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Abstract: Asymmetric bioreduction of an (E)-f-
cyano-2,4-dienoic acid derivative by ene-reductases
allowed a shortened access to a precursor of prega-
balin [(S)-3-(aminomethyl)-5-methylhexanoic acid]
possessing the desired configuration in up to 94%
conversion and >99% ee. Deuterium labelling stud-
ies showed that the nitrile moiety was the preferred
activating/anchor group in the active site of the
enzyme over the carboxylic acid or the correspond-
ing methyl ester.

Keywords: biocatalysis; C=C reduction; cyanoacry-
lates; ene-reductases; pregabalin

The stereoselective reduction of C=C-bonds repre-
sents a powerful tool for asymmetric synthesis, which
allows the introduction of up to two stereogenic cen-
ters in a single step. While transition metal and orga-
nocatalytic methods are already widely applied in
asymmetric C=C-bond reduction,? the biocatalytic
equivalent based on ene-reductases was developed
more recently.”! These flavin-dependent members of
the old yellow enzyme (OYE) family catalyze the ste-
reoselective reduction of alkenes, which are activated
by an electron-withdrawing group, such as carbonyl
(encompassing aldehydes, ketones, carboxylic acids,
esters, lactones, nitriles and cyclic imides) or nitro
groups.[**! We recently demonstrated the applicability

of ene-reductases in the chemoenzymatic asymmetric
synthesis of non-racemic precursors for several
GABA-analogues, such as pregabalin and brivarace-
tam, via stereoselective reduction of a library of fj-
cyanoacrylate esters.) The double activation of the
C=C-bond by the carboxylic ester and nitrile moieties,
which are both known as weak electron-withdrawing
groups””! renders these substrates ideal candidates
for ene-reductases, which translated to high conver-
sions and perfect enantioselectivities. However, the
use of esters as substrates requires an additional hy-
drolysis step in the downstream synthesis of the y-
aminocarboxylic acid pharmacophores. In order to
avoid this we anticipated a shortcut by using the cor-
responding P-cyano acids instead of the corresponding
esters, despite the disadvantage of their lower degree
of C=C-bond activation in comparison to carboxylic
acids.” The latter strategy would furnish the final
products in a single step by catalytic hydrogenation
(Scheme 1).

Cyano acids (E)-1a and (Z)-1la were prepared by
hydrolysis of the corresponding ethyl esters, (£)- and
(Z)-ethyl 5-methyl-3-cyanohex-2-enoates, which were
obtained as previously described.l (E)-1b was made
by a one-pot Knoevenagel condensation of isobutyral-
dehyde and cyanoacetic acid to give 2-cyano-4-meth-
ylpent-2-enoic acid [(E/Z)-3], followed by a decarbox-
ylative Knoevenagel reaction with glyoxylic acid to
give (E)-1b as the desired product (Scheme 2). Al-
though (Z)-1b was also formed in this process, it was
readily converted to 2-(2-methylprop-1-enyl)maleic
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Scheme 1. Asymmetric bioreduction of -cyanoacrylic acids and hydrogenation to pregabalin [(S)-3-(aminomethyl)-5-methyl-

hexanoic acid].
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Scheme 2. Synthesis of 3-cyanoacrylic acids

acid (4) under the acidic conditions of the reaction.
Alternatively, (Z)-1b was successfully prepared by
a DABCO-catalyzed addition reaction of 2-cyano-4-
methylpent-2-enoic acid (3) and glyoxylic acid to give
3-cyano-2-hydroxy-5-methylhex-4-enoic acid (5) as
a mixture of diastereomers. Dehydration of this mate-
rial was readily achieved by treatment with K,COj; in

Table 1. Asymmetric bioreduction of (E)-1a and (E)-1b.

K,CO3, MeOH,
rt,12h

_ >

100%

OH
(2)-1b sodium salt

MeOH to afford (Z)-1b as the potassium salt, which
was stable and did not undergo decomposition to 4,
as was observed for the free acid.

Both stereochemically pure (E)- and (Z)-forms of
substrates 1a and 1b (handled as sodium/potassium
salts) were tested with a set of eleven purified ene-re-
ductases and three single-point mutants of 12-oxophy-

Substrate Product Enzymel®! Conversion [%] ee [%]
OPRI1-wt <3 n.d.l
/K/j\ w OPRI-I287H <3 n.d.
OH
O OH 2a
OYE3 <3 >99
GKOYE <3 >99
CN O OYE2 3 >99
POYL EBP1 6 >99
@ OPRI-1287H 68 >99
E) O OPR1-H245D 74 >99
OPR1-C20Y 91 >99
OPR1-wt 96 > 99l

[} 12-Oxophytodienoic acid reductase isoenzymes OPR1 and OPR3 (Lycopersicon esculentum), OPR1 variants: 1287H,
H245D, C20Y; OYE homologue YqjM (Bacillus subtilis), OYE1 (Saccharomyces pastorianus), OYE2 and OYE3 (Saccha-
romyces cerevisiae), nicotinamide-dependent cyclohexenone reductase NCR (Zymomonas mobilis), Xenobiotic reductase
XenA (Pseudomonas putida), estrogen binding protein EBP1 (Candida albicans), GKOYE (Geobacillus kaustophilus
DSM 7263) and CrS (Thermus scotoductus SA-01); the following enzymes were inactive (data not shown): OYE1, OPR3,

YqjM, NCR, XenA and CrS.
' n.d. =not determined.
[l Preparative-scale reduction (1.15 g).
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todienoic acid reductase (OPR1).1) As expected from
our previous comparative studies on a,B-unsaturated
acids and esters,”! the substrate acceptance was gener-
ally lower compared to the corresponding esters
(Table 1).!! To our disappointment, the more flexible
substrates (F)- and (Z)-1a containing a single o,3-C=
C-bond were unsuitable: The (Z)-isomer was not con-
verted by any of the tested enzymes (0% conversion)
and (E)-1a gave conversions at the limit of detectabil-
ity (<3%, OPR1-wt, mutant OPR1-1287H). Surpris-
ingly, the picture changed with the more rigid doubly
unsaturated acids (E)- and (Z)-1b. Whereas (Z)-1b
still was a bad substrate for any of the tested enzymes,
(E)-1b could be reduced with high conversion and
perfect stereoselectivities to the desired (R)-enantio-
mer of 2b (note the switch in CIP priorities between
2a and 2b). Among the tested enzymes, OPR1-wt and
three OPR1-mutants were clearly best. Consequently,
substrate (E)-1b was used to optimize pH and buffer
type, which revealed Tris-HCl buffer at pH 7.5
(100 mM) as the optimum conditions (see the Sup-
porting Information). Preparative-scale bioreduction
of (E)-1b with OPR1-wt afforded a quantitative yield
of the desired (R)-2b (1.15 g) with perfect enantiose-
lectivity demonstrating the potential utility of this
transformation for large-scale synthetic applications.

The absolute configuration of products (S)-2a and
(R)-2b was determined via co-injection of the bio-
transformation products after derivatization to the
corresponding methyl esters with independently syn-
thesized reference samples on chiral GC.

In order to rationalize the unexpected acceptance
of only a single substrate out of four closely related
isomeric derivatives, we investigated the mode of sub-
strate positioning with respect to the nature of the ac-
tivating group, that is, carboxylic acid versus nitrile,
both of which are known to act as moderate activat-
ing groups.”*!% The mechanism of OYEs is well un-
derstood:"! The substrate is oriented such that (i) the
electron-withdrawing group is tightly bound onto
a pair of H-donor residues in the back of the active
site (either two His or His/Asn),") which (ii) positions
the CP atom of the o,p-C=C-bond to be reduced
close to N-5 of the flavin cofactor bearing the hydride.
(iii) The corresponding proton required for reduction
is delivered from the opposite side onto Ca by an
acidic residue (usually Tyr, occasionally Cys, the
proton is ultimately derived from water) resulting in
a general trans-addition.”) When the bioreduction is
conducted in D,O as solvent using NADH as hydride
donor, Ca will be labelled, while CB will not
(Scheme 3).1"*15]

NMR analysis of product 2b obtained from the bio-
reduction of (E)-1b using OPR1-wt and NADH in
D,0 revealed exclusive deuterium-labelling at Co of
the nitrile group (> 97%, indicated by the disappear-
ance of the H signal), which revealed the C=N rather
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Scheme 3. Deuterium labelling during bioreduction of (E)-
1b using OPR1-wt and (E)-1a methyl ester using NCR and
NADH in D,0.

(E)1b (R)-2b*

* switch in CIP priority

than the carboxylate moiety being bound as activating
group. Since carboxylic acids, esters and nitriles are
generally regarded as borderline substrates due to
their limited degree of activation,” we investigated
also the corresponding methyl ester of (E)-1a° by
anticipating that the enhanced carbonyl activity of the
ester would convert it to the preferred activating
group over the nitrile via a flipped binding mode of
the substrate.'"*!®) Much to our surprise, the deutera-
tion pattern remained unchanged, which proves that
the nitrile remained the dominant activating group.

In order to rationalize the preference of the nitrile
as activating group and the surprisingly narrow sub-
strate spectrum, docking of (E)-1b into OPR1 (PDB-
code: 3HGR)!"¥ was performed (Figure 1). The result-
ing structure with the highest docking score clearly
supports the deuterium-labelling results: the nitrile
moiety of the substrate is hydrogen-bonded by His187
and His190 within a distance of 2.9 and 2.0 A, respec-
tively. The binding mode correctly predicts the forma-
tion of (R)-2b, by placing Cp in a favourable position
for hydride transfer from FMN-N-5 across a distance
of 3.9 A. Additionally, the prochiral carbon (Ca) is in
close proximity to the hydroxy group of Tyr192
(2.6 A) which acts as proton donor. In contrast, other
binding modes of (E)-1b gave only arrangements in
which the C=C-bond was oriented in an unproductive
fashion!'®! with distances of >4 A to FMN-N-5 and
Tyr192, while the nitrile invariably remained bound
onto His187 and His190. Attempts to force substrate
(E)-1b to adopt a flipped binding mode through hy-
drogen bonding of its carboxylate group (instead of
its nitrile) to His187 and His190 failed and did not
produce any productive binding mode.

Asymmetric bioreduction of a f-cyanoacrylic acid
derivative by ene-reductases allowed a shortened
access to a pregabalin precursor possessing the de-
sired configuration in up to quantitative conversion
and >99% ee The presence of an additional C=C-
bond in the v,0-position proved to be vital for sub-
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Figure 1. Docking of (E)-1b within the active site of OPR1 (PDB code: 3HGR): FMN (yellow), activating His187/His 190

and proton donating Tyr192 (purple), substrate (cyan).

strate acceptance and deuterium labelling studies
showed that the nitrile moiety was the preferred acti-
vating/anchor group in the active site of the enzyme
over the carboxylic acid or the corresponding methyl
ester, which was supported by molecular modelling
studies.

Experimental Section

General

GC analyses were carried out on an Agilent 7890A using
a Hydrodex-B-TBDAc capillary column (25 m x0.25 mm id)
using H, as carrier gas or on an Agilent 6890N using a Chir-
aldex G-TA column (30 mx0.25 mm id) using He as carrier
gas. NMR spectra were obtained on a Bruker 400 or
300 MHz NMR spectrometer. Chemical shifts are reported
relative to TMS (6=0.00) and coupling constants (J) are
given in Hz. High resolution mass spectra were obtained
either on an 0a-TOF mass spectrometer with direct insertion
and electron impact ionization (70 eV) or on an Ion Trap
FT-MS using electrospray ionization in positive mode or
APCI ionization in negative mode.
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Source of Enzymes

12-Oxophytodienoate reductase isoenzymes OPR1 and
OPR3 from Lycopersicon esculentum and the OYE homo-
logue YqjM from Bacillus subtilis were overexpressed and
purified as reported."”" The cloning, purification and char-
acterization of OYE isoenzymes from yeast (OYE1 from
Saccharomyces pastorianus, OYE2 and OYE3 from Saccha-
romyces cerevisiae) and nicotinamide-dependent cyclohexe-
none reductase (NCR) from Zymomonas mobilis were per-
formed according to literature methods.”*!! Xenobiotic re-
ductase XenA from Pseudomonas putida, and estrogen
binding protein EBP1 from Candida albicans were obtained
as published.”? The cloning and characterization of
GOYE from Geobacillus kaustophilus DSM 7263 and of
CrSP*? were performed as reported. The construction of
Lycopersicon  esculentum OPR1  variants  Cys20Tyr,
Ile287His, and His245Asp was recently published.

General Procedure for Bioreduction

An aliquot of enzyme (OPR1-wt, OPR3, OYE1-3, XenA,
YqjM, EBP1, NCR, GkOYE, CrS, OPR1-C20Y, OPRI1-
1287H and OPR1-H245D; protein concentration in biotrans-
formations 100 uygmL™") was added to a 1.5-mL microcentri-

asc.wiley-vch.de 1881


http://asc.wiley-vch.de

Advanced
Synthesis &
Catalysis

Christoph K. Winkler et al.

fuge tube containing Tris-HCl buffer solution (0.8 mL,
100 mM, pH 7.5), followed by the substrate (10 mM) and
the cofactor (NADH, 15 mM). The mixture was shaken at
30°C and 120 rpm. After 24 h the reaction was quenched by
addition of aqueous HCI (4N, 25 pL), products were extract-
ed with ethyl acetate (0.8 mL). Methanol (100 puL) was
added to the organic phase, and TMS-diazomethane solu-
tion (5 puL, 2M in diethyl ether, obtained from Sigma Al-
drich) were added for the derivatization of acids 2a and 2b
to the corresponding methyl esters for GC analysis. After
30 min of incubation at room temperature, Na,SO, was
added and after filtration the conversion and ee of methyl
esters of 2a and 2b were determined on GC. Control experi-
ments without addition of enzymes were performed regular-

ly.

General Procedure for Deuterium Labelling Studies

Tris-HCI buffer (50 mM, pH 7.5) was prepared using D,O.
To 800 pL of this solution, containing substrates (E)-la
methyl ester or (E)-1b (10 mM), NADH (15 mM), an ali-
quot of NCR and OPRI, respectively, were added (final
protein concentration 200 pgmL™"). The mixture was shaken
for 24 h at 30°C and 120 rpm. This set-up was prepared ten-
fold. The combined samples were extracted with CDCI; (2 x
5mL); the solution containing substrate (E)-1b was acidi-
fied to pH 1 using 4M HCI prior to extraction. The phases
were separated, denatured protein was removed by filtration
and the organic solvent was evaporated. The residue was
subjected to '"H NMR measurements using the following pa-
rameters: 16 scans and two dummy scans (48,000 data
points); relaxation delay: 1s; acquisition time 4 s; spectral
width 6200 Hz; pulse sequence: 90° pulse, then acquisition.

Supporting Information

Syntheses of (E)-1a, (Z)-1a, (E)-1b, (Z)-1b, rac-2a, (R)-2b,
crude 5, unlabelled and deuterium-labelled NMR spectra,
analytical methods, optimization of the bioreduction and
molecular modelling studies are available in the Supporting
Information.
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