Chiral Amines: A Billion Dollar (Pharmaceutical) Industry
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Chiral Amines Preparation: A Tale of Poor Atom Economy
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The Reductive Aminase Family: AmDHs, IREDs, and RedAms

JL + Ryw, =

Reductive Aminases catalyze selective reductions of imines
(pre-formed or generated in situ)

= In analogy to KRED/ADH redox couple, referred to as amine dehydrogenases (AmDHs) in reverse direction
= An oxidoreductase divided formally into three classes
= Amine Dehydrogenases (AmDHs) -reductive amination with ammonia (NH,)
= Imine Reductases (IREDs) - reductive amination with pre-formed imines or ketone + excess amine
= Reductive Amines (RedAms) - reductive amination with near 1:1 stoichiometry ketone + amine
= Dependent on NAD(P)H cofactor
= Some reductive aminases use NADH, some use NADPH (difference is 2’ ribose phosphate group)
= Catalyzes both imine reduction or amine oxidation, depending on conditions

= |n synthetic applications, often run in reductive direction to generate stereocenters



AmDHs: A Small Family (25 Members) of Reductive Aminases
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Representative Mechanism for Amine Dehydrogenase: Leucine Dehydrogease (LeuDH)
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Turnover Strategies for AmDHs

AmDH-GDH
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AmDH: amine dehydrogenase

L-AmDH: leucine dehydrogenase
F-AmDH: phenylalanine dehydrogenase
GDH: glucose dehydrogenase

ADH: alcohol dehydrogenase

FDH: formate dehydrogenase

NOX = NADH Oxidase
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Select Synthetic Applications of AmDHs

Kinetic resolution of recemic amines
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Distinguishing AmDHs from Other Reductive Aminases

Enzyme

Will form primary
Mode of action Cofactor amines

Will form secondary amines References

A w-Transaminase (w-TA)

B Amine dehydrogenase
(AmDH; engineered
or native)

C Opine dehydrogenase
(OpDH; engineered)

D Imine reductase (IRED)

E Reductive aminase
(RedAm)

Transfer NH; from an amine donor PLP/PMP Yes

via PLP/PMP cofactor

Amination of ketones with NH; NAD(P)H Yes

followed by reduction using NAD(P)

H

Amination of ketones with primary NAD(P)H No

amines followed by reduction using

NAD(P)H

Reduction of cyclic imines using ~ NAD(P)H Yes, but not preferred
NAD(P)H; also reduce imines

formed in solution from carbonyls

and amines

Reductive aminations of carbonyls NAD(P)H Yes, but not preferred
with amines through catalysis of

both imine formation and reduction

No 15 and 16
No, but with a few 19, 20, 29 and
exceptions 30

Yes 35

Yes, when amine is 36 and 37

provided in excess

Yes, when amine is provided 38
in 1 : 1 ratio with carbonyl

Chem Sci. 2022, 13, 4697.



Distinguishing AmDHs from Other Reductive Aminases Schematic Overview
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Mechanism for Imine Reductases (IREDs) and Reductive Aminases (RedAms)
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Characterized Imine Reductase (IREDs) Panels

S/N

10
11

12

trivial name
Turner-Prozomix
IREDs
Turner Group’s IREDs
Zhu group’s IREDs
GSK’s IREDs

Pfizer’'s IREDs
Roche’s IREDs

Kroutil group’s IREDs
JM’s IRED

Almac’s IREDs
Novartis’ IREDs
Ward group’s IREDs

panel size (no. of
IREDs)

384

95
154
85

80
28

14
>90
>50
26
29

characterized by

Turner’s group and Prozomix

Turner’s group
Zhu’s group and collaborators

GSK Biocatalysis group and academic
collaborators

Pfizer Biocatalysis group and academic
collaborators

Roche Biocatalysis group and academic

collaborators
Kroutil’s group
Johnson Matthey
Almac
Novartis

Ward’s group

Clade origin
bacterial, fungal, and metagenomic

bacterial, fungal, plants
bacterial, fungal, and metazoans
bacterial and fungal

Predominantly bacterial
Bacterial

Bacterial
bacterial and fungal

bacterial and fungal

bacterial (predominantly
actinobacterial)

Grogan’s group solved the first IRED /RedAm structures and provided mechanistic insights into IRED /RedAm catalysis; Grogan’s group has
solved most of the characterized structures of IREDs/RedAms to date. Selected examples of IRED/RedAm complexes include Q1EQEO
(PDB: 3ZGY), AoIRED (PDB: Sfwn), AspRedAm (5G6S), AtRedAm (i03), AaRedAm (PDB: 8BJS and 8BK1).

refs

54,55

55
53,56,57
24,50

23,58
48,49

S2
46

47
51

22,38,39,41—43

ACS Catal. 2024, 14, 14308-14329.



IRED Catalyzed Reduction of Cyclic Amines: All Carbon
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A Peak Inside an IRED Reduction
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IRED Catalyzed Reduction of Benzofused/Bicyclic Imines
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IRED Catalyzed Reduction of Sulfur and Oxygen-Containing Monocylic Amines
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IRED Catalyzed Reduction of Tricyclic/Polycyclic Amines
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IRED Catalyzed Reduction of Exocyclic Aromatic Amines
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Cofactor Recovery Strategies for IREDs

(a) GDH participates in the catalytic circulation system
O H R3

JJ\ + rll IRED
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R1
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(b) SH participates in the catalytic circulation system
N

2-methyl-pyrroline / \ (R)- methyl pyrroline
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H,
SHE341A/S342R

(c) FDH participates in the catalytic circulation system
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R1J\R2 / \ > R1/\R2

NAD(P)H + H* NAD(P)*

CO, <« HCOOH
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Org. Process Res. Dev. 2024, 28, 3035-3054.



Cofactor Recovery Strategies for IREDs

(d) PtDH participates in the catalytic circulation system
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Ergot Alkaloid Synthesis with IREDs

ER cat.

NAD(P)H + H*  NAD(P)*

Me.,
-

FS cat.

NAD(P)* NAD(P)H + H*

Festuclavine Pyroclavine
63-96% 37-4%

Org. Process Res. Dev. 2024, 28, 3035-3054.



Nicotine Synthesis with IREDs

(a) IRED catalyzes pseudoxynicotine to (R)-Nicotine

IRED or ° ¥ OH X
KRED-P3-G09 .
= Me P2 s
73 yiold (j)l\/y KRED-P2 c11) (j/\/\/ Me
70% ee NZ N?
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N (92% ee)
|
| A e OH ’ ]’>
.. N SOCI AN
-Nicotine NS > 2 [
( R) O/\/\/ Me 93% oo : I P Me
~

N hiS)-Nicotine
(b) Zanoprima Lifesciences’ strategy for synthesizing (S)-Nicotine

IRED-C, NADP* r> I/>

> Glucose, GDH S Paraformaldehyde N
A N = || o M
| P pH 7.5, 30 °C N/ HCO2H, H,0, 80-85 °C N/ .
N 70% yield 86% yield S)-Nicoti
Myosmine (S)-Nornicotine ( g)g-.slozoezle

Org. Process Res. Dev. 2024, 28, 3035-3054.



Nicotine Synthesis with IREDs

(c) Porton Pharma Solutions’ strategy for synthesizing (S)-Nicotine

. IRED103 or n )
i N N IRED1321110 | N Methylation | S '
—_—— P
~Z P Me
N N/ N

Myosmine NAD(P)H + H* NAD(P)* (S)-Nornicotine (S)-Nicotine

>99% ee

Gluconolactone =& Glucose
GDH109

(d) Shandong Jinchen Pharmaceutical Chemical Co.'s strategy for synthesizing (S)-Nicotine

=

X N IRED from Myxococcus fulyus @ Methylation | A ;
—»
N N N
Myosmine NAD(P)H + H* NAD(P)* (S)-Nornicotine (S)-Nicotine
99.8% ee
Gluconolactone - e Glucose

Org. Process Res. Dev. 2024, 28, 3035-3054.



Synthesis of 1,4-Diazapanes with IREDs

(a) Enzymatic synthesis of chiral 1, 4-diazepanes

Me SN
O  (R)-IRY1, (S)1R25 Z
IR1-Y194F/D232H R- $=0 F
R—N s 7\
\_\ o
NH; 20 examples, R- or S-specific _ )
R = H, Alkyl, Pr, Allyl 93 to >99% ee, Up to 100% conv. Ripasudil
/O NH
NIRRT N /7 “nH N,
>—N \J\ Y—N
* — Me
cl o Me o \\)\Me

81% yield, >99% ee (R)

/~ “NH

80% yield, >99% ee (R)

/" ONH

76% yield, >99% ee (R)

74% yield, >99% ee (R)

Org. Process Res. Dev. 2024, 28, 3035-3054.

33% yield, >99% ee (R)



Synthesis of 1,4-Diazapanes with IREDs

(b) The enzymatic synthesis of key intermediate of Suvorexant catalyzed by IR1-Y194F/D232H

H,N
\ 0 IRED cell-free extract
N ( Y194F/D232H,30°C,10h  ClI N
N\ \>_
o (o)
Me NAD(P)H + H* NAD(P)*
1 \\ / (R)-2
Gluconolactone =& Glucose
GDH
i\
N N
o
-
S A—
Suvorexant Me

Org. Process Res. Dev. 2024, 28, 3035-3054.



Synthesis of 1,2-Amino Alcohols IREDs

(a) Enzymatic synthesis of chiral amino alcohols

(0
R? IRED
R1JJ\/OH +H2N/ /—\» R1/\/OH

NAD(P)H + H* NAD(P)*

Gluconolactone - \ / Glucose
GDH

HN
HN HN
OH
; Br V \\
IR30: 99% conv. 99% ee (S) IR30: 99% conv. 99% ee (S) IR27: 83% conv. 99% ee (S)

IR36: 99% conv. 99% ee (R) IR38: 99% conv. 99% ee (R) IR36: 99% conv. 99% ee (R)

HN \/\
IR30: 97% conv. 99% ee (S) IR30: 97% conv. 99% ee (S)  IR27: 97% conv. 33% ee (S)
IR36: 99% conv. 99% ee (R) IR36: 99% conv. 99% ee (R) IR36: 99% conv. 99% ee (R)

Org. Process Res. Dev. 2024, 28, 3035-3054.



Pyrazine Synthesis with IREDs

The enzymatic synthesis of pyrazine catalyzed by R-IRED-Ms

RS

e Rs RG\N&/R“

o 6 4 R-IRED-Ms

R1JJ\F + R\N R >
H 1 N 3
\Ra + + R2
NAD(P)H + H NAD(P)
Gluconolactone = Glucose
L. L S
Me, M
—NH Mee—.' om
HN/\l < V-he VN e
N N
0. N \—/
Me
F
M M
) I N CF
NH, N N ’
F o (o)
OH L
Vestipitant Sparfloxacin Vicriciroc
HN/\ HN/\ HN/\
. o __nw PR

95% yield, 99% ee (R) >99% yield, 99% ee (R) >99% yield, 99% ee (R)

Org. Process Res. Dev. 2024, 28, 3035-3054.



DKR of Aldehydes with IREDs

(a) IRED mediated DKR process
NAD(P)H + H* NAD(P)* + H,0

/CH3 \ /
H,N + R » R \O + R/\/\

IRED / e
\ R/Y\ /
Me
OMe
O Me\_
N/\ HO H
® ; @
Cl
DB07860 Levopromazine Tapentadol
Me
Me N o
: Me “Me < . ﬂ
Me” N7 o Me
H
56% yield, 28% ee >95% conv. 78% ee 81% yield, >95% ee

Org. Process Res. Dev. 2024, 28, 3035-3054.



Noncanonical Amino Acid Synthesis with IREDs

(a) The enzymatic synthesis of chiral amino acids catalyzed by IRED
(o)
+
COEt + - GDH, NADP ,Glucose» CO,Et
2
IREDs
Sodium phosphate
(100 mM, pH 7.5)

R = Propargyl, Me, Pr, Allyl, Cyclopropyl,
Cyclopentyl, 4-Methylbenzylamine

H HN”

*NCO,Et ©/\)*\cozst Néj:"‘\fo
pIR338: 60% yield, 99% ee (S)  pIR338: 56% yield, 99% ee (S) )\
pIR271: 64% yield, 99% ee (R)  pIR271: 67% yield, 99% ee (R) ' MeO

HNTNF N Me
Wcozet ©/\)“\002Et

pIR338: 34% yield, 99% ee (S) pIR338: 27% yield, 97% ee (S)
pIR271: 58% yield, 99% ee (R) pIR271: 69% yield, 99% ee (R)

e

HN/\\\ HN
* "CO,Et
2 * “CO,Et Bl 2536
Polo-like kinase 1 (Plk1) inhibitor
(Cancer treatment)

pIR338: 54% yield, 70% ee (S) pIR338: 65% yield, 99% ee (S)
pIR271: 50% yield, 99% ee (R) pIR271: 80% yield, 99% ee (R)

Org. Process Res. Dev. 2024, 28, 3035-3054.



RedAm Catalyzed Equimolar Reductive Amination

JO]\ RS RedAm ’J\
+ . —
R2 NHy = 1

(equimolar)

R1

@)
AspRedAm
+ H,N /\\ -
69 b NADPH NADP?*

(equimolar) ;\ /

Gluconolactone -

HN/\\\

94% conv.

69b

Glucose

ACS Catal. 2024, 14, 14308-14329.



RedAm Catalyzed Equimolar Reductive Amination

Carbonyl: Amine

Carbonyl acceptor Amine ratio Product Conversion (%)
o “NH
—NH, _
é . 1:2 @ 95
69 69a
o HN /\
NN 1:1 94
b
69 69b
(0] A
i HN
H,N 1:1 90
c
69
69c
=
HoNT 1:1
d
69 69d
(0] NH,
NH; )
é . 1:4 @ 47
69 69e
(0] HN
NH,
1:1 84
f
69 69f

ACS Catal. 2024, 14, 14308-14329.



Industrial-Scale Applications of RedAms

(@) o R3. . R3. -
JJ\ + R RedAm | RedAm {
R1” “R2 “NH; R1”OR2 R1” O R?
NADPH

(equimolar)

Examples of industry scale application

>Lo HaN' RedAm (IR-46 M3) >Lo

as lyophilised CFE (1.2% wi/w)
+ 2- - /
0} SO, (0]

A NADP* (catalytic)
H3r:J © glucose, GDH

aq. buffer, pH 4.6, 48 h

N N
70 - trans-g (1R,2S5)-70g
16.6 g (20 g/L) 0 (2.2eq.) GSK2879552 N
racemic amine >95% conv.. 84.4% yield H

99.7% e.e., >99.9% purity

ACS Catal. 2024, 14, 14308-14329.



Industrial-Scale Applications of RedAms

(c)

N™ N\
L —

N

N H

Abrocitinib

Me
(i\\ O)\ Me

Y +  MeNH,
(0] 71 a
230 kg per batch 1.5 eq.
(100 g/L)

Me
(i\\ O)\ Me

Me — N\\
H

cis-cyclobutyl-N-methylamine

SpRedAm (R3-V6)

as lyophilised CFE (1.5 g/L)

NADP* (catalytic)
glucose, GDH
aq. buffer, pH 7.0, 48 h

Cl

NT
~

L

\
N
N}

pyrrolopyrimidine core

Me
(i\\ O)\ Me

Me — N\\
H

92.5% conv., 73% yield.
>99.5% d.r., >99% purity

71a

ACS Catal. 2024, 14, 14308-14329.



RedAms: Amine Nucleophile Tolerance

Group 1 Group 2 Group 3
usually good reactivity usually moderate reactivity usually low reactivity

A
Ammonia

B
Alkylamines

Cc
Aminocycloalkanes

o oo
LIPETRR
2

D

C1-C3 amines
bearing terminal
(hetero)aromaticgroup

NH,
2 NH, NH,
S S Z
RT Rh g)
= =N S

R= Me, Bn, Et, isopropyl

E
Anilines/
(hetero)aromatic amines

F
Cyclic amines

G
Diamines
NH,

Group 1 Group 2 Group 3
usually good reactivity Ily moderats tivit usually low reactivity

ACS Catal. 2024, 14, 14308-14329.



RedAms: Carbonyl Acceptor Tolerance

Group 1 Group 2
usually good reactivity usually moderate reactivity

Group 3
usually low reactivity

Decreasing order of reactivivity

Lod s Latrgr

R= alkyl, aryl,
~carboxyester R=Cbz, Boc

ccNedcNecoleegtvacs

Cyclic ketones

J
Aromatics and related
ketones/aldehydes

Cc
Aliphatic ketones/ S~ A ~O
aldehydes

[e] (o] [}
/u\/\ )l\/\/ )l\/COzEVa Iyl
(o] (o}
)J\/\ )J\/\/CozEllalkyl
CO,Evalkyl

o i \/\)CJ)\
Alpha-keto CO,Etalkyl CO,Evalkyl

acids/esters

Dicarbonyl

Decreasing order of reactivivity

[¢] o o
[ | RO,C J
\©\/N
heo123 N hneo.1.2
/
R

o of o
celrelee

oo oY

w@w@“

/°\/Uo\ \/\/\i
\)?\\/\/\/\)‘L

©\)‘7\ ©\)CL
CO,Et/alkyl COH

)J\COQEUaIkyI )J\cozH CO,Evalkyl

Group 1 Group 2
usually good reactivity usually moderate reactivity

Group 3
usually low reactivity
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IRED Catalyzed Four Electron Reduction: enelREDs

74

NH

HN

77

78

Me

Me

IRED
(enelRED) N
-
NADPH |
72
IRED RNH,
(enelRED)
NADPH
75
IRED
HoN (enelRED)

+  ——
NADPH

IRED NH
—_—

Me NADPH Me

73
Me

_R
HN
RNH,
\_ IRED
NADPH
76

80 |

minor product major product
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Piperdine Synthesis with enelREDs

The enzymatic synthesis of piperidines catalyzed by AmOx and EneIRED

R3 R3 83
R? R? A R?
| N hydride source N AmOx EneIR[D
+2 -
X N N
".21 R1 R1
One- pot cascade
OMe OH
NaBH,
6-HDNO EnelRED-05
=
| aq. 48% HBr
ﬁ/ 67% yield (3 steps) N
I!’ I 'I) (S)-(-)-Preclamol
r r 96% ee
SO,Me SO,Me
NaBH,
6-HDNO EnelRED-06
> e
| 36% yield (2 steps)
Z
N : N”  (S){)-OSU6162
ér é 92% ee
r

Org. Process Res. Dev. 2024, 28, 3035-3054.



Deracemization with RedAms

\

/R - 1 R P R
HN (S)/(R)-selective

j\ RedAm + J\ e + RNH,
2 R1 RZ R1 R2 R1 R2

pd
T
pd
®)

R1
NADPH NADP*

H,0, / H,0 N4 0,

NADPH oxidase
(NOX)
NH3.BH3
NHBu NHBuU NHBu
: AspRedAm W210A AspRedAm WT
NADPH oxidase (NOX) NADPH oxidase ( NOX)
NADP™ (catalytic amount) NADP™ (catalytic amount)
(R)-68k NH3.BH3 (4 equiv.) rac-68k NH;.BH3 ( 4 equiv.) (S)-68k
>98% conv. aq. buffer pH 8 aq.buffer pH 8 >98% conv.
>99% e.e. >99% e.e.
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Select Engineering Campaigns with IREDs and RedAms

> >

— IR-46 variant —
@) H,N pH 5.6 o

7N

NADPH  NADP*
70 (20 g/L) N g(1.1eq.) N/ (1R2S)-7T0g  p

Gluconolactone = Glucose

GDH

(S)
~
@] N (R)
H

No. of positions targeted: 256, SSM. Screening/analysis: UPLC.
Key hotspots: Y142, D194, L201, G268, L37, Q231, L304, S258, A276, F97, L120.

SpRedAm variant —NH
Q pH 7.2 (s)

+ MeNH2 7T>
- e

NADPH NADP*

(0]
a(2eq.)  Gluconolactone = \/ Glucose 71a

71 (20glL)
© GDH o

No. of positions targeted: 93, SSM. Screening/analysis: UPLC.
Key hotspots: F180, A170, F214, Q13, D220, N131, D250, G242, Q237, M176.

ACS Catal. 2024, 14, 14308-14329.



Select Engineering Campaigns with IREDs and RedAms

IRO07 variant

O

NADPH NADP*

81 (354/L) h (0.6-2eq).  Gluconolactone ‘\GDH/ Glucose 81h

No. of positions targeted: 94, SSM. Screening/analysis: UPLC.
Key hotspots: M197, M206, A213, A214, 1240, Q217, and S273.

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

» ¥
IR88 variant N

pH 8.0

X + MeNH, / \‘ > Nl AN
/m P NADPH  NADP* )\ ~

H,N N NH
H,N N NH 2
2 Gluconolactone - ‘\GDH/ Glucose I

82 a 82a
(2.5 g/L) (40 eq.) adriforant

No. of positions targeted: all, DMS. Screening/analysis method: RapidFire MS, UPLC.
Key hotspots: $S220, A296, H154, R155, A156, A159, S160, A218, L243, T242, V26, 1212, R247, V250, S117, A210, S57, V175, R247,
A259, A218.

ACS Catal. 2024, 14, 14308-14329.



Reversible C-N Bond Formation with Ammonia Lyases (ALs)

ASPARTATE AMMONIA-LYASES

7 DAL Q
HONOH HONOH + NHj
O NH, o) HYDROXY AMINO ACID DEHYDRATASE/DEAMINASES
METHYLASPARTATE AMMONIA-LYASES 0 LSDD 0o
o . DSDD
0 MAL HO OH OH * NH;
HO oH HO Y on * NHs NH, (@)
O NH; o OH NH, OH O
oy _ DGDD OH
AMINOACYL-CoA AMMONIA-LYASES HO™ ™ HOM + NH;
Q BACAL o OH OH O OH o)
H N/\/”\SCOA \)J\SCoA + NA
2 ETHANOLAMINE AMMONIA-LYASES
NH, O o)
52 ABCAL /\/U\ + NH EAAL 0
SCoA X" SCoA } N >OH )J\H + NH3

AROMATIC AMINO ACID AMMONIA-LYASES
AMINO ACID CYCLODEAMINASES

0O 0 o
PAL
OH ——— = NOH + NH; oC
NH2 H2N OH NH3
H 0O

NH,

D o)
N +
H OH
N HAL N 0
ﬁj/\l/U\OH «N@H + NH3 HzN\/\/\HJ\OH KCD (jYO
NH; N N + NH3
H
0 N2 H o oH

(o]

TAL
OH /@A)LOH + NH,
NH
HO € HO
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Representative Mechanism for ALs: Aspartate Ammonia Lyase (DAL)

B

:) B:H B:H
AH O H O NHP H O
Op o ). ©
0 H N, So HNH) P o w
AH AH A:
S§'318 Lys324
[ Ser140 \\o@ HNT
' OH .. o Thr187
\\‘:@ H’, H /HO ‘Za
07 "NH -------- QN - \r
. X Q©
OWOH ...... IS Y
7750 H_NHj_ . ~
e T N7 UNH

Ser319 _ |, e
Asn142

Chem Rev. 2018, 118, 73-118.



Representative Mechanism for ALs: Methylaspartate Ammonia Lyase (MAL)

B ) B:H B:H
5 H Me O 5 Me O NH; 5 Me O
p :
ONOG O()/L\\:(WU\O@ <= ONO@
O H NHj; 00 H gHs NH; O H
"\
GIn329 &% e NH
:8 Lys331 >_$: Thr360
H,N HO O
Asp307;rf NH, 2 ) . HN
\\@ H Me O°° HYO
OH HO™ "0 0. Cys361
PO S e e R
O---._. D4 o-mT O H _NH; BREN
Glu273 Mg~ N C AR NH,

His194
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Biosynthesis of Methylideneimidazole-5-one (MIO) Cofactor

H HN” Y o — H\/LN
%/N;V%O ”\)J\;r' L MI\O/%
= Ce

Chem Rev. 2018, 118, 73-118.



Active Site Contact Points for MIO-Dependent Lyases

(b) Nv
HN |

0 =

o Vo

A Leu ’

(@) T 1yr110 Lys456 \\\)\)\ ;
y 2 Glu484 e
Y

40}

PAL

\ H

Leu206 )\\ o® =0 ‘/\/’a His HN N
Leu134 g " HNe_NH Arg354 TAL ﬂN‘ S~ Lo
R/Y . L TS PAL/TAL o) \HO/O/\XO

", L%H_/,.NHz Leu/Gin O R
Phe137 ; 3 Tyr3s1 ’
e/ H NH2-------:HO i
\ N,’I ,\,\(\I‘
% j/ = N\>—§ ¥ Tyr HNJ\/\Q\OH O
NH; --O Sy
% 77700 1\, Phe400 TAL o %0

Val259 (go NH .-HO
Leu256 MIO . N
o 202-204 His OM
Asn260 = H
-(’ 5 Met
—~
Ser HNJ\/\O\H S
\ I2+ L/ e
HAL OTNH R AT NS0
His O N . “=NH
is H,0
N
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Proposed Mechanisms for Deamination by ALs

O
€]
(0)
path A H
(amine-MIO ®
o adduct) CNH3
B 0® \\ BH
HH O /) H O
 o® > N o
\H NH, H
path B /pathA NH;
) J\f
(0] (0]
N\ N\, N\
MIO YN
W, N \

(Friedel-Crafts
mechanism)
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Ammonia Lyase (AL) Catalyzed Synthesis of Phenylalanine Derivatives

(0]
/\)Oj\ RoPAL /\/U\O
R H
R X OH NH
2

—
0 0 0
F©/\)‘\O | CI©/\)\OH Brw(m

o-F 63% o-Cl 48% 0-Br 42%
m-F 40% m-Cl  34% m-Br  28%
p-F  23% p-Cl  10% p-Br 7%
(0] (0] (0]
eO Me 02N
0-MeO 25% o-Me 54% o-NO, 25%
m-MeO 14% m-Me 40% m-NO, 20%
p-MeO 0% p-Me 0% p-NO, 7%
(0] (0]
S
N 0oH s NN"on
\_/ _
40% 32% 25%

examples of substrates not accepted:
W R'=F,Me, R%=H

R=H, Ph R'=H, R?=F,Me
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Conjugate Addition of Ammonia with ALs

0 NH, O
TcPAM ~ 2
. -
0 0
X OH T OH
NH2 O O
0 (@)
X H
\ OH W . ©

Chem Rev. 2018, 118, 73-118.



One-Pot Olefination/Ammonia Addition

(a) 0
Ph,P 1. PLE 0
0 ° *AOEt 0 2. PcPAL
L - L S s A OH
Ar H Ar OEt NH,

88% 78% 72% 91%
(b)
(0]
j\ CH,(COOH), /\i AVPAL A‘/U\
- ——
ArtH piperidine AN 0H Ar on
NH
DMSO -
O _COC OO OO
v cl cl F cl
84% 75% 83% 73%
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Reversible C-N Bond Formation with Aminomutases (AMs)

AdoCbI-DEPENDENT AMINOMUTASES

0 NH, 0
N\/\/\‘/U\ et /\/ﬁ)l\
2 OH OH
NH, NH,
/\/\)?\ 4,5-DOAM 0
~~ “OH
NH, NH,

SAM-DEPENDENT AMINOMUTASES

N Q 2,3-KAM
NH,
)OJ\/YlOJ\

1z
I

N
O

i

OF

EAM O NH, O

HO OH

MIO-DEPENDENT AMINOMUTASES

w
M

©/NC2)J\

PLP-DEPENDENT AMINOMUTASES

O O
NH,

0
GSAM
HO NH,
o}
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(S) and (R)-Selective Mechanisms for AMs

(a) (S)-PAM MECHANISM

% Asn
Arg_ " “OH P
r’I>—NH HZN{O
/—~NH;
LN ®
O""O amination
H-Z H
180° rotation R
N NH
(b) (R)-PAM MECHANISM C4-C, b\.\{: 2
MIO
Tyr A Tyr Tyr A
No® S 552 Asn s sn
Arg o Arg oH Arg oH st
£>_NH2 H2N<o . Hm{o 180° rotation A " Hz’r;:{O
G ® 2 AN ’
HN ®@ o deamination  H2N ®® o Cp-Cipso H,N"®© 69'0
o=" H 0=x¢ H Cp-Cipso S H
HHN “'H R C1'C“H . R H R
2
/ NH, 180° rotation /~NH
w — Ve ‘
MIO "‘q"" MIO C1 Cu b"\q,‘ M|O
Cp-Cipso
Tyr o Asn Tyr 5 Asn
Ar H Ar (o)
% HN— 9% HN—
>,-—NH2 (0] >/=NH2 o)
N amination HN"®
0=~ O —_— 9
n< "R
NH,

" mio L MIO
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