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Introduction—Asymmetric Oxidation of Alcohols

Scientific Research

HO OH O OH
= \ / -
I‘\_ - I
(g O Asymmetric,___ [T\

OH / \ OH o)

Medicine

Chem. Rev. 2023, 123, 10302—-10380 J. Am. Chem. Soc. 2006, 128, 8412-8413



Introduction—Asymmetric Oxidation of Alcohols

Transition Metal Catalysis

+ Well developed Heavy metals required

' High activity
' High selectivity

Enzymatic Catalysis

' High efficiency Poor stability

+ High selectivity Poor substrate universality
+ Mild condition

+ Environmental-friendly

Chem. Rev. 2023, 123, 10302—-10380

J. Am. Chem. Soc. 2006, 128, 8412-8413
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< Environmental-friendly

+ Mild condition

' Easy to store

' High efficiency




Introduction—Chiral Nitroxide

N-oxyl radicals
N or N
0. j OH

R2 R»] R2

Ri<. R Ri~
1 ’Tj 2 1 N/go O)\l}l/go

O O O °
aminoxyl amidoxyl imidoxyl ﬁ%@r}

[O]

radicals radicals radicals Ny
0 OH
Oxoammonium )\
Salt R™ Ry

[O]

%\/Nljv N@ . /N&
0. ol © LO LO R
N2
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R ND Q‘
o OH '
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Chem. Rev. 2023, 123, 10302—10380 J. Am. Chem. Soc. 2006, 128, 8412-8413
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Oxidative Desymmetrization Catalyzed by Chiral Nitroxide

J. Bobbitt (1993)

0]

(6S,7R,10R)-SPIROXYL (10 mol%)
(jCOH m-CPBA (2.2 equiv.) (ﬁo ’ .
OH DCM, 0 °C to r.t.

84% vyield, 14% ee

J. Bobbitt (2003)

:

(6S,7R,10R)-SPIROXYL

/ ]\ -modified GF electrode S
J 2,6-lutidine, NaClO,4, MeCN L /L
_ HO OH divided cell, .., 10 h o0
James Bobbitt e .._.%08VusAgiAGCl
/4_\/% El <:> HWO

o) B

o) -
96.4%, 98% ee 96.4%, 98% ee 92%, 82% ee 80.4%, 99% ee

J. Org. Chem. 1993, 58, 4837—-4843 Chem. Commun. 2003, 114-115



Oxidative Desymmetrization Catalyzed by Chiral Nitroxide

V. Blandin (2014)

HOOH

N-oxyl Cat. (x mol%)
HBr (5 mol%)
'BUNO, (5 mol%)

Ox O OH

h

O,, MeCN, r.t.
24 h

O CF;

O CF3

Imidazolidinone-based
Hydroxylamines

1 2 A
Entry Amount of cat. [x mol%] Time [h] Conv. of 2 [%] ee of 2 [%]
1 0 24 2 -
48 4 -
96 8 -
2 5 24 12 36
96 39 24
3 20 24 22 44

Eur. J. Org. Chem. 2014, 22, 4884-4896




Oxidative Desymmetrization Catalyzed by Chiral Nitroxide

V. Blandin(2017)

a) Substrates Scope

cat. (5 mol%)
CuOTf (5 mol%)

HO OH NMI (10 mol%) Ox OH Oy _0
'BUNO, (5 mol%)
R - R R
0,, MeCN, r.t. ‘o. J\\\\\
1 24 h 2 3 NT N
Entry R- Cat. Add. Time[h] 2[%] er of 2 [%] 5 [%] : S

1 4 bpy 8 60 65:35 20

F5;C 4
2 5a ] 31 49 51:49 37

______ s ...~ 5% - 23 4 3268 49
4 4 bpy 6 41 66:34 34 NN
5 5a - 25 31 50:50 16
6 OO 32 44 51:49 25
7 5b - 8 33 44:56 13 54 5b
R - 31 .25 4258 42

9 ~r~  Me 4 bpy 30 36 55:45 18

10
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Oxidative Desymmetrization Catalyzed by Chiral Nitroxide

c¢) Evolution of the composition of the reaction mixture during
b) Possible mechanism

+ oxidation of diol
A\ k w4l —w— 2 -a-3 #—2!  major enantiomer |
C L N 1[]"1)0E 100
© ” ,f"‘ . O%/@VO
L _ PN
R 80 - 80 R
\,N H H R-CHO i e . 70 3
R + ',/ ,’," §
bpy)C“ O R,NOH w60 s &
R2NO' E g
E 50 5
Cu'(bpy) £
2 40 g O OH
R 12 0 &
(bpy)Cu'-0 ] 2 20 R
2
20
H,0 1/2[Cu'(bpy)]»(O2)
10
HO™, " (bpy)cu"—OH R,NOH 4 HO OH
R 0%
R2NO° 0 20 40 60 80 100 120 140 R
time/h
1

11
ChemistrySelect 2017, 2, 443-450



Oxidative Desymmetrization Catalyzed by Chiral Nitroxide

Miller and Lin (2023)

Song Lin

(-)-AzcMeP7 (2 mol%) ‘
R TCCA (0.7 equiv.) Ff T
| NaHCOs (5 equiv.) [L  CF; ﬁ |
Ho— ' \—on g 0”0 Fe A Ny
DCM, -50 °C L L
meso-diol chiral lactone 0 R __HN ) ol ‘L
N fO 9
‘Burr- / HN— ", = e ¢
O 0O 0 HN_ O \H <4 \ g
H H Ph//[ Me Me O m ' ‘/\.(,f
Bn/., - \
O O 0 O -0. /
Bn Ph‘\v N ‘ ﬁ\—-)
0O f
H H Me Ph
77% vyield 75% yield 70% vyield 80% vyield
96% ee 96% ee 97% ee 91% ee (-)-AzcMeP7
Bn O 0
H Me
O% O O gz O O N O
Cl Me Me
N
Bn H Me e 7\1/ \r\]l//\
cl” \n/ Cl
67% yleld 68% YIeld 91% erId 95% YIeld o)
60% ee 37% ee 33% ee 91% ee TCCA

Science 2023, 380, 706712
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Oxidative Desymmetrization Catalyzed by Chiral Nitroxide

| for

R (-)-AzcMeP7 (5 mol%), DIAD (2.2 equiv.)

R
|
| TBAPF, (0.25 M), DCM, base (A or B) [ L
Ho— ' \—om - o =0

A = NaHCO; (5 equiv.), CO, (1 atm.), -50 °C _
meso-diol B = 2,6-di'Bupy (4 equiv.), r.t. chiral lactone

———— Incompatible with chemical oxidation

e A L. o

96% yield 70% yield 87% vyield 82% yield
92% ee (A) 99% ee (A) 76% ee (B) 44% ee (A)

Science 2023, 380, 706712

(-)-AzcMeP7

Pro,C. =N
27N o Pr

DIAD
mild oxidant
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Oxidative Desymmetrization Catalyzed by Chiral Nitroxide

Utility in the synthesis of drug molecules

(-)-P7 (1 mol%) TCCA (0.33 equiv.)
2 mmol scale: 96% ee, 86% yield

LAH O
- AT
2

Lin's route OH recycled (-)-P7 (2" run): 95% ee, 89% yield
. . AW nd . i
o o NaOMe porcine liver recycled (-)-P7 (3" run): 95% ee, 85% yield e
esterase o 0] o
O : O
1 ¥ o 4 OH
O S RN N
8 $/g 0 o) O o &
) OR ¢ W A% Q
traditional route > OH Ifetroban (BMS-180291)
resolution w/'BuLl/menthol , O Thromboxane Receptor Antagonist

or Cinchona alkaloids

Science 2023, 380, 706712
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Oxidative Desymmetrization Catalyzed by Chiral Nitroxide

B Intermolecular competition C Featurization of products
OH OH
e OH
mono-ol S9
with 0.133 equiv TCCA (limiting reagent) AV = Vi, northern hemisphere (green)
5 equiv NaHCO4, 2 mol% catalyst = Vpr SOuthern hemisphere (blue)
20 20 E ~ = «— 100
L
‘.5 ‘. o .. LY a |
- ot ”
g 15| KL Vo T {oo
= ® = {70 ©
8 : 2
= 5 . = . -4 60
£ 1o 8 L14 © s
° X 05} 150 &

z L & . -

o | 6 | . 1 §
68 o R®=0.95 8 4 30 §
= 5 . .
\E— _..; 02 - 20

* Optimization Set (L1-L15)
0.0 |- ® L16-L18, L21,L25-129 | g
X Validation Set (L19, L20)
0.0 0.5 1.0 1.5 0 5 10 15 20 25O
AAG?¢, (kcal/mol) Minimum AV,,, (%)
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Oxidative Desymmetrization Catalyzed by Chiral Nitroxide

CF3
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Science 2023, 380, 706712
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Oxidative Kinetic Resolution Catalyzed by Chiral Nitroxide

Early works:
C. Berti & M. J. Perkins(1979)

HO J<
N
OH e (I) 1.5 equiv. Oi"
Ph)\WPh - Ph)\[(Ph ph)H(P“

ol o ol

J. Bobbitt (1999)

il

(6S,7R,10R)-SPIROXYL (5 mol%)
OH 2,6-lutidine (2.0 equiv.) OH 0

> +
A,-/E\R NaClOy4 (0.5 equiv.), MeCN, r.t., Ar Ar/'\R Ar
+0.8 V vs. Ag/AgCI 51-64%

M7¢
Me |
0.

Pr
(6S,7R,10R)-SPIROXYL

H. Tanaka (2000)

up to 70% ee
Pt Fﬁ Pt

5

OH OH o)
cat. (5 mol%) = + )]\
Ar” "Me A R Ar” "R
NaHCO3, NaBr, DCM/H,0 (1:1)
23-55%

Angew. Chem., Int. Ed. Engl. 1979, 18, 864 865

-15°C, Ar, 1,5h

15 mA/cm?, 1.5 F/mol

Tetrahedron Lett. 2000, 41, 8131-8135.

upto20 s

up to 91% ee

Me
Me

N
|

®

Me

0.

Tetrahedron Lett. 1999, 40, 6469—6472.



Oxidative Kinetic Resolution Catalyzed by Chiral Nitroxide

C,-Symmetric Nitroxides

S. Rychnovsky & P. Farmer (2005)

0 .0
N MeO ) AcO._OAc
cat. (1 mol%) \Lb/ N7
OH m-CPBA (0.5 equiv.) OH o
' - OMe
}\ or BAIB (0.5 equiv.) g )*\ + )J\ Q o]
Ar DCM, 0 °C - r.t. Ar Ar N N

up to 30% ee BAIB
OMe
MeO

O. Onomura (2008)

Chiral azabicyclo-N-oxyls

Pt i—“_ﬁ Pt Q ‘ o\

N N

cat. AorB (10 mol%) (0]
iz e s U
R; R, NaHCO3;, NaBr Ar R Ar R BI’]\N o
-0 ©

mA, 1.5 Fmo up to 72% ee cat. A cat. B

19

Tetrahedron: Asymmetry 2005, 16, 3584-3598. Tetrahedron Lett. 2008, 49, 52475251



Oxidative Kinetic Resolution Catalyzed by Chiral Nitroxide
M. Ward & K. Kirshenbaum (2009)

cat. (1 mol%)
NaOCI ( 1 .25 equiv.)
KBr (0 625 equiv.)

DCM/H,0, 0°C, 2 h

o

Catalytic system Conversion (%) Selectivity® (%) ee % S°¢
+ ©\‘\\\\ 22 None None 1
NH,
Q 0
N H
+ "',,rN N NH; 86 None None 1
6
Ph Pw/k~ 0
NH,
1S NTEMPO(Nspe)g 84 60 (S) >99 (R) 5.6
1R NTEMPO(Nrpe)g 85 59 (R) >99 (S) 54
28 NspeNTEMPO(Nspe)s 262 None None 1
38 (Nspe),NTEMPO(Nspe), 258 None None 1
4S (Nspe)sNTEMPO(Nspe); 56 52 (R) 5(S) 1.1

2 conversion values at 30 min. P Selectivity at the quoted conversion value is defined as

(% preferred enantiomer / % conversion).

C)(1- ee)/In[(1- C)(1 + ee)], C is the Conversion

Proceedings of the National Academy of Sciences 2009, 106, 13679-13684

€ S is the selectivity coefficient, as defined by S= In(1-

Helical “Peptoid” Oligomers

N

) Ph/\H )
Ph)\ © o ph)"’// o

28 NspeNTEMPO(Nspe)s

it i
PhTN NWN N NH;
Ph)\s ©

4S (Nspe)sNTEMPO(Nspe);

o)
H
N N NH, NH
6
N
‘0" Ph/‘\ ©
1S NTEMPO(Nspe)s 1R NTEMPO(Nrpe)s
? 0
N N
o] - o)
HN NH, :

3S (Nspe),NTEMPO(Nspe),

20



Oxidative Kinetic Resolution Catalyzed by Chiral Nitroxide

Models of substrate— catalyst interaction

N
ERIN
N phTN\)kN/\WN NP NH:
.j\;g/ Ph)\ 7 Ph)\ ° Ph)\3 ©
1S NTEMPO(Nspe)g 4S (Nspe)sNTEMPO(Nspe);

Proceedings of the National Academy of Sciences 2009, 106, 13679-13684 21



Oxidative Kinetic Resolution Catalyzed by Chiral Nitroxide
Y. Iwabuchi (2009)

(0]
Ph
Ph Cl _Cl
TCCA .\ —Cl \NJ\N
— X A
O nBu O nBU é
|
t. 1 AZADO derivative
ca TCCA
cat. 1 (2 mol%)
OH TCCA (0.2 equiv.) OH 0
NaHCO3; (2 equiv.) : +
R1)\R2 R1/\R2 R1 R2
DCM, -40°C, 12 h up to
99% ee
OH ~OH WOH v, C OH \OH OH
Ph ‘Ph Ph iPr O\OBZ M Bu
43% 43% 48% conv. 48% 42% 44%
99% ee 97% ee 98% ee 63% ee 90% ee 46% ee
Total synthesis of (-)-idesolide
ot &,me
o
cat. 1 (5 mol%) O’ ><
OH CO,Me TCCA (0.25 equiv.) ‘0
CHO .0 NaHCO; (2 equiv.) 59%, 63% ee
— .
(oo — < 0
CHO e} DCM, -40 OC, 3h COzMe
(i ‘\\O
<
37%, 95% ee 22

Org. Lett. 2009, 11, 1829-1831. Org. Lett. 2010, 12, 5, 980-983 J. Am. Chem. Soc. 2014, 136, 17591-17600



Oxidative Kinetic Resolution Catalyzed by Chiral Nitroxide

Ph p-Br-CqH4COCI

% Ph pyridine
/> 10 steps o g TfOH (5 equiv.) HN_ -~
o T~ "™\ DCM, 0 °C O gy 93%

"By cat. 1
95% yield
Br
Ph
N
HO" "Bu
cat. 2
Ph
cI*
+
A Ph y
Ph "Bu )~
_TCCA_ TCCA — )
HN o" Bu
q Ry " Ph 1
Bu N active species
N cl
O By

23

Org. Lett. 2009, 11, 1829-1831. Org. Lett. 2010, 12, 5, 980-983 J. Am. Chem. Soc. 2014, 136, 17591-17600



Oxidative Kinetic Resolution Catalyzed by Chiral Nitroxide

Working hypothesis of OKR catalyzed by chiral AZADO

favor

Org. Lett. 2009, 11, 1829-1831. Org. Lett. 2010, 12, 5, 980-983

addition

elimination

from (R)-alcohol

Ph

S
(08
N
RL

Rs
Ph
o
(08
N
/1\0/ R
Rs R Q

from (S)-alcohol
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Oxidative Kinetic Resolution Catalyzed by Chiral Nitroxide

Szpilman (2022)

COOR COOR
COOR  |APNO cat. (2 mol%)
AN Bipyridine 2 mol%) ' N AN
. NMI (4 mol%) - Ry * R,
1 .
air, MeCN, r.t. (1S,3S)-Mes/TIPSO-IAPNO
5-48 h )
rac-1 (R)-1 (S)-2

COOR COOR COOR
/ N\ OH / \\ OH / \
N N 5 steps form
'Pr 'Pr
Br

(R)-1a: 38% er = 3.5:96.5 (R)-1b: 37% er = 3.8:96.2 (R)-1c: 42% er = 11:89
(S)-2a: 53% er = 76.4:23.6 (S)-2b: 54% er=76.7:23.3 (S)-2¢c: 46% er=76.2:23.8

COOR

/ \\ OH / \  OH
N N
©/Br ©/CF3

(R)-1d: 42% er=12.2:87.8 (R)-1d: 30% er = 56.5:43.5
(S)-2d: 45% er = 80.4:19.6 (S)-2d: 45% er = 45.5:54.5

Org. Lett. 2022, 24, 5078-5083 J. Org. Chem. 2023, 88, 8413—8430
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Oxidative Kinetic Resolution Catalyzed by Chiral Nitroxide
Szpilman (2023)

R R RoTS
2 \\// OH \,, OH 2 I - /O
+
BN ~N AN
R 4L 0 R2_: RZ_:
YA IAPNO cat. (2 mol%) P Pz
CuBr (2 mol%), NMI (4 mol%)
l r Bipyridine (2 mol%) (R)-1 o (S)-2
air, MeCN, r.t., 5-48 h
HO O OH HO O 0 Ox O -0
3 4 5

(1S,3S)-Mes/TIPSO-IAPNO

MeO MeO
or (Lo ®
OH
CF, MeO MeO
O (R)-1a: 28%, er = 5.5:94.5 OO (R)-1b: 36%, er = 22:78 O (R)-1c: 22%, er = 6.5:93.5
(S)-2a: 54%, er = 60:40 (S)-2b: 55%, er = 62:38 (S)-2c: 73%, er = 62.5:37.5

Ph
4b: 68%, er =4.5:95.5

HO O P HO

_0O HO O _0O
CF;
4a: 58%, er = 8:92 O O
5a: 18%

4c: 73%, er = 99:1
5b: 28% 5¢c: 22%

Org. Lett. 2022, 24, 5078-5083 J. Org. Chem. 2023, 88, 8413—8430
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e Summary and Outlook
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Summary

Asymmetric Oxidation
of Alcohol

. \ / .
|—\_ Bz 83 |
OH _ R/\N/\R . .
OH L o O
)O\H / \ OH O
. * +
R R, N-oxyl radicals R1AR2 R1)kRz

/%O :“2
L0 IR
W\’Tj \r 1

%

Key intermediates

A SR:C

O. ‘0
TEMPO AZADO ABNO
0
P
N
0 o
TOXYL PINO

< Environmental-friendly

+ Mild condition

+ Easy to store

' High efficiency
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Outlook

Heterogeneous Catalyst

C-H Functionalization

™o

R, R3

OH

o

OH

~o = R1/T\ /T\R4:> )\o

“SxTNo

\
0

@)

)kx/\o
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Thanks for you listening



s (selectivity coefficient) = In [(1-C)(1-ee)]/In[(1-C)(1+ee)]
C: Convension

accounts for the dependence of the measured selectivity on
overall conversion

31



