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Introduction

N/PG

R Alkyl R

R = Ar, CO,R" (mostly)

i

J +  (M:Me (Et)

PG = Ar, Ts, EWG, ...
R = Ar, CO,R' (mostly)
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Introduction

Cu-Catalytic Asymmetric Hydroamination of Olefins to Chiral Amines

v Traditional Hydroamination ¥ Umpolung Hydroamination ™ Thermodynamics

@ + var
o ONR, NR2 R, Jfraditional
2 — 2 4 K4 \
R1/\/R ® j— H+ NR, R1/\/Re — 5 . \\
\,H 5 N_ "H  ReS—H Vs
v Mechanism ," “‘\
LCu—H R2 2/
i R1/\/ R'I’%/R Fd \‘ NRQ
R3S| X r \‘ 2
4, - R1J\/R

R,Si—H — regeneration ~ hydrocupration X—NR, + H—(Si]
+ X=NR, l
—[Si H=NR; + X—[Si]
+ H—[Si] 2
GuL umpolung
LCu—X R2 ca. 75 kcal/mol
R for X = OR'
H AG << 0

C-N bond
formation

+ X—[Si]

Buchwald, S. L. et al. Acc. Chem. Res. 2020, 53, 1229




Introduction

Cu-Catalytic Asymmetric Hydroamination of Olefins to g-Chiral Amines

Cu(OAc); (2 mol%)
R’ R?;N,R4 (R)-DTBM-SEGPHOS (2.2 mol%) R’ |Ia3
+ > H
RZ& CI)Bz (EtO),MeSiH (2.0 eq.) Rz/\/N\R“
SM THF (1.0 M), 40 °C

TM f-chiral amine
29 examples
up to 98% ee, 96% vyield

R3SiOBz L*CuH SM
A
R3SiH : Asymmetric anti-Markovnikov
] hydroamination
CuOBz F§ : v Catalyst discrimination of remote
c : CuL* steric differences :
Rz/\/ : ¥ Broad functional group compatibility :
B : v Low catalyst loading
:IIlIIlIlIIlIlIIlIlIIlIlIIlIlIIlIlIIIIlIlIIlIlIIlIlIIlIlIIlIlIIi
R _R*
OBz

Buchwald, S. L. et al. J. Am. Chem. Soc. 2014, 136, 15913




Introduction

Cu-Catalytic Asymmetric Hydroamination of Olefins to Aliphatic Amines

Q Cu(OAc), (5 mol%) , .
1 R3 NEt (S)-DTBM-SEGPHOS (5.5 mol%) R\N/R
2
N0 (MeO),MeSiH, THF, 45-55 °C R1\/r!»\R2
4
unactivated R

: : hydroxylamine ester chiral amine
internal olefin

(i) High-value chiral amine with two minimally differentiated a-aliphatic substituents
(i) Use of abundant feedstock internal olefin (eg., 2-butene)

(i) Mild and general C-N bond formation with excellent enantiocontrol (= 96% ee)

Buchwald, S. L. et al. Science 2015, 349, 62
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Cu-Catalytic Asymmetric Hydroamination of Olefins to Aliphatic Amines

R!? R3
>—<_ +
R? R4
1a-d
L*CuH
L* = SEGPHOS (L1)
2a
Ph M e
e
\— \— >=
Me
1a 1ib 1c
AG* (kcal/mol) 18.1 23.2 23.7

t

lower reactivity

Buchwald, S. L. et al. Science 2015, 349, 62




Introduction

Cu-Catalytic Asymmetric Hydroamination of Olefins to Aliphatic Amines

79%, 97% ee  83%, 98% ee

@) Cu(OACc), (5 mol%) 3 A
1 R3 NEt, (S)-DTBM-SEGPHOS (5.5 mol%) RGWR
R\/\Rz + \ 2
N0 (MeO),MeSiH, THF, 45-55 °C R1\/$\R2
A
unactivated R h : _ ,
, : ydroxylamine ester chiral amine
internal olefin
: : 70% yield :
= U =
OMe : Pre__~ Nk I:)r\=/\Me 99% ee (a) :
MeO OM PN e \)\ 99% ee (b) :
© © NBn, atb = 82:18
: b E
Unsymmetrlcal Olefin Substrates
- o : Ny u o yield :
N N lfBU\/\E,[ \)\ \g/\Et 99;/0 ee (c) :
i : : N c:d =85:15 :
Me” “Et  Me” Pr i NBn,

Buchwald, S. L. et al. Science 2015, 349, 62
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Introduction

L*Cu—O
Ar
R1 O F
/
H—N\ 1
R2 R
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A R2 Ar
[e) L*CuH o
Si]—0 A Me
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L*Cu—Q CuL*  walking
Ar Me. J_ T >
F O Me
unstabilized
secondary alkylcopper
B
R1
Rl _R? 3
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Me e Et D O
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/
"Bu—N
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Introduction

Cu-Catalytic Asymmetric Hydroamination of Olefins to Chiral Secondary Amines

o) CCl,
o)

ClsC WNo  Me
Me P N N)\S CFs
H
Me\“\“‘KWS F

Ephedrine
N / BVT-116429

|II§

PF-05105679 Sensipar

Buchwald, S. L. et al. 3. Am. Chem. Soc. 2015, 137, 9716
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Introduction

Cu-Catalytic Asymmetric Hydroamination of Olefins to Chiral Secondary Amines

froTmenTTnomsssesssosssessssaseee ; Cu(OACc), (2-4 mol%)

: 0 : 2
RU 2 | . (R)-DTBM-SEGPHOS (2.2-4.4 mol%) HN/R
A AN i > H
r HN-C _Lg: PPhs (MeO),MeSiH, THF, 40 °C R1\/'\A

; 30 examples
SM R2NHLG up to 99% ee, 93% yield ™

TM, Ar = Ph
TMB Ar = 2-MeC6H4

] CuL*
R \/\Ar - R1 i
\/\Ar Hydroamination of SM, and SMg using modified amine transfer reagents a-e
—=— Productive pathway i
i B0 + yield of TMp
—m— Non-productive pathway R2NHLG + yield of TMg

e | b o
m RZNHLG o i w ol
L .k |

\\ 0%}
EtO— SI—LG ™ - Ny,
H \ R= H  4CF; 2MeQ 4-MeO 4-Nhe,
| a b c d e
EtO—Sli—OEt —L*Cu—LG
e

M

Buchwald, S. L. et al. 3. Am. Chem. Soc. 2015, 137, 9716
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Introduction

Cu-Catalytic Asymmetric Hydroamination of Olefins to Chiral Secondary Amines
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Relative rates of the reactions between LCuH and different amine transfer agents. Si* = Si(OEt),Me. Conditions A: a 0.6 mL of a stock solution made

from Cu(OAc), (3.6 mg), (R)-DTBM-SEGPHOS (26 mg), PPh; (11.6 mg), HSi(OEt),Me (0.32 mL, 2.0 mmol), and THF-dg (1.0 mL) is used. The
progress of these experiments was monitored by H NMR.

Buchwald, S. L. et al. 3. Am. Chem. Soc. 2015, 137, 9716
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Introduction

Cu-Catalytic Asymmetric Hydroamination of Enamines to Chiral 1,2-Diamines

Q Cu(OAc), (10 mol%) . )

sz + Rf @NEtZ (R)-DTBM-SEGPHOS (11 moI%)» R\N/R R?2

RN NR3 N—O (MeO),MeSiH, THF, 50 °C 1 J\/,l,\ ;
RS R R

R" = Ar (mostly) 25 examples

R?, R3, R* R® = Bn (mostly) up to 99:1 er, 88% yield

Somfai, P. et al. Angew. Chem. Int. Ed. 2019, 58, 8551
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Introduction

Cu-Catalytic Asymmetric Hydroamination of Enamines to Chiral 1,2-Diamines

@)

Et,N

[Si]—H

C
L — T
nCU—0 CuL, S-elimination
F O Ph

e
L,CuH NBn
G A P X 2

B
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NBn NEt
Ph 2 5 o>/ < > 2

Somfai, P. et al. Angew. Chem. Int. Ed. 2019, 58, 8551
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Chiral Alkyl Amine Synthesis via CEH of Enecarbamates

R4SiH
Cu(OA¢),/L* ——> L*Cu-H
Solvent
R cat. [L*Cu-H] CulL*
\¢¢K\R1 >
R1

Cu-H insertion

|g HBpin,
NiBryediglyme/L*

base (KIQ
L*Ni-H

Sc

vent

NHPG

cat. [L*Ni-H]
y

NHPG

R A

R\/L
NiL*

Ni-H insertion

R2
I
+
R4O/N\

RS REN/R3

y
R\/&R'I

C-N formation

chiral amines

C-C li
coupling chiral amines

Hu, X. et al. J. Am. Chem. Soc. 2021, 143, 1959
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The Optimization?

NiBr,+diglyme (10 mol%)

— ' L* (15 mol%) N
CbzHN Me MeSiH(OEt),/KF (2.0 equiv.)'
DMA (0.2 M), rt, 40 h Me
1a 2a CbzHN 3a
O O R =Ph: L™
): />_<\ ] R=Bn:L"2 [ />—<\
R” N N™ ™R R=Pr:L'3
=/Bu: L'4
Entry Variant Yield (%) Erb
1 L*=L"1 91 90:10
2 L*=L"2 83 65:35
3 L*=1L"3 41 55:45
4 L*=L"4 97 70:30
5 L*=L"5 84 82:18
6 HBpin instead of DEMS 85 92:8
7 HBcat instead of DEMS 27 89:11
8 DMPU instead of DMA 92 (87)° 94:6

a All reactions were carried out in a 0.1 mmol scale with respect to 1a, corrected GC yields using n-dodecane as an internal
standard were reported. ? The er values were determined by HPLC analysis. ¢ Isolated yield.
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The Scope of Substrates?

. . R2 RS
NiBrysdiglyme (10 mol%) o) o
HMe)  Rr2 X L* 1 (15 mol%)
= + Y , ——> H(Me) /> _<\ ]
RHN R R3 HBpin/KF (2.0 equiv.) RHN PH N N o
DMPU (0.2 M), rt, b L
(21 2 40 h 3-4

Secondary alkyl iodides

CbzHN CbzHN CbzHN CbzHN Et CbzHN Et CbzHN Et
)-32 87%, 94:6 er 3bn=186%, 91:9er 3d?61%, 94:6 er 3e X = 0 65%, 95:5er  3g° 45%, 86:14 er 3h 91%, 93.5:6.5 er
with ent-L™: 3cn=371%, 93:7 er 3f X = NBoc 67%, 93:7 er

(-)-3a 85%, 6:94 er

Primary alkyl TOAIES socccccccccccceeeeese00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

-
1 L L Yy ey

CbzHN Et CszN CbzHN CbzHN CbzHN CbzHN
3i71%,92:8 er 3j81%,94.5:55er 3k 74%, 95:5 er 31 65%, 93:7 er 3mP 60%, 94:6 er 3n€52%, 92:8 er

a Conditions unless noted otherwise: all reactions were carried out with NiBr,-diglyme (15 mol %), ligand L*1 (15 mol %), 1 (0.20 mmol), 2 (0.30 mmol),
HBpin (0.40 mmol), KF (0.40 mmol), and DMPU (1.0 mL) at room temperature for 40 h. b (OEt),MeSiH instead of HBpin. ¢ DMA instead of DMPU.




The Scope of Substrates?

NiBryediglyme (10 mol%) R2 R3 o 0

H(Me) . R%/X L*1(15mol%) ): pu—y j
/—< i i o H(Me)
RHN o R3 HBpin/KF (2.0 equiv.) RHN PH N N “bhh

DMPU (0.2 M), rt, 40 h

(21 2 3.4 R L™
Benzy"c DromidEs cccccccccccccccccccccccccccccccccseeeeeceeceseeeeessesseeessssessssesessssssseecssssssseecssssssssccsssssssssccsssscssscccssssssce
Bu
F,CO Br
:: : \©1 NC tBU
CbzHN CbzHN CbzHN Et CbzHN Et CbzHN Et
30 92%, 95:5 er 3p 82%, 95:5 er 3q 74%, 94.5:5.5 er 3r 51%, 95:5 er? 3s 95%, 94:6 er
EnecarbamateS cecccccccccccccccccccccccccccccceeeeeeeesesseeeesssesseeesssssseseesssssssseeccssssssseesssssssseesssssssssssssssssssccccsssssssccssssss
X
Cy

C C C Me
Y y Y CszN/H/
CbzHN RHN Ph CbzHN Cl  CbzHN Me Me

4a 63%, 94:6 er 4b R = Cbz 83%, 95:5 er 4d X = CH, 65%, 95:5 er 4f 85%, 93:7 er 49 48%, 94:6 er
4c R = Boc 82%, 86:14 er 4e X = NBoc 72%, 93:7 er

a Conditions unless noted otherwise: all reactions were carried out with NiBr,-diglyme (15 mol %), ligand L*1 (15 mol %), 1 (0.20 mmol), 2 (0.30 mmol),
HBpin (0.40 mmol), KF (0.40 mmol), and DMPU (1.0 mL) at room temperature for 40 h. b (OEt),MeSiH instead of HBpin. ¢ DMA instead of DMPU.




The Reactions of Substrates Derived?
]

&
@)

CbzHN
(@)
OMe
R Me /
N
Cl 0
from Cholestanol from Indomethacin
5a, 85:15 dr? 5b% R = Me, 45%, 93.5:6.5 er
72%,92.5:7.5er 5¢c, R = Et, 38%, 92.5:7.5 er

CbzHN__
NHCbz D OO
)\/\/O O =t
Et
O OMe

from Gemifibrozil from Adapalene -
5d° 5e°
82%, 93:7 er 81%, 89:11 er

a Conditions unless specified otherwise: all reactions were carried out with NiBr,-diglyme (15 mol %), ligand L*1 (15 mol %), 1 (0.20 mmol), 2 (0.30
mmol), HBpin (0.40 mmol), KF (0.40 mmol), and DMPU (1.0 mL) at room temperature for 40 h. P The dr value was determined by 'H NMR and HPLC
analysis.c Nil,-xH,0, L*9, (EtO),SiH, and DMA instead of the corresponding standard parameters. 9 DMA instead of DMPU. € ent-L*1 instead of L*1.
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Product Transformations

0
TBSO/j\ TBAF, NH,F Ho/\/'\ RuCl,, NalO,

THF = HO
CbzHN” “Et CbzHN™ “Et
CbzHN
3193:7 er 6 84% yield 7b
(common synthon)
Ph 1) DMSO, (COCI),
Et;N, DCM
CbzHN" Et 2) PhP=CHCHO
(-)-30 o
93% yield, 93:7 er
1) Pd/C, H,, EtOH
H =z > + N
1) Pd/C, H,, MeOH 2) HCI Hf'
2) CICO,Et, EtsN/THF CbzHN™ “Et .
Ph

—_—

8
77% yield, 95:5 er

Et

N Et | .
PPA LiAIH,, THF
: = NH Ref] .
o eriux
EtOZCHN/\Et 140 °C NH
© 9
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Mechanistic Experiments

L*Ni H
Me standard standard selal B
_ conditions conditions
/_/ Cyl )\/Me (2)-1a
CbzHN Y CbzHN
(E)-1a 62% yield, 84:16 er 3a 87% yield, 94:6 er

NiH insertion into the alkene as the enantiodetermining step

= I_ standard conditions 'Pr, D
+
CbzHN Me Prl DBpin >
instead of HBpin CbzHN Me

D-3h, single diastereomer

(2)-1a 89% vield, 92:8 er, (ca. 60% D)
Me » Pr D
_ standard conditions s
— + Prl > {
DBpin
CbzHN instead of HBpin CbzHN Me
(E)-1a D-3h’, single diastereomer

51% vyield, 89:11 er, (ca. 70% D)
syn-hydrometalation of NiH or NiD to N-Cbz enamine
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Mechanistic Experiments

| L*Ni H
' PGHN R
H _ standard conditions Pr, D H
— + IPrl DB : - A\
pin
CbzHN Bn instead of HBpin CbzHN Bn
(2)-1c D-3k, single diastereomer
82% vyield, 92:8 er, (ca. 80% D)
Bn _ standard conditions Pr. H
— + Pri > _..u\\D
CbzHN D CbzHN Bn
D-3k’, single diastereomer
D-(2)-1c N _
>99% D 80% vyield, 92:8 er, (>99% D)
the hydride insertion step was irreversible
CbzHN standard conditions Cy
\/\ + Cyl )\/Me
CbzHN
1a’ 3a

49% vyield, 60:40 er
This result indicates chain walking of the distal alkenyl group mediated by
NiH to form an o-CbzHN-stabilized Ni-alkyl species

24



Mechanistic Experiments

] L*Ni H
PGHN R
/—\ . Cy
CbzN Me standard conditions
| * Cyl > Me )\/Me
M N
e Cbz
(2)-1a" 3a", <5%
precluded the Cbz group to act as a directing group for NiH insertion
Bpin Me standard conditions Cy Me
+ Cyl S HBo! >
w/o pin
CbzHN Me with L*1 or ent-L*1 CbzHN Me
4h', >99:1 er No reaction
» Cy
/:\ . C standard conditions
yl - /k/ + "PrNHCbz
CbzHN Me Me
1 TEMPO (1.0 eq.) CbzHN
(2)-1a (2)-1a 3a
46% recovered 12%, 94:6 er
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Mechanistic Experiments

(a) 100 _,—T/_/_AA [b] 100
20 —— r s

80 ¥y =0.91x-2.17
80 R2 = 0.997

3a (yield or ee)
o
3a (ee, %)

o 5 10 15 20 25 30 35 40 45
AYield (%) *ee (%) t/h

o
=

20 40 60 BO 100
L*1 (ee, %)

(a) Monitoring of the reaction progress of (Z)-1a with 2a over time. (b) Nonlinear effect study.

The reaction progress of (Z)-1a with 2a was monitored over time. While the yield
increased gradually over the course of the reaction, the er remained at about 94:6.
This result ruled out a kinetic resolution mechanism. Moreover, the enantiomeric
excess of the product and catalyst followed a linear relationship, indicating a
monomeric nature of the active catalyst.




Proposed Catalytic Cycle

Alkyl-X

Ni(”')"
X F
NHCOR H o R
Alkyl
L
RS R N/,,, Ni(“)_‘“O—<
Alkyl |
X
EH
L
L"Ni0-x RS R
KE A (a)
KX R
L" N| N""'~ -(I)"““O=<
Bpin-F L N'(I) H
R'— NHCOR
L', L',
Ph/ I y u,,,Ph Ph/ | . )lu,,Ph
H/N‘!.‘\O=—7\R N H/N‘!“\O:—7\R
TS-1a TS-1b
(favored)

X =1, Br; Rt = large group; RS = small group.

RL N™"|
X
NHCOR E H )
RS R
Alkyl
L'Ni(-x
A (b)
Alkyl-I
Alkyl®
_<R
N, WO=
“Ni(- (1)
XL Ni(0- N, Ni(") NH
Bpin- H
Dl
Bpin-F L N'(”) H
+
KI L —
R NHCOR
o Ph=" [ "Ph
Ni(h Ni()
/ \0.7\R \H/ ““\O—- .
Lo :
\‘/\NH R —="—NH
TS-1a' TS-1b’
(favored)
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Summary

R’ cat. [L*Ni-H]

NHPG X
Y
NHPG

R._~ R2

e readily accessible precursors
e similar aliphatic substituenis

from Gemfibrozil 82%, 93:7 er

40 examples
up to 95% vyield, 95:5 er

Cy

CszN/J\\//N\Ph

83%, 95:5 er

Cy

Me
CszN/J\\r’

Me
48%, 94:6 er
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Introduction
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The First Paragraph

Enantiomerically pure amines are frequently encountered in natural
products, pharmaceuticals, and agrochemicals. They are also important
building blocks and chiral auxiliaries in asymmetric synthesis. General,
catalytic, and enantioselective assembly of chiral amines, especially those
with two minimally differentiated aliphatic substituents, represents a
synthetic challenge. Although chiral amines can be prepared by the
hydrogenation of imines, enamines, and their derivatives using precious-
metal catalysts, the catalysts are costly and the substrates typically have
an a-aryl or a-carboxyl substituent. Likewise, enantioselective addition of
an alkyl organometallic reagent or an alkyl radical to imine derivatives is
mostly applicable to the synthesis of chiral amines with one a-aryl or a
carboxyl group, in addition to requiring either highly activated substrates or

high catalyst loadings.
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The First Paragraph

Nevertheless, trisubstituted, tetrasubstituted, and cisdisubstituted
alkenes and alkenes bearing electron-donating substituents are still difficult
substrates, limiting the types of chiral amines that can be prepared from

this approach.
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The Last Paragraph
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The Last Paragraph

In summary, we have developed a method for the Ni-catalyzed
enantioselective hydroalkylation of enecarbamates. This method allows the
synthesis of a wide range of enantiomerically enriched chiral alkyl amines
from readily available and stable alkenes while avoiding sensitive
organometallic reagents. The method operates under mild conditions and
has high functional group tolerance. It has been applied for the
postfunctionalization of many natural products and drug molecules.
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Representative Examples

1

Likewise, enantioselective addition of an alkyl organometallic reagent or an
alkyl radical to imine derivatives is mostly applicable to the synthesis of chiral
amines with one a-aryl or a carboxyl group, in addition to requiring either
highly activated substrates or high catalyst loadings. ([E4£:==, 1ok )

Here we describe the development of a modular method based on this
approach. (EF-)

It has been applied for the postfunctionalization of many natural products

I—PNA

and drug molecules. ([FEAE&EIL)
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