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Asymmetric methods to prepare optically active o-chiral inhibition by the product amine and by pyruvate have been
primary amines are highly demanded in asymmetric synthesis ~ reported. An ideal process would use ammonium as the
owing to the biological/pharmacological activity of many amine donor, together with a cheap reducing agent (for
amines.! Various techniques have been reported, such as  example, formate, hydrogen, or glucose; see Scheme 1). Even
asymmetric 1,2-addition to imines and asymmetric amination
of a,o-disubstituted aldehydes? transformation of allylic o NH,
alcohols into amines,”! (dynamic) kinetic resolution,”! and Biocatalysts
cyclic deracemization® employing racemic amines as sub- R R /7\ ho xR
strates. Asymmetric reductive amination of ketones has been NH," Hedonor  Ox di; d single enantiomer
investigated with transition-metal catalysts!® and organo- H-donor
CatalyStS’m as well as via sulfinyl imine intermediates.” Scheme 1. ldeal reductive amination of ketones to form a-chiral
Although tremendous progress in organo/metal catalysis has  amines at the expense of glucose or formate as a reducing agent.
been achieved for the asymmetric reductive amination of
ketones to access a-chiral amines, improved protocols are still
required that are simple, green, and economically viable and  fewer reports employing biocatalysts can be found in the
that lead to high enantiomeric excesses. literature for such a reductive amination of ketones (excluding
Biocatalytic reductive amination or transamination is well ~ a-keto carbonic acids and aldehydes) by employing an
established for accessing a-amino acids from the correspond-  enzyme, nicotinamide adenine dinucleotide (phosphate) in
ing o-keto carboxylic acids.”! However, the situation is  the reduced form (NAD(P)H), and ammonia.'”! Unfortu-
different for primary amines that are not adjacent to a  nately, to the best of our knowledge, no enzyme catalyzing
carbonic acid moiety. o-Transaminases <! have recently  this reaction has been identified by DNA sequencing.
received attention for the preparation of such o-chiral Therefore, we envisaged a cascade that emulates the
unprotected amines. w-Transaminases are employed mainly  reaction scheme outlined in Scheme 1. For this purpose, we
in one way, namely for the kinetic resolution of racemic chiral =~ combined three enzymes: 1) an w-transaminase transfers the
amines;'!! only a few reports deal with asymmetric syn- amino group from alanine to the substrate to be converted
thesis!™? by starting from a prochiral ketone, probably due to  (Scheme 2), to give the desired amine and pyruvate; 2) an
problems in shifting the equilibrium to the product side, as  amino acid dehydrogenase (for example, alanine dehydro-
well as due to the moderate stereoselectivity of the employed  genase) recycles alanine from pyruvate by consuming ammo-
o-transaminases. These asymmetric synthetic processes usu-  nium and NAD(P)H; 3) finally, the cofactor is recycled™ by
ally require at least stoichiometric amounts of an amine donor  using standard methods (for example, formate dehydrogenase
(for example, alanine). The latter leads to a side product and formate, glucose dehydrogenase and glucose). In this
(pyruvate), which has to be removed during the transforma-  concept, alanine is not consumed but recycled.
tion by using, for instance, pyruvate decarboxylase!’! or
lactate dehydrogenase.'™! Additionally, limitations due to
(0] wo-Transaminase NH,
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In a first experiment, we tried this approach by using
acetophenone as the substrate and commercial w-transami-
nase from Vibrio fluvialis; however, we could not detect any
conversion (< 1%) into the desired amine.

Therefore, we moved back one step and searched for
better suitable w-transaminases. We tested 19 commercially
available w-transaminases for the transamination of 2-penta-
none (1a) by employing alanine (5 equiv) as the amine donor
and lactate dehydrogenase for the removal of pyruvate. Only
two w-transaminases, ATA-113 and ATA-117, showed high
activity and stereoselectivity for the transamination of this
ketone. ATA-113 led to the S enantiomer (>99% ee) and
ATA-117 led to the R enantiomer (> 99 % ee). In the absence
of the lactate dehydrogenase, no measurable conversion was
detected; this can be attributed to the nonfavored equilibrium
between pyruvate/amine and alanine/ketone, which is
strongly on the side of alanine/ketone.['?"

Having identified a suitable w-transaminase, we tried the
reductive amination concept (Scheme 2) on 2-pentanone (1a)
at a preparative concentration (50 mM) by employing ATA-
113 with L-alanine dehydrogenase and cofactor recycling. To
increase the solubility of the lipophilic substrates in aqueous
solution, DMSO (15% v/v) was added. The reaction was
started with just half an equivalent of rL-alanine. To our
delight, a conversion value of 56 % clearly indicated that the
L-alanine was recycled;“f’] however, the reaction time was
rather long (68 h), whereby we identified the w-transaminase
as catalyzing the rate-limiting reaction step. To decrease the
reaction time, either a larger amount of w-transaminase or a
larger amount of alanine could be used. Since the latter
option seemed to be cheaper, we measured the conversion at
various L-alanine concentrations (Figure 1).

100 - .
80
*
T 60 .
40 1

c!% *
20

0 T T T T T 1
0 50 100 150 200 250 300

[L-Alanine]l/mM ———»

Figure 1. Conversion (c) of 2-pentanone (1a; 50 mm) into the corre-
sponding amine after 24 h at various L-alanine concentrations by a
formal reductive amination according to Scheme 2.

As expected, higher concentrations of L-alanine led to a
faster total reaction. Since alanine is cheap, is internally
recycled in the system, and does not interfere with the other
enzymes in the system, we used it in our further experiments
at a concentration of 250 mm.

To show the applicability of this concept, various ketones,
1a-1i, were successfully transformed into the corresponding
(S)-amines (Scheme 3) by employing w-transaminase ATA-
113 (Table 1). Interestingly, the optical purity slightly
decreased for (S)-2a by using the reductive amination
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Scheme 3. Amines 2a-i were prepared by formal asymmetric reductive
amination from the corresponding ketones.

Table 1: Formal biocatalytic reductive amination according to Scheme 2
by employing w-transaminase ATA-113.

Substrate Product c [%]™ ee [%]™
1a (S)-2a 92 93
1b (S)-2b >99 >99
1c (5)-2¢ 89 >99
1d (S)-2d 6 >99
1eld (5)-2e >99 34
114 (5)-2f >99 >99
1g (S)-2g 50 86
1h (S)-2h >99 94
1ild 2i >99 n.a.

[a] The reaction was performed by employing ATA-113, L-alanine
dehydrogenase, formate dehydrogenase, NAD*, and L-alanine (see the
Supporting Information) ; conversions were determined after 24 h by GC
analysis. [b] The enantiomeric excess was measured, after derivatization,
by GC analysis with a chiral stationary phase. [c] 2.76 U of w-trans-
aminase were applied. [d] n.a.: not applicable.

concept (ee 93 %), whereas optically pure amine (ee > 99 %)
was obtained in the experiment employing lactate dehydro-
genase for pyruvate removal. On the other hand, ketones 2-
butanone (1b) and 2-octanone (1c¢) were converted into
optically pure (S)-2b and (S)-2¢ (ee >99 %), respectively.

For aromatic and aryl-alkyl ketones, the conversion and
optical purity varied. For instance, acetophenone (1d) was
reductively aminated with complete stereoselectivity (ee >
99%). 4-Phenyl-2-butanone (le) was transformed very
efficiently (>99% conversion), although with reduced ste-
reoselectivity (34 % ). In the case in which only one methylene
unit was between the carbonyl moiety and the aromatic
system (1f), complete stereoselectivity was again observed
(ee>99%).

Chiral (-amino acid derivatives are valuable building
blocks for the synthesis of numerous biologically active
compounds, such as p-peptides, P-lactam antibiotics, and
other drugs.'”! Thus, formal reductive amination of acetoace-
tate 1h yielded the enantioenriched 3-amino ester (S)-2h with
complete conversion (>99%, 94% ee). Additionally, the
cyclic ketone 1i was fully converted, a result indicating the
high flexibility of the utilized enzyme to accept different types
of substrates.
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To access the opposite R enantiomer, one can imagine the
same concept but employing the R-stereoselective m-trans-
aminase ATA-117 in combination with p-alanine and a D-
alanine dehydrogenase. As a further option, we found that
ATA-117 not only accepted D-alanine but also L-alanine. To
our delight, the optical purity was not affected by switching
the enantiomer of the amine donor. For instance, ATA-117
reduced 2-butanone (1a) into (R)-2-butylamine ((R)-2a) with
>99% ee by using D- or L-alanine; however, the reaction rate
was 20 times slower with L-alanine than with D-alanine.
Nevertheless, as a demonstration, the formal reductive
amination of ketone 1g by employing R-selective ATA-117,
L-alanine, and L-alanine dehydrogenase gave enantiomeri-
cally pure (R)-1-phenoxy-2-propylamine (2g; > 99 % ee, 46 %
conversion), which shows that ATA-117 possesses excellent
stereoselectivity with this substrate. Amine (R)-2g is a
valuable building block for the synthesis of several antiepi-
leptic agents.!'®!

Finally, we applied this transformation concept on a
preparative scale. Thus, 100 mg of (4-methoxyphenyl)acetone
(1f) were transformed into amine (S)-2f (98% ee) with
complete conversion, within 24 h, and with 98% yield of
isolated product. Optically active amine 2 f is an important
building block in the synthesis of biologically active formo-
terol."!

In summary, we have reported a concept for a biocatalytic
asymmetric reductive amination of ketones that leads to
unprotected a-chiral primary amines.”” The concept is highly
flexible and offers the possibility of accessing both enantio-
mers by choosing the appropriate enzymes. In contrast to the
asymmetric Leuckart-Wallach type reaction,® the biocata-
lytic variant does not lead to any side products, for example,
through amide formation. To the best of our knowledge, no
enzyme for the reductive amination of ketones (not con-
jugated to carboxylic acids and aldehydes) has been identified
by DNA sequencing; however, since amine formation has
been observed in microorganisms,'¥! it can be speculated that
the cell machinery can perform this type of reaction through a
related process, such as that described here. The proposed
biocatalytic concept expands the toolkit for biocatalytic
asymmetric synthesis®®?!! to include the transformation of
ketones into enantioenriched unprotected amines in aqueous
solution under air at 30°C, at the expense of ammonium and a
cheap reducing agent, such as formate.

Experimental Section

Representative example of the preparation of (S)-amines: (4-
methoxyphenyl)acetone (1f; 100 mg, 0.61 mmol) was transformed
in phosphate buffer (17 mL, 100 mm, pH 7.0, 1 mmM NADY, 1 mm
PLP) containing a crude preparation of w-transaminase ATA-113
(18.4 U, 40 mg, Codexis), L-alanine (272 mg, 3.05 mmol), L-alanine
dehydrogenase (41U, 48.09 Umg™'; Fluka, no. A7653-100UN),
ammonium formate (115 mg, 1.83 mmol), formate dehydrogenase
(200 pL, 40 U, 200 UmL"; Jiilich, now Codexis, no. 24.11), and
DMSO (15 % v/v) at 30°C. After 24 h, the conversion was > 99 %, the
pH value of the mixture was adjusted to pH 1 with HCI (5m), and any
possible remaining ketone was extracted 5 times with dichloro-
methane (5x 10 mL). The pH value was adjusted to pH 12 and the
amine was extracted 4 times with dichloromethane (4 x 10 mL). The
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solvent of the combined organic phases was evaporated under
reduced pressure and the amine was purified by flash column
chromatography (hexane/ethyl acetate and methanol) to yield (S)-2 f
(98.6 mg, 98% yield; 98% ee): [a]d =+27.8 (c=0.7, CHCL; liter-
ature value:® +35.2, ¢ =0.95, CHCL,, for the S enantiomer, 98 % ee);
the "H NMR spectrum was in agreement with that in the literature.'*!

Received: July 31, 2008
Published online: October 29, 2008

Keywords: amines - asymmetric catalysis - biocatalysis -
cascade reactions - reductive amination

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] a) L. Sutin, S. Andersson, L. Bergquist, V.M. Castro, E.
Danielsson, S. James, M. Henriksson, L. Johansson, C. Kaiser,
K. Flyren, M. Williams, Bioorg. Med. Chem. Lett. 2007, 17,
4837-4840; b) H. Y. Aboul-Enein, I. W. Wainer, The Impact of
Stereochemistry on Drug Development and Use, Wiley, New
York, 1997.

[2] For a review, see: S. Brise, T. Baumann, S. Dahmen, H. Vogt,
Chem. Commun. 2007, 1881 —1890.

[3] C. Defieber, M. A. Ariger, P. Moriel, E. M. Carreira, Angew.
Chem. 2007, 119, 3200-3204; Angew. Chem. Int. Ed. 2007, 46,
3139-3143.

[4] For reviews, see: a) S. Buchholz, H. Gréger in Biocatalysis in the
Pharmaceutical and Biotechnology Industries (Ed.: R. N. Patel),
CRC, Boca Raton, 2007, pp. 829-847; b) M.-J. Kim, Y. Ahn, J.
Park in Biocatalysis in the Pharmaceutical and Biotechnology
Industries (Ed.: R. N. Patel), CRC, Boca Raton, 2007, pp. 249—
272;c) N. J. Turner, R. Carr in Biocatalysis in the Pharmaceutical
and Biotechnology Industries (Ed.: R.N. Patel), CRC, Boca
Raton, 2007, 743-755; d) B. Martin-Matute, J.-E. Béckvall,
Curr. Opin. Chem. Biol. 2007, 11, 226-232; e) V. Gotor-
Fernandez, E. Busto, V. Gotor, Adv. Synth. Catal. 2006, 348,
797 -812.

[5] The method involves enantioselective biocatalytic oxidation of
one amine enantiomer and stereo-non-selective reduction,
which results in deracemization: a) N.J. Turner, Curr. Opin.
Biotechnol. 2003, 14, 401-406; b) C. L. Dunsmore, R. Carr, T.
Fleming, N. J. Turner, J. Am. Chem. Soc. 2006, 128, 2224 -2226;
c) M. Alexeeva, A. Enright, M. J. Dawson, M. Mahmoudian,
N.J. Turner, Angew. Chem. 2002, 114, 3309-3312; Angew.
Chem. Int. Ed. 2002, 41, 3177 -3180.

[6] a) M. T. Reetz, O. Bondarev, Angew. Chem. 2007, 119, 4607 —
4610; Angew. Chem. Int. Ed. 2007, 46, 4523-4526; b) C.R.
Graves, K. A. Scheidt, S. T. Nguyen, Org. Lett. 2006, 8, 1229 -
1232;¢) J. Wu, F. Wang, Y. Ma, X. Cui, L. Cun, J. Zhu, J. Deng, B.
Yu, Chem. Commun. 2006, 1766—1768; d) V. 1. Tararov, A.
Boerner, Synlett 2005, 203-211; e) V. 1. Tararov, R. Kadyrov,
T. H. Riermeier, A. Boerner, PharmaChem 2004, 3, 33-36;
f) G. D. Williams, R. A. Pike, C. E. Wade, M. Wills, Org. Lett.
2003, 5, 4227-4230; g) R. Kadyrov, T. H. Riermeier, Angew.
Chem. 2003, 115, 5630—5632; Angew. Chem. Int. Ed. 2003, 42,
5472 -5474.

[7] a) S. G. Ouellet, A. M. Walji, D. W. C. Macmillan, Acc. Chem.
Res. 2007, 40, 1327-1339; b) M. Rueping, A. P. Antonchick, T.
Theissmann, Angew. Chem. 2006, 118, 3765-3768; Angew.
Chem. Int. Ed. 2006, 45, 3683-3686; c) J. Zhou, B. List, J. Am.
Chem. Soc. 2007, 129, 7498 -7499; d) R. 1. Storer, D. E. Carrera,
Y. Ni, D. W. C. MacMillan, J. Am. Chem. Soc. 2006, 128, 84 —86.

[8] Reductive amination of a-fluorenones with, for example,
diisobutylaluminum hydride and vr-selectride via a sulfinyl
imine: G. Dutheuil, S. Couve-Bonnaire, X. Pannecoucke,
Angew. Chem. 2007, 119, 1312-1314; Angew. Chem. Int. Ed.
2007, 46, 1290 -1292.

www.angewandte.org

Chemie

9339


http://dx.doi.org/10.1016/j.bmcl.2007.06.054
http://dx.doi.org/10.1016/j.bmcl.2007.06.054
http://dx.doi.org/10.1039/b611619a
http://dx.doi.org/10.1002/ange.200700159
http://dx.doi.org/10.1002/ange.200700159
http://dx.doi.org/10.1002/anie.200700159
http://dx.doi.org/10.1002/anie.200700159
http://dx.doi.org/10.1016/S0958-1669(03)00093-4
http://dx.doi.org/10.1016/S0958-1669(03)00093-4
http://dx.doi.org/10.1021/ja058536d
http://dx.doi.org/10.1002/1521-3757(20020902)114:17%3C3309::AID-ANGE3309%3E3.0.CO;2-H
http://dx.doi.org/10.1002/1521-3773(20020902)41:17%3C3177::AID-ANIE3177%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3773(20020902)41:17%3C3177::AID-ANIE3177%3E3.0.CO;2-P
http://dx.doi.org/10.1002/ange.200700533
http://dx.doi.org/10.1002/ange.200700533
http://dx.doi.org/10.1002/anie.200700533
http://dx.doi.org/10.1021/ol060110w
http://dx.doi.org/10.1021/ol060110w
http://dx.doi.org/10.1039/b600496b
http://dx.doi.org/10.1021/ol035746r
http://dx.doi.org/10.1021/ol035746r
http://dx.doi.org/10.1002/ange.200352503
http://dx.doi.org/10.1002/ange.200352503
http://dx.doi.org/10.1002/anie.200352503
http://dx.doi.org/10.1002/anie.200352503
http://dx.doi.org/10.1021/ar7001864
http://dx.doi.org/10.1021/ar7001864
http://dx.doi.org/10.1002/ange.200600191
http://dx.doi.org/10.1002/anie.200600191
http://dx.doi.org/10.1002/anie.200600191
http://dx.doi.org/10.1021/ja072134j
http://dx.doi.org/10.1021/ja072134j
http://dx.doi.org/10.1021/ja057222n
http://dx.doi.org/10.1002/ange.200604246
http://dx.doi.org/10.1002/anie.200604246
http://dx.doi.org/10.1002/anie.200604246
http://www.angewandte.org

Communications

9340

]

(10]

(1]

(12]

(13]

www.angewandte.org

a) H. Groger, O. May, H. Werner, A. Menzel, J. Altenbuchner,
Org. Process Res. Dev. 2006, 10, 666 —669; b) B.-Y. Hwang, B.-K.
Cho, H. Yun, K. Koteshwar, B.-G. Kim, J. Mol. Catal. B 2005, 37,
47-55; ¢) M. Breuer, K. Ditrich, T. Habicher, B. Hauer, M.
Kesseler, R. Stiirmer, T. Zelinski, Angew. Chem. 2004, 116, 806 —
843; Angew. Chem. Int. Ed. 2004, 43, 788 —824.

a) J. D. Stewart, Curr. Opin. Chem. Biol. 2001, 5, 120-129;
b) D.J. Ager, T. Li, D. P. Pantaleone, R. F. Senkpeil, P. P. Taylor,
1. G. Fotheringham, J. Mol. Catal. B 2001, 11, 199 -205.

a) 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; b) M. Hohne, K. Robins, U. T.
Bornscheuer, Adv. Synth. Catal. 2008, 350, 807-812; c) 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; d) U. Kaulmann, K.
Smithies, M. E. B. Smith, H. C. Hailes, J. M. Ward, Enzyme
Microb. Technol. 2007, 41, 628-637; e) J. Kim, D. Kyung, H.
Yun, B.-K. Cho, B.-G. Kim, J. Microbiol. Biotechnol. 2000, 16,
1832-1836; f) C. U. Ingram, M. Bommer, M. E. B. Smith, P. A.
Dalby, J. M. Ward, H. C. Hailes, G. J. Lye, Biotechnol. Bioeng.
2007, 96, 559-569; g) H. Yun, S. Lim, B.-K. Cho, B.-G. Kim,
Appl. Environ. Microbiol. 2004, 70, 2529 -2534; h) B.-K. Cho,
H. J. Cho, S.-H. Park, H. Yun, B.-G. Kim, Biotechnol. Bioeng.
2003, 81, 783-789; i) H. Yun, B.-K. Cho, B.-G. Kim, Biotechnol.
Bioeng. 2004, 87, 772-778; j) J.-S. Shin, B.-G. Kim, D.-H. Shin,
Enzyme Microb. Technol. 2001, 29, 232 -239; k) J.-S. Shin, B.-G.
Kim, Biosci. Biotechnol. Biochem. 2001, 65, 1782-1788; 1) D. L.
Stirling, A. L. Zeitlin, G. W. Matcham (Celgene Corp.), USA
4950606, 1990, Chem. Abstr. 1990, 114, 41055]; m) G. Matcham,
Spec. Chem. 1992, 12, 178, 180-181.

a) M. Hohne, S. Kiihl, K. Robins, U. T. Bornscheuer, Chem-
BioChem 2008, 9, 363-365; b) A. Iwasaki, Y. Yamada, N.
Kizaki, Y. Ikenaka, J. Hasegawa, Appl. Microbiol. Biotechnol.
2006, 69, 499-505; c) H. Yun, J. Kim, K. Kinnera, B.-G. Kim,
Biotechnol. Bioeng. 2006, 93, 391-395; d) A. Iwasaki, Y.
Yamada, Y. Ikenaka, J. Hasegawa, Biotechnol. Lett. 2003, 25,
1843 -1846.

a) T. Vaijayanthi, A. Chadha, Tetrahedron: Asymmetry 2008, 19,
93-96; b) H. Li, P. Williams, J. Micklefield, J. M. Gardiner, G.

[14]

[15]

(17]

[20]

(21]

[22]

Stephens, Tetrahedron 2004, 60, 753 -758; c¢) N. Itoh, C. Yachi, T.
Kudome, J. Mol. Catal. B 2000, 10, 281 —-290.

H. Zhao, W. A. van der Donk, Curr. Opin. Biotechnol. 2003, 14,
583-589.

Related multienzyme cascades have been previously applied for
the preparation of a-amino acids; see, for instance: a) N.
Nakajima, K. Tanizawa, H. Tanaka, K. Soda, J. Biotechnol.
1988, 8, 243-248; b) A. Galkin, L. Kulakova, H. Yamamoto, K.
Tanizawa, H. Tanaka, N. Esaki, K. Soda, J. Ferment. Bioeng.
1997, 83, 299-300; ¢) A. Galkin, L. Kulakova, T. Yoshimura, K.
Soda, N. Esaki, Appl. Environ. Microbiol. 1997, 63, 4651 —4656;
d) M. Xian, S. Alaux, E. Sagot, T. Gefflaut, J. Org. Chem. 2007,
72, 7560 -7566.

In the absence of the amino acid dehydrogenase, no detectable
conversion was found, because the formed pyruvate is not
removed and the thermodynamic equilibrium is on the side of
the substrates.

a) E. Juaristi, V. A. Soloshonok, Enantioselective Synthesis of -
Amino Acids, 2nd ed., Wiley, New York, 2005; b) K. Gademann,
T. Hintermann, J. V. Schreiber, Curr. Med. Chem. 1999, 6, 905 —
925.

L.J. S. Knutsen, J. Lau, H. Petersen, C. Thomsen, J. U. Weis, M.
Shalmi, M. E. Judge, A.J. Hansen, M. J. Sheardown, J. Med.
Chem. 1999, 42, 3463 —-3477.

a) R. Hett, Q. K. Fang, Y. Gao, Y. Hong, H. T. Butler, X. Nie,
S. A. Wald, Tetrahedron Lett. 1997, 38, 1125-1128; b) J. Trofast,
K. Osterberg, B.-L. Killstrom, B. Waldeck, Chirality 1991, 3,
443-450; c) F. Campos, M. P. Bosch, A. Guerrero, Tetrahedron:
Asymmetry 2000, 11, 2705-2717.

Similar approaches with w-transaminases are currently being
investigated: N. Turner, 2008, personal communication.

a) J. M. Woodley, Trends Biotechnol. 2008, 26, 321-327; b) D. J.
Pollard, J. M. Woodley, Trends Biotechnol. 2007, 25, 66-73;
¢) H. E. Schoemaker, D. Mink, M. G. Wubbolts, Science 2003,
299, 1694-1697.

J. Gonzdlez-Sabin, V. Gotor, F. Rebolledo, Tetrahedron: Asym-
metry 2002, 13, 1315-1320.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2008, 47, 9337—9340


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/10.1002/ange.200300599
http://dx.doi.org/10.1002/ange.200300599
http://dx.doi.org/10.1002/anie.200300599
http://dx.doi.org/10.1016/S1367-5931(00)00180-0
http://dx.doi.org/10.1016/S1381-1177(00)00055-2
http://dx.doi.org/10.1002/adsc.200800084
http://dx.doi.org/10.1002/adsc.200800084
http://dx.doi.org/10.1002/adsc.200800030
http://dx.doi.org/10.1002/bit.21591
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/10.1002/bit.21125
http://dx.doi.org/10.1002/bit.21125
http://dx.doi.org/10.1128/AEM.70.4.2529-2534.2004
http://dx.doi.org/10.1002/bit.10526
http://dx.doi.org/10.1002/bit.10526
http://dx.doi.org/10.1002/bit.20186
http://dx.doi.org/10.1002/bit.20186
http://dx.doi.org/10.1016/S0141-0229(01)00382-9
http://dx.doi.org/10.1271/bbb.65.1782
http://dx.doi.org/10.1002/cbic.200700601
http://dx.doi.org/10.1002/cbic.200700601
http://dx.doi.org/10.1007/s00253-005-0002-1
http://dx.doi.org/10.1007/s00253-005-0002-1
http://dx.doi.org/10.1002/bit.20721
http://dx.doi.org/10.1023/A:1026229610628
http://dx.doi.org/10.1023/A:1026229610628
http://dx.doi.org/10.1016/j.tetasy.2007.11.039
http://dx.doi.org/10.1016/j.tetasy.2007.11.039
http://dx.doi.org/10.1016/j.tet.2003.10.114
http://dx.doi.org/10.1016/S1381-1177(00)00111-9
http://dx.doi.org/10.1016/j.copbio.2003.09.007
http://dx.doi.org/10.1016/j.copbio.2003.09.007
http://dx.doi.org/10.1016/0168-1656(88)90006-5
http://dx.doi.org/10.1016/0168-1656(88)90006-5
http://dx.doi.org/10.1016/S0922-338X(97)80997-X
http://dx.doi.org/10.1016/S0922-338X(97)80997-X
http://dx.doi.org/10.1021/jo070805q
http://dx.doi.org/10.1021/jo070805q
http://dx.doi.org/10.1021/jm960682u
http://dx.doi.org/10.1021/jm960682u
http://dx.doi.org/10.1016/S0040-4039(97)00088-9
http://dx.doi.org/10.1002/chir.530030606
http://dx.doi.org/10.1002/chir.530030606
http://dx.doi.org/10.1016/S0957-4166(00)00238-X
http://dx.doi.org/10.1016/S0957-4166(00)00238-X
http://dx.doi.org/10.1016/j.tibtech.2008.03.004
http://dx.doi.org/10.1016/j.tibtech.2006.12.005
http://dx.doi.org/10.1126/science.1079237
http://dx.doi.org/10.1126/science.1079237
http://www.angewandte.org

