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Abstract:

A highly enantioselective Mannich reaction between 3-substituted-2H-1,4-benzoxazines and
acetone catalyzed by lipase from wheat germ Type | (WGL) is described. Enantioselectivity of up
to 95% ee was achieved in DMSO at 25 °C. This research provides a new and simple method for
the synthesis of f-amino ketone derivatives and promotes the development of enzyme-catalyzed
Mannich reactions.
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1. Introduction

Asymmetric Mannich reactions provide a powerful method for synthesizing S-amino ketone
derivatives, which are useful chiral building blocks for many compounds with biological activity
and pharmaceutical importance.™ Asymmetric Mannich reactions have attracted much attention.
However, efficient enantioselective access to the corresponding f-amino ketones via a Mannich
reaction using ketimines has achieved limited success because of the relatively unreactive C=N (vs

a C:O)[Z] and the difficulty of controlling stereofacial differentiation due to the geometry (E or Z)
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of the imine.®! Even though some useful catalytic systems have been reported in the asymmetric
addition to ketimines,*! asymmetric additions to ketimines for synthesizing optically active
S-amino ketone derivatives have been much less explored. To the best of our knowledge, a limited
amount of previous reports have demonstrated proline-catalyzed direct Mannich addition of
3-substituted-2H-1,4-benzoxazines,"” proline-catalyzed addition of aryl trifluoromethyl
ketimines,™ proline-catalyzed addition of ketimine with aldehydes,™ diamine-Brensted
acid-catalyzed addition of 4-trifluoromethyldihydrogquinazoline,'® and
N-(8-quinolinesulfonyl)prolinamide-catalyzed addition of 2,2,2-trifluoro-1-phenylethanimine.!’!
Considering the importance of the optically active g-amino ketone derivatives and the
applicability of the Mannich reaction, it is still desirable to explore environmentally friendly and
sustainable catalysts for the asymmetric Mannich addition of ketimines to synthesize optically
active f-amino ketone derivatives.

Enzymes as green and sustainable catalysts in organic synthesis have attracted widespread
attention.!® Because of the complex three-dimensional structure and active sites integrated therein,
enzymes as catalytically active proteins possess unique functions.””! This creates a highly specific
region for specific substrates with high selectivity. However, in recent years enzyme catalytic
promiscuity, in which a single active site of a given enzyme can catalyze different chemical
transformations of natural or non-natural substrates,™ has received extensive attention as more
and more catalytic promiscuities of existing enzymes have been discovered. Some enzymes
displayed catalytic promiscuities in catalyzing the formation of C—C and C—heteroatom bonds,®

106 1 sych as asymmetric aldol reaction,™ asymmetric Michael addition,™®! the asymmetric

synthesis of a-aminonitrile amidest* as well as Mannich reaction.'*™ **! However, promiscuity of

Page 2 of 23



Page 3 of 23

Catalysis Science & Technology

enzyme is still at the exploratory stage, and no general methods are available to profile enzyme
catalytic promiscuity.™® Thus, it is important to explore enzyme promiscuous activities as much
as possible.

To the best of our knowledge, the only following examples of enzyme-catalyzed Mannich
reactions have been reported so far. In 2009, Yu et al. reported the first hydrolase-catalyzed
Mannich reaction using lipase from Mucor miehei as a catalyst and an acetone/water mixture as a
solvent.® |n 2010, the same group successfully used the lipase from Candida rugose in catalysis
of three-component Mannich reaction™® In 2010, Zhang et al. reported that trypsin efficiently
promoted the Mannich reaction using neat acetone as a solvent.™ In 2011, Gotor et al.
demonstrated alcalase-catalyzed Mannich reaction between 4-nitrobenzaldehyde, acetone and
aniline. Among those reactions, no enantioselectivity was obtained for the Mannich products. In
2012, our group reported the first asymmetric Mannich reaction using protease type XIV from
Streptomyces griseus (SGP) in acetonitrile."® In 2015, we found that acylase from Aspergillus
melleus can catalyze asymmetric Mannich reaction in acetonitrile.'> To date, all the reported
enzymatic Mannich reactions are limited in the same type of substrates (ketones, arylamines and
aromatic aldehydes). Enzyme-catalyzed asymmetric Mannich addition of ketimines with acetone
has not yet been reported. Thus, developing effective enzyme-catalyzed asymmetric Mannich
reaction of ketimines as a more sustainable complement to chemical catalysis is still highly
desirable.

Wheat germ lipase (WGL), a lipase derived from plant, plays an important role in the growth
and storage of agricultural products. In 1933, it has been preliminary purified and characterized.*®

Wheat is one of the world's most important food crops and the annual production of wheat germ is



Catalysis Science & Technology

large. Thus, the potential yield of WGL would be tremendous, and it has drawn great attention
among the cereal lipase, which would be an inexpensive source of catalysts. However, as far as we
know, using WGL in organic synthesis is still untapped except that our group found that WGL can
catalyze asymmetric aldol reaction of tert-butyl 4-oxopiperidine-1-carboxylate with
4-nitrobenzaldehyde giving low enantioselectivity of 12% ee during our wide screening of
enzymes for aldol reaction in 2012." Therefore, it is significant to develop the application of
WGL in organic synthesis. In this context, we wish report the WGL-catalyzed highly
enantioselective Mannich reactions between 3-substituted-2H-1,4-benzoxazines with acetone for

the synthesis of f-amino ketone derivatives.

2. Results and discussion

Initially, the Mannich reaction of 3-phenyl-2H-1,4-benzoxazine 1a*® *® and acetone was
chosen as a model reaction. A series of commercially available enzymes were screened as
catalysts and in those tests DMSO was used as the solvent (Table 1). The best yield of 22% and ee
of 86% was achieved using WGL Type | as a catalyst (Table 1, entry 2). The model reaction with
other enzymes gave lower yields and enantioselectivity (Table 1, entries 3-7). The enantiomeric
excess was determined by HPLC analysis using a chiral column; absolute configuration was
assigned by comparison with the known chiral HPLC analysist?. In view of the above results,
WGL Type | was identified to be the best catalyst for the further study.

Table 1. The screening of enzymes for the catalysis of the model Mannich reaction.?

0]

O
j\ )J\ Enzyme j_>;
@E DMSO0, 25 °C_ L

N~ =
H Ph
1a 2 3a
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Entry Enzyme Yield (%)° ee (%)°
1 None n.d. -

2 Lipase from wheat germ (WGL), Type | 22 86

3 Phosphatase acid from wheat germ, Type | 16 82

4 Nuclease p1 from Penicillium citrinum 6 79

5 Lipase from porcine pancreas, Type Il 4 72

6 Proteinase from Aspergillus melleus, Type XXIII 6 70

7 Papain from Carica pagaya trace --

2 All reactions were carried out with ketimine 1a (0.2 mmol), acetone (4.0 mmol), enzyme (30 mg, lyophilized
powder), and DMSO (1.0 mL) at 25 °C stirring for 96 h.

bYield of the isolated product after chromatography on silica gel.

¢ Determined by HPLC analysis using a chiral column (AD-H).

9 n.d.: no product was detected.

The nature of the reaction medium has been considered as an important parameter in
enzyme-catalyzed reactions.’®® ! Thus, the reaction in different organic solvents was surveyed
and the results were shown in Table 2. The data indicated that the catalytic activity and selectivity
of WGL on the Mannich reaction were remarkably influenced by solvents. The reaction had the
highest enantioselectivity (86% ee and 85% ee, respectively) in DMSO and DMF (Table 2, entries
1 and 2), but DMF had a low yield of 7%. The reaction in MeOH gave the product with a good
yield of up to 88 % but with a low ee value of 39% (Table 2, entry 4). A 43% vyield and ee value
of 64% was achieved in EtOH (Table 2, entry 3). In the other tested solvents (CH,Cl,, MeCN,
EtOAc, and acetone) only trace amounts of product were obtained (Table 2, entries 5-8). With the
purpose to get high enantioselectivity in mind, and the combination of previous reports that WGL
shows good stability in DMSO®” and experimental data, DMSO was chosen as the optimum
solvent for the WGL-catalyzed Mannich reaction.

Table 2. The effect of solvents on the WGL-catalyzed asymmetric Mannich reaction.?
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0]
Cr,, - A e T
N/ Ph Solvent, 25 °C B

N Pn
la 2 3a
Entry Solvent Yield (%)° ee (%)°
1 DMSO 22 86
2 DMF 7 85
3 EtOH 43 64
4 MeOH 88 39
5 CH,CI, trace --
6 MeCN trace --
7 EtOAC trace --
8 Acetone trace --

®The reaction conditions were as follows: ketimine 1a (0.2 mmol), acetone (4.0 mmol), WGL (141 U, lyophilized
powder), and solvent (1.0 mL) at 25 °C stirring for 96 h.

b Yield of the isolated product after chromatography on silica gel.

¢ Determined by HPLC analysis using a chiral column (AD-H).2

In general, water has an effect on the enzyme-catalyzed reaction in organic solvents.” The
effect of different amounts of water addition in DMSO on WGL-catalyzed model reaction was
investigated (Table 3). Both the yield and enantioselectivity of the model Mannich reaction were
reduced when water was added into the reaction system (Table 3, entries 2-7). When the water
content exceeded 20% [H,O/(H,O + DMSO0), in vol.] the yield decreased significantly (Table 3,
entries 5-7), probably due to the insolubility of the ketimine (1a) in water." The best ee value of
86% and 22% yield was obtained without adding water into the reaction system (Table 3, entry 1).
Ultimately, DMSO (A.R.) as the optimized solvent without addition of water was selected for the
further studies.

Table 3. Influence of water addition on the WGL-catalyzed asymmetric Mannich reaction.?
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O - e o
N >Ph DMSO/H,0, 25 °C N2
H Ph
la 2 3a
Entry Water addition (%) Yield (%)° ee (%)°
1 0 22 86
2 5 14 86
3 10 11 82
4 15 11 81
5 20 3 77
6 25 3 76
7 30 1 65

The reaction conditions were as follows: ketimine 1a (0.2 mmol), acetone (4.0 mmol), WGL (141 U, lyophilized
powder), and DMSO (0.7-1.0 mL), deionized water (0-0.3 mL) at 25 °C stirring for 96 h.

bYield of the isolated product after chromatography on silica gel.

¢ Determined by HPLC analysis using a chiral column (AD-H).2

Among the above performed experiments, big amounts of substrate ketimine (1a) were left
after 96 h of reaction, and the yield was very low. To further optimize the WGL-catalyzed
Mannich reaction, the effect of amounts of acetone on the model reaction was investigated (Table
4). It could be seen that the enantioselectivity of the reaction was almost not affected by varying
the amount of acetone. The best yield of 26% (Table 4, entry 4) was obtained when the acetone
was increased to 8.0 mmol for the reaction with 0.2 mmol ketimine (1a). Further increasing the
equivalents of acetone failed to improve the yield (Table 4, entries 5-12). Thus, 8.0 mmol of
acetone was selected as the optimized amount for the reaction.

Table 4. The effect of amount of acetone on the WGL-catalyzed asymmetric Mannich reaction.?

(0]
SOUNP TN, g by
Z DMSO, 25 °C
N Ph N~ 2
H Ph
1a 2 3a
Entry Acetone (mmol) Yield (%)° ee (%)°
1 2.0 17 85
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2 4.0 22 86
3 6.0 24 86
4 8.0 26 87
5 10.0 22 85
6 12.0 24 87
7 14.0 21 86
8 16.0 20 87
9 18.0 17 86
10 20.0 15 86
11 22.0 16 86
12 24.0 13 90

®The reaction conditions were as follows: ketimine 1a (0.2 mmol), acetone (2.0-24.0 mmol), WGL (141 U,
lyophilized powder), and DMSO (1.0 mL) at 25 °C stirring for 96 h.

bYield of the isolated product after chromatography on silica gel.

¢ Determined by HPLC analysis using a chiral column (AD-H).24

Subsequently, to find out a suitable enzyme loading for the reaction, WGL loading from 94 U
to 705 U were screened for the Mannich reaction (Table 5). The results indicated that the enzyme
loading had an obvious effect on the yield but had a miniscule effect on the enantioselectivity of
the reaction. When 94 U of WGL was used, the reaction gave a low yield of only 19% (Table 5,
entry 1). Increasing yield was observed while the enzyme loading increased from 94 U to 705 U,
and the yield of the reaction was able to reach 46% (Table 5, entries 1-13). Taking into
consideration of the yield and cost of the reaction, 423 U of WGL was chosen as the optimal
amount of catalyst for the further experiments.

Table 5. Effect of enzyme loading on the WGL-catalyzed asymmetric Mannich reaction.®

o 0]
L, A e OO
—
N Ph DMSO, 25 °C N~z
H Ph
la 2 3a
Entry Enzyme loading (U) Yield (%)° ee (%)°
1 94 19 87
2 118 24 86
3 141 26 86
4 165 28 86
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5 188 31 87
6 235 34 86
7 282 35 87
8 329 36 87
9 376 39 87
10 423 40 87
11 470 41 87
12 564 44 87
13 705 46 87

®The reaction conditions were as follows: ketimine 1a (0.2 mmol), acetone (8.0 mmol), WGL (94-705 U,
lyophilized powder), and DMSO (1.0 mL) at 25 °C stirring for 96 h.

bYield of the isolated product after chromatography on silica gel.

¢ Determined by HPLC analysis using a chiral column (AD-H).

To further optimize the reaction conditions, the effect of solvent volume (DMSO, 0.50-3.00
mL) on the reaction was investigated (Table 6). The enantioselectivity of the product almost kept
a constant value of approximately 86% ee during the whole phase of the reaction. When the
volume of DMSO from 1.00 mL to 1.50 mL was used, slightly better yields were obtained (Table
6, entries 3-5). Based on these experiments, 1.00 mL of DMSO was chosen as the optimal solvent
volume.

Table 6. Effect of DMSO volume on the WGL-catalyzed asymmetric Mannich reaction.?

O

O, A e COL-
~ -

N~ > Ph DMSO, 25 °C ” b ]

1a 2 3a

Entry DMSO (mL) Yield (%)° ee (%)°
1 0.50 38 86
2 0.75 39 85
3 1.00 40 87
4 1.25 39 86
5 1.50 40 87
6 2.00 38 85
7 2.50 36 86
8 3.00 35 85

The reaction conditions were as follows: ketimine 1a (0.2 mmol), acetone (8.0 mmol), WGL (423 U, lyophilized

9
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powder), and DMSO (0.50-3.00 mL) at 25 °C stirring for 96 h.
bYield of the isolated product after chromatography on silica gel.
¢ Determined by HPLC analysis using a chiral column (AD-H).

Temperature is another important factor for the enzyme-catalyzed reactions because of its
significant effects on enzyme stability and the rate of reactions.l?? The effect of temperature on
the WGL-catalyzed Mannich reaction was investigated at different temperatures ranging from 20
°C to 50 °C (Table 7). The reaction exhibited the best enantioselectivity of 87% ee at 25 °C, which
gave a yield of 40% (Table 7, entry 2). Although the yield of the reaction could be slightly
increased by raising the temperature, the decreased of ee values were observed (Table 7, entries
3-5). Moreover, higher temperature (50 °C) brought an obvious decline in enantioselectivity and
yield was also reduced (Table 7, entry 6). Thus, to obtain the best enantioselectivity, 25 °C was
chosen as the optimal temperature.

Table 7. Effect of temperature on the WGL-catalyzed asymmetric Mannich reaction.®

SOIP NS G S
N~ >Ph DMSO0, 20-50 °C N”Z
H Ph
la 2 3a
Entry Temperature (°C) Yield (%)° ee (%)°
1 20 26 86
2 25 40 87
3 30 43 82
4 35 46 80
5 40 47 78
6 50 43 55

The reaction conditions were as follows: ketimine 1a (0.2 mmol), acetone (8.0 mmol), WGL (423 U, lyophilized
powder), and DMSO (1.0 mL) at 20-50 °C stirring for 96 h.
bYield of the isolated product after chromatography on silica gel.

¢ Determined by HPLC analysis using a chiral column (AD-H).24

Time course of the WGL-catalyzed Mannich reaction was investigated (Table 8). Extending
10
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the reaction time led to an increase of the yield (Table 8, entries 1-9), and the best yield of 51%
was obtained after 144 h (Table 8, entry 9). Further prolonging the reaction time did not lead to
any increase of the yield (Table 8, entry 10). Meanwhile, the ee value remained nearly constant
during the reaction.

Table 8. Time course of the WGL-catalyzed asymmetric Mannich reaction.®

0 0 o_ ©
T, A e T
% DMSO, 25°C
N~ ~Ph N™ %
H Ph
1a 2 3a
Entry Time (h) Yield (%)° ee (%)°
1 12 9 87
2 24 15 87
3 36 19 86
4 48 28 86
5 60 30 87
6 72 33 87
7 96 40 87
8 120 49 86
9 144 51 86
10 168 48 86

The reaction conditions were as follows: ketimine 1a (0.2 mmol), acetone (8.0 mmol), WGL (423 U, lyophilized
powder), and DMSO (1.0 mL) at 25 °C stirring for 12-168 h.
bYield of the isolated product after chromatography on silica gel.

¢ Determined by HPLC analysis using a chiral column (AD-H).2

With the optimized conditions in hand, several substrates were tested to expand upon this
novel WGL-catalyzed asymmetric Mannich reaction (Table 9). The reactions with ketimines
containing a neutral or electron-donating group as R* or R? (Table 9, entries 1-3, 11 and 12) gave
better yields than those containing an electron-withdrawing group (Table 9, entries 5-7 and 13-16).
The best yield of 54% was obtained with the ketimine (R' = 4-CH3, R?= H) (Table 9, entry 2).
Notably, the highest enantioselectivity of 95% ee was observed for the reaction with

11
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4-phenyl-substituted ketimine (Table 9, entry 3). The reaction with ketimine containing a
naphthyl or 3,4-dichlorostyryl group was also successfully carried out to afford the corresponding
products (Table 9, entries 4 and 10). In general, the desired products were obtained with good
enantioselectivities but in low yields. In all cases, high amounts of starting materials remained
unreactive, and small amounts of unidentified by-products were observed in some reactions. When
other aliphatic and aromatic ketones such as 2-butanone, cyclohexanone, cyclopentanone,
3-pentanone, 1,3-cyclohexanedione, acetophenone, 4'-chloroacetophenone, and
4'-methylacetophenone were employed instead of acetone in this Mannich reaction with 1a, no
desired products were received; starting materials remained unreactive.

Table 9. Scope of the WGL-catalyzed asymmetric Mannich reaction.?

rel ° . )?\ WGL N O]_O>;
NN N DMSO0, 25 °C PN
| /—R1 H @
1 2 3 =R

Entry R! R? Product Time (h) Yield (%)° ee (%)°
1 H H 3a 120 49 87
2 4-CH; H 3b 96 54 83
3 4-Ph H 3c 72 31 95
4 2-naphthy H 3d 108 20 85
5 4-F H 3e 120 21 87
6 4-Cl H 3f 120 17 86
7 4-NO, H 39 120 21 89
8 3-Cl H 3h 120 18 85
9 3-Br H 3i 120 20 82
10 3,4-2Cl H 3j 108 21 86
11 H 4-CH; 3k 96 37 87
12 3-CHs; 3l 96 27 83
13 H 4-Cl 3m 96 17 89
14 H 3-Cl 3n 96 15 86
15 H 4-F 30 96 19 84
16 H 4-NO, 3p 96 16 73

#The reaction conditions were as follows: a mixture of ketimine 1 (0.2 mmol), acetone (8.0 mmol) and WGL (423

12
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U, lyophilized powder) in DMSO (1.0 mL) at 25 °C.
bYield of the isolated product after chromatography on silica gel.
¢ Determined by HPLC analysis using a chiral column B4 (for details, please see the Supporting Information).*9

Finally, to confirm the specific catalytic effect of WGL on the Mannich reaction and to further
understand this reaction, some control experiments were performed (Table 10). In the absence of
WGL, no reaction was detected (Table 10, entry 1). The model reaction with WGL gave the
product with a yield of 49% and 87% ee under the optimized reaction conditions (Table 10, entry
2), which indicated WGL preparation had a catalytic effect on the Mannich reaction. In order to
further prove that the three-dimensional protein structure of WGL was important for the model
reaction, several types of inhibitors and denaturants were tested. Guanidine hydrochloride
(GUHCI), a compound that can break the three-dimensional structure of protein ! was used to
pretreat WGL. The reaction with GuHCI-pretreated WGL only gave a low yield of 14% with 53%
ee (Table 10, entry 3). GUHCI alone was also proved to not catalyze the reaction (Table 10, entry
4). According to the work reported by E. A. Motina et al.,* the catalytic activity of WGL
decreased after incubated with phenylmethylsulfonyl fluoride (PMSF), diethyl cyanophosphonate
(DEPC), dicyclohexylcarbodiimide (DCC), or ethylenediaminetetraacetic acid (EDTA). PMSF, a
specific inhibitor of serine of enzymes,® was used to pretreat WGL. Both the yield and
enantioselectivity of the model reaction with PMSF-pretreated WGL reduced (Table 10, entry 5).
DEPC, a known modifier of the imidazole groups of histidine, ® was used to pretreat WGL and
the catalytic activity and enantioselectivity of WGL were decreased (Table 10, entry 7). An
almost complete inhibition of the catalytic activity of WGL in the Mannich reaction was observed
by using DCC, a well-known effective modifier of carboxylic groups of aspartic or glutamic

[27]

acids,'”"" which only gave a low yield of 8% (Table 10, entry 9). EDTA, a chelating agent for the
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majority of divalent metal ions,” caused a yield decrease in the WGL-catalyzed Mannich
reaction to only 13% vyield (Table 10, entry 11). The above mentioned inhibitors alone were
verified no effect on the model reaction (Table 10, entries 6, 8, 10 and 12). These results further
confirmed that WGL indeed catalyzed the Mannich reaction, and once the enzyme denatured, its
catalytic ability in the Mannich reaction decreased. The above data suggests that divalent metal
ions existing in enzyme play a key role in the catalytic event. The imidazole groups of histidine,
the hydroxyl groups of serine, and carboxylic groups of aspartic or glutamic acids may be
involved in the catalytic activity.

To explore the relationship between natural and promiscuous activities of WGL, an enzymatic
assay of WGL on the hydrolysis of triacetin as natural activity was performed. Native enzyme
showed an activity of 6.3 units per mg protein (Tablel0, entry 2). Since the inhibitor-pretreated
WGL partially lost its catalytic ability for the Mannich reaction, as a comparison we checked its
natural activity on hydrolyzing triacetin. The results indicated that the inhibitor-pretreated WGL
also lost its natural activity in certain degrees (Tablel0, entries 3, 5, 7, 9 and 11). These data
demonstrated that both the natural and promiscuous activities of the enzyme were inhibited by the
above mentioned inhibitors. Based on the above experiments, it can be inferred that the natural
active center of WGL was responsible for its activity in the Mannich reaction.

Table 10. Control experiments for the WGL-catalyzed asymmetric Mannich reaction.?

o
C, A e OO
DMSO, 25 0C N~ 2
H Ph
1a 2 3a
Entry Catalyst Yield (%)° ee (%)° Natural activity (U mg™ protein)
1 None n.d.® - -
2 WGL 49 87 6.3

14
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3 WGL pretreated with GUHCI® 14 53 2.1
4 GuHClI' n.d. - -
5 WGL pretreated with PMSF? 21 55 3.6
6 PMSF" n.d. - -
7 WGL pretreated with DEPC' 19 74 3.9
8 DEPC/ n.d. - -
9 WGL pretreated with DCC* 8 75 1.7
10 bcc' n.d. - -
11 WGL pretreated with EDTA™ 13 87 2.9
12 EDTA" n.d. -- --

? Unless otherwise specified, all reactions were carried out with ketimine 1a (0.2 mmol), acetone (8.0 mmol),
WGL (423 U, lyophilized powder), and DMSO (1.0 mL) at 25 °C stirring for 120 h.

b Yield of the isolated product after chromatography on silica gel.

¢ Determined by HPLC analysis using a chiral column (AD-H).1

% n.d.: no product was detected.

¢ The mixture of WGL (423 U), deionized water (1 mL) and GuHCI (6.0 mmol) was stirred at 30 °C for 8 h and
then water was removed by lyophilization before use.

fGUHCI (6.0 mmol) was used instead of WGL (423 U).

9 The mixture of WGL (423 U), THF (1 mL) and PMSF (0.6 mmol) was stirred at 30 °C for 2 h and then THF was
removed under reduced pressure before use.

" PMSF (0.6 mmol) was used instead of WGL (423 U).

" The mixture of WGL (423 U), phosphate buffer solution (NaH,PO,-Na,HPO,, pH 8.04) (1 mL) and DEPC (0.3
mmol) was stirred at 37 °C for 2 h and then water was removed by lyophilization before use.

I DEPC (0.3 mmol) was used instead of WGL (423 U).

K The mixture of WGL (423 U), deionized water (1 mL) and DCC (1.0 mmol) was stirred at 30 °C for 2 h and then
water was removed by lyophilization before use.

'DCC (1.0 mmol) was used instead of WGL (423 U).

™ The mixture of WGL (423 U), deionized water (1 mL) and DETA (0.5 mmol) was stirred at 30 °C for 2 h and
then water was removed by lyophilization before use.

"EDTA (0.5 mmol) was used instead of WGL (423 U).

The imidazole groups of histidine, the hydroxyl groups of serine, carboxylic groups of aspartic
or glutamic acids play an important role in the natural catalytic function of WGL.”*Y Based on the
above control and comparison experiments, it can be inferred that the His, Ser, Asp or Glu
residues located in the active centre are also crucial for this enzymatic Mannich reaction.
According to the literature,’?® trypsin-like serine protease triad forms the catalytic centre of some
triacylglycerol lipases. So, we attempted to propose a mechanism for the WGL-catalyzed Mannich

reaction (Scheme 1). Firstly, the ketimines 1 are activated by Ser from the Asp (or Glu) -His-Ser
15
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catalytic triad in the active centre of WGL and the protonated ketamines are obtained. Secondly, a

proton is transferred from the acetone to the Ser in the Asp (or Glu) -His-Ser catalytic triad and the

enolate ion is formed. Thirdly, the protonated ketamines are attacked by the enolate ion through a

Mannich process. Then, the products 3 are generated.

Scheme 1. Proposed mechanism for the WGL-catalyzed Mannich reaction.

Conclusions

In summary, WGL was used for the first time as a safe, economical, and eco-friendly

biocatalyst in asymmetric Mannich reaction for the synthesis of f-amino ketone derivatives. The
16
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influence of several factors including water content, solvent, amount of substrate, enzyme loading,
solvent volume, and temperature effects were investigated. The desired products were obtained in
excellent enantioselectivities (up to 95% ee) with a wide range of substrates. To confirm the
catalytic promiscuity of WGL, several control experiments were conducted. Results indicated that
the imidazole groups of histidines, the hydroxyl groups of serines, carboxylic groups of aspartic or
glutamic acids, and divalent metal ions may have an effect on the catalytic activity of WGL in the
Mannich reaction. By comparing the natural and unnatural activity, it can be speculated that the
natural active center of WGL was also responsible for its activity in the Mannich reaction. As a
novel case of the enzyme catalytic promiscuity, this work not only expands the application of
WGL in organic synthesis, but also provides useful insights into enzyme promiscuity. Although
the yields are not good enough at present, it may be a building block for the future research to
develop a potentially valuable method using the abundant WGL as a catalyst which can be a

sustainable complement to the traditional chemical catalysis.

3. Experimental Section
General procedure for the WGL-catalyzed Mannich reaction

To the mixture of ketimine 1 (0.2 mmol) and WGL (423 U) in DMSO (1.0 mL) was added
acetone (8.0 mmol). This reaction mixture was stirred at 25 °C for the specified reaction time and
monitored by TLC. The reaction was terminated by filtering out the enzyme (with 40 mm Buchner
funnel and qualitative filter paper), and the filter cake was washed with ethyl acetate (3x10 mL).
The filtrate was washed three times with water. The organic phase was dried over anhydrous
Na,SQO,, and the solvents were removed under reduced pressure. The crude products were purified

17
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by column chromatography on a silica gel (petroleum ether/EtOAc: 20/1~10/1) and gave the
desired Mannich adducts. The enantiomeric excess was determined by HPLC. Racemic Mannich

adducts were obtained via the Mannich reactions catalyzed by tetrahydropyrrole in DMSO.

Acknowledgements
This work was financially supported by the National Natural Science Foundation of China (No.

21276211 and No. 21472152).

References
[1] a) M. M. B. Marques, Angew. Chem. Int. Ed. 2006, 45, 348-352; b) Y. Suto, M. Kanai, M.
Shibasaki, J. Am. Chem. Soc. 2007, 129, 500-501; c¢) T. Kano, S. Song, Y. Kubota, K.
Maruoka, Angew. Chem., Int. Ed. 2012, 51, 1191-1194; d) Y. Q. Wang, Y. Zhang, K. Pan, J.
X. You, J. Zhao, Adv. Synth. Catal. 2013, 355, 3381-3386.

[2] a) P. Fu, M. L. Snapper, A. H. Hoveyda, J. Am. Chem. Soc. 2008, 130, 5530-5541; b) L. C.
Wieland, E. M. Vieira, M. L. Snapper A. H. Hoveyda, J. Am. Chem. Soc. 2009, 131, 570-576;
¢) R. Wada, T. Shibuguchi, S. Makino, K. Oisaki, M. Kanai M. Shibasaki, J. Am. Chem. Soc.
2006, 128, 7687-7691; d) C. Lauzon, A. B. Charette, Org. Lett. 2006., 8, 2743-2745; e) J. C.
Kizirian, Chem. Rev. 2008, 108, 140-205; f) R. Shintani, M. Takeda, Y. T. Soh, T. Ito, T.
Hayashi, Org. Lett. 2011, 13, 2977-2979; g) S. Kobayashi, Y. Mori, J. S. Fossey, M. M.
Salter, Chem. Rev. 2011, 111, 2626-2704; h) E. G. Bengoa, J. Jimenez, |. Lapuerta, A.
Mielgo, M. Oiarbide, I. Otazo, I. Velilla, S. Vera, C. Palomo, Chem. Sci. 2012, 3, 2949-2957;
i) T. Nishimura, Y. Ebe, H. Fujimoto, T. Hayashibc, Chem. Commu. 2013, 49, 5504-5506; j)

18



Page 19 of 23 Catalysis Science & Technology

Y. J. Chen, Y. H. Chen, C. G. Feng, G. Q. Lin, Org. Lett. 2014, 16, 3400-3403; k) H. Wang,

Y. Li, M. H. Xu, Org. Lett. 2014, 16, 3962-3965.

[3] T. Nishimura, A. Noishiki, G. C. Tsui, T. Hayashi, J. Am. Chem. Soc. 2012, 134, 5056-5059.

[4] a) M. Shibasaki, M. Kanai, Chem. Rev. 2008, 108, 2853-2873; b) R. Shintani, M. Takeda, T.

Tsuji, T. Hayashi., J. Am. Chem. Soc. 2010, 132, 13168-13169; c) C. H. Jiang, Y. X. Lu and

T. Hayashi, Angew. Chem., Int. Ed. 2014, 53, 9936-9939; d) H. B. Hepburn, H. W. Lam,

Angew. Chem., Int. Ed. 2014, 53, 11605-11610; €) Y. Li, M. H. Xu, Chem. Commun. 2014,

50, 3771-3782; f) W. B. Wu, X. Li, H. C. Huang, X. Q. Yuan, J. Z. Lu, K. L. Zhu, J. X. Ye,

Angew. Chem., Int. Ed. 2013, 52, 1743-1747; g) G. Q. Yang, W. B. Zhang, Angew. Chem.,

Int. Ed. 2013, 52, 7540-7544.

[5] V. A. Sukach, N. M. Golovach, V. V. Pirozhenko, E. B. Rusanov, M. V. Vovk, Tetrahedron:

Asymmetry. 2008, 19, 761-764.

[6] B.Jiang, J. J. Dong, Y. G. Si, X. L. Zhao, Z. G. Huang, M. Xua, Adv. Synth. Catal. 2008,

350, 1360-1366.

[71 N.Hara, R. Tamura, Y. Funahashi, S. Nakamura, Org. Lett. 2011, 13, 1662-1665.

[8] a) D.J. Pollard, J. M. Woodley, Trends Biotechnol. 2007, 25, 66-73; b) J. Aleu, A. J. Bustillo,

R. H. Galan, I. G. Collado, Curr. Org. Chem. 2006, 10, 2037-2054; ¢) A. Schmid, J. S.

Dordick, B. Hauer, A. Kiener, M. Wubbolts, B. Witholt, Nature. 2001, 409, 258-268; d) J. R.

Knowles, Nature. 1991, 350, 121-124; e) M. S. Humble, P. Berglund, Eur. J. Org. Chem.

2011, 3391-3401.

[91 M.T. Reetz, K. Schimossek, Chimia. 1996, 50, 668-669.

[10] a) U. T. Bornscheuer, R. J. Kazlauskas, Angew. Chem., Int. Ed., 2004, 43, 6032-6040; b) Y.

19



Catalysis Science & Technology Page 20 of 23

Xue, L. P. Li, Y. H. Yan, Z. Guan, Sci. Rep. 2012, 2, 761; DOI:10.1038/srep00761; c) L. P.

Li, X. Cai, Y. Xiang, Y. Zhang, J. Song, D. C. Yang, Z. Guan Y. H. He, Green Chem. 2015,

17, 3148-3156.

[11] a) I. Nobeli, A. D. Favia, J. M. Thornton, Nat. Biotechnol. 2009, 27, 157-167; b) E. Busto, V.

Gotor-Fernandez, V. Gotor, Chem. Soc. Rev. 2010, 39, 4504-4523; (c) M. S. Humble, P.

Berglund, Eur. J. Org. Chem. 2011, 3391-3401; (d) Z. Guan, L.Y. Li, Y. H. He, RSC Adv.

2015, 5, 16801-16814; (e) L. I. Maria, G. F.Vicente, Chem. Rec. 2015, 15, 743-759.

[12] a) C. Li, X. W. Feng, N. Wang,Y. J. Zhou, X. Q. Yu, Green Chem. 2008, 10, 616-618; b) H.

H. Li,Y. H. He, Y. Yuan, Z. Guan, Green Chem. 2011, 13, 185-189.

[13] J. F. Cai, Z. Guan, Y. H. He, J. Mol. Catal. B: Enzym. 2011, 68, 240-244.

[14] P. Vongvilai, Angew. Chem., Int. Ed. 2011, 50, 6592-6595.

[15] a) K. Li, T. He, C. Li, X. W. Feng, N. Wang, X. Q.Yu, Green Chem. 2009, 11, 777-779; b) T.

He, K. Li, M.Y. Wu, X. W. Feng, N. Wang, H. Y. Wang, C. Li, X. Q.Yu, J. Mol. Catal. B:

Enzym. 2010, 67, 189-194; c) S. J. Chai, Y. F. Lai, H. Zheng, P. F. Zhang, Helv. Chim. Acta.

2010, 93, 2231-2236; d) M. L. Iglesias, E. Busto, V. Gotor, V. G. Fernandez, Adv. Synth.

Catal. 2011, 353, 2345-2353; e) Z. Guan, J. Song, Y. Xue, D. C. Yang, Y. H. He, J. Mol.

Catal. B: Enzym. 2015, 111, 16-20.

[16] B. Sullivan, M. A. Howe, J. Am. Chem. Soc. 1933, 1, 321-332.

[17] Z. Guan, J. P. Fu, Y. H. He, Tetrahedron Lett. 2012, 53, 4959-4961.

[18] a) K. Gao, C. B. Yu, D. S. Wang, Y. G. Zhou, Adv. Synth. Catal. 2012, 354, 483-488; b) Z. P.

Chen, M. W. Chen, R. N. Guo, Y. G. Zhou, Org. Lett. 2014, 16, 1406-1409; ¢) C. J. Ding, Y.

Wang, W. W. Zhang, L. Liu, Y. J. Liang, D. W. Dong, Chem. Res. Chinese Universities.

20



Page 21 of 23

Catalysis Science & Technology

2009, 25, 174-177.

[19] C. R. Wescott, A. M. Klibanov, Biochim. Biophy. Acto. 1994, 1206, 1- 9.

[20] a) A .N. Rgjeshwvara, V. Prakast, Int. J. Pept. Protein Res. 1994, 44, 435-440; (b) E. Ahmad,
S. Fatima, M. M. Khan, R. H. Khan, Biochimie. 2010, 92, 885-893.

[21] a) A. M. Klibanov, Trends Biochem. Sci. 1989, 14, 141-144; b) J. S. Dordick, Enzyme
Microb. Technol. 1989, 11, 194-211.

[22] M. Habulin, S. Sabeder, M. Paljevac, M. Primozic, Z. Knez, J. Supercrit. Fluid. 2007, 43,
199-203.

[23] @) T. M. Logan, Y.Therianlt, S. W. Fesik, J. Mol. Biol. 1994, 236, 637-648; b) C. Tanfard,
Adv. Protein Chem. 1968, 23, 121-282; c¢) C. Tanford, Adv. Protein Chem. 1970, 24, 1-95; (d)
C. N. Pace, CRC Crit Rev Biochem. 1975, 3, 1-43.

[24] a) O. S. Korneeva, T. N. Popova, V. S. Kapranchikov, E. A. Motina, Appl. Biochem. Micro.
2008, 45, 349-355; b) K. N. Gopalakrishna, P. Ramesh Kumar, V. Prakash, Indian J.
Biochem. Bio. 2002, 39, 28-34.

[25] M. Moreau, X. Gargouri, J. Mol. Biol. 1988, 98, 1050-1054.

[26] G. Gesecken, Z. Physiol. Chem. 1978, 359, 1086-1087.

[27] a) J. D. Schrag, Y. Li, S. Wu, M. Cygler, Nature. 1991, 351, 761-764; b) O. L. Polyanovskii,
Rol’ funktsional’nykh grupp belka v fermentakh (Role of Protein Functional Groups in
Enzymes), Moscow: Nauka, 1964.

[28] I. Panaiotov, R. Verger, Physical Chemistry of Biological Interfaces, A. Baszkin.; W. Norde.,
Eds., New York: Marcel Dekker, 2000, 359-400.

[29] a) L. Brady, A. M. Brzozowski, Z. S. Derewenda, et al, Nature. 1990, 343, 767-770; b) M. E.

21



Catalysis Science & Technology Page 22 of 23

Lowe, J. Biol. Chem. 1992, 267, 17069-17073.

22



Page 23 of 23 Catalysis Science & Technology

A table of contents entry

O 0 o) O
N WGL X
R | -+ )J\ N v, R2—I
= 7 1
N | X DMSO, 25°C = N
H

2K
=
X,

(S)

16 examples, yields: 15-54%, ee up to 95%.

Wheat germ lipase (WGL) was used for the first time as a biocatalyst in asymmetric Mannich

reaction of ketimines.



