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§ Content

B Introduction of cyclic deracemization



} Forming a chiral center
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) Deracemization
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§ Deracemization modes

S Q Deracemization 3
: . ) _ :
Ss SR

Ss

- - -
Ss . = | — Sk For example:
slow
OH OH
- -
Ss » | » SR
slow Ss Sr
- - \ ,/7
Ss --------------- » | s SR
slow slow O

B Find an intermediate '

B Construct two converse processes



) Advantages of deracemization

B 7100% theoretical yield

;3 s Q Resolution 3 s
+ O>\O >
Ss Sr

Ss
50% theoretical yield

B Stereochemical editing at late stage

O — i O

Starting Target
materials stereocisomer Connectivity-forming
and complexityforming
steps

/ A Key stereoselectivity
determining step
O —mE— O -0
Starting¥ H N _/Target Target

materials and/or stereoisomer
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B Challenges of deracemization

B Require energy input

B ‘Two processes in one pot’

Ss

—-€

AG>0
AS<0 S
>
Ss
-
» SR




) Deracemization

Energy input Catalytic systems Intermediates

Chemical energy

Light energy

Photocatalysis
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B Deracemization by chemical methods

10



B Deracemization of alcohol in two steps

cat. 1 (1 mol%) gat. 2 (0.5 mol%)
OH  KOH (2 mol%) )OL . OH  iproNa (2 mol%) QH
' PN ' N
Ar” "R gcetone, rt, 15 h Art R Ar- R PrOH, rt, 2 h Art R
i Entry Ar R Recovery of ee of
Ph’ELS\‘ _|© Rr] [Ou][h] 3 [Ou][c'd]
Ru, : .
P NT Cl 1 Ph Me 20 (3 a]_ 94 (RJ
H, 2 4-MeC,H, Me 92 (3b) 92 (R)
3 4-FC,H, Me 82 (3¢) 90 (R)
cat. 1, [RuCK(S, S)-tsdpen}(n®-mesitylene)] 4 4-CIC¢H, Me 99 (3d) 89 (R)
5 4-BrC,H, Me 9 (3e) 92 (R)
6l 4-PhC.H, Me 99 (31) 93 (R)
PPhﬁ 71 3-MeC,H, Me 81 (3g) 91 (R)
Q/é / 8 2-MeC,H, Me 93 (3h) 2 (R)
- gle] Ph Et 88 (31) 95 (R)
—RuU -0 (13 00 (D)
\) Ph, ‘ \ 10 Ph Et ;-9:3 (S{J. 88 (IQ
116! Ph nPr 85 (3j)) 90 (R)
12 Ph nPr 9 (3j) 81 (R)
_ 13! Ph nBu 86 (3k) 94 (R)
cat. 2, [RUC|2(PPh3)(Ip-FOXAP)] 14 Ph nBu - 05 (3 k) 85 (R]

Nishibayashi, Y. et al. Chem. — Asian J. 2007, 2, 393-396.
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cat. 1 (1 mol%)

OH KOH (2 mol%) )Ol\
-
Ar R acetone, rt, 15 h Ar R
_O
H3C
/ g l \O
Oxidation \
|_,,,,R| oL
u I \L
" | Yo

L/|\o

H  D—cH, \>_R

0 (@]

PN HSCJ\CHs

Nishibayashi, Y. et al. Chem.

B Deracemization of alcohol in two steps

cat. 2 (0.5 mol%)

OH  iproNa (2 mol%) oH
PN - > A~
R iproH, it, 2 h At R
o,
R
Ar/_ L
|_,,,,R| oL
U
| o
0 H3C
S o
HsC” CHs
L Reduction
Li, | L Il_
U L//,‘ ‘\\\L
" | o R,
Ho YR | o
Af H  H—cH,

J\ Ar)LR

H;C™ "CHj

- Asian J. 2007, 2, 393-396.
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B Deracemization of alcohol in two steps

'BuOK (8 mol%)

oH THF, 60°C, 20 h H, (10 bar) OH
- z
Ar” "R /’ Ar” "R 20°C, 4 h AR
[RuCly(benzene)], (1 mol%)
(R)-BINAP (2 mol%)
(R,R)-DPEN (2 mol%)
cyclohexone (2.4 equiv.)
110°C, 1 h
OO PPh, HoN( WPh
PPh,
Qg™ e
Alcohol Ar R Yield” (%) ee (%)
4 C¢Hs C,H; 87 83 (R)-BINAP (R,R)-DPEN
5P CeHs C3H;, 82 87
6 CeHs C,Ho 92 86
7 2-Naphthyl CsH 95 2 H ClI
8 m-MeCgH, CsH,, 97 90 Phae—N/,, | wCl
9 p-MeOCH, CH, 89 79 Ph\..[Nle“\P
10 p-MeOCgHy4 CsHy,y 94 88 H P\_’)
11 m-CICsH, CH,, 26 57
12 ])-MC:NC&H‘; C5H|| 96 2

RuCl,[(R)-BINAP][(R,R)-DPEN]

Williams, J. M. J. et al. Chem. Commun. 2007, 2608-2609.
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B Deracemization of 3H-Indolines in one pot

oxopiperidinium 3
Hantzsch ester 4
) »—Ph
10 mol% 5a, Na,CO3
Ph - “iPh N
Il:l| toluene, rt, 4 h N

Intermediate

Reductant
solid phase
""""""""""""""""""""""""""""""""""""""" N+

O BF,
oxopiperidinium 3
XH XH X
R , R R
| | \
H 5a
aqueous |~~~ | R=Cy
qh Hantzsch ester 4
prase Oxidant R = 2,6-Cl,Bn

Toste, F. D. etal. J. Am. Chem. Soc. 2013, 135, 14090-14093. 1



B Deracemization of 3H-Indolines in one pot

oxopiperidinium 3
Hantzsch ester 4
) »—Ph
10 mol% 5a, Na,CO3
Ph - “iPh N
N toluene, rt, 4 h N
H H

Intermediate
IPh ©§;| IPh e N o
N N N H
H H H
92%, 93% ee 89%, 93% ee 82%, 88% ee 95%, 92% ee

oxopiperidinium 3

Hantzsch ester 4
10 mol% 5a, Na,CO;
Ph > “'Ph
N toluene, rt, 4 h N

H H

Toste, F. D. etal. J. Am. Chem. Soc. 2013, 135, 14090-14093.
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B Deracemization of tetrahydroisoquinoline

NBS Nach3
QQ\I [Ir(cod)Cl],, ( SynPhos (:G _ N(:'\)
) Ph

H, (500 psi), DCE,
Ph 30°C,24h

89
0 PPh,
EO O PPh, NH
(0] OMe 2
90%, 98% ee 91%, 88% ee O
(R)-SynPhos O

94%, 98% ee

Intermediate

H H

o8|
Uil

~

Br C(]"H ©:/\"‘l Bn
Os N : :
=0 0 )
NBS 87%, 92% ee 88%, 95% ee

Zhou, Y. -G. et al. J. Am. Chem. Soc. 2015, 137, 10496-10499.
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l Deracemization of cyclic benzylic ethers

DDQ, MeOH BN -
w1 Chiral phosphoric b ¥
acid, Hantzsch ester i o)
o) > o)
pe R OMe
R R
Intermediate
S Pte oxidation Y reduction kY
—_ - .
0o O+ o}
R R

R
MeOH | fast Hantzsch
R R ester
(T )6 om0 o LI i
/P\N/P\ o
SUNRS O
R R

Chiral t\:‘:

e L phosphorlc acid Y

Chiral phosphoric acid, R = 4-PhCgH,4 R OMe B
'acetal pool'

Liu, L. et al. Angew. Chem. Int. Ed. 2017, 56, 5116-5120
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) Deracemization via semiquinone intermediate

EWG DDQ (25 mol%) EWG - EWG

_ 1 (1.5 equiv.) z
HO DCM, 60°C o) DCM/acetone, -78°C HO

R = alkynyl or aryl

Pro,C CO,Pr ¢Fs C2Fs s
H
1 OMe
83%, 95% ee 80%, 97% ee 77%, 83% ee
O
\
O\ //O i /\-?:'-- 4
O/P\OH C02 Pr o _-/’H"“N/ <
oo T o Coons
* P<
R /©/\ O/ O\ )
"

2, R=24,6- H
| GOyl 90%, 99% ee 80%, 81% ee transition state

Liu, L. et al. ACS Catal. 2020, 10, 7785-7791.



l Deracemization by acid and base reaction

1) LIHDMS, THF, -78°C

N0 2) Ti(O'Pr), 27i7ONO (RR)-1 °y-0
<< - I <
phe X PR X
X=0

=0,S

0] OH
(RR)1 = "PrOJ\‘/'\r(O T
OH O
Hunig, S. et al. Chem. Ber. 1994, 127, 1981-1988.

0O

MSTFA (1.5 equiv.) OTMS  cat. 2, H,0 0
DMA, 120°C, 4 h DMA, rt, 40 h
R ‘ R 'llR

/ — —
0O Y
OMe ArF(O)CN cg NR,
- AN s [ ! c6 R,
3 | |_.| H\ .n-H H1
Me : ’ \U‘
i 6. H
MSTFA / 0O
cat. 2 'tl/ O)\Ar ) N7 N "’}2
. A e \ TMS
| Well-organized TS A

Oudeyer, S. et al. Adv. Synth. Catal. 2022, 364, 3794-3799.



8 Summary

B Chemical method

B Common intermediate

X” MO -
O]\O
X =0, N

B Common process

B Redox

B Proton transfer

B Energy input

B Chemical energy

B Stereocontrol

B Chiral ligands
H CPA

B Two converse processes
need to be compatible in one

pot
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§ Content

B Enzyme catalyzed deracemization
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| Deracemization by washed cell

B First work:

Washed cells of

Me  OH Rhodococcus Me O Me H
Mem erythropolis IFO 12540 Me\Z—/L\ Me\Z_/ZOH
> :
0”0 0”0 o’ >0
l pH =7 T HCl
Washed cells of
Me 0 Rhodococcus Me H
Mej_/ﬁ\ erythropolis IFO 12540 Me ~.0OH
= > S
HO HO
Ho” Ho' ©

B Examples (using washed cells):

OH OH
0] H
Ph/'\l OH k
oH HN_ _Ph /@A Ph ¢ OH
A YoF " Z
R" "R? S OH o” O
R = NO,, Cl, Br
Aspergillus . e e e
Sphingomonas  Cunninghamella terreus CCT Rhizobus ofvzae Nocardia Rhodococcus ;Z?ﬁ;igﬁgﬂ;ggﬁli/
paucimobilis echinulata 3320 and CCT P 4 pseudosporangifera  erythropolis | h
4083 a polymorpha

Yamada, H. et al. Appl. Environ. Microbiol. 1987, 53, 519-522.
Kroutil, W et al. Adv. Synth. Catal. 2006, 348, 1789-1805.



B Catalytic mechanism of washed cell

O

Redox-Enzyme Dehydrogenase
(reversible) (irreversible)
NAD(P)* NAD(P)H cofactor-H,  cofactor
A ; A

internal cofactor recycling

|

reduction oxidation

oxidation reduction

Kroutil, W et al. Adv. Synth. Catal. 2006, 348, 1789-1805.

O/\O
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B Catalytic mechanism of washed cell

O

Redox-Enzyme Dehydrogenase
(reversible) (irreversible)
NAD(P)* NAD(P)H cofactor-H,  cofactor
A ; A

internal cofactor recycling

|

OH enzyme OH

oo " o™o

Kroutil, W. et al. Adv. Synth. Catal. 2006, 348, 1789-1805.

O/\O



B Deracemization by enzyme

reduction oxidation
€ ----------------
oxidation reduction
OH NaBH,4 0O NaBH, OH
H - -
VS ? I
Me COH | |actate oxidase Me CO,H Me CO,H
LOX 11, Oy
NH, NH3BH; NH NH3*BH; NH,
- - =
Me”™ "CO,H D-amino acid Me” ~CO,H Me” ~CO,H
oxidase, O,
95%, 99% ee
CO,H

cathode NH cathode
= )\/”\ -
H
D-amino acid €Oz

NH,
> )\/:\
oxidase, O,

CO,H

80%, 91% ee

Soda, K. et al. Biotechnol. Bioeng. 2001, 73, 80-82.

Turner, N. J. et al. Biochem. Soc. Trans. 2006, 34, 287—-290.
Litz, S. et al. Electrochim. Acta. 2008, 53, 3175-3180.
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B Deracemization by enzyme

reduction oxidation
~€--------------- -€---------------
SS > | y SR
oxidation reduction
D-lactate
OH e} dehydrogenase OH
B SERERE LR EPEPE >
B4 S G r——— X
R™ "COH glycolate oxidase R™ "COH R™ "CO.H
67% - 99% ee
Me Me o-TA, PhCH,NH, Me
Qe — L = [
> e SRR T LR R
0~ CO.H H,N” ~CO,H

/-\
HoN" "CO,H VHb-DAAO, O,
>99% ee, 8 h

Schreier, P. et al. Tetrahedron: Asymmetry 1998, 9, 351-355.
Patel, R. N. et al. Org. Process Res. Dev. 2011, 2, 241.

99% conversion,

26



l Optimized by mutants

NH3'BH3 NH3‘BH3

CHAO mutant
-«
N R
H

CHAO mutant

13 amino acid residue
71 designed mutants

O
N R
+
@j'/,R
H

100 -
S 80 v
= A i i N
:s 5 = a ¢ v & ' : : ‘
1w s |
@ O
- N H H H
-20 - A A 2 , " c
-40 A - 5 6 7 8
[ ]
60 - o H O H OMG H o>
R -80 - A [ | u OMe H OMe o
-100 T T T T T T T T T T 9 10 1 12
o $ o F & & o & &
PSS NG U

Zhu, D. et al. ACS Catal. 2018, 8, 1648—-1652.
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B Summary

B Enzyme catalysis

B Common intermediate

B Common process

B Redox

B Energy input

B Chemical energy

B \Washed cell
B Natural enzyme

B Enzyme mutants
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§ Content

B Light-enpowered deracemization
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hv (420 nm), rt

B Deracemization of chiral allenes

Intermediate A

-€

H
---0 é
N /vﬂ‘
d =510 pm

O _____

B [ ow association constants

B Low sensitization efficiencies

Bach, T. et al. Nature 2018, 564, 240-243.
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B Deracemization of chiral allenes

H
ot Pt ot
- O

N7 0
H hov (420 nm), rt, PhCF 5

N So N0 N So NS0
H H H N © H

89%, 96% ee 100%, 93% ee 84%, 92% ee 98%, 91% ee 100%, 93% ee
: -40°C Cl NPhth
<C o &
N0 : N“~0 (I\l{(jJ N o N0
76%, 94% ee 56%, 90% ee 92%, 86% ee 87%, 92% ee 72%, 90% ee

e e e e e e e e e e e e e e e e e e e e e M e e e e e e e e e e e e e M e e e e e e e e e e e e e e e m e = m e e e e e e m e e M e m e = -

Bach, T. et al. Nature 2018, 564, 240-243.
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B Deracemization of Chiral Alkenes

%(a ;

R
@]
O (@]
R 2.5 mol% ~RH
HN H >  HN HN
hv (420 nm), - 40°C, MeCN
13 examples 87%, 62% ee
N-H
o o)
’ R
R LIy .
)1,2 2 mol% )1,2
HN o > HN
hv (420 nm), 0°C, MeCN
(@] (@]

= S =
O Triplet intermediate 5-A o

Bach, T. et al. Angew. Chem. Int. Ed. 2020, 59, 12785-12788.
Bach, T. et al. J. Am. Chem. Soc. 2022, 144, 10133-10138.
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I Deracemization of Spirocyclopropyl

] %(6

10 mol%

hv (420 nm), 25°C, PhCF

Iz

MeO

d =353 pm d =461 pm
Kg =250 + 20 M Ko=93+16 M

Bach, T. et al. Angew. Chem. Int. Ed. 2020, 59, 21640-21647. 33



l Deracemization at sp3-Hybridized Carbon

_O
0 \&«N 0
e Yo N -0

(o]

@) hv (366 nm), rt, PhCF5

‘Bu
H L
0--H-N—"%=0 o o H-y1 20
- =>—N R o N
N—-H---O ““ph N _ N—H Ph
< N -€-------
HN
N 0 X ©

Bach, T. et al. J. Am. Chem. Soc. 2021, 143, 21241-21245.
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l Deracemization at sp3-Hybridized Carbon

(

SET
()

Ir(11)

./

[Ir(dF(CF3)ppy)2(bpy)IPFe (2 mol%) Me
1 (5 mol%), *RSH (5 mol%) ‘N//< Q
. I\/N_O O '7_5_ N,R3

PhsCH (25 mol%), THF, \

blue LED, Ar

+

’Pr R*
ew A
EN
']'\/N—O
/ \ Tipr
RSH
oo A
0] 0] N
1] 1] N
-0 Ho" ") |\<N_O
4 'Pr \
t’ ,l, “\
- - ’ ’ ‘
..................................... s O

Pr

Knowles, R. R.; Miller, S. J. et al. Science 2019, 366, 364—369. 35



l Deracemization at sp3-Hybridized Carbon

o) o 0
[Ir(dF(CF3)ppy)2(bpy)IPFe (2 mol%)
Me‘N//( 1 (5 mol%), *RSH (5 mol%) Me‘N/’( O
I\{N_O > MO O- % R

PhsCH (25 mol%), THF,
ipr blue LED, Ar iPr R*

, Me

N/

“/'.K—ME H

Me Me Me

2bS 92%, 94:6 er
(99%, 95:5 er)

(o]
”‘N)LN/O\/IZ
L/. N,Me
7—-—Me H

Me

218 99%, 92:8 er
(96%, 94:6 er)

Knowles, R. R.; Miller, S. J. et al.

2c 98%, 95:5 er
(97%, 95:5 er)

M 0
L A 0
Me N N
\—/. N,Me
7——Me H

Me

2h" 99%, 93:7 er
(99%, 93:7 er)

Science 2019, 366, 364-369.

i i J§ o
/ N-Me / n—Me
o H ; H
/ o

O

2e 96%, 946 er
(99%, 95:5 er)

o]
R
et

7——Me

Me

2i 96%, 93:7 er
(99%, 93:7 er)

NH;
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¥ a-Deracemization of Ketones

O A-RhInd (4 mol%) O
N Ar B5 (2 equiv.) N Ar

/)
Y
/)

_ Me acetone, CaSOy, = Me
blue LED, 24 h

0 O

R’ 1
A AR
R2 RQ

non-racemic racemic

)/. [Rh]* \K
h-.._ [Rh —0
| 0 LJ)J\{W

-. T | A
() R2 5, HAT/SET ¢ b e

1 (R)-"1/(8)-"1

single diastereomer mixture of diastereomers .
| ['Rhl—q
O stereoselective g |
H*-transfer 2
I N\ N Ar
*
@ H* donor [Rh]-.._o = Me

[Rh]""O \ Ph @ HAT acceptor N R’
14 H = H*
R | HAT/SET H
1||| SET 0O
O i

N
AN
P Me
/ 2
|| @ electron donor

Meggers. E. et al. J. Am. Chem. Soc. 2021, 143, 13393-13400. 37



¥ a-Deracemization of Ketones

1/HNTf, (10 mol%)

0 Ir(ppy)s (0.5 mol%) 0]
)S/Ar benzonic acid (3 mol%) )KrAr
H o H = N/ r(PPY)s
R MeCN, 0°C, 1 h, Ar R
blue LED O\é

N/\
NH, L

1

85%, 7T7% ee 85%, 80% ee 70%, 80% ee 70%, 86% ee 78%, 93% ee

unsuccessful substrates

86%, 77% ee

o CF3 0 Br o OMe 5 0 o (@]
0]

80%, 91% ee 83%, 89% ee 82%, 89% ee 73%, 5% ee 99%, rac 98%, rac

Luo, S. et al. Science 2022, 375, 869-874.
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¥ a-Deracemization of Ketones

1/HNTf, (10 mol%)

0 Ir(ppy)s (0.5 mol%) 0O
)S/Ar benzonic acid (3 mol%) )KrAr
H > H
R MeCN, 0°C, 1 h, Ar R
blue LED

AGA 4G4-¢:.;"“:£
Ph 8.3 Ph
H’U\./ (S)-1a 1 Ir(ppy)s (S)-1a HJ\(

i 4G, ¢t _ATA
(S)-2a R0 o " ﬁy (R)-2a
matched Sloy, ™" 2 NI fast mismatched
depletion NH k accumulation
Ph
H)ﬁ/
Z-enamine

Luo, S. et al. Science 2022, 375, 869-874.
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B Summary

B Energy input

B Photocatalysis _
B Light energy

B Common intermediate

A
T1\~ Intermediates .-~

MO .- v )

2.0 g ! X, \
O_‘\‘ | i » .

No o:\o ; R R

Energy

R R
®® ||| _Ac>0,a5:<07ac
®® ’

Reaction coordinate
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