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a b s t r a c t

Commercially available u-carboxy-aldehydes and glycine have been subjected to the catalytic action of
an L-threonine aldolase from Escherichia coli to give the corresponding b-hydroxy-a-(L)-amino acids as
a mixture of erythro/threo epimers.
Specifically, the reaction with glyoxylic acid (2) gave the epimeric b-hydroxy-(L)-aspartates (t,e)-9 that
could be isolated by ion-exchange chromatography in 67% yield. Following esterification and N-Boc
protection, the two epimers could be isolated as pure compounds.
Similarly, the aldolase-catalyzed addition of glycine to succinic semialdehyde (4) gave the expected
mixture of b-hydroxy-L-a-aminoadipic acids (t)-12 and (e)-12 in 34% yield.

� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The amino acid L-glutamate (Glu) is considered to be the major
mediator of excitatory signals in the mammalian central nervous
system (CNS) and is probably involved both in brain development
and in most aspects of its normal function including cognition,
memory, and learning.1–6 Due to its potential neurotoxicity, the
extracellular concentration of glutamate is tightly controlled by
high-affinity Naþ-dependent excitatory amino acid transporters
(EAATs) that maintain Glu concentration below the excitotoxic
level.5,7 A number of pharmacological agents are capable of inhib-
iting glutamate transport and most of them act as competitive
substrates. At present, attention is focused on non-transportable
inhibitors (or blockers), compounds that, in pathological condi-
tions, could counteract EAAT-mediated glutamate release in the
synaptic cleft. As reported in the literature,8 derivatives of D,L-threo-
b-hydroxyaspartate (D,L-THA) possessing an ethereal bulky sub-
stituent, such as a benzyl or a naphthyl group, function as blockers
at all subtypes of EAATs. In particular, D,L-threo-b-benzyloxy-
aspartate (D,L-TBOA) is a non-transportable blocker of the gluta-
mate transporters, widely recognized as a reference compound for
biological screenings on the physiological roles of these proteins.
The L-isomer is more efficacious than the D-enantiomer and the
threo isomer (1) is more potent as a blocker than its erythro
counterpart.8
x: þ39 02 2890 1239.

All rights reserved.
Generally speaking, b-hydroxy-a-amino acids (i.e., 1) are a group
of interesting compounds that can be found in a number of complex
natural products possessing a wide range of biological activities,
i.e., they can act as antibiotics and immunosuppressants.9 In addi-
tion, these amino acids are useful building blocks in synthetic,
combinatorial, and medicinal chemistries.10 A number of reports
describe the synthesis of these compounds, both as racemates and
as single enantiomers.11 Specifically, optically pure b-hydroxy-
aspartate derivatives (like 1) were prepared with protocols that
required several synthetic steps and the use of toxic reagents, such
as OsO4.8

The biocatalyzed preparation of these compounds has been
suggested as a complement to the existing chemical methods; the
advantages of an enzymatic strategy, usually performed in a single
step process, being the mild conditions and the minimal need for
substrate protection.12 Accordingly, in recent years, L- and D-threo-
nine aldolases have been studied for the non-physiological
synthesis of b-hydroxy-a-amino acids using various aldehydes as
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acceptors and glycine as a donor.13 In order to extend this meth-
odology to the preparation of u-carboxy-b-hydroxy-a-amino acids
(analogues of 1), we have studied the performances of an L-threo-
nine aldolase (L-TA) from Escherichia coli14 with structurally dif-
ferent aldehydes, and in the following we present the preliminary
results obtained.
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2. Results and discussion

Threonine aldolases (TAs) are pyridoxal-50-phosphate (PLP)-
dependent enzymes that catalyze the reversible cleavage of threo-
nine (or allo-threonine) into glycine and acetaldehyde.15 Genes
encoding for these proteins have been found in plants, vertebrates,
and several bacteria, yeasts, and fungi.16

Two types of TAs exist, depending on the configuration of the
newly formed stereocenter at the a-carbon. Both L- and D-TA have
a strict requirement for glycine as a donor, but can accept a wide
range of aliphatic and aromatic aldehydes as electrophilic sub-
strates.13,17 As shown in Figure 1 for an L-TA-catalyzed condensation,
the reactions proceed with complete stereoselective control at the
a-carbon and the outcome is the sole (L)-epimer. On the other hand,
these enzymes are usually unable to control the stereochemistry at
the b-carbon and produce a mixture of diastereoisomers in mod-
erate yields. Quite recently, both these drawbacks have been over-
come by means of a bi-enzymatic dynamic kinetic asymmetric
transformation based on the consecutive catalysis of a low-specific
L-threonine aldolase and of a highly selective L-tyrosine decarboxy-
lase.18 This methodology allowed the synthesis of a number of
enantiopure amino alcohols.

To the best of our knowledge, threonine aldolases have never
been tested with aldehydes carrying a carboxylic substituent (e.g.,
glyoxylic acid 2, malonic semialdehyde 3, and succinic semi-
aldehyde 4), despite the fact that the enzyme-catalyzed conden-
sation of glycine with these compounds could offer a direct
approach to epimeric b-hydroxy-aspartates, b-hydroxy-glutamates,
and higher homologues.

Threonine aldolases are still not commercially available, and
therefore our investigation started from the production of the
enzyme, fermenting an E. coli strain overexpressing an L-TA and
partially purifying it via ammonium sulfate precipitation and
ion-exchange chromatography (for details see Section 4).

In order to optimize the reaction conditions and the product
recovery, the biocatalyzed reaction was initially tested on benzyl-
oxyacetaldehyde (5), a compound that has been reported to be
a good substrate for these enzymes.13c

L-TA-catalyzed condensation
of glycine with 5 gave a product of intermediate polarity ((t,e)-6,
detected by TLC using the ninhydrin reagent). The reaction mixture
was extracted with Et2O to remove the unreacted aldehyde and
lyophilized. The crude residue was further elaborated to new de-
rivatives that could be more easily isolated and characterized. This
aspect was not fully investigated in previous articles as, quite often,
the reported reaction yields and threo/erythro ratios were only
evaluated on the bases of the 1H NMR spectra of the product
mixtures (with or without unreacted glycine). The derivatization
reactions were quite straightforward and consisted in the esterifi-
cation of the carboxylic acid moiety and N-Boc protection of the
amino group. The latter step, however, required a careful
OH
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Figure 1. L-TA-catalyzed condensation of a generic aldehyde and glycine to give
b-hydroxy-a-L-amino acids.
optimization of the reaction conditions, since b-hydroxy-a-amino
acids are quite prone to give retroaldolic reactions. The problem
was solved by performing the reaction in a biphasic system in
which the substrate ((t,e)-7) was dissolved in water and the Boc2O
confined in the organic phase. Dropwise addition of a solution of
sodium bicarbonate to the water phase neutralized the hydro-
chloride 7, which was transferred into the organic phase to react
with (Boc)2O producing the expected N-protected derivatives (t,e)-
8. The excess of glycine present in the crude mixture was similarly
derivatized and the new mixture could be easily separated by flash
chromatography on silica gel, allowing the separation of the threo
and erythro b-hydroxy-amino acid derivatives (t,e)-8 from N-Boc-
glycine methyl ester, giving a mixture of the two b-epimers in 16%
isolated yields. The obtained products were characterized by 1H
NMR, which showed the expected presence of the two threo and
erythro diastereoisomers in an approximately 1:1 ratio.

Glyoxylic acid (2) was the first carboxy-aldehyde investigated,
as the threo product that could be obtained by L-TA-catalyzed aldol
condensation is a direct precursor of the previously cited L-TBOA
(1).8 A methodology capable of producing stereoisomerically pure
L-b-hydroxyaspartate in a single step could be very useful to gen-
erate a library of derivatives, differently substituted at the alcoholic
moiety.

Following the previously discussed protocol, glyoxylic acid (2)
was used as a donor in the presence of glycine and, to our satis-
faction, the formation of a more polar product was clearly detected
by TLC. In order to increase the condensation yields, the reaction
was then performed in the presence of an excess (5 equiv) of gly-
cine and stopped, after 48 h, by snap freezing and lyophilized. The
separation of the amino acids from the enzyme and the excess of
glycine present in the crude residue became possible using a strong
ion-exchange resin, by taking advantage of their different pKa

values. The reaction mixture, dissolved in water at neutral pH, was
loaded on a strongly basic ion-exchange column. Glycine was not
kept by the resin and was eluted in the void volume, while,
conversely, the desired products (t,e)-9 were eluted with a 0.1 M
formic acid solution and, following lyophilization, were isolated in
67% yields (Fig. 2).

1H and 13C NMR analyses confirmed the proposed structures
and allowed us to evaluate as 1:1 the threo/erythro ratio of the
products, thus confirming the absence of any b-stereoselectivity in
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Figure 2. L-TA-catalyzed condensation of glyoxylic acid (3) and glycine, and
subsequent chemical elaboration of the products.



Figure 3. 1H NMR spectrum of (t,e)-9 in DMSO-d6.
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Figure 4. L-TA-catalyzed condensation of succinic semialdehyde (4) and glycine, and
subsequent chemical elaboration of the products.
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the L-TA-catalyzed condensation. The assignment of the signals due
to the two epimers (t,e)-9 was made possible by a comparison of
the 1H NMR spectrum of the mixture with that due to the com-
mercially available racemic mixture of (D,L)-threo-b-hydroxy
aspartic acid. The 1H NMR of (t,e)-9 (in DMSO-d6) is reported in
Figure 3. The protons of the threo isomer were downfield shifted
and characterized by a smaller spin-coupling constant (Jthreo¼
1.2 Hz) in comparison to the corresponding signals of its epimer
(Jerythro¼8.0 Hz).

As this protocol of purification did not allow the separation of
the two epimers, we transformed the mixture into the corre-
sponding N-Boc-b-hydroxyaspartate methyl esters, (t)-11 and
(e)-11 (Fig. 2), which could be separated by flash chromatography
and characterized by NMR and mass analyses (see Section 4). The
assignment of the absolute configurations of the two products was
made possible by comparison with literature values.8

Since b-hydroxy-L-a-aminoadipic acids (t)-12 and (e)-12 have
never been tested as potential glutamate transporter inhibitors, we
applied the L-TA-catalyzed condensation of glycine to succinic
semialdehyde 4, which is commercially available. The bio-
transformation was carried out following the usual protocol, using
an excess (5 equiv) of glycine. The reaction mixture was lyophilized
and the crude residue purified from the excess of glycine by ion-
exchange chromatography to give the expected mixture of products
(t,e)-12 in 34% yields.

The structural characterization of these compounds was quite
troublesome, as the formed 3-carboxy-b-hydroxy-a-amino acids
(t,e)-12 gave under slightly acidic conditions a mixture of the lac-
tones 13 and of other isomers like the epimeric lactams (a)-14 and
(e)-14, a phenomenon that was already described in the litera-
ture.19 This problem could be avoided by making the solution of the
recovered products alkaline before lyophilization (see Section 4). In
this way, it was possible to confirm by 1H NMR the structure of
compounds (t,e)-12, and the usual lack of b-selectivity (Fig. 4) was
observed.

The ratio between the threo and erythro epimers could be easily
evaluated by comparing the area of the peaks due to the a-protons
of the two isomers, two doublets resonating at 3.29 and 3.16 ppm.
Specifically, in this case the threo isomer was formed in slightly
higher amounts, the threo/erythro ratio being 3:2. The assignment
of the absolute configuration was done by comparing the chemical
shifts and the coupling constants of the signals due to these epi-
mers with those of the b-hydroxy-aspartic acid ((t,e)-9). The
structures of the two lactams (a)-14 and (e)-14, formed when the
purified mixture of (t,e)-9 was kept at acid pH, could also be
assigned by mono- and bi-dimensional 1H NMR.
3. Conclusions

We have shown that u-carboxy-aldehydes can be used as
substrates in L-TA-catalyzed aldolic condensations, givingdin one-
stepdu-carboxy-b-hydroxy-L-a-amino acids as threo/erythro mix-
tures. The epimeric products could be isolated by ion-exchange
column chromatography and, in the case of the b-hydroxy-aspar-
tates, the two epimers could be also separated after their trans-
formation into more lipophilic derivatives. These compounds can
be used as a starting material for the synthesis of a wide range of
molecules carrying different substituents at the hydroxylic moiety,
which could perform as inhibitors of glutamate transporters.

Work is in progress to extend this protocol to the not com-
mercially available malonic semialdehyde 3 and the results will be
reported in due course.
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4. Experimental part

4.1. Materials and methods

Aldehydes 2, 4, and 5 were purchased from Sigma–Aldrich. All the
other reagents and solvents were purchased from commercial sup-
pliers and were used without further purification unless otherwise
stated. E. coli transfected with the gene encoding for L-threonine
aldolase was provided by Prof. R. Contestabile, University of Rome.

Fermentations were performed with a 1 l fermentor Inova 4230
and sterilizations were performed using autoclave Steristeam CDL.
Enzymatic activities were monitored using a Jasco V-530 UV/VIS
spectrophotometer. Enzyme purification was partially performed
by HPLC, using a JASCO 880-PU instrument equipped with a Jasco
870 UV detector.

Measurements of pH were carried out with a pH-meter Crison
micropH 2000.

TLC: silica plates (Merck 60 F254) or reverse phase silica plates
(Merck RP-18254). Substrates and products were visualized at
254 nm and/or by treatment with the ninhydrin reagent (ninhy-
drin, 2 g, in 100 ml MeOH). Flash chromatography silica gel: Merck
60, 40–63 mm.

1H and 13C NMR spectra were recorded on a Varian Mercury 300
(300 MHz) or on a Bruker AC400 (400 MHz) or on a Bruker AC500
(500 MHz). Mass spectra were recorded with an FT-ICR (Fourier
Transfer Ion Cyclotron Resonance) APEX� II model (Bruker Dal-
tonics) equipped with a 4.7 T crio-magnet (Magnex).

4.2. Production and purification of L-TA from E. coli

L-TA was expressed from E. coli HMS 174 (DE3)/pET 22 b(þ)(L-TA)
constructs containing the DNA sequence. The cells were cultivated
on LB media (Tripton 10 g/l, yeast extract 5 g/l, NaCl 10 g/l) supple-
mented with 100 mg/l ampicillin and 30 mg/L of vitamin B6. Over-
night cultures (100 ml) in 500 ml flasks were inoculated with single
colonies and grown at 37 �C. The 500 ml main cultures in 2000 ml
flasks were inoculated with 3 ml of the pre-culture and grown at
37 �C to an OD600 of 0.3 and then induced with IPTG at a final con-
centration of 0.05 M. Cultivation was continued overnight at 37 �C
and the cells were harvested by centrifugation for 20 min at
4500 rpm. After resuspension of the pellets (10 ml/g cell) in a lysis
buffer (10 mM Tris/HCl, 1 mM NaCl, 1 mM EDTA, pH 7.6), the cells
were disrupted using a solution of lysozyme (1 mg/g cell) followed
by the precipitation of DNA by adding streptomycin sulfate (10 g/l
dissolved in minimum amount of the same buffer) and leaving the
suspension at 0 �C for 20 min. The crude lysate was cleared by cen-
trifugation at 12,000 rpm for 30 min. The enzyme was precipitated
from the supernatant (cell free extract) byadding ammonium sulfate
(80% saturation) and partially purified using an ion-exchange col-
umn (DEAE 650-S, Merck) where the dissolved pellet was loaded in
a phosphate buffer 20 mM pH¼7.5 and the enzyme eluted with
a linear gradient of NaCl, up to 0.4 M. The partially purified enzyme
was stored as a precipitate in ammonium sulfate at 4 �C.

In order to improve the yields of recovered L-TA, cell growing
was performed in a 1 l capacity fermentor (INFORS AG CH-4103),
following the same protocol developed for the suspended cell
systems, monitoring oxygen supply, pH, temperature, and stirring.
This experiment gave satisfactory results, asdfollowing cells lyses,
ammonium sulfate precipitation, and subsequent dialysisd688 U
of L-TA were obtained, to be compared with the 125 U obtained
with the previously described flask cultures.

4.3. L-TA activity assay

L-Allo-threonine (50 mM), sodium phosphate buffer (20 mM,
pH 7), PLP (50 mM), NADH (200 mM), and yeast alcohol
dehydrogenase (32 U) were added into a cuvette to a final volume
of 990 ml. The reactions were started by adding 10 ml of purified L-TA
and monitored by measuring the decrease of absorbance at 340 nm
in a spectrophotometer (3¼6.2�103 l/mol cm) at 30 �C.

One unit of L-TA is the amount of enzyme that catalyzes the
formation of 1 mmol of acetaldehyde (1 mmol of NADH oxidized) per
minute at room temperature.

4.4. Synthesis of 2-(S)-amino-3-(R,S)-hydroxy-4-benzyloxy-
butanoic acid (t,e)-6

To a solution of benzyloxyacetaldehyde (5, 685 ml, 5.3 mmol),
glycine (400 mg, 5.3 mmol), pyridoxal phosphate (PLP, 1.7 mg,
0.125 mM), and dithiothreitol (DTT, 24.6 mg, 3 mM) in 50 ml of
H2O, NaOH (1 M) was added up to pH¼7.5. L-TA (25 U) was re-
covered by centrifugation from the stored suspension, solubilized
in 3 ml of water, and added to the reaction mixture, which was
stirred for 48 h at 45 �C and monitored by TLC (eluent: BuOH–H2O–
AcOH 4:2:1; Rf: (t,e)-6¼0.48, glycine¼0.18, 5¼0.90; detection was
carried out with the ninhydrin reagent).

The reaction mixture was then extracted with Et2O (2�150 ml)
to remove the unreacted 5 and the water phase lyophylized to give
a yellow powder. The excess of glycine was precipitated by adding
cold MeOH (100 ml), the suspension was filtered, the solvent dried
over Na2SO4, and evaporated to give the epimeric mixture of the
products ((t,e)-6, 146 mg, 13% yields) as a white solid.

1H NMR (300 MHz, DMSO-d6) d (ppm) 3.25 (d, J¼6.0 Hz,
H-2threo), 3.27 (d, J¼3.7 Hz, H-2erythro): total 1H; 3.49 (dd, J1¼
6.0 Hz, J2¼10.1 Hz, H-4a,threo) and 3.53 (dd, J1¼5.8 Hz, J2¼10.1 Hz,
H-4a,erythro): total 1H; 3.57 (dd, J1¼4.1 Hz, J2¼10.1 Hz, H-4b,threo) and
3.59 (dd, J1¼5.8 Hz, J2¼10.1 Hz, H-4b,erythro): total 1H; 3.94 (dt,
J1¼6.0 Hz, J2¼4.1 Hz, H-3threo) and 4.13 (dt, J1¼3.7 Hz, J2¼5.8 Hz,
H-3erythro): total 1H, H-3; 4.53 (2H, s, ArCH2); 7.10–7.40 (5H, m, H–Ar).

4.5. Synthesis of methyl 2-(S)-tert-butoxycarbonylamino-3-
(R,S)-hydroxy-4-benzyloxy-butanoate (t,e)-8

(a) The crude residue obtained from the previous biocatalyzed
condensation was subjected to the following reaction without
preliminary purification in order to avoid product loss during the
methanolic precipitation of the excess of glycine.

A solution of thionyl chloride (507 ml, 7 mmol) in MeOH (1.1 ml)
was cooled to 0 �C and crude (t,e)-6 (400 mg, 2.3 mmol) was added
in aliquots under stirring. The mixture was left at 0 �C for 1 h and
then at room temperature for 48 h (TLC eluent: BuOH–H2O–ACOH
4:2:1; Rf: (t,e)-6¼0.48, glycine¼0.18, (t,e)-7¼0.60, glycine methyl
ester¼0.25; detection was carried out with the ninhydrin reagent).

Removal of the liquids under vacuum afforded the methyl esters
of (t,e)-6 as a viscous oil, which was subjected to the subsequent
reaction.

(b) A mixture of the methyl esters (t,e)-7 (2.32 mmol) dissolved
in water (1 ml) and EtOAc (4.7 ml) was cooled to 0 �C followed by
the addition of tert-butoxycarbonyl anhydride (Boc2O, 506 mg,
2.32 mmol) under stirring. A saturated solution of NaHCO3 was
added dropwise until the pH of the water phase became slightly
basic. The reaction mixture was allowed to proceed at 0 �C for 2 h
and then at room temperature overnight (TLC eluent: AcOEt–
petroleum ether 4:6; Rf: (t,e)-7¼0.10, (t,e)-8¼0.61, N-Boc-glycine
methyl ester¼0.70; detection was carried out with ninhydrin).

The organic fraction was separated and the water phase
extracted with EtOAc (3�50 ml). The organic phases were collected
together, washed with brine (2�20 ml), and dried over Na2SO4. The
solvent was removed in vacuo to give the epimeric mixture (t,e)-8
as a viscous colorless oil that was purified by silica gel flash chro-
matography (eluent: petroleum ether–AcOEt 8:2) to give 80 mg of
(t,e)-8 (0.25 mmol, 16% yields calculated on the amount of 5 used
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for the biocatalyzed aldolic condensation). The solid was charac-
terized by mono- and bi-dimensional 1H and 13C NMR analyses,
which confirmed the structure and the 1:1 ratio of the two
diastereomers (threo/erythro).

1H NMR (300 MHz, CDCl3) d (ppm): 1.46 (s, 9H, Boc), 3.53–3.61
(m, 2H, H-4erythro,threo), 3.68 (s, 3H, OMe), 3.75 (s, 3H, OMe), 4,19 (br
m, 1H, H-3threo), 4.25–4.42 (br m, 2H, H-2erythro,threo), 4.42–4.52 (m,
3H, H-3erythro, ArCH2threo), 4.54 (s, 2H, ArCH2erythro), 5.35 (s, 1H, NH),
5.56 (s, 1H, NH), 7.10–7.40 (m, 5H, H–Ar). 13C NMR (300 MHz, CDCl3)
d (ppm) 29.0 ((CH3)3C); 52.3 (OCH3); 55.6 and 57.2 (C-2erythro,threo);
70.5 and 71.2 (C-4); 73.8 (ArCH2); 80.4 and 80.7 (C-3); 128.2, 128.8
and 137.9 (C–Ar); 156.2 and 156.4 ((CH3)3C–C]O); 171.2 and 171.5
(COOMe).

4.6. Synthesis of 2-(S)-amino-3-(R,S)-hydroxy-succinic acid
(t,e)-9

To a solution of glyoxylic acid (2, 250 mg, 2.71 mmol), glycine
(5 equiv, 1018 mg, 13.60 mmol), pyridoxal phosphate (PLP, 2 mg,
0.125 mM), and dithiothreitol (DTT, 32 mg, 3 mM) in 65 ml H2O,
NaOH (1 M) was added up to pH¼7.5. L-TA (60 U) was recovered by
centrifugation from the storing suspension, solubilized in 5 ml
water, and added to the reaction mixture, which was stirred at
45 �C for 48 h and monitored by TLC (eluent: BuOH–H2O–AcOH
4:2:1; Rf: (t,e)-9¼0.15, glycine¼0.18; detection was carried out with
the ninhydrin reagent). The mixture was then lyophilized to give
a yellow powder that was either purified by ion-exchange chro-
matography or derivatized as previously described.

The mixture was purified using a strong basic ion-exchange
resin (Ionac A-540, CI� form) previously conditioned as follows:
a column (diameter 2 cm, height 42 cm) was filled with 40 g of
resin that was previously washed twice with 1 M NaOH, water up to
neutral pH, 2 M AcOH, and water up to neutral pH. The crude
products were then dissolved in water at pH 7.5 and loaded onto
the column. The resin was initially eluted with water to remove the
excess of glycine and then washed with 0.1 M formic acid to elute
the product. The fractions containing the product were collected
and lyophylized to give the epimeric mixture (t,e)-9 as a white
powder (272 mg, 1.83 mmol, 67% yields calculated on the amount
of 2 initially used for the biotransformation).

The product was characterized by mono- and bi-dimensional
1H and 13C NMR, which also allowed the evaluation of the
diastereoisomeric threo/erythro ratio (1:1) of (t,e)-9.

1H NMR (400 MHz, DMSO-d6) d (ppm): (e)-9: 3.78 (d, 1H,
J¼8.0 Hz, H-2), 4.06 (d, 1H, J¼8.0 Hz, H-3); (t)-9: 3.98 (d, 1H,
J¼1.2 Hz, H-2), 4.26 (d, 1H, J¼1.2 Hz, H-3). 13C NMR (300 MHz,
DMSO-d6) d (ppm): (e)-9: 55.16 (C-2); 70.71 (C-3); 168.08 and
171.77 (C-1 and C-4). (t)-9: 54.19 (C-2); 67.06 (C-3); 168.63 and
172.67 (C-1 and C-4).

4.7. Synthesis of dimethyl 2-(S)-tert-butoxycarbonylamino-3-
(R,S)-hydroxy-succinate (t,e)-11

A solution of thionyl chloride (1.45 ml, 19.8 mmol) in MeOH
(3.14 ml) was cooled to 0 �C and the crude residue of the bio-
catalyzed condensation ((t,e)-9, 500 mg, 6.6 mmol) was added in
aliquots under stirring. The reaction was allowed to proceed at 0 �C
for 1 h and then at room temperature for 48 h (TLC eluent: BuOH–
H2O–AcOH 4:2:1; Rf: (t,e)-9¼0.15, dimethyl esters of (t,e)-9¼0.20;
detection was carried out with ninhydrin). Removal of the liquids in
vacuo afforded the dimethyl esters (t,e)-10 as a viscous oil, which
was immediately used for the subsequent Boc protection reaction.

The previously obtained mixture of the dimethyl esters of
(t,e)-10 (6.6 mmol) was dissolved in water (1.5 ml) and AcOEt
(10 ml). The biphasic solution was cooled to 0 �C and tert-butoxy-
carbonyl anhydride (Boc2O, 1.4 g, 6.6 mmol) was added under
stirring. A saturated solution of NaHCO3 was added dropwise until
the pH of the water phase became slightly basic. The reaction was
allowed to proceed at 0 �C for 2 h and then at room temperature
overnight, following the conversion by TLC (eluent: AcOEt–petrolem
ether 4:6; Rf: (t)-11¼0.35, (e)-11¼0.44; detection was carried out
with ninhydrin). The organic phase was separated and the water
phase extracted with AcOEt (3�50 ml); the organic phases were
collected, washed with brine (2�20 ml), and dried over Na2SO4.
The solvent was removed in vacuo to give the epimeric threo/
erythro mixture (t,e)-11 that could be purified by silica gel flash
chromatography (eluent: petroleum ether–AcOEt 85:15, then pe-
troleum ether–AcOEt 70:30) affording the two pure epimers (t)-11
(55 mg, 0.20 mmol) and (e)-11 (60 mg, 0.22 mmol) as viscous
colorless oils.

The two epimers were characterized by mono- and bi-
dimensional 1H NMR, 13C NMR, and mass analyses, which con-
firmed the proposed structures. The relative configuration (threo/
erythro) of the two products could be assigned by comparison with
the literature values.8

Compound (e)-11. 1H NMR (400 MHz, CDCl3), d (ppm): 1.47 (s,
9H, Boc), 3.82 (s, 3H, OMe), 3.84 (s, 3H, OMe), 4.71 (br s, 1H, H-3),
4.80 (d, 1H, J¼9.2 Hz, H-2), 5.31 (br d, 1H, NH). 13C NMR (300 MHz,
CDCl3), d (ppm,): 28.50 ((CH3)3C); 53.23 (OCH3); 56.51 (OCH3); 71.34
(C-3); 56.44 (C-2); 155.0, 170, 173.0 (3C]O). FABþ-MS: 278 (MþH)þ.

Compound (t)-11. 1H NMR (400 MHz, CDCl3), d (ppm): 1.44 (s,
9H, Boc), 3.73 (s, 3H, OMe), 3.83 (s, 3H, OMe), 4.52 (br s, 1H, H-3),
4.84 (d, 1H, J¼7.6 Hz, H-2), 5.51 (br d, 1H, NH). 13C NMR (300 MHz,
CDCl3), d (ppm): 28.58 ((CH3)3C); 53.05 (OCH3); 53.25 (OCH3); 57.37
(C-2); 72.42 (C-3); 155.68, 169.18, 172.05 (3C]O). FABþ-MS: 278
(MþH)þ.

4.8. Synthesis of 2-(S)-amino-3-(R,S)-hydroxy-6-carboxy-
hexanoic acid (t,e)-12

To a solution of hemisuccinic aldehyde (4, 1.76 ml, 2.71 mmol),
glycine (1.02 g, 13.57 mmol), pyridoxal phosphate (PLP, 4.25 mg,
0.125 mM), and dithiothreitol (DTT, 40 mg, 3 mM) in 13.6 ml of
H2O, NaOH (1 M) was added up to pH¼7.5. L-TA (40 U) was re-
covered by centrifugation from the storing suspension, solubilized
in 4 ml water, and added to the reaction mixture, which was stirred
for 48 h at 45 �C and monitored by reverse phase TLC (eluent:
MeOH–H2O–AcOH 95:5:0.5; Rf: (t,e)-12¼0.73, glycine¼0.50;
detection was carried out with ninhydrin).

The product mixture was purified using a strong basic ion-
exchange resin (Ionac A-540, Cl� form) previously conditioned with
the following procedure: a column (diameter 2 cm, height 42 cm)
was filled with 40 g of resin that was previously washed twice with
1 M NaOH, water up to neutral pH, 2 M AcOH, and water up neutral
pH. The product mixture was dissolved in water at pH 7.5 and
loaded onto the column; the resin was initially eluted with water to
remove the excess of glycine and then washed with 0.1 M formic
acid to elute the product. The recovered solution was lyophilized to
give the epimeric mixture of the desired products (t,e)-12 (163 mg,
0.92 mmol, 34% yields). The material was redissolved in water, the
pH was adjusted to 11 using 1 M NaOH, and then the solution was
lyophilized again to give a white solid that was analyzed by mono-
and bi-dimensional 1H and 13C NMR.19

Compounds (t,e)-12. 1H NMR (400 MHz, D2O), d (ppm): 1.60–1.80
(m, 4H, CH2-4threo,erythro), 2.20–2.40 (m, 4H, CH2-5threo,erythro), 3.16
(d, 1H, J¼6.5 Hz, H-1threo), 3.29 (d, 1H, J¼6.5 Hz, H-1erythro), 3.75 (m,
1H, H-2erythro), 3.79 (m, 1H, H-2threo). 13C NMR (400 MHz, D2O),
d (ppm): threo: 29.71 (C-4); 33.82 (C-5); 59.81 (C-2); 72.69 (C-3);
180.47 (C-1); 182.48 (C-6); erythro: 27.58 (C-4); 33.68 (C-5); 60.11
(C-2); 72.92 (C-3); 179.55 (C-1); 182.58 (C-6).

The two epimeric lactams ((a)-14, (e)-14), spontaneously
formed in acidic solution, were also characterized by mono- and
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bi-dimensional 1H and 13C NMR. 1H NMR (400 MHz, D2O), d (ppm):
(a)-14: 1.51–1.59 (m, 1H, H-4eq), 1.82–1.87 (m, 1H, H-4ax), 2.21–2.26
(m, 2H, H-5ax,eq), 3.12 (d, 1H, J¼8.9 Hz, H-2), 3.49 (ddd, 1H,
J1¼4.0 Hz, J2¼10.5 Hz, J3¼9.0 Hz, H-3), 6.83 (br s, 1H, NH); (e)-14:
1.61–1.71 (m, 2H, H-4eq,ax), 1.94–2.07 (m, 1H, H-5eq), 2.12–2.19 (m,
1H, H-5ax), 3.41 (q, 1H, J¼1.5 Hz, H-2), 4.05 (q, 1H, J¼4.0 Hz, H-3),
6.63 (br s, 1H, NH). 13C NMR (400 MHz, D2O), d (ppm): (a)-14 and
(e)-14: 27.13, 27.10 (C-4); 28.56, 29.20 (C-5); 58.82, 59.13 (C-2);
63.62, 67.31 (C-3); 168.82, 169.59 (C-1); 172.14, 172.60 (C-6).
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