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Enzymatic Synthesis of Enantiomerically Pure 3-Amino Ketones, }-Amino
Esters, and -Amino Alcohols with Baeyer—Villiger Monooxygenases
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Abstract: The enzymatic kinetic resolu-
tion of a broad set of f-amino ketones
was investigated by using a collection

Uwe T. Bornscheuer+?!

4-amino-2-ketones, and some enzymes
even showed opposite enantioselectivi-
ty. The intermediate f-aminoalkyl ace-

tates underwent autohydrolysis yielding
optically pure p-amino alcohols, which
are key intermediates in the synthesis

of 16 Baeyer—Villiger monooxygenases
from different bacterial origins, which
display various substrate specificities.
Within this platform of enzymes excel-
lent enantioselectivities (E >200) were
found towards aliphatic and aromatic

resolution

Introduction

Biotransformations have become a frequently applied strat-
egy in synthetic routes owing to the advantages of enzyme-
mediated conversions, which are usually highly stereospecif-
ic and compatible with the concepts of green and sustain-
able chemistry. Among oxygenation processes the Baeyer—
Villiger reaction is one of the most powerful and widely ap-
preciated tools used in synthetic chemistry today.'”*) The
chemical reaction was discovered more than 100 years ago
by Adolf Baeyer and Victor Villiger® and describes the
oxygen insertion process into a carbon-carbon bond with
strict retention of configuration. With the discovery of the
first Baeyer—Villiger monooxygenase (BVMO) in 1948, na-
ture’s enzymatic equivalent of the chemical Baeyer—Villiger
oxidation was found. Compared with metal-based mediated
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of natural products and bioactive com-
pounds of high interest for the pharma-
ceutical industry. Furthermore, in some
cases the abnormal esters were formed.

amino

catalytic strategies,®” key advantages of enzymatic-driven
Baeyer—Villiger reactions are chemo-, regio-, and stereose-
lectivity combined with the utilization of cheap and safe mo-
lecular oxygen as primary oxidant. Recent advances in mo-
lecular biology accelerated exploration and investigation of
new BVMOs and offered possibilities to modify and opti-
mize the performance of a biocatalytical entity.>!!l There-
fore, the number of recombinantly available BVMOs has
heavily increased during the last years, leading to an enzyme
platform with a large variety of substrate specificities and
complementary properties.'>'* The most intensively studied
BVMO is the cyclohexanone monooxygenase from Acineto-
bacter calcoaceticus NCIMB 98710 with over 100 substrates
reported,['>'* illustrative of a broad substrate profile includ-
ing desymmetrization of prochiral ketones, enantiodivergent
reactions, and kinetic resolutions.'>'®! The latter reaction is
a particularly powerful approach because two chemically
different species are generated. Today, cyclic,>'"" aromat-
ic,"? as well as linear aliphatic™2% and aryl-aliphatic ke-
tones?#! are known to be good substrates for BVMOs.
Recently, we investigated a set of various linear aliphatic (3-
hydroxy ketones as substrates in the enzymatic kinetic reso-
lution and regioselective Baeyer—Villiger oxidation by using
a collection of several BVMOs originating from different
bacterial origin with overlapping substrate specificity;>>"!
note that these enzymes were previously described as
mainly cycloketone-converting proteins. We reported that
the majority of enzymes showed high activity towards these
model substrates to generate optically pure 2-hydroxy alkyl
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acetates, which undergo ester hydrolysis to yield enantio-
merically pure 1,2-diols as the final product. The exchange
of the hydroxyl group in the beta-position to the carboxylic
function into an electronically different and more demand-
ing amino group followed by subsequent kinetic resolution
would consequently lead to (3-amino alcohols after cleavage
of the Pf-aminoalkyl acetate intermediate. Furthermore, hy-
drolysis of the “abnormal” ester, which is formed owing to a
different regioselectitivity of the enzymes, leads to the for-
mation of N-protected B-amino acids.*)

Enantiomerically pure (3-amino alcohols play an increas-
ingly important role in both the treatment of a wide variety
of human disorders, for example, ophthalmic diseases, and
as chiral auxiliaries in asymmetric carbon—carbon bond for-
mation. The application field of these compounds is wide
and ranges from pharmaceutical intermediates, biological
buffers, as well as cosmetic ingredients in paintings, coatings,
and metalworking fluids. Moreover, the B-amino alcohol
motif does not only occur in drugs, such as ephedrine, chlor-
amphenicol or pronethalol, but is also present in, for exam-
ple, adrenaline and noradrenaline. The importance of enan-
tiomeric purity in pharmaceuti-
cals has been demonstrated by

cally pure -amino alcohols. In the late 1990s the protease
subtilisin was subjected to the synthesis of peptidyl amino
alcohols as potential specific serine proteinase inhibitors.*!
Another enzymatic approach was the synthesis of enantio-
pure N-aryl-f-amino alcohols in the kinetic resolution of
racemic acetates with pig liver esterase (PLE) as shown by
Sekar et al.[*"!

In this work, an efficient approach for the enzymatic syn-
thesis of linear (branched) aliphatic and aryl aliphatic f-ami-
noalkyl acetates, as well as B-amino alcohols by using race-
mic N-protected -amino ketones as starting materials and
Baeyer-Villiger monooxygenases as biocatalysts (Scheme 1)
is described in detail. Combined with the fact that successful
conversions of nitrogen-containing substrates by BVMOs
were reported in the literature only in a very limited
number of cases,[*! the possibility to form optically active f-
amino alcohols through a Baeyer—Villiger oxidation is an
ambitious and challenging approach. It highlights the poten-
tial of enzymatic oxygen-insertion processes and demon-
strates a new application of Baeyer—Villiger monooxygenas-
es in organic chemistry.

O

the debilitating and sometimes i BVMO P i o
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Among the few chemical rac-5 6 5 7
methods for synthesizing race-
mic mixtures of B-amino alco- 14: R=CH, hydrolysis
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hols, enantiomerically pure
compounds are available only a: R = C4Hy j\
through the reduction of amino : E;g:m; HN 07 i
acids or kinetic resolution of d:R'= CgHyy HO\/'\R‘ R” TOH
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hols or aminoalkyl acetates, g: R =Ph 8

often requiring expensive metal
catalysts. Furthermore, the re-
duction of amino acids to the
corresponding amino alcohols is
economically feasible only for
the naturally occurring L-amino
acids. The only synthetic methodologies available for the
direct synthesis of amino alcohols in high yields are the
enantioselective amination of chiral epoxides,”*> the di-
rected reductive amination of B-hydroxy ketones,” the ami-
noacetoxylation of alkylenes,”® and the asymmetric hydro-
genation or reduction of prochiral B-amino ketones.”” Al-
though aminolysis of epoxides suffers from the limitations
that chiral epoxides are not readily available, are expensive,
and that only monosubstituted and trans-symmetrically sub-
stituted epoxides can be used, metal-based reactions on the
other hand require expensive transition-metal elements
(rhodium,”® palladium, or ruthenium) and ligands such as
BINAP. Thus far, only a few enzyme-catalyzed methodolo-
gies have been described for the synthesis of enantiomeri-

7) were also formed.
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Scheme 1. Kinetic resolution of linear N-protected B-amino ketones by using recombinant Baeyer—Villiger
monooxygenases. The enzymatic oxidation yielded primarily the normal ester (2 or 6), which underwent hy-
drolysis to yield the N-protected f-amino alcohols (4 or 8). In a few cases (see text) the abnormal esters (3 or

Results and Discussion

In the present study we utilized a toolbox consisting of 16
BVMOs recombinantly expressed in Escherichia coli for the
kinetic resolution of f-amino ketones (for further details see
the Experimental Section). Among these enzymes ten were
revealed to be useful biocatalysts for the intended biotrans-
formations, whereas six did not show activity against the
used substrates. Racemic linear aliphatic N-protected f3-
amino ketones la,c—g, Sa,b and Se were synthesized by an
aza-Michael addition with methylcarbamate as the nitrogen
donor™ from the corresponding o,B-unsaturated ketones
generated by an aldol-addition reaction.*”) Enzymatic kinet-
ic resolution was performed as outlined in Scheme 1 by
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using E. coli cells that had a plasmid with the respective
BVMO gene.

The utilization of whole cells, expressing the desired
BVMO, compared with isolated enzymes offers highly pro-
ductive and “easy to handle” biocatalysts!*! combined with
the advantages of endogenous cofactor regeneration, in-
creased biocatalyst stability, and renunciation of work-inten-
sive enzyme purification. BVMO-mediated kinetic resolu-
tion was initially performed on a screening scale by using
24-well microplates in parallel format.*” On the basis of
these screening results, individual biotransformations were
conducted as time-course experiments with selected biocata-
lysts to investigate the relationship between time, conver-
sion, and enantiomeric excess in detail. For all substrates
biotransformations were also performed in preparative scale
in baffled shake flasks. Here, a higher oxygen input com-
bined with a better substrate uptake due to a larger surface
and an efficient distribution resulted in higher conversions
in some cases.

Table 1 summarizes the results from the pre-screening ex-
periments with whole cells expressing CHMO g0
CHMOunee  CHMOgay,  CHMOxuune,  CHMOgogor,
CHMOg,0462, CHMOp.ri;, CDMO, HAPMO 55, and PAMO
by using 1a, 1c—g, Sa, 5b, and 5e as substrates.

In principle, five different substrate structures can be dis-
tinguished: 1) linear aliphatic 4-amino-2-ketones (1a, 1c,
1d); 2) linear-branched aliphatic 4-amino-2-ketones (e,
1f); 3)linear aliphatic 5-amino-3-ketones (5a, 5b);
4) linear-branched aliphatic 5-amino-3-ketones (5e); and
5) aryl-aliphatic 4-amino-2-ketones (1g). Comparing the re-
sults of the type 1 substrates, it becomes obvious that all cy-
clohexanone-accepting enzymes (CHMO pgneor CHMO arhros
CHMOg;,chyy CHMOxanihoy CHMOgpogo1, CHMOgpoa02) pref-
erentially convert middle-chain 4-amino-2-ketones. Al-
though 1a (C) is converted by all CHMOs with moderate
to high enantioselectivities, conversion decreases dramatical-
ly with 1d (C,;). Here, CHMO, e, CHMOgjo001, and
CHMOg}04» showed no activity. Presumably, 1d is too
bulky and cannot enter the active site. On the contrary,
HAPMO,z and CDMO revealed a complementary trend.
Although conversion for 1a does not exceed 14 % for HAP-
MO,cg, 1¢ and 1d are converted much better (74 and 83 %
conversion, respectively). This is supported by earlier obser-
vations that both enzymes preferentially convert structurally
more demanding ketones.'""?”! Nevertheless, chain-length
variation does not seem to influence selectivity, because E
values for all three substrates and both enzymes remain
rather poor. Investigating oxidation of 1a in detail revealed
that  several BVMOs  (CHMO,.40,  CHMOg
CHMOx,1o) convert this compound in an enantiocomple-
mentary way. Thus, implementing CHMOg,,,, and
CHMOg,.,;; in a kinetic-resolution approach would give
access to either the R or S enantiomer of the substrate and
product, both in high optical purity.

For type 2 substrates 1e and 1f, the problem of steric hin-
drance is even more prominent. In contrast to type 1 com-
pounds, all BVMOs show moderate to high activity (conver-
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sion up to 95%, Table 1), although enantioselectivity is
rather poor. Nonetheless, 1e still appears to be preferred to
1f This might be explained by the location of the /Pr group
in vicinity to the carbonyl function. Although for 1e the iPr
group is more distant owing to an additional —CH, group,
1f seems to be more compact. Probably, the proximity of
the large terminal substitutent to the reacting center may
impede proper positioning of 1f for catalysis. Thus, all cyclo-
hexanone-converting BVMOs showed a reduced activity to-
wards 1f in some cases even 20-fold lower (compare
CHMO 5 ineto in Table 1). On the other hand, HAPMO¢g
and CDMO again showed different results, which are consis-
tent with those of 1a, 1¢, and 1d. Although 1e is not con-
verted at all by HAPMO g, 1f seemed to be a rather good
substrate because conversion reached 41 %. A similar effect
was observed with CDMO in which conversion increased
twofold from 1e to 1f (45 and 92 %, respectively). Further-
more, note that with the exception of CHMOg,.;; all other
BVMOs oxidized the opposite enantiomers compared to 1e
and 1f. Although for 1e the (—)-enantiomer is converted,
for 1f the (+)-enantiomer is preferred in all cases except
CHMOg,..i;, which again oxidized the (—)-enantiomer. This
fact might also be connected to the structural difference of
both compounds. It is interesting that within this type of
substrate CHMOpg,.;; displays an enantiocomplementary be-
havior compared with the other members of the BVMO col-
lection studied. On the bases of protein sequences and bio-
catalytical performance all cyclohexanone- and cyclopenta-
none-converting enzymes described so far can be clustered
into two groups,® giving access to antipodal lactones or
esters. Note that CHMOg,.;; clearly possesses a borderline
position and this behavior confirms previous observations.!

Similar results were obtained for the structurally more de-
manding type 3 and 4 compounds in which the carbonyl
function is shifted further into the center of the molecule.
For Sa and Sb only CDMO and HAPMO g showed activi-
ty, whereas Se was also accepted by CHMO, 0,
CHMOg,,ny and CHMOy,, - Interestingly, the formation of
the two regioisomers 6e and 7e in high optical purity was
observed only for Se. Here, either the more- or the less-sub-
stituted carbon center undergoes migration, leading to the
“normal” and “abnormal” ester, respectively. Such regiodi-
vergent biotransformations have been observed in previous
studies on linear™™ and (fused) cyclic ketones.">! For the
other two substrates, 5a and 5b, maximum yield of the ab-
normal ester did not exceed 5%. Because the formation of
regioisomeric esters is less likely when using a chemical
Baeyer—Villiger oxidation, it underscores the powerful capa-
bilities of BVMOs and broadens their synthetic applicability
in organic chemistry. Besides its high regioselectivity also
note that CDMO oxidized the opposite enantiomer of Se to
give the abnormal product 7e compared with the cyclohexa-
none-converting BVMOs CHMO,, 4, CHMOg,,,, and
CHMOxmo, Which only generated (—)-7e (Table 1). Addi-
tionally, upscaling the reaction (0.25 mmol substrate) and
performing the biotransformation in a baffled shake flask
(500 mL) even increased conversion of 5e with CDMO
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Table 1. Multi-well plate screening of N-protected -amino ketones with recombinant E. coli strains expressing Baeyer—Villiger monooxygenases of vari-

ous bacterial origin."*!

Ketone Ester Acineto  Arthro Brachy Xantho Rhodol Rhodo2 Brevil CDMO HAPMO,; PAMO
% ct 35 58 53 64 45 42 37 50 14 26
j']\ % eegl! 52 >99 >99 >99 79 69 58 79 <1 22
P
O HN" "0 2a opt. rot.s 1 (4) =) =) ) (+) (+) (+) (+) n.a. (+)
)J\/\/\/ % eepl®! 96 73 89 57 95 95 >99 80 2 64
1a opt. rotp [ (=) +) (+) (+) =) =) =) =) na. =)
E® 82 45 116 24 94 80 >200 21 1 6
% cl! 3 28 16 17 8 5 30 81 74 traces
j’\ % eeg!! 3 39 19 20 8 5 41 >99 27 traces
O HNTOT 2 opt. ot (+) ) ) o) ) o) +) +) ) traces
o3 % eepl! >99 >99 >99 >99 >99 >99 >99 24 10 traces
1e opt. rot) (=) =) =) ) =) =) ) =) (+) traces
EN >200 >200  >200  >200 >200 >200 >200 9 2 traces
% ct*! n.c. 4 3 17 n.c. n.c. 20 87 83 n.c.
j\ % eegl! n.c. 4 3 20 n.c. n.c. 25 >99 3 n.c.
0 HN" 07 2d opt. rot. ) n.c. #+) +) ++) n.c. n.c. +) +) +) n.c.
S % eep n.c. 599 99 99 e ne. >99 15 9 nc.
1d opt. rot.,xl)  n.c. =) (=) =) n.c. n.c. =) (-) =) n.c.
o n.c. >200 >200  >200  nc. n.c. >200 7 1 n.c.
% ct*! 44 96 80 95 67 63 31 45 n.c. traces
jl % eegl! 45 >99 >99 >99 >99 98 9 56 n.c. traces
O HN" “OCH,8 2e opt. rot s (+) (+) (+) (+) (+) (+) +) (+) n.c. traces
P % eepl] 57 4 26 5 49 57 21 68 n.c. traces
te opt. rot,1 (-) =) =) ) =) =) ) =) n.c. traces
El 6 4 10 4 14 15 2 9 n.c. traces
% cf*! 2 66 25 43 15 13 4 92 41 traces
g % eegl 2 98 14 39 13 10 4 54 3 traces
)k S
Q HN" "OCH, 28 opt. rot.s1  (-) =) =) ) =) ) (+) =) =) traces
Pr % eepl®! 67 52 43 53 71 67 97 5 6 traces
11 opt. rotpl  (+) (+) (+) (+) (+) (+) (-) (+) (+) traces
EF 6 13 3 5 8 6 68 2 1 traces
% ! n.c. traces  traces  traces n.c. n.c. n.c. 12 28 n.c.
j\ % eeg n.c. traces  traces  traces n.c. n.c. n.c. 13 2 n.c.
O HN™ "OCH, 6a opt. rot.d¥  n.c. traces  traces  traces n.c. n.c. n.c. +) +) n.c.
o3 % eepl®! n.c. traces  traces  traces n.c. n.c. n.c. >99 6 n.c.
5a opt. rot.xl)  n.c. traces traces traces n.c. n.c. n.c. (-) (-) n.c.
EE n.c. traces  traces  traces n.c. n.c. n.c. >200 1 n.c.
% ! n.c. traces  traces  traces n.c. n.c. n.c. 32 26 n.c.
j\ % eegl n.c. traces  traces  traces n.c. n.c. n.c. 42 3 n.c.
O HN" "OCH, 6b opt. rot.d¥  n.c. traces traces traces n.c. n.c. n.c. +) (+) n.c.
C 4 % eepl! n.c. traces  traces  traces  n.C. n.c. n.c. 87 9 n.c.
5b opt. rot.)  n.c. traces  traces  traces n.c. n.c. n.c. (-) =) n.c.
Ell n.c. traces  traces  traces n.c. n.c. n.c. 22 1 n.c.
% cl! n.c. 24 7 13 n.c. n.c. n.c. 10 n.c. n.c.
j\ % eegl n.c. 31 7 15 n.c. n.c. n.c. 11 n.c. n.c.
O HN” “OCH, e opt. rot.d¥  n.c. ) ++) ++) n.c. n.c. n.c. +) n.c. n.c.
~ 1P % eep!®! n.c. >99 >99 >99 n.c. n.c. n.c. >99 n.c. n.c.
5e opt. rot.,)  n.c. n.d. n.d. n.d. n.c. n.c. n.c. +) n.c. n.c.
E n.c. >200 >200 >200 n.c. n.c. n.c. >200 n.c. n.c.
% cl! n.c. 24 7 13 n.c. n.c. n.c. 10 n.c. n.c.
j\ % eegl! n.c. 31 7 15 n.c. n.c. n.c. 11 n.c. n.c.
O HN” “OCH, e opt. rot.dY  n.c. ++) ++) ++) n.c. n.c. n.c. +) n.c. n.c.
Pr % eepl) n.c. >99 >99 >99 n.c. n.c. n.c. >99 n.c. n.c.
5e opt. rot.,,l)  n.c. (-) (-) (-) n.c. n.c. n.c. +) n.c. n.c.
EN n.c. >200  >200  >200  nc. n.c. n.c. >200  nc. n.c.
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Table 1. (Continued)

Ketone Ester Acineto  Arthro Brachy Xantho Rhodol Rhodo2 Brevil CDMO HAPMO,; PAMO
o~ % ! 75 100 100 100 82 73 15 69 n.c. 51
O)\NH o % eeg'! 70 <1 <1 <1 >99 78 17 63 n.c. >99
S 2 opt. rot.dY  (4) n.a. n.a. n.a. ++) ++) ++) +) n.c. (=)
| g % eepl! 24 2 2 5 22 30 >99 29 n.c. 97
opt. ot (~) =) =) =) =) =) =) =) n.c. +)
19 E 3 1 1 1 9 4 >200 3 n.c. >200

[a] Biotransformations were carried out at 24°C and were monitored over 24 h. Chemical syntheses of $-amino ketones and the enzymatic syntheses of
B-amino esters as standards for GC analysis, as well as spectral data of all new compounds, are described and given in the Experimental Section (opt.
rot. =optical rotation of substrate (S) or product (P); n.c.=no conversion; n.a.=not applicable; n.d. =not determined). [b] Conversion calculated from
the % eeg (enantiomeric excess of substrate) and % eep (enantiomeric excess of product). [c] The % ees and % eep were determined by chiral-phase GC
and calculated according to Chen et al.l*! [d] The sign of optical rotation is given in parentheses. [e] The enantioselectivity values were determined by

computer fitting””! of GC data from the % ees and % eep

from 9 to 20% (Table 3), probably due to a better substrate
distribution and a higher oxygen input compared to reac-
tions in 24-well microplates.®"

By using 1g as the only investigated aryl aliphatic sub-
strate high activity for most of the BVMOs was revealed.
Surprisingly, HAPMO,; showed no conversion, although
this enzyme is known to react preferentially with aromatic
and aryl aliphatic ketones. Nevertheless, PAMO, also an aryl
aliphatic-converting BVMO,® proved to be highly selective
against 1g. Even conversion totally stopped at 50 %, where-
as for the other BVMOs it seemed that the preferred enan-
tiomer is only converted with a slightly higher rate than the
nonpreferred enantiomer, resulting in poor enantioselectivi-
ties. Furthermore, PAMO generated the enantiocomplemen-
tary product compared with cycloketone-converting en-
zymes.

To optimize enantiomeric excess for all possible products,
time-course experiments were performed. Here, samples
were taken at different time intervals and conversions were
stopped around 50 %, when ideally only one substrate enan-
tiomer is converted by a highly selective enzyme. For these
experiments, selected biocatalysts were used that showed
satisfactory results in prescreening experiments described
above. The results of these biotransformations are shown in
Figure 1 and all relevant data are compiled in Table 2. The
best results for type 1 substrates 1a, 1¢, and 1d were ach-
ieved by using CHMOg,.,; (E values>200), but also
CHMO4g, 1, CHMO 110, and CHMOgy,oq01 produced excel-
lent enantiomeric excesses (>80% ee) and selectivities.
Even after 48 h the less-favored enantiomer is not converted
at all by CHMOg,.,;; and the reaction stopped at 50%. In
comparison, CDMO and HAPMO g, respectively, oxidized
1c and 1d very quickly (less than 10 h for 50% conversion,
data not shown), but this was accompanied with a loss of
enantioselectivity because the E values were not higher than
13 (Table 2). Performing time-course experiments with le
showed an increased enantioselectivity by  using
CHMOg;0i0r  and CHMOg;0q0- When conversion was
stopped around 60 % the enantiomeric excess of the product
enhanced slightly from 57 to 71 % eep for CHMOg, 0402, SUE-
gesting that the (+)-enantiomer is only insignificantly more
quickly oxidized compared with the (—)-enantiomer.

Chem. Eur. J. 2010, 16, 9525-9535
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Table 2. Microbial Baeyer—Villiger oxidations of the N-protected [3-
amino ketones 1a and le-g by using recombinant whole cells of E. coli
expressing BVMOs of different bacterial origin.!

Ester BVMO t Conversion  ee  eepl! EW
formed [h]  [%]™ [%]  [%]
Arthro 6 44 72 92 (+) 51
Rhodol 42 53 >99 87 (-) 106
2a Rhodo2 24 49 88 93 (-) 80
Xantho 6 52 89 83 (+) 31
Brevil 42 51 97 95 (—) 164
Brachy 6 4 68 98 (+) >200
Arthro 168 47 90 >99(-) >200
2¢ CDMO 6 45 61 76 (—) 13
Brevil 168 21 27 99 (—) >200
Xantho 20 17 20 >99(—) >200
2d CDMO 8 25 34 >99(-) >200
HAPMO 3 6 42 58 35(-) 3
Brevil 20 50 >99  >99(-) >200
2e Rhodol 20 61 >99 61 (-) 27
Rhodo2 20 58 99 71 (-) 29
2¢ Arthro 5 27 36 >99(+) >200
HAPMO g 20 28 35 91 (+) 33
2¢ PAMO 6 50 >99  >99(4+) >200
Brevil 120 32 48  >99(—) >200

[a] Biotransformations were carried out at 24°C in 24-well plates and
monitored over 7 days. Samples were taken at defined time intervals.
[b] Conversion calculated from % eeg (enantiomeric excess of substrate)
and % eep (enantiomeric excess of product). [c] The % ees and % eep
were determined by chiral-phase GC and were calculated according to
Chen et al.*® The sign of the optical rotation is given in parentheses.
[d] Enantioselectivity values were determined by computer fitting of
GC¥ data from the % ees and % eep

On the other hand, investigating the relationship between
time and enantiomeric excess of the product of 1f by using
CHMO ;o revealed that stopping conversion before 50 %
could lead to an improved enantiomeric excess. After 24 h
66 % of 1f had been oxidized and the enantiomeric excess
of the product was rather low (52% eep Table 1), whereas
below 50% conversion, enantiomeric excess was much
higher (>99% eep).

Also linear and linear-branched aliphatic 5-amino-3-ke-
tones were subjected to time-course experiments, but even
after 7 days conversion could not be increased further (data
not shown). The best results for 5a, 5b, and 5e were ob-
tained with CDMO (Table 1). However, preparative-scale
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Figure 1. Conversions (grey) and enantioselectivites (black) achieved by using different BVMOs recombinantly expressed in E. coli and 1a (A); 1¢ (B);

1d (C); 1e and 1f (D); 5a, 5b, and 5e (E); and 1g (F) as substrates.

experiments in baffled shake flasks (500 mL) could improve
conversions up to threefold without compromising enantio-
selectivity (Table 3). Obviously, these conditions led to a
better substrate distribution and limitations in oxygen input
are minimized owing to an increase in surface area, which is
necessary for a sufficient cell growth and enzyme activity.
With the exception of HAPMO ¢, all other BVMOs oxi-
dized 1g quite quickly, although time-course experiments
did not reveal an increase in selectivity at 50 % conversion.
Only two enzymes of the collection investigated converted
this aryl aliphatic compound in high selectivity. An excellent
E value (E>200) at a conversion of 33% was obtained with

Table 3. Preparative-scale biotransformation (0.25 mmol substrate) of
5a, 5b, and 5e with CDMO recombinantly expressed in E. coli.l!

Ester Conversion [% " % eeg % eepl?! EW

6a 35 54 ~99 (—) =200
6b 4 58 84 () 20
7e 20 2 >99 (+) 200

[a] Preparative biotransformations (0.25 mmol substrate) were carried
out at 24°C. [b] Conversion calculated from % eeg (enantiomeric excess
of substrate) and % eep (enantiomeric excess of product). [c] The % eeg
and % eep were determined by GC and were calculated according to
Chen et al.*! The sign of the optical rotation is given in parentheses.
[d] The enantioselectivity values were determined by computer fitting of
GC™! data from the % eeg and % eep

9530 ——

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHMOg,.,;; after 7 days, suggesting that the 1g-(—)-enantio-
mer is not accepted and is therefore not converted. PAMO
oxidized 1g highly selectively with full conversion of the
(+)-enantiomer after 6 h, without converting the (—)-enan-
tiomer within the next few days. Thus, utilizing PAMO on
one hand would yield the (+)-ester (50% conversion), but
using CHMOpg,.,;; on the other hand gives access to the (—)-
ester (32% conversion), both in very high optical purity
(E>?200), as shown in Table 2.

Aligning the crystal structures of PAMOF” and a cyclo-
hexanone monooxygenase from Rhodococcus —sp.P¥
(CHMOgpoa03), @ close homologue of CHMOg;0401 (protein
identity >89 %), and performing docking experiments with
1g revealed a possible reason for PAMO’s high enantiose-
lectivity towards only one enantiomer of this substrate. A
comparison of the putative binding pockets of both enzymes
revealed that in the active site of PAMO an extended loop
(PAMO residues 440-446) is in proximity to the reactive
peroxy group of the FAD (Figure 2A). In fact, the reduced
space due to this stretched loop in PAMO might be the
reason that only the (R)-enantiomer can be oxidized (based
on the computer modeling studies), whereas the (S)-enantio-
mer does not fit properly because of steric hindrance (Fig-
ure 2B). In CHMOg,q03 two additional amino acids are
missing (Ser441 and Ala442 in PAMO), which translates
into a larger binding pocket, resulting in a rather unselective

Chem. Eur. J. 2010, 16, 9525-9535
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Figure 2. Comparison of both putative binding pockets of PAMO
(orange) and CHMO (light blue) from Rhodococcus sp. aligned from
both crystal structures®™**! (A) without and (B) with 1g in both configu-
rations ((R)-1g is marked in orange, (S)-1g in light blue). FAD (dark
grey) and NADP™* (light grey) are shown as sticks. Residues Ser441 and
Ala442 and the backbone amino acid chain are highlighted in red.

conversion of 1g. Furthermore, the distance between the re-
action center of (R)-1g and the C4a atom of the FAD cofac-
tor is about 4 A (compared with the (S)-enantiomer of 8 A),
which means that the reactive flavin peroxy species is spa-
tially close enough to the carbonyl group of the substrate to
perform a Baeyer—Villiger oxidation. The relationship be-
tween the loop segment Pro440-Met446 of PAMO and its
selectivity was also outlined in previous studies on rational
protein design.!%%-¢2

The above is also in line with the observation that CPMO,
which also contains a PAMO-like extended loop, does not
accept the studied P-amino ketones. A protein sequence
alignment of PAMO, CPMO, CHMOgy,4,1, and other cyclo-
hexanone monooxygenases that were also subjected to ki-
netic resolution with N-protected -amino-4-phenylbutan-2-
one, confirms the absence of a PAMO-like extended loop in
CHMOs (Figure 3). This is in agreement with the observed
poor enantioselectivity of all CHMOs in the oxidation of 1g
(Figure 3).

Kinetic resolution of f-amino ketones can be an attractive
tool in organic chemistry because two different optically
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PAMO PNLFFIAGPGSPSALSNMLVS
CPMO PNLLFGYGPQSPAGFCNGPSS
CHMO_ Brevi2 PNLMFLYGPQSPSGFCNGTDF
CHMO HI-31 PNMFMILGPNGP--FTNLPPT

CHMO_ Rhodol PNWFMVLGPNGP--FTNLPPS
CHMO_ Acineto PNMFMVLGPNGP--FTNLPPS
CHMO Brevil PNFLMSLGPQTP==¥SNLVVP

Figure 3. Alignment of seven BVMO protein sequences highlighting the
loop segment 441-444 (grey box, residues 441 and 442 are written in bold
letters), which is closely related to PAMO’s enantioselectivity in kinetic
resolution of N-protected B-amino-4-phenylbutan-2-one. Code: phenyl-
acetone monooxygenase from 7. fusca (PAMO: 1wx4), cyclopentanone
monooxygenase from Comamonas sp. (CPMO: BAC22652), cyclohexa-
none monooxygenase from Brevibacterium sp. HCU (CHMO Brevi2:
AAGO01290), cyclohexanone monooxygenase from Rhodococcus sp. HI-
31 (CHMO HI-31: 3GWFA), cyclohexanone monooxygenase from Rho-
dococcus sp. Phil (CHMO Rhodol: AAN57494), cyclohexanone mono-
oxygenase from A. calcoaceticus NCIMB 9871 (CHMO Acineto:
BAAS86293), and cyclohexanone monooxygenase from Brevibacterium sp.
HCU (CHMO Brevil: AAG01289).

active species are formed, which additionally differ in their
configuration: besides the residual $-amino ketone, a [-ami-
noalkyl acetate is also generated. Interestingly, this amino-
alkyl acetate can undergo autohydrolysis to give enantio-
merically pure N-protected B-amino alcohols, which are
highly valuable building blocks in the pharmaceutical indus-
try. Because ester hydrolysis proceeds without any configu-
rational changes, the resulting 3-amino alcohols possess the
same absolute configuration as the aminoalkyl acetates. The
maximum amount of generated N-protected (3-amino alco-
hol observed was 56 % after 7 days by using 1c¢ as the start-
ing material and CDMO as the biocatalyst. It seems that
with a decrease in pH due to cell metabolism, the ester
bond of the Baeyer—Villiger product is cleaved, resulting in
the formation of acetic acid and the corresponding f-amino
alcohol. For all ketones in which alcohol production was de-
tected (Figure 4), spontaneous ester hydrolysis started 30 h
and 42 h, respectively, after substrate addition. This observa-
tion makes the kinetic resolution of linear -amino ketones
even more sophisticated because a third interesting, bioac-

100 ~

50 4

Amino alcohol / %

0-
N 02 03 04 W5 W6 @©O7 @8 WY @10

Figure 4. Formation of N-protected 2-amino alcohols after autohydrolysis
of corresponding f-amino esters (1=4a, CHMO,..,; 2=4c,
CHMO,r0; 3=4¢, CDMO; 4=4c¢, CHMOg,.;;; 5=4e, CHMOgq01
6=4e, CHMOy,,y; 7=41f, CHMO, 4,0 8=4f CHMOg,,,: 9=8b,
CDMO; 10=8e, CHMO 4 0)-
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tive, and valuable compound can be generated in high opti-
cal purity.

Conclusion

Within these studies we could demonstrate that BVMOs
indeed can be a very attractive and useful biocatalytic tool
to generate chiral synthons of high interest for the pharma-
ceutical, food, and synthetic chemical industry. Besides for-
mation of enantiomerically pure linear aliphatic [3-aminoalk-
yl esters and residual f-amino ketones, respectively, they
also proved to be capable of allowing access to compounds
like B-amino alcohols, which do not belong to the common
products usually associated with the enzymatic Baeyer—Vil-
liger oxidation. Similar possibilities have been shown in ear-
lier studies on the hydroxyl counterpart in the beta-position
of the carboxylic function.””) Regarding this potential
BVMOs appear to be widely applicable in organic chemistry
because they are able to convert substituents with different
inductive effects and electronic environments in vicinity to
the carboxylic group. Moreover, the majority of investigated
BVMOs, which goes along with the majority of recombi-
nantly available BVMOs today, not only accept N-protected
p-amino ketones as substrates, but they even oxidize them
in a highly selective manner, leading to optically active and
enantiocomplementary products. Within the five different
structural types of racemic substrates examined in this con-
tribution, the short-chain linear aliphatic 4-amino-2-ketones
as well as the aryl-aliphatic amino ketone were revealed to
be the best substrates regarding conversion and enantiose-
lectivity. In both cases several BVMOs were identified to
yield the opposite enantiomers of product ester and residual
ketone. For all other substrates the number of suitable
BVMOs decreased, but still certain biocatalysts were found
to perform kinetic resolutions enantioselectively. Further-
more, for linear-branched 5-amino-3-ketones it was shown
that BVMOs possess a regioselectivity that is not accessible
when using the chemical Baeyer—Villiger reaction, leading
to the abnormal product in high enantiomeric excess. The
excellent enantioselectivity combined with the chemoselec-
tivity and naturally occurring regioselectivity makes the en-
zymatic Baeyer—Villiger oxidation an essential strategy and
method for the synthesis of optically active valuable com-
pounds.

Experimental Section

Chemical synthesis: Unless otherwise stated, all chemicals and microbial
growth media were purchased from commercial suppliers and were used
without further purification. All solvents were distilled prior to use. Flash
column chromatography was performed on silica gel 60 from Merck (40—
63 um). NMR spectra were recorded from CDCI; solution on a Bruker
AC 200 (200 MHz) and chemical shifts are reported in ppm by using
TMS as an internal standard. Combustion analysis was carried out in the
Microanalytic Laboratory, University of Vienna, whereas mass spectra
analysis was performed at the University of Greifswald. Analyses of puri-
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fied products and sample measurements were performed on a Thermo
Focus DSQ (quadrupol, EI+) by using a capillary column BGBS5 (5%
diphenyl-, 95% dimethylpolysiloxane, 30 m x 0.25 mm ID). Enantiomeric
excesses were determined by chiral-phase GC (Thermo Trace and Focus)
by using a BGB 175 (2,3-diacetyl-6-tert-butyldimethylsilyl-y-cyclodextrin,
30mx0.25mm ID) or a hydrodex B-TBDAc column (30 mx0.25 mm
ID). Specific optical rotations, [a]2’ were determined by using a Perkin—
Elmer Polarimeter 241.

Bacterial strains and growth conditions: E. coli that contained the plas-
mids for the particular BVMOs were routinely cultivated on LB agar
(1% bacto peptone, 0.5% bacto yeast extract, 1% NaCl, 1.5% agar)
plates supplemented with ampicillin (200 pgmL™") and stored as frozen
stocks (15% glycerol) at —80°C. Liquid cultures were grown in standard
LB media (1% bacto peptone, 0.5% bacto yeast extract, 1% NaCl) sup-
plemented with ampicillin (LB,,,,) in baffled Erlenmeyer flasks on an or-
bital shaker (120 rpm at 37°C).

Substrate synthesis

General procedure for chemical syntheses of linear N-protected (-amino
ketones: The synthesis of 1a, 1e-1g, 5a, 5b, and Se was performed in
two reaction steps: an aldol addition leading to a,f-unsaturated ketones
followed by an aza-Michael addition. With the exception of 5-methyl-
hexen-2-one, 3-octen-2-one, 3-decen-2-one, and 4-phenyl-3-buten-2-one,
which were commercially available, all other a,f-unsaturated ketones
were synthesized by aldol addition as described by Kourouli et al.,*! pu-
rified by vacuum distillation (>99 %) or medium-pressure liquid chroma-
tography (MPLC) and used as a starting material in an aza-Michael-addi-
tion.*”! Here, methylcarbamate served as the nitrogen donor, tributyl-
phosphine as the catalyst and TMSCI as the reaction starter. All reactions
were carried out in dry dichloromethane under vigorous stirring at room
temperature or under reflux. After the reaction was completed (usually
after 2-7 days, monitored by TLC), the mixture was quenched with satu-
rated sodium bicarbonate and extracted three times with chloroform.
The organic layers were combined, dried over anhydrous sodium sul-
phate, filtered, and the solvent was evaporated. The crude products were
purified by using silica-gel chromatography (petrol ether/ethyl acetate:
10:1 or 5:1). Both the linear a.fB-unsaturated ketones as well as the N-
protected f-amino ketones were identified and analyzed by GCMS and
"H/*C NMR.

Physical and spectral data of chemically synthesized o,f-unsaturated ke-
tones

3-Dodecen-2-one (C;;H,,0): Obtained from ethyl acetoacetate (12.87 g,
0.1 mol) and n-decanal (7 g, 0.05 mol) as a colorless liquid (yield: 500 mg,
21%) as described by Kourouli et al.*!

6-Methyl-3-hepten-2-one (CgH,;,0): Obtained from ethyl acetoacetate
(12.78 g, 0.1 mol) and iso-valeraldehyde (4.7 g, 0.05 mol) as a colorless
liquid (yield: 4 g, 85%) as described by Kourouli et al.**!

4-Nonen-3-one (CoH;s0): Obtained from ethyl propionylacetate (14 g,
0.1 mol) and n-valeraldehyde (4.7 g, 0.05mol) as a yellowish liquid
(vield: 1.5 g, 38 %) as described by Kourouli et al.*!

4-Decen-3-one (C;yH;30): Obtained from ethyl propionylacetate (14 g,
0.1 mol) and capronaldehyde (5g, 0.05mol) as a yellow liquid (yield:
2.5g,50%) as described by Kourouli et al.!

7-Methyl-4-octen-3-one (CoH,;0): Obtained from ethyl propionylacetate
(3 g, 0.2 mol) and iso-valeraldehyde (1.7 g, 0.2 mol) as a colorless liquid
(vield: 1 g, 58 %) as described by Kourouli et al.l**!

Physical and spectral data of chemically synthesized N-protected [-
amino ketones

Compound 1a (C,yH;,)NO;): Obtained from 3-octen-2-one (1.5g,
10 mmol), methylcarbamate (900 mg, 12 mmol), (nBu);P (250 mg,
1 mmol), and TMSCI (1.4 g, 11 mmol) as a colorless solid. Yield: 920 mg,
51%; m.p. 38-40°C; specific rotation of sample obtained from enzymatic
kinetic resolution: [0]’=+33.4 (¢=1.03 in CHCl;; ee=94%); '"H NMR
(200 MHz, CDCl;, 25°C, TMS): 6=0.87 (t, J=6.6 Hz, 3H), 1.21-1.51 (m,
6H), 2.14 (s, 3H), 2.64 (d, J=5.4Hz, 2H) 3.63 (s, 3H), 3.80-3.97 (m,
1H), 5.01-5.10 ppm (m, 1H); “CNMR (50 MHz, CDCl,, 25°C, TMS):
5=13.9 (q), 224 (1), 28.4 (t), 30.5 (q), 34.2 (¢), 47.8 (d), 48.0 (1), 51.9 (q),
156.6 (s), 207.8 ppm (s); ESIMS-TOF (70 eV): m/z (%): 236 (100), [M+
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2H,0-1]7, 200 (9) [M—-1]", 193 (9) [CsH(NO,+2H,0-1]", 182 (50)
[M-H,0-1]".

Compound 1c (C;,H;3NO;): Obtained from 3-decen-2-one (1.8¢g,
10 mmol), methylcarbamate (900 mg, 12 mmol), (nBu);P (250 mg,
1 mmol) and TMSCI (1.4 g, 11 mmol) as a colorless solid. Yield: 1.3 g,
61 %; m.p. 50-52°C; specific rotation of sample obtained from enzymatic
kinetic resolution: [a]*’=+28.3 (¢=1.20 in CHCl;; ee=99%); 'H NMR
(200 MHz, CDCl;, 25°C, TMS): 0=0.88 (t, J=7 Hz, 3H), 1.23-1.61 (m,
10H), 2.15 (s, 3H), 2.65 (d, /=6 Hz, 2H), 3.64 (s, 3H), 3.82-3.98 (m,
1H), 5.09-5.18 ppm (m, 1H); “C NMR (50 MHz, CDCl;, 25°C, TMS):
0=13.9 (q), 22.5 (t), 26.1 (q), 28.9 (t), 30.5 (t), 31.7 (t), 34.5 (t), 47.9 (d),
48.1 (1), 51.9 (q), 156.6 (s), 207.8 ppm (s); elemental analysis calcd (%)
for C,,H,;NO;: C 62.85, H 10.11, N 6.11; found: C 63.14, H 9.99, N 6.09.

Compound 1d (C;,H,;NO;): Obtained from 3-dodecen-2-one (770 mg,
3 mmol), methylcarbamate (300 mg, 4 mmol), (nBu);P (60 mg, 0.3 mmol),
and TMSCI (400 mg, 3.7 mmol) as a colorless solid. Yield: 280 mg, 51 %;
m.p. 62-64°C; specific rotation of sample obtained from enzymatic kinet-
ic resolution: [a]*=+7.1 (c=0.56 in CHCly;; ee=30%); 'HNMR
(200 MHz, CDCl,, 25°C, TMS): 6 =0.86 (t, J=6.6 Hz, 3H), 1.24-1.48 (m,
14H), 2.14 (s, 3H), 2.64 (d, J=5.4 Hz, 2H), 3.63 (s, 3H), 3.83-3.94 (m,
1H), 4.99-5.08 ppm (m, 1H); *C NMR (50 MHz, CDCL, 25°C, TMS):
5=142 (q), 22.8 (1), 26.4 (q), 29.3 (t), 29.5 (1), 30.7 (1), 31.9 (1), 34.7 (1),
48.0 (d), 48.2 (t), 52.1 (q), 156.7 (s), 207.3 ppm (s); elemental analysis
caled (%) for C,,HyNO;: C 6533, H 10.43, N 5.44; found: C 66.01, H
10.43, N 5.44.

Compound 1e (C,,;H;;NO;): Obtained from 6-methyl-3-hepten-2-one
(4 g, 30 mmol), methylcarbamate (2.7 g, 36 mmol), (nBu);P (600 mg,
3 mmol), and TMSCI (3.6 g, 33 mmol) as a yellow liquid. Yield: 2.5 g,
52 %; specific rotation of sample obtained from enzymatic kinetic resolu-
tion: [a]X=+49.9 (c=0.70 in CHCl; ee=99%); 'HNMR (200 MHz,
CDCl;, 25°C, TMS): 6=0.89 (d, /J=6.6 Hz, 6H), 1.15-1.32 (m, 1H),
1.40-1.1.68 (m, 2H), 2.12 (s, 3H), 2.63 (d, /=5.4 Hz, 2H), 3.62 (s, 3H),
3.854.08 (m 1H), 5.01-5.11 ppm (m, 1H); "CNMR (50 MHz, CDCl,,
25°C, TMS): 6=22.1 (q), 23.1 (q), 25.1 (d), 30.7 (q), 43.7 (d), 46.3 (1),
48.3 (t), 52.1 (q), 156.6 (s), 208.0 ppm (s); ESIMS-TOF (70 eV): m/z (%):
236 (15) [M +2H,0—-H]", 182 (7) [M—H,0-1]".

Compound 1f (CoH;;NO;): Obtained from 5-methyl-3-hexen-2-one
(5.6 g, 50 mmol), methylcarbamate (4.5 g, 60 mmol), (nBu);P (1.01 g,
S mmol), and TMSCI (6 g, 55mmol) as a yellow liquid. Yield: 2.3 g,
34 %; specific rotation of sample obtained from enzymatic kinetic resolu-
tion: [a]*=-50.2 (¢c=043 in CHCL; ee=99%); 'HNMR (200 MHz,
CDCl;, 25°C, TMS): 6=0.91 (d, J=6.8 Hz, 6H), 1.79-1.95 (m, 1H), 2.16
(s, 3H), 2.61 (d, J=6 Hz, 2H), 3.63 (s, 3H), 3.69-3.89 (m, 1H), 5.02-
5.10 ppm (m, 1H); *C NMR (50 MHz, CDCl,, 25°C, TMS): 6=18.6 (q),
19.5 (q), 30.4 (q), 31.8 (d), 45.8 (t), 52.2 (d), 53.5 (q), 156.7 (s), 208.0 ppm
(s); ESIMS-TOF (70 eV): m/z (%): 355 (25) [2M—H,0—H]", 337 (20)
[2M—-2H,0-1]7, 222 (33) [M+2H,0-1]".

Compound 1g (C;,H;sNO;): Obtained from 4-phenyl-3-buten-2-one
(1.95 g, 13.3 mmol), methylcarbamate (1.2 g, 16 mmol), (nBu);P (270 mg,
1.3 mmol), and TMSCI (1.88 g, 14.7 mmol) as a yellow oil. Yield: 810 mg,
35%; specific rotation of sample obtained from enzymatic kinetic resolu-
tion: [a]2’=-11.7 (c=1.84 in CHCl;; ee=87%); 'HNMR (200 MHz,
CDCl;, 25°C, TMS): 6=2.02 (s, 3H), 2.77-3.05 (dd, /=164 Hz and
6.6 Hz, 2H), 3.57 (s, 3H), 5.03-5.10 (m, 1H), 5.59-5.68 (m, 1H), 7.05—
7.15 ppm (m, 5H); *C NMR (50 MHz, CDCl;, 25°C, TMS): 6 =14.1 (q),
48.9 (1), 51.4 (d), 52.2 (q), 126.9 (1), 126.9 (t), 128.3 (t), 128.3 (t), 128.6
(), 141.2 (d), 156.3 (s), 206.8 ppm (s).

Compound 5a (C,;;H;NO;): Obtained from 4-nonen-3-one (1.4 g,
10 mmol), methylcarbamate (900 mg, 12 mmol), (nBu);P (202 mg,
1 mmol), and TMSCI (1.2 g, 11 mmol) as a colorless solid: Yield: 568 mg,
34%; mp: 40-42°C; specific rotation of sample obtained from enzymatic
kinetic resolution: [a]*’=+16.8 (¢=0.37, CHCL; ee=54%); 'H NMR
(200 MHz, CDCl,, 25°C): 6=0.85 (t, J=6.8 Hz, 3H), 1.03 (t, J=7.4 Hz,
3H), 1.25-1.72 (m, 6H), 2.42 (q, /=74 Hz, 2H), 2.63 (dd, J=5.4 and
2.4 Hz, 2H), 3.64 (s, 3H), 3.81-3.99 (m, 1H), 5.04-5.17 ppm (m, 1H);
BC NMR (50 MHz, CDCl;, 25°C): 6=7.7 (q), 14.1 (q), 22.6 (1), 28.6 (1),
34.4 (t), 36.7 (t), 46.6 (d), 48.3 (t), 52.1 (q), 156.7 (s), 210.1 ppm (s); com-
bustion analysis or ESI-MS-TOF not applicable.
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Compound 5b (C,H;;NO;): Obtained from 4-decen-3-one (2.46¢g,
16 mmol), methylcarbamate (1.44 g, 19 mmol), (nBu);P (324 mg,
1.6 mmol), and TMSCI (1.91 g, 17.6 mmol) as a colorless solid. Yield:
1.2 g, 41 %; m.p. 44-46°C; specific rotation of sample obtained from en-
zymatic kinetic resolution: [a]*=+23.8 (c=0.20 in CHCl;; ee=58%);
'"HNMR (200 MHz, CDCl;, 25°C, TMS): 6=0.88 (t, J=6.6 Hz, 3H),
1.03 (t, J=7.2 Hz, 3H), 1.21-1.75 (m, 8H), 2.42 (q, /=7.4 Hz, 2H), 2.62
(dd, J=52Hz and 2.8 Hz, 2H), 3.64 (s, 3H), 3.81-3.99 (m, 1H), 5.01-
5.13 ppm (m, 1H); "C NMR (50 MHz, CDCl;, 25°C, TMS): 6=7.7 (q),
14.1 (q), 22.7 (t), 26.1 (t), 31.7 (t), 34.6 (t), 36.7 (t), 46.6 (d), 48.3 (t), 52.1
(q), 156.7 (s), 210.7 ppm (s); elemental analysis calcd (%) for C;,H,;NOs:
C 62.85, H 10.11, N 6.11; found: C 62.59, H 10.05, N 6.14.

Compound 5e (C;;H;NO;): Obtained from 7-methyl-4-octen-3-one
(980 mg, 7 mmol), methylcarbamate (630 mg, 8.4 mmol), (nBu);P
(141.6 mg, 0.7 mmol), and TMSCl (837 mg, 7.7 mmol) as a colorless
liquid (351 mg, 30%); specific rotation of sample obtained from enzy-
matic kinetic resolution: [a]’=+410.2 (¢=0.60 in CHCl;; ee=22%);
'HNMR (200 MHz, CDCl;, 25°C, TMS): =091 (d, J=6.4 Hz, 6H),
1.03 (t, J=6.6 Hz, 3H), 1.20-1.27 (m, 1H), 1.41-1.72 (m, 2H), 2.41 (q,
J=7.2Hz, 2H), 2.62 (d, J=3.6 Hz, 2H), 3.63 (s, 3H), 3.89-4.05 (m, 1H),
5.04-5.11 ppm (m, 1H); *C NMR (50 MHz, CDCls, 25°C, TMS): 6=7.7
(q), 22.1 (q), 23.2 (q), 25.1 (d), 36.7 (t) 43.8 (d), 46.4 (1), 46.9 (t), 52.1 (q),
156.7 (s), 210.7 ppm (s); ESIMS-TOF (70 eV): m/z (%): 250 (100) [M +
2H,0—H], 233 (60) [M +H,0], 204 (45) [C,H;;NO;+H,0] ", 190 (50)
[CsH,NO;+H,0], 181 (30) [C,H;)NO;—H,0-1]", 154 (50)
[CH,,NO;—H,0], 139 (12) [CsH,(NO,—H,0-1]".

Biotransformations: All biotransformations were conducted by using re-
combinant BVMOs from different bacterial origin expressed in E. coli.
The following BVMOs were investigated for their substrate specificity to-
wards linear aliphatic f-amino ketones: cyclohexanone monooxygenase
from A. calcoaceticus NCIMB 9871 (CHMO . ier0),/"! and seven other cy-
clohexanone monooxygenases (CHMO,,, from Arthrobacter sp.!*
CHMOg,, o,y from Brachymonas sp. ") CHMOy,,;; and CHMOy,.,;, from
Brevibacterium sp.*)\CHMOgposo; and CHMOgyoq02 from Rhodococcus
sp.,1% and CHMOy,,0 from Xanthobacter sp. ZL5!) as well as cyclo-
pentanone  monooxygenase (CPMO) from  Comamonas  sp.
NCIMB 9872, and cylododecanone monooxygenase (CDMO) from
Rhodococcus ruber SC1.”Y! Also arylketone-converting BVMOs 4-hy-
droxyacetophenone monooxygenase from P putida JD1 (HAP-
MOPPJD]),[Z‘] 4-hydroxyacetophenone monooxygenase from P. fluores-
cens ACB (HAPMO,cg),”?! and phenylacetone monooxygenase from T.
fusca (PAMO)?! have been investigated, followed by alkylketone-con-
verting BVMOs from P. putida KT2440 (BVMOpkraui).>" P. fluores-
cens DSM 50106  (BVMOpy),”!  and M. tuberculosis H37Rv
(BVMOy5).*  Because ~ CPMO, CHMOg,,,, HAPMOp,p,,
BVMOpk12440, BVMOpy;, and BVMOMtbS did not show activity against
any substrate they were excluded from the results section.

Typical procedure for screening experiments: Analytical screening ex-
periments were performed in 24-well plates. For this, precultures were in-
oculated with a single colony from a plate (LB,,,,) and incubated at 37°C
overnight (or at 30°C for CHMO from Xanthobacter sp.) in an orbital
shaker in a baffled Erlenmeyer flask. After 20 h LB,,, (20 mL) was in-
oculated with 1% of the overnight preculture and incubated at 37 and
30°C, respectively, until ODgy,, reached 0.6-0.8 (usually after 3 h).
Then, BVMO expression was induced with either IPTG (0.1 mm, final
concentration) or in case of HAPMO,cz and PAMO with L-arabinose
(0.2% wl/v, final concentration). Protein expression was performed at
24°C for 2 h. Then, 1 mL of the bacterial culture was transferred into
each well of the 24-well plate followed by subsequent substrate addition
(1 mum, in dioxane). Biotransformations were carried out at 24°C and an-
alyzed after 24 h. Samples were extracted with ethyl acetate supplement-
ed with 1 mm internal standard (benzoic acid methyl ester), dried over
anhydrous sodium sulphate and examined by GC analysis.

Time-course experiments: Time-course experiments were performed as
described for the screening experiments, with samples taken at definite
time intervals (2, 4, 6, 8, 10, 24, 30, and 48 h).

Preparative-scale experiments: For preparative-scale experiments a baf-
fled flask filled with LB,,,, (500 mL) was inoculated with 1% of the over-
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night preculture and incubated at 37°C in an orbital shaker. At ODgyup
0.6-0.8 protein expression was induced with IPTG (0.1 mm) or L-arabi-
nose (0.2% wi/v) followed by substrate addition (0.25 mmol, in dioxane).
Protein expression and subsequent biotransformations were performed at
24°C. At a conversion of about 50% the whole volume was extracted
four times with ethyl acetate (100 mL each). The organic layers were
combined, dried over anhydrous sodium sulphate, and the organic solvent
was evaporated. The crude product was purified by using silica-gel chro-
matography (petrol ether/ethyl acetate) and finally the amino ketone and
the corresponding amino ester were analyzed by using GC, GCMS, and
'H/®C NMR.

Physical and spectral data of enzymatically synthesized N-protected f3-
amino esters

Compound 2 a (C,,H;)NO,): Obtained enzymatically through biotransfor-
mation of 1a (0.25 mmol, 51 mg) with CHMOg,.,;; as a colorless liquid.
Yield: 32 mg, 63 %; specific rotation of sample obtained from enzymatic
kinetic resolution: [a]*=-34.3 (c=1.60, in CHCl;; ee=97%); '"H NMR
(200 MHz, CDCl;, 25°C, TMS): 6=0.87 (t, J=6.6 Hz, 3H), 1.29-1.53 (m,
6H), 2.05 (s, 3H), 3.65 (s, 3H), 3.75-3.95 (m, 1H), 4.04 (d, J=4.5Hz,
2H), 4.66-4.79 ppm (m 1H); "C NMR (50 MHz, CDCl,, 25°C, TMS):
0=13.9 (q), 20.8 (q), 22.4 (t), 27.9 (), 31.5 (t), 50.2 (d), 52.1 (q), 66.1 (t),
156.6 (s), 171.0 ppm (s).

Compound 2 ¢ (C;;H,;3NO,): Obtained enzymatically through biotransfor-
mation of 1¢ (0.25 mmol, 58 mg) with CHMOy,,,; as a colorless solid.
Yield: 24 mg, 42%; m.p. 61-63°C; specific rotation of sample obtained
from enzymatic kinetic resolution: [a]*=-26.8 (¢=1.65 in CHCL;; ee=
96%); '"HNMR (200 MHz, CDCl;, 25°C, TMS): 6=0.86 (t, J=6.8 Hz,
3H), 1.25-15.3 (m, 10H), 2.05 (s, 3H), 3.65 (s, 3H), 3.78-3.93 (m, 1H),
4.05 (d, J=4.7Hz, 2H), 4.64-4.78 ppm (m, 1H); *CNMR (50 MHz,
CDCl;, 25°C, TMS): 6=14.0 (q), 20.8 (q), 22.5 (t), 25.7 (t), 29.0 (t), 31.6
(t), 31.8 (1), 50,2 (d), 52.1 (q), 66.1 (t), 156.6 (s), 171.0 ppm (s).
Compound 2d (C,,H,,NO,): Obtained enzymatically through biotransfor-
mation of 1d (0.25 mmol, 65 mg) with CHMOg,,,;; as a colorless solid.
Yield: 3mg, 5%; m.p. 72-74°C; specific rotation of sample obtained
from enzymatic kinetic resolution: [a]?=—-25.3 (¢=0.15 in CHCL;; ee=
98%); '"HNMR (200 MHz, CDCl;, 25°C, TMS): 6=0.88 (t, J=6.6 Hz,
3H), 1.16-1.55 (m, 14H), 2.07 (s, 3H), 3.67 (s, 3H), 3.77-3.93 (m, 1H),
4.06 (d, J=4.5Hz, 2H), 4.64-4.72 ppm (m, 1H); "*CNMR (50 MHz,
CDCl;, 25°C, TMS): 6=14.1 (q), 20.8 (q), 22.6 (t), 25.8 (t), 29.2 (t), 29.4
(t), 29.9 (t), 31.3 (t), 31.8 (t), 494 (d), 51.8 (q), 66.1 (t), 156.6 (s),
171.0 ppm (s).

Compound 2 e (C;yH;oNO,): Obtained enzymatically through biotransfor-
mation of 1e (0.25 mmol, 51 mg) with CHMOgj,q as a colorless liquid.
Yield: 23 mg, 45 %; specific rotation of sample obtained from enzymatic
kinetic resolution: [a]X'=-34.9 (c=1.15 in CHCl;; ee=71%); 'H NMR
(200 MHz, CDCl;, 25°C, TMS): =091 (d, /=6.6 Hz, 6H), 1.19-1.37
(m, 2H), 1.58-1.77 (m, 1H), 2.05 (s, 3H), 3.65 (s, 3H), 3.81-4.05 (m, 1H),
404 (d, J=4.7Hz, 2H), 467-4.72ppm (m, 1H); *CNMR (50 MHz,
CDC], 25°C, TMS): 6=20.8 (q), 23.0 (q), 23.0 (q), 24.6 (d), 40.9 (t), 48.4
(d), 52.1 (q), 66.6 (t), 156.6 (s), 171.0 ppm (s).

Compound 2 f (C,H ;NO,): Obtained enzymatically through biotransfor-
mation of 1f (0.25 mmol, 47 mg) with CHMOgq., as a colorless liquid.
Yield: 18 mg, 38 %; specific rotation of sample obtained from enzymatic
kinetic resolution: [a]?’=+22.8 (¢=0.90 in CHCl;; e¢e=43%); 'H NMR
(200 MHz, CDC(l;, 25°C, TMS): 0=0.93 (dd, /=2.4 Hz and 6.8 Hz, 6H),
1.72-1.89 (m, 1H), 2.05 (s, 3H), 3.66 (s, 3H), 3.68-3.75 (m, 1H), 4.08 (d,
J=43Hz, 2H), 4.69-4.75ppm (m, 1H); "CNMR (50 MHz, CDCl,,
25°C, TMS): 6=18.3 (q), 19.3 (q), 20.8 (q), 29.6 (d), 52.2 (q), 55.3 (d),
64.6 (t), 156.9 (s), 171.0 ppm (s).

Compound 2g (C;;H;sNO,): Obtained enzymatically through biotransfor-
mation of 1g (0.25 mmol, 56 mg) with PAMO as a yellow liquid. Yield:
17 mg, 30 %; specific rotation of sample obtained in from enzymatic reso-
lution: [a]*=+26.4 (c=0.85 in CHCl;; ee=99%); 'H NMR (200 MHz,
CDCl;, 25°C, TMS): 6=2.05 (s, 3H), 3.67 (s, 3H), 428 (d, /=5 Hz, 2H),
4.93-5.09 (m, 1H), 5.28-5.39 (m, 1H), 7.25-7.36 ppm (m, SH); *C NMR
(50 MHz, CDCl;, 25°C, TMS): 6=30.6 (q), 48.9 (t), 51.4 (d), 52.2 (q),
126.2 (t), 126.2 (t), 127.5 (t), 128.6 (t), 128.6 (t), 141.2 (d), 156.3 (s),
206.8 ppm (s).
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Compound 6a (C,;H,NO,): Obtained enzymatically through biotransfor-
mation of 5a (0.25 mmol, 54 mg) with CDMO as a colorless liquid.
Yield: 3 mg, 6 %; specific rotation of sample obtained from enzymatic ki-
netic resolution: [a]X'=-24.4 (c=0.15 in CHCl; ee=99%); '"HNMR
(200 MHz, CDCl;, 25°C, TMS): 6=0.92 (t, J=6Hz, 3H), 1.17 (t, J=
7.8 Hz, 3H), 1.33-1.51 (m, 6H), 2.34 (q, J=7.8 Hz, 2H), 3.67 (s, 3H),
4.10-4.18 (m, 1H), 413421 (m, 2H), 4.65ppm (m, 1H); “CNMR
(50 MHz, CDCl;, 25°C, TMS): 6=9.1 (q), 14.1 (q), 22.7 (t), 27.8 (t), 29.7
(t), 31.9 (t), 49.4 (d), 52.5 (q), 66.7 (t), 156.6 (s), 174.2 ppm (s).
Compound 6b (C,,H,;NO,): Obtained enzymatically through biotransfor-
mation of 5b (0.25 mmol, 58 mg) with CDMO as a colorless solid. Yield:
10 mg, 17 %; m.p. 53-55°C; specific rotation of sample obtained from en-
zymatic kinetic resolution: [a]*=-26.5 (¢=0.50, CHCl;; ee=84%);
'"HNMR (200 MHz, CDCl,, 25°C, TMS): 6=0.88 (t, J=6.6 Hz, 3H),
1.14 (t, J=7.6 Hz, 3H), 1.23-1.45 (m, 8H), 2.34 (q, /=7.6 Hz, 2H), 3.66
(s, 3H), 3.78-3.95 (m, 1H), 4.09 (d, /J=7.2 Hz, 2H), 4.62-4.71 ppm (m,
1H); B*CNMR (50 MHz, CDCl,, 25°C, TMS): 6=9.1 (q), 14.0 (q), 22.5
(1), 25.4 (1), 27.5 (1), 31.5 (1), 31.8 (), 50.3 (d), 52.1 (q), 66.0 (t), 156.6 (s),
174.4 ppm (s).

Compound 7 e (C;;H;;NO,): Obtained enzymatically through biotransfor-
mation of 5e (0.25 mmol, 54 mg) with CDMO as a colorless liquid.
Yield: 3 mg, 6 %; specific rotation of sample obtained from enzymatic ki-
netic resolution: [a]’=+19.6 (¢c=0.15 in CHCL; ee=99%); 'H NMR
(200 MHz, CDCl,;, 25°C, TMS): 6=0.89 (d, /=6.6 Hz, 6H), 1.28 (t, J=
72 Hz, 3H), 1.40-1.47 (m, 2H), 1.53-1.68 (m, 1H), 2.51 (d, J=4.8 Hz,
2H), 3.65 (s, 3H), 4.02-4.16 (m, 1H), 4.14 (q, /J=7.2Hz, 2H), 4.98-
5.07 ppm (m, 1H); *C NMR (50 MHz, CDCl;, 25°C, TMS): 6=14.2 (q),
22.1 (q), 22,9 (q), 24.9 (d), 39.2 (d), 39.5 (t), 44.8 (1), 52.7 (q), 60.5 (1),
156.4 (s), 170.2 ppm (s).

Computer modeling: Computer modeling studies were performed by
using YASARA structure (version 9.7.24) and the AMBERO3 force field
with default settings.!””! AutoSMILES force field assignment was used for
cofactors and substrates.”®! To get an active model of PAMO (pdb-code:
1W4X5%y the missing NADP* was taken from a homologous cyclohexa-
none monooxygenase from Rhodococcus HI-31 (pdb-code: 3GWEFP*)
after structural alignments by using the MUSTANG algorithm.®! Energy
minimization was performed in a periodic water box at pH 7.0. Substrates
were docked into the active site by using Autodock4 and the Lamarckian
genetic algorithm™ with max 50 million energy evaluations, max 60000
generations and default parameters. Analysis was carried out by using
YASARA structure. For visualization PyMol (DeLano Scientific, Palo
Alto, CA, USA.; http://www.PyMol.org) was used.
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