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Chemoenzymatic Synthesis of All Four Diastereomers of 2,6-Disubstituted
Piperidines through Stereoselective Monoamination of 1,5-Diketones

Robert C. Simon,"”! Ferdinand Zepeck,"” and Wolfgang Kroutil**!

Abstract: The regioselectivity of vari-
ous enantiocomplementary w-transami-
nases was evaluated for the stereose-
lective monoamination of designated

which served as precursors for the cis-
and anti-piperidine scaffold as demon-
strated for the synthesis of the alka-
loids dihydropinidine and epi-dihydro-

pinidine. Key to the success of access-
ing the trans-piperidines was a Lewis
acid mediated conformational change
of the Al-piperideines in the reduction

1,5-diketones; excellent conversions,
enantio- and regioselectivities were ob-
served. The resulting amino-ketones
underwent spontaneous intramolecular
ring closure to afford Al-piperideines,

amines

Introduction

Biocatalysis has emerged as a powerful tool for the synthesis
of chiral key intermediates, pharmaceuticals and complex
natural products.!"! The main advantage of biocatalysis is the
ability to use mild reaction conditions to afford the products
in a chemo-, regio- and stereoselective manner.”! For in-
stance, several biocatalytic methods have been established
to access optically pure amines and derivate that play a piv-
otal role as building blocks for pharmaceutical drugs, agro-
chemicals, natural products and as chiral ligands.”! Typical
enzymes employed are hydrolases,** monoamine oxidas-
es,’l and pyridoxal-5'-phosphate (PLP)-dependent transami-
nases.’l The latter might be used in two complementary
ways: either in the asymmetric reductive amination of a pro-
chiral ketone!” or in a kinetic resolution of racemic
amines.® Although the substrate scope as well as the stereo-
selectivity of w-transaminases (0-TA) were investigated in
detail, their regioselectivity was exploited only recently.”
Regioselective reactions are highly desirable transforma-
tions in organic synthesis that can be used to differentiate
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step. Thus, all four diastereomers of
2,6-disubstituted piperidines could suc-
cessfully be prepared.

chiral
regio-

between two or more chemically identical reactive cen-
ters,'” avoiding additional chemical operations and reaction
steps as well as sophisticated protection strategies. Protect-
ing-group-free strategies are considered superior and have
received reasonable recognition;''? recent examples in-
clude the regioselective amination of, for example, alka-
nes,¥) allylic systems,"*! and indoles.!"”

Chiral piperidines and their derivate are common key
structural elements in the scaffold of several alkaloids and
other natural products.'! Considerable efforts have been
devoted to their stereoselective synthesis, nevertheless, there
remains a demand for more efficient and/or alternative
methods.'"”) Based on our previous investigations on the bio-
catalytic regioselective monoamination of selected 1,5-dike-
tones 1, we report here on the regioselectivity of further
w-transaminases (w-TAs) including one w-TA designed for
industrial purposes that accepts 2-propylamine as amine
donor; furthermore, the concept is extended to obtain all
four diastereomers of 2,6-disubsituted piperidines 6
(Scheme 1).

Results and Discussion

For our studies, we focused on various aliphatic, cyclic, and
aromatic diketones la—e (Scheme 1), which were synthe-
sized as reported earlier.’! In addition to w-TAs originating
from Chromobacterium violaceum "™ Bacillus megater-
ium ! Vibrio fluvialis,'* (R)-Arthrobacter,”™ Hyphomonas
neptunium¢! and Aspergillus terreus’™® further w-TAs
were tested that originated from Pseudomonas fluores-
cens,'™ Paracoccus denitriﬁcans,[wd] and Arthrobacter cit-
reus"™! for the monoamination of nonane-2,6-dione (1a) as
model substrate (50 mm, Table 1). To evaluate and compare
the reaction conditions with previous data, the asymmetric
reductive amination employing w-TAs was performed with
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Table 2. Regioselective asymmetric reductive amination of 1,5-diketones

. . R R
[e] (@] blocatglytl(_: o) HoN—(, 1b— lovi X S_selecti ) R fa]
)J\/\/U\ monoamination NH, . /?j\j € employing various S-selective w-transaminases.

R Q Entry Substrate w-Transaminase Conv. [%] 4[%] ee4[%] 5[%]
1 2 3 1 1b P. denitrificans 77 77 >99(S) <0.1
spontaneous l_HZO 2 1b P. fluorescens 68 68 >99(S) <0.1
ring closure 3 1b A. citreus 97 97 >99(S) <0.1
diastereoselective 4 1c P. denitrificans 82 82 >99(S) <0.1
/*(l - feduction )\/j\ + /Ej\ 5  1ec P fluorescens 55 55 >99(S) <01
N R N R N" 'R 6  1lc A. citreus >99 >99  >99(S) <O0.1
6 4 5 7 1d P. denitrificans 84 84 98 (§) <0.1
R R P 8 1d P. fluorescens 88 88 >99(S) <0.1
R= 3 @J\l/ Hyv J—“J\/k O 9 1d A. citreus >99 >99  >99(S) <01
10 1el P. denitrificans 4 4 87 (S) <0.1
1a 1b 1e d le 11 1e P. fluorescens 92 92 98(S) <0.1
Scheme 1. Chemoenzymatic synthesis of 2,6-disubstituted piperidines 6 12 1e A. citreus 90 90 9 (S) <01

through regioselective monoamination of diketones 1 in the key step;
spontaneous ring closure of the monoamino ketones 2 or 3 afford Al-pi-
peredeines 4 or 5, which are reduced chemically in a diastereoselective
fashion.

alanine as amine donor using an alanine dehydrogenase
(AlaDH) or a lactate dehydrogenase (LDH) for removal of
pyruvate to shift the reaction to the product amine side. All
the tested w-TAs readily accepted substrate 1a employing
the AlaDH-system, leading to full conversion. The regiose-
lectivity was, in general, perfect, affording only a single re-
gioisomer (4a); in the case of the w-TA from P. denitrificans
(entry 4) and for V. fluvialis (entry 3) a minor amount of re-
gioisomer 5a (5%) was also observed. Notably, the optical
purity of the obtained regioisomer 4a was, in all cases, per-
fect (>99 % ee).

The substrate scope of the enzymes from P. denitrificans,
P. fluorescens, and A. citreus was investigated in a next step,
testing diketones 1b—e. In all cases the S-selective w-TAs af-

[a] Conversions/compositions and ee values were measured by GC-FID
analysis. Reaction conditions: Diketone 1b—e (50 mm), lyophilized E. coli
cells containing the overexpressed w-TA (20 mg), PLP (1 mm), NAD*
(1 mm), r-alanine (10 equiv), 24 h, 30°C, AlaDH system (12 U AlaDH,
11U FDH, 150 mM ammonium formate). [b]1,2-Dimethoxyethane
(DME; 5 vol %) was added.

stereoselectivity at high conversions (Table 2). For instance,
substrate 1b was transformed by all enzymes with high con-
versions (ranging from 68 to 97 %) with perfect regio- and
stereoselectivity (>99%; Table 2, entry 1-3). The o-TA
from P, denitrificans also showed perfect regioselectivity for
substrates 1b—e (Table 2, entries 1, 4, 7, and 10), which is in
contrast to the results obtained with substrate 1a (Table 1,
entry 4).

Excellent conversions, regioselectivity and ee values were
also obtained for substrates 1¢ and 1d. Diketone 1e, pos-
sessing a phenyl group adjacent to one carbonyl moiety, was
converted into imine 4e by P. denitrificans with decreased

forded cyclic imines 4b—e with perfect regio- and excellent optical purity (87% ee) at low conversion (Table?2,
Table 1. Monoamination of nonane-2,6-dione (1a).1"
. O NH, |
Y ):\/'*\/\
o) o) o-transaminase 8 “H,0 N
)J\/\)J\/\ buffer, 30 °C, 24 h 3a - 2 , 5a
m q spontaneous
i I
1a (50 mm) alanine pyruvate NH, O ring clostire /*(j\/\
removal/ ——> 5 NG
recycling 3 ]
2a 4a
Entry w-Transaminase AlaDH-system LDH-system Ref.
Conv. [%] 4a[%] eeda[%] 5S5a[%] Conv.[%] 4a[%] ecda[%] Sa[%]
1 Chromobacterium violaceum >99 >99 >99 (S) <0.1 93 93 >99 (S) <0.1 [9]
2 Bacillus megaterium >99 830! >99 (S) <0.1 98 98 >99 (S) <0.1 [9]
3 Vibrio fluvialis >99 93 >99 (S) 7 98 92 >99 (S) 6 [9]
4 Paracoccus denitrificans >99 830! >99 (S) N 96 91 >99 (S) 5 this study
5 Pseudomonas fluorescens >99 91 >99 (S) <0.1 78 78 >99 (S) <0.1 this study
6 Arthrobacter citreus >99 >99 >99 (S) <0.1 >99 >99 >99 (S) <0.1 this study
7 (R)-Arthrobacter >99 g7M! >99 (R) <0.1 63 63 >99 (R) <0.1 [9]
8 Aspergillus terreus >99 >99 >99 (R) <0.1 56 56 >99 (R) <0.1 [9]
9 Hyphomonas neptunium >99 8ol! >99 (R) <0.1 78 78 >99 (R) <0.1 [9]
[a] Conversions/compositions and ee values were determined by GC-FID analysis. Reaction conditions: Diketone 1a (50 mm), lyophilized E. coli cells

containing the overexpressed ®-TA (20 mg), PLP (1 mm), NAD* (1 mm), p- or L-alanine (10 equiv), 24 h, 30°C, AlaDH system (12 U AlaDH, 11 U
FDH, 150 mm ammonium formate) or LDH system (90 U LDH, 15 U GDH, 10 equiv D- or L-alanine, 150 mm glucose). [b] An unidentified side product
was detected by GC analysis; consequently, the percentage of 4a and 5a did not sum up to the percentage of the conversion.
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entry 10); nevertheless, the w-TAs from P. fluorescens and
A. citereus yielded imine 4e in almost enantiopure form
(98% ee) at high conversions (92 and 90%, respectively;
Table 2, entries 11 and 12).

To access the opposite enantiomers of 4a—e, the round-11
variant of the R-selective w-TA originating from Arthrobact-
er (ArRmut11)™! was investigated. This aminotransferase
was especially engineered for amination of sterically hin-
dered ketones, giving access to sitagliptin on an industrial
scale (Scheme 2). ArRmutll tolerates elevated tempera-

0 ArRmut11 ©-TA, temperature >40 °C NH>
R)LR1 organic solvents (up to 50 vol%) R R
bulky / bulky 2-PrNH, acetone 4 bulky / bulky
residues residues

Scheme 2. Formal asymmetric reduction of sterically demanding ketones
using an engineered ®-TA (ArRmut 11) and tolerated reaction condi-
tions.

tures (>40°C), organic solvents up to 50 vol % and, most
important, 2-propylamine as an alternate achiral amine
donor instead of alanine.

The initially tested reaction conditions (1M 2-PrNH, as
amino-source, pH 11.0 and 45°C) led to a spontaneous intra-
molecular enamine-mediated ring-closure/elimination se-
quence that rendered these conditions impractical for our
purposes. Consequently, the amount of 2-PrNH, was de-
creased (0.5m) and the pH value adjusted to pH 7.5. When
performing the reactions at 30°C, the conversions varied be-
tween 65 and 91% for diketones 1a—e, resulting in perfect
stereo- and regioselectivity (>99%; Table 3, entries 1-4).

Table 3. Regioselective asymmetric reductive amination of 1,5-diketones
la—e employing ®-TA round-11 mutant ArRmutl1 at different tempera-
tures.!

Entry Temp. [°C] Substrate Conv. [%] 4[%] eed[%] 5[%]
1 30 1a 91 91 >99 (R) <0.1
2 30 1b 65 65 >99 (R) <0.1
3 30 1c 86 86 >99 (R) <0.1
4 30 1d 96 96 >99 (R) <0.1
5 30 le 55 55 95(R) <0.1
6 45 1a 98 98 >99 (R) <0.1
7 45 1b 96 96 >99 (R) <0.1
8 45 1c 99 99 >99 (R) <0.1
9 45 1d 99 99 >99 (R) <0.1

10 45 le 64 61 81 (R) <01

[a] Conversions/compositions and ee values were measured by GC-FID
analysis. Reaction conditions: Diketone la-e (50 mm) in DMSO
(10 vol %), lyophilized E. coli cells containing the overexpressed m-TA
ArRmutl1 (20 mg), PLP (1 mm), 2-PrNH, (0.5m), pH 7.5.

Only Al-piperideine 4e (phenyl) was obtained with de-
creased optical purity (95% ee), whereas perfect regioselec-
tivity was still maintained (Table 3, entry 5).

Raising the temperature to 45°C resulted in enhanced
conversions (more than 96%) for the aliphatic and cyclic
ketones without a decrease in the regio- or stereoselectivity
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(Table 3, entries 6-9). Although the conversion for substrate
1e could be enhanced to 64 %, a significant drop of the opti-
cal purity was observed from 95 to 81% ee (Table3,
entry 10). Nevertheless, ArRmut11 turned out to be a prom-
ising R-selective amination catalyst even for ketones con-
taining a small and a bulky substituent, allowing the reaction
to be run at elevated temperatures in the presence of organ-
ic solvents and using achiral 2-PrNH, as amine donor.

To set up the second chiral center to access 2,6-disubsti-
tuted piperidines 6a through diastereoselective reduction,
sufficient starting material was required; therefore, the bio-
transformation was carried out on a preparative scale
(78 mg 1a, 0.5 mmol) using w-TAs with opposite stereopre-
ference: (R)-Arthrobacter sp. for the R-configured and C. vi-
olaceum for the S-configured enantiomer of 4a. The reac-
tions were complete after 26 h, as judged by GC, yielding
the enantiopure stereoisomers (>99% ee in both cases) at
>99% conversion. Compound 4a was readily reduced with-
out further purification through hydrogenation with Pd/C as
catalyst, affording the cis-piperidines 6a as reported previ-
ously.”’ The same procedure was also applied for the prepa-
ration of cis-piperidine (25,65)-6b, for which also the crystal
structure of the corresponding hydrochloride could be
solved (Figure 1).

W N~
H, CI

(25,65)-6b

Figure 1. Stereoscopic ORTEP plot of the HCI salt of (25,65)-6b. Ellip-
soid set at 50% probability. The chlorine atom was omitted for clarity.

Extensive optimization of a published diastereoselective
reduction protocol was required to access the anti-dia-
stereomers:’¥ A Lewis acid mediated conformational
change could be triggered by coordination of the Lewis acid
(AIR;) to the nitrogen of the C=N imino bond (Scheme 3);
this leads to charge-transfer stabilization during the nucleo-
philic addition in which the methyl residue occupies the
axial position due to steric repulsion. As a result, the hy-
dride prefers an antiperiplanar top-side attack at the imino-
function, yielding the desired anti-diastereomers.

Notably, because the trialkylaluminum-mediated confor-
mational change with subsequent reduction has been report-
ed only for similar but not identical compounds,'**?%/ vari-
ous reaction conditions had to be tested to obtain high anti-
diastereoselectivity (Table 4 and the Supporting Informa-
tion). For example, when the reduction of imine 4a was per-
formed with LiAlH, in the absence of any Lewis acid, a
strong preference for the syn-diastereomer was observed:
d.r. (syn/anti)=98:2 (Table 4, entry 1), which was in agree-

www.chemeurj.org
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Yamamotos work ref. [19]:
R=Me, R'=-(CH,);o-CH3, R>=Me
this study:
R=-(CH,),-CH3, R'=Me, R%=Et

syn anti

Scheme 3. Adapted mechanistic rational for the diastereoselective reduc-
tion leading to the syn- and anti-diastereomers according to Yamamoto
and co-workers."’!

Table 4. Diastereoselective reduction of cyclic imine 4a under various reaction condi-

stereomer finally in a ratio of d.r. (syn/anti)=16:84 (Table 4,
entry 9). It was found that the amount and type of solvent
as well as the order of addition has a significant influence
on the d.r., and a large excess of reagents were crucial for
high stereocontrol, as was also previously reported by other
groups®® (see also the Supporting Information).

Finally, the overall chemoenzymatic synthetic concept was
demonstrated for the synthesis of all four stereoisomers of
6a, thus including the natural alkaloids dihydropinidine (cis-
isomers) and epi-dihydropinidine (trans).*! (+)-Dihydropi-
nidine (2S,6R)-6a is a potential antifeedant against the pine
weevil Hylobius abietis, whereas (—)-epi-dihydropinidine
(25,65)-6a acts against the eastern spruce budworm; both
compounds have been the target of numerous syn-
thetic efforts resulting in a range of different syn-
thetic strategies. For instance, elegant asymmetric

tions.
Entry Solvent Lewis acid Reducing agent Reaction  6ad.r. synthes.es were reportg(::l based on Chlra.l auxiliaries
([equiv]) ([equiv]) conditions  (syn/ansi)? ~ and chiral precursors,”! whereas racemic syntheses
1 ELO - LiAIH, (5) —78°C.3h 982 were commonly realized through reductive amina-
2 THF  Me,Al in heptane (10)  LiAlH, (10) ~78°C,2h 40:60 tion, reduction of the related pyridine, rearrange-
3 THF  Me;Al in heptane (7) LiAlH, (7) —78°C,3h 40:60 ment of N-acyl lactams, or transition-metal-cata-
4 THE  Me;Alin heptane (10)  DiBAIH (10) ~ —78°C,3h 99:1 lyzed intramolecular hydroamination.’”l Although
> THE  iBusAlin heptane (10) — LiAIH, (10) —78°C,3h 99:1 some syntheses are highly sophisticated, long reac-
6 THF  E,OEtAl in toluene (10) LiAIH, (10)  —78°C,2h 31:69 _ Y ghly sop o g
7 THF  Et,Al in toluene (10) LiAlH, (10)  —78°C,2h 24:76 tion sequences (up to 14 steps),”"" the use of pro-
8 THF  Et;Al in hexane (10) LiAlH, (10) —78°C,2h 27:73 tecting groups or stoichiometric amount of auxiliar-
9 THF  EAl in hexane (10) LiAIH, (5) —78°C,2h 16:84 ies*M and also low levels of induced chirality ham-

[a] Due to the instability of compound 4a, the enzymatic reductive amination was per- ~ pered their overall efficiency.
formed immediately before the reduction. Reaction conditions: diketone 1a (78 mg, By applying the presented chemoenzymatic ap-

0.5 mmol, 50 mm), w-TA from C. violaceum or (R)-Arthrobacter sp., PLP (1 mm),
NAD* (1 mm), r-alanine (10 equiv), NH,HCOO (150 mm), 11 U FDH, 12 U AlaDH;
26 h, 30°C, 120rpm followed by extraction with Et,0 and careful evaporation

proach, all four diastereomers of 6a were obtained
within just three steps in a linear sequence. The

(650 mbar, 35°C). The residue was diluted with the solvent indicated and cooled to syn-diastereomer (ZS,6R)'637 for example, was ob-
—78°C. The yields depended on the work-up procedure but were always in excess of tained in diastereomerically pure form with an

60%. [b] The d.r. was determined by GC-FID and 'H NMR analyses of the crude re-

action mixture.

ment with theory. The established reaction conditions adapt-
ed from literature (Me;Al-LiAIH,)" led to the desired
anti-isomers, however, with only moderate stereoselectivity
(d.r. (syn/anti)=40:60; Table 4, entries 2 and 3).

We assumed that the lack of steric repulsion of the resi-
due R! (in our study CHj; in contrast to n-C;;H,; in Yama-
moto’s work) with the coordinating Lewis acid Me;Al is re-
sponsible for the diminished stereoselectivity. However, the
use of a more bulky reducing agent such as diisobutylalumi-
num hydride (DIBAL-H) (Table 4, entry 4) also failed to
induce anti-stereoselectivity; only the syn-isomer could be
detected by GC and "H NMR spectroscopic analysis of the
crude reaction mixture. Increasing the size of the Lewis acid
(iBu;Al instead of Me;Al) afforded exclusively the syn-dia-
stereomer as the sole product, probably due to the lack of
coordination to the nitrogen atom (Table 4, entry 5). Promis-
ing results were obtained when Et,OEtAl was applied; in
this case, the anti-isomer was obtained in a good ratio of
31:69 (Table 4, entry 6). Further optimization studies were
conducted, and the best results were obtained with 10 equiv
of Et;Al and 5 equiv LiAlH,, which afforded the anti-dia-

overall yield of 71%, whereas the anti-isomer
(25,65)-6a was obtained with 69 % yield with a d.r.
of 16:84 in favor of the anti-isomer (Scheme 4).
This approach represents, for the first time, a con-
venient access to all diastereomers by the appropriate
choice of the m-TA with highest overall yield to date.

Conclusions

Enantiocomplementary w-transaminases were investigated
for the successful regioselective monoamination of selected
1,5-diketones. The investigated w-TAs converted the sub-
strates, in general, with perfect regio- and stereoselectivity,
leading to the designated amino ketones, which underwent
(spontaneous) intramolecular ring closure. The resulting Al-
piperideines were then further converted into the corre-
sponding syn- as well as anti-diastereomers, employing ster-
eodivergent chemical reduction conditions. The chemoenzy-
matic approach was applied for the synthesis of all four dia-
stereomers of the alkaloids dihydropinidine and epi-dihydro-
pinidine, representing the shortest and highest yielding
route to date. Key to the anti-diastereomers was a Lewis
acid mediated change in conformation during the reduction
step.

www.chemeurj.org © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 0000, 00, 0-0

SR These are not the final page numbers!


www.chemeurj.org

Chemoenzymatic Synthesis of 2,6-Disubstituted Piperidines

o ) o
NN
H H
(2S,6S)-6a-HCI
d.r. (synfanti) 16:84
85% over two steps

o | c°
- N
a) N C) H‘ \H
(2S)-4a (2S,6R)-6a-HCI
— conv. >99% de >99%
>99% ee 94% over two steps
b) c) @ c®
N WIS SN
(2R)-4a (2R,6S)-6a-HCI
conv. >99% de >99%
>99% ee 85% over two steps
@
d) e ¢]
N,
H H

(2R,6R)-6a-HCI
d.r. (synfanti) 18:82
91% over two steps

Scheme 4. Chemoenzymatic synthesis of all four stereoisomers of the al-
kaloids dihydropinidine and epi-dihydropinidine 6a. Reagents and condi-
tions: a) Diketone 1a (78 mg, 0.5 mmol, 50 mm), ®-TA from C. viola-
ceum, PLP (1 mm), NAD* (1 mm), r-alanine (10 equiv), NH;HCOO
(150 mm), 11 U FDH, 12 U AlaDH; 26 h, 30°C, 120 rpm; b) conducted as
for (a) but with (R)-w-TA from Arthrobacter sp. and p-alanine; c) Pd/C,
H,, 4h, 22°C; d)EtAl in hexane (5.0 mmol), LiAlH, in THF
(2.5 mmol), THF, —78°C, 2 h.

Experimental Section

All starting materials were obtained from commercial suppliers and were
used as received unless stated otherwise. The reactions were carried out
with standard Schlenk techniques under an Ar/N, atmosphere using
oven-dried (120°C) glassware. Solvents were dried and purified by con-
ventional methods prior to use. Preparative chromatographic separations
were performed by column chromatography on Merck silica gel 60
(0.063-0.200 pm). Solvents for flash chromatography (petroleum ether/
ethyl acetate) were distilled before use; petroleum ether refers to the
fraction boiling between 60-90°C. TLC was carried out with precoated
aluminum sheets (TLC Silica gel 60 F254, Merck) with detection by UV
(254 nm) and/or by staining with anisaldehyde solution [4-anisaldehyde
(1.00 g), conc. H,SO, (2.00 mL), EtOH (100 mL)] or cerium molybdenum
solution [phosphomolybdic acid (25g), Ce(SO,),H,0 (10g), conc.
H,SO, (60 mL), H,O (940 mL)]. Optical rotation was measured at 20°C
with a PerkinElmer Polarimeter 341 against the sodium p-line. GC-MS
spectra were recorded with an Agilent 7890A GC-system, equipped with
an Agilent 5975C mass selective detector and a HP-5 MS column [30 m x
0.25 mm x 0.25 pm; helium as carrier gas (flow=0.55 mLmin")]. 'H and
BCNMR spectra were recorded at 20°C with a 300 Bruker NMR unit;
chemical shifts are given in ppm relative to Me,Si (‘H: 6=0.0 ppm) or
relative to the resonance of the solvent CDCl; ("H: 6=7.26 ppm; “C:
0="77.0 ppm).

L-Lactate dehydrogenase from rabbit muscle (lyophilized powder,
136 Umg ! protein [one unit will reduce 1.0 pmol of pyruvate to L-lactate
per min at pH7 at 25°C]|, catalogue no. 61309) was purchased from
Sigma-Aldrich. Glucose dehydrogenase (lyophilized powder, 25 Umg ™!
[one unit will oxidize 1 umol B-p-glucose to D-glucono-6-lactone per min
at pH 8.0 and 37°C], catalogue no. B-4) was purchased from X-zyme
(Diisseldorf, Germany). Formate dehydrogenase from Candida boidinii
(aqueous buffer solution with glycerol, 215 Uml™" [one unit will oxidize
1.0 umol of formate to CO, per min at pH 7.6 at 37°C], catalogue no.

Chem. Eur. J. 2013, 00, 0-0
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FDH 002 [lyophilized powder 2.2 Umg~']) and B-NAD-free acid were
purchased from Codexis.

Lyophilized E. coli cells containing overexpressed o-transaminases were
prepared as previously reported.’* ¢ Purified recombinant L-alanine de-
hydrogenase was prepared as described recently.™!

Biotransformations (AlaDH-system; analytical scale): Lyophilized cells
of E. coli containing the corresponding overexpressed w-transaminase
(20 mg) were rehydrated in a potassium phosphate buffer (pH 7.0,
100 mm) containing PLP (1 mm), NAD* (1 mm), ammonium formate
(150 mm), FDH (11 U), Ala-DH (12 U), and p- or L-alanine (250 mm for
25 mM substrate and 500 mm for 50 mm substrate) at RT for 30 min. The
substrate was added afterwards and the reductive amination was carried
out at 30°C in an Eppendorf orbital shaker (650 rpm) for 24 h. After the
period of time, the reaction was stopped by the addition of saturated
Na,COj; (200 uL) and vigorous shaking. The residue was extracted with
EtOAc (2x500pL), the combined organic layers were dried over
MgSO,, and an aliquot was withdrawn for further analysis.

Biotransformations (LDH-system, analytical scale): Lyophilized cells of
E. coli containing the corresponding overexpressed -transaminase
(20 mg) were rehydrated in a potassium phosphate buffer (pH 7.0,
100 mm) containing PLP (1 mm), NAD™ (1 mm), glucose (150 mm), LDH
(90 U), GDH (15 U), and p- or L-alanine (250 mm for 25 mm substrate
and 500 mm for 50 mm substrate) at RT for 30 min. The substrate was
then added and the reductive amination was carried out at 30°C in an
Eppendorf orbital shaker (650 rpm) for 24 h. After the period of time,
the reaction was stopped by addition of saturated Na,CO; (200 uL) and
vigorous shaking. The residue was extracted with small amounts of
EtOAc (2x500 pL) and the combined organic layers were dried over
MgSO, and an aliquot was withdrawn for further analysis.

Biotransformations on preparative scale (representative procedure):
Lyophilized cells of E. coli containing overexpressed w-TA from either
Chromobacterium violaceum or (R)-Arthrobacter sp. (225 mg) were rehy-
drated in a KPi buffer (10 mL, pH 7.0, 100 mm) containing PLP (1 mm),
NAD™ (1 mm), ammonium formate (150 mm), FDH (11 U), Ala-DH
(12 U) and p-/L-alanine (500 mm) at 22°C for 30 min. The corresponding
substrate 1a-e (0.5 mmol) was added and the reaction was shaken for
26 h at 30°C. Saturated Na,COj; solution was added (1.00 mL) and the re-
action mixture was extracted with EtOAc, toluene or Et,0 (4x5 mL).
The combined organic layers were dried over Na,SO,, filtered, and con-
verted without further purification.
(25)-2-Methyl-6-propyl-2,3,4,5-tetrahydropyridine [(2.5)-4a]: The product
was obtained in >99% conversion with an optical purity of >99% ee as
determined by GC analysis. Product 4a could be characterized when
using Et,O for extraction, followed by careful concentration with a
rotary evaporator (650 mbar, 35°C). 'H NMR (300 MHz, CDCl,): 6=
0.80 (t, *Jog=7.4 Hz, 3H; 9-H), 1.08 (d, *Jy.,=6.4 Hz, 3H; Me at C-2),
1.45 (m,, 4H; 4-H and 8-H), 1.60 (m., 2H; 3-H), 1.98 (m,, 2H; 5-H), 2.04
(t, *J;,5=7.4Hz, 2H; 7-H), 3.34 ppm (m,, 1H; 2-H). "CNMR (75 MHz,
CDCl;): 0=14.0 (C-9), 18.5 (C-4), 20.5 (C-8), 23.7 (Me at C-2), 28.6 (C-
5), 29.3 (C-3), 42.9 (C-7), 52.8 (C-2), 171.6 ppm (C-6). GC-MS (EI+,
70eV): miz (%): 139 [M*] (22), 124 [CsH,NT] (46), 111 [C;H5sN"*] (58),
96 [CeH,(N*] (100). Determination of conversion by means of achiral
GC analysis: column HP-5 (Agilent); carrier gas=helium; 60°C to
150°C at 5°Cmin™"; t; =10.08 (4a), 10.82 (5a), 18.85 min (1a). Determi-
nation of enantiomeric excess by means of chiral GC analysis (see
below): column DEX-CB (Agilent; CP-Chirasil); carrier gas=helium;
80°C (5min isotherm) to 90°C at 0.5°Cmin”'; t;=11.05 [(2R)-4a],
11.45 min [(2S)-4a].

(2R)-2-Methyl-6-propyl-2,3,4,5-tetrahydropyridine [(2R)-4a]: The prod-
uct was obtained in 97 % conversion with an optical purity of >99 % ee
as determined by chiral and achiral GC (see above). Analytical data are
in full agreement with those reported for its enantiomer.
(25)-6-Ispropyl-2-methyl-2,3,4,5-tetrahydropyridine [(2S5)-4b]: The prod-
uct was obtained in >99 % conversion with an optical purity of >99 % ee
as determined by GC. GC-MS (EI+, 70 eV): m/z (%): 139 [M*] (26),
124 [C{H,N ] (100), 96 [CsH (N*] (36). Determination of conversion by
means of achiral GC analysis: column HP-5 (Agilent); carrier gas=
helium; 80°C to 180°C at 10°Cmin'; R,=3.22 (4b), 5.19 min (1b). De-
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termination of enantiomeric excess by means of chiral GC analysis (see
below): column DEX-CB (Agilent; CP-Chirasil); carrier gas=helium;
80°C (10 min isotherm) to 90°C at 0.5°Cmin'; #z=7.18 [(2R)-4b],
7.95 min [(2S5)-4b].
(2.5)-6-Cyclopropyl-2-methyl-2,3,4,5-tetrahydropyridine [(2S)-4c]: The
product was obtained in more than 99% conversion with an optical
purity of >99% ee as determined by GC. GC-MS (EI+, 70eV): m/z
(%): 137 [M™*] (44), 122 [CgH ;)N *] (100), 41 [C;H5*] (18). Determination
of conversion by means of achiral GC analysis: column HP-5 (Agilent);
carrier gas=helium; 100°C to 200°C at 10°Cmin!; #;=3.88 (4¢),
6.75 min (1¢). Determination of enantiomeric excess by GC analysis on
chiral phase: column DEX-CB (Agilent; CP-Chirasil); carrier gas=
helium; 80°C (10 min isotherm) to 90°C at 0.5°Cmin"'; t =15.63 [(2R)-
4c¢], 16.45 min [(2S)-4¢].
(25)-6-Isobutyl-2-methyl-2,3,4,5-tetrahydropyridine [(2S5)-4d]: The prod-
uct was obtained in >99 % conversion with an optical purity of >99 % ee
as determined by GC. GC-MS (EI1+, 70 eV): m/z (%): 154 [M*] (2), 138
[CoH(NH] (28), 111 [CH ;3N (65), 96 [C¢H (N *] (100). Determination
of conversion by GC analysis on an achiral phase: column HP-5 (Agi-
lent); carrier gas=helium; 100°C to 200°C at 10°Cmin~!; t=3.06 (4d),
4.69 min (1d). Determination of enantiomeric excess by GC on a chiral
phase: column DEX-CB (Agilent; CP-Chirasil); carrier gas=helium;
80°C (10 min isotherm) to 90°C at 0.5°Cmin~'; tz=13.65 [(2R)-4d],
14.25 min [(25)-4d].

(2R)-2-Methyl-6-phenyl-2,3,4,5-tetrahydropyridine  [(2R)-4e]: o-TA
from (R)-Arthrobacter (225 mg) and p-alanine as amino source were
used. The product was obtained in >99% conversion with an optical
purity of >99% ee as determined by GC. GC-MS (EI+, 70eV): m/z
(%): 173 [M™*] (61), 172 [C,H;sN*] (100), 158 [C,,H;,)N*] (22), 104
[CHN*] (80), 77 [CeHs™] (20). Determination of conversion by GC
analysis on an achiral phase: column HP-5 (Agilent); carrier gas=
helium; 100°C to 250°C at 10°C-min"'; t =7.68 (4e), 9.05 min (1e). De-
termination of enantiomeric excess by GC analysis on achiral phase:
column DEX-CB (Agilent; CP-Chirasil); carrier gas=helium; 100°C to
150°C at 2.5°Cmin"; tp = 16.22[(2R)-4 €], 16.53 min [(2S)-de].
Diastereoselective Reductions (general procedure for a syn-selective ap-
proach): A crude solution of the biotransformation containing the corre-
sponding cyclic imine 4a—e was treated with palladium on activated char-
coal (10% wt™"). The mixture was stirred vigorously and a stream of hy-
drogen was bubbled through the solution for 4 h. After full conversion of
the starting material was detected by GC or GC-MS analysis, the solution
was filtered through a small plug of Celite 545 and cooled to 0°C. Ether-
ial HCI solution was added dropwise (ca. 5equiv), the solvent was re-
moved and the precipitate was collected. If necessary, all products could
be recrystallized from pure CHCl;.

(28,6 R)-2-Methyl-6-propyldihydropiperidine-Hydrochloride ~ (—)-Dihy-
dropinidine ([2S,6 R]-6a-HCl): The product was obtained as a colorless
solid in the form of its HCI salt in 94% yield (82 mg, 0.47 mmol, de>
99%). Obtained spectroscopic data were in full agreement with those
previously reported.”™ M.p. 243-245°C. 'H NMR (300 MHz, CDCl,):
0=0.85 (t, *Jys=7.2 Hz, 3H; 9-H), 1.28-1.48 (m, 3H; 8-H and 4-H,), 1.50
(d, *Jye,=6.2Hz, 3H; Me at C-2), 1.52-1.65 (m, 2H; 5-H,), 1.68-1.78
(m, 3H; 3-H and 7-H,), 1.80-1.94 (m, 2H; 4-H,, and 5-H,), 1.96-2.10 (m,
1H; 7-H,), 2.88 (m,, 1H; 6-H), 3.05 (m,, 1H; 2-H) 9.02 ppm (br. d, 2H;
NH,*). ®*CNMR (75 MHz, CDCl;): §=13.8 (C-9), 18.8 (C-4), 19.5 (Me
at C-2), 22.9 (C-4), 27.5 (C-5), 30.7 (C-3), 35.2 (C-7), 54.5 (C-6), 58.3 ppm
(C-2). GC-MS (EI+, 70 eV): m/z (%): 98 [CqHpN*] (100). [a]d=—12.2

(c 0.5, EtOH, de>99%); literature value for the opposite enantiomer:**!
[a]®= +12.4 (c 0.1, EtOH, de>99%).
(2R,65)-2-Methyl-6-propyldihydropiperidine-Hydrochloride  ([2R,6S]-

6a-HCI): The product was obtained as a colorless solid in the form of its
HCI salt in 85% yield (75 mg, 0.43 mmol, de>99 %). Spectroscopic data
were in full agreement with those reported for its enantiomer. [a]y =+
12.1 (c 0.9, EtOH, de>99%); literature value:™¥ [a]¥= +12.4 (c 0.1,
EtOH, de>99%).

(25,6 5)-2-Methyl-6-propyldihydropiperidine-Hydrochloride (—)-epi-dihy-
dro-pinidine ([25,65]-6a-HCI): Due to the instability of imine 4a, the bi-
otransformation was performed with w-TA from C. violaceum on a prep-
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arative scale (78 mg, 0.5 mmol) directly before the reduction (see above).
After extraction with Et,0 (4x5mL), the organic layer was dried over
MgSO,, filtered, and carefully concentrated with a rotary evaporator
(35°C, 650 mbar). The residue was then diluted with anhydrous THF
(10 mL) and cooled to —78°C before Et;Al (1M in hexane, 5.0 mL,
5 mmol) was added dropwise over 10 min. The mixture was stirred for an
additional 10 min before LiAlH, (2m in THF, 1.25 mL, 2.5 mmol) was
added dropwise. After stirring for 3 h at —78°C, saturated Rochells salt
solution (30 mL) was added and the mixture was warmed to RT. When
the phases resolved, the aqueous phase was extracted with MTBE (4x
10 mL) and the combined organic layers were dried over MgSO,. Precipi-
tation with etherial HCI solution afforded the product in the form of its
HCI salt in 91 % yield over two steps (81 mg, 0.46 mmol, d.r. (syn/anti)
18:82). Recrystallization from CHCI; gave diastereomerically pure epi-di-
hydropinidine as a colorless solid. Spectroscopic data were full in agree-
ment with those previously reported.”® M.p.165-167°C. 'H NMR
(300 MHz, CDCly): 6=0.92 (t, *Jos=7.3 Hz, 3H; 9-H), 1.32-1.43 (m, 2H;
8-H), 1.46 (d, *Jy.,=6.7 Hz, 3H; Me at C-2), 1.54-1.76 (m, 5H; 4-H and
5-H, and 7-H,), 1.85-2.02 (m, 3H; 3-H,, and 5-H, and 7-H,), 3.27 (br.s,
1H; 6-H), 3.52 (br.s, 1H; 2-H), 9.28 ppm (br. s, 2H; NH,*). *C NMR
(75 MHz, CDCl,): 6=13.9 (C-9), 16.9 (Me at C-2), 17.5 (C-4), 19.1 (C-8),
264 (C-7), 19.0 (C-5), 32.9 (C3), 48.0 (C-6), 51.6 ppm (C-2). GC-MS
(E1+4, 70 eV): miz (%): 98 [CeH,N*] (100). [a]d=—3.9 (¢ 0.89, EtOH,
de>99%); literature value:*™ [a]¥=-3.61 (c 0.166, 96% EtOH, de>
99%).

(2R,6 R)-2-Methyl-6-propyldihydropiperidine-Hydrochloride ([2R,6R]-
6a-HCI): The product was obtained as a colorless solid in the form of its
HCI salt in 85% yield (75 mg, 0.43 mmol, de>99 %) after the biotrans-
formation with (R)-Arthrobacter sp. and subsequent reduction. The crude
product was recrystallized from CHCl;. Spectroscopic data were full in
agreement with those reported for its enantiomer. [a]}=+3.7 (¢ 0.7,
EtOH, de>99%); literature value for the opposite enantiomer:**!
[a]5=—3.61 (c 0.166, 96 % EtOH, de>99%).

Acknowledgements

This work has been supported by the Austrian BMWFJ, BMVIT, SFG,
Standortagentur Tirol, and ZIT through the Austria FFG-COMET-Fund-
ing Program. Ferdinand Belaj (University of Graz) is thanked for the de-
termination of the crystal structure. Barbara Grischek is acknowledged
for ongoing support. Financial support by NAWI-Graz is acknowledged.

[1] Selected review articles: a) A. Kirschning, F. Hahn, Angew. Chem.
2012, 124, 4086—4096; Angew. Chem. Int. Ed. 2012, 51, 4012-4022;
b) V. Resch, J. H. Schrittwieser, E. Siirola, W. Kroutil, Curr. Opin.
Biotechnol. 2011, 22, 793-799; c¢) T. Fischer, J. Pietruszka, Top. Curr.
Chem. 2010, 297, 1-43; d) R. N. Patel, ACS Catal. 2011, 1, 1056—
1074; e) R. N. Patel, Coord. Chem. Rev. 2008, 252, 659-701.
For general readings on biocatalysis, see: a) K. Faber, Biotransfor-
mations in Organic Chemistry, 7th ed., Springer, Berlin, 2011; b) P.
Grunwald, Biocatalysis: Biochemical Fundamentals and Applica-
tions, Imperial College Press, London, 2009; c¢) Modern Biocatalysis
(Eds.: W.-D. Fessner, T. Anthonsen), Wiley-VCH, Weinheim, 2009;
d) Asymmetric Organic Synthesis with Enzymes (Eds.: V. Gotor, L
Alfonso, E. Garcia-Uridales), Wiley-VCH, Weinheim, 2008; ¢) U. T.
Bornscheuer, R.J. Kazlauskas, Hydrolases in Organic Synthesis:
Regio and Stereoselective Biotransformations, 2nd ed., Wiley-VCH,
Weinheim, 2006; f) Biocatalysis in the Pharmaceutical and Biotech-
nology Industries (Ed.: R.N. Patel), CRC, Boca Raton, 2006;
¢) A.S. Bommarius, B. R. Riebel-Bommarius, Biocatalysis, Wiley-
VCH, Weinheim, 2004.
[3] M. Hohne, U. T. Bornscheuer, ChemCatChem 2009, 1, 42—-51.
[4] E. Busto, V. Gotor-Fernandez, V. Gotor, Chem. Rev. 2011, 111,
3998-4035.

—
[N}
—

Chem. Eur. J. 0000, 00, 0-0


http://dx.doi.org/10.1002/ange.201107386
http://dx.doi.org/10.1002/ange.201107386
http://dx.doi.org/10.1002/ange.201107386
http://dx.doi.org/10.1002/ange.201107386
http://dx.doi.org/10.1002/anie.201107386
http://dx.doi.org/10.1002/anie.201107386
http://dx.doi.org/10.1002/anie.201107386
http://dx.doi.org/10.1016/j.copbio.2011.02.002
http://dx.doi.org/10.1016/j.copbio.2011.02.002
http://dx.doi.org/10.1016/j.copbio.2011.02.002
http://dx.doi.org/10.1016/j.copbio.2011.02.002
http://dx.doi.org/10.1007/128_2010_62
http://dx.doi.org/10.1007/128_2010_62
http://dx.doi.org/10.1007/128_2010_62
http://dx.doi.org/10.1007/128_2010_62
http://dx.doi.org/10.1021/cs200219b
http://dx.doi.org/10.1021/cs200219b
http://dx.doi.org/10.1021/cs200219b
http://dx.doi.org/10.1016/j.ccr.2007.10.031
http://dx.doi.org/10.1016/j.ccr.2007.10.031
http://dx.doi.org/10.1016/j.ccr.2007.10.031
http://dx.doi.org/10.1002/cctc.200900110
http://dx.doi.org/10.1002/cctc.200900110
http://dx.doi.org/10.1002/cctc.200900110
http://dx.doi.org/10.1021/cr100287w
http://dx.doi.org/10.1021/cr100287w
http://dx.doi.org/10.1021/cr100287w
http://dx.doi.org/10.1021/cr100287w
www.chemeurj.org

Chemoenzymatic Synthesis of 2,6-Disubstituted Piperidines

(5]

6

—_

7

—

[8

=

9

—

(10]

Chem. Eur. J. 2013, 00, 0-0

a) R. Carr, M. Alexeeva, A. Enright, T.S.C. Eve, M. J. Dawson,
N.J. Turner, Angew. Chem. 2003, 115, 4955-4958; Angew. Chem.
Int. Ed. 2003, 42, 4807-4810; b) C.J. Dunsmore, R. Carr, T. Flem-
ing, N.J. Turner, J. Am. Chem. Soc. 2006, 128, 2224-2226; c) V.
Kohler, K. R. Bailey, A. Znabet, J. Raftery, M. Helliwell, N.J.
Turner, Angew. Chem. 2010, 122, 2228-2230; Angew. Chem. Int. Ed.
2010, 49, 2182-2184; d) T. Li, J. Liang, A. Ambrogelly, T. Brennan,
G. Gloor, G. Huisman, J. Lalonde, A. Lekhal, B. Mijts, S. Muley, L.
Newman, M. Tobin, G. Wong, A. Zaks, X. Zhang, J. Am. Chem.
Soc. 2012, 134, 6467 —-6472.

Selected review articles: a) S. Mathew, H. Yun, ACS Catal. 2012, 2,
993-1001; b) P. Tufvesson, J. Lima-Ramos, J.S. Jensen, N. Al-
Haque, W. Neto, J. M. Woodley, Biotechnol. Bioeng. 2011, 108,
1479-1493; c) D. Koszelewski, K. Tauber, K. Faber, W. Kroutil,
Trends Biotechnol. 2010, 28, 324-332; d) N. J. Turner, M. Truppo in
Chiral Amine Synthesis: Methods, Developments and Applications
(Ed.: T.C. Nugent), Wiley-VCH, Weinheim, 2010, pp.431-459;
e) H. C. Hailes, P. A. Dalby, G.J. Lye, F. Baganz, M. Micheletti, N.
Szita, J. M. Ward, Curr. Org. Chem. 2010, 14, 1883-1893; f) J. Ward,
R. Wohlgemuth, Curr. Org. Chem. 2010, 14, 1914-1927.

a) F. G. Mutti, C. S. Fuchs, D. Pressnitz, N. G. Turrini, J. H. Sattler,
A. Lerchner, A. Skerra, W. Kroutil, Eur. J. Org. Chem. 2012, 1003—
1007; b) E. G. Mutti, C. S. Fuchs, D. Pressnitz, J. H. Sattler, W. Krou-
til, Adv. Synth. Catal. 2011, 353, 3227-3233; c) S. Schitzle, F. Stef-
fen-Munsberg, A. Thontowi, M. Hohne, K. Robins, U. Bornscheuer,
Adv. Synth. Catal. 2011, 353, 2439-2445; d) M. D. Truppo, J. D. Roz-
zell, N.J. Turner, Org. Process Res. Dev. 2010, 14, 234-237; e) M.
Hohne, S. Schitzle, H. Jochens, K. Robins, U. T. Bornscheuer, Nat.
Chem. Biol. 2010, 6, 807-813; f) M. Fuchs, D. Koszelewski, K.
Tauber, W. Kroutil, K. Faber, Chem. Commun. 2010, 46, 5500—-5502;
2) D. Koszelewski, M. Goritzer, D. Clay, B. Seisser, W. Kroutil,
ChemCatChem 2010, 2, 73-77; h) C. K. Savile, J. M. Janey, E. C.
Mundorff, J. C. Moore, S. Tam, W. R. Javis, J. C. Colbeck, A. Kreb-
ber, F.J. Fleitz, J. Brands, P.N. Devine, G. W. Huisman, G.J.
Hughes, Science 2010, 329, 305-309; i) K. E. Cassimjee, C. Branne-
by, V. Abedi, A. Wells, P. Berglund, Chem. Commun. 2010, 46,
5569-5571; j) D. Koszelewski, 1. Lavandera, D. Clay, G. M. Guebitz,
D. Rozzell, W. Kroutil, Angew. Chem. 2008, 120, 9477-9480;
Angew. Chem. Int. Ed. 2008, 47, 9337-9340; k) D. Koszelewski, I.
Lavandera, D. Clay, D. Rozzell, W. Kroutil, Adv. Synth. Catal. 2008,
350, 2761-2767; 1) J.-S. Shin, B.-G. Kim, Biotechnol. Bioeng. 1999,
65,206-211.

a) B.-K. Cho, H.-Y. Park, J.-H. Seo, J. Kim, T.-J. Kang, B.-S. Lee, B.-
G. Kim, Biotechnol. Bioeng. 2008, 99, 275-284; b) H.-S. Bea, H.-J.
Park, S.-H. Lee, H. Yun, Chem. Commun. 2011, 47, 5894-5896;
¢) M. D. Truppo, N.J. Turner, J. D. Rozzell, Chem. Commun. 2009,
2127-2129; d) R.L. Hanson, B.L. Davis, S.L. Goldberg, R. M.
Johnston, W. L. Parker, T. P. Tully, M. A. Montana, R. N. Patel, Org.
Process Res. Dev. 2008, 12, 1119-1129; e) R. L. Hanson, B. L. Davis,
Y. Chen, S. L. Goldberg, W. L. Parker, T. P. Tully, M. A. Montana,
R. N. Patel, Adv. Synth. Catal. 2008, 350, 1367 -1375.

R. C. Simon, B. Grischek, A. Steinreiber, F. Zepeck, F. Belaj, W.
Kroutil, Angew. Chem. 2012, 124, 6817-6820; Angew. Chem. Int.
Ed. 2012, 51, 6713-6716.

Selected recent reviews on regioselective metalation: for the synthe-
sis of pyrazoles, see: a) B. Haag, M. Mosrin, H. Ila, V. Malakhov, P.
Knochel, Angew. Chem. 2011, 123, 9968—-9999; Angew. Chem. Int.
Ed. 2011, 50, 9794-9824b)S. Fustero, M. Sanchez-Rosello, P.
Barrio, A. Simon-Fuentes, Chem. Rev. 2011, 111, 6984—7034; for en-
zymatic acylation, see: c) J. Gonzdlez-Sabin, R. Moran-Ramallal, F.
Rebolledo, Chem. Soc. Rev. 2011, 40, 5321-5335; for enzymatic
redox reactions, see: d) D. Monti, G. Ottolina, G. Carrea, S. Riva,
Chem. Rev. 2011, 111, 4111-4140; for ring opening of aziridines,
see: e) P. Lu, Tetrahedron 2010, 66, 2549—-2560; for functionalization
of alkenes and alkynes, see: f) M. Beller, J. Seayad, A. Tillack, H.
Jiao, Angew. Chem. 2004, 116, 3448-3479; Angew. Chem. Int. Ed.

FULL PAPER

2004, 43, 3368—-3398; for a recent example of enzymatic regioselec-
tive hydroxylation, see: g) S. Kille, F. E. Zilly, J. P. Acevedo, M. T.
Reetz, Nat. Chem. 2011, 3, 738-743.

[11] L. S. Young, P. S. Baran, Nat. Chem. 2009, 1, 193-205.

[12] For selected examples, see: a) V. Hickmann, A. Kondoh, B. Gabor,
M. Alcarazo, A. Fiirstner, J. Am. Chem. Soc. 2011, 133, 13471
13480; b) Q. Zhou, X. Chen, D. Ma, Angew. Chem. 2010, 122, 3591 -
3594; Angew. Chem. Int. Ed. 2010, 49, 3513-3516; ¢) Z. Gu, A, Za-
karian, Angew. Chem. 2010, 122, 9896—9899; Angew. Chem. Int. Ed.
2010, 49, 9702-9705; d) P.S. Baran, T.J. Maimone, J. M. Richter,
Nature 2007, 446, 404-408.

[13] M. Ochiai, K. Miyamoto, T. Kaneaki, S. Hayashi, W. Nakanishi, Sci-
ence 2011, 332, 448-451.

[14] a) J. S. Arnold, G. T. Cizio, H. M. Nguyen, Org. Lett. 2011, 13, 5576 -
5579; b) J. S. Arnold, R. F. Stone, H. M. Nguyen, Org. Lett. 2010, 12,
4580-4583.

[15] X.-Y. Liu, P. Gao, Y.-Q. Shen, Y.-M. Liang, Org. Lert. 2011, 13,
4196-4199.

[16] R. W. Bates, K. Sa-Ei, Tetrahedron 2002, 58, 5957-5978.

[17] M. G. P. Buffat, Tetrahedron 2004, 60, 1701-1729.

[18] a) U. Kaulmann, K. Smithies, M. E. B. Smith, H. C. Hailes, H. M.
Ward, Enzyme Microb. Technol. 2007, 41, 628-637; b) N. Ito, S.
Kawano, J. Hagesawa, Y. Yasohara, Biosci. Biotechnol. Biochem.
2011, 75, 2093-2095; c) B.-Y. Hwang, B.-K. Cho, H. Yun, K. Kotesh-
war, B.-G. Kim, J. Mol. Catal. B 2005, 37, 47-55; d) V. Sieber, K.
Grammann, B. Rithmann, T. Haas, J. Pfeffer, K. Doderer, C. Coll-
mann, A. Skerra, C. Rausch, A. Lerchner (Degussa Evonik GmbH,
Essen), WO-Patent 2010/089171 A2, 2010; ¢) S. Kawano, N. Ito, Y.
Yosohara (Kaneka Corporation, Osaka), European Patent,
EP2022852 A1, 2007.

[19] a) K. Maruoka, T. Miyazaki, M. Ando, Y. Matsumura, S. Sakane, K.
Hattori, H. Yamamoto, J. Am. Chem. Soc. 1983, 105, 2831-2843;
b) K. Maruoka, H. Yamamoto, Angew. Chem. 1985, 97, 670—683;
Angew. Chem. Int. Ed. Engl. 1985, 24, 668 —682.

[20] For representative examples, see: a) M. Kavala, F. Mathia, H. Kozi-
sek, P. Szolcsanyi, J. Nat. Prod. 2011, 74, 803-811; b) J. C. Gonzalez-
Gomez, F. Foubelo, M. Yus, Synlett 2008, 2777-2780; c) I. Abrunho-
sa-Thomas, O. Roy, M. Barra, T. Besset, P. Chalard, Y. Troin, Synlett
2007, 1613-1615; d) C. Eriksson, K. Sjodin, F. Schlyter, H.-E. Hog-
berg, Tetrahedron: Asymmetry 2006, 17, 1074-1080; e) X. Wang, Y.
Dong, J. Sun, X. Xu, R. Li, Y. Hu, J. Org. Chem. 2005, 70, 1897—
1900; f) S. Yamauchi, S. Mori, Y. Hirai, Y. Kinoshita, Biosci. Bio-
technol. Biochem. 2004, 68, 676-684; g)T.J. Wilkinson, N. W.
Stehle, P. Beak, Org. Lett. 2000, 2, 155-158; h) S. Ciblat, P. Besse, V.
Papastergiou, H. Beschambre, J.-L. Canet, Y. Troin, Zetrahedron:
Asymmetry 2000, 11, 2221-2229; i) A. R. Katritzky, G. Yiu, B. Yang,
P.J. Steel, J. Org. Chem. 1998, 63, 6699-6703; j) R. Chénevert, M.
Dickman, J. Org. Chem. 1996, 61, 3332-3341; k) E. Lee, T. S. Kang,
B.J. Joo, J. S. Tae, K. S. Li, C. K. Chung, Tetrahedron Lett. 1995, 36,
417-420; 1) H. Takahata, H. Bandoh, M. Hanayama, T. Momose,
Tetrahedron: Asymmetry 1992, 3, 607-608; m) L. Guerrier, J. Royer,
D.S. Grierson, H.-P. Husson, J. Am. Chem. Soc. 1983, 105, 7754—
7755.

[21] a) M. J. Schneider, J. A. Montali, D. Hazen, C. E. Stanton, J. Nat.
Prod. 1991, 54, 905-909; b) J. N. Tawara, A. Blokhin, T. A. Foder-
aro, F. R. Stermitz, J. Org. Chem. 1993, 58, 4813-4818.

[22] For representative examples, see: a) E. Airiau, N. Girard, M. Pizzeti,
J. Salvadori, M. Taddei, A. Mann, J. Org. Chem. 2010, 75, 8670—
5673; b) C. Quinet, A. Ates, 1. E. Marko, Tetrahedron Lett. 2008, 49,
5032-5035; c) A. P. Dobbs, S.J. J. Guesne, Synlett 2005, 2101-2103;
d) D. M. Ryckman, R. V. Stevens, J. Org. Chem. 1987, 52, 4274—
4279; e) R. K. Hill, T. Yuri, Tetrahedron 1977, 33, 1569-1571.

Received: August 3, 2012
Revised: November 5, 2012
Published online: Il 11, 0000

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org

These are not the final page numbers! 77


http://dx.doi.org/10.1002/ange.200352100
http://dx.doi.org/10.1002/ange.200352100
http://dx.doi.org/10.1002/ange.200352100
http://dx.doi.org/10.1002/anie.200352100
http://dx.doi.org/10.1002/anie.200352100
http://dx.doi.org/10.1002/anie.200352100
http://dx.doi.org/10.1002/anie.200352100
http://dx.doi.org/10.1021/ja058536d
http://dx.doi.org/10.1021/ja058536d
http://dx.doi.org/10.1021/ja058536d
http://dx.doi.org/10.1002/ange.200906655
http://dx.doi.org/10.1002/ange.200906655
http://dx.doi.org/10.1002/ange.200906655
http://dx.doi.org/10.1002/anie.200906655
http://dx.doi.org/10.1002/anie.200906655
http://dx.doi.org/10.1002/anie.200906655
http://dx.doi.org/10.1002/anie.200906655
http://dx.doi.org/10.1021/ja3010495
http://dx.doi.org/10.1021/ja3010495
http://dx.doi.org/10.1021/ja3010495
http://dx.doi.org/10.1021/ja3010495
http://dx.doi.org/10.1021/cs300116n
http://dx.doi.org/10.1021/cs300116n
http://dx.doi.org/10.1021/cs300116n
http://dx.doi.org/10.1021/cs300116n
http://dx.doi.org/10.1002/bit.23154
http://dx.doi.org/10.1002/bit.23154
http://dx.doi.org/10.1002/bit.23154
http://dx.doi.org/10.1002/bit.23154
http://dx.doi.org/10.1016/j.tibtech.2010.03.003
http://dx.doi.org/10.1016/j.tibtech.2010.03.003
http://dx.doi.org/10.1016/j.tibtech.2010.03.003
http://dx.doi.org/10.1002/ejoc.201101476
http://dx.doi.org/10.1002/ejoc.201101476
http://dx.doi.org/10.1002/ejoc.201101476
http://dx.doi.org/10.1002/adsc.201100558
http://dx.doi.org/10.1002/adsc.201100558
http://dx.doi.org/10.1002/adsc.201100558
http://dx.doi.org/10.1002/adsc.201100435
http://dx.doi.org/10.1002/adsc.201100435
http://dx.doi.org/10.1002/adsc.201100435
http://dx.doi.org/10.1021/op900303q
http://dx.doi.org/10.1021/op900303q
http://dx.doi.org/10.1021/op900303q
http://dx.doi.org/10.1038/nchembio.447
http://dx.doi.org/10.1038/nchembio.447
http://dx.doi.org/10.1038/nchembio.447
http://dx.doi.org/10.1038/nchembio.447
http://dx.doi.org/10.1039/c0cc00585a
http://dx.doi.org/10.1039/c0cc00585a
http://dx.doi.org/10.1039/c0cc00585a
http://dx.doi.org/10.1002/cctc.200900220
http://dx.doi.org/10.1002/cctc.200900220
http://dx.doi.org/10.1002/cctc.200900220
http://dx.doi.org/10.1126/science.1188934
http://dx.doi.org/10.1126/science.1188934
http://dx.doi.org/10.1126/science.1188934
http://dx.doi.org/10.1039/c0cc00050g
http://dx.doi.org/10.1039/c0cc00050g
http://dx.doi.org/10.1039/c0cc00050g
http://dx.doi.org/10.1039/c0cc00050g
http://dx.doi.org/10.1002/ange.200803763
http://dx.doi.org/10.1002/ange.200803763
http://dx.doi.org/10.1002/ange.200803763
http://dx.doi.org/10.1002/anie.200803763
http://dx.doi.org/10.1002/anie.200803763
http://dx.doi.org/10.1002/anie.200803763
http://dx.doi.org/10.1002/adsc.200800496
http://dx.doi.org/10.1002/adsc.200800496
http://dx.doi.org/10.1002/adsc.200800496
http://dx.doi.org/10.1002/adsc.200800496
http://dx.doi.org/10.1002/(SICI)1097-0290(19991020)65:2%3C206::AID-BIT11%3E3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1097-0290(19991020)65:2%3C206::AID-BIT11%3E3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1097-0290(19991020)65:2%3C206::AID-BIT11%3E3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1097-0290(19991020)65:2%3C206::AID-BIT11%3E3.0.CO;2-9
http://dx.doi.org/10.1002/bit.21591
http://dx.doi.org/10.1002/bit.21591
http://dx.doi.org/10.1002/bit.21591
http://dx.doi.org/10.1039/c1cc11528f
http://dx.doi.org/10.1039/c1cc11528f
http://dx.doi.org/10.1039/c1cc11528f
http://dx.doi.org/10.1039/b902995h
http://dx.doi.org/10.1039/b902995h
http://dx.doi.org/10.1039/b902995h
http://dx.doi.org/10.1039/b902995h
http://dx.doi.org/10.1021/op800149q
http://dx.doi.org/10.1021/op800149q
http://dx.doi.org/10.1021/op800149q
http://dx.doi.org/10.1021/op800149q
http://dx.doi.org/10.1002/adsc.200800084
http://dx.doi.org/10.1002/adsc.200800084
http://dx.doi.org/10.1002/adsc.200800084
http://dx.doi.org/10.1002/ange.201202375
http://dx.doi.org/10.1002/ange.201202375
http://dx.doi.org/10.1002/ange.201202375
http://dx.doi.org/10.1002/anie.201202375
http://dx.doi.org/10.1002/anie.201202375
http://dx.doi.org/10.1002/anie.201202375
http://dx.doi.org/10.1002/anie.201202375
http://dx.doi.org/10.1002/ange.201101960
http://dx.doi.org/10.1002/ange.201101960
http://dx.doi.org/10.1002/ange.201101960
http://dx.doi.org/10.1002/anie.201101960
http://dx.doi.org/10.1002/anie.201101960
http://dx.doi.org/10.1002/anie.201101960
http://dx.doi.org/10.1002/anie.201101960
http://dx.doi.org/10.1021/cr2000459
http://dx.doi.org/10.1021/cr2000459
http://dx.doi.org/10.1021/cr2000459
http://dx.doi.org/10.1039/c1cs15081b
http://dx.doi.org/10.1039/c1cs15081b
http://dx.doi.org/10.1039/c1cs15081b
http://dx.doi.org/10.1021/cr100334x
http://dx.doi.org/10.1021/cr100334x
http://dx.doi.org/10.1021/cr100334x
http://dx.doi.org/10.1016/j.tet.2010.01.077
http://dx.doi.org/10.1016/j.tet.2010.01.077
http://dx.doi.org/10.1016/j.tet.2010.01.077
http://dx.doi.org/10.1002/ange.200300616
http://dx.doi.org/10.1002/ange.200300616
http://dx.doi.org/10.1002/ange.200300616
http://dx.doi.org/10.1002/anie.200300616
http://dx.doi.org/10.1002/anie.200300616
http://dx.doi.org/10.1002/anie.200300616
http://dx.doi.org/10.1002/anie.200300616
http://dx.doi.org/10.1038/nchem.1113
http://dx.doi.org/10.1038/nchem.1113
http://dx.doi.org/10.1038/nchem.1113
http://dx.doi.org/10.1038/nchem.216
http://dx.doi.org/10.1038/nchem.216
http://dx.doi.org/10.1038/nchem.216
http://dx.doi.org/10.1021/ja204027a
http://dx.doi.org/10.1021/ja204027a
http://dx.doi.org/10.1021/ja204027a
http://dx.doi.org/10.1002/ange.201000888
http://dx.doi.org/10.1002/ange.201000888
http://dx.doi.org/10.1002/ange.201000888
http://dx.doi.org/10.1002/anie.201000888
http://dx.doi.org/10.1002/anie.201000888
http://dx.doi.org/10.1002/anie.201000888
http://dx.doi.org/10.1002/ange.201005354
http://dx.doi.org/10.1002/ange.201005354
http://dx.doi.org/10.1002/ange.201005354
http://dx.doi.org/10.1002/anie.201005354
http://dx.doi.org/10.1002/anie.201005354
http://dx.doi.org/10.1002/anie.201005354
http://dx.doi.org/10.1002/anie.201005354
http://dx.doi.org/10.1038/nature05569
http://dx.doi.org/10.1038/nature05569
http://dx.doi.org/10.1038/nature05569
http://dx.doi.org/10.1126/science.1201686
http://dx.doi.org/10.1126/science.1201686
http://dx.doi.org/10.1126/science.1201686
http://dx.doi.org/10.1126/science.1201686
http://dx.doi.org/10.1021/ol202313y
http://dx.doi.org/10.1021/ol202313y
http://dx.doi.org/10.1021/ol202313y
http://dx.doi.org/10.1021/ol1019025
http://dx.doi.org/10.1021/ol1019025
http://dx.doi.org/10.1021/ol1019025
http://dx.doi.org/10.1021/ol1019025
http://dx.doi.org/10.1021/ol201457y
http://dx.doi.org/10.1021/ol201457y
http://dx.doi.org/10.1021/ol201457y
http://dx.doi.org/10.1021/ol201457y
http://dx.doi.org/10.1016/S0040-4020(02)00584-7
http://dx.doi.org/10.1016/S0040-4020(02)00584-7
http://dx.doi.org/10.1016/S0040-4020(02)00584-7
http://dx.doi.org/10.1016/j.tet.2003.11.043
http://dx.doi.org/10.1016/j.tet.2003.11.043
http://dx.doi.org/10.1016/j.tet.2003.11.043
http://dx.doi.org/10.1016/j.enzmictec.2007.05.011
http://dx.doi.org/10.1016/j.enzmictec.2007.05.011
http://dx.doi.org/10.1016/j.enzmictec.2007.05.011
http://dx.doi.org/10.1271/bbb.110240
http://dx.doi.org/10.1271/bbb.110240
http://dx.doi.org/10.1271/bbb.110240
http://dx.doi.org/10.1271/bbb.110240
http://dx.doi.org/10.1016/j.molcatb.2005.09.004
http://dx.doi.org/10.1016/j.molcatb.2005.09.004
http://dx.doi.org/10.1016/j.molcatb.2005.09.004
http://dx.doi.org/10.1021/ja00347a052
http://dx.doi.org/10.1021/ja00347a052
http://dx.doi.org/10.1021/ja00347a052
http://dx.doi.org/10.1002/ange.19850970807
http://dx.doi.org/10.1002/ange.19850970807
http://dx.doi.org/10.1002/ange.19850970807
http://dx.doi.org/10.1002/anie.198506681
http://dx.doi.org/10.1002/anie.198506681
http://dx.doi.org/10.1002/anie.198506681
http://dx.doi.org/10.1021/np100852p
http://dx.doi.org/10.1021/np100852p
http://dx.doi.org/10.1021/np100852p
http://dx.doi.org/10.1016/j.tetasy.2006.03.033
http://dx.doi.org/10.1016/j.tetasy.2006.03.033
http://dx.doi.org/10.1016/j.tetasy.2006.03.033
http://dx.doi.org/10.1021/jo0480444
http://dx.doi.org/10.1021/jo0480444
http://dx.doi.org/10.1021/jo0480444
http://dx.doi.org/10.1271/bbb.68.676
http://dx.doi.org/10.1271/bbb.68.676
http://dx.doi.org/10.1271/bbb.68.676
http://dx.doi.org/10.1271/bbb.68.676
http://dx.doi.org/10.1021/ol9912534
http://dx.doi.org/10.1021/ol9912534
http://dx.doi.org/10.1021/ol9912534
http://dx.doi.org/10.1016/S0957-4166(00)00162-2
http://dx.doi.org/10.1016/S0957-4166(00)00162-2
http://dx.doi.org/10.1016/S0957-4166(00)00162-2
http://dx.doi.org/10.1016/S0957-4166(00)00162-2
http://dx.doi.org/10.1021/jo980719d
http://dx.doi.org/10.1021/jo980719d
http://dx.doi.org/10.1021/jo980719d
http://dx.doi.org/10.1021/jo9519569
http://dx.doi.org/10.1021/jo9519569
http://dx.doi.org/10.1021/jo9519569
http://dx.doi.org/10.1016/0040-4039(94)02223-X
http://dx.doi.org/10.1016/0040-4039(94)02223-X
http://dx.doi.org/10.1016/0040-4039(94)02223-X
http://dx.doi.org/10.1016/0040-4039(94)02223-X
http://dx.doi.org/10.1016/S0957-4166(00)82292-2
http://dx.doi.org/10.1016/S0957-4166(00)82292-2
http://dx.doi.org/10.1016/S0957-4166(00)82292-2
http://dx.doi.org/10.1021/ja00364a053
http://dx.doi.org/10.1021/ja00364a053
http://dx.doi.org/10.1021/ja00364a053
http://dx.doi.org/10.1021/np50075a031
http://dx.doi.org/10.1021/np50075a031
http://dx.doi.org/10.1021/np50075a031
http://dx.doi.org/10.1021/np50075a031
http://dx.doi.org/10.1021/jo00070a014
http://dx.doi.org/10.1021/jo00070a014
http://dx.doi.org/10.1021/jo00070a014
http://dx.doi.org/10.1021/jo101776y
http://dx.doi.org/10.1021/jo101776y
http://dx.doi.org/10.1021/jo101776y
http://dx.doi.org/10.1016/j.tetlet.2008.06.053
http://dx.doi.org/10.1016/j.tetlet.2008.06.053
http://dx.doi.org/10.1016/j.tetlet.2008.06.053
http://dx.doi.org/10.1016/j.tetlet.2008.06.053
http://dx.doi.org/10.1055/s-2005-871956
http://dx.doi.org/10.1055/s-2005-871956
http://dx.doi.org/10.1055/s-2005-871956
http://dx.doi.org/10.1021/jo00228a022
http://dx.doi.org/10.1021/jo00228a022
http://dx.doi.org/10.1021/jo00228a022
http://dx.doi.org/10.1016/0040-4020(77)80162-2
http://dx.doi.org/10.1016/0040-4020(77)80162-2
http://dx.doi.org/10.1016/0040-4020(77)80162-2
www.chemeurj.org

CHEMISTRY

W. Kroutil et al.

A EUROPEAN JOURNAL

Biocatalysis

R. C. Simon, FE Zepeck,
W. Kroutil*....................... -1

Chemoenzymatic Synthesis of All Four

Diastereomers of 2,6-Disubstituted
Piperidines through Stereoselective
Monoamination of 1,5-Diketones

o ] a) NH, O
s s b Aoy
diketone S

R = alkyl, aryl

a) o-Transaminase

b) diastereoselective chemical reduction

Being selective: By applying either an
S- or R-stereoselective w-transaminase,
the (S)- or (R)-Al-piperideines were
accessible through regioselective mon-
oamination of 1,5-diketones (see

A, 2
-H,O * N/ R

L

H
cis, >99% de
up to >99% ee
up to >99% ee
(S)or (R) N~ R
H
trans
d.r. up to 86:14
up to >99% ee

scheme). Diastereoselective reduction
of the optically pure Al-piperideines
gave access to all four diastereomers
of 2,6-dialkyl piperidines.
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