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Introduction

Synthesis of Enantioenriched Alcohols

diastereoselective addition
Nu-MgX or Nu-Li

Y

O
1
R%R\%
R2
enantiopure

a-chiral
ketones

difficult-to-access starting materials
racemization during reaction or storage
limited scope of reagents and functional groups

Dynamic Kinetic Resolution

(R)'SM ~ Iachiral ~ = (S)'SM
kR krac > kfast ks
(R)-P (S)-P

HO, N t t additi i
Rj/<R3 . enantioconvergent addition R%Rs
R Nu R2
racemic

readily available starting materials

strategic application of racemization ~ a-branched
previously limited to activated ketones ~ ketones
DyKAT
(R)-SM (S)-SM
chat kScat

k'Rcat k'Scat

(R)-SMecat* lecat (S)-SMecat*
l k"Rcat l k"Scat
(R)-P (S)-P

Ruan, L.-X.; Sun, B.; Shi, S.-L.* Science 2023, 379, 662.



Introduction

Asymmetric Hydrogenation of Racemic Aldehydes via Dynamic Kinetic Resolution

R [RuCl,(SDPs)(diamine)], H, (50 atm) R Ph
Ar)vo KO'Bu, PrOH, 25-30 °C, 8 h T A Ph
15 examples, up to 96% ee
Xie, J.-H.; Zhou, Z.-T.; Kong, W.-L.; Zhou, Q.-L.* J. Am. Chem. Soc. 2007, 129, 1868.
R' [RuCl,(SDPs)(diamine)], H, (50 atm) R G
Ar'\o)vo KO'Bu, PrOH, 25-30 °C, 8-10 h AN A O Ph

18 examples, up to 81% ee

Zhou, Z.-T.; Xie, J.-H.; Zhou, Q.-L.* Adv. Synth. Catal. 2009, 351, 363.




Introduction

Asymmetric Hydrogenation of Racemic Aldehydes via Dynamic Kinetic Resolution

base

-

O

2
R A NRs

R1
enolate ion

rapid substrate
racemization

O
base R%
- . 3
H R
R']
SR
H,, cat”
major
OH OH
R? R?
HV(\RS + H - R3
R’ R’
Prr (major) >> Prs




Introduction

Dynamic Kinetic Resolution of a/B-Keto Esters

o 9 U u RUBr[(R)-BINAP] M
1 3 = pi 3 > 1 3
MeMoEt R i OR R i OR DCM, 15-50 °C R i OR
H R 11 examples, up to 98% ee R

pKa (H20) ~ 11
Noyori, R.*; Ikeda, T.; Ohkuma, M.; Widhalm, M.; Kitamura, H. J. Am. Chem. Soc. 1989, 111, 9134.

[RuCly(p-cymene),] (2 mol%) 0
O R R
L (8 mol%)
CO,Me _ E0
Q Et0 L )icogme
EtO O CO,Me HCO,H:NEt3 (5:2)
DMF, 75 °C \ @) HoN - HN—SO3R

@) H 10 examples, up to 93% ee C / O

K, (H;0) ~ 16 0
COzMe

Y

EtO
OH CO,Me

Steward, K. M.; Gentry, E. C.; Johnson, J. S.* J. Am. Chem. Soc. 2012,134, 7329.




Introduction

Dynamic Kinetic Resolution of a-Substituted-B-Keto Carbonitriles

0 Q OH o
CN cat.4 (1 mol%), HCO,H/Et;N (5:2) C N
R1JR/CN or . R1\‘/CN or \\\
R2 toluene, 25°C, 12 h R2
n n
26 examples, up to 99% ee, 99:1 dr
(R,R)-cat.1 Cl\R’Ih (S,S)-cat.2 C|\|'r (S,S)-cat.3
>99 conv., 75% ee H,N  'N—Ts >99 conv., -98% ee H,N" “N—Ts >99 conv., -48% ee
66:33 dr ~ 76:24 dr ~ 63:37 dr
Ph Ph Ph Ph
R 9) I
SV (R,R)-cat.4 Cl-o (R,R)-cat.5 ~Ru_ (R,R)-cat.6
Ts—N Ru W4 Cl
A/NH >99 conv., >99% ee Ts—N N >99 conv., 94% ee )\/NH 96 conv., 92% ee
Ph / 93:7 dr o 65:35 dr o 37:63 dr
Ph PR Ph Ph

Wang, F.; Yang, T.; Wu, T.; Zheng, L.-S.; Yin, C.; Shi, Y.; Ye, X.-Y.; Zhang, X.* J. Am. Chem. Soc. 2021, 143, 2477.




Introduction

Dynamic Kinetic Resolution of Allylic Alcohols
tol ’
tol_ o
cat H RS _ Orp/ —‘
. N7 ir(cod)
R’ OH = )N -
H,, Toluene, 10 mol% AcOH, rt, 16 h 5 ., N BArg
R (J»Ph
S/
tol ’
tol_ ,to0
cat R4 R3 - 0 jP/ —‘
> <N ir(cod)
R’ OH = )N -
H,, Toluene, 10 mol% AcOH, rt, 16 h ., _N BArg
H (J»Ph
S

Liu, J.; Krajangsri, S.; Yang, J.; Li, J.-Q.; Andersson, P. G.* Nat. Catal. 2018, 1, 438.
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Introduction

Dynamic Kinetic Resolution of B-Substituted Ketones

O 1 mol% [Ir(dF(CF3)ppy).(dtbbpy)l(PFs) OH
‘ 20 mol% amine catalyst, 10 mol% thiol catalyst

Y

N
H

n 0.24 mol% LK-ADH lysate . OTBDPS
0.67 mol% NADP, 11% v/v 'PrOH amine catalyst

50 mM KPi buffer pH 7.5 (0.017 mM)

_ A MeO
blue light
rt, 18 h
SH

thiol catalyst

Y

DeHovitz, J. S.; Loh, Y. Y.; Kautzky, J. A.; MacMillan, D. W. C.* Science 2020, 369, 1113.
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Introduction

OH
inactive _ active
enantiomer enantiomer " .,
'R
(S (R)-1
OTBDPS
ketoreductase
OTBDPS OTBDPS
R “R
(S)-3 . (R)-3
+H NADPH NADP*
*Irlllf—\ |r||| e /SH
/ \ / R R \
SET SET HAT
\\‘ i _/ \ glucose
dehydrogenase

+

N
OTBDPS i OTBDPS
R H+ R
B glucose glucono-1,5-lactone
7 8
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Project Synopsis

Et

Me
Ph/H(

(R)-1b

Ni(cod), (5 mol%), L1 (5 mol%), c-hexane (0.2 M), 30 °C

O
(R)-1b, 98% ee

0 base-free racemization of 0
nonactivated ketones

52 L1-Ni(0) 2
R (cat.) R
RE || OA OA: oxidative cyclization RE || OA
RE: reductive elimination
L1
ot Ni-H ot
Lo i— , :
. ~Ni /-H ellmlnatlon‘ o reinsertion R RH)(\Ni
3 = 1 = 3
Z R reinsertion R%R3 F-H elimination R
R? R?

R2

> 10% ee (5 min)
6% ee (10 min)
0% ee (15 min)

L1-Ni(0) (cat.)

Nu-Bneo HO, ,Nu
- R
>140 examples R2

up to 98% ee . ,
enantioenriched

most >20:1 dr ,
tertiary alcohols

(L7

N\/N

Ph

Ph™} pn
(R,R,R,R)-ANIPE (L1)
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Optimization of the Reaction Conditions

Ni(cod), (5 mol%)

e 0O Phosphine or NHC/HCI (5 mol%)
“ o O ,
O
O

base (x mol%), solvent (0.2 M)

M

Ph-Bneo 30 OC, 24 h
1a (0.2 mmol) 2a (1.5 equiv.) 3a
racemic
o9 I i — —
Ph -
PPh, O PAr, E D AN NAT AN N_AT
PPh, o PAr, PN, T Y T \(t
< Ph Me Me Bu Bu
o Ph
L2: (R)-BINAP L3: (R)-DTBM-SegPhos L4: (R,R)-Ph-BPE L5 (Ar = 2-naphthyl) L6 (Ar = 2-naphthyl)
0% yield 0% yield 0% yield 0% yield 0% yield

Ph Ph
Ph N/ \N Ph N/_\N Ar L1 (Ar = Ph), 99% vyield, 92% ee, >20:1 dr
N N Ar L9 (Ar = 3,5-Xyl), 91% vyield, 91% ee, >20:1 dr
NN L10 (Ar = 3,5-Bu-CgHs), 74% yield
Ph T

Ph 71% ee, >20:1 dr

L7 (R,R,R,R)-SIPE L8 (R,R,R,R)-IPE A\ Ar
79% yield, 86% ee, >20:1 dr  88% yield, 85% ee, >20:1 dr




Optimization of the Reaction Conditions

Me

base (x mol%), solvent (0.2 M)

O Ni(cod), (5 mol%), L1/HCI (5 mol%)
WMe + B\
O
@)

Y

Ph-Bneo 30°C, 24 h
1a (0.2 mmol) 2a (1.5 equiv.)
racemic
Entry Base (mol%) Yield (%)2 (3a) Er (%) (3a)° Dr (%) (3a)
1 NaO'Bu (30) 99 92 >20:1
2 KO'Bu (30) 93 92 >20:1
3 CsF (30) <2
4 KOACc (30) <2
5 NaO'Bu (150) 45 91 >20:1
6 NaO'Bu (100) 62 91 >20:1
7 NaO'Bu (60) 93 92 >20:1
8 NaO'Bu (10) 99 92 >20:1
9 NaO'Bu (0) <2

aMeasured by 'H NMR analysis with 1,1,2,2-tetrachloroethane as internal standard. PDetermined by HPLC.
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Scope for Enantioconvergent Arylation of a-Aryl Ketones.

Ni(cod), (5 mol%), L1/HCI (5 mol%)

, NaOBu (10 mol%), c-hexane (0.2 M)
R +  Ar2Bneo
0 30°C, 24 h HO R2

_ >20:1 dr
1 (0.2 mmol) 2 (1.5 equiv.)
racemic

(R,R,R,R)-ANIPE (L1)

unless otherwise indicated

O HO Me

3a, 97%, 92% ee 3b, 91%, 91% ee 3d, 91%, 93% ee 3e, 83%, 92% ee
Me CO,Et SO,Me
O HT Me HJ Me
3f, 82%, 90% ee 3h, 79%, 92% ee 3k, 96%, 91% ee 31, 88%, 94% ee 30, 96%, 95% ee

16



Scope for Enantioconvergent Arylation of a-Aryl Ketones.

Et [

/

HO Me

3u, 45%, 91% ee 3v, 98%, 97% ee

3w, 95%, 93% ee

<;O

3x, 83%, 94% ee 3y, 84%, 93% ee

X -
\ o HO Me

4b, 78%, 86% ee 4c, 45%, 98% ee 4d, 99%. 98% ee 4e, 80%, 93% ee 4f, 93%, 89% ee

17



Scope for Enantioconvergent Arylation of a-Aryl Ketones.

HO;

HO 7
Me/ "Bu

49, 81%, 90% ee 4h, 65%, 80% ee

—n 0 0
4m. 67%. 85% ee 4n. 92% 91% ee 40, 98%. 87% ee :g’ S_ CBF”’ g‘;’o//z' 320//?, o 4r, 50%, 86% ee
’ - 3 ’

4s, 68%, 97% ee 4t, 71%, 91% ee

au, 82%, 98% ee 4v, 95%, 80% ee 4w, 99%, 91% ee

18



Scope for Arylation of a-Amino or a-Oxy Ketones

Ni(cod), (5 mol%), L1/HCI (5 mol%) OO
R? NaOBu (10 mol%), c-hexane (0.2 M) '_?2 Q Ph
R%X/RA' + Ar-Bneo - AFY\X/R4 Ph Y
0 RS 50 °C, 24 h R'OH R? 7
. >20:1 dr Ph Ph
5(X=N)or8 (X=0) 2 (1.5 equiv) unless otherwise indicated 6-7,9 (RRR.R)-ANIPE (L1)

racemic, (0.2 mmol)

6a, R® = H, 99%, 94% ee

5 Me Me Me
R 6¢c, R® = OMe, 85%, 94% ee “___Ph “___Ph _ _Ph
opy 8d. R° = OTBS, 88%, 93% ee 7 N7 FC - N Z N’
~ N1 69, RO = F, 88%, 95% ee Me OH gn Mé OH Bn Me OH Bn
me OH g, 6k R°=COEt, 75%, 95% ee
6m, R° = SO,Me, 55%, 96% ee 6b, 94%, 93% ee 6i, 74%, 94% ee 6p, 74%, 94% ee
M M p -Bu
: e : e _ r “__ph
N N/Ph N/Ph N/Ph ~ N
© ~ | - | " P | OH Bn
Me OH Bn OH Bn Bu OH Bnp
6s, 98%, 92% ee 6t, 85%, 94% ee 6u, 82%, 94% ee
6v, 93%, 85% ee 6w, 90%, 91% ee
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Scope for Arylation of a-Amino or a-Oxy Ketones

Ph, OH Me Ph_OH
N. : é ,N/b
7b, 55%, 91% ee 7c, 88%, 75% ee

(o] [ 6 489 7°
6X, 95cyo, 89% ee 6y, 76 /O, 92% ee r 8A), 87% ee

I e e i e e

7e 93%, 96% ee 79, 51%, 89% ee 7h, 64%, 91% ee 7n, 82%, 87% ee 70, 41%, 76% ee

CO,Et Me

9a, 82%, 87% ee, 9:1 dr 9b, 56%, 90% ee, 7:1 dr 9c, 47%, 81% ee, 6:1 dr 9e, 95%, 90% ee, 6:1 dr
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Scope for Alkenylation of Racemic Ketones

RS Ni(cod), (5 mol%), L1/HCI (5 mol%) R! RS
NaOBu (10 mol%), c-hexane (0.2 M)
R3E\WR2 + R4J\(Bneo . RS AN
o 30 °C, 24 h HO R? R°
all >20:1 dr
1,5 10 (1.5 equiv) 1"
Me

@

(R,R,R,R)-ANIPE (

EtO,C
©\ \©\ e \©\
Me Me
Me

Me ’Tj 7 N
Bn HO Me Me

11e, 79%, 93% ee

Bn HO Me Me B HO Me Me
11a, 95%, 95% ee 11b, 78%, 95% ee

SRS E SN B Jelel

Bn HO Me Bn HO Me Bn HO Me
11k, 52%, 73% ee 111, 71%, 74% ee 11m, 78%, 80% ee

Bn HO Me Me
119, 95%, 70% ee

Bn HO Me
11p, 52%, 75% ee

21



Alkyl-Substituted Ketones and Gram-Scale Reaction

Ar Ph OH Me \OH
slliadnes

13b, Ar = 2-naphthyl  13c, Ar = 2-naphthyl 13d, Ar = 2-naphthyl
72%, 92% ee 89%, 90% ee 83%, 92% ee 13e, 92%, 83% ee 13f, 81%, 58% ee

Ph. OH
Ph

13a, 92%, 80% ee

Me Ni(cod), (1 mol%), L1/HCI (1 mol%)
Me +  Ph-Bneo - _
o) NaOBu (10 mol%), c-hexane (0.2 M), 30 °C, 24 h HO Me
1a 1.5 equiv. 3a,1.1g,88%
(5.5 mmol) 92% ee, >20:1 dr

Bneo
@\ JI Ni(cod), (4 mol%), L1/HCI (4 mol%) Me
;ﬁf“”e T e e TNy e

NaOBu (10 mol%), c-hexane (0.2 M), 30 °C, 24 h

Br|1 HO Me Me
5a 1.5 equiv Ma, 1.29,97%
(4.0 mmol) 91% ee, >20:1 dr

22



Transformations

0 H, (balloon)
)j\ standard Me Pd/C (10 w%)
EtO condition /S/\(Me
Me g N~ 7. MeOH
Bn HO Me e 40 °C, 24 h
. O 11a
0, .
14. 91% 92% ee, >20:1 dr
93% ee, >20:1 dr
NiCl,eDME (20 mol%)
Ac,0O, PPY CyJohphos (20 mol%)

PhBneo (2.0 equiv.)

Et OO Et;N, DCM
Ph i

rt, 24 h

LI
Ph

AcO Me

40 15, 51%
93% ee, >20:1 dr

NaOMe (2.0 equiv.)
2-Me-THF, 40 °C, 24 h

SET

|l|HO Me Me

17, 95%
92% ee, >20:1 dr

LI
Ph

Ph //Me

16, 90%
93% ee, >20:1 dr

X
Me H, (balloon), Pd(OH), (20 w%) Me ref. 42 | N 0. Me
- /Bn - -
“N ~ " NH L en
Mé OH Bn MeOH, 40 °C, 24 h ud on N~
Me
70 18, 99% Pybox

81% ee, >20:1 dr 81% ee, >20:1 dr
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Transformations

Me
OH a, b

Me E——

O
Me

(x)-ibuprofen
a) CDMT, NMM, THF, MeNH-OMeeHCI
b) MeMgBr, THF, 0 oC-rt

a,b

a,b

(x)-ketoprofen

standard conditions

standard conditions

standard conditions

>

MeO l I

20, 93%, 92% ee, >20:1 dr

HO T\/Ie

19, 94%, 90% ee, >20:1 dr

e

HO Me

21, 34%, 95% ee, >20:1 dr
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Transformations

HQ Ph
. Me

EtCOCI, Et;N, DCM

N
|

Me

139, 95% ee
>20:1 dr

O'Pr
HO
. Me EtO,CCl

’Tl EtOAc

Me

13h, 94% ee
>20:1 dr

\
m
<
)

O'Pr

ref. 43

\J

23, 60%
94% ee, >20:1 dr

prodine
(opioid analgestic)

22, 63%
94% ee, >20:1 dr

Me 210
Me/,’

OH

alvimopan
(u-opioid receptor antagonist)
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Control Experiments

o tandard diti o
standard conditions
Me . + Me
o Ph-Bneo (1.5 equiv.) o
1b 1b (recovered)
(R)-1b, 98% ee 1h 59% vyield, 97% ee, >20:1 dr 40% vyield, 0% ee
3.5h 99% yield, 97% ee, >20:1 dr <1% yield
(S)-1b, >99% ee 3.5h 36% yield, 97% ee, >20:1 dr 65% yield, 0% ee
(+)-1b, 0% ee 3.5h 75% yield, 97% ee, >20:1 dr 22% vyield, 0% ee
Et : o o
Me Ph-Bneo Ni(cod), (5 mol%), ent-L1/HCI (5 mol%)
T (1.5 equiv.) g
o) NaOBu (10 mol%), c-hexane (0.2 M)
30°C, 24 h

1b ent-3v, 87% yield

96% ee, >20:1 dr

Me
Me o B Ni(cod), (5 mol%), ent-L1/HCI (5 mol%) o - hh
Me _Ph - . 3 |
%1}1 T (1.5equiv.) Me OH Bn
') Bn NaOBu (10 mol%), c-hexane (0.2 M) .
50 °C. 24 h ent-6a, 84% yield
5a ’ 92% ee, >20:1 dr

26



Control Experiments: Base-Free Conditions

Me

Me _Ph
o

O Bn
5a

Ph

(R)-(‘I)c, >99% ee

" Spp

(S)-1c, >99% ee

Ph-Bneo

1.5 equiv.

Bneo

Az

Me Me

1.5 equiv.

Ni(cod), (5 mol%), L1 (5 mol%)

c-hexane (0.2 M), 50 °C, 24 h

Ni(cod), (5 mol%), L1 (5 mol%)

Y

c-hexane (0.2 M), 30 °C, 24 h

Ni(cod), (5 mol%), L1 (5 mol%)

c-hexane (0.2 M), 30 °C, 24 h

Ni(cod), (5 mol%), L1 (5 mol%)

Y

c-hexane (0.2 M), 30 °C, 24 h

\J

Y

-
Me OH Bp

6a, 90% yield
93% ee, >20:1 dr

Me

Ph\N N Me

Br|] HO Me Me
11a, 95%
92% ee, >20:1 dr
(R)1c
31% ee (30 min)

7% ee (1 h)
0% ee (2 h)

(S)-1¢c

57% ee (30 min)
21% ee (1 h)
2% ee (2 h)
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Control Experiments

Bt L1 (5 mol%)

Me

Y

0] c-hexane (0.2 M)

30 °C, 3 h
(R)-1b, 98% ee

Ni(cod), (5 mol%)

Y

(R)-1b, 98% ee
c-hexane (0.2 M)
30°C, 3h

NaOBu (5 mol%)
Ph-Bneo (1.5 equiv.)
(R)-1b, 98% ee

Y

c-hexane (0.2 M)
30°C,3h

Et
Me

O

(R)-1b, 98% ee

(R)-1b, 95% ee

(R)-1b, 97% ee
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Proposed Mechanism

o -
N -0 Me ﬂ - Me
L L1-Ni Ph/H( = Ph/}(
Me OBneo
O O
reductive oxidative matched mismatched
elimination cyclization
rapid _
racemization L1-Ni°
Et I|_1
|
Ph/k:( Lo Et Et
Me OBneo Me - Me

Ph Ph™ X

~ ~
N N

O-Ni'-L1 O-Ni'-L1

transmetalation

Ph-Bneo




Summary

0 base-free racemization of

L1-Ni(0) (cat.)

~ L1-Ni(0)
R (cat.)
RE || OA OA: oxidative cyclization

RE: reductive elimination

L1
L1 [

O . B-H elimination O/Ni—H reinsertion

1 nonactivated ketones 1
R \)k R3 ~ = R R3

R2

R! < = < = R!
R3 . . R1 = .. .
- reinsertion R3 B-H elimination )

Nu-Bneo R|1'\|‘(><Nu
. R3
>140 examples R2
up to 98% ee . _
most >20:1 dr enantioenriched

tertiary alcohols

(L7

N\/N

Ph

Ph Ph
(R,R,R,R)-ANIPE (L1)

» Dynamic kinetic asymmetric addition of aryl and alkenyl nucleophiles

» Construction of tertiary alcohols bearing two stereocenters

» Modify profen drugs and synthesize biologically relevant molecules.
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Strategy for Writing The First Paragraph

SREFEEFHPORNERLEY
EXER

RENARBERAEIRG

SIHAEXTIE

v' The development of general stereoselective methods

with simultaneous control of contiguous stereocenters is
critical to the efficient discovery and manufacture of new
drugs.

However, these precursors are difficult to prepare and
potentially suffer from racemization during carbonyl
addition reactions or during storage. Moreover, the
stereocontrolled addition to the carbonyl group is ge-
nerally nontrivial, and the results may be difficult to
predict in many cases.

v Among general approaches for achieving an enantio-

convergent synthesis of tertiary alcohols with contiguous
stereocenters, the dynamic kinetic asymmetric trans-
formation (DyKAT)...
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Strategy for Writing The Last Paragraph

v’ Beyond the immediate utility of this method, we
anticipate that the Ni-NHC-enabled enantioconvergent

=

RERRK strategy will spur the development of other DyKAT pro-
cesses for the rapid synthesis of valuable complex
targets.
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Representative Examples

® The efficient and selective construction of enantioenriched tertiary alcohols bearing
two contiguous stereocenters has remained a substantial challenge. (K=H/7; MEE
KHY; ERREY; KiRERY)

® Enantioenriched alcohols constitute an important class of compounds that are found
in a myriad of pharmaceutical agents and bioactive natural products. (Fc£igY, AX=#Y)

® |n addition, there is a second prerequisite. (5c/R 5% 14)
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