deoxy-L-rhamnonate aldolase
(YfaU), which yielded aldol adducts 3 as racemic mixtures with
the selected electrophiles (see the Supporting Information).
Excellent levels of enantioselectivity were achieved for 3a,f−h
(96−90% ee), while they were good to moderate for 3b,e,i,j
(88−80% ee). This is significant considering the low
stereoselective profile of wild-type pyruvate aldolases toward
low-molecular-weight electrophiles.12 Low enantioselectivy was
attained with the methoxy derivative 3d (42% ee), whereas
racemates were obtained with phenylacetaldehyde (3l) and
3-(benzyloxy)propanal (3m). Cbz-, Boc-, and Ts-protected
aminoethanal compounds 1p ,r ,s , respectively, and
(S)-Cbz-2-aminopropanal (1q) were not converted. Thus,
PhAc was the amino protecting group of choice for
aminoaldehydes in the planned HBPA catalysis. Interestingly,

PheAc has the advantage that it can be removed by penicillin G
acylase, a mild and orthogonal protection compatible with
most common amino masking groups.13

Single-crystal X-ray diffraction studies of compounds 4e,f,j
indicate that HBPA renders aldol adducts having an R
configuration as the major products (Figure 5). This is
consistent with the reported stereochemical outcome of the
reactions between fluoropyruvate and (hetero)aromatic
aldehydes.11 Therefore, an R configuration may safely be
assumed for the major enantiomers of 3a−k (Scheme 2).
Molecular models of the complexes of HBPA were obtained

with (i) the covalently bound pyruvate enamine and the
electrophile molecules (Figures S88−S93) and (ii) the imines
derived from the aldol adducts (Figures S94−S99). These
models suggest that there is no steric restriction to the re- or si-
face approach of the electrophile to the enamine. Thus, it is not
clear why there is a preference for the re-face approach, which
would generate the R-aldol adducts as major products of the
reaction. A more in depth theoretical study would be required
to determine the source of this preference; however, this is
beyond the scope of this paper.

Synthesis of γ-Hydroxy-α-amino Acid Derivatives
Using a Biocatalytic One-Pot Cyclic Cascade Approach
with L-Ala as an Amine Donor. We began to screen a
transaminase panel (T001−T050) provided by Prozomix Ltd.
toward the selected aldol adduct examples 3a,b,e,g,h, produced

Scheme 2. HBPA Wild-Type and H205A Variant Catalyzed Aldol Addition of Pyruvate to Aldehydes 1 and Transformation of
Aldol Adducts 3 into 3-Hydroxy Ester Derivatives 4, for Enantiomeric Ratio Measurementf

aConversions measured by HPLC. bHBPA wild-type. cIsolated yield. dee not determined; the material was submitted directly to the enzymatic
transamination reaction and the stereochemistry inferred from the corresponding 14c (for 3c), 15k (for 3k), 14n (for 3n), and 14o (for 3o)
derivatives; see Schemes 7 and 8. eHBPA H205A variant. fThe ee values were determined by HPLC on a chiral stationary phase.
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with good conversions and enantioselectivities by HBPA
catalysis (Figures S8−S12). We used L-Ala (5) as an amino
donor in a one-pot two-step reaction sequence (Scheme 3).
Thus, for the screening, the enzymatic aldol addition was run
first and, once the formation of 3 reached a maximum, L-Ala
(5) (500 mM, ≥ 10 equiv with respect to 3) and the
transaminase (T###) were added, allowing the reaction to
proceed for 24 h. Since unpurified aldol adducts 3 were
supplied for the screening reactions, HPLC analysis was the
method of choice to detect false positives caused by
transamination of the remaining unreacted aldehyde 1.
Compounds 6b,e, bearing aromatic moieties, were directly
detected by HPLC. The percentages of 6a,g,h formed were
estimated by measuring the consumption of 3a,g,h by HPLC,
after precolumn derivatization of the carbonyl group via oxime
formation (see the Supporting Information).
Roughly, 4 out of the 50 different transaminases were

selected as promising candidates for the transamination
reaction (Figures S8−S12). For scale-up experiments, we
capitalize on a strategy developed by our group consisting of a
one-pot reaction recycling of pyruvate 2, formed in the
transamination reaction, into the aldol reaction (Scheme 4).8b

This approach effectively shifts the equilibrium of the
transamination to the product, since the pyruvate is
continuously removed by the aldol reaction.

Figure 3. Models of the prereactive complexes of wild-type HBPA (A, C) and HBPA H205A (B, D) with the covalently bound pyruvate enamine
(yellow C atoms) and aldehyde 1o (green C atoms). The mutated residue is highlighted in orange. Interactions are shown with dashed lines: H
bonds in yellow, π-stacking in magenta, and π-cation in dark green. A comparison of the surface of the active sites of both proteins (C, D)
(transparent cyan) reveals that the H205A mutation generates an expanded cavity near residue A205, which can be occupied by the phenyl moiety
of 1o. These models were obtained by QM/MM optimization of the structure of the complexes at the DFT (B3LYP/6-31G**) level of theory, as
detailed in the Supporting Information.

Figure 4. Scheme showing the interactions established by the
imidazole group of residue His205 of HBPA. Distances (dashed lines)
to nearby residues are indicated.
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To successfully perform this strategy, the transamination of
the aldehydes 1 must be largely avoided or minimized. To
evaluate the degree of conversion for each aldehyde and
establish suitable reaction conditions for the one-pot cascade
process, we ran control experiments incubating aldehydes
1a,b,e,g,h (100 mM) with selected transaminases (Figures
S13−S18). Having established the suitable conditions, we
started testing a range of starting pyruvate (2) concentrations
between 5 and 100 mM, against 100 mM of L-Ala. Using 1g
(100 mM) as the electrophile and HBPA/T039 catalysts, 42
mM of 6g (42% yield) was formed at 5 mM pyruvate
concentration, indicating pyruvate recycling (Figure 6A and
Figure S21). At 50 mM of pyruvate, 6g reached a maximum

(55 mM, 55% yield), with no effective pyruvate recycling.
Further increasing the initial pyruvate concentration (i.e., up to
100 mM) caused an increase in 3g production, but 6g
decreased, likely due to an equilibrium limitation of the
transamination. Using 1a (200 mM) and HBPA/T039, the
best initial pyruvate concentration was 100 mM (Figure 6B
and Figure S19). Under these conditions, 47 mM of 6a (47%
yield, with respect to the limiting substrate 5) was formed, but
no pyruvate recycling occurred. Aldol adduct 3a was most
probably in an equilibrium between the cyclic hemiketal and
the acyclic form. It is likely that the hemiketal was not a
substrate for the transaminase and its activity was limited by
the actual concentration of the acyclic adduct. Disappointingly,
this strategy failed to produce the corresponding
γ-hydroxy-α-amino acid derivatives 6 for the rest of the
aldehydes with the selected transaminases and aldol adducts 3
were the only species detected (see Figure S20 for an
example).
One problem that jeopardizes the pyruvate recycling strategy

was that the aldolase and transaminase were not sufficiently
active toward the aldehyde and aldol adduct, respectively, in
comparison with the system reported by us for the synthesis of
homoserine.8b This makes a rapid conversion difficult for both
the initial pyruvate and the aldol adduct formed, compromising
the efficiency of the recycling process. Therefore, the one-pot
two-step reaction sequence appears to be the most convenient
route in dealing with aldolases and/or transaminases with
kinetic and thermodynamic limitations. In this case, however,
an effective method to overcome the equilibrium limitations of
the transaminase must be implemented.

Synthesis of γ-Hydroxy-α-amino Acid Derivatives
Using a Biocatalytic One-Pot Two-Step Approach
Using Benzylamine as an Amine Donor. Another strategy
was devised for the synthesis of the selected target γ-hydroxy-
α-amino acid derivatives using benzylamine (7) as an
alternative amine donor (Scheme 5). The effective shift of
the equilibrium of the transamination was accomplished by
converting the benzaldehyde (8) formed into benzoin (9) by
benzaldehyde lyase from Pseudomonas fluorescens Biovar I
(BAL) (Scheme 5). BAL is highly selective toward
benzaldehyde, ensuring an almost quantitative conversion

Figure 5. X-ray structures of (R)-4e, (R)-4f, and (R)-4j as ORTEP-type plots displaying one molecule with 50% probability ellipsoids. The data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Scheme 3. One-Pot Two-Step Screening Reaction for the
Synthesis of γ-Hydroxy-α-amino Acid Derivatives 6, Using
L-Ala (5) as an Amine Donor for the Enzymatic
Transamination Reactiona

aThe dotted line indicates an enzymatic transamination of the
aldehyde remaining in the system.

Scheme 4. One-Pot Biocatalytic Cascade Synthesis of
γ-Hydroxy-α-amino Acid Derivatives 6 Starting from
Aldehydes 1 and an Amine Donor 5 with Pyruvate (2)
Recycling
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into the mostly insoluble benzoin, which benefits the reaction
equilibrium.14 Benzylamine has been reported to be a suitable
amine donor, and different strategies to eliminate the
benzaldehyde were proposed: e.g. conversion into benzoic
acid under 1 atm of oxygen,15 extraction with hexane in an
aqueous−organic two-phase system,16 and reduction to benzyl
alcohol during a cascade synthesis of ω-amino fatty acids and
α,ω-diamines from ω-hydroxy fatty acids and α,ω-diols,
respectively.17

For this strategy, an extended panel of 194 transaminases
from Prozomix Ltd. was screened in a one-pot two-step
sequence (Figure S22 and Table S7) using the crude reaction
products of adducts 3a,b,e,g,h as starting materials.
Next, we rescreened 27 positive hits from the first screening

in the two-step sequence, removing the HBPA before starting
the transamination reaction aldolase to avoid retroaldolysis
(see the Supporting Information). In this case, the aldol
adducts 3, products 6, benzaldehyde (8), and benzoin (9)
were analyzed and quantified by HPLC. Only transaminase

T039 was able to convert the aldol adducts 3a,b,e,g into the
corresponding products 6 (Figure S24). The reaction with
aldehyde 1h resulted in a false positive, because no product
could be detected in scale-up experiments.
The same two-step reaction sequence was then repeated

with and without removing HBPA, using T039 and including
aldehydes 1i,j (Figure 7A). The HBPA did not affect the yield

of 6a,g,i,j, indicating that T039 was rather selective toward the
corresponding aldol adducts and that no retroaldolysis was
taking place. On the other hand, elimination of HBPA
benefited 6b,e in comparison with those products without
aromatic substituents. Next, we investigated the effect of BAL
on the yield of 6a,g,i,j (Figure 7B). The addition of BAL was
largely positive for 6a,i and less so for 6g,j. Overall, this
depends on each individual case and should be considered for
establishing the optimal operational conditions. Moreover, no
aldol condensation of pyruvate to benzaldehyde catalyzed by
HBPA was detected.
The low conversion of aldol adducts with aromatic

substituents, 3b,e, and the need for a highly selective
transaminase for the 4-hydroxy-2-oxo acids 3 prompted us to

Figure 6. One-pot biocatalytic synthesis of 6g (A) and 6a (B),
starting from aldehydes 1g (100 mM), 1a (200 mM), and 5 (100
mM) in both experiments: concentration of the components after 24
h of reaction as a function of the initial concentration of pyruvate
using HBPA/T039 catalysts.

Scheme 5. One-Pot Two-Step Stereoselective Synthesis of γ-Hydroxy-α-amino Acids 6, Using Benzylamine (7) as an Amine
Donor for the Enzymatic Transamination Reaction and BAL to Transform the Benzaldehyde Formed (8) into Benzoin (9)a

aDotted lines indicate a transamination reaction of the aldehydes 1 and pyruvate 2, favoring the retroaldolysis of 3 catalyzed by the HBPA present
in the system.

Figure 7. One-pot two-step stereoselective synthesis of γ-hydroxy-α-
amino acids (6a,b,e,g,i,j), using the HBPA/T039 system and
benzylamine (7) as amine donor: influence of the presence of
HBPA (A) and BAL (B) on the reaction yield of products 6. Error
bars are the values of the estimated standard error of the mean of two
independent experiments under the same reaction conditions.
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explore another methodology based on branched-chain
α-amino acid aminotransferases (BCATs).18

Synthesis of γ-Hydroxy-α-amino acid Derivatives
Using a Biocatalytic One-Pot Two-Step Approach with
the PLP-Dependent Branched-Chain Amino Acid Ami-
notransferase (BCAT) from E. coli. The branched-chain
α-amino acid aminotransferase (BCAT) from E. coli was
selected to convert 3 into 6, employing L-Glu (10) as an amine
donor and delivering 2-oxoglutarate (11), which is a strong
inhibitor of BCAT (e.g., 10 mM of 11 reduces the activity up
to 80%).19 Thus, the regeneration of L-Glu was needed, which
was accomplished by coupling with aspartate aminotransferase
(AspAT) from E. coli that employed L-Asp (12) as the
substrate (Scheme 6). The resulting oxaloacetate 13
spontaneously decomposes into CO2 and pyruvate, shifting
the transamination equilibrium to the formation of γ-hydroxy-
α-amino acids 6.

The reaction system worked successfully with the aldol
adducts 3, with better performances for some examples in

comparison to those with the benzylamine/T039 system
(Scheme 7). For instance, this reaction system converted the
aldol adduct 3k, which was not a substrate for T039 (Scheme
8). On the other hand, benzylamine/T039 afforded product
6n, whereas its precursor 3n was not converted by the BCAT/
AspAT system. Therefore, both methodologies are somehow
complementary. Despite the fact that pyruvate is released
because of the decarboxylation of oxaloacetate 13, attempts to
run the reaction with one-pot pyruvate recycling failed to
provide the corresponding γ-hydroxy-α-amino acids 6 (Figure
S25).
Finally, for the laboratory-scale preparation of

γ-hydroxy-α-amino acids 6 we chose a system with better
performance for conversion, isolation, and product purifica-
tion. Products 6 were converted into the corresponding
Cbz-Nα-γ-butyrolactone derivatives 14 (Scheme 7).
α-Amino-γ-butyrolactones are structural motifs found in
biologically active compounds in addition to being valuable
chiral intermediates for the synthesis of pharmaceutical
agents.6a,20 The optimal lactonization conditions were
established, and particular attention was paid to avoid eroding
the enantiopurity of 14 (Table S7). The R configuration for
aldol adducts 3b,c,e−g,i (Scheme 2) and the S configuration
generated by the transaminases8b,19c afforded the expected
2S,4R-configured hydroxy amino acid derivatives 6, which were
confirmed by a NMR diastereochemical analysis of products
14. Exceptions were the products 6n,o. In this case, the aldol
addition reaction was not stereoselective, yielding a mixture of
diastereoisomers (5R/5S)-14n and (5R/5S)-14o, respectively.
Interestingly, the enzymatic transamination reaction of aldol

a d d u c t s 3 k , h l e d t o t h e f o r m a t i o n o f
(2S,4R)-(−)-trans-4-hydroxyproline (15k) (Scheme 8 A) and
γ-hydroxypyroglutamic acid (15h) (Scheme 8 B), respectively.
The first product could be formed by an intramolecular
nucleophilic substitution of the terminal Cl at C5 by the amine
group after the transamination reaction.

Scheme 6. One-Pot Two-Step Stereoselective Synthesis of
γ-Hydroxy-α-amino Acids 6 using L-Glu (10) as an Amine
Donora

aThe 2-oxoglutarate (11) formed was transaminated to L-Glu (10) by
AspAT using L-Asp (12) as an amine donor. The oxaloacetate (13)
decomposes into CO2 and pyruvate, shifting the equilibrium of the
transamination to γ-hydroxy-α-amino acids 6.

Scheme 7. Synthesis of γ-Hydroxy-α-amino Acids 6 by Tandem HBPA/Transaminase Catalyzed Reactions and Conversion to
α-Amino-γ-butyrolactone Derivatives 14

aConversions determined by HPLC. bTransaminase T039/BAL (see Scheme 5). cBCAT/AspAT system (see Scheme 6). dIsolated yield. edr >95:5
as measured by NMR; no other diastereomers were detected. fdr 50:50 as measured by NMR. gdr 60:40 (S:R) as measured by NMR.
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The γ-hydroxypyroglutamic acid 15h was probably formed
by intramolecular aminolysis of the ethyl ester group during
the attempts to protect the amino group by Cbz. The basic
conditions necessary to conduct the reaction with CbzOSu
likely favored the reaction (Scheme 8 B). On the other hand,
the corresponding isopropyl ester derivat ive of
Cbz-Nα-γ-butyrolactone 14i could be isolated, most likely
due to the steric hindrance imposed by the isopropyl group,
which precluded an intramolecular aminolysis.
Deprotection of the Cbz group of butyrolactones 14 was

accomplished by catalytic hydrogenolysis with H2 in the
presence of Pd/C, while PheAc was removed by enzymatic
hydrolysis mediated by penicillin G acylase (PGA) (Scheme
9). Hydrogenolysis of (5R/5S)-14n and (5R/5S)-14o

furnished the lactones (5R/5S)-17n and (5R/5S)-17o, which
upon treatment with PGA and purification by cation exchange
chromatography, with NH4OH as eluent, led to the
corresponding amide derivatives (4R/4S)-18n and carbox-
ylates (4R/4S)-18o.

■ CONCLUSIONS
A tandem enantioselective aldol addition−transamination
approach was established for the production of chiral

γ-hydroxy-α-amino acids. The trans-o-hydroxybenzylidene
pyruvate hydratase-aldolase afforded chiral 4-hydroxy-2-oxo
acids with a remarkable efficiency, broad substrate tolerance,
and unparalleled stereoselectivity, far beyond those of the
pyruvate aldolases hitherto reported. Thus, the HBPA/
benzylamine/T039 and HBPA/Glu/BCAT/AspAT systems
are adequate complementary approaches for the asymmetric
synthesis of chiral γ-hydroxy-α-amino acids 6. Overall, the
HBPA/Glu/BCAT/AspAT system renders, in some instances,
better results mainly due to the selectivity of the
α-transaminase BCAT for the 2-oxo acids and its inability to
catalyze the transamination of the remaining aldehyde from the
aldol addition. Moreover, the reaction can be carried out in
whole cells. The HBPA/benzylamine/T039 system is more
unspecific, allowing the conversion of various structurally
different substrates, such as that of the aldehydes 1 into
primary amines. The HBPA/L-Ala/T039 approach with
pyruvate recycling is not straightforward and needs an
optimization of the activities of the aldolase and transaminase
involved to develop an effective process.
Using the strategy developed in this work, an unprecedented

number of chiral γ-hydroxy-α-amino acids and the correspond-
ing α-amino-γ-butyrolactones were constructed in two steps
with high stereoselectivity from small functionalized aldehydes.
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(1) (a) Szczesńiak, P.; Pazd́zierniok-Holewa, A.; Klimczak, U.;
Stecko, S. Synthesis of β- and γ-Hydroxy α-Amino Acids via
Enzymatic Kinetic Resolution and Cyanate-to-Isocyanate Rearrange-
ment. J. Org. Chem. 2014, 79, 11700−11713. (b) Plaza, A.; Viehrig,
K.; Garcia, R.; Müller, R. Jahnellamides, α-Keto-β-Methionine-
Containing Peptides from the Terrestrial Myxobacterium Jahnella
sp.: Structure and Biosynthesis. Org. Lett. 2013, 15, 5882−5885.
(2) (a) Zafar, M. I.; Gao, F. 4-Hydroxyisoleucine: A Potential New
Treatment for Type 2 Diabetes Mellitus. BioDrugs 2016, 30, 255−
262. (b) Sun, D. Y.; Cheng, X. T.; Gao, D. K.; Xu, P. P.; Guo, Q. Q.;
Zhu, Z. L.; Zhu, M. L.; Wang, X. Y.; Qin, H. M.; Lu, F. P. Properties,
Biosynthesis, and Catalytic Mechanisms of Hydroxy-Amino-Acids.
IOP Conference Series: Earth and Environmental Science 2018, 188,
012084. (c) Jing, X.; Wang, X.; Zhang, W.; An, J.; Luo, P.; Nie, Y.; Xu,
Y. Highly Regioselective and Stereoselective Hydroxylation of Free
Amino Acids by a 2-Oxoglutarate-Dependent Dioxygenase from
Kutzneria albida. ACS Omega 2019, 4, 8350−8358. (d) Simon, R. C.;
Busto, E.; Schrittwieser, J. H.; Sattler, J. H.; Pietruszka, J.; Faber, K.;
Kroutil, W. Stereoselective Synthesis of α-Hydroxynorvaline Through

Combination of Organo- And Biocatalysis. Chem. Commun. 2014, 50,
15669−15672. (e) Guérard-Hélaine, C.; Heuson, E.; Ndiaye, M.;
Gourbeyre, L.; Lemaire, M.; Hélaine, V.; Charmantray, F.; Petit, J.-L.;
Salanoubat, M.; de Berardinis, V.; Gefflaut, T. Stereoselective
Synthesis of γ-Hydroxy-α-Amino Acids Through Aldolase-Trans-
aminase Recycling Cascades. Chem. Commun. 2017, 53, 5465−5468.
(f) Zhang, Y.; Farrants, H.; Li, X. Adding a Functional Handle to
Nature′s Building Blocks: The Asymmetric Synthesis of β-Hydroxy-α-
Amino Acids. Chem. - Asian J. 2014, 9, 1752−1764. (g) Enoki, J.;
Meisborn, J.; Müller, A.-C.; Kourist, R. A Multi-Enzymatic Cascade
Reaction for the Stereoselective Production of γ-Oxyfunctionalyzed
Amino Acids. Front. Microbiol. 2016, 7, 1−8. (h) Bunch, L.; Pickering,
D. S.; Gefflaut, T.; Vinatier, V.; Helaine, V.; Amir, A.; Nielsen, B.;
Jensen, A. A. 4,4-Dimethyl- and Diastereomeric 4-Hydroxy-4-methyl-
(2S)-Glutamate Analogues Display Distinct Pharmacological Profiles
at Ionotropic Glutamate Receptors and Excitatory Amino Acid
Transporters. ChemMedChem 2009, 4, 1925−1929. (i) Alaux, S.;
Kusk, M.; Sagot, E.; Bolte, J.; Jensen, A. A.; Bräuner-Osborne, H.;
Gefflaut, T.; Bunch, L. Chemoenzymatic Synthesis of a Series of 4-
Substituted Glutamate Analogues and Pharmacological Character-
ization at Human Glutamate Transporters Subtypes 1−3. J. Med.
Chem. 2005, 48, 7980−7992. (j) Singh, A. B.; Khaliq, T.; Chaturvedi,
J. P.; Narender, T.; Srivastava, A. K. Anti-diabetic and anti-oxidative
effects of 4-hydroxypipecolic acid in C57BL/KsJ-db/db mice. Hum.
Exp. Toxicol. 2012, 31, 57−65.
(3) (a) Ohyama, T.; Kurihara, Y.; Ono, Y.; Ishikawa, T.; Miyakoshi,
S.; Hamano, K.; Araei, M.; Suzuki, T.; Igari, H.; Suzuki, Y.
Arborcandins A, B, C, D, E and F, novel 1, 3-β-glucan synthase
inhibitors: production and biological activity. J. Antibiot. 2000, 53,
1108−1116. (b) Sugawara, T.; Tanaka, A.; Tanaka, K.; Nagai, K.;
Suzuki, K.; Suzuki, T. YM-170320, a novel lipopeptide antibiotic
inducing morphological change of colonies in a mutant of Candida
tropicalis pK233. J. Antibiot. 1998, 51, 435−438.
(4) (a) Wang, X.; Wang, J.; Lai, D.; Wang, W.; Dai, J.; Zhou, L.; Liu,
Y. Ustiloxin G, a New Cyclopeptide Mycotoxin from Rice False Smut
Balls. Toxins 2017, 9, 54. (b) Lin, X.; Bian, Y.; Mou, R.; Cao, Z.; Cao,
Z.; Zhu, Z.; Chen, M. Isolation, Identification, and Characterization of
Ustilaginoidea Virens from Rice False Smut Balls with High
Ustilotoxin Production Potential. J. Basic Microbiol. 2018, 58, 670−
678. (c) Hunter, L.; McLeod, M. D.; Hutton, C. A. Synthesis of the β-
hydroxydopa-γ-hydroxy-δ-sulfinylnorvaline component of ustiloxins A
and B. Org. Biomol. Chem. 2005, 3, 732−734.
(5) (a) Bassarello, C.; Bifulco, G.; Evidente, A.; Riccio, R.; Gomez-
Paloma, L. Stereochemical studies on ascaulitoxin: a J-based NMR
configurational analysis of a nitrogen substituted system. Tetrahedron
Lett. 2001, 42, 8611−8613. (b) Vurro, M.; Andolfi, A.; Boari, A.;
Zonno, M. C.; Caretto, S.; Avolio, F.; Evidente, A. Optimization of
the Production of Herbicidal Toxins by the Fungus Ascochyta
Caulina. Biol. Control 2012, 60, 192−198.
(6) (a) Cavanaugh, C. L.; Nicewicz, D. A. Synthesis of α-
Benzyloxyamino-γ-Butyrolactones via a Polar Radical Crossover
Cycloaddition Reaction. Org. Lett. 2015, 17, 6082−6085. (b) Avenoza,
A.; Cativiela, C.; París, M.; Peregrina, J. M.; Saenz-Torre, B. Synthesis
of enantiomerically pure constrained γ-hydroxy-α-amino acids by
directed hydroxylation. Tetrahedron: Asymmetry 1997, 8, 1123−1129.
(c) Mondal, D.; Schweizer, F. Synthesis of Allose-Templated
Hydroxyornithine and Hydroxyarginine Analogs. Carbohydr. Res.
2010, 345, 1533−1540. (d) Ren, J.-L.; Zhang, X.-Y.; Yu, B.; Wang, X.-
X.; Shao, K.-P.; Zhu, X.-G.; Liu, H.-M. Discovery of Novel AHLs as
Potent Antiproliferative Agents. Eur. J. Med. Chem. 2015, 93, 321−
329. (e) Mattmann, M. E.; Geske, G. D.; Worzalla, G. A.; Chandler, J.
R.; Sappington, K. J.; Greenberg, E. P.; Blackwell, H. E. Synthetic
Ligands that Activate and Inhibit a Quorum-Sensing Regulator in
Pseudomonas Aeruginosa. Bioorg. Med. Chem. Lett. 2008, 18, 3072−
3075.
(7) (a) Swift, M. D.; Sutherland, A. Stereocontrol of palladium(II)-
catalysed aza-Claisen rearrangements using a combination of 1,3-
allylic strain and a solvent mediated directing effect. Org. Biomol.
Chem. 2006, 4, 3889−3891. (b) De Lamo Marin, S.; Catala, C.;

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.1c00210
ACS Catal. 2021, 11, 4660−4669

4668

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+J.+Moreno"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karel+Herna%CC%81ndez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+J.+Charnok"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samantha+Gittings"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Bolte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5296-6251
http://orcid.org/0000-0001-5296-6251
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesu%CC%81s+Joglar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordi+Bujons"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2944-2905
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Teodor+Parella"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1914-2709
http://orcid.org/0000-0002-1914-2709
https://pubs.acs.org/doi/10.1021/acscatal.1c00210?ref=pdf
https://doi.org/10.1021/jo502026a
https://doi.org/10.1021/jo502026a
https://doi.org/10.1021/jo502026a
https://doi.org/10.1021/ol402967y
https://doi.org/10.1021/ol402967y
https://doi.org/10.1021/ol402967y
https://doi.org/10.1007/s40259-016-0177-2
https://doi.org/10.1007/s40259-016-0177-2
https://doi.org/10.1088/1755-1315/188/1/012084
https://doi.org/10.1088/1755-1315/188/1/012084
https://doi.org/10.1021/acsomega.9b00983
https://doi.org/10.1021/acsomega.9b00983
https://doi.org/10.1021/acsomega.9b00983
https://doi.org/10.1039/C4CC06230B
https://doi.org/10.1039/C4CC06230B
https://doi.org/10.1039/C7CC00742F
https://doi.org/10.1039/C7CC00742F
https://doi.org/10.1039/C7CC00742F
https://doi.org/10.1002/asia.201400111
https://doi.org/10.1002/asia.201400111
https://doi.org/10.1002/asia.201400111
https://doi.org/10.3389/fmicb.2016.00425
https://doi.org/10.3389/fmicb.2016.00425
https://doi.org/10.3389/fmicb.2016.00425
https://doi.org/10.1002/cmdc.200900258
https://doi.org/10.1002/cmdc.200900258
https://doi.org/10.1002/cmdc.200900258
https://doi.org/10.1002/cmdc.200900258
https://doi.org/10.1021/jm050597z
https://doi.org/10.1021/jm050597z
https://doi.org/10.1021/jm050597z
https://doi.org/10.1177/0960327111407227
https://doi.org/10.1177/0960327111407227
https://doi.org/10.7164/antibiotics.53.1108
https://doi.org/10.7164/antibiotics.53.1108
https://doi.org/10.7164/antibiotics.51.435
https://doi.org/10.7164/antibiotics.51.435
https://doi.org/10.7164/antibiotics.51.435
https://doi.org/10.3390/toxins9020054
https://doi.org/10.3390/toxins9020054
https://doi.org/10.1002/jobm.201800167
https://doi.org/10.1002/jobm.201800167
https://doi.org/10.1002/jobm.201800167
https://doi.org/10.1039/B418876D
https://doi.org/10.1039/B418876D
https://doi.org/10.1039/B418876D
https://doi.org/10.1016/S0040-4039(01)01815-9
https://doi.org/10.1016/S0040-4039(01)01815-9
https://doi.org/10.1016/j.biocontrol.2011.10.005
https://doi.org/10.1016/j.biocontrol.2011.10.005
https://doi.org/10.1016/j.biocontrol.2011.10.005
https://doi.org/10.1021/acs.orglett.5b03113
https://doi.org/10.1021/acs.orglett.5b03113
https://doi.org/10.1021/acs.orglett.5b03113
https://doi.org/10.1016/S0957-4166(97)00083-9
https://doi.org/10.1016/S0957-4166(97)00083-9
https://doi.org/10.1016/S0957-4166(97)00083-9
https://doi.org/10.1016/j.carres.2010.04.017
https://doi.org/10.1016/j.carres.2010.04.017
https://doi.org/10.1016/j.ejmech.2015.02.026
https://doi.org/10.1016/j.ejmech.2015.02.026
https://doi.org/10.1016/j.bmcl.2007.11.095
https://doi.org/10.1016/j.bmcl.2007.11.095
https://doi.org/10.1016/j.bmcl.2007.11.095
https://doi.org/10.1039/b613271e
https://doi.org/10.1039/b613271e
https://doi.org/10.1039/b613271e
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c00210?rel=cite-as&ref=PDF&jav=VoR


Kumar, S. R.; Valleix, A.; Wagner, A.; Mioskowski, C. A Practical and
Efficient Total Synthesis of Potent Insulinotropic (2S,3R,4S)-4-
Hydroxyisoleucine through a Chiral N-Protected γ-Keto-α-amino-
ester. Eur. J. Org. Chem. 2010, 2010, 3985−3989. (c) Schmeck, C.;
Hegedus, L. S. Synthesis of Optically Active 4-Substituted 2-
Aminobutyrolactones and Homoserines by Combined Aldol/Photo-
cyclization Reactions of Chromium Aminocarbene Complexes. J. Am.
Chem. Soc. 1994, 116, 9927−9934. (d) Ariza, J.; Font, J.; Ortuño, R.
M. Enantioselective synthesis of hydroxy α-amino acids. (−)-erythro-
and (−)-threo-γ-hydroxynorvalines. Tetrahedron 1990, 46, 1931−
1942. (e) Berkes,̌ D.; Kolarovic,̌ A.; Povazǎnec, F. Stereoselective
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