J A CS UAEU .5,

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by United Arab Emirates University | Libraries Deanship

Communication

Enzyme-Inspired Axially Chiral Pyridoxamines Armed with a Cooperative
Lateral Amine Chain for Enantioselective Biomimetic Transamination

Yong Ethan Liu, Zhaole Lu, Bo Li, Jiaxin Tian, Feng Liu, Junyu
Zhao, Chengkang Hou, Yingkun Li, Lili Niu, and Baoguo Zhao

J. Am. Chem. Soc., Just Accepted Manuscript ¢ Publication Date (Web): 12 Aug 2016
Downloaded from http://pubs.acs.org on August 12, 2016

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

N4 ACS Publications



Journal of the American Chemical Society

Enzyme-Inspired Axially Chiral Pyridoxamines Armed with a Coop-
erative Lateral Amine Chain for Enantioselective Biomimetic Trans-

Yong Ethan Liu, Zhaole Lu, Bo Li, Jiaxin Tian, Feng Liu, Junyu Zhao, Chengkang Hou, Yingkun

The Education Ministry Key Lab of Resource Chemistry and Shanghai Key Laboratory of Rare Earth Functional Ma-

b,c,e- d . .
Breslow””““® and Kuzuhara,”™“ catalytic asymmetric trans-

amination with chiral pyridoxal/pyridoxamine'® molecules as
the catalyst” has not yet been well developed.” As the pyri-
doxal/pyridoxamine catalyst is the key for the transformation,
development of more efficient catalytic systems is crucial and
highly desirable in this area.

Scheme 1. Enzymatic transamination involving coop-
erative catalysis of a Lys residue
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Figure 1. Transaminase-inspired design of axially chiral pyri-
doxamine/pyridoxal catalysts.
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20 ABSTRACT: Enzymatic transamination is catalyzed by pyri-

21 doxal/pyridoxamine and it involves remarkable cooperative

22 catalysis of a Lys residue in the transaminase. Inspired by

23 transaminases, we developed a class of axially chiral pyridox-

24 amines 11 bearing a lateral amine arm. The pyridoxamines

25 exhibited high catalytic activity and excellent enantioselec-

26 tivity in asymmetric transamination of a-keto acids, to give

27 various a-amino acids in 67-99% yields with 83-94% ee’s. The

28 lateral amine arm likely participates in cooperative catalysis

29 as the Lys residue does in biological transamination, and has

30 an important impact on the transamination in terms of activ-

31 ity and enantioselctivity.

32

33

34 Enzymatic transamination of a-keto acids is the most im-

35 portant process to access optically active a-amino acids in

36 biological systems." The process is catalyzed by pyridox-

37 al/pyridoxamine phosphates and proceeds via a two-half-

38 transamination pathway (Scheme 1)."* The Lys residue of the

39 transaminase plays a crucial role in the transamination.’ The

40 e-NH, group of the Lys residue can act as an intramolecular

41 base to deprotonate the imino C-H of ketimine 2 and the «

42 C-H of the carboxylic group of aldimine 7, respectively, to

43 promote the 1,3-proton transfers from ketimine 2 to aldimine

a4 4 and from aldimine 7 to ketimine 9. Moreover, the Lys resi-
due may assist the hydrolysis of Schiff bases such as aldimine

45 4 and ketimine 9, to accelerate the transamination. The Lys

46 effect has been supported by the fact that replacement or

47 deletion of the Lys residue via mutagenesis resulted in dra-

jg matic decrease (up to 10%-fold) of transamination activity>

50 Asymmetric biomimetic transamination affords an intri-

51 guing strategy for chemical synthesis of various chiral amines

52 and thus has attracted much attention since the 1970s.* The

53 studies mainly include asymmetric transamination with stoi-

54 chiometric chiral pyridoxamine analogues as amine sources,’

55 catalytic asymmetric transamination in the presence of pyri-

56 doxal/pyridoxamine-based supramolecular bilayer assem-

57 blies® or semisynthetic transaminases,” and asymmetric 1,3-

58 proto;l transfer of Schiff bases catalyzed/promoted by chiral

1o o : )
59 bases or Le.w15 acids.” Although st01ch10metr}c asymmetric
60 transamination has already been deeply studied mainly by
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Scheme 2. Synthesis of chiral pyridoxamines na-f*
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“For the modified synthesis of pyridoxamines 11g-i from (S,S5)-16, see
Supporting Information (SI).

Inspired by the astonishing function displayed by the Lys
residue (Scheme 1), it should be greatly anticipated to apply
similar cooperative-catalysis strategy into the development
of asymmetric biomimetic transamination.”” To continue to
pursue asymmetric catalytic transamination with enhanced
activity and excellent enantioselectivity,” we have designed
axially chiral pyridoxamines 11 and pyridoxals 12 bearing a
lateral amine arm (Figure 1).” The biaryl backbone was cho-
sen because the catalyst could adjust its conformations by
rotating around the biaryl axis, to meet different structural
requirements of various transition states involved in trans-
amination. The amine side arm was expected to mimic the
Lys residue of transaminase to carry out cooperative catalysis,
so that to achieve good catalytic performance in asymmetric
transamination. Herein we report our results on the subject.

The studies commenced with the synthesis of the chiral
pyridoxamines 11 (Scheme 2). Suzuki cross-coupling of bro-
mopyridine 13 and naphthalenylboronic acid 14 afforded
biaryl dialdehyde 15 in a 29% yield. Treatment of 15 with one
equivalent of (S)-tert-butylsulfinamide and subsequent re-
duction with NaBH, gave a pair of TLC-separable diastereoi-
somers (R,S)-16 and (S,S)-16. The enantiopure compound
(R,S)-16 or (S,S)-16 underwent oxidation with MnO,, reduc-
tive amination, and deprotection with acid to form the de-
sired chiral pyridoxamines 11a-f as HCl salts. Pyridoxamines
1ug-i were obtained from (S,5)-16 by following modified syn-
thetic procedures [Supporting Information (SI)]. The abso-
lute configuration of the chiral pyridoxamines 11 were deter-
mined by X-ray analysis of the intermediate (R,S)-17 (see SI).

The axially chiral pyridoxamines 11 were then tested in
asymmetric transamination of o-keto acid 1a with 2,2-
diphenylglycine (19)*" as the amine source (Table 1 and Ta-
ble S1in SI). Catalyst bearing a tertiary amine side arm (11f) is
less enantioselective than those with a secondary (11a-e) or
primary amine (11g) group on the side chain.*® Introducing
an acetyl group onto the nitrogen to diminish the basicity of
the lateral amine resulted in dramatic decrease of ee value
and longer reaction time to achieve similar yields (Table 1,
1th-i vs n1a-g). Pyridoxamine na exhibited the best perfor-
mance in terms of enantioselectivity and activity among the

Table 1. Catalyst screening for the asymmetric trans-
amination.

NH,

co, :
NH
COH 4\2 (5-10 mol %)/ O COM )OL
Ph COgH MeOH- HQO (7:3) Ph Ph
L OO
N~ NV\OH
Ho NN
N N N o

(R>1 1a (S)-1 b R)-11¢c
96% yleld 89% ee 75% yield, 78% ee 98% yleld 75% ee

‘&f@ ‘r&‘)@ ‘Y&”“

(Ry-11d (R)-11e R)-11f
92% yleld 75% ee 88% yleld 80% ee 57% yleld 57% ee

H |
N N
N/ N/ N/

(S)-11g (S)-11 h (S)-1 1 i
53% vyield, 82% ee 67% yield, 65% ee 70% vyield, 33% ee

“All reactions were carried out with 1a (0.10 mmol), 19 (0.10 mmol),
11 (0.010 mmol for 11a-¢ and 11f-i and 0.0050 mmol for 11d-e) in
MeOH-H,0 (7:3, 1.0 mL) at rt for 12-65 h (12 h for 11a, 24 h for
11b-g, and 65 h for 11h-i). The isolated yields were based on 1a. The
ee values were determined by chiral HPLC analysis of the corre-
sponding methyl ester of 5a.

catalysts examined. Further studies showed that water is
crucial for the reaction (Table Si, entry 13 vs 1 and 14-15) and a
mixed system of MeOH and H,O (8:2) was the choice of sol-
vent (Table Si, entry 15). Addition of one equivalent of acetic
acid led to a slight increase in enantioselectivity for the
transamination (Table Sy, entry 17).

Under the optimal conditions, substrate scope was then
investigated for the asymmetric transamination (Table 2). In
the presence of 5 mol% of pyridoxamine 11a, various aliphatic
(for 5b-f), aromatic (for 5a and 5g-i), heteroaromatic (for s5j),
and heteroaliphatic (for 5k-0) a-keto acids were all efficient-
ly transaminated with 2,2-diphenylglycine (19) as the sacrifi-
cial amine source to give the corresponding chiral a-amino
acids in high yields (67-99%) with excellent enantioselectivi-
ties (83-94% ee’s). When chiral o-keto acids (for s5p-r) were
applied, high diastereoselectivities were observed in the
transformation. Various functional groups such as C-C dou-
ble bond (for 5¢, 5p, and 5r), C-C triple bond (5d), silyl group
(51), ClI (5m), Br (5n), and acetal (50) were all well tolerated
in the transamination due to the highly mild reaction condi-
tions. However, sterically bulky o-keto acids such as 3,3-
dimethyl-2-oxobutanoic acid and f,y-unsaturated o-keto
acids such as (E)-2-oxo-4-phenylbut-3-enoic acid are both
not efficient substrates for the transamination.

In order to understand and identify the pathway of the
pyridoxamine-catalyzed transamination, control experiments
were carried out (Scheme 3). As expected, the reaction be-
tween stoichiometric chiral pyridoxamine (R)-na and a-keto
acid 1a in MeOH-H,O (8:2) did occur smoothly, to give o-
amino acid 5a in 54% yield and 85% ee along with the corre-
sponding pyridoxal which were in situ converted into the
internal iminium (R)-12a. On the other hand, the pyridoxa

ACS Paragon Plus Environment

Page 2 of 5



Page 3 of 5

P OO~NOUILAWNPE

0

[
-

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Table 2. Pyridoxamine 11a catalyzed asymmetric
transamination of «-keto acids”

NH, (R)-11a (5 mol %) CO2
Q . HOAc (1 equiv) NH, )OL
COH Ph” 5 CO2H “MeOH-H,0 (8:2) R">COH P Ph

1 1 1,20 h 5 20
NH; NH NH,

~ A 8 NN N

Ao com NANcom N COH

5b: 75%, 92% ee 5c: 68%, 92% ee 5d: 67%, 83% ee

NHz

: cogH 2
COpH 2

5e: 98%, 93% ee 5f: 94%, 90% ee 5g: 99%, 92% ee

NH
NH; T2 O NH;
: CO,H

COo,H 2 O COH

5h: 78%, 91% ee 5i: 90%, 91% ee 5a: 97%, 93% ee

N

NH, NH,
(\/©/\/\ COM BnO™ W% “COM TBDPSO™ M5 “COH
© 5j: 79%, 94% ee 5k: 68%, 94% ee 51: 75%, 88% ee
NH, NH, o tr
>  CcoH Br” M5 “COH QMCOQH

O
5m: 70%, 87% ee 5n: 72%, 90% ee 50: 74%, 88% ee

NHz e NH,
WCOZH coH ! COH
MeO H

5p: 85%, 96:4 dr 5q: 99%, 99:1 dr 5r: 80%, 94:6 dr

“All reactions were carried out with 1 (0.0 mmol), 19 (0.0
mmol), na (0.0050 mmol), and HOAc (0.10 mmol) in MeOH-
H.O (8:2, 0.50 mL) at rt for 20 h unless otherwise stated. For 5m,
s5n and s5p, the reactions were conducted on double scale. The
isolated yields were based on 1. The ee’s were determined by
chiral HPLC analysis of the methyl ester for sa and the N-
benzoyl methyl esters for 5b-o. The dr values of 5p-r were de-
termined by HPLC analysis of the corresponding N-benzoyl me-
thyl esters. The absolute configuration of 5e was assigned as S by
comparison of its optical rotation with the reported one (ref 17).
The absolute configurations of other amino acids were proposed
by analog.

Scheme 3. Stoichiometric half-transaminations

NH,
MeOH HZO COzH
, 24 h
3HCI*Ns, N

(R) 11a (R)-12a (23% y|e|d) (54% yleld 85% ee)
MeOH-H,0 OO H
NH O, ~ o
* e e2) © s
Pl COH ,2h Z Y N Ph” “Ph
N
OH
(R)—12a (R)-11a 20
(94% yield)

mine (R)-na can be regenerated in 94% yield by reaction of
(R)-12a with 19 in MeOH/H,O (8:2) in 2 h. These results im-
ply a two-half-transamination mechanism for the reaction
(Scheme 4). Pyridoxamine n1a condensates with a-keto acid 1
to form ketimine 21, which undergoes asymmetric 1,3-proton
transfer via a delocalized azaallylanion, followed by hydroly-
sis of the aldimine 23, to give amino acid 5 and the corre-
sponding pyridoxal. The pyridoxal is in situ converted into
the internal iminium 12a via intramolecular condensation.
The iminium 12a then undergoes a reverse process, i.e. con-
densation with 19, decarboxylative transamination,” and

Journal of the American Chemical Society

subsequent hydrolysis to reform pyridoxamine 11a, complet-
ing a catalytic cycle for the transamination.

Scheme 4. Proposed transamination mechanism

0.05
11a: NHMe
0.04
11f: NEt,
E0.0S 11h: NHAc
-
£,0.02
°11a
0.01 o 11f
=11h
0 T T - 4
0 5 10 15 20 25
Time (h)

Figure 2. Plots of [5a] against reaction time for the transam-
ination. The reactions were carried out with 1a (0.033 mmol),
19 (0.033 mmol), and pyridoxamine (R)-11a (0.0066 mmol) in
DMSO-dg/H,O (8:2) (0.50 mL) in a NMR tube at rt.

Figure 3. Proposed transition model for 1,3-proton transfer

'H NMR monitoring the 11a-catalyzed transamination of o-
keto acid 1a indicated that the protonated pyridoxamine is
the resting state of the catalyst for the reaction (see SI). It has
been reported that formation of a ketimine from pyridoxa-
mine and o-keto acid is a rapid and reverse process with a
low Schiff base formation constant at acidic conditions.”
Therefore, deprotonation of the imino C-H of ketimine 21 to
trigger asymmetric 1,3-proton transfer from ketimine 21 to
aldimine 23 should be the rate-limited step for the transami-
nation.”?“** This is consistent with the side arm effect that
pyridoxamines bearing a basic side arm such as n1a and uf
displayed obviously higher activity than those without a
basic side chain such as uh (Figure 2). The amine group on
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the side arm can serve as an intramolecular base to deproto-
nate the imino C-H of 21, which promotes the 1,3-proton
transfer and thus accelerates the transamination. Pyridoxa-
mine n1a is somewhat more active than uf, probably because
the secondary amine (NHMe) in na is sterically beneficial to
access the imino C-H of 21 for deprotonation as compared to
the tertiary amine (NEt,) in uf. The NHMe group in n1a also
likely can promote hydrolysis of Schiff bases such as from
aldimine 23 to iminium 12a and amino acid 5, as the Lys resi-
due of transaminase behaves in enzymatic transamination.

The enantioselectivity of the transamination is generated
during the asymmetric 1,3-proton transfer from ketimine 21
to aldimine 23 (Scheme 4). A possible transition state (27)
has been tentatively proposed for understanding the origin of
the chirality (Figure 3). The carboxylic group of a-keto acid is
oriented towards the amine side chain probably due to acid-
base and/or hydrogen bonding interactions. Protonation of
the azaallylanion occurred at the o-C of the carboxylic group
from the up side of the pyridine ring away from the lateral
chain to give the a-amino acid with S configuration. For pyr-
idoxamines with basic side arms such as ma, the acid-base
attraction and hydrogen bonding formed between the lateral
amine and the carboxylic acid of a-keto acid strengthen the
orientation of the a-keto acid in the transition state 27, thus
resulting in high enantioselectivity in the transamination.
For pyridoxamine 11h, the hydrogen bonding between its
NHACc chain and the o-keto acid likely accounts for the obvi-
ously higher enantioselectivity in the transamination as
compared to pyridoxamine 11i with an NMeAc side chain
(Table 1, 65% ee vs 33% ee). The proposed transition model is
also supported by transamination of 1a with stoichiometric
(R)-na in the CD30D-D20 (see SI). Deuterating the azaal-
lylanion proceeded via a similar way to generate the corre-
sponding o-deuterated amino acid 5a-d with the same con-
figuration (S).

In summary, we have developed a class of axially chiral
pyridoxamines 11 bearing an amine side arm, which have
successfully mimicked multiple parameters of transaminases
including transamination activity, chiral environment, and
cooperative catalysis of the Lys residue. The pyridoxamines
displayed high catalytic activity and excellent enantioselec-
tivity in asymmetric transamination of a-keto acids, to give a
variety of optically active a-amino acids in 67-99% yields
with 83-94% ee’s under very mild conditions. Impressive
effects of the side arm on activity and enantioselectivity were
observed in the transamination.
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