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Introduction

transition metal catalyst

Q—[M] + O—X » OO0

Q O =alkyl, aryl; X = halide, OR, NR5; [M] = metal or metalloid

—

Enantioselective Cross-Coupling

C-C Formation

i Enantiospecific Cross-Coupling




Introduction

transition metal catalyst

Q—[M] + O—X » OO0

Q O =alkyl, aryl; X = halide, OR, NR5; [M] = metal or metalloid

Enantioselective Cross-Coupling

chiral catalyst

Q—I[M] + O—X

chiral or chiral
racemic racemic
» Q0
Enantiospecific Cross-Coupling chiral
achiral catalyst enantioenriched

O—[M] * O—X

chiral or chiral
enantioenriched enantioenriched




Introduction

The Ways of Cross-Coupling Reactions

1. Traditional Cross-Coupling

transition metal catalyst

Q—[M] + O—X = OO

Q O = alkyl, aryl; X = halide, OR, NR,; M = metal or metalloid

2. Cross-Eletrophile Coupling

transition metal catalyst

Q—X + O—X » OO

reductant
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The Mechanism of Traditional Cross-Coupling Reactions

Ni°L,, O—X

reductive oxidative
elilmination addition

O_Ni”Ln X_Ni“Ln

transmetallation

Q—M]

X—[M]

Traditional Cross-Coupling
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The Mechanism of Cross-Electrophile Coupling Reactions

Ni°L,

1 I MIIX2
1 0 reduction oxidative
l2M addition
X—NilL,
reductive roduction
elilmination
Q0
CP oxidative ?I
X—Ni"'L, ‘w Ni'L,
Q—X

Sequential Reduction Mechanism

O—X
M”X2
MO
X—Ni'L,,
0
X—Ni'L,,
1/2 MO
17, MX, Q—X

Ni°L,,

oxidative
addition

reduction

° radical
o addition
radical
addition reductive
elilmination
X—NilL,,
Q-0

Radical Chain Mechanism

Cross-Eletrophile Coupling

X—Ni'"lL,
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Asymmetric Cross-Electrophile Couplings by Transition-Metal Catalysis

X (N
A ~ X
R “R? (Q—X enantioconvergent J\
R "R?
) Q other metals ?
well established e na e nanaaaaann or
J\ W) T unknown J\
RT "R? O—X enantiospecific RT" "R?
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Enantiospecific C-Functionalization of Allylic Electrophiles

Enantiospecific Allylic C-Functionalization Reactions (State-of-the-Art)

Q
OX [Pd], [Cu], [Ni] /\/=\
t O—M > 01T 2
R1/\AR2 R R
State-of-the-Art
e Reaction: \ Arylation and Alkylation x Vinylation
e Reactant: vy R-M (M =B, Mg, Zn...) x R-X

10



Introduction
]

Cu-Catalyzed Enantiospecific Allylic Substitutions
Pr

0

. .

_P(OPr),  Cu(SCN), PrMgCI-LiCl /\/'\
PR "o

S
X H THF, -50 °C, 6 h
P X" Mg (91% yield, 66% es)
inversion
CuSCN + Nu-MgX ;
u ¢ u-Mg C)\\ _O'Pr
, . S/ \in
i r Nu
Oxp-OPr Nu,CuL Nu\ O\\P<O,Pr Nu/
P Nu—bul) 87 oPr / Cu(lll)  s-allyl complex
ph " e ph "6 Ph Me
A B
A
Nu-MgX
Keq1 kre1
Nu /
Ph/\/'\Me Kre2 Nu Nu_ Nu
NUSEuam _Keqz Retilh) N
c-selective ' Ph/'\/\M
Ph A Me Ph” N e ©
E D C

n-allyl complex y-selective

c-allyl complex

Wu, J. J. Am. Chem. Soc. 2011, 133, 9119
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Introduction

Ph

)\/'\ CuCl, PhMgBr Ph
ph "6

THF, 0°C,4.5h

Cu-Catalyzed Enantiospecific Allylic Substitutions
Ph

QAcC CuCl, "BuMgBr
)\/:\

Ph  "Bu

Ph Me Et,0,-20°C, 18h  pr” " ye
(91% yield, >99% es) (48% vyield, >99% ee)
inversion inversion

Mechanism giving rise to a-selectivity

Ph Me

/ Pha -~ _Me
Ph B
R2Cu 1
regioselectivity erosion pathway
CuRs Ph M
T e
R cu \\\ [— PhY;\\/Me —_— Z é
A . ky Ph ¢ Ph R
desired pathway

major
product
R,Cu W CuR,

——
—~——

PhY!\/Me P~ Me
ko

Phg R
ee erosion pathway

Reisman, S. E. Chem. Rev. 2015, 115, 9587
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Pd-Catalyzed Enantiospecific Allylic Substitutions

Pr
Ph/\/\é/
OTs

PdCl,, Ligand, KF-2H,0

PhB(OH),, 'PrOH, rt, 16 h
(52% vyield, 96% es)

inversion

PdLn

reductive
elimination

IIDh
L,Pd H?
< pr
PR
D HP
transmetalation
Ph—B(OH),
®
L,Pd \\Ha
< pr
Ph/\)\(
Hb . .
(3 reinsertion

R R
PW/*§>/L\VJPr§<i:;>~—ﬁ7 QN:]

oxidative
addition
Hb Ha
< pr
PR
A ®PdLn

[-hydride elimination

Hb
@/
H® PdLn

~_ Ph//§§y/i§:)Pr

B
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Introduction

NH2  pd,(dba);, TMEDA, PhB(OH),
Ph/\/'\Me dioxane, 110 °C, 24 h
(59% yield, 100% es)

PhMe, 50 °C, 18 h ph/\/'\lvle
(91% yield, 100% es)
inversion

Ph

inversion
PhB(OH), + X
PR "6

Pd-Catalyzed Enantiospecific Allylic Substitutions

F;h Pd,(dba)s-CHClI3, rac-BINAP, PhB(OH),
Ph " e

reductive

oxidative
elimination

addition
HO OH
\ /
B
Ph X © Ph
LnPd
o Ph " e
PR e PdLn A
C
Ph—B(OH),X
transmetalation S
PdLn X = OH, NH,
B(OH),X i
ph X e
B
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Introduction

Enantiospecific C-Functionalization of Allylic Electrophiles

a. Enantiospecific Allylic C-Functionalization Reactions (State-of-the-Art)

Q
X [Pd], [Cu], [N
/\/k PO > RITN"R?
R1 \ R2
State-of-the-Art
® Reaction: \ Arylation and Alkylation x Vinylation
e Reactant: v R-M (M =B, Mg, Zn...) x R-X
b. Cross-Electrophile Allylic Vinylation Reactions (This Work)
OH . Co =
/\/L ' 2N > R
RTNX R2 z OTf DMO, Mn R1/\/\R2

up to >99% ee, >99% es
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Optimization of the Reaction Conditions

S
Co(acac)z (10 mol%)
OH OTF L8 (20 mol%). Mn (3.0 equiv) P
+ ’
Ph/\/kEt S l DMO (1.0 equiv), MgBr, (1.0 equiv) H

BiCls (30 mol%), 4 A MS (40 mg) Ph/\/\Et

1a 2a DMF (0.2 M), -40 °C, 48 h 3a
R R Z | entry  change of conditions  yield (%) eel/es®
— X
M YOV YY1 none 87(80)  98/>99
L6. trace 2 CoCl, 62 96/99
L1,R=H ’
5% yield, 65% ce, 68% es 3 CoBr, 75 92/95
L2, R = Bu — o
3% yield, 51% ee, 53% es @_<\ ] 4 No 4A MS 25 95/98
NN 5 No MgBr, 40 95/98
L7, 18% yield .
87% ee, 91% es 6 No BiCl, 18 92/95
7 Zn Stead of Mn 21 90/93
— 0
L3 Rl = H.R? = Fo {>_<\ j 8 At 0 °C 61 83/86
A6 viola, 1% ce, 146 e NN 9 No Co, Mn, or DMO 0 :
5% vyield, 16% ee, 17% es 9;‘30 :Z%g:zlis bThe ee values were determined by chiral HPLC analyses; es =
L5, R'=H, R2=CHj, ’ ee(product)/ ee(starting material).

0% vyield




Scope of the Reaction with Allylic Alcohols

‘MU

S
Co(acac)s, L8, Mn, DMO, MgBr, @

’

BiCls, 4AMS DMF, -40 °C, 48 h AN R

OH
~ Et

1a, 86% vyield
96% ee, 97% es

OH
AN

1d, 76% yield
96% ee, 98% es

OH OH
x Me ~ ipr
1b, 68% yield 1c, 68% yield
96% ee, 97% es 95% ee, 97% es
OH OH

™
O/\)\%H” /@/\/'\Me
Ph

1e, 66% vyield 1f, 87% yield
95% ee, 99% es 93% ee, >99% es
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Scope of the Reaction with Allylic Alcohols

| OTf Co(acac)s, L8, Mn, DMO, MgBr,

’

‘/\)\ BiCls, 4 A MS, DMF, -40 °C, 48 h A R
.

OH

/@/\/L /@/\/'\ ©f\/'\ /©/\/'\Et
MeS

1f, 87% yield 19, 72% yield 1h, 57% yleld
93% ee, >99% es 97% ee, 99% es >99% ee, >99% es

1i, 77% yield
96% ee, 98% es

OH OH OH OH
N
/O/\)\Et /@A)\Et /©/\/‘\Et /©/\/kEt
Me Cl FsC Br

1j, 74% yield 1k, 70% yield

11, 61% yield
>99% ee, >99% es

95% ee, 97% es

OH OH Me OH
Y X
X
\ S
O MeO

1n, 60% yield 10, 55% yield 1p, 75% yield
95% ee, 99% es 93% ee, 97% es 82% ee, 95% es

1m, 60% yield
96% ee, 98% es

91% ee, 93% es
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Scope of the Reaction with Vinyl Triflates

\ RZ
Et + \Kkow

MeO

19

R1

Co(acac)s, L8, Mn, DMO, MgBr,

R3

BiCl;, 4 A MS, DMF, -40 °C, 48 h

MeO

g/

©/0Tf

2b, 61% vyield
95% ee, 97% es

OoTf

(0]
2f, 52% yield
96% ee, 98% es

OTf
/I'\/\/\M o

2j, 58% vyield
96% ee, 98% es

OTf
)\/\Ph

2n, 67% vyield
94% ee, 96% es

OTf

2c, 74% yield

95% ee, 97% es

X OTf
O

29, 61% yield

96% ee, 98% es

oTf

M/ OAc

2k, 42% yield
97% ee, 99% es

oTf
Me/\ X

20, 55% yield
94% ee, 96% es

Me

O/OTf

2d, 56% yield
94% ee, 96% es

. OTf
T N
S

2h, 85% yield
96% ee, 98% es

OTf
M\COZMG

21, 57% yield
95% ee, 97% es

oTf
Me
W)\Me
Me
2p, 52% vyield
93% ee, 95% es

OTf

L

Me™"
Me

2e, 57% yield
96% ee, 98% es

OTf

9

Boc”
2i, 78% yield
94% ee, 96% es

oTf

?

Cl

2m, 60% vyield
93% ee, 95% es
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Modification of Biologically Active Molecules

Et
OTf
F
Co(acac)s, L8, Mn, DMO, MgBr,
BiCl,, 4 A MS, DMF, -40 °C, 48 h OMe
Me
. 4 (rom Testost AcO 5, 49% yield
g (from Testosterone) 90% de, 92% ds
Et
- /
o(acac)s, L8, Mn, DMO, MgBr N
XN Et + Me q;/ gbra - y
o e -
\l M BiCl;, 4 A MS, DMF, -40 °C, 48 h W OMe
MeO I Me
Me
7, 57% vyield

19 6 (from (+)-Nootkatone) 95% de. 97% ds
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Reactions of Oxalates

S

0
)‘\[(OMe O/OTf Co(acac)s, L8, Mn O
0 + | . < N *
/\/k 5 S MgBr,, BiCls, 4 A MS, DMF, -40 °C, 48 h
R’ R2 RITNA"NR2
oxalate 8 2a 3
8a (R'=Ph, R2=Et) 3a 17% yield, 96% ee, 98% es

8b (R! = 4-MeOPh, R? = Et) 3b 31% yield, 96% ee, 98% es
8c (R" = Ph, R? = cyclopropanyl) 3¢ 28% vyield, 96% ee, 98% es

1/2 Allyl dimer

9a 70% yield
9b 42% yield
9c 44% yield

21



Mechanistic Investigation

a. The Reactivity of Allyl Oxalate and Vinyl Triflates toward Low-valent Co Species

o] N
Ph Et 2a derivatives
)H(OMe O/OTf Co-Red, MgBr, ﬁ (0%)
0 + | > +
/\/‘\ o S BiCl;, 4 A MS, DMF, -40 °C (Et)Ph X Et(Ph) 3a (0%)
Ph Et
8a 2a 9a (42%) 9
b. Experiments to Probe n3-r Allyl Intermediates
OTf OTf
OH 2a 2a OH
X Standard Condition = Standard Condition =
Me 68% yield g S AL 62% yield Me
96% ee, 97% es Me 91% ee, 98% es
1b (R)-3b 3b (S)-3b 1q
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Proposed Mechanism

Co/Mn

U
R X\(”I)/X (”I)/X
8 w "
+ AI’/\;‘/\R Ar/\‘./\R
A
MeOH A
)|( Mn
Co (1)
" . Col(l) 2
B ~__
AR NR
Mn
C
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Summary

. R & 29
N >
R1/\/'\Rz Z7 oTf DMO, Mn R X"R2
R', R? = aryl and alkyl 33 examples

up to >99% es

Et

Et
\\\\“"‘ /
‘ \\\“““ /
OMe Me e
Me \[ C@ OMe
[ Me
Me

J/

A Co-catalyzed Enantiospecific Vinylation Reaction;

The Higher Enantiospecificity of Coalt than Nickel,

An Complementary and Efficient Approach to Form Chiral 1,4-Dienes;
Saving Steps and Improving the Chemoselectivity of the Cross-product.

OoOooo




The First Paragraph

Writing Strategies

The Importance of Asymmetric Cross-Couplings by
Transition-Metal Catalysis

!

The Progress of Enantioconvergent Cross-Electrophile
Couplings by Transition-Metal Catalysis

I

The Limitations of Enantiospecific Cross-Electrophile
Couplings by Transition-Metal Catalysis
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The First Paragraph

]
Asymmetric cross-couplings catalyzed by transition metals provide a

revolutionary way of producing chiral molecules. Recent studies in this field
have focused on the couplings of electrophiles to form C-C bonds. This
method avoids the handling of sensitive organometallic reagents and is
orthogonal to classic cross-couplings. Since the pioneering work of the
Reisman and Weix groups, major progress has been achieved on enantio-
convergent cross-electrophile reactions. The enantiospecific variants were
developed by the Jarvo group, and this approach enabled facile access to
enantioenriched cyclic compounds by coupling of intramolecular chiral
electrophiles. However, to date, all of these reactions have used nickel
complexes. The unique properties of other transition metals may offer
opportunities for solving problems that are not easily addressed by nickel,

but this potential remains to be explored.
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The Last Paragraph

Writing Strategies

The Summary of This Work

!

The Features of This Work

!

The Prospects of This Work
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The Last Paragraph

In conclusion, we have reported a cobalt-catalyzed enantiospecific
vinylation reaction of allylic alcohols by dynamic kinetic cross-electrophile
coupling. The use of cobalt enables the reaction to proceed with high
enantiospecificity, which has failed to be realized by nickel. The method
harnesses the ease of access of enantioenriched allylic alcohols, and it
offers an approach to chiral 1,4-dienes that is complementary to those from
established methods. The dynamic kinetic approach described here not
only saves steps but also provides a way to improve the chemoselectivity
of the cross-product. Further expansion of the scope of cobalt-catalyzed
asymmetric cross-electrophile coupling and the use of the dynamic kinetic

method are ongoing in our laboratory.
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Representative Examples

1. In this context, the enantiospecific reactions harness the ease of
preparation of highly enantioenriched secondary allylic alcohols and avoid
the requirement for chiral ligands. (5 F#3&X5)

2. To provide insight into whether the allyl oxalate or vinyl triflate reacts

with cobalt first, the low-valent cobalt species Co-Red was prepared. (F=i#®

3. This reactivity is opposite to that observed for nickel catalysis, and it
may account for the good selectivity for the cross-products under cobalt

catalysis in comparison to that for nickel. (5...... Br; 5...... *TEE)
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Introduction

Enantioselective Cross-Coupling

Enantioselective Cross-Coupling

1. Racemic C(sp®) Organometallic Nucleophile

chiral catalyst

O—[m  + O—X

chiral
racemic
2. Racemic C(sp®) (Pseudo)Halide Electrophile

chiral catalyst

o—mn  + O—X

i ®

chiral
racemic
3. Achiral Reagents Produce a Chiral Product

chiral catalyst

O—m  + O—X

achiral achiral

4. Desymmetrization of a Prochiral Starting Material

chiral
enantioenriched

Q—I[M] + X—0—X
achiral
symmetrical

» OQ—O—X

chiral
symmetrical
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Introduction

Enantiospecific Cross-Coupling

Enantiospecific Cross-Coupling

1. Stereodefined Organometallic Nucleophile

achiral catalyst

Q—M + O—X

chiral
enantioenriched

2. Stereodefined (Pseudo)Halide Electrophile

achiral catalyst

O—M + O—X

» OO0

chiral
enantioenriched

chiral
enantioenriched
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