
DOI: 10.1002/adsc.200800496

Asymmetric Synthesis of Optically Pure Pharmacologically
Relevant Amines Employing w-Transaminases

Dominik Koszelewski,a,b Iv�n Lavandera,a,b Dorina Clay,a,b David Rozzell,c

and Wolfgang Kroutila,b,*
a Department of Chemistry, Organic and Bioorganic Chemistry, University of Graz, Heinrichstrasse 28, A-8010 Graz,

Austria
Fax: (+43)-316-380-9840; e-mail: wolfgang.kroutil@uni-graz.at

b Research Centre Applied Biocatalysis, Graz, Austria
c Codexis, Inc., Redwood City, California, USA

Received: August 8, 2008; Published online: November 17, 2008

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/adsc.200800496.

Abstract: Various w-transaminases were tested for
the synthesis of enantiomerically pure amines from
the corresponding ketones employing d- or l-alanine
as amino donor and lactate dehydrogenase to
remove the side-product pyruvate to shift the unfav-
ourable reaction equilibrium to the product side.
Both enantiomers, (R)- and (S)-amines, could be pre-
pared with up to 99% ee and >99% conversions
within 24 h at 50 mM substrate concentration. The
activity and stereoselectivity of the amination reac-

tion depended on the w-transaminase and substrate
employed; furthermore the co-solvent significantly
influenced both the stereoselectivity and activity of
the transaminases. Best results were obtained by em-
ploying ATA-117 to obtain the (R)-enantiomer and
ATA-113 or ATA-103 to access the (S)-enantiomer
with 15% v v�1 DMSO.
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Introduction

Optically active amines are required for the prepara-
tion of a broad range of biologically active com-
pounds showing various pharmacological proper-
ties.[1,2,3] For instance, chiral amines have been used as
building blocks in the synthesis of neurological, cardi-
ovascular, immunological, anti-hypertensive, anti-in-
fective, and anti-emetic drugs. In most cases, the phar-
macological activities of these amines are related to
the configuration of the stereogenic center. For exam-
ple, (S)-amphetamine has higher pharmacologically
activity as stimulant[4] and hyperthermic agent[5] than
its (R)-enantiomer; (R)-4-phenylbutan-2-amine (2a) is
a precursor of the anti-hypertensive dilevalol,[6] and
(R)-p-methoxyamphetamine (2d) is a constituent of
(R,R)-formoterol, a potent bronchodilator.[7] Further-
more 1-phenyl-1-propylamine (2c) is a precursor of
the corticotropin-releasing factor type-1 receptor an-
tagonist, a potent anti-depressive agent.[8] Conse-
quently, there is a need for efficient methods to
obtain the desired (R)- or (S)-enantiomer in optically
pure form starting from easily accessible ketone. Res-

olution of some of these amines has been carried out
by fractional crystallization or distillation of the dia-
stereomeric salts,[9,10] chromatographic separation of
diastereomeric amides,[11] microbial hydrolysis of an
N-acyl derivative[12–14] or by enantioselective acylation
of racemic amines catalyzed by lipase B from Candida
antarctica.[15–17] Among several enzymatic methods
that have been employed for the synthesis of optically
active amino acids[18] and amines, w-transaminases
have recently received increased attention.[12,19–20]

Enantioenriched amines can be produced via two
reaction strategies employing w-transaminases: that
is, (i) the asymmetric synthesis starting from ketones
(Scheme 1), and (ii) the kinetic resolution starting
from racemic amines.[21–23] Although w-transaminases
exhibit good enantioselectivity in general, they have
not been used frequently in asymmetric synthesis, al-
though in this case a 100% yield is theoretically possi-
ble.[24–27] One challenge in asymmetric synthesis em-
ploying w-transaminases is to shift the equilibrium to
the product side, especially when using an amino acid
like alanine as amino donor, since in this case the
equilibrium is on the side of the substrates (ketone,
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alanine) and not on the side of the products (amine,
pyruvate);[27] another problem is that the stereoselec-
tivity of the enzyme has to be perfect, which is not
always the case for w-transaminases. For this reason,
w-transaminases are mainly used for the kinetic reso-
lution of racemic amines,[28–33] where enantioselectivi-
ty does not necessarily need to be perfect, since at a
certain conversion >50% the ee of the substrate will
always approximate >99%.

Results and Discussion

In this paper, we report the asymmetric amination of
various prochiral ketones employing commercial w-
transaminases ATA-103, ATA-113, ATA-117 in com-
bination with alanine as amino donor. To shift the
equilibrium[34,35] the pyruvate formed was removed by
reduction using lactate dehydrogenase (LDH) in a
coupled reaction system as illustrated in Scheme 1.

For initial testing 4-phenyl-2-butanone (1a) was
used as model substrate due to the synthetic signifi-
cance of amine 2a (Figure 1) as a building block.[6] To
find a suitable enzyme, 19 commercially available w-

transaminases were tested employing LDH, NADH-
recycling system, and l- or d-alanine, respectively. We
found that only w-transaminases ATA-103, ATA-113,
ATA-114 and ATA-117 led to reasonable conversion
for the transamination of this ketone 1a (Table 1).
Transaminases ATA-103, ATA-113, ATA-114 showed
(S)-preference while ATA-117 displayed (R)-prefer-
ence; furthermore, ATA-114 and ATA-117 showed
perfect stereoselectivity (>99% ee). The reactions
were performed in phosphate buffer pH 7.0 at 30 and
40 8C. By using a 5-fold excess of the amino donor
(250 mM, d- or l-alanine), the conversion reached a
plateau after 24 h. The excess of amino donor was re-
quired to achieve a reasonably fast reaction; using
less amino donor resulted in longer reaction times. In-
creasing the reaction temperature from 30 8C to 40 8C
caused a loss of stereoselectivity only in case of ATA-
113 but enhanced its activity; in all other cases a de-
crease of activity was observed.

The effect of organic solvents on w-transaminases
has been scarcely studied,[36–38] and since 4-phenyl-2-
butanone (1a) shows low solubility in water, 15%
v v�1 water-miscible organic solvents (THF, DME,
1,4-dioxane, methanol, DMF, and DMSO) were

Scheme 1. Stereoselective amination of ketones employing w-transaminases. Removal of pyruvate was achieved via its reduc-
tion employing lactate dehydrogenase (LDH) to shift the equilibrium to the product side.

Figure 1. Target amines 2a–l for the biocatalytic asymmetric synthesis starting from the corresponding ketone employing w-
transaminase and LDH.
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tested to improve the availability of the substrate in
the buffer. In the case of w-transaminase ATA-103,
the co-solvent influenced both the conversion and the
stereoselectivity (Table 2). Since, in the presence of
DMSO, the ee value was highest, actually as high as
without co-solvent (entry 7, Table 1), DMSO was em-
ployed for our following studies (see also below).
Changes of stereoselectivity have frequently been ob-
served with enzymes, for example, for the hydrolysis
of nitriles.[39]

In contrast to ATA-103, ATA-117 showed perfect
stereoselectivity (>99% ee) with and without DMSO.
Furthermore, the conversions achieved depended
strongly on the co-solvent concentration used
(Figure 2). The activity of the asymmetric amination
of 1a catalyzed by ATA-117 was highest in the pres-
ence of DMSO in a concentration range between 5 to
15% v v�1. Since, ATA-117 gave the highly desired

(R)-enantiomer, (R)-2a, the further optimization was
performed employing this w-transaminase.

Optimization of the reaction conditions with re-
spect to pH and PLP concentration for ATA-117 led
to 91% conversion at 50 mM substrate concentration
at pH 8.0 and 1 mM PLP (Table 3). In all cases the ee
remained constantly perfect (>99%).

Finally, the influence of the substrate concentration
1a on the transamination with ATA-117 was investi-
gated. Even at a substrate concentration of 100 mM a
conversion of 84% was reached within 24 h
(Figure 3). Interestingly, the reaction got faster in the
case when more substrate was added; however, at
substrate concentration below 10 mM the conversion
of ketone 1a was very low (<1%). First, we suspected
that w-transaminase ATA-117 shows “interfacial acti-
vation” like lipases,[40,41] however additional studies in
biphasic systems (organic solvent-buffer) did not give
a clear picture. Probably this observation can only be
explained when a crystal structure becomes available.

Having optimized the amination, a preparative
transformation of 100 mg 4-phenyl-2-butanone (1a) at
33 mM substrate concentration yielded (R)-2a at 92%

Table 1. Asymmetric amination of 4-phenyl-2-butanone (1a).

Entry ATA[a] T [8C] Conv. [%][a] eeamine [%][b]

1 113 30 61 15 (S)
2 113 40 82 5 (S)
3 114 30 15 >99 (S)
4 114 40 11 >99 (S)
5 117[c] 30 37 >99 (R)
6 117[c] 40 17 >99 (R)
7 103 30 44 87 (S)
8 103 40 34 89 (S)

[a] Reaction conditions: 4-phenyl-2-butanone (1a) (50 mM),
l-alanine (250 mM), and crude w-transaminase (ATA-
103: 20 mL, ATA-113: 2 mg, ATA-114: 2 mg, ATA-117:
2 mg,), LDH mix (40 mg), shaking at 30 or 40 8C for 24 h.

[b] Enantiomeric excess was determined by GC analysis on
a chiral phase.

[c]
d-Alanine employed.

Table 2. Effect of the co-solvent on the asymmetric amina-
tion of 4-phenyl-2-butanone (1a) catalyzed by w-transami-
nase ATA-103.

Entry Solvent[a,b] Conv. [%] eeamine [%]

1 – 44 87 (S)
2 THF <1 nd
3 DME 19 74 (S)
4 1,4-Dioxane <1 nd
5 MeOH 56 73 (S)
6 DMF 5 79 (S)
7 DMSO 12 87 (S)

[a] Abbreviation: DME =1,2-dimethoxyethane.
[b] Reaction conditions: 4-phenyl-2-butanone (1a) (50 mM),

l-alanine (250 mM), 15% v v�1 of each co-solvent, phos-
phate buffer (100 mM, pH 7.0), crude w-transaminase
ATA-103 (20 mL), LDH mix (40 mg), with shaking at
30 8C for 24 h.

Figure 2. Amination of 4-phenyl-2-butanone (1a) catalyzed
by w-transaminase ATA-117 at varied DMSO concentra-
tions.

Table 3. Effect of the pH and PLP concentration on the
asymmetric amination of 4-phenyl-2-butanone (1a) cata-
lyzed by w-transaminase ATA-117.

Entry pH PLP [mM] Conv. [%][b] eeamine [%] (R)

1 7.0 0.5 55 >99
2 7.0 1.0 76 >99
3 8.0 0.5 76 >99
4 8.0 1.0 91 >99
5 9.0[a] 0.5 51 >99
6 9.0[a] 1.0 82 >99

[a] Carbonate buffer (100 mM).
[b] Reaction conditions: 4-phenyl-2-butanone (1a) (50 mM),

d-alanine (250 mM), 15% v v�1 DMSO, phosphate buffer
(100 mM), crude w-transaminase ATA-117 (2 mg), LDH
mix (40 mg), with shaking at 30 8C for 24 h.

Adv. Synth. Catal. 2008, 350, 2761 – 2766 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de 2763

FULL PAPERSAsymmetric Synthesis of Optically Pure Pharmacologically Relevant Amines

http://asc.wiley-vch.de


conversion after 24 h with 99% ee and 63% isolated
yield.

A variety of aromatic and aliphatic ketones was
tested to study the substrate spectrum of w-transami-
nases ATA-103, 113 and 117 (Table 4). In most cases
good to excellent conversions to amines with excel-
lent ee values were achieved. While aliphatic ketones
such as 2-butanone (1f), 2-pentanone (1g), or 2-octa-
none (1h) reacted smoothly, aromatic amines contain-
ing a substituted (2d) or non-substituted (2b, c and
2e) phenyl ring were obtained with slightly lower
yields. In the case where the substrate contained an
unprotected hydroxy group (1i), no product was
formed. In the cases of alkoxy- (1j) or aryloxy ke-
tones (1k) the corresponding amines were formed
with very high conversions (>99%). In most cases,
high to excellent stereoselectivities were obtained
using ATA-117 to afford the (R)-amines and ATA-
113 to give the enantiocomplementary product.

Since chiral b-amino acid derivatives are important
building blocks for the synthesis of numerous biologi-
cally active compounds such as b-peptides, b-lactams
antibiotics and many chiral drugs,[42,43] ethyl acetoace-
tate (1l) was tested. Using ATA-117 the chiral b-
amino ester (R)-2l was obtained with excellent isolat-
ed yield (98%) and high optical purity (98% ee).

On a preparative scale, 100 mg (0.6 mmol) of 4-me-
thoxyphenylacetone (1d) and 100 mg (0.65 mmol)
phenoxy-2-propanone (1k) were transformed into op-
tically pure amines (R)-1d and (R)-1k with complete
conversion and >99% ee and 99% isolated yield.

Conclusions

In summary, enantioselective amination of prochiral
ketones was demonstrated for the synthesis of phar-

macologically interesting amines employing w-trans-
aminases. Due to the excellent stereoselectivity of se-
lected enzymes for the amination of certain ketones
the corresponding optical pure amines could be pre-
pared with excellent yields.[44]

Experimental Section

Initial Tests

All biocatalytic reactions were performed at 30 8C for 24 h
in sodium phosphate buffer (100 mM, pH 7) containing pyri-
doxal 5’-phosphate (1 mM) in a 2-mL Eppendorf tube. The
reaction buffer (850 mL) was mixed with w-transaminase

Figure 3. Conversion at varied substrate concentrations for
the asymmetric amination of 4-phenyl-2-butanone (1a) cata-
lyzed by w-transaminase ATA-117. The system became bi-
phasic between 30–40 mM. The reaction mixture contained
4-phenyl-2-butanone (1a) (1 equiv.), d-alanine (5 equiv.),
15% v v�1 of DMSO, phosphate buffer (100 mM, PLP
1 mM, pH 8.0), and crude w-transaminase ATA-117 (2 mg),
LDH mix (40 mg), with shaking at 30 8C for 24 h.

Table 4. Amination of various ketones with w-transamina-
ses.[a]

Entry Substrate ATA Conv. [%] eeamine [%][b]

1 1b 117 43 96 (R)
2 103 21 >99 (S)
3 113 5 >99 (S)
4 1c 117 3 42 (R)
5 103 3 >99 (S)
6 113 28 >99 (S)
7 1d 117 98 >99(R)
8 103 52 40 (S)
9 113 21 40 (S)
10 1e 117 <1 nd[c]

11 103 3 nd[c]

12 113 <1 nd[c]

13 1f 117 98 >99 (R)
14 113 97 98 (S)
15 1g 117 89 >99 (R)
16 103 19 13 (S)
17 113 82 >99 (S)
18 1h 117 70 90 (R)
19 103 24 90 (S)
20 113 52 98 (S)
21 1i 117 <1 nd[c]

22 103 <1 nd[c]

23 113 <1 nd[c]

24 1j 117 >99 >99 (R)
25 103 86 5 (R)
26 113 >99 77 (S)
27 1k 117 >99 >99 (R)
28 103 29 81 (S)
29 113 >99 96 (S)
30 1l 117 >99 98 (R)
31 103 83 50 (S)
32 113 98 61 (S)

[a] Reaction conditions: ketone (1b–l) (50 mM), d- or l-ala-
nine (250 mM), 15% v v�1 of DMSO, phosphate buffer
(100 mM, pH 7.0), crude w-transaminase (ATA-113:
2 mg, ATA-117: 2 mg, ATA-103: 20 mL), LDH mix
(40 mg), with shaking at 30 8C for 24 h.

[b] Determined by GC on a chiral stationary phase.
[c] nd: not determined due to low conversion.
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(2 mg in the cases of ATA-113, ATA-114 and ATA-117, and
20 mL for ATA-103), l- or d-alanine (250 mM), pyruvate re-
ductase mix (= LDH mix) (40 mg, mixture of lactate dehy-
drogenase, glucose dehydrogenase, glucose, NAD+), and
DMSO (150 mL). The reaction mixture contained 50 mM of
the corresponding ketone 1. The reaction was stopped by
addition of aqueous NaOH solution (200 mL, 10 N), fol-
lowed by extraction with ethyl acetate (600 mL, twice), the
organic phase was dried (Na2SO4) and the conversion was
measured by GC.

Analysis of Optical Purity of Products

The enantiomeric excess of amines 2a–l was analyzed by gas
chromatography on a chiral phase after derivatization to the
acetoamides, which was performed by addition of DMAP
and a 20-fold excess of acetic anhydride. After washing with
water and drying (Na2SO4), the ee of the derivatized com-
pound was measured (see Supporting Information).

Represenative Example for Amination: Preparation
of (R)-2a

In a 50-mL screw-topped tube 1a (100 mg, 0.67 mmol) was
suspended in phosphate buffer (17 mL, 100 mM, pH 8.0,
1 mM PLP, 15% v v�1 DMSO). d-Alanine (3.35 mmol) and
a crude preparation of lactate dehydrogenase mixture
(500 mg) were added. The reaction was started by the addi-
tion of w-transaminase ATA-117 (40 mg) and the tube was
shaken at 30 8C (300 rpm). Conversion and enantiomeric
excess were analyzed as described above. After 24 h, the pH
of the mixture was adjusted to pH 1 with aqueous HCl
(5 M), and the ketone 1a was extracted five times with di-
chloromethane (5 �10 mL). After the extraction, 1a was not
detectable in the residual aqueous phase. The pH was now
adjusted to pH 12, and the amine 2a was extracted four
times with dichloromethane (4 �10 mL). The solvent of the
combined organic phases was evaporated under reduced
pressure and 2a was obtained; yield: 63%; [a]D �6.73 (c 0.5,
chloroform), [lit. 6.40 (c 0.47, chloroform) for the (S)-enan-
tiomer, 98% ee];[16] 1H NMR (200 MHz): d=1.10 (d, 3 H,
J=6.70 Hz), 1.32 (s, 2 H), 1.52–1.75 (m, 2 H), 2.52–2.74 (m,
2 H), 2.87–2.91 (m, 1 H), 7.10–7.52 (m, 5 H).
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