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Abstract: Mandelate racemase (EC 5.1.2.2) is one of
the few biochemically well-characterized racemases.
The remarkable stability of this cofactor-independent
enzyme and its broad substrate tolerance make it an
ideal candidate for the racemization of non-natural
a-hydroxycarboxylic acids under physiological reac-
tion conditions to be applied in deracemization proto-
cols in connection with a kinetic resolution step. This
review summarizes all aspects of mandelate racemase
relevant for the application of this enzyme in prepara-
tive-scale biotransformations with special emphasis
on its substrate tolerance. Collection and evaluation
of substrate structure-activity data led to a set of gen-
eral guidelines, which were used as basis for the con-
struction of a general substrate model, which allows a

quick estimation of the expected activity for a given
substrate.
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1 Introduction

The interconversion of enantiomers — racemization —
goes in hand with a loss of “chiral value”!! and thus
has been generally regarded as an undesired side reac-
tion rather than a synthetically useful transformation.
As aconsequence, the controlled racemization of organ-
ic compounds has been scarcely studied and the major
body of data available to date originates from industrial
research, which was mainly driven by the demand to im-
prove the economic balance of kinetic resolution proc-
esses.”! It was only recently that the importance of syn-
thetic protocols for the controlled racemization of or-
ganic compounds under mild reaction conditions for
the development of so-called “deracemization process-
es” has been recognized.’! In this context, enzymatic
racemization!*’! holds great potential, not only in view
of the mild (physiological) reaction conditions, but
also due to the high compatibility of biocatalysts with
each other to be applied in dynamic kinetic resolu-
tion.

Due to the fact that the vast majority of biochemical
processes are stereospecific, Nature has faced little
need for racemization and, as a consequence, “racemas-
es” are a small group of enzymes, which have been bio-
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chemically classified as subgroup EC 5.1.X. X among the
diverse and heterogeneous group of isomerases. Despite
their rare occurrence in Nature, their importance in syn-
thetic organic chemistry lies in the fact that they can cat-
alyze “chemically impossible” isomerization reactions.
Besides numerous racemases acting on o-amino acids,
the best-studied racemase so far is mandelate racemase
(EC5.1.2.2).

Mandelate racemase is produced by the soil bacterium
Pseudomonas putida ATCC 12633 presumably to allow
the strain to funnel b-mandelate (via racemization) into
the L-specific mandelate degradation pathway!®”! and to
use it as a carbon- and energy-source.®! The biochemical
characteristics of this enzyme,” its structure,'” (PDB
entry IMDR) and mechanism of action were studied
in great detail by Kenyon and Hegeman."''? The indu-
cible octameric enzyme (subunit 39 kDa) has been made
available in large amounts by fermentation of Pseudo-
monas putida ATCC 12633 using rac-mandelate as in-
ducer!™ and it has been cloned.""! Enzyme immobiliza-
tion onto the cationic carrier DEAE-cellulose leads to
enhanced activity and facilitates recovery.'”” Simple as-
says for mandelate-racemase activity based on circular
dichroism!"® or on the decline of optical rotation over
time!'”) have been developed.
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The catalytic mechanism of mandelate racemase is a
masterpiece of chemical catalysis, where evolution has
managed to catalyze a “chemically impossible” reac-

tion, made feasible through the combined synergistic ef-
fects of a number of chemical operators on the substrate
within the active site of the enzyme."*-??! The major cat-
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Scheme 1. Schematic representation of mandelate racemase
catalysis.

Figure 1. Active site of mandelate racemase containing (S)-
mandelate. The main structural element (so-called TIM-bar-
rel) consisting of a circular arrangement of eight parallel f3-
sheets is shown in dark red. On top of it, the catalytically ac-
tive Mg®* ion (green) is positioned through a network of H-
bonds and salt bridges (dashed) within an array of Asp, Glu
and Lys residues. The polar a-hydroxycarboxylic acid moiety
of the substrate (orange) is docked onto this same array,
while the non-polar aryl moiety is accommodated in the lip-
ophilic binding pocket (yellow). Catalytically active bases for
proton abstraction juxtaposed on each side of the substrate
(Lys — 166, His — 297, turquoise) are annotated.

alytic hurdle during the interconversion of mandelate
enantiomers is the abstraction of the a-proton of man-
delate possessing a (formal) pK, value of 29! to gener-
ate the corresponding achiral enolate intermediate
(Scheme 1), which is facilitated through resonance sta-
bilization by the phenyl-substituent R.1**
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Scheme 2. Schematic docking of (S)-L-mandelate onto the
chemical operators within the active site of mandelate race-

mase. The pair of catalytically active bases and the o-H are
emphasized in bold.

The problem is overcome by the binding of both enan-
tiomers within the active site through a tight network of
salt bridges and hydrogen bonds involving two Brgnsted
acids (Glu 317 and Lys 164) and a Lewis acid (Mg*" in
the native enzyme!®!) (Scheme 2). This intimate ar-
rangement of the a-hydroxycarboxylic acid moiety of
the substrate within the electron-withdrawing ligands
within the active site diminishes the electron density at
the a-position to such an extent that the a-H abstraction
by an adjacent base becomes feasible through a “two-
base-mechanism”.*®l Racemization takes place via de-
protonation by two enantiomer-specific bases juxta-
posed on either side of the chiral a-carbon atom, i.e.,
His-297 and Lys-166 for (R)- and (S)-mandelate, respec-
tively; while one base acts as base, the other functions as
the corresponding acid for proton delivery from the op-
posite side. This “molecular ping-pong game” makes
mandelate racemase an extremely efficient catalyst
with a turnover frequency of 1000 s~',?”) meaning that
1.0 g of the enzyme racemizes approximately 1.7 kg of
mandelic acid per hour.

2 Substrate Spectrum

The value of an enzyme for the selective biotransforma-
tion of non-natural organic compounds on a preparative
scale is predominantly characterized by its substrate tol-
erance, i.e., how many substrates of more or less related
structure can be transformed at acceptable rates. Al-
though first hints on the relaxed substrate specificity of
mandelate racemase were published quite early," it
was the availability of this enzyme by fermentation!"!
that facilitated the exploration of its substrate tolerance
considerably.>*! Moreover, molecular modeling
showed that the hydrophobic binding pocket within
the active site (which accommodates the phenyl moiety
of the natural substrate, mandelate, see Fig. 1) shows a
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Table 1. Substrate tolerance of mandelate racemase.

Substrate Relative Activity Ref. Substrate Relative Activity Ref.
[% ][a] [%][a]
OH OH
©/'\C02H 100 n. a /©/'\C02H 96 32
R)-1 (R)-2
(R) F
OH OH
cl (-3 (R)-4
Cl OH OH
CO,H < 1[b] [32] CO,H 376 [31]
(R)-5 (R)-6
Br
OH OH
COH 45 o COH 17 e
(Ry-1 (R)8
HO MeO
OH OH
HO MeO
CO,H 0.03["! (31 cCo,H  <0.021" (31
(R)-9 10
HO HO
OH OH
[32] [c] [32]
coH 26 QSJ/'\COM >
(R-11 N (R}12
OH OH
[c] 132 [c] 132
<OJ/'\COZH 24 o@/'\COZH 38
N (R}13 —) (R)14
OH OH
X 53 this stud <1 this stud
COH y coH S ¥
(Ry-15 (S)-16
OH OH
(o] ; - [b] [31]
©/\/'\002H <1 this study COLH <0.01
(R-17 (S)-18
HN OH N= OH
| G
[b] (31] \_N (31]
@]\ACOZH <0.01 \/'\COZH 5.4
(R)-19 (R)-20
oH OH
CO,H 50 this study MCOZH 36 this study
(R)-21 (R)-22
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Table 1 (cont.)

Substrate Relative Activity Ref. Substrate Relative Activity Ref.
[%][a] [% ][a]
oH OH
NS [33] [b] [31]
\)\COzH 35 )\COQH <0.01
23 24
oH OH
[b] [33] .
\)\COZH <0.01 /\/'\CO2H 1 this study
25 (R)-26
OH OH
NH, NH,
15 (28] 27lbl (28]
] B ]
(R)-27 ' (R)-28
OH NH,
NHNH,
< 1 [28] COZH < 1[b] [28]
O
(R)-29 (R)»-30
HN—Ac OH
CO,H [b] [28] e [34]
Br.
(R)-31 32
OH
[d] [35]
//\CO H 8.5
/ 2

33

n. a. not applicable.

[] Relative activities are expressed as % relative to the natural substrate mandelate (R)-1 (100%).

°l Timit of sensitivity of the assay procedure used.

[ Previously published values were corrected mathematically by the initial ratio of the specific optical rotations of substrate to

reference (mandelate).
4] Substrate 32 acts as strong inhibitor.

[l Not applicable, substrate 33 undergoes elimination of HBr to form p-methylbenzoyl formate.

remarkable plasticity;* particularly the latter feature
makes this enzyme a highly desired “broad substrate
spectrum” catalyst.

Careful analysis of the substrate structure-activity
data reported so far together with six novel data sets al-
lowed us to deduce a set of rules which facilitate the pre-
diction of the relative activity of a given substrate for
mandelate racemase (Table 1).

(1) Variation of the aryl moiety: Substituents on the
aryl moiety of mandelate are well-accepted, in particu-
lar in the (sterically less stringent) p-position, such as
halogen (2, 3, 6), hydroxy or alkoxy (7, 8). While some
reduction in activity is observed with m-substituents
(4), o-substituted (5) and m, p-disubstituted mandelate
derivatives (9, 10) are not accepted, presumably due to
steric hindrance, which is most striking for the o-deriva-
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tive. Total replacement of the phenyl moiety by a bulky
naphthyl group (11) or by a heterocycle, such as furan
(13, 14) or thiophene (12) gave moderate to good race-
mization rates.

(2) Non-aromatic substrates: A remarkable feature
of the flexibility of mandelate racemase lies in the fact
that the aromatic system can be drastically reduced to
a minimal st-system consisting of a single f,y-C=C moi-
ety while retaining a good part of its catalytic activity
(35-50%), which is valid not only for cyclic derivatives
(21), but also for straight-chain analogues (22, 23).

(3) Aliphatic and aryl-aliphatic substrates: Aliphatic
(24-26) and aryl-aliphatic a-hydroxycarboxylic acids
(17-20), which have no (or an “electronically discon-
nected”) aryl moiety cannot contribute to the resonance
stabilization of the a-carbanion intermediate*! and are

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 955



REVIEWS

Ulfried Felfer et al.

minimum requirement

for m-system:
B,y-double bond

substituents /\

disfavored R

electron-withdrawing group
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Scheme 3. Substrate model for mandelate racemase.

therefore non-substrates. However, when the aryl moi-
ety is linked through a conjugated mt-system (E-15), car-
banion stabilization is feasible and, as a consequence,
good activity is observed. The inactivity of the corre-
sponding Z-isomer (16) is most likely caused by steric re-
strictions.

(4) Variation of the a-hydroxycarboxylic acid moi-
ety: Bearing in mind that the a-hydroxycarboxylic acid
moiety has a critical function as docking group though
multipoint attachment within the active site of the en-
zyme, any alterations in this region have to be regarded
with caution. All attempts to alter the a-hydroxy group
failed so far: a-phenylglycine (30) and the correspond-
ing N-acetyl derivative (31) were totally inactive, most
likely due to the inability of the amino/ammonium or
aminoacetyl group to form a tight salt bridge with the
catalytically active Mg*" ion. Most remarkably, varia-
tion of the carboxylate moiety to the corresponding car-
boxamide was tolerated to some extent: mandeloamide
(27) and its p-bromo analogue (28) were racemized with
acceptable rates (15 and 22%, respectively).

(5) Electronic effects: Overall, the requirement for
resonance stabilization of the a-carbanion intermediate
during catalysis appears to be a striking prerequisite for
catalysis: Whereas mandelate derivatives bearing elec-
tron-donating substituents (7, 8) show markedly re-
duced racemization rates, electron-withdrawing groups,
such as Cl (3) or Br (6) lead to significantly (more than
three-fold) enhanced racemization rates. A similar
rate-enhancing effect by a p-Br substituent was ob-
served for the corresponding mandeloamides (27) and
(28). For the fluoro analogue (2), the electron-withdraw-
ing effect is cancelled out by the well-known “back-don-
ation” effect of F.*"! The ability of heterocycles to stabi-
lize the a-carbanion intermediate is nicely paralleled
with their ability for resonance stabilization through

956 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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their aromaticity (expressed as the resonance energy):
Whereas furan analogues (13) and (14) (resonance ener-
gy of furan ca. 56 kJ/mol) showed relative rates of 24—
38%, the corresponding thiophene analogue (12) gave
an enhanced rate of 59% (resonance energy of thio-
phene ca. 84 kJ/mol, cf resonance energy of benzene
124 kJ/mol).

(6) Steric effects: Negative effects of steric hindrance
clearly appear to dominate in close vicinity of the a-cen-
ter, i.e., o-substituted mandelates (5) are not racemized
at all, and some hindrance seems to be true also for the
m-position (4,9, 10). This is in good agreement with the
inactivity of the “bent” Z-configurated substrate (16). In
contrast, there is apparently quite some space available
within the active site beyond the aryl moiety to accom-
modate a bulky naphthyl group (11) (cf. Fig. 1).

(7) Substrate inhibitors: In rare cases, unexpected re-
sults were obtained with a-hydroxycarboxylic acids. The
acetylenic analogue propargyl glycolate (33) was slowly
racemized, but acted as a strong inhibitor.” p-Bromo-
methyl mandelate (32) underwent unexpected elimina-
tion of hydrogen bromide to form p-methylbenzoyl for-
mate. The latter reaction could be sufficiently explained
by expulsion of bromide anion from the a-carbanion in-
termediate, followed by rapid tautomerization of the
formed exo-methylene enol to furnish the correspond-
ing a-carbonyl compound.”!

3 Substrate Model for Mandelate
Racemase

The data on the substrate-activity pattern of mandelate
racemase available so far allow us to construct a simple
predictive “substrate model”* (Scheme 3). The “ideal”
substrate consists of an a-hydroxycarboxylic acid. While

asc.wiley-vch.de Adv. Synth. Catal. 2005, 347, 951-961



The Substrate Spectrum of Mandelate Racemase

REVIEWS

OH Pseudomonas sp.

Lipase

CO,H
Vinyl Acetate

i-Pr,0

Four Sequences in One Pot

Mandelate QAc
Racemase ;
CO,H
Tris-buffer ©/\
pH 7.5 S
> 80% yield
> 98% ee

Sole Product

Scheme 4. Deracemization of (+)-mandelate using a stepwise two-enzyme process.

carboxamides are tolerated to some extent, replacement
of the a-hydroxy group is forbidden. The requirement
for a m-system attached to the a-carbon is stringent,
thus no “electronic disconnecting” spacers, such as
CH, are allowed. Ideally, the s-system should be fully ar-
omatic, although the minimum requirements consist of a
single C=C bond. Electron-withdrawing groups on this
system dramatically enhance the activity up to several-
fold. Steric restrictions apply for the o-aryl position,
while ample space is available in the p-position, at the
far side of the substrate (cf. Fig. 1).

4 Application of Mandelate Racemase in
Deracemization Processes

The first application of mandelate racemase for the de-
racemization of a rac-a-hydroxycarboxylic acid on a
preparative scale was demonstrated recently.®”) Thus,
when rac-mandelate was subjected to kinetic resolution
via Pseudomonas sp. Lipase-catalyzed acyl transfer in
diisopropyl ether using vinyl acetate as acyl donor, (S5)-
O-acetyl mandelate was formed while the (R)-mande-
late remained untouched. Since the formed product is
not a substrate for mandelate racemase, the non-con-
verted substrate enantiomer could be racemized by
mandelate racemase in situ, i.e., without substrate-prod-
uct separation. Although mandelate racemase is re-
markable stable towards deactivation by organic sol-
vents, it requires high water activity for catalytic activity
and, as a consequence, the enzyme is inactive, but not de-
activated in organic solvents, such as diisopropyl ether.
Thus, the reaction medium had to be switched from or-
ganic to aqueous.”®**! After four cycles, (S)-O-acetyl
mandelate was obtained in >80% yield and >98% ee
as the sole product.

In summary, mandelate racemase constitutes a bio-
chemically well-characterized and remarkably stable bio-
catalyst for the racemization of o-hydroxycarboxylic
acids under mild (physiological) conditions for applica-
tion in the deracemization of ( + )-a-hydroxycarboxylic
acids. The enzyme shows a broad substrate tolerance
within certain well-defined structural limitations, which
can be deduced by a general substrate model proposed
in this paper.

Adv. Synth. Catal. 2005, 347, 951-961 asc.wiley-vch.de

S Experimental Section

Modeling

Figure 1 was created using Pdb coordinates IMRA by replac-
ing (S)-atrolactic acid (used as irreversible inhibitor) with
(S)-mandelate. Rendering was accomplished by render (Ras-
ter3d);*” the picture was created using Molscript*!! and sur-
faces were generated as reported.[*?

Determination of Activity

A semi-purified enzyme preparation of mandelate racemase
was prepared as previously described, the specific activity
was 107 pmol mg ™! min~1.%% Relative rates of racemization
were determined using an assay based on the online measure-
ment of the decline of optical rotation versus time with the cor-
responding corrections.”! In experiments, where the substrate
was not optically pure, the ee of mandelate (used as standard)
was adjusted to the ee of the substrate in order to obtain com-
parable data for relative activity. Optical rotations were meas-
ured on a Perkin-Elmer Polarimeter 341 in a 1-mL cuvette of
10 cm length. The absence of spontaneous racemization and
undesired side-reactions under the reaction conditions was
verified for all substrates (i) in the absence of biocatalyst and
(i) in the presence of heat-denatured enzyme; it was proven
to be <0.5% within 48 h for all substrates. For non-substrates
the negative result was verified for a period of 24 hours and
then analyzing the mixtures by HPLC.

Crotonaldehyde, ethyl glyoxylate, ethynylbenzene, 1-cyclo-
hexene-1-carboxaldehyde, (8)-2-hydroxy-4-phenylbutyric
acid ethyl ester and (R)-2-hydroxy-4-phenylbutyric acid were
commercially available. Column chromatography was per-
formed using Merck 60 silica gel (0.040—0.063 mm). 'H and
3C NMR were recorded on a Bruker 200 MHz spectrometer
at 200 and 50.3 MHz, respectively, using TMS as internal stand-
ard. Chemical shifts are reported in ppm (&) and coupling con-
stants (J) are given in Hz.

Synthesis of (R)-(E)-2-Hydroxy-3-pentenoic Acid
[(R)-22] from Crotonaldehyde Employing (R)-
Hydroxynitrile Lyase from Almond Meal

Caution: Due to the handling of solutions containing hydrogen
cyanide, the following procedure was performed in a well-ven-
tilated hood. A crude enzyme preparation of (R)-hydroxyni-
trile lyase [(R)-HNL] from almonds was prepared according
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to the literature.*!! Sodium cyanide (2.94 g, 60 mmol) was dis-
solved in water (75 mL) and the pH was adjusted to 5.5 with
glacial acetic acid. The solution was extracted once with methyl
tert-butyl ether (MTBE, 75 mL). The organic layer was sepa-
rated and immediately used for enzymic cyanohydrin syn-
thesis. The (R)-hydroxynitrile lyase preparation was rehydrat-
ed with citrate buffer (9 mL, 20 mM, pH 5.5) for 30 min. Fresh-
ly prepared MTBE-HCN solution (~40 mmol HCN) was add-
ed at once at +3°C before freshly distilled crotonaldehyde
(1.4 g,20 mmol) was added via a syringe. The reaction was stir-
red at + 3 °C for 24 h after which the biocatalyst was separated
by filtration. The filtrate was extracted with MTBE (2 x
50 mL), the combined organic layers were dried (Na,SO,)
and the solvent was evaporated under reduced pressure to
yield the crude, non-racemic cyanohydrin which was immedi-
ately transformed to the corresponding (R)-E-2-hydroxypen-
tenoic acid methyl ester via a modified Pinner reaction.*
Without purification, the cyanohydrin was dissolved in anhy-
drous diethyl ether (20 mL) and anhydrous methanol (2 mL)
was added. Dry HCI gas was bubbled through the solution
for about 15 min to precipitate the hydrochloride salt of the
corresponding imidate, which was then left at 4°C for two
days to complete crystallization. The salt was filtered and wash-
ed with cold anhydrous diethyl ether (10 mL). The ice-cold hy-
drochloride salt was suspended in diethyl ether (5 mL/g salt)
and distilled water (same amount as ether) was added drop-
wise. The solution was stirred for 15 min at 0°C before it was
allowed to warm to room temperature. The organic phase
was separated and the aqueous phase was extracted with dieth-
yl ether. The combined organic layers were washed with water
until the pH was neutral, dried (Na,SO,) and the solvent was
evaporated under reduced pressure to yield (R)-E-2-hydroxy-
pentenoic acid methyl ester, which was directly hydrolyzed
with sodium hydroxide solution [20 mL, 10% (w/v)]. After
completion (2 h), the reaction mixture was extracted with cy-
clohexane (4 x30mL), acidified to pH2.0 (1 M aqueous
HCI) and extracted with ethyl acetate (5 x 70 mL). The organic
layers were combined, dried (Na,SO,) and concentrated to af-
ford (R)-E-2-hydroxy-3-pentenoic acid (R)-E-22 with 94% ee;
overall yield: 0.71 g (42%), [a]®: —60.2 (c 1.32, acetone). 'H
NMR (acetone-dy): 6=1.7 (3H, d, J=7 Hz, CHj;), 4.6 (1H, d,
J=6Hz, CH-2), 5.6 (1H, dd, J=6, 15 Hz, =CH-3), 5.8 (1H,
m, =CH-4); ®C-NMR: (acetone-dg): §=17.6 (CH,), 71.8
(CHOH), 128.3 (C-3),129.5 (C-4), 174.4 (COOH).

Synthesis of rac-(E)-2-Hydroxy-3-pentenoic Acid (rac-
22) from Crotonaldehyde

Trimethylsilyl cyanide (TMSCN; 2.38 g, 3.0 ml, 24 mmol) was
added to a solution of freshly distilled crotonaldehyde (1.4 g,
1.66 ml, 20 mmol) in absolute dichloromethane (5 ml). After-
wards Znl, (5 mg) was added, the flask was sealed and the mix-
ture was stirred at 0 °C for 15 min before it was allowed to warm
to room temperature and stirred for another 45 min. The or-
ganic solvent was evaporated under reduced pressure to give
the crude TMS cyanohydrin. Without further purification the
crude intermediate was suspended in aqueous HCl (3N,
20 mL) on an ice bath. After stirring for about 1 h at 0°C the
mixture was allowed to warm to room temperature. Methyl
tert-butyl ether (MTBE, 20 mL) was added and the mixture
was vigorously stirred for 15 min, before the organic phase
was separated. The aqueous layer was extracted with MTBE
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(3 x20 mL). The combined organic phase was dried (Na,SO,)
and the organic solvent evaporated under reduced pressure
to yield the crude cyanohydrin, which was further transformed
into rac-(E)-2-hydroxy-3-pentenoic acid via the modified Pin-
ner reaction followed by ester hydrolysis as described above
for the (R)-(E)-2-hydroxy-3-pentenoic acid (R)-22; overall
yield of pure rac-(E)-2-hydroxy-3-pentenoic acid (rac-22):
1.4 g (54%). The NMR spectra were identical to those of the
non-racemic material.

Synthesis of (R)-(E)-2-Hydroxy-4-phenyl-3-butenoic
Acid [(R)-15] from Cinnamaldehyde Employing (R)-
Hydroxynitrile Lyase from Almond Meal

The reaction was performed as described for (R)-(E)-2-hy-
droxy-3-pentenoic acid [(R)-22] starting from cinnamalde-
hyde. The product (R)-(E)-2-hydroxy-4-phenyl-3-butenoic
acid was obtained as yellowish crystals; overall yield: 0.43 g
(30%); mp 114-117°C (petroleum ether/acetone) {ref.[*’]
139°C}; [a]®: —81 (c 0.29, MeOH) {ref*! —98 (R) (c 1,
MeOH)}; ee 63% (HPLC). *C and '"H NMR matched with re-
ported data.l*”!

Synthesis of rac-(E)-2-Hydroxy-4-phenyl-3-butenoic
Acid (rac-15) from Cinnamaldehyde

The reaction was performed as described for rac-(E)-2-hy-
droxy-3-pentenoic acid (rac-22) starting from cinnamaldehyde
(3.32 g,25 mmol) and TMSCN (2.97 g, 30 mmol) to afford rac-
(E)-2-hydroxy-4-phenyl-3-butenoic acid (rac-15); overall
yield: 2.6 g (62%). The structure was verified as described for
the non-racemic product.

Synthesis of (R)-2-Hydroxypentanoic Acid [(R)-26]
from (R)-(E)-2-Hydroxy-3-pentenoic Acid [(R)-22]

(R)-(E)-2-Hydroxy-3-pentenoic  acid  [(R)-22; 0.25g,
2.15 mmol) was dissolved in absolute methanol (20 mL) before
Pd/C (10%, 5 mg) was added. The flask was evacuated twice
and flushed with hydrogen. The reaction mixture was stirred
atroom temperature for 2 h, the catalyst was removed by filtra-
tion and the organic solvent was removed under reduced pres-
sure to give (R)-2-hydroxypentanoic acid [(R)-26]; yield:
0.227 g(89%);94% ee;[a]®: +1(c1.05,MeOH). The structure
was confirmed by comparison of the "H NMR spectrum with
literature data.[*!

Racemic 2-hydroxy pentanoic acid (rac-26) was synthesized
by analogy starting from rac-2-hydroxy-3-pentenoic acid (rac-
22).

Synthesis of (S)-(Z)-2-Hydroxy-4-phenyl-3-butenoic
Acid [(S)-16]

Substrate (§)-16 was obtained via the following reaction se-
quence starting from ethynylbenzene and ethyl glyoxylate
with rac-2-hydroxy-4-phenyl-3-butynoic acid ethyl ester as
the first intermediate.
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rac-2-Hydroxy-4-phenyl-3-butynoic acid ethyl ester:“*>"! -
Butyllithium (18.5 mL, 2.5 M in hexane; 46 mmol) was added
dropwise to ethynylbenzene (5 g, 49 mmol) in THF (50 mL)
at —78°C under argon atmosphere. The reaction mixture
was stirred for 30 min at —78°C before ethyl glyoxylate
(9.7mL, 43% in toluene)®! was added within 15 min. After
6 h of stirring at —78°C the reaction was stopped by addition
of glacial acetic acid (5 mL) and the mixture was warmed to
0°C. After addition of brine (40 mL) the mixture was extracted
with ethyl acetate (3 x 50 mL), the combined organic phases
were dried (Na,SO,), the solvent was evaporated and the prod-
uct was purified using silica gel chromatography (petroleum
ether/ethyl acetate =10:1) to give pure rac-2-hydroxy-4-phe-
nyl-3-butynoic acid ethyl ester as a yellow oil; yield: 200 mg
(0.98 mmol, 2%). '"H NMR (CDCl;): $=1.4 (3H, t, J=7 Hz,
CH,), 3.4-3.6 (1H, br, OH), 4.3 (2H, q, /=7 Hz, CH,), 5.1
(1H,s,—CHOH-), 7.3-7.4 (3H, m, Ar), 7.4-7.5 (2H, m, Ar);
BC NMR: (CDCL): 8=14.0 (CH,), 61.9, 62.8 (CH,-O,
—CHOH), 84.3, 85.4 (Ar-C=0C), 121.9-131.9 (6C, Ar), 170.4
(C=0).

rac-(Z)-2-Hydroxy-4-phenyl-3-butenoic acid ethyl ester:
rac-2-Hydroxy-4-phenyl-3-butynoic acid ethyl ester (200 mg,
0.98 mmol) was reduced to the corresponding Z-alkene using
quinoline (208 mg, 1.36 mmol) and Lindlar catalyst (80 mg,
5% wt Pd on CaCOj; with Pb, Sigma) in ethanol (2 mL). The
mixture was stirred under a hydrogen atmosphere (1 bar) for
6 h. The catalyst was filtered off and Amberlite IR-120
(240 mg, H" form) was added to remove the remaining quino-
line. The mixture was stirred at room temperature for 2 h, fil-
tered and the organic solvent was evaporated under reduced
pressure to give rac-(Z)-2-hydroxy-4-phenyl-3-butenoic acid
ethyl ester as a yellow oil; yield: 158 mg (79%). '"H NMR
(CDCly): 6=1.4 (3H, t, /=7 Hz, -CH,), 43 (2H, q, J=7 Hz,
CH,), 5.1 (1H, d, J=10 Hz, -CH=CH—CHOH-), 5.7 (1H, t,
J=10Hz, —-CH=CH—CHOH-), 6.8 (1H, d, J=11Hz,
—CH=CH-CHOH-), 72-7.5 (5H, m, Ar); “"C NMR
(CDCly): 6=14.0 (CH;), 62.3, 67.3 (CH,-O, —CHOH-),
127.3, 127.8, 128.3, 128.9, 135.8, 134.7 (Ar-CH=CH), 173.9
(C=0).

rac-(Z)-2-Hydroxy-4-phenyl-3-butenoic acid: rac-(Z)-2-
Hydroxy-4-phenyl-3-butenoic acid ethyl ester (158 mg,
0.767 mmol) was hydrolyzed in 1 M aqueous LiOH (1.8 mL)
and THF (0.2 mL) at room temperature for 24 h. The reaction
mixture was acidified with 1 M HCl to pH 2 and extracted with
ethyl acetate (4 x 4 mL), the combined organic phase was dried
(Na,SO,) and the solvent evaporated under reduced pressure
to give rac-(Z)-2-hydroxy-4-phenyl-3-butenoic acid as yellow
crystals; yield: 120 mg (0.67 mmol, 87%); mp 102.2-104°C.
'"H NMR (CDCly): $=5.1 (1H, d, /=10 Hz, -CHOH-), 5.7
(1H, t, J=10Hz, —-CH=CH—CHOH-), 6.87 (1H, d, J=
10 Hz, -CH=CH-CHOH-), 7.2-7.5 (5H, m, Ar); “C-NMR
(CDCL): 6=67.1 (-CHOH), 126.6, 127.9, 128.4, 128.9, 135.5;
134.7 (Ar-CH=CH-), 176.7 (C=0).

(S)-(Z)-2-Acetoxy-4-phenyl-3-butenoic acid: rac-(Z)-2-Hy-
droxy-4-phenyl-3-butenoic acid (10 mg, 0.056 mmol) was dis-
solved in diisopropyl ether (1.3 mL) before 260 pL vinyl ace-
tate and lipase from Candida rugosa (11 mg, Amano AY-30)
were added. The suspension was shaken at 130 rpm at 28°C
in Eppendorf tubes (1.5 mL). Samples were taken regularly
to measure ee and conversion. The (Z)-isomer proved to be a
very bad substrate for the lipase-mediated kinetic resolution.
After 28 days the lipase was filtered off, the organic solvent
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was evaporated and the product mixture was purified by silica
gel chromatography [petroleum ether/ethyl acetate/glacial
acetic acid 2:1:(50 uL/L)] to give (S)-(Z)-2-acetoxy-4-phe-
nyl-3-butenoic acid; yield: Smg (0.022 mmol, 39%); ee
(product):>97%  (HPLC), enantioselectivity E>100.
'H NMR (CDClL): =2.12 (3H, s, CH;~COO-), 5.78 (1H, t,
J=11 Hz, -CH=CH—CHOCOCH,;), 5.86 (1H, d, /=10.5 Hz,
—CH=CH—CHOH-), 694 (1H, d, J=11.2Hz,
—CH=CH—CHOH-); 7.27-7.45 (5H, m, Ar).

(S)-(Z)-2-Hydroxy-4-phenyl-3-butenoic acid [(S)-16]: (S)-
(Z)-2-Acetoxy-4-phenyl-3-butenoic acid (5 mg, 0.022 mmol)
was dispersed in Mg-HEPES buffer (3 mL, 50 nmM HEPES,
3.3 mM MgCl,- 6 H,O, pH 7.6) in a ultrasonic bath. After addi-
tion of lipase from Candida rugosa (40 mg), the mixture was
shaken at 30°C at 130 rpm for 20 days. The mixture was centri-
fuged and the pH was adjusted to pH 1 using 1 N aqueous HCI.
Extraction with ethyl acetate (4 x 5 mL), drying (Na,SO,) and
evaporation of the organic solvent under reduced pressure af-
forded (S)-(Z)-2-hydroxy-4-phenyl-3-butenoic acid; yield:
3.5 mg (0.02 mmol, 91%), [a]E: +59.8 (¢ 0.225, MeOH), ee
91% (HPLC).NMR data were identical to those of the racemic
compound. The absolute configuration was deduced using
three different indicators: (i) Kazlauskas rule,*? i) comparison
of the sense of the optical rotation with other homochiral f3,y-
unsaturated-o-hydroxy acids, and (iii) comparison of elution
order on chiral HPLC with other f,y-unsaturated-a-hydroxy
acids.

rac-(Z)-2-Acetoxy-4-phenyl-3-butenoic Acid

A mixture of p-dimethylaminopyridine (10 mg) and acetic an-
hydride (38.8 mg, 0.38 mmol) was stirred at 4 °C for 15 min be-
fore rac-(Z)-2-hydroxy-4-phenyl-3-butenoic acid (50 mg,
0.28 mmol) was added. Stirring was continued at room temper-
ature for 16 h. Dichloromethane (11 mL) and ice water (6 mL)
were added and the mixture was stirred for 30 min, the organic
phase was separated, the aqueous phase was extracted with di-
chloromethane (5 mL), the combined organic phases were
dried (Na,SO,) and the organic solvent was evaporated under
reduced pressure. Purification using silica gel column chroma-
tography [petroleum ether (ethyl acetate/glacial acid =
2:1:(50 uL/L)] afforded the pure product as a colorless oil;
yield: 30 mg (0.18 mmol, 64%). The NMR data were identical
to those of (5)-(Z)-2-acetoxy-4-phenyl-3-butenoic acid.

Synthesis of rac-2-Cyclohexenyl-2-hydroxyethanoic
Acid (rac-21)

Starting from 1-cyclohexene-1-carboxaldehyde (0.59 g,
5.4 mmol) the synthesis was performed as described for rac-
(E)-2-hydroxy-3-pentenoic acid (rac-22) to afford rac-2-cyclo-
hexenyl-2-hydroxyethanoic acid (rac-21); overall yield: 0.46 g
(75.4%). '"H NMR (CDCly): =1.53 (4H, m), 2.0 (4H, m), 4.3
(1H, s, CHOH-), 5.7 (1H); "C-NMR (CDCl;): §=21.8, 21.9,
23.6, 24.4 (aliphatic C, cyclohexenyl), 74.5 (CHOH), 124.3,
135.9 (C=C, cyclohexenyl), 173.9 (C=0).
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Synthesis of (R)-2-Cyclohexenyl-2-hydroxyethanoic
Acid [(R)-21] Starting from rac-21 using Lipase
“Amano P”

rac-2-Cyclohexenyl-2-hydroxyethanoic acid (rac-21; 0.398 g,
2.55 mmol), was dissolved in diisopropyl ether (50 mL), vinyl
acetate (10 mL, 108 mmol) and Lipase “Amano P” (0.5 g)
were added and the mixture was shaken at room temperature
at 180 rpm for 2 days and afterwards again for 2 days at 40°C.
The lipase was removed by filtration and the organic solvent
was removed by evaporation under reduced pressure. (R)-2-
Cyclohexenyl-2-hydroxyethanoic acid [(R)-21] was purified
by silica gel chromatography (petroleum ether/ethyl
acetate=1:1 with 50 mL AcOH per liter solvent) giving the
enantiopure product; yield: 0.179 g (corresponding to 90% of
50% theoretical yield); ee >99%; [a]g: — 68 (c 0.2, H,0O).

The absolute configuration was deduced as described for
(S)-(Z)-2-hydroxy-4-phenyl-3-butenoic acid but as third indi-
cator the elution order on chiral GC.

GC Analysis

rac-(E)-2-Hydroxy-3-pentenoic acid (rac-22) was analyzed as
the corresponding methyl ester; column: Chrompack Chirasil
Dex (25mx0.32 mm x 0.25 um, 0.75 bar N,), isotherm
100°C, 3.3 min (R), 3.8 min (S).

rac-2-Hydroxy-pentanoic acid (rac-26) was analyzed as the
corresponding methyl ester; column: Chrompack Chirasil
Dex (25 m x 0.32 mm x 0.25 pm, 1.0 bar N,), isotherm 100°C,
2.3 min (R), 2.6 min (S).

rac-2-Cyclohexenyl-2-hydroxyethanoic acid (rac-21) was
analyzed as the corresponding methyl ester; column: Chiraldex
B-TA, Astec (30 m x 0.25 mm, 0.55 bar H,), isotherm 150°C,
34.4 min (R), 37.0 min (S).

HPLC analysis

Jasco HPLC system (pumps PU-980, multi-wavelength-detec-
tor MD-910, autosampler AS-950, degasser CMA/260), sol-
vent: n-heptane/2-propanol/TFA=90:10:1, flow 0.65 mL/
min.

rac-(Z)-2-Hydroxy-4-phenyl-3-butenoic acid (rac-16), Chir-
acel OD-H (Daicel, @ 0.46 x 25 cm), 11.4 min (R), 14.8 min
(S).

rac-(E)-2-Hydroxy-4-phenyl-3-butenoic acid (rac-15), Chir-
alpak AD (Daicel, @ 0.46 cm x 25 cm), 16.8 min (R), 20.8 min
(S).

rac-2-Hydroxy-4-phenylbutyric acid (rac-17), Chiralpak
AD (Daicel, @ 0.46 cm x 25 cm), 14.9 min (R), 17.6 min (S).
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