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Cobalt-catalysed enantioselective
C(sp?)—C(sp?) coupling

Y. Li, W. Nie, Z. Chang, J.-W. Wang, X. Lu, Y. Fu, Nature
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® Cobalt catalytic system enabled enantioselective alkyl-alkyl coupling
@ Stereochemical control without a directing group or proximal p/z orbital

@® Aliphatic C—F stereogenic centre at the desired position in an alkyl chain



I C(sp3)-C(sp3) Cross-coupling reaction

Negishi Reaction

4 mol% Ni(cod), y |
e O O
e)\ 8 mol% Ligand 1 e)\ ’\1 NZ '\}
— »> M n-Nonyl
Me”~Br , Brzn=n-Nonyl T 1A, RT, 20h ’ 3
91% $BU  Ligand 1 -Bu
Suzuki Reaction
Br 8 mol% Ligand 2
+ 9-BBN“"Ph > Me,N
1.2 eq. KOt-Bu AMe
2.0 eq. i-BuOH 83% . ?
dioxane, RT, Ligand 2
. N
10 mol% NiBr,glyme Me O
Me_ Me . 13 mol% Ligand 3 e)\ N/
Ph Br * szlnz : M n-Nonyl
1.4 eq. KOEt PF :
i-Pr,0/DME, -10°C N% - Ligand3
Kumada Reaction
3 mol% Ni-pincer i
DMA, -35°C, 30 min 78%
| Cl
Sonogashira Reaction
5 mol% Ni-pincer
n-Hex - n-Hex —
NNX 4+ =—n-Hex 3 mol% Cul > \/\n-Hex Ni-pincer
X=1Br,Cl (Nal or n-BusND) 83-89%

DMA, -35°C, 30 min

T.F. Jamison, Nature 509(7500) (2014) 299-309



C(sp3)-C(sp3) Cross-coupling reaction

> Actlvateo(I) electrophiles 10% NiClyglyme o S
13% Ligand 1 Bn_ Et O o)
SUNNY Et + n-Hex—ZnBr i - N)ﬁ/ <,’\l N ,\] (a)
br By DME, -60 °C Ph f-Hex 3
95% ee i-Pr Ligand 1 i-Pr
90% yield
Br 10% NiBrzglyme 0
O 13% Ligand 1
L e ~ ®
ol + BrZn O DMA, 0 °C ol
91% ee
82% yield
MeO B ”\O 13% Ligand 2 MeO | AN ()
-
Csl, DCM/dioxane NZ 0
-30 °C l\)J
95% ee “-Bu
86% yield Ligand 2
DGRy M—=R, Ni cat., chiral ligand DGRy
T -
X 2
Ramic Transmetallating Enantioenriched
agent
|_> DGR DGR,
R ] . L \\ .
2 Ij(l(z)'_ RZ/?(IS?)
Stereoconvergent Enantiodetermining
radical oxidative addition reductive elimenation

G.C. Fu, Science 356(6334) (2017)



C(sp3)-C(sp3) Cross-coupling reaction

> Activated electrophiles

h

Ph)ﬁ/R + Phomger 9% Ligand 1
i
91% e.e. 87% yield

DME, -60°C >
o) 10% NiClyolym
Cl 7 2glyme o) Cl
BHT-O Br + /©/\ 12% Ligand 2
) (MeO)3Si

7.0cqIBAT > BHT-O
t

dioxane, r.t. )
94% e.e. 72% yield

90% e.e. 80% yield

8% NiClyglyme
10% Ligand 4
.
KOt-Bu/BuOH

toluene, -5 °C
Ar = 3-(CF3)CeHy

(9-BBN)—Ph

Q 3% NiClyglyme
3.6% Ligand 3
DME/THF, 10 °C

@)
S NS
N/
94% e.e. 85% yield

N
\ | Vie Cp,ClZr X-"Cy Cy

G.C. Fu, ACS Cent Sci 3(7) (2017) 692-700.
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I C(sp3)-C(sp3) Cross-coupling reaction

> Kumada Reactions of Alkyl Electrophiles

Ph R . Ph—MgBr 9% Ligand 1 o
" DME, -60 °C

F O (@]
Me Cl Me
h h
72% ee 80% ee
89% yield 72% yield
O
0] Me
& h
90% ee 90% ee
80% yield 76% yield
(e (@]
cl N3
h h
86% ee 80% ee
73% yield 72% yield

G.C. Fu, ] Am Chem Soc 132 (2010) 1264-1266.
G.C. Fu, ] Am Chem Soc 141(38) (2019) 15433-15440

Ph)J\rf
(@)
MeO Me
h

92% ee
81% yield

(@)
Me
~
Y

87% ee
91% yield

SR

85% ee
74% yield

jeg el

Ligand 1

0]
mm
h
Br

80% ee
80% yield

(0]
Et
h
90% ee
77% yield



I C(sp3)-C(sp3) Cross-coupling reaction

> Kumada Reactions of Alkyl Electrophiles

: e Yy
1gan
RARI L Ar—Mgx o e ph Ri o o
DME, -40 °C ]
r o
90% ee, 75% yield PR h

Ligand 2
@]
(0] 0
Ph ir Ph
73% ee, 90% yield Ar=Ph 85% ee, 73% yield
4-Cl-C4H,
4-OMe-CH,

81-90% ee, 73-82% yield

(0] O (0]
Et Mej)j\/Me Mej)J\/Et

/ir Me E\r Me E\r
Ar = 3-Br-C4H, Ar=Ph Ar =4-CO,Et-C,H,
78% ee, 70% yield 3,4-OCH,0-C¢H; 80% ee, 78% yield

83-94% ee, 75-83% yield



C(sp3)-C(sp3) Cross-coupling reaction

» Mechanistic Investigation

o Ni'Br(Ph-BOX) o
3) )J\(Me
Ph)l\r Me Ph T
Ph step 3 step 1
(o} (o}

Me Ph )J\/ Me

Ph

(1)

Ni"BrBr(Ph-BOX)

Ni""PhBr(Ph-BOX) (Re)

(4) step 2
\{

Ni'"PhBr(Ph-BOX)

s% Ph—MgBr

{

2) Br—MgBr
15
| step 2
i F +8.7
= i p 4 '\ +7.6 step 3
o .+ —
o . +4.5
c Ni'"PhBr(Ph-BOX) (2) k! ’ || +3.7
% 0| R- (/PR
o : N
= Ni""RPhBr(Ph-BOX) (4) —— —
®-40 | |
< -41.5
Ni'Br(Ph-BOX) (3)
-45 — Formation of the minor observed enantiomer (R) R-Ph
— Formation of the major observed enantiomer (S)
-50




C(sp3)-C(sp3) Cross-coupling reaction

» Unactivated electrophiles

Br 10% Ni(cod), S (CH2)3Ph Ar Ar
12% Ligand 1 m/e 3
Me Me + (9-BBN)—(CH2)sPh MeO MeHN HMe

—_——
KOt-Bu/i-BuOH 90% ee Licand 1
i-Pr,0, 5 °C 94% yield igan
i Ar =3:CF,C H,
10% Nlclzglyme (CHZ)SPh
O/\fBr . (-BBN)—(CH2Ph  12% Ligand 2 O/\F/ E\—@
—_—
KOt-Bu/i-BuOH 99% ee H H
i-Pry0, 1, 79% vield Ligand 2
(0] 10% NiBrzdiglyme 0
- Ph  Ph
BnPhNJLO/\rBr +  (9-BBN) 12% Ligand3 o o Mo <
—> ~
Me Me KOt-Bu/n-hexanol Me MeHN HMe
P 902%ee  MeO
1 rzO, .t . Li d3
82% yield 1gan
12% NiClyglyme
Ph Br 16% Ligand2 ~ Ph (CH2)sPh
m + (9-BBN)—(CH2)sPh \g/\/\,:/
KQt-Bu/l-BuOH 99% ce
i-Pr0, r.t. 71% yield

10% NiBrydiglyme Ar Ar
al d Y 12%Ligand 4 O/@\ d_ b \
Meo/©\N _ MeHN' HM
e/\[ v (BN e Me NN e © ¢

KOt-Bu/n-hexanol Ye F-Bu

PO, rt 94% ce Ar iﬁiﬁ%l?thyl

86% yield
RV 0 Ni
MeSuN Br 1OA)})\“B‘Qdiglyme 0,9
Me/\) Hex + (g-BBN)m 12% ngand 1 Me” "N
Me KOtBUABUOH — yo~_J  Heg, o
i-Pr0, rt. 90% ee
76% yield
00 o
W Br 10% NiBr,diglyme 00
t-Bu” o Li b
Sren * (@BN " Notes 20BN o oTBS
KOt-Bu/i-BuOH (CH2)sPh
. 87% ee
1-Pr;0, r.t.

81% yield



C(sp3)-C(sp3) Cross-coupling reaction

> Suzuki Reactions of Alkyl Electrophiles

10% NiBry- diglyme

Ph  Ph
12% \_< o
0 MeHN  NHMe 1
R3O)LN R' (9-BBN)—R?2 R3O’J\I\IJ/\;’R
Y 1.4 KOt-Bu LR
R Br 1.8 n-hexanol
racemic 2.0 equiv i-PraO, r.t.
entry electrophile R2 ee (%) yield (%)°
0
1 PhO)l\N = 0,0 g 56
I/\I/ :"'-:\/\/><Me
PMB Br
o)
/U\ n-Bu =%
2  PhO N/\/ 90 83
' MeO
n-Bu Br
0
i x
3 PhO ITJ/Y\O 90 74
Me Br Me
o)
4 PhOJ\N Et n-Hex 90 56
Y
Ph Br
0
5 BnO)LN Et ,\/O 80 66
|/Y oy
Ph Br

G.C. Fu, J Am Chem Soc 134(13) (2012) 5794-7

10% NiBr,- diglyme

Ar Ar
0 1% < O\\/P
4 R' (9-BBN)—R2 MeHN  Nnve Faﬁ’S‘N/\:/R1
R® r}l’\( 1.4 KOt-Bu N
R Br 1.8 -BuCH
racemic 2.0 equiv i-Pry0, r.t.

Ar = 3-(F3C)CgH,

entry electrophile R2

ee (%) vyield (%)°

Ts. Et iy
N
C YY)
PMB Br F
Ts< P
) 'TJ/Y\O ‘LC\/\/@
nBu Br MeO
Ms. I\Il/ﬁ/n-Hex :L"'L,\/D
n-Bu Br MeO

90

90

58

54

76

68



I C(sp3)-C(sp3) Cross-coupling reaction

> Suzuki Reactions of Alkyl Electrophiles

10% NlBrzdlg]yme (@] R
0 Br 12% Ligand
A~ A+ (9-BBNR - ot
Bh T 1.4 KOt-Bu A-Bu
Bu 1.8 n-hexanol 54% ee, 94% yield
1-Pr,0, r.t. R=(CH2)3(0-anisyl)
N 10% NiBrydiglyme R
12% Ligand Ms /\)\
Ms - R o
:;\)\ + (9-BBNy— 1.4 KOt-Bu rll-Bu
-Bu
1.8 n-hexanol 64% ee, 79% yield
1-Pr,0, r.t. R=(CH2)3(0-anisyl)
12% Ligand - Et

y N,\ g Et + (9-BBNy>R ————— > Me,N” """

e \/\g 1.4 KOt-Bu R
r 1.8 n-hexanol 85% ee, 78% yield
1-Pr,0, r.t. R=(CH2)3(0-anisyl)

Ar Ar
MeHNs NHMe
Ligand

Ar=3-(F;C)CeHy

0o 10% NiBr,diglyme O\ 9
12% Ligand . R?
@ 8 R 4 (9-BBN}R'— RN
\/\,L/ 1.4 KOt-Bu =
]

1.8 n-hexanol 85% ee, 78% yield

i-Pry0, r.t. R=(CH2)3(0-anisyl)
entry electrophile R2 ee (%) yield (%)?
(b) O\\/P
N\
2 t-Bu/S\/\r(CHZ)ZPh H"otBS 87 81

(©)

\\ //
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C(sp3)-C(sp3) Cross-coupling reaction

> M-H insertion across alkenes

CuL* Alky!
CuL* y
R1\/\Ar ' R1\/kAr Alkyl—X ' R1\/kAr
Si—H

i * L*Ni
Ni R N0 Alkyl

Si—H Alkyl.

H

- X
M-H H - M=X SR M, H,
——— _—— —_—
X nsertion R 2% Rs R
M 2
R1
2 M-H X H

_ M
H atom transfer R1)TR3 * R, R3
2

H

o-haloradical
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I Allylic defluorinative alkylation of trifluoromethyl alkenes

COONPhth 10% Ni source FEF
O/ 15% hgand |
3.0 eq. reductant

1 mL Solvent, r.t. 16h

la 2a Ph

0.2 mmol 0.3 mmol .
Entry Nickel source  Ligand Reductant Solvent  Yield“/%
1 NiBr,(diglyme) L1 Zn DMAc 23 (j\‘/n B _ o
2 NiBr,(diglyme) L2 Zn DMAc 32 Q—@
3 NiBr,(diglyme) L3 Zn DMAc 47 -
4 NiBr,(diglyme) L4 Zn DMAc 79
5 NiCl, L4 Zn DMAc 33
6 Ni(NOs), L4 Zn DMAc <5
7 Ni(acac), L4 Zn DMAc 26
8 NiCL,(Py), L4 Zn DMAc 75
9 NiCly(PPh;), L4 Zn DMAc 23
10  NiCl(PCy;), 14 Zn DMAc 17
11 NiBr,(diglyme) L4 Zn Dioxane <5 L3
12 NiBr,(diglyme) L4 Zn DME 22
13 NiBr,(diglyme) L4 Zn THF 43
14 NiBr,(diglyme) L4 Zn MeCN <5
15 NiBr,(diglyme) L4 Zn NMP 54
16 NiBr,(diglyme) L4 Zn DMF 60
17 NiBry(diglyme) L4 Zn DMSO 95 (92°)
18 NiBr,(diglyme) L4 Mn DMSO 64
19 NiBr,(diglyme) L4 DEMS/Na,CO; DMSO 18
20 NiBr,(diglyme) L4 (BPin),/K;PO, DMSO 22

12
Y. Fu, Chemical Science 10(3) (2019) 809-814



Allylic defluorinative alkylation of trifluoromethyl alkenes

CF .
’ 10% NiBry(DME)2 Fo _F
R1—'<j/§ . R,—COONPhth 15% Pybox _ [ =
0 — 2
3.0 eq. Zn, R N
1.0 eq. 1.5 eq. I mLDMSO, r.t. 16h " _J 5,
F. F F_F F. _F F. _F
R3 R3 R3 R3
3aa, 92% 3ab, 91% 3ac, 82% 3ad, 94%
FlF FlF Fm,soc FF o
RS: : /C : RS R3 R3 |
3ae, 93% 3af, 95% 3ag, 97% 3ah, 78%
o)
F. _F TS - o
| N O Fo _F Cl
| \ / F_ F \ N |
I 3
(ID o RI/O N R 0
~ |
3bi, 63% > 3bj, 78% 3ak, 90% 3al, 83%
F. _F Br F. _F OH _
.o 1. e
R3 R3
3am, 70% 3an, 71%

13



Allylic defluorinative alkylation of trifluoromethyl alkenes

CF3

15% Pybox |

® 10% NiBry(DME)2 Fo _F

R 0

R R,—COONPhth - R
"~ * 3.0 eq. Zn, 7N 2

1.0 eq. 1.5 eq.
F

@1

3hb 81%

3gb, 83%

F_F F_F
CN EtOOC

3ka, 83% 3la, 60%
T Fo_F
| R4 | R4
L0
30b, 98% 3pb, 63%

R,
I mLDMSO, r.t. 16h " _J 5,

Fo _F

CEQ ~

3eb, 80% 3tb, 92%

Fo _F

R4
| R4
A
3ib, 68% 3ja, 54%

F: :F ~ F_F
| R4 | R4
sO O

3mb, 81% 3nb, 91%

R4~ ”Q
NH,

14



Allylic defluorinative alkylation of trifluoromethyl alkenes

F

CF4 ) | R
R 10% NiBry(DME)» OTs
0,
. Br OTs 15% PybOX Me (a)
Me 3.0 eq. Zn, M
Me 1 mL DMSO, r.t. 16h ©
1b 4e,R=H Sbe, R=H, 92%
4f,R=M 5bf, R = Me, 77%
. il R,-COONPhth
. : 2)
CFs R 10% NiBr,(DME), ‘ Ni(O)L, (
Reductant
S LN s ® .| co,
.0 eq. Zn, P
Ph :
Ta 4g,R=H | mLDMSO,rt 16h Sag, R = H, 79% Slngle EI?ctron
. R=M FF sah, R=Me, 75%  Fs_F  ENj(lI)L,-NPhth B
| Ni R,
R PhthN-Ni(l)L,, R2
Br f X 2 I
Intermediate RiT Z 3)
10% NiBr Radical
PhthNOOC 2(DME)2 .
j/@ J\( 15% Py(box ) B-F Elimination Addition
3 0eq. Zn, ©
1 mL DMSO, r.t. 16h m CFs
F4C Ry . XY R2
1 _
J\( L Y NIGLNPhth Z PhthN-Ni(I)L,
(o
A IV ¥/
3uba, 60% 3ubb, 14% Singlle Electron
Mechanistic probes ‘ Fo_F Transfer
CF, 10% NiBry(DME), | .
COONPAth 504 Pybox @ Proposed mechanism
—_—
3.0eq. TDAE, 5
P + 1 mL DMSO, r.t. 16h 3aa. 48%
la 2b
F_ _F _Ph
10% NiBry(DME)» | Boc

/[ 15% Pybox N (e
—_—
+ \N COONPhth 3.0 €q. Zn, =]
P W | mL DMSO, r.t. 16h 3ar, 85%, ramic 15



I gem-Difluoroalkenes defluorinative reductive cross-coupling

entry

1

N 0 N1 N L bW

P
S
()

nickel source
NiBr,-diglyme
NiBr,-diglyme
NiBr,-diglyme
NiBr,-diglyme
NiBr,-diglyme
NiBr,-diglyme
NiBr,-diglyme
Ni(COD),

Ni(COD),

Ni(CoD),

MYF . O/'

10% Ni source
15% ligand

>
2.0 eq. reductant

1 mL DMAG, r.t. 16h

Ar = 3,4-dimethoxy-phenyl

ligand

L1
L1
L1
L1
L2

L3
L4
L4
L4

L4

reductant

Zn

Mn
DEMS/Na,CO;,
(Bpin),/K;PO,
(Bpin),/K;PO,
(Bpin),/K;PO,
(BPin),/K;PO,
(Bpin),/K;PO,
(Bpin),/K;PO,
(Bpin),/K;PO,

Y. Fu, ] Am Chem Soc 139(36) (2017) 12632-12637

yield (%)”
10

17

23

37

44

3

55

64

77 (74)°
94 (92)°

Ar/\Hi)

tBu tBu
=\ /7 \ = )=
Q_Q \ 7 \_7/
L1 L2
S\_;/Q\_; /2 ,I\; N
1)
L3 L4



I gem-Difluoroalkenes defluorinative reductive cross-coupling

lO%ONl(.COD)2 1R2 | N ]
Ar/\TF . Ri. X 15A>.11gand »~ 7 H
Rz{ 2.0 eq. (Bpin),, K3 O4 '\]\)

1 5 2 1 mL DMAc, r.t. 16h

ligand
Ar = 3,4-dimethoxy-phenyl

AR Ar PMP
/Tm AN Ar/ﬁ/k Ar/ﬁ)m /?</\

3aa, 74% (X=1) 3ab, 58% (X=I) 3ac, 92% (X=Br) 3ad, 56% (X=Br) 3ac, 81% (X=Br)
Z/E > 20:1 7> 17:1 7/E > 50:1 7/E > 50:1 Z/E > 20:1
Ar/\?</\OBz ArmO AN NS NN\
(} “Boc “Bz Ts
3af, 81% (X=Br) 3ag, 81% §X Br) 3ah, 68% (X=I) 3ai, 81% (X=I) 3aj, 62% (OX 1)
7/E > 50:1 7/E > Z/E > 18:1 Z/E > 20:1 Z/E>2
e 0 CHO
i Qr
ArFX Arm X O // o~ Arm N\ @)
O
ZE>11:1 7/E > 14:1 Z/E > 50:1 Z/E > 50:1
0 Ar/Y\AO ArYﬁ/OBZ
3a0, 44% (X=1) 3ap, 53% (X=I) 3aq, 40% (X—Br)
Z/E >20:1 7/E > 8:1 7/E > 20:1

17



I gem-Difluoroalkenes defluorinative reductive cross-coupling

jonal
Ph PMP

3be, 95%
7/E > 50:1

A
PMP

3ge, 36%
7/E > 50:1

OM
E X
0 PMP

3me, 84%
7/E > 50:1

jopal
HO OTs

3rs, 43%
7/E > 50:1

10% Ni(COD)
F R 15% hgand ’ s R2 ) w
Ar/\T RN Br : N7 N
reY 20 (Bpin), K5P0 W
1 5 0 1 mL DMAc, r.t. 16h T
igand
Ar = 3,4-dimethoxy-phenyl
A
MeO PMP MeO 3. 79% 31, 45%
3cf, 93% 3de, 73% Z/E; 501 7/E > 50:1
7/E > 50:1 Z/E > 50:1 '
0]
3ie, 82% 3je, 74% 3ke, 76% 3le, 53%
7/E > 50:1 7/E > 50:1 7/E > 50:1 7/E > 50:1
7z
S PMB =
Ph N
N | S PMP | ~
Ph _N PMP O PMP
3ne, 74% 3oe, 84% 3pe, 40% 3qe, 75%
7/E > 50:1 7/E > 50:1 Z/E>50:1 7/E > 50:1
(7
A
o T T s
PMP
OTs
3se, 36% 3hr, 54%
7/E > 50:1 7/E > 50:1

18



I gem-Difluoroalkenes defluorinative reductive cross-coupling

et
2w
Ar
Ar/\TF + >erin
la

) Br
Ar/\T Bpin + >r

10% Ni(COD),
15% ligand

2.0 eq. (Bpin),, K3 04 /\9\5 /\r\&

1 mL DMACc, r.t. 16h

d.r.=5:1

R R,
Ar’ﬁ)< Rs
b 3

3aw 3awl
Not observed Z/E=11:1
10% Ni(COD),
15% ligand
2.0 eq. (Bpin),, K3 04 Ar
1 mL DMAc, r.t. 16h
3aa
Not observed
10% Ni(COD),

5% ligand

15% 1
Ar N
2.0 eq. (Bpin),, K31¥)4 r/\(k

1 mL DMAg, r.t. 16h

3ac
Not observed
85% yield of 1a recovered

10% Ni(COD),
15% ligand
2.0 eq. (Bpin),, K3R)4 Ar
1 mL DMAg, r.t. 16h 3ac

Not observed
47% yield of 9 recovered

Ni(COD),
X-Bpin l (Bpin)z
) Base
}' Nl'Ln K
R A
Ln'Nl 'Bpln ( ) Ln'Nll'Bpin
X (F) (B) Ry~ X
R
B-F "Ry (@)
Ln Elimination Single Electron
o Transfer
Bpin-Ni"-X p
'Ry L-Ni-Bpin R~ -
QA R, (B) Lo R ﬁR
F F 3
Single Electron
Transfer /
Ry
L,-Ni'-Bpin ; Rz /Y
)I( Ar R3 Radical
F F Addition
(d)

Proposed mechanism

19



NG

la, 2.0 equiv
(1:5.3 Z/E)

goe

2a, 1.0 equiv

10% CoBry(DME)
12% (S,S)-Ligand

3.0 equiv. DEK/]’S

3.0 equiv. CsF
DME (0,14 M), 5°C

Pese Yo\r Dﬁ@ ho

Bn F

K)\/\/O

4aa

Hr%ﬂ

Cobalt-catalysed enantioselective hydroalkylation

m Ph

*h
L1 L2 L3 L4
R=4-tBuPhCH,
1 None 90 (85)2 97
2 L1, L2 or L3 Trace -
3 L4 37 91
4 L5 52 91
5 CoCl, 64 96
6 Col, 35 96
7 Co(acac)s Trace -
8 CoCl(PPh3); or CoFs Trace -
9 PMHS 71 97
10 MekEt,SiH Trace -
11 Cs,CO3 40 98
12 KF 76 98
13 LiO'Bu 17 85
14 1,4-Dioxane® 23 91
15 Diglyme 86 96
16 DMACc 8 59
17 CH5CN, DCE or iPr,0 Trace -

Y. Fu, Nature Catalysis 4(10) (2021) 901-911.
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Cobalt-catalysed enantioselective hydroalkylation
> Scope of alkyl halides in hydroalkylation

10% CoBry(DME), 12% (S,S)-Ligand ¢
x+f + XTR _ ' » R R
REN 2 T30 oquiv. DEMS, 3.0 oquiv. CsF AR
1 5 or3 DME (0.14 M), Ar, 5°C 4 with (5,5)-L
2.0 equiv 1.0 equiv 5 with (R,R)-L
2(X=1),3(X=Br) (S,5)-Ligand
B F OoM Bn F 0o
Ul Ii/l\/\/o i k/K/\/\ vl 1
O K/'\/\/\
4aa, 85%, 97% e.c.
la (1:5.3 Z/E) and 2a 4ab, 86%, 97% e.e. 4ac, 82%, 97% c.c. dad, 72%, 96% c.c.
83%, 92% c.e. la (1:5.3 Z/E) and 2b la (1:5.3 Z/E) and 2¢ la (1:5.3 Z/E) and 2d
la (>20:1 Z/E) and 2a 83%, 92% e.e. 57%. 97% e.c. 70%, 93% c.c.
68%, 97% e.e. la (1:5.3 Z/E) and 3b la (1:5.3 Z/E) and 3¢ la (>20:1 Z/E) and 2d
la (1:5.3 Z/E) and 3a

F O CF; F = _Cbz
\ F N
Bn/\)\/\/\o)‘\© Bn/\)\/\/oﬂ/@ B”/\)WOI/Q Bn/\)\/\/oro

4ae, 80%, 97% e.c. 4af, 60%, 93% e.e. 4ak, 85%, 96% e.e. 4ah, 82%, 97% e.e.
la (1:5.3 Z/E) and 2e la (1:5.3 Z/E) and 2f la (1:5.3 Z/E) and 2g la (1:5.3 Z/E) and 2h
40%, 96% e.e.

la (1:5.3 Z/E) and 3f

0 Bn F (6]
. NHBoc /\)F\/\/\ K)\/\/\O)‘\O
F Bn Cl ¥
Bn/\)\/\/ol/@ /\)\/\/0 m©\
Bn
C

4ai, 84%, 97% e.e.

|
4aj, 68%, 99% c.c. 4ak, 85%, 96% c.e. 4al, 84%, 97% e.e.
la (1:5.3 Z/E) and 2i la (1:5.3 Z/E) and 2j la (1:5.3 Z/E) and 2k la (1:5.3 Z/E) and 21
90%, 93% e.e. 80%, 92% e.e.
la (>20:1 Z/E) and 2i

la (>20:1 Z/E) and 2k
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Cobalt-catalysed enantioselective hydroalkylation
> Scope of alkyl halides in hydroalkylation

10% CoBry(DME), 12% (S,S)-Ligand e
xf * XR ‘ ‘ » R R
RN 2 3.0 equiv. DEMS, 3.0 equiv. CsF 1\)\/ 2
1 . 20or3 DME (0.14 M), Ar, 5°C 4 with (S,5)-L Pr)s/h /
2.0 equiv 1.0 equiv 5 with (R,R)-L i h
2(X=1),3 (X=Br) (S.8)-Ligand

Boc_ Cbz
O\/Fl\/\/ Ul > @\/\/Fl\ ,\O\/Fk @\/\/Fl\/
° F
; K/k/\/\o CD3

4km, 76%, 95% e.c.

4an, 86%, 97% e.e. 4a0, 70%, 96% e.e. 4lp, 78%, 94% e.e. 4aq, 68%, 96% e.c.
la (>20:1 Z/E) and 2m la (1:5.3 Z/E) and 2n la (1:5.3 Z/E) and 20 11(>20:1 Z/Eyand2p ~ la(1:5.3Z/E)and 2q
F 4au
O 50%, 96% e.c.
4ar, 83%, 96% c.c. 4as, 83%, 93% c.c. 4at, 81%, 97% e.e. 4au, 84%, 96% c.c. Previous literature: 7steps
la(1:5.3 Z/E) and 2r la (>20:1 Z/E) and 2s la (1:5.3 Z/E) and 2t la(1:5.3 Z/E) and 2u 67% yield for 7th steps, 44% e.e.

Ay Oy oo Dyt

dav, 76%, 96% e.e. 4aw, 82%, 96% c.c. 4Cx, 72%, 93% e.c. 4Dy, 58%, 88% e.e.
la (1:5.3 Z/E) and 2v la (1:5.3 Z/E) and 2w lc (>20:1 Z/E) and 2x 1D (>20:1 Z/E) and 2y

F Bn F
B
HBoc ©
O

4az,n=1, 68%, 96% ec.c.

4aB, (S,5)-L, 54%, 99:1 d.r. 4aC, (S,9)-L, 81%, 98:2 d.r. 4aD, (S,5)-L, 63%, 98.5:1.5 d.r.
la(1:5.3 Z/E) and 2z 5aB, (R,R)-L, 53%, 3:97 d.r 5aC, (R,R)-L, 53%,2:98 d.r 5aD, (R,R)-L, 68%, 3:97 d.r
4aA,n=2,72%, 94% e.e. la (1:5.3 Z/E) and 2B la (1:5.3 Z/E) and 2C

la (1:5.3 Z/E) and 2D
la (>20:1 Z/E) and 2A
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Cobalt-catalysed enantioselective hydroalkylation

> Scope of monofluoroalkenes in hydroalkylation

10% CoBry(DME), 12% (S,S)-Ligand F tBu

R1/\“" P X/\RZ

L 2o0r3
2.0 equiv 1.0 equiv
2(X=1),3(X=Br)

NHBoc Ph F

ph)\)\/\/o

4ci, 70%, 89% e.c.
lIc (>20:1 Z/E) and 2i

F
\/\)\/\/O
4bi, 83%, 92% ®e.
1b (19:1 Z/E) and 2i

H F
N\/\)\/\/OAF N\/\)\/\/OAF

Cbz~

4fa, 78%, 93% e.c.
1f (>20:1 Z/E) and 2a

F Boc.p F
O/\)\/\/OAF OAr
N
Boc”

4ka, 83%, 96% e.e.
4ja, 89%, 94% e.e. o
1j (19;1 Z/E) and 2a 1k (©20:1 Z/E) and 2a

4ga, 77%, 90% e.e.
1g (720:1 Z/E) and 2a

Bz. F NHBoc BOC\N F
O \j\)\/\/OAr
4na, 88%, 87% ec.c.

4mi, 83%, 95% c.c.
In (19:1 Z/E) and 2a

Im (>20:1 Z/E) and 2i

3.0 equiv. DEMS, 3.0 equiv. CsF ~
DME (0.14 M), Ar, 5°C

R1\)\/R2

4 with (S,5)-L
5 with (R,R)-L

SN LS
Ph>s/L| /
pH Ph

(S,5)-Ligand
NHBoc F

A

O
4da, 70%, 90% e.e. 4ea, 87%, 96% e.c.
1d (>20:1 Z/E) and 2a le (1:7.3 Z/E) and 2a

F F
O\/\)\/\/OAr \K\/\r\)\/\/om

4ia, (S,S)-L, 85%, 98:2 d.r.
Sia, (R,R)-L, 80%, 2:98 d.r.
1i (1:3.8 Z/E) and 2a

Cbz\N F
O
Ar

4la, 83%, 96% ec.c.
1k (>20:1 Z/E) and 2a

F
EtO o\/\)WOAr

4pa, 91%, 92% e.e.
1p ("20:1 Z/E) and 23

Me

4ha, 86%, 91% c.c.
1h (>20:1 Z/E) and 2a

Boc\N F
ol
OMe

4kE, 74%, 92% e.e.
1h (>20:1 Z/E) and 2E

Tso F
OAr

4o0a, 84%, 90% e.ec.
lo (>20:1 Z/E) and 2a



> Scope of monofluoroalkenes in hydroalkylation

10% CoBry,(DME , 12% (S,S)-Ligand
R1/\,.nF + XTOR, ( ) G

1 2 or3 DME (0.14 M), Ar, 5°C

2.0 equiv 1.0 equiv
2(X=1),3(X=Br)

/Q/IL/\/
cO OAr

4qa, 82%, 93% e.c.
1q (16:1 Z/E) and 2a

N N F
0 O
4ti, 74%, 93% e.e.
1t (>20:1 Z/E) and 2i

4ri, 89%, 90% ec.e.
1r (12:1 Z/E) and 2i

4ui, 73%, 94% e.e.
lu (20:1 Z/E) and 2i

MeOZC
z
\©\/‘\/\/ R&< |
NS

4wa, 40%, 83% e.e.
1w (1:5.7 Z/E) and 2a

1z (1:16 Z/E) and 2F

3.0 equiv. DEMS, 3.0 equiv. CsF >

(0]
NHBoc
/©)‘\,\O\/IL/\/
(0)
CF;0

Cobalt-catalysed enantioselective hydroalkylation

F
R1\)\,R2

4 with (5,5)-L
5 with (R,R)-L

(S,5)-Ligand

NHBoc

4si, 71%, 94% e.e.
1s (>20:1 Z/E) and 2i

NHBoc MeO,

ji)\j\/\/
MeO OAr

4va, 30%, 90% ec.ec.
1v (<1:20 Z/E) and 2a

4xF, R = 0-OMe, 39%, 91% e.c.
£ 1x (1:16.3 Z/E) and 2F
4yF R = m-CF3, 30%, 94% ec.c.
" 1y (1:3.3 Z/E) and 2F
47F, R = p-OMe, 41%, 91% e.c. C'

RSP

4Aa, 79%, 86% e.c.
1A (19:1 Z/E) and 2a
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I Cobalt-catalysed enantioselective hydroalkylation

> Synthesis application

Previous method A

3 steps CO.Et 6 steps Ni cat.
) EtO,C
HOzC/\(")?/\OH EtOZC/\("){T — EtO2C/\(*')7/\/\/ B 2 /\P);T\/
— O,Et >
2 racemate

Previous method B NN

2steps
HO OH

i —> Br- W NOMOM

6 steps HO,C .
_>

29%
racemate

S
AN /j _ |
870 —— /\)\S
This work

3 StepS, 43% yleld 10% COBI' DME 120/ S _L' d .
HOLC” N OH » BnO,C XN ' 2 ), 12% ( S) 1gan> BnozC/\e‘){\'L‘“ N~
1. BnBr, K,CO3;, DMF 3.0 equiv. DEMS, 3.0 equiv. CsF

Commercial  2.Martin reagent, DCM 1B (20:1 Z/E) DME (0.14 M), Ar, 5°C 4Br, 77%, 93% e.e.
reagent  3-0-BusP, CFCl3, NaOH, DCM ¢

HOzC 7 “‘\\/

All desaturase inhibitor
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Cobalt-catalysed enantioselective hydroalkylation

tBu
10% CoBry(DME) F tBu Q
~ 0 1i
R1/\""F +  XR, 12% (S,S)-Ligand R1\)\/R2
2.0 equiv , 3.0 equiv. DEMS ph O O__Ph
1'9 equiy 3.0 equiv. CsF Ph>§,‘\l fPh
X=lorBr  pME (0.14 M), Ar, 5°C o o
19F NMR spectra for 1a (1:5.3 Z/E) (8,5)-Ligand
O 10% CoBrDME), 12% (S.5)}L* by-product
Pho~ e+ [ ] A | 30 equiv. DEMS, 3.0 equiv. CsF 600 min
. o I[ DME (0.14 M), 5°C, Ar, 10 h A(s) only E ismomerism reamians| B (s)
NMR rati ] 130.09 -131.28
20eq 10eq ‘/
Ph._~ .;"""“F Ph. .~ __=
J 90 min
L E/Z = 4.1:1(19F NMR ratio)
60 min
E/Z = 4.1:1(19F NMR ratio)
. |
30 min
* E/Z = 4.1:1(19F NMR ratio)
.
B (s) Als)
10 min
'qnﬂﬂ -13044 E/Z = 4.1:1(15F NMR ratio)
N A
-128.2 -1284 -1286 -1288 -129.0 -129.2 -1294 -1296 -1288 -130.0 -130.2 -1304 -130.6 -130.8 -131.0 -131.2 -1314 -1316

fil (ppm)



Cobalt-catalysed enantioselective hydroalkylation

tBu

10% CoBry(DME)
o r
R1/\*F 12% (S,S) ngan»d
2.0 equiv 3.0 equiv. DEMS
3.0 equiv. CsF Ph
DME (0.14 M), Ar, 5°C
. S,S)-Ligand
19F NMR spectra for 1a (1:5.3 Z/E), without 2a by_P,m(,u;? 1ean
Ph. . . 10% CoBryDME). 12% (S.§)-L* \
" F 30equiv. DEMS, 3.0 equiv. CsF Als) B (s) C(s) 600 min
1a(5.31 £/Z DME (0.14 M), 5°C, Ar, 10 h 30100 | -130.44 3130 E/z=4.1:1(19F NMR ratio)
1 NMR ratio) I
I . o
Ph._ '-"“:';}\F F
Ph " 7"'-,_..'—'J'
90 min
/ E/Z = 4.1:1(19F NMR ratio)
J S
60 min
J | E/Z = 4.1:1(19F NMR ratio)
30 min
E/Z = 4.1:1(19F NMR ratio)
|
Ats) B {s) 10 min
-130.09 | -130.44 E/Z = 4.1:1(19F NMR ratio)
! 1

T T T T T T T T T T T T T T T T T T T T T T T

-128.0 -128.2 -128.4 -128.6 -128.8 -129.0 -129.2 -129.4 -129.6 -129.8 -130.0 -130.2 -130.4 -130.6 -130.8 -131.0 -131.2 -131.4 -1316 -131.8 -132.0 -132.2 -132.4 -13
fl (ppm)
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Cobalt-catalysed enantioselective hydroalkylation

» Preliminary mechanism studies
a. Radical clock experiments

Bn F
Bn/\) Standard Bn F 7z | Bn F
1a conditions Q)\)/ M
Bh F &
Br K/K}
4aG’, not observed
3G 4aG, 54%
Ring-opened products
Bn F = |
F /(j Standard
condmons K/l\/o ﬁ
=
Bn/\) 2 Difterent v\/[ﬁ
1 oH catalyst loading
a Cyclized product Uncyclized products
4aH 4aH’
1.2
-% ¥ =0.0493x + 0.3040
= R® = 0.9975
5 1.0 -
3
°
e
o
e
8 0.8
©
=
L
3
N 0.6
©
>
)
c
)
0.4
T T T T T T T 1
2 4 6 8 10 12 14 16

CoBr,(DME) and (S,8)-L* (mol%)

b. Deuterium-labelling experiments

Standard F F
/\) Q conditions /\(k'H /%.H
With Ph28|D2 PMP™ X “CeHyy PMPT 27 “CoHyy
309 H D H D
1d 2t di-4dt ds-4dt’
(>20:1 ZE) d,-4dt:d,-4dt’ > 20:1
Standard H CeHis H CesHiq
conditions C C
ANF e 2t
PMP F Wi Prosine PMPT L F PMP” X F
0% D H D H
1d d-4dt dy-4dt’
(1:5.3 ZIE)

di-4dt:dy-4dt'= 1:4.2

® No H/D exchange @ Matched Z/E ratio and diastereoselectivity

(@]
W (]
@

4aa/d,-4aa

c. Kinetic isotope effect experiments

@ Primary kinetic deuterium isotope effect for hydrosilane

Standard conditions

With Ph,SiH,/Ph,SiD,
k/ko=1.76

MeO Bn F OMe
Ik/\ Standard conditions H)\/\/O
k. /k~=0.82
0 H'D H/D
1a/ds-1a 2b 4ab/dq-4ab

@ Inverse secondary kinetic deuterium isotope effect for fluoroalkene
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Cobalt-catalysed enantioselective hydroalkylation

» Preliminary mechanism studies
10% CoBry(DME)

|
B E ﬁ x (S,8)-Ligand
n A .
> ' O 3.0 equiv. DEMS

3.0 equiv. CsF

la, 2.0 equiv i
q 28, 1.0 equiv. py\ig (0,14 M), 5°C
(S,S5)-Ligand
0.5
100 - —— CoBr,(DME) and (S,9)-L*
—— Reaction mixture at 60 min, <2% yield
y=0.9838x + 0.1567 0.4 - Reaction mixture at 90 min, 15% yield
80 R?=0.9994
= o 037
< 60 8
kS 2 02
S 40 <
[0}
0.1
20
04
0 T T T T 1
0 20 40 060 80 100 300 400 500 600 700 800
Catalyst e.e. (%) Wavelength (nm)
6x 10°
3 + l standard conditions .
5x 10° N/?\N | . 1a + 2a 4aa detected after ~65 min
S N, N | .
s Co 1,040.19 o3 -
541077 Br ! | 10% CoBr,(DME)  DME 1a, 2a . dotocted after ~55 mi
8 Chemical formula: ) I 12% (S,S)-L* s c aa elected aiter min-,
> C..H..BrCoN.O Chemical formula: 1h DEMS, CsF
G 3x10° Mesle 10 272 CosHepCOIN,0 ;
% Exact mass: 65" '62 0 2. 2 |
£ 1,040.33 Exact mass: . 10% CoBr,(DME)  DME 1a, 2a o
3 1,088.32 I o * 4aa detected after ~60 min -
2% 10% - 12% (S,S)-L 1h DEMS, CsF
1,088.18 | Zn or Mn
1% 10° .
* I 10% CoBry(DME) DME 1a, 2a :
1 [ 12%(S,9)-L* 4aa  detected after ~10 min .
0 e = .\J. == T ki T = lL“l - — |l DEMS, CsF Th
1,000 1,020 1,040 1,060 1,080 1,100 L. o o o o et e L -

mlz 29



Cobalt-catalysed enantioselective hydroalkylation

» Preliminary mechanism studies

10% CoBrz(DME) Bn

Bn o F ﬁ 12% (S S)-Ligand
3 0 equiv. DEMS \“

3.0 equiv. CsF

la, 2.0 i
a, equiv 2a, 1.0 equiv DME (0,14 M), 5°C o
(S,S)-Ligand
0.0025 -
0.0025 -
- | |
0.0020 y =0.1603x - 0.0001426 y = 0.00598x + 0.000502
0.0020 - :
= i —
£ 0.0015 =
£ = 0.00154
i) o
$50.0010 3
0.00101
0.0005 -
0.0000 . . ; : . 0.0005 , . . . .
0.000 0.003 0.006 0.009 0.012 0.015 0.00 0.06 0.12 0.18 0.24 0.30
CoBr,(DME) & (S,S)-L* (M) 1a (M)
0.004 0.0020 -
0.003 y = -0.00101x + 0.00112 0.0015 y= 0.002074X +0.000829
= R?=10.7836 R? = 0.0402
£ =
s £
s i £
= 0.002 S 0.0010+
g % - . ]
[
0.001 e - 0.0005 -
0.000
T T T T 1 0.0000 T T T T T 1
0.00 0.04 0.08 0.12 0.16 0.20 030 035 040 045 050 055  0.60

2a (M) DEMS (M) 30



Cobalt-catalysed enantioselective hydroalkylation

> DFT calculations d-TS1-p d-TS2-p
AGY = 32.3 AGY=325
t 1t ~t
AGsol(DME Ph i
'S0 [N Ay
(keal mol ) TP\ N—Col: A\ N—Co-, B5 | oo /
33.5 o s-TS2 A N—co™
" q-TS1 1L ? . ;
+ 1t r 1} X g
252 Ph )‘.
P N—C & e
—Co— . _
"7 GicoBH - 7 N
Br 197 = - )
- Ph % _/
d-TS1 d-TS2 =\, N—Co~ .
AGY =252 AG'=286 I
Spln Lot
crossover H
105
pm Wx/o
Ph | J
A:N—CO N~
Co ’Ph
|
Br
q-[Co]BrH -

Migratory insertion (syn-hydrometallation) | Oxidative addition | Reductive elimination I
Regio- and enantio-determining step I I I
turnover-limiting step
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L3

Cobalt-catalysed enantioselective hydroalkylation

> DFT calculations

F
AGsolpME A\
] (keal mol‘%) Ph: SN—Co 'y

Ph .
N—Co— s

~\ N—Fo-H d-[Co]BrH
Br 197 =

Spin
crossover

C1-N1-Co-Br: 72.83°
C2-N2-Co-H: 35.64°

L/

q-[Co]BrH (0.0)

252

d-TS1-p d-TS2-p
AGY = 323 AGY=325
- I =
Ph <,
& N—C'P_..!_'
- F
— t -
Ph
s ’N—CEO-..'H
d-TS1 d-TS2
AG* =252 AG'=286

107 Ph / )F

C1-N1-Co-Br: 41.79°
C2-N2-Co-H: 14.00°

MECP-1 (13.9)

in e

C1-N1-Co-Br: 23.82°
C2-N2-Co-H: -0.99°

d-[Co]BrH (15.8)
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Cobalt-catalysed enantioselective hydroalkylation

> DFT calculations d-TS1-p d-TS2-p
AGY = 32.3 AGY=325
t 1t ~t
AGsol(DME Ph i
'S0 [N Ay
(keal mol ) TP\ N—Col: A\ N—Co-, B5 | oo /
33.5 o s-TS2 A N—co™
" q-TS1 1L ? . ;
+ 1t r 1} X g
252 Ph )‘.
P N—C & e
—Co— . _
"7 GicoBH - 7 N
Br 197 = - )
- Ph % _/
d-TS1 d-TS2 =\, N—Co~ .
AGY =252 AG'=286 I
Spln Lot
crossover H
105
pm Wx/o
Ph | J
A:N—CO N~
Co ’Ph
|
Br
q-[Co]BrH -

Migratory insertion (syn-hydrometallation) | Oxidative addition | Reductive elimination I
Regio- and enantio-determining step I I I
turnover-limiting step
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I Cobalt-catalysed enantioselective hydroalkylation

> Proposed mechanism
a. Electronic effect analysis of the regio-determining step. b. Optimized structures of d-TS1-L4 and d-TS2-L4.

F-H1:2.25 A
_Ho- A ~
F-H2: 2.36 A ’./,( %

d-TS1-L4 (AG' = 18.1) d-TS2-L4 (AG* = 21.0)

d-TS1-p-L4
AG*=256

[Si]l-H

c. Proposed mechanism.

o x

L*Co(I)X,, (A)

[Si]-X
Co-H regeneration

Halogen-atom abstraction
L,Co(l)X (E)

F
W Reductive elimination
H F
Radical addition
Co(llHXL* (D)

H -~

L*Co(ll)X-H (B)
o
Migratory insertion

(syn-hydrometallation) F

e

F

.\l)\CO(II)XL* ©)

H
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Cobalt-catalysed enantioselective hydroalkylation

F

T

10% CoBr,(DME), 12% (S,5)-L*

+
.\)\F

Gem-difluoroalkene
6, 3.0 equiv.

Alkyl iodide
2, 1.0 equiv.

a.

Defluorinative reductive cross-coupling

P1 .
! Not observed

Observed

F
Colf! —
=

Hydrodefluorination

C. F'h\/\j\/\/o

7aa, 68%, 94% e.e.
6a and 2a

F /@\/5\\
Ph\/\)\/\/\
(o] o} o}

7an, 62%, 98% e.e.
6a and 2n with DEMS

6.0 equiv. (MeO),SiH, 6.0 equiv. K;PO,(3H,0)

DME (0.14 M), 5 °C, Ar, 12 h

Asymmetric hydrogenation

. s
o]

Asymmetric hydroalkylation

b

Amount of substance (mmol)

F
Ph \/\)\/\/O

7ab, 64%, 92% e.e.

6a and 2b

F

Fluoroalkane z
s Ph
7 [with (S,5)-L* ] (5,9)-L
0.30 #—F& " 5
[ |
0.25 - .
"o
0.20 - 6a .
0.3 mmol CoL* cat.
0.15 - + —————*> 7aa =
: 2a [Si-H ]
a
0.1 mmol " o a
0.10
7aa
ZIE1a F a A A A
0.05 Ph = 1a
A Z/E mixture
2 ' é o o o ‘ ® .)
0o o o 2 : ‘ \
0 100 200 300 400
Time (min)
NHBoc
OMe F
Ph\/\)\/\/o
0

7ai, 61%, 92% e.e.
6a and 2i

7ba, 67%, 88% e.e.

6b and 2a

7ca, 42%, 88% e.e.
6c and 2a



Summery

O The reaction products were chiral Fluoroalkanes.

O This reaction exhibits a catalyst-controlled enantioselectivity,

making traditional directing or auxiliary groups unnecessary.

O Preliminary mechanistic studies indicate that hydrometalation

was the turnover-limiting step and stereo-determining step.
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Thank you!
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