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Abstract. Nitrogen heterocycles are structural motifs found
in many bioactive natural products and of utmost importance
in pharmaceutical drug development. In this work, a
stereoselective synthesis of functionalized N-heterocycles
was accomplished in two steps, comprising the biocatalytic
aldol addition of ethanal and simple aliphatic ketones such as
propanone, butanone, 3-pentanone, cyclobutanone, and
cyclopentanone to N-Cbz-protected aminoaldehydes using
engineered variants of D-fructose-6-phosphate aldolase from
Escherichia coli (FSA) or 2-deoxy-D-ribose-5-phosphate
aldolase from Thermotoga maritima (DERAmm,) as catalysts.
FSA catalyzed most of the additions of ketones while
DERAmma Wwas restricted to ethanal and propanone.
Subsequent treatment with hydrogen in the presence of
palladium over charcoal, yielded low-level oxygenated N-
heterocyclic derivatives of piperidine, pyrrolidine and N-
bicyclic  structures bearing fused cyclobutane and
cyclopentane rings, with stereoselectivities of 96-98 ee and
97:3 dr in isolated yields ranging from 35 t079%.

Keywords: Biocatalysis; Aldol reaction; Aldolases;
Nitrogen heterocycles; Reductive amination

Introduction

Nitrogen heterocycles are structural motifs frequently
found in Dbioactive natural products and
pharmaceuticals, being an area of constant
development owing to their importance in drug

discovery.l  The ring type, e.g. piperidine,
pyrrolidine, pyrrolizidine, N-bicyclics, and the
structure, position and stereochemistry of the

substituents, play a fundamental role in modulating
their biological activity.®®? Methods for the total
synthesis of a broad structural diversity of N-
heterocycles, either as building blocks or as final
compounds for biological testing, are thus in high
demand.*¥l" Although the number of chemical routes

available to prepare these compounds is extensive,
developing new stereoselective synthetic
methodology is essential yet challenging.i*2*!
Biocatalytic C—C bond forming reactions by means 0i
carboligases is highly attractive because of
unparalleled high efficiency and stereoselectivity,
avoidance of unnecessary functional group protection
and use of mild reaction conditions. Among them,
aldolases have proven their remarkable synthetic
utility in the preparation of different types of highly
oxygenated N-heterocycles, usually termed as
iminosugars or azasugars.!

Recent synthetic developments of D-fructose-6-
phosphate aldolase from E. coli (FSA, EC 4.1.2.-)P
showed that FSA D6X variants, where X = A, L, N,
Q, S, T, E, and H, and double variants combined with

1
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A165G, L107A, L163A and T26X (X: I, A, L and V)
mutations, are affective catalysts for homo and
crossed aldol additions of simple aliphatic ketones
and aldehydes leading to the preparation of chiral
intermediates and deoxysugars.!® Hence, these FSA
variants can offer new synthetic options toward the
preparation of iminosugar derivatives having a low
degree of hydroxylation. Likewise, 2-deoxy-D-ribose-
5-phosphate aldolase (DERA, EC 4.1.2.4) has been
recognized as a powerful aldolase for the synthesis of
deoxysugars and iminosugars.l Wild-type DERA
was unique among the aldolases in that it uses simple
aliphatic aldehydes both as nucleophilic and
electrophilic aldol components and therefore is a
qualified catalyst for the proposed synthesis.

We have investigated the systematic chemoenzymatic
preparation of low-level functionalized
N-heterocyclic compounds along a two-steps
strategy: The first step consists of an aldol addition of
ethanal (1a) and simple linear (1b-d) or cyclic
aliphatic ketone (1e-g) to an N-Chz-protected amino
aldehyde 2a-c (Figure 1) catalyzed by FSA variants
and DERA from Thermotoga maritima (DERAmma).
In a second step, the aldol adducts obtained are
transformed into the corresponding N-heterocycles
via intramolecular reductive amination by using Ho—
Pd/C.

58 OO

1a

7 w7 w g w0y

Cbz. N N N
‘ N/\) Cbz \) Cbz Cbz \)
2a 2b S-2¢ R-2c

Figure 1. Panel of nucleophiles 1a-g and electrophiles 2a-
¢ assayed for enzymatic cross-aldolization.

Results and Discussion
Screening experiments

We studied the aldol addition of simple aliphatic
nucleophiles 1a-g (concentration range 100 mM to
2.6 M (15% v/v), see Sl for optimization analysis) to
electrophiles 2a-c (80-100 mM) using FSA variants
and wild-type DERAmma. as catalysts (Figure 2) in
small-scale preparative synthetic conversions. FSA
catalysts were selected among those found to be
efficient toward the nucleophiles 1 and
N-Chz-aminoaldehydes 2.*281 The screening was
performed by direct HPLC monitoring of aldol
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adduct formation. Electrophilic components chosen
were prochiral substrates 2a and 2b, which avoid
complications arising from Kinetic enantiomer
selectivity, and pure enantiomers of chiral substrate
2c. The latter contains a chiral center of defined
absolute configuration that acts as a reference in the
determination of the overall relative configuration of
the products.

Aldol additions of nucleophiles l1a-f to electrophiles
N-Cbz-3-aminopropanal (2a) and  N-Chz-2-
aminoethanal (2b) were catalyzed by several FSA
variants (Figure 2). Variants with different amino
acids substituting for D6 were found to be active for
various nucleophile-electrophile combinations, some
of them yielding good to excellent product formation.
Interestingly, FSA A165G was also efficient for the
additions of 1b-c, e-f to 2a and 2b, and a quintuple
FSA mutant (FSA gm: FSA
L107Y/A129G/R134S/A165G/S166G) for addition
of 1a to 2a. In contrast, FSA A165G and all variants
that include the native D6 residue had been found
inactive when hydroxyaldehyde derivatives were
employed as electrophiles.®® Hence, N-Chz-
aminoaldehydes appear to establish different, and
potentially stronger, interactions with the FSA
substrate binding site through the carbamate and/or
aromatic moieties, which likely render them
electrophiles superior to hydroxyaldehydes.483
This is also consistent with the fact that previously
developed FSA A165G was more efficient than the
wild-type in aldol additions of hydroxyacetone (HA)
and dihydroxyacetone (DHA) to 2a and, particularly;
to 2b.% Likewise, wild-type FSA also converted 1a-
¢ and 1f using D,L-glyceraldehyde-3-phosphate, the
best electrophilic substrate known to date for wild-
type FSA.% None of the FSA variants assayec
catalyzed the addition of la-g to either enantiomer of
N-Chz-alaninal (2c). This was quite surprising since
FSA A165G can catalyze the addition of HA and
DHA to both S-2¢ and R-2c¢.% Cyclohexanone (19)
was not accepted as a substrate, probably due to steric
incompatibility.

In comparison, DERATma Was also active for the aldol
addition of ethanal (1a) and propanone (1b) to 2a and
to R- and S-2c¢, whereas 2b only reacted with 1b
(Figure 2). In stark contrast to all FSA catalysts,
DERAmma were highly active with both enantiomers
of the a-substituted amino aldehydes 2c. On the other
hand, DERAma did not catalyze additions with any of
the ketones 1c-g to any of the electrophiles 2a-c. This
is consistent with the observation that the affinity o1
DERA for ketones is significantly lower than for
ethanal (1a), which is its natural nucleophilic
substrate.
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Figure 2. Results of conversion to aldol adduct from the screening of FSA variants and DERAmma as catalysts for the aldol
addition of nucleophiles 1a-g to electrophiles 2a-c. Conversions (mol %) at 24 h were determined by HPLC analysis using
the external standard methodology. Conditions: [1a] = 100 mM; [1b] = 2.6 M (15% v/v), [1c] = 0.60 M, [1d] = 0.47 M,
[1e] = 0.68 M, [1f] =0.56 M, and [1g] = 0.48 M (5% v/v; in 1c-g), [2] = 80 mM, except for the addition if 1a to R-2¢ and
S-2¢ catalyzed by DERATma Where [1a] = [2¢] = 100 mM. Reactions were conducted in aqueous 50 mM triethanolamine
buffer pH 8 at 25 °C. FSA gm = FSA quintuple mutant = FSA L107Y/A129G/R134S/A165G/S166G. A complete list of

all FSA variants assayed can be found in SI.

Preparative and

characterization

synthesis product

Addition of la to N-Chz-3-aminopropanal (2a) was
catalyzed by FSA D6L, D6N, D6E/A165G, FSA gm
and DERAmma. FSA gm and DERAmma catalysis
yielded the cyclic N-Cbz-protected hemiaminal 3a
with trans-configured hydroxyl groups at C2:C4
positions in 45% and 25% isolated yields,
respectively (Table 1, entry 1 and 2). The lower yield
of 3a obtained with DERAmma, is most likely due to
consumption of la in the competing enzymatic
trimerization of 1a leading to a stable trideoxyhexose
(i.e., 3R,5R-dihydroxyhexanal; see Scheme 3).12% On
the other hand, neither trimerization reaction nor self-
aldol addition of la was detected with FSA gm
variant.!®! Single addition of 1a to 2a was exclusively
obtained with both FSA gm and DERAmm. catalysts,
and no consecutive double addition product was
observed, neither upon application of an excess of
ethanal nor upon continuous addition of 1a using a
syringe pump. In the self-addition of la and the
crossed addition of la to 2a DERA is reported to
show strict R-stereoselectivity for the newly formed
chiral centers.’*1 Therefore, 3a was assigned a
(2S,4R)-configuration. ldentical NMR spectra were
recorded for the adduct obtained by catalysis of FSA
gm, and their matching optical rotation (Table 1)
verified that the identical product (2S,4R)-3a was

formed in both cases, which is consistent with the
stereochemical outcome expected for FSA catalysis.
FSA variants D6N and D6T were the most effective
catalysts for the aldol addition of 1b to 2a, whereas
FSA A165G was the best for the reaction between 1b
and 2b (Figure 2), furnishing 3b and 15b in 85% and
35% isolated yields, respectively, and with high
enantioselectivity (96%-98% ee) as determined by
HPLC on chiral stationary phase (Table 1 entry 3 and
Table 2 entry 1). DERAma catalyst gave identically
configured aldol adducts in 47% and 30% isolated
yields, with 84% and 90% ee, respectively (Table 1
entry 4 and Table 2 entry 2). No self-addition of 2b
was observed in the reactions catalyzed by DERATma.
Again, a single addition product was exclusively
obtained in the aldol reaction of 1b with 2a and 2b
with FSA D6N, FSA A165G and DERAm, catalysts.
It could be that On the basis of the stereochemica’
outcome of both enzymes in examples with non-
natural substrates,“c4¢1% 3p has (R)- and 15b has (S)-
configuration. Intramolecular reductive amination of
(R)-3b was stereoselective, furnishing 5 with cis-
stereochemistry as expected from previous works.™?
On the other hand, (S)-15b gave a mixture of both
cis- and trans-configured pyrrolidines 17 and 18,
respectively.

The addition of butanone (1c) to 2a could be
catalyzed by FSA D6S, D6T and D6E, and addition
to 2b by D6T and A165G variants, generally with
good conversions (Figure 2). The preparative reaction

This article is protected by copyright. All rights reserved.
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between 1c and 2a using FSA D6E produced two
regioisomeric adducts, one was arising from the
attack of the a-methylene carbon of 1c (i.e., C3
attack) and the other one from the attack of the a-
methyl carbon (i.e., C1 attack), with a C1:C3 ratio of
13:87. Chromatographic separation of the product
isomers from the reaction mixture proved difficult
and only allowed enrichment, furnishing a major
fraction (48%) containing a 3c’/4c’ diasteromer
mixture in a 86:14 ratio, originating exclusively from
C3 attack (Table 1, entry 5) as inferred from the
NMR analysis of the derived N-heterocycles 6 and 7,
and a second fraction (1%) consisting of a mixture of
aldol regioisomers from C1:C3 attack in a 56:43
molar ratio, which could not be further resolved

10.1002/adsc.201801530

(Scheme 1). On the other hand, D6T and A165G FSA
variants were identified as the best catalysts for the
addition of 1c to 2b (Figure 2). Similar as above, the
preparative reaction using FSA A165G furnished a
C1:C3 regioisomeric mixture in 13:87 ratio, which
upon chromatographic separation yielded a major
fraction (28%) containing a 88:12 mixture of
diastereomers 15¢’/16¢’ arising from C3 attack
(Table 2, entry 3), and a second fraction (2.8%) as a
68:32 mixture of C1:C3 aldol regioisomers (Scheme
1). This is in contrast to results observed for the aldol
addition of 1c to L-G3P using FSA D6H as catalyst,
where exclusively C1 attack was observed.[5

Table 1. Preparative scale FSA- and DERA-catalyzed aldol additions of 1a-f to N-Cbz-3-aminopropanal (2a).

0 OH
| 1
Cbz\N/\) Cbz\N/\/'\R1 .
H FSA variant H
2a 3a-f
DERA;,, 2

OH
H,
N/\/\R1 —> 5-14
H daf Pd/C

e ;Jk;dbsj)k;j)v Jb
U‘% @@IO\ Lﬁ@b@@@@b

3a 5
AIdoI Reductlve
. Aldol a‘j)d”"t Yield,”  addition  amination
Entry Biocatalyst Nu Product formed,?: 0 0
o ) er or dr, product,
0

% dr
1 FSA gm la 3ad 85 45 e -
2 DERATma la 3ad 77 25 - —
3 FSA D6N 1b 3b 94 85 98:2f 5
4 DERATMa 1b 3b 70 47 92:8f -
5 FSA D6E 1c 3c’/4c’ 78 48 86:149 6:7 86:14
6 FSAD6E  1d  3d 71 35 >97:3" 8
7 FSA D6L le 3el/4e 56 46 80:20" 9
8 FSAA165G 1f  3f/4f 75 65 67:331 10:11:12:13:14

15:11:15:22:37

9 Values determined by HPLC analysis of preparative scale reactions. ® Isolated yield of aldol adduct. °
ratio determined by NMR. 9 Aldol adduct isolated as cyclic hemiaminal in equilibrium with its open form.

Diastereomer
) er not

determined; optical rotation: FSA gm [o]p?’= + 8.5 (¢ = 2.1 in MeOH); DERATma [a]p® = + 4.6 (c = 0.69 in MeOH). 0 er
determined by chiral HPLC, referenced to a racemic sample prepared by chemical synthesis (see Sl). 9 Inferred from the
reduction amination products 6:7. W No other diastereomers were detected by NMR analysis. 7 dr of the aldol adduc

determined by NMR analysis. FSA gm: FSA quintuple mutant =

FSA L107Y/A129G/R134S/A165G/S166G. Nu:

Nucleophile. Green asterisk indicates the stereogenic center formed after reductive amination.
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Scheme 1. Product distribution in the aldol addition of 1c
to 2a and 2b catalyzed by FSA D6E and A165G variants.

Consistent with observations for butanone addition to
L-G3P, i.e. si-face attack of the FSA-nucleophile
enamine complex to the C=0O si-face of the
electrophile, the major diastereomers 3c’/15¢’
obtained with electrophiles 2a and 2b correspond to
the expected D-threo (i.e. syn) configuration.l®d The
minor diastereomers 4c’/16¢” arise from an inverted
orientation of the C=0 electrophile exposing its re-
face to the FSA-Nu complex.[“¢*?1 |ntramolecular
reductive amination of the 3c’/4¢> mixture gave the
corresponding N-heterocycles 6 and 7
stereoselectively as directed by the relative
orientation of the C4 hydroxyl group (Table 1, entry
5).81 From the 15¢°/16¢’ mixture four N-pyrrolidine
heterocycles 19-22 were generated as a consequence
of the lack of stereoselectivity in the reductive
amination step with each of the diastereoisomers, as
typical for imine reductions in 5-membered ring
systems (Table 2 entry 3).

3-Pentanone (1d) was also tolerated as a nucleophilic
substrate by different FSA variants, with D6T and
D6E being the most efficient catalysts (Figure 2). The
D6E catalyzed addition of 1d to 2a furnished only the
syn diastereomer 3d (Table 1, entry 6), while FSA
D6T catalyzed addition to 2b yielded a syn:anti
mixture of 15d/16d in a 87:13 ratio (Table 2, entry 4).
Considering the stereochemical outcome of FSA in
previous reactions, 3d has (4S,5R)-configuration, 15d
should be (4S,5S), and 16d (4R,5S). Reductive
amination of 3d furnished the N-heterocycle 8 with
good diastereoselectivity, while from 15d/16d four
diasteroisomers 23-26 were identified, among which
the major 23 (79%) and the minor 26 (8%) showed
the C2 configuration predicted for Pd catalysis.[314]
Cyclobutanone (1le) and cyclopentanone (1f) were
also converted in the presence of 2a and 2b
electrophiles. FSA variants D6L, D6Q and,
particularly, A165G were the most efficient (Figure
2). As reported previously,61 the cyclic ketones 1e
and 1f imposed an E-configured FSA K85-enamine
nucleophile complex, contrary to the Z-configuration
invariably observed with acyclic nucleophiles such as
hydroxyethanal, hydroxyacetone or dihydroxyacetone,
and other aliphatic ketone nucleophiles.[“¢¢%51 The
structural and mechanistic features invariably impose
an attack of the nucleophile from its si-face to the

10.1002/adsc.201801530

electrophile, yielding the (R)-configuration at C-a
next to the carbonyl group (Scheme 2).%61 The
addition of le to 2b (Table 2, entry 5), catalyzed by
FSA A165G, furnished only diastereomer 15e
indicating a preferential attack at the si-face of the
electrophilic carbonyl. On the contrary, the addition
of 1le to 2a was less selective, furnishing an anti:syn-
mixture of diastereomers 3ef4e in a 80:20 ratio,
which indicates an unexpectedly high 20% chance of
unconventional attack at the re-face of the
electrophilic carbonyl group. Nevertheless, upon
reductive amination of this mixture, only product 9
was obtained from 3e but no N-bicyclic product
corresponding to 4e was detectable by NMR analysis,
possibly due to strain imposed upon cyclization
(Table 1, entry 7) (Scheme 2).

Additions of 1f to 2a-b gave mixtures of anti:syn
adducts with dr of 66:34 for 3f/4f and 50:50 for
15f/16f, respectively (Table 1 entry 8 and Table 2
entry 6). The occurrence of diastereoisomers
observed for some of the aldol additions studied is
plausibly explained by an imperfect orientation of the
electrophilic C=0 relative to the enzyme-enamine
complex, thereby generating epimers at C-p to the
carbonyl group of the nucleophiles. However, it is
even more conceivable that a spontaneous
isomerization of the tertiary stereocenter at C-ou next
to the carbonyl in the cyclic aldol adduct may occur
under the reaction conditions (aq buffer at pH 7.5-8.
Isomerizations of this kind, which effectively lead to
mirror image compounds of the imperfect aldol
diastereomers, have been reported previously fo.
aldol additions of cyclopentanone to L-G3P and upon
addition of cyclopentanone enolate to Boc-N
phenylalaninal in aqueous buffered solutions. 2161
Reductive amination of 15f/16f furnished the N
bicyclic derivatives 27/28 (Table 2, entry 6),
respectively, with identical configuration of the new
stereogenic center formed. Reductive amination of
mixture 3f/4f was not stereoselective and yielded a
mixture of four diasterecisomers 10-13 (Table 1,
entry 8). In addition, an unexpected dehydroxylated
product 14 was also detected by NMR analysis as the
major component, which was probably formed during
the Cbz removal/reductive amination step in the
presence of the Pd catalyst by formal H.O
elimination/hydrogenation.

Addition of ethanal (1a) and propanone (1b) to
individual enantiomers of (S)-2¢c and (R)-2c by
DERAma catalysis furnished the corresponding aldol
adducts in 20%-79% isolated yields (Table 3). The
lower isolated vyields obtained for the addition
products from la (1 eq) were mainly caused by
difficulties in separating (3R,5R)-dihydroxyhexanal
(present in its lactol form), which simultaneously
formed by enzymatic self-aldolization of 1a as a side
reaction. When a mild excess of la was employed
(1.25 eq) to achieve complete conversion of 2c to 29,
no subsequent addition was observed (tandem
addition to 2c) but the formation of the lactol
increased thus complicating its removal.
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Table 2. Preparative scale FSA- and DERA-catalyzed aldol additions of 1b-f to N-Cbhz-2-aminoethanal (2b).

Ho ] 1 o Ho M
: H
bz’N\) — Cbz”N\/LW + bz RS T2C>17-23
2b FSA variant 15b-f 16b-f

DERATma

H H H H H H

O O Q Lz’ ;j\ 5_2’ Qs ;zf‘“\mcbgjﬁ
HO\\ HO\\ HO\\ HO\\ HO HO HO\" HO\J HO HO HO H HO H

17 19 20 21 22 23 24 25 26

18

Aldol adduct  Isolated  Aldol :fﬁ#gttl'c‘)’rf
Entry Biocatalyst Nu Aldol adduct formed,? yield,”  addition ducts.®
% % er or dr,% g;o ucts,
1 FSA A165G 1b 15b 95 35 99:1¢ %ég
2 DERATma 1b 15b 85 30 95:5¢ -
11 A . 19:20:21:22
3 FSA A165G 1c 15¢’/16¢ 60 28 88:12 80:8:8:4
i ) 23:24:25:26
4 FSA D6T 1d 15d:16d 47 30 87:13 79:8'5:8
5 FSA A165G le 15e 87 37 >05:5¢ -9
6 FSA A165G 1f 15f:16f 50 38 50:50 f g;é?

3 Values obtained at preparative scale and determined by HPLC.  Isolated yield of aldol adduct. © dr: diasteromeric ratio
determined by NMR. 9 er determined by chiral HPLC, a racemic sample was obtained by non-stereoselective chemical
methods (see SI). ® dr of the aldol adduct determined by NMR. ? The 50:50 diastereomeric mixture obtained in the aldol
addition was purified by column chromatography. Two fractions were obtained: one of pure 15f and another one of a
15f:16f 33:67 mixture in order to characterize both N-heterocycles. The reductive amination was carried out on the 15f:16f
33:67 mixture. 9 The reductive amination produced a complex mixture of products, which could not be assigned to any
structure. Nu: Nucleophile. Green asterisk indicates the stereogenic center formed after reductive amination.

o Cbz
Cbz . H
NH O oM Q o N
' bkj bﬁf AT el &
DERATm, : W'
80% 20% DERA7m, 2) OH on U ,,,,, (17 OH OH
0 -
d Cbz Lactol HO 57
Cbz O uN o
! | 1e O .
HN\) _— , Scheme 3. DERAm,-catalyzed aldol addition of 1a to S-2¢
2b  FSAA165G 156 - with an excess of la leading to the formation of 3R,5R-
dihydroxyhexanal and formation of 37 during reductive

Scheme 2. Product distribution in the aldol addition of 1e amination.

to 2a and 2b catalyzed by FSA D6E and A165G variants.

The chiral center of (S)-2c and (R)-2c was used as
reference to assign the absolute stereochemistry of
the pyrrolidine derivatives 31-36 and infer the
stereochemical outcome of the biocatalytic aldol
addition and reductive amination. The aldol addition
of la to (S)-2c and (R)-2c was fully stereoselective
furnishing (4S,55)-29 and (4S,5S)-29, respectively,
consistent with previous reports.*’1 A similar
situation was found upon addition of 1b to (S)-2c. On

Consequently, during the reductive amination
procedure the imino moiety of the formed 29
underwent a subsequent intermolecular reductive
amination with the aldehyde group of the remaining
lactol, vyielding the corresponding conjugate 37
(Scheme 3).
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the other hand, (R)-2c gave a mixture of
diasteroisomers (4S,5R)-29:(4R,5R)-30 in a 77:23 dr,
indicative of a loss of enantiofacial selectivity during
the electrophile approach. Reductive amination of
(45,55)-29 gave a mixture of the N-heterocycles
33/34, epimeric at C2, while from the mixture of
(4S,5R)-29:(4R,5R)-30 the pyrolidines 35/36 resulted,
in which the new configuration was controlled by the
hydroxyl group at C4, in agreement with previous
reports.[2¢:131

Conclusion

FSA variants and DERAmmaare able to catalyze aldol
additions of ethanal (1a) and simple linear (1b-d) and
cyclic (le-f) aliphatic ketones to N-protected
aminoaldehydes  (2a-c), affording  diversely
functionalized N-heterocycles. FSA variants with
different residues at position D6 are active for various
nucleophile-electrophile combinations, though the
optimal catalyst depends on both the nucleophile and
electrophile structure. Such unprecedented novel
activity was also hidden in the previously reported
variant FSA A165G, which was again particularly
active towards N-Cbz-2-aminoethanal (2b). Hence,
the effectivity of a FSA catalyst toward a nucleophile
strongly depends upon the quality of the electrophilic
component. Aldol additions of ethanal (1a) to 2a and
propanone (1b) to 2a and 2b were fully
stereoselective, yielding (R)-configured aldol adducts
identical to those obtained using DERAmma catalysis.
Butanone gave preferentially an addition at the
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methylene carbon with a C1:C3 regioisomer ratio of
17:83 and an 86:14 syn:anti dr for the C3-regiosomer.
Cyclobutanone and cyclopentanone imposed an E
configured FSA K85-enamine nucleophile complex,
therefore under FSA catalysis the anti adducts were
mainly formed. This was unequivocally established
with  cyclobutanone, though inconclusive for
cyclopentanone presumably because of spontaneous
isomerization at the tertiary C-ou stereocenter to the
carbonyl in aqueous media at pH 7.8. DERAmma
catalyzed the addition of ethanal and propanone to
both enantiomers of N-Cbz-alaninal, reactions
unattainable by any of FSA variants screened. The
additions were fully diastereoselective except for
addition of propanone to S-2c. Thus, FSA and DERA
catalysts seem to be highly complementary tools;
where FSA variants offer greater flexibility with
structural variations in the nucleophile reactants, and
DERA is superior for the conversion of sterically
more demanding electrophiles.

Stereochemical outcome of reductive amination
reactions followed a general pattern identical to that
observed previously in the synthesis of other
iminosugars.“©1¥1  The straightforward two-step
synthetic ~ approach ~ comprising  biocatalytic
carboligation and chemical reductive amination
described in this work foresees new avenues in the
synthesis of N-heterocycles, allowing the preparation
of new derivatives that otherwise are difficult to
prepare by the wuse of existing chemical
methodologies.

Table 3. Preparative scale DERAmma-catalyzed aldol addition of 1a and 1b to (S)- and (R)-N-Chz-2-alaninal (S-2c and k-

2c)
oD
N —»31 -36
Cbz DERATma W)\RW + Cbz” Wﬁw
S-2¢ (45,55)-29 (4R5S)-30
R-2¢ (4S,5R)-29 (4R5R)-30
. 0
a b
H H H H H H
HO' HO' HO' HO' HO
31 32 33 34 35 36
Aldol adduct Yield D aro Reductive amination
Nu E formed,? ’ Aldol adduct ’ product,?
% %
% dr
la S-2¢  85¢ 34f (4S,55)-29 >05:5 31
la R-2¢  80¢ 20 (4R,55)-29 >05:5 32
1b S-2¢c 81 79 (4S,55)-29 >05:5 33:3456:44
1b R-2¢ 91 78 (4S,5R)-29:(4R,5R)-30 77:23 35:36 77:23

ADetermined by HPLC. Plsolated yield of aldol adduct. 9dr: inferred from the reductive amination products. 9dr:
diasteromeric ratio assessed by NMR. ®[1a] = [E] = 100 mM. PSeveral purification column chromatography runs had to
be performed to remove the trimerization product from enzymatic double addition of 1a.Table Footnote. Nu = Nucleophile.
E = Electrophile. Green asterisk indicates the stereogenic center formed after reductive amination.
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Experimental Section

Materials. Synthetic oligonucleotides were purchased
from Eurofins MWG Operon. Phosphoglucose isomerase
from baker’s yeast (S. cerevisiae), glucose-6-phosphate
dehydrogenase” from baker's yeast (S. cerevisiae),
D,L-glyceraldehyde  3-phosphate ﬁSP), nicotinamide
adenine dinucleotide phosphate (NADP®), antibiotics,
acrylamide-bisacrylamide, buffer components,
propanolamine, aminoethanal dimethyl acetal,
S-2-amino-1-propanol, . R-2-amino-1-propanol,
N-(benzyloxycarbonyloxy)succinimide, ethanal, acetone,
butanone, 3-pentanone, cyclobutanone, cyclopentanone,
cyclohexanone were purchased from Sigma-Aldrich.
Culture media components for bacteria were from
Pronadisa. Milli-Q grade water was used for analytical and
preparative HPLC, buffer preparations and other assay
solutions were obtained from an Arium™ Pro Ultrapure
Water Purification System (Sartorius Stedim Biotech). All
the other solvents” used were of analytical grade.
2-Deoxy-D-ribose-5-phosphate aldolase from Thermotoga
maritima (_DERATmB as cell free crude extract was a
enerous glft from Prozomix Ltd (activity 0.056 U mg
yophilized powder); 1 U is defined as the amount of
protein, which catalyzes the cleavage of 1 pmol of 2-
deoxy-D-ribose-5-phosphate (Dr5P) fper minute at [Dr5P] =
0.7 uM, 50 mM triethanolamine bufter pH 7.5 and 30 °C.

FSA catalysts. The single FSA variants A165G, FSA
L107A, FSA L163A, D6A, D6L, D6N, D6Q, D6S, D6T,
D6E, D6H, the double variants FSA D6H/A165G, FSA
D6H/L107A, FSA D6H/L163A, FSA D6E/A165G, FSA
D6E/L107A, FSA D6E/L163A, FSA D6L/AL65G, FSA
D6L/L107A, FSA D6L/L163A were obtained using the
Erocedure described.®l The FSA multiple variants FSA
107Y/A129G/A165G/S166G,

L107Y/A129G/R134S/A165G/S166G, FSA
L107Y/A129G/R134E/A165G/S166G, FSA
L107Y/A129G/R134H/A165G/S166G, FSA
L107Y/A129G/R134P/A165G/S166G and FSA
L107Y/A129G/R134V/A165G/S166G  were  obtained

following the mutagenesis and_protein expression and
purification loroce_dqres described in_ our previous
publications.*l Activity values are shown in Table S1.[]

Methods. HPLC analyses. HPLC analyses were
performed on an X-Bridge™ C18, 5 pum, 4.6x250 mm
column from Waters (Milford, USA). Samples (30 pL)
were injected and eluted with the following conditions:
solvent system éA aqueous trifluoroacetic acid (TFA
gO.l% (v/v) and (B): TFA (0.095% (v/v)) in CH3CN/H>
4:1), gradient elution from 10-100 %B in 30 min, flow
rate 1 mL-min, detection at 215 nm, column temperature
30 °C. The amount of aldol adduct product was quantified
from the peak areas using and external standard
methodology. Samples were withdrawn (50 pL) from the
reaction medium, centrlfuged, diluted with methanol (450
ML) and analyzed with HPLC.

NMR analysis. High field *H and 3C nuclear magnetic
resonance (NMR) analyses were carried out using an
AVANCE 500 BRUKER spectrometer equipped with a
high-sensitive CryoProbe for [D2]H.O and FD4]MeOH
solutions.  Full = characterization of the = described
compounds was performed usm?\I t%/glcal gradient-
enhanced 2D experiments: COSY, NOESY, HSQC and
HMBC, recorded under routine conditions. When possible,
NOE data were obtained from selective 1D NOESY
versions using a single pulsed-field-gradient echo as a
selective excitation method and a mixing time of 500 ms.
Routine, 'H (400-500 MHz) and **C 8101 MHz) NMR
spectra of compounds were recorded with Varian Mercury-
400 and Varian Anova-500 spectrometers.

Determination of the specific optical rotations ([aJo%).
Specific optical rotations were measured with a Perkin
Elmer Model 341 (Uberlingen, Germany) polarimeter (Na
lamp, 589 nm). The products (5-20 mg) were dissolved in
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methanol (1 mL) and the samples were measured at 25 °C
with a 0.1 dm cell.

Chiral HPLC anaI%ses. Chiral HPLC analyses were
performed on a CHIRALPACK® IC, 5 um, 4.6x250 mm
column from Daicel (lllkirch, France). Samples (10 éiLg
were injected and eluted with hexane:isopropanol (85:1
(v/v)) for 40 min, flow rate 1 mL-min-?, detection at 209
nm.

Preparation of N-Cbz-aminoaldehydes. The
N-Cbz-aminoaldehydes were synthesized from the
corresponding  aminoalcohols usm%_ the = procedures
described in previous publications.!**! The amino group of
the  aminoalcohols ~ was  first  protected  with
benzyloxycarbonyl (Cbz) group, followed by oxidation of
the alcohol function using 2-iodoxybenzoic acid (IBX)
with a yield between 90-95%. In most instances, a simple
workup followed by a rough crystallization or precipitation
provided the N-Chz-aminoaldehydes in a form pure
enough to be used in the enzymatic aldol reactions.

Screening of the enzymatic reactions

General procedure for aldol addition of ethanal and
ketones to N-Chz-aminoaldehydes.

Reactions were conducted in 96 well plates of 1 mL of
capacity. ~Total reaction volume was 300 pL.
N-Cbz-aminoaldehydes 2a-c &80 mM final concentration)
was dissolved in propanone 1b¥. (45 pL). For the other
ketones (_10—%), 2a-c (80 mM final concentration) was
dissolved in the corresponding ketone (15 pL). For ethanal
(1a): to 2a-c (80 mM final concentration), 1a (30 uL of a 1
M stock solution) was added. For all of them: 50 mM
triethanolamine bufferJ)H 8.0 (15 pL of a 1 M stock
solution) was then added. The reaction was started by
adding the lyophilized FSA variant preparation (3 m?-ml__'l,
1 mg dissolved in 240 pL, 270 pL or 255 pL of plair:
water) or DERATma 41.5 mg, 0.084 U dissolved in 240 pL,
270 pL or 255 pL of plain water). Reaction mixtures were
shaken (1500 rpm) at 25 °C. Reaction monitoring b

HPLC: samples (50 pL) were diluted in MeOH (450 pL
and after centrifugation were injected to the HPLC system

Scale up_ of aldol addition of ketones (1b-g) to
N-Cbz-aminoaldehydes usingFSA catalysis

General procedure: The reaction was conducted in a 50
mL screw capFed conical-bottom (po_lypro ylene tubes
(Falcon tubes). To an FSA catalyst solution (3 mg mL*? in
plain water (16 mL or 18 mL), 1 M triethanolamine butfer
RIH 8 (1 mL) was added. To this solution,

-Cbz-aminoaldehydes 2a-b (80 mM) dissolved in the
ketones (3 mL of 1b or 1 mL of 1c-g) was added. Total
reaction volume was 20 mL. Reaction mixtures were
shaken (1000 rpm) at 25 °C for 24 h. After that, the
reaction was_stopped with MeOH $_30 mL) to precipitate
the enzyme. Then, the mixture was filtered through Celite,
the MeOH was evaporated and the aqueous residue was
lyophilized, purified characterized and submitted to
reductive amination.

Intramolecular reductive amination

General procedure: The aldol adduct (3 mM final
concentration) was dissolved in H,O:MeOH 1:1 (70 mL),
then Pd/C (60 mg) was added. The mixture was shaken
under H, (2.5 atm) overnight at room temperature. After
that, the reaction was filtered and the solvent was
evaﬁorated_..Prpducts were characterized without any
further purification.

Product description
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(R)-N-Cbz-6-amino-4-hydroxyhexan-2-one (3b): This
compound was obtained following the procedure described
above. N-Cbz-3-aminopropanal (2a) (331.2 mg, 1.6 mmol)
and FSA D6N were used After 24 'h an additional amount
of FSA D6N (3 mg ml) was added and the reaction was
shaken (1000 rpm) at 25 °C for 24 h. The product was
purified by silica gel column chromatography and eluted
with a ste radient of hexane:AcOEt from 1:0 to 3:7,
ieldin mg (85%) of 3b. Ex].gzo— +10.74 (c=2.11n
eOHi HPLC: 10 to 100% of B in 30 min, tr = 16 min;
Chiral HPCL: tz = 25 min (racemic sample: te z), 25 min,
tr(S) = 30 mm) IH NMR (400 MHz, CD30D) 6 7.45-7.18
(m, 5H), 5.07 (s, 2H), 4.19-3.99 (m, 1H), 3.23 (t, J = 7.0
Hz, 2H), 2,59 (d, J = 6.4 Hz, 2H), 2.15 (s, 3H), 1.76-1.47
m, 2H). 3C NMR (101 MHz, CD3;0D) & 210.4, 159.0,
38.4, 129.4, 128.9, 128.8, 67.4, 66.5, 51.7, 38.6, 38.2,
30.6. The intramolecular reductive amination reaction
produced: (2R,4R)-2-methylpiperidin-4-ol (5): *H NMR
5400 MHz, CD30D) & 3.77°(tt, J = 11.0, 4.5 Hz, 1H), 3.41-

33 (m, 1H), 325314(m 1H), 2.97 (td, J = 13.4, 3.0 Hz,
1H), 2.09 (dd J=133 4.7, 25 Hz, 2H) 1.55 (tdd, J =
13.7, 11.0, 4.5 Hz, 1H), 1.39 (dd, J = 13.1, 11.3 Hz, 1H),
1.32'(d, J = 6.6 Hz, 3H) 13C NMR (101 MHz, CD30D) d
65.2, 51.4, 42.3, 39.5, 30.9, 18.0. ESI-TOF: calculated for
[M+H]* CsHwNO: 116.1075, found 116.1077.

(S)-N-Cbz-5-amino-4-hydroxypentan-2-one (15b): This
compound was obtained followm% the procedure described
above. N-Cbz-glycinal (rb) (310.4 mg, 1.6 mmol) and
FSA A165G were used. The product was purified by silica
gel column chromatographf/ and eluted with a step gradient
of Hexane:AcOEt fro 0 to 3:7, yle|dl|_? 1148 m
(29%% of 15b. [a]p®= + 3.4 (c = 1.9 in MeOH); HPLC:1
to 100 % of B in 30 min, tg = 15 min; Chiral HPCL.: tr =
31 min (racemic sample: tR(R) = 31 min, tr(S) = 28 min);
'H NMR (400 MHz, CDs0D) & 7.34 (d, J = 6.0 Hz, 5H),
508 gs 2H) 4.18-4.04 (m, 1H), 316 dd, J = 5.8, 1.4 Hz,
64-2.52 (m, 2H), 2.15 (s, 3H). *C NMR (101 MHz,
CD30D 6 209. 9 159. 1, 138.3, 129.4, 129.0, 128.8, 126.3,
68.0, 67.5, 48.4, 47.4, 30.6. The intramolecular reductive
amination ' reaction produced two diastereoisomers in a
70:30 ratio. Major: (3S,5R)-5- methylfyrrolldm -3-ol (17).
H NMR (400 MHz, CD30D 84.41-4.31 (m, 1H), 3.22 (p,
J=17.0,70, 6.9, 6.9 Hz, 1H), 2.92 (dd, J =12.2, 1.5 Hz,
1H), 2.87 (dd J'=12.2,'4.9 Hz, 1H), 2.27 (ddd, J = 13.5,
7.8, 6.5 Hz, 1H) 1.32 (dddd, J =136, 78, 3.7, 1.2 Hz,
1H) 1.27 (d = 65 Hz, 3H) 13C NMR (101 MHz
CD30D) 3718, 54, 5, 54.0, 42.1, 19.3. Minor: (3S,5S)-
methylpyrrolldln -3- oI (18) IH NMR (400 MHz, CDs D)
d 4.41-4.29 (m, 1H), 3.45 (dp, J = 10.0, 6.5, 6.5, 6.4, 6.4
Hz, 1H), 3.2 (dd 2.1,5.2 Hz, 1H), 2.83-2.74 (m, 1H),
1.92 (ddt, J = 134, 6 1.4, 1.4 Hz, 1H), 1.48 (ddd, J =
13.4,10.0, 5.8 Hz, 1H) 1.20(d, J = 6.5 Hz, 3H). 5C NMR
101 MHz, CD30D) 5 71.5, 54.0, 52,9, 42.8, 18.3. ESI-
1(§)2F(:)201%ICUIated for [M+H] CsH12NO: 102.0919, found

2
L.
(d,
54

Aldol addition of 1c to 2a. Regioisomer | (arising from the
attack of the methylene carbon, C3-attack): N-Cbz- 6-
Amino-4-hydroxy-3- methylhexan -2-one  (mixture
diasteromers 3c’:4c”). This mixture was obtained followm
the procedure described above. N-Cbz-3-aminopropana
(_Za) (1.6 mmol), butanone (1c) and FSA D6E were used.
he product was purified by silica gel column
chromatograEhy and eluted with a step gradient of
hexane:AcOEt from 1:0 to 3:7, yielding 213 mg (48%) of
product. }OL]DZO_ +335 (c = 2.1 in MeOH); HPLC: 10 to
100 % of B in 30 min, tg = 18 min. Only one diasteromer
was detected by NMR. *H NMR (400 MHz, CD;OD) &

750719 5H 505 s, 2H), 3.90 (dt, J = 9.2, 4.5 Hz,
| 3.26- (5 267 53 mlH)21453H)
tde—l '5.1 Hz, 2H), 1.06 (d, J = 7.0 Hz,

3H 3C NMR 101 |\/|HZ CD3OD) 5 214. 0, 158.2, 137. 1,
128.7, 128.3, 1281 69.0, 65.9, 52.3, 37.3, 34.7, 282 958,
Regioisomer (Cl attack) (R) N-Cbz-7-amino-5-
hy roxyheptan 3 -one: The J)roduct was purified by
ﬂregaratlve HPLC and eluted with a step gradlent of

CH3CN from 1:0 to 1:1, flow rate 1 mL min™ and
detectlon at 215 nm, yielding 25 mg of a mixture 44:56 of
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reglmsomers I:01. [a]o®= + 185 (c = 0.9 in MeOH);
LC: 10 to 100% of B in 30 min, tg = 19 min;
Regioisomer 11: *H NMR (400 MHz, CD30D) $7.59-7.17
m, 5H), 5.07 (s, 2H), 4.09 (dt, J = 8.2, 4.0 Hz, 1H), 3.24
g,J=7.0, 6.4 Hz, H) 2.59-2.54 (m, 2H), 249 qd J=
.3, 1.8 Hz, 2H), 176160(m 2H), 101(t 3H) NMR
5101 MHz, CD3;0D) 6 212.7, 159.0, 138.5, 1292 128.9,
28.8, 66.2, 653, 49.1, 36.8, 36.1, 34.6, 643. The
mtramolecular reductive  amination reactlon of
regioisomer | produced two diasterecisomers in a 87:13
rate. Major: (2R,3R,4R)-2,3-dimethylpiperidin-4-ol (6):
'H NMR 2400 MHz, CD30D) 6 3 36-3.22 (m, 2H), 2.96 (t (Od
J =133, 3.1 Hz, 1H), 2.81 (dq, =10.7, 6.5 Hz, 1H), 2
ddt, J = 137, 5.2, 2.8 Hz, 1H 171 156 (m, 1H) 1.44-
32(m 1H), 130(d J=65Hz, 3H), 1.06 (d, J = 6.5 Hz,
3H). 5C NMR (101 MHz, CDsOD) 5770.6, 56.3, 43.6, 42.3,
31.6, 16.3, 12.4, Minor. (2S, 3R 4S) 2,3
d|methylp|per|d|n -4-ol (_{) 'H NMR (500 MHz, CD30D)
8383 dt, J =10.2, 4.4 Hz, 1H), 332328(m 2H) 3.24
2.0 Hz, 1H), 291285( 1H), 205202( 1H)

77166 m, 2H 1.25 (d, J = 6.8 Hz, 3H), 094(d J=
7.2 Hz, 3 13C NMR 01 MHz, CD30D) 3 68.3, 53.8,
42.7, 377 26.6, 15. 1 4.8. ESI-TOF: calculated for
[M+H] C7H1NO: 130.1231, found 130.1236.

Aldol addition of 1c to 2b. Regioisomer | (arising from
the attack of the methylene carbon, C3-attack): (3S,4S)-N-
Cbz-5-amino-4-h drox -3- methylpentan -2-one (mixture
of diasteromers 15c¢’:16¢’). This mixture was obtained
following the Procedure described above. N-Chz-glycinal
(_ b) (1.6 mmol), butanone (10 and FSA A165G were used.
product ~was purifie )(] silica gel column
chromatograEhy and eluted with a step gradient of
hexane:AcO tfrom 1:0to 3:7, \7/|eld|ng 119.2 m%(28% of
product. ]la]D =+ 13.0 (c = 0.78 in MeOH); HPLC:1
100 % of B in 30 min, tg = 17 min; Only one dlasteromer
was detected by NMR. *H NMR (400 MHz, CDs;OD) &

7.38-7.25 (m, 5H), 5.08 (s, 2H), 3.99 (q, J = 5.8 Hz, 1H),
316%qd J—13 6.1 Hz, 2H 2.65 (dd, J = 7.3, 5.6 Hz,
1H), 2.16 (s, 3H), 1.10 (d, 0 Hz, 3H). *C NMR (101

MHz, CDs;OD) & 213.6, (C O carbamate and Cipso not
detected) 129.4,129.0, 128.9, 71.6, 67.5, 51.2, 45.8, 29.0,
11.0. Reg|0|somer 1 (] 1- attack) N-Cbz-6-amino-5
hydroxyhexan-3-one. e product was purified by
ﬂregaratlve HPLC and eluted with a step gradient of

CHsCN from 100:0 to 50:50, flow rate 1 mL min -
and detection at 215 nm, y|eId|n9 12 mg of a 68:32
mixture of regioisomers I:11. + 0.1 (c = 0.8 in
MeOH); HPLC:10 to 100% o B |n 30 min, tg = 18 min;
Regioisomer II: lH NMR (400 MHz, CD30D) 5 7.45-7.09

gm 5H)5055 ,4.09 (dt, J = 11.6, 5.9 Hz, 1H), 3.17-
10 (m 2H), 50 m, 2H), 2.46 (q J=73Hz, 2H),
098 (t,J=73 Hz 3H). 13C NMR (101 MHz, CD:0D) 3

(C =0 carbamate and carbonyl and Clgso not detected),
28.0, 127.6, 127.4, 66.6, 66.1, 46.3, 46.0, 36.0, 6.4. The
intramolecular  reductive  amination  reaction  of
regioisomer | produced four diasteroisomers in 80:8:8:4
ratio. Major (80%). 638 4R,5R)-4,5-dimethylpyrrolidin-
3- ol|_(19) 1H NMR(( 0 MHz, CD;0D) & 3.9 (id, J = 6.6,
z, 1H), 3.40 (dd, J = 12.1, 6.9 Hz, 1H), 3.14 (dg, J =
97 66 Hz 1H), 306299 ( 1H), 1.79-1.69 gm 1H)
139 J—66H23H 11dJ—69Hz
NMR!\SI 01 MHz, CD30D ) 752 60.4, 50.1 475 153
13.3. Minor (go/g %%S ,4R,5S)-4,5- dlmethylpyrrolldm 3-0!
(20): *H NMR (50 MHz, CD30OD) 6 4.15 (dt, J = 4.5, 2.0
Hz, 1H 398390 (m, lH) 3.53-3.46 (m, 1H), 3.11-3.06
m, 1H), 226219(m 1H), 1.31 (d, J = 7.0 Hz, SHg 0.92
d,J= 75 Hz, 3H% 13C NMR (101 MHz, CD30D 75.6,
6.7, 505, 44.1, 11.6, 9.9. Mmor (8%)\/I 3R4R5R -4,5-
dlmethylpyrrolldm -3-ol (2|1_) 500 Hz,
424 (t, J = 4.1 Hz, 1H

CDs0OD) & 3.43-3.40 (m, 1H),
3.38-3.33 (m, lH) 3.02-2.97 (m, 1 3 TR m. 1H
='2.6 Hz, 3H). 13C

1.35 (d, J = 7.1 Hz, 3H), 105gd
NMR (101 MHz, CD:0D) & 71.8. 58.6, 52.1, 45.2, 13.7,
8 8 Minor 4%)_) (3R,4R,5S)-4,5- dlmethylpyrrolldln -3-0

): 'H N 00 MHz, CD30D) 8430 (td,J=4.7,26
Hz 1H)384375 mlH ), 3.35-3.27 (m, 1H), 3.19-3.14
mlH)235230m1H 133dJ 10.8 Hz, 3H), 1.05
d, J =2.6 Hz, 3H). 13C NMR (101 MHz, CD;0D) & 71.8,
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57.2, 51.5, 40.0, 13.8, 7.1. ESI-TOF: calculated for
[M+H]* CsH14NO: 116.1075, found 116.1078.

(4S,5R3)-N-Cb_z-?-amin0-5-hydroxy-4-_meth¥lhept_an-3-
one (3d). This compound was obtained following the
procedure described above. N-Cbz-3-aminopropanal (2a)
%_1.6 mmoé), 3-pentanone _?_1d and FSA D6E were used.

he product was puritied by silica gel column
chromatograEhy and eluted with a step gradient of
hexane:AcOEt from 1:0 to 3:7, yielding 164.1 m%(35%) of
3d. [a]p®= + 36.5 (c = 2.3 in MeOH); HPLC: 10 to 100%
of B'in 30 min, tz = 20 min; *H NMR (400 MHz, CD;0D)
8 7.45-7.17 (m, 5H), 5.05 (s, 2H), 3.83 (ddd, J = 9.4, 5.6,
3.7 Hz, 1H?s, 3.20 (hept, J = 7.2 Hz, ZHI, 2.62 (p, J=6.8
Hz, 1H), 2.52 (qd, J = 7.2, 2.0 Hz, 2H), 1.67-1.3 3(m, 2Hg€,
1.08 (d, J=7.0 Hz, 3H), 0.99 (t, J = 7.2 Hz, 3H). ®'C NM
5101 MHz, CD3;0OD) ¢ 215.2, 157.6, 137.0, 128.0, 127.5,
127.3, 69.4, 65.9, 51.5, 37.5, 34.7, 34,5, 10.4, 6.5. The
intramolecular reductive amination reaction E)roduced
2R,SR,4R)-2-ethy|-3-methglgiperidin-4-o|;88. H NMR
400 MHz, CDs0D) 6 3.27-3.25 (6m, 2H), 2.87 (td, J = 13.1,
.9 Hz, 1H), 2.56 (ddd, J = 10.6, 7.4, 3.3 Hz, 1H), 2.02
ddt, J = 13.3, 5.1, 2.8 Hz, 1H), 1.85 (dqd, J = 15.2, 7.6,
.8 Hz, 1H), 1.66-1.49 (m, 2H), 1.38 (tg, J = 10.2, 6.5 Hz,
1H), 1.05 (d, J = 6.5 Hz, 3H), 1.00 (t, J = 7.6 Hz, 3H). °C
NMR (101 MHz, CDsOD) o 73.1, 62.9, 44.5, 43.3, 34.0,
25.3, 13.8, 9.3. ESI-TOF: calculated for [M+H]* CgH1sNO:
144.1388, found 144.1385.

N-Cbz-6-amino-5-hydroxy-4-methyl-hexan-3-one )

(mixture of diasteromers 15d (4S,5S):16d (4R,5S). This
mixture was obtained following the procedure described
above. N-Chz-glycinal §2b) (1.6 mmol), 3-pentanone and
FSA D6T were used. The product was purified by silica
gel column chromatography and eluted with a step gradient
of hexane:AcOEt from 1:0 to 3:7, yielding 134.4 mg
(30 %) of product. [a]p?® = + 12.3 (¢c'= 1.26 in MeOH);
HPLC:10 to 100 % of B in 30 min, R= 19 min. Only one
diasteromer was detected by NMR. *H NMR (400 MHz,
CD30D) 8 7.44-7.16 (m, 5H), 5.19-5.02 (m, 2H), 3.92 (%, J
= 5.6 Hz, 1H), 3.16-3.06 (m, 2H), 2.64 (dt, J = 12.9, 6.8
Hz, 1H), 2.51(q, J = 7.2 Hz, 2H), 1.08 (d, J = 7.0 Hz, 3H),
0.97 (t,J = 7.2 Hz, 3H). 3C NMR (101 MHz, CD;0D) 5
214.6, 157.6, 136.9, 128.0, 127.5, 127.4, 70.5, 66.1, 49.0,
444, 34.3, 10.3, 6.5. The intramolecular reductive
amination reaction produced four diasteoisomers in =
79:8:5:8 rate. Major (79%%\:1 I§38,4R,5R)—5-ethyl-4-
methylpyrrolidin-3-ol (23). *H NMR (500 MHz, CD3;0D)
83.97 (q, J = 5.3 Hz, 1H), 3.36-3.30 (m, 1H), 3.02 (dd, J =
12.0, 4.5 Hz, 1H), 2.91 (tdd, J = 8.7, 5.1, 1.5 Hz, 1H),
1.91-1.75 (m, 2H), 1.72-1.61 gm, 1H), 1.10 (d, J = 7.0 Hz,
3H), 1.03 (t, J = 7.5 Hz, 3H). ®C NMR (101 MHz,
CD30DZ 8 75.7, 66.7, 50.3, 46.3, 25.1, 14.5, 9.9. Minor
QS%): 3S,4R,5S)-5-ethyl-4-methylpyrrolidin-3-ol (24).
H NMR (400 MHz, CDsOD) H” NMR (500 MHz,
CDs0D) 6 4.24 (t, J = 4.1 Hz, 1H), 3.41-3.34 (m, 1H),
3.17-3.12 ém, 2H), 1.89-1.82 (m, 2H), 1.54-1.43 (m, 1H),
1.10-1.09 (m, 3H), 1.02-0.98 (m, 3H). 3C NMR (101 MHz,
CDs0D) & 72.0, 64.8, 52.0, 43.6, 23.6, 15.5, 10.1. Minor
QS%): 3R,4R,5S)-5-ethyl-4-methylpyrrolidin-3-ol (25):
H NMR (500 MHz, CDs0OD) & 4.14 (d, J = 4.5 Hz, 1H),
3.73-3.66 (m, 3H), 3.49-3.44 (m, 2H), 3.11-3.07 (m, 1H),
2.32-2.24 (m, 1H), 1.71-1.65 gm, 2H), 1.04 (d, J = 7.5 Hz,
3H), 0.88 (d, J'= 7.5 Hz, 3H). **C NMR (101 MHz,
CDs0OD) & 75.7, 62.7, 50.6, 43.0, 22.1, 9.9, 9.5. Minor
g8%): 3R,4R,5R)-5-ethyl-4-methylpyrrolidin-3-ol (26):
H NMR (500 MHz, CDs0D) & 4.35 (q, J = 5.7 Hz, 1H),
3.47-3.43 (m, 1H), 3.27-3.23 gm, 1H2_), .08-3.04 (m, 1H),
2.38 (td, J = 7.4, 5.0 Hz, 1H), 1.74-1.66 (m, 1H), 1.06 (d, J
= 5.1 Hz, 19H), 0.97 (d, J = 5.2 Hz, 2H). 3C NMR (101
MHz, CDsOD) ¢ 71.3, 63.1, 49.7, 39.2, 25.9, 9.9, 6.7. ESI-
I%Fiz%ilculated for [M+H]* C;H1sNO: 130.1231, found

(R)-2-((R)-N-Cbz-3-amino-1-

hydroxypropyl)cyclobutan-1-one (3e) and (R)-2-((S)-N-
Cbz-3-am|no-l-hydroxypropyl)c¥clo utan-1-one  (4e):
These compounds were obtained following the procedure
described above as a mixture of 3e:4e in a 80:20 ratio. N-
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Chz-3-aminopropanal (2a) (1.6 mmol), cyclobutanone (1e)
and FSA D6L were used. The mixture was purified by
silica gel column chromatography and eluted with a ste
gradient of hexane:AcOEt from 1:0 to 3:7,9y|eld|ng 201.
mg (46%) of the mixture. [a]p®= + 36.49 (c = 1.82 in
MeOH%; PLC:10 to 100 % of B in 30 min, tg = 17 min.
Major eéSO% :'H NMR (400 MHz, CD3s0D) & 7.41-7.25
m, 5H), 5.06 (s, 2H), 3.73 (dt, J = 9.0, 4.4 Hz, 1H), 3.47-
.35 (m, 1H), 3.23 (t, J = 6.9 Hz, 2H), 3.03-2.78 (m, 2H),
2.09 (qd, J =10.3, 5.9 Hz, 1H), 1.96 (td, J = 10.6, 5.2 Hz,
1H), 1.86-1.63 (m, 2H). *C NMR (101 MHz, CDsOD) 8
212.3, 159.0, 138.4, 129.4, 129.0, 128.8, 69.1, 67.4, 66.9,
45.7, 38.7, 36.1, 14.4. Minor 4e (20%): 'H NMR (400
MHz, CD30D) 6 7.41- 7.25 (m, 5H), 5.06 (s, 2H), 3.94-
3.87 (m, 1|—|9, 3.21-3.10 (m, 1H), 3.22-3.15 (m, 2H), 3.01-
2.80 (m, 2 &2.14-1.90 (m, 2H), 1.71-1.52 (m, 2H). C
NMR (101 MHz, CDsOD) & 212.3, 159.0, 138.4, 129.4,
129.0, 128.8, 67.2, 67.1, 66.8, 45.9, 38.5, 36.5, 13.5. The
intramolecular reductive amination reaction produced
(1R,2R,6R)-1,2,6-trimethylbicyclo[4.2.0]octane (9) as the
solely product. *H NMR (400 MHz, CD3;0D) & 3.77 (dt, J
=10.7, 5.7 Hz, 1H), 3.63-3.55 (m, 1H), 3.17 (dt, J = 13.2,
4.2 Hz, 1H), 2.74 (t, J = 7.1 Hz, 1H), 2.62 (ddd, J = 13.7,
12.0, 2.9 Hz, 1H), 2,34-2.19 (m, 2H), 1.96-1.78 (m, 2H),
1.78-1.63 (m, 2H). C NMR (101 MHz, CD3;0D) & 64.2,
52.9, 40.3, 37.3, 28.1, 24.4, 18.4. ESI-TOF: calculated for
[M+H]* C7H14sNO: 128.1075, found 128.1070.

R)—2—(ES%—N-Cb_z—2—amino—l-hydroxye_thyl)cyclobytan-
-one (15e). This compound was obtained following the
procedure described above. N-Cbz-glycinal (2b) (1.6
mmol), cyclobutanone (1@2_ and FSA A165G were used.
The ‘product was purified by silica gel column
chromatograEhy and eluted with a step gradient of
hexane: AcOEt from 1:0 to 3:7, yielding 157.8 mg (37%) of
the title compound. HPLC: 10 to 100% of B in 30 min, tr =
16 min; *H NMR (400 MHz, CDs0D) & 7.39-7.21 (m, 5H),
5.05 (s, 2H2, 3.77 (dt, J = 7.2, 4.9 Hz, 1Hg, 3.48-3.36 (m,
1H), 3.25 (dd, J = 10.6, 6.0 Hz, 2H), 2.88-2.82 (m, 2H),
2.13-1.94 (m, 2H). 13°C NMR (101 MHz, CD3;0D) & 210.4
157.6, 139.9, 128.0, 127.5, 127.4, 69.1, 66.1, 63.1, 44.3,
12.8. The reductive amination gave a complex NMR
spectrum, which could not be resolved and that probably
indicate a mixture of side products.

(R)-2-((R)-N-Cbz-3-amino-1-
hydroxypropyl)cyclopentan-1-one Pf) and (R)-2-((S)-N-
Cbz—3-am|no—l—hydroxypropyl)c¥c opentan-1-one (4f).
These compounds were obtained following the procedure
described above as a mixture of 3f:4f in a 67:33 ratio. N-
Chz-3-aminopropanal (2a) (1.6 _mmol), cyclopentanone
(1f) and FSA A165G were used. The mixturet was purified
by silica gel column chromatography and eluted with a
step gradient of hexane:AcOEt from 1:0 to 3:7, yielding
303.5mg 865%) of a mixture 3f:4f in a 67:33 ratio. HPLC:
10 to 100% of B in 30 min, t = 18 and 19 min. Major
267%) %Sf): 'H NMR (400 MHz, CDsOD) & 7.41-7.17 Lm,
H), 5.06 (s, 2H), 3.78 (ddd, J = 9.1, 5.4, 3.4 Hz, 1H),
3.27-3.12 (m, 2H), 2.35-2.21 (m, 2H), 2.18-2.09 (m, 3H),
1.83-1.71 (m, 3H), 1.70-1.61 (m, 1H). 3C NMR (101 MHz,
CDs;OD) & 221.4, 157.5, 137.0, 128.0, 127.5, 127.3, 69.1,
66.1, 53.7, 38.7, 37.4, 25.8, 22.6, 20.2. Minor (33%) g4f):
IH NMR (400 MHz, CDsOD) & 7.41-7.17 (m, 5H), 5.06 (5,
2H), 4.06 (ddd, J = 8.4, 4.7, 3.2 Hz, 1H), 3.28-3.16 (m,
2H), 2.28-2.18 (m, 1H), 2,18-2.09 (m, 5H), 1.83-1.71 (m,
1H), 1.70-1.61 (m, 2H). C NMR (101 MHz, CD3;0D) 6
220.9, 157.5, 137.0, 128.0, 127.5, 127.3, 66.1, 66.8, 55.2,
38.9, 38.5, 36.3, 24.0, 21.5. The intramolecular reductive
amination  reaction produced four diasteroisomers
including a dehydroxylated analogue (14) in a
15:11:15:22:37 ratio. Owing to the signal overlapping the
some chemical shifts identified as multiplets are given as
the middle point rather than as range. Selected signals of
the NMR sgectra. Detailed assignment in Figure (S15).
Minor 1 (15%): é4R, asS,7aR)-octahydro-1H-

cyclopentalb]gyrldin-4-o| 10). *H NMR éS 0 MHz,
MeOD) 6 4.19 (dt, J = 10.6, 5.2 Hz, 1H), 3.64 (m, 1H),
3.36 (m, 1H 2.49 (m, 1H), 2.19-1.59 (m,

, 3.02 g\r/ln, 1H),
6H). *C NMR (101 MHz, CD30D) § 65.5, 59.0, 44.6, 42.3.
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Minor 11  (11%): R4aS 7aS -octahydro-1H-
cyclopenta[b]pyridin-4-ol ( R (500 MHz,
MeOD) 6 3.99 (td, J = 4.7, 31Hz 1H) 377(m 1H), 3.32
m, 1Hg 317 (dt, J = 12.8, 4.4 Hz, 1H) 2.22 (m, 1H),
19-1.59 (m, 7 ) 13C NMR (101 MHz, CD:0D) & 63.2,
55.4, 454, 379. Minor 12 (15%) (4S,4aS,7aS)-
octahydro -1H- -cyclopenta[b]pyridin-4-ol (12). *H NM
8500 MHz, MeOD) 6 3.62 (m, 1H , 3. 50(7 , 1H), 3.08 (dd,
13.6, 3.5 Hz, 1H), 2.90 (td, J = 11.3, 7.1 Hz, 1H), 217
E()m 1H), 2.19-1.59 (m, 8H). *C NMR (101 MHz, CDsOD)
70.5, 59.9, 49.7, 45.0. Minor 13 (22%): (4S 4aS,7aR)-
octahy /dro-1H- cyclopenta[b]pyrldrn -4-ol (13). H NM
(500 MHZ MeOD) 6 3.48 (m S- , 3.47 (m, 1H), 3.01
1H), 2.78 (td, J—1127 H ), 2.14 (m, TH), 2. 9-
1.59 (m, 8H). °C NMR 101 MHz CDs0D) & 61.4, 579,
43.9, 42.1. Major 14 (37%) dehydroxylated analogue
(4aR 7aR)-octahydro-1H-cyclopenta[b]pyridine (143 'H
NMR (500 MHz, MeOD) & 3.58 (ddd, J=7.9,5.4, 2
,3.27 (t, J ='3.7 Hz, 2H), 301 m, 1H), 2.35-2.25 m
1H leém 1H), 1.79 (m, 185 (m, 2H), 1.71 (m,

H), 1.76 (m 2H 'BC NMR (1 1 MHz, CD30D) 5 57.8,
423,371, 282, 26.2, 22.4, 205, 17.8. ESI-TOF:
calculated for [M+H]+ CeHNO:  142.1231, found
142.1238

SR) -2-((S)-N-Cbz-2-amino-1-hydrox ethylz) yclopentan-
one 15f) and (R)-2- g % z-2-amino-1-
hydroxyethyl)cyclopentan-1-one (16f). These compounds
were obtained following the procedure descrlbed above as
a mixture of 15f:16f in a 50:50 ratio; HPLC: 10 to 100% of
B in 30 min, tr = 17 and 18 min, respectively. N-Chz-
%i/cmal (2b) (1.6 mmol), cyclopentanone élf) and FSA
65G were used. The product was purified by silica gel
column chromatographa/ and eluted with a step gradient of
hexane:AcOEt from 1:0 to 3.7, yieldi gtwo fraction pools:
fraction pool 1 containing 15f pure (53 mg,) and a fraction
pool 2 as a mixture of 15f:16f in a 1:2 ratio (117.2 mg),
total 170.2 mg (38 %) of product. Fraction pool 1 (R)-2-
Q N-Cbz-2-amino-1-hydroxyethyl)cyclopentan-1-one
;) 'H NMR (400 MHz, CD30DE8 7.38-7.24 (m 5H),
(s, 2H), 409(td J =69, 3.0 Hz, 1H), 3.23 (dd, J =
137 6.2 Hz, lHi 3.14 (dd, J= 13.7, 7.2 Hz, 1H 233-
2.15'(m, 2H), 2.15-1.92 (m, 4H), 1.83-1.70 (m, 1H). °C
NMR (101 MHz, CD3;0D) & 222.2, 159.0, 138.4, 129.4,
129.0, 128.9, 69.6, 67.5, 53.2, 46.3, 39.8, 23.7, 21.7.
Fraction pooI 2 15f:16f 33:67 ratio. NMR of 16f: (R)-2-
R)-N-Cbz-2-amino-1- hydroxyethylgcyclopentan 1-one
;) 'H NMR (400 MHz CDy,ODa| 7.42-7.16 (m, 5H),
Ss 2H), 3.83 (q, J = 5.5 Hz, 1 )1338329 m, 2H),

2.32- 98 (m, 5H), 191171m2H 3C NMR (101' M

CD30D)62225 138.5, 129.4, 128.8, 70.8, 67.5, 5267

457, 40.1, 275, 21.8. The intramolecular reductive
amination reaction of the fraction pool 2 (33:67 15f:16f
ratio) produced two diastereoisomers the corresponding to
the aldol adducts 27 and 28, respectively. From aldol
adduct 15f: (3S,3aS,6aR)- ctah drocyclopenta[b]pyrrol-
3-0l (27): 1H NMR (500 D30D) 6 4.35 (dt, J =6.7,
3.5 Hz, 1H), 3.99 (ddd, J = 90 7.2,3.3 Hz, 1H), 3.15 (d, J
= 3.5 Hz, 2H), 2.81 (tdd, J = 9.3, 6.4, 3.6 Hz, 1H), 2.00-
1.92 ém, ng 1.93-1.86 &m 2H), 1.89-1.75 (m 2H), 1.67-
1.62 (m, 1H). ®C NMR (101 MHz, CDs0D) 5 70.6, 646
53.9, 47.1, 30.8, 26.0, 24.9. From aldol adduct (16

3R aS 6aR octahydrocyclopenta[)b]fyrrol -3-ol (28

H 3_20 MHz, CDs;0D) 5 4.1 12 (m, 2H), 3.20-

>

3.09 (dt, J—121 1.6 Hz, 1H), 265 ddd J
3 Hz, ;199192m1l:; 1.93-1. 5

IIOO

1H 169167 (m 1H), 1.68-1.61 (m, 1H), 1.57-1.51

1H). 1.40 (dq, J = 13.3,'6.7 Hz, 1H). *C NMR (101 MHz,
CDsOD) 1) 756 63.0, 51.7, 516 31.7, 29.1, 24.9. ESI-
'1|'208Floc7aglculated for [M+H]+ C:H1aNO: 128.1075, found

Scale up of aldol addition of ethanal (la) to Cbz-3-
aminopropanal (2a)

(2S,4R)-N-Cbz- p| eridine-2,4-diol (3a): The reaction was
conducted in 0 mL screw capped conical-bottom

Eolgpro pylene tubes a FSA
/A1296/R134S/A165(3/81666 (3 mg mLY
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solution in plain water (18.9 mL), 1 M triethanolamine
buffer, pH 8 (1 mL) was added. To this solution, N-Chz-3-
ammoEropanaI (331.2 mg, 80 mM) and ethanal (100 mM,
112 pL) were added. Total reaction volume was 20 mL.
Reaction mixtures were shaken (1000 rpm) at 25 °C for 24
h. After that, the reaction was stoEped with MeOH (30
mL) to preC|p|tate the enzyme, and the mixture was filtered
through Celite. MeOH was evaporated and the reaction
was lyophilized. The product was purified by silica gel
column chromatographa/ and eluted with a step gradient of
hexane:AcOEt from 1:0 to 3:7, yleldlng 191.3 m%(47% ) of
3a. [a]o®=+851 (c=2.1in MeOH HPLC: 10 to 100%
of B In 30 min, tr = 14.5 min; 'H NMR (400 MHz,
CD:0D) § 7.59-7.24 (m, 5H), 5.58-5.47 (m, 1H), 5.22-4.99
gm 2H) 4.11-4.06 (m, 1H), 4.03 (tt, J = 11.3, 4.5 Hz, 1H),

12-2.98 (m, 1H), 2 24-2.13'(m, 1H), 2.02-1.92 (m, 1H),
1.94-1.84 (m, 1H), 49 142 m, 1H), 1.42-1.33 (m, 1H).
I5C NMR (101 M OD) 8 155.7, 136.5, 128.2, 127 8,
127.5, 83.0, 67.1, 634 38 ,37.0, 35.1, 31.2. Rotamer: *H
NMR (400 MHz, CD30 ) 7.59-7.24 (m, 5H), 5.49-5.43
g , ; 5.16-5.08 (m, 2H), 4.03-3.99 (m, 1H), 3.97-3.91
m, 1H), 3.45-3.38 (m, 1H), 2.12-2.04 (m, 1H), 1.86 (dt, J
= 14.7,'3.9 Hz, 1H), 1.81-1.70 (m, 2H). 3C NMR (101
MHz, CD;0D) 6 155.4, 136.5, 128.2, 127.8, 127.5, 82.5
67.1, 60.0, 352, 33.0, 31.3. ESI-TOF: calculated for
[M+H]* C13H1sNO4: 252.1235, found 252.1231.

Scale up of aldol additions of propanone (1b) to 2a-c
catalyzed by DERATma

General procedure: The reactions were conducted in a 50
mL screw capped conical-bottom pol?/propylene tubes. To
a DERAma solution (3 mg mL™) in plain water (17 mL), 1
M triethanolamine buffer H 8 1 mL) was added. To th|s
solution, the aldehyde 8) 380 mM) dissolved in
propanone (1b) (2 mL) was added. Total reaction volume
was 20 mL. Reaction mixtures were shaken (1000 rpm) at
25 °C for 24 h. After that, the reaction was sto[.l)_pled with
MeOH (30 mL? to precrpltate the enzyme en, the
mixture was filtered through Celite, the MeOH wac¢
evaporated and the aqueous residue was lyophilized ad
submitted to reductive amination. Reductive amination:
identical procedure as described above.

(R)-N-Cbz-6-amino-4-hydroxyhexan-2-one (3b): Thic
compound was obtained oIIowrn the procedure described
above. N-Cbz-3-aminopropanal E)a) (331.2mg, 1.6 mmol)
was used. After 24 h additional DERAma (3 mg ml* 2) was
added and the reaction was shaken (1000 rﬂm) at 25°C for
24 h (70% product formed by HPLC). The product was
purified by silica_gel column chromatography and eluted
with a step gradient of hexane:AcOEt from 1:0 to 3:7,
yielding 198. m|_g| ﬁil?% of product. [a]p®® = + 15.8 (c =
0.39 in MeOH); HP 0 to 100% of B'in 30 min, tr = 16
min; Chiral H CL: g = 23 min (racemic sample: tr(R) =
23 min, tr(S) = 27 min). NMR spectral data was identical
to that obtained by FSA D6N catalysis (see above).

(S)-N-Cbz-5-amino-4-hydroxypentan-2-one (15b): This
compound was obtained following the procedure described
above. N-Chz-glycinal (I_b) (3104 mg, 1.6 mmol) was
used (85% 15b formed) he product Was purified by silica
gel column chromatography and eluted with a step gradient
of hexane: AcOEt from 1:0to 3:7, yielding 120.2 m (30%8

roduct, -+22(c—0 2in eOH% LC: 1

00% of |n 30 min, tz = 15 min; Chiral HPCL: tr = 25
m|n (racemic sample: tR( ) = 25 min, tz(S) = 23 min).
NMR spectra were identical to that ‘obtained by FSA
AL165G catalysis (see above).

4S,55)-N-Cbz-5-amino-4-hydroxyhexan-2-one (4S,5S-
9): This compound was obtained following the procedure
descrlbed above. (S)-N-Cbz-Alaninal g 2¢) (331.2mg, 1.6
mmol), propanone (2b) (2 mL) and DERAma (in 17 mL of
plain Water) were use 581% (4S,55)-29 formed). The
product was purified by silica gel column chromatograph
and eluted with a step gradient of hexane:AcOEt from 1:
to 3:7, yielding 336.9 mg (79%) of product. [o]o® = — 23.8
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(c = 2.6 in MeOH); HPLC: 10 to 100 % of B in 30 min, tr
= 16 min; *H NMR (400 MHz, CDsOD) § 7.46-7.14 (m,
5H), 5.05 Sd, J=4.8Hz, 2H), 4.00 (td, J = 6.5, 3.2 Hz, 1H),
3.66 (qd, J = 6.8, 3.1 Hz, 1H), 2.56-2.50 (m, 2H), 2.10 (s,
3H), 1.13 (d, J = 6.9 Hz, 3H). 3C NMR (101 MHz,
CD3;0D) 6 208.7, 157.1, 137.0, 128.0, 127.5, 127.4, 69.4,
66.0, 50.3, 46.5, 29.2, 15.8. The intramolecular reductive
amination reaction produced two diasteroisomers in a
56:44 ratio. (2S,3S,5S)-2,5-dimethylpyrrolidin-3-ol (333
(56%) *H NMR (400 MHz, CDsOD) & 4.09 (td, J = 4.0, 2.

Hz, 1H), 3.20 (dt, J = 8.7, 6.6 Hz, 1H), 2.98 (qd, J = 6.7
3.9 Hz, 2H), 2.41-2.27 (m, 2H), 1.39 (ddd, J = 14.1, 6.8,
2.2 Hz, 2H), 1.27 Sd, J=6.5Hz, 4H),1.21 (d, J Hz
9H). *C NMR (101 MHz, CDsOD) § 73.1, 59.9,
19.6, 11.7. (2S,3S,5R)-2,5-dimethylpyrrolidin
44%) *H NMR (400 MHz, CD30D) & 4.14-4.1
.66 (dp, J =9.1, 6.8 Hz, 1H), 2.07 (ddd, J = 13.6, 7.1, 1
Hz, 1 S) 1.65 (ddd, J =13.6, 9.0, 4.5 Hz, 1H), 1.21 (d, J
5.7 Hz, 7H), 1.20 (d, J = 5.4 Hz, 6H). 3C NMR (101 MH

CD3;0D) & 73.1, 58.1, 52.0, 42.3, 19.5, 11.8. ESI-TOF:
ﬁlé:ullg%d for [M+H]* CeHwiNO: 116.1075, found

N-Cbz-5-amino-4-hydroxyhexan-2-one mixture  of
diasteromers (4S,5_R)—29:S4R,5R)—30 in a 77:23 ratio) This
mixture was obtained following the procedure described
above. (R)-N-Cbz-alaninal (R-2c) (331.2 mg, 1.6 mmol),
acetone (2 mL) and DERATya (in 17 mL of plain water)
were used (91% mixture formed). The mixture was
purified by silica gel column chromatography and eluted
with a step gradient of hexane:AcOEt from 1:0 to 3:7,
gleldlng 330.1 mcp; (78%) of product. I£c>g]D2° =+28(c=
.7 in MeOH). HPLC: 10 to 100% of B in 30 min, tr = 16
min. Only onhe diasteromer was detected by NMR. 'H
NMR (400 MHz, CD30D) 6 7.35-7.19 (m, 5H), 5.05 (s,
2H), 3.94 (ddd, J = 7.9, 6.1, 4.8 Hz, 1H), 3.56 (p, J = 6.7
Hz, 1H%, 2.55 (dd, J = 7.8, 3.9 Hz, 2H), 2.12 (s, 3H), 1.12
d, J=6.8 Hz, 3H). C NMR (101 MHz, CD;0D) §208.8,
56.9, 136.9, 128.0, 127.5, 127.4, 70.2, 66.0, 51.1, 46.9,
29.2, 14.8. Another diasteromer was identified after the
reduction amination reaction. The intramolecular reductive
amination reaction produced two diastereoisomers in a
77:23 ratio. (2R,3S,5R)-2,5-Dimethylpyrrolidin-3-ol (35
(77%).*H NMR (400 MHz, CDs0D) § 3.80 (td, J = 6.5, 5.
Hz, 1H), 3.35 (dt, J = 14.1, 7.1 Hz, 1H), 3.04 (qd, J = 6.6,
5.1 Hz, 1H), 2.31 (dt, J = 13.0, 7.1 Hz, 1H), 1.35 (ddd, J
13.1, 7.7, 6.3 Hz, 1H), 1.21 (d, J = 6.5 Hz, 4H), 1.12 (d,
= 6.7 Hz, 3H). 3C NMR (101 MHz, CD30D) é 77.8, 60.
50.8, 41.4, 20.5, 16.3. 2R,3R,5S)-2,
dimethylpyrrolidin-3-ol (36) g23%2. 'H NMR (400 MHz,
CDs0D) 6 4.09 (ddd, J = 6.1, 3.9, 2.2 Hz, 1H), 3.20 (dt, J
= 8.7, 6.7, 6.7 Hz, 1H), 2.98 (i, J = 6.7, 6.7, 3.3, 3.3 Hz,
1H), 2.41-2.31 (m, 4H), 1.44-1.35 (m, 1H), 1.27 (d, J = 6.6
Hz, 3H), 1.20 (d, J = 5.6 Hz, 3H). 13C NMR (101 MHz,
CDs:OD) & 73.1, 59.9, 424, 199, 11.8. ESI-TOF:
(iallgullg%d for [M+H]® CeHi:NO: 116.1075, found

Scale up of aldol additions of ethanal (1a) to 2a-c
catalyzed by DERATma

(2S,4R)-N-Chbz-piperidine-2,4-diol (3a). This compound
was synthetized following the procedure described above
catalyzed by FSA variant. In this case DERATma (3 mg mL-
1y was used and 77% aldol product formation by HPLC
was obtained, yielding 99.3 m?_| (25%E of pure product.
a]o® = + 4.6 (c = 0.69 in MeOH); HPLC: 10 to 100 % of

in 30 min, tr = 14.5 min. NMR spe%tra was |dent|calst’8

that obtained
L107Y/A129G/R134S/A165G/S166G

y .
catalysis  (see
above).

(2S,3S)-2-methylpyrrolidin-3-ol (31). The reaction was
conducted in a 20 mL screw capped conical-bottom
polypropylene tubes. To a DERAmma (60 mg, 3 mg mL™)
solution In plain water (18.0 mL), 1 M triethanolamine
buffer, pH 8 51.0 mL) was added. To this solution, (S)-N-

Cbz-alaninal (S-2c) (414.0 mg, 2.0 mmol, 100 mM in the
reaction) and ethanal (1a) (120 pL, 2 mmol, 100 mM in the

10.1002/adsc.201801530

reaction) were added. Reaction mixtures were shaken
(1000 rpm) at 25 °C for 24 h (98% aldol product formed as
determined by HPLC). After that, the reaction was stopped
with MeOH (30 mL) to precipitate the enzyme, and the
mixture was filtered through Celite. MeOH was evaporated
and the reaction was lyophilized. The product was purified
by silica gel column chromatografha/ and eluted with a
step gradient of hexane:AcOEt: 100:0 (200 mL) 80:20
(200 mL), 70:30 (200 mL), 60:40 (200 mL) and 50:50 (700
mL), yielding 171.2 mg (34%) of aldol adduct. The
reductive_amination was conducted as follows: the aldol
adduct (171.2 mg) was dissolved in MeOH (400 mL), then
Pd (10%)/C with 50% humidit %200 mg) was added. The
mixture was shaken under H, (2.5 atm) overnight at room
temperature. After that, the reaction was filtered and the
solvent was evaporated. Product (51.2 mg? was
characterized without any further purification. *H NMR
400 MHz, CDs0D) 6 4.25 (t, J = 3.1 Hz, 1H), 3.48 Stt, J=
x6.7, 2x3.4 Hz, 1H), 3.46 — 3.34 ém, 1H), 2.26 — 2.13 gm,
1H), 2.09 — 2.00 (m, 1H), 1.38 (d, J = 6.7 Hz, 2H). 3C
NMR (101 MHz, CD30D) 6 72.1, 61.6, 44.0, 34.1, 11.7.

(2R,3S)-2-methylpyrrolidin-3-ol (32). This compound
was synthetized following the procedure described for
28,387—2—methylpyrrol|d!n—3—ol (31).. In this case the
0% aldol product formation was obtained as determined
bK HPLC. The product was(furlfled by silica gel column
chromatography and eluted with a step gradient of
hexane:AcOEt: 100:0 (200 mL) 80:20 (200 mL), 70:30
(200 mL), 60:40 (200 mL) and 50:50 (750 mL). To remove
the product from enzymatic double addition of la, two
purification runs were needed to obtain 101.0 mg (20%) of
aldol adduct. The reductive amination was conducted as
follows: the aldol adduct (40.0 mg) was dissolved in
MeOH (100 mL), then Pd (10%)/C with 50% humidity (40
mg) was added. The mixture was shaken under H, (2.5
atm) overnight at room temperature. After that, the
reaction was filtered and the solvent was evaporated.
Product (51.2 mg) was characterized without any further
urification. *H NMR (400 MHz, CD3;0D) & 4.13 (dt, J =
4, 3.4, 3.4 Hz, 1H), 3.53 (ddt, J = 10.3, 7.0, 2x3.2 Hz,
1Hg, 3.45—3.37 (m, 2H), 2.27 (dtd, J = 14.1, 2x9.0, 5.4 Hz,
2H), 2.03 — 1.93 (m, 2H), 1.31 (d, J = 7.0 Hz, 2H). **C
NMR (101 MHz, CD30D) 8 76.1, 63.4,43.7, 32.3, 15.6.

Organocatalytic reactions:

N-Benzyloxycarbonyl-(E)-6-aminohex-4-en-2-one:
N-Cbz-3-aminopropanal (0.4 mmol, 82.8 mg) was
dissolved in DMF i4 mL}. Acetone (20%, 1 mL) and (d,l)-
proline (0.08 mmol, 9.21 mg) were added. Total reaction
volume was 5 mL. Reaction mixture was stirred at 25°C
for 4 hours. The solvent was evaporated and the product
was purified by silica gel column chromatography and
eluted with a step gradient of hexane;AcOEt from 1:0 to
1:1, yielding 80 mg (80%) of product. 'H NMR (400 MHz,
CD3;0D) & 7.43-7.23 (m, 5H), 6.85 (dt, J = 16.0, 7.1 Hz,
1H), 6.06 (dt, J = 16.2, 1.5 Hz, 2H), 5.04 (s, 2H), 3.36-3.05
(m, 2H), 2.41 (qd, J = 6.7, 1.5 Hz, 1H), 2.19 (s, 3H).:*C
NMR (101 MHz, CDsOD) & 199.8, 157.4, 146.1, 132.1,
128.0, 127.5, 127.3, 65.9, 38.9, 32.8, 25.2.

Preparation of racemic aldol adducts

Lithium diisopropylamine LDA _reactions: =~ General
procedure.l 8l Lithium dnsogropylamme (LDA) (700 pL of
a 2 M stock solution in THF) was added to anhydrous THF
8 mL) and cooled down to — 78 °C. Then, propanone (1b)
100 FL?1 was added and stirred for 20 minutes. After that,
the aldehyde, dissolved in anhydrous THF (2 mL), was
added. The reaction was stirred for 2 hours at — 78 °C, and
then left to warm up to room temperature. When the
reaction mixture was at room temperature, NaHCO3 (20
mL of 10% aqueous solution) was added. The product was
extracted by AcOEt (3 x 15 mL), the organic layers pooled,
dried over anhydrous Na;SOs and the solvent was
evaporated to dryness.
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rac-N-Cbz-Q-amino-4-hydrox%/hexan-Z-one (rac-3b):
N-Cbz-3-aminopropanal (Za)é 09 mg, 1 mmol) was used.
The product was purified by silica gel column
chromatograEhy and eluted with a step gradient of
hexane:AcOEt from 1:0 to 3:7, yielding 130.6 mg (49 %)
of the title compound. The NMR spectra was
|rt1)d|st|)ngmshable from the one obtained enzymatically (see
above).

rac-N-Cbz-6-amino-4-hydroxypentan-2-one (rac-15b):
N-Cbz-glycinal (2b) (196 mg, 1 mmol) was used. The
product was purified by silica gel column chromatograph
and eluted with a step gradient of hexane:AcOEt from 1:
to 3:7, yielding 88.2 mg (35 %% of the title compound. The
NMR spectra was indistinguishable from the one obtained
enzymatically (see above).
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UPDATE

Aldolase-Catalyzed Asymmetric Synthesis of N-

Heterocycles by Addition of Simple Aliphatic - ' -
Nucleophiles to Aminoaldehydes i 0 AR ) "

coz N 5 0 3l R y

WL pe)
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[e] Tma q

=

[e]
Raquel Roldan, Karel Hernandez, JesUs Joglar, e »:
Jordi Bujons, Teodor Parella, Wolf-Dieter Fessner, d
and Pere Clapes* FSA: p-fructose-6-phosphate aldolase from Escherichia cofi g?-g%se,

DERA7,,: 2-Deoxy-D-ribose-5-phosphate aldolase from Thermotoga maritima 35 to 79% yields
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