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Instroduction

ATransition-metal-catalyzed Cross-coupling Reaction

C1 (phond forming reactions between an organic electrophile (typically
an organic halide or pseudohalide, which in this review includes alcohols,
amines, and their derivatives) and an organometallic reagent, mediated by
a transition-metal catalyst.

A Enantiospecific Cross-Coupling

chirality exchange reactions in which the stereochemistry of a chiral,
enantioenriched substrate defines the stereochemistry of the product.

1. Stereodefined Organometallic

Nucleophi!e achiral
catalyst
O—n + Ox
chiral
enantioenriched
— O—O
2. Stereodefined (Pseudo)Halide
Electrophile achiral chiral
catalyst enantioenriched
Q- + O
chiral

enantioenriched



A Enantioselective Cross-Coupling

1. Racemic C(sp?) Organometallic Reactions in which there
Nucieophile Shiral is selective formation of
Q—m + O—x one enantiomer over the
chiral other as defined by a chiral
racemic metal catalyst.
2. Racemic C(sp3) (Pseudo)Halide
Electrophile chiral
catalyst
QO—m + O—x » O—0
chiral chiral
racemic enantioenriched
3. Achiral Reagents Produce a Chiral
Product .
chiral
catalyst
Q—m + Ox
achiral achiral
4. Desymmetrization of a Prochiral Starting Material
chiral
catalyst
O—m + x—O—x > O—0O-x
achiral chiral 4

svymmetrical ehahtioenriched
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Enantioselective Transition-Metal-Catalyzed Alkyl Cross-Coupling
Reactions

A Reactions of secondary Alkylmetallic Reagents

In principle, fast equilibration between the two enantiomers of a sec-
alkylmetallic reagent or between two diastereomers of a chiral transition
metal complex could enable enantioselective cross-coupling through a
dynamic kinetic asymmetric transformation (DYKAT)

R3

reductive Stereochemlstry oxidative
elimination can be set addition
during or after
transmetalation

1 == n X<m-P
F“M/\R2 R‘M R? "
S_/ transmetalation
y R3 RS
w o =

M R2 M'/\Rz



Organomagnesium Reagent

MgX [LINiCI =
o e,

Ph Me Ph™ * "Me
4

PPh, PPh

Neo-Jpocull e
Me 0 o.,’/Pth OO PPh2 u,Pth
DIOP (L1) Norphos (L4)

(Kumada, 1974) StsrhnslE (Brunner, 1981)
X=Cl,Y=Cl (Kiroerda, J57) X=Cl,Y=Br
o Yi % 95% vyield, 67% ee
81% yield, 13% ee X=Cl,Y=Br oy o
11% ee

Kumada, M. et al. Tetrahedron Lett. 1974, 15, 3
Kumada, M. et al. Tetrahedron Lett. 1977, 18, 1389
Brunner, H. et al. J. Organomet. Chem. 1981, 209, C1 7



MgCl NiCl./ligand -
+ \/Br r
Ph Me Ph™ * "Me
4
H H . H H H H
Me > Ph Pras Bu: Me > Me:
Me,N PPh, Me,N PPh, Me,N PPh, Me,N PPh, Ph,P NMe, Ph,P PPh,
L7 L8 L9 L10 L11 L12

98% vyield, 38% ee

PPFA (L13)
99% vyield, 63% ee

P(m-xylyl),

n NM92
Fe "lH
& e

L19

90% vield, 65% ee 49% vyield, 7% ee

@Me

97% vyield, 70% ee

NMez
Fe PPh;
FcPN (L14)

98% yield, 60% ee

H

L20

46% vyield, 50% ee
(Kellogg, 1984)

96% vyield, 81% ee

PPh,

Fe

S

EPPF (L15)
86% yield, 4% ee

PPh, MezN\(\s/\ j .
%N’Pra S D\( e
bS\J."NMez

1

L2

\
I:I Me
th \GJH
Ph

L22 L23
66% vield, 32% ee
(Brunner, 1985)

96% yield, 94% ee

PPh,
- OMe
Fe "IH

Me

L16
95% yield, 57% ee

68% ee
(Brunner, 1996)

97% vyield, 25% ee

PPh,

%NMez

Fe "

H

S
PPh,

BPPFA (L17)
73% yield, 65% ee

PPh; H

L24

Q \NM82

Me. _PPh, @cb
C X

95% vyield, 79% ee
(w/ Pd catalyst)

98% yield, 0% ee

Me
A"
Fe PPh, NMe;

L18
88% yield, 18% ee

Me
HfN
PPh,

L25
50% vyield, 85% ee
(Lemaire, 2%01)

(Weissensteiner, 1993)



A Proposed catalytic cycle for the enantioselective coupling of
U-methylbenzyl Grignard reagents



MgCl NiCl./ligand -
+ \/Br :
Ph Me Ph™ * "Me
4
H H . H H H H
Me, - Ph: Pra = Bu,: Me Me
Me,N PPh, Me,N PPh, Me,N PPh, Me,N PPh, Ph,P NMe, Ph,P PPh,
L7 L8 L9 L10 L11 L12

98% vyield, 38% ee

PPFA (L13)
99% yield, 63% ee

P(m-xylyl),

n NM92
Fe "lH
& e

L19

90% vield, 65% ee 49% vyield, 7% ee

@Me

97% vyield, 70% ee

q\ NMe,

Fe PPh;

FcPN (L14)
98% yield, 60% ee

PPh,

H

L20

46% vyield, 50% ee
(Kellogg, 1984)

96% vyield, 81% ee

PPh,

S

EPPF (L15)
86% yield, 4% ee

Me,N
=w (T O
Fe " N \ Me
bS\J."NMez l

1

L2

\
Ph,

66% vield, 32% ee
(Brunner, 1985)

96% yield, 94% ee

PPh,
- OMe
Fe "IH

Me

L16
95% yield, 57% ee

N~y

Ph

97% vyield, 25% ee

PPh,

%Nmez

Fe "

H

S
PPh,

BPPFA (L17)
73% yield, 65% ee

PPh; H

OMe @

L22 L23 L24

68% ee
(Brunner, 1996)

Q \NM82

Me\E PPh, %CB

95% vyield, 79% ee
(w/ Pd catalyst)

98% yield, 0% ee

Me
A"
Fe PPh, NMe;

L18
88% yield, 18% ee

Me
HfN
PPh,

L25
50% vyield, 85% ee
(Lemaire, 2&(8)

(Weissensteiner, 1993)



A Coupling of disubstituted alkenes

Ph
MgCl [Ni] or [Pd]
A T > 7
Ph Me
5 Ph Me
10
PPh,
g, . NMe,
Fe "’H NM32 PPh2
> e
PPh2
PPFA (L13) w/ [Ni] L27 w/ [Pd] L28 w/ [Pd]
(Kumada, 1981) (Kreuzfeld, 1987) (Aoyama, 2003)
62% yield, 52% ee 95% vyield, 40% ee 64% yield, 76% ee
j Ph Ph
@(< iy ‘ Fe
Pth Me,N NMe,
Ph,P PPh,
L29 w/ [Pd] L30 w/ [Pd]
(Richards, 1995) (Knochel, 1998)
74% yield, 45% ee 89% vyield, 93% ee

11



A Coupling of U-Silyl Grignard Reagents
a) Coupling of a-phenyl-a-trimethylsilyl Grignard reagents

PdCl,[(R)-(S)-PPFA] Ph
MgBr (0.5 mol %) / Kumada, M. et al.
+ ph/\/Br > J. Org. Chem.
Ph” “SiMe, Et,0,0°C,2d 1986, 51, 3772
Ph SiMea
1 (93% vyield, 95% ee) i

b) Coupling of a-alkyl-a-triethylsilyl Grignard reagents

PdCl,[(R)-(S)-PPFA] Ph
MgCl (0.5 mol %) e
e Ph/\/ar > Kumada, M. et al.
Me” T SiEt, Et,0,-10°C,4-20 h Tetrahedron Lett.
Me™ "SiEts 1981, 22, 137
13 Grignard:halide 14
ratio

2:1 (88% vyield, 93% ee)
0.86:1 (93% vyield, 14% ee)

c¢) Alkynylation of a-phenyl-a-trimethylsilyl Grignard reagents

PdCl,[(R)-(S)-PPFA] Ph
MgBr (0.5 mol %) Kumada, M. et al.
+ Ph————Br T | | Tetrahedron Lett.
Ph” > SiMe, Et,0, rt, 2 d 1983, 24, 807
11 (62% yield, 18% ee) N SiMes 12

15



Organozinc Reagent (Negishi-type)

a) Cross-coupling of vinyl electrophiles

ZnCl, (xs)
MgCl then [L]PdCI, (0.5 mol %) Z
+ /’\Br -
Ph Me THF/Et,0, 0 °C, 20 h Ph”* “Me
S 4
PPh, Me Me
%NMEz Fe s
Fe [y Me,N NMe,
@ Ve Ph,P PPh,
PPFA (L13) L31
>95% yield, 85% ee quant. yield, 93% ee

Ito, Y. et al. Chem. Commun. 1989, 495
b) Cross-coupling of acyl electrophiles

Pd,(dba), (1 mol %) R o on
ZnCl R 0 L32 (2 mol %) OO o >_M
T+ LI e e
Ph Me SPh

ZnCl, (1 equiv) /
16 R = 4-MeO(CzH,) THF, 2876, 12 h 18 o OO ° "“>.”M9
= 4-MeU(Lgly .
17 (72% yield, 32% ee) L32

Reisman, S. E. et al. Tetrahedron 2014, 70, 3259 15



A Enantioconvergent alkyl-alkyl coupling

1) *BulLi (1.6 equiv)

TMEDA (1.5 equiv), -78 °C;

Znl, (0.75 equiv)
f ! -78 °C to rt C 1-naph,  1-naph
N : ’ N 'r,cy s
Boc 2) Cyl (1.0 equiv) Boc MeHN NHMe
NiCl;(dme) (15 mol %)
(1.5 equiv) L33 (17 mol %) 20
19 THF, rt, 60 h
(80% vyield, 93% ee)
1) 1.6 n-BulLi,
Z S -78°
"*SnBu 8°C - Z X ,
N 3 Yo,
Boc 2) 0.75 Znly, N™ '2'Zn
15 eqL"V —78 oC tO l‘.t. Boc
1.0 Gy~ 0. Lo see eq 4 o Po
15% NiCly*glyme, 17% 1 2—5 — H
Lt Cy-I
N r.t. N~ Cy
Boc Boc
Z S or O\ 93% ee
goc Cy goc Cy 69% yield
(R,R)-1: (S,5)-1:
96% ee 88% ee
80% vyield 84% yield

Fu, G. C. etal. J. Am. Chem. Soc. 2013, 135, 10946

Boc

not
observed

14



Organoboron Reagents

A Dual catalysis approach to asymmetric cross-coupling

24 (2 mol %) Me

Br Ni(cod), (3 mol %) H o 0
g v O[S
B Bn

Ph Me 2,6-lutidine (3.5 equiv)
CO,Me blue LED
THF/MeOH, rt, 24 h 23 CO,Me

(52% yield, 50% ee)

21 22

R—X

hv
R 4—-< el /
LnNi'Lx L ,Ni®
L]
Ar/

cross-coupling SET photoredox el
cycle cycle

r Ar
L it L MF=X SET BF;K
X Tl
\T' r A,) Ir[dF(CF3)ppyl,(dtbbpy)PFg
. 24
Ar/

Ar” R

Molander, G. A. et al. Science 2014, 345, 433 15



Reactions of secondary Alkyl electrophiles

R R-

R3 R1 M X R1
reductive oxidative
elimination Stereochemistry addition

can be set in
I
A2 R2 any step! R2
- —— ——
R3 - - R3 X - X
W transmetalation
X—M'  R3-M'

Rz
M/\R-'

Figure 12. Stereochemical outcome of cross-coupling with secondary

electrophiles.

16



With Organomagnesium Reagent (Kumada-Corriu)

0 NiCly(dme) (7 mol %) o
L36 or L37 (9 mol %)
jﬁ/nz ’. JII\I,FIZ
R R1
ArMgX (1.1 mmol)
Br DME, -60 or -40 °C, 16-32 h Ar
28 29
(o
w | o OO
O o\_l)kro ‘
SENAC RS,
N N 0 o)
N I I
292 Ph 136 PP </ N "\e
81% yield Ph Ph
92% ee
72% yleld 76% yleld 74% yleld
80% ee 90% ee 85% ee

17
Fu, G. C. etal. J. Am. Chem. Soc. 2010, 132, 1264



With Organozinc Reagent (Negishi)

a) Negishi coupling of a-bromo amides
NiCl,(dme) (10 mol %)

0 L38 (13 mol %) 0
. Bn_ Et » Bn_ Et
Alkylzinc ‘;‘JH’ RZnBr (1.3 equiv) '?'J\I’
Reagent Ph  Br DMVTHF, 0 °C, 12 h Ph R
30 31
0 0 EN
Bn\N Jl\rEt Bn_ N Et o | P 0
. o loon |
o . N N Fu, G.C.etal. J.
31a 31b N i Am. Ch S
ipr Pr m. Chem. Soc.
90% yield 70% yield 'Pr-Pybox (L38)
909 oo 99 2005, 127, 4594
b) Negishi coupling of benzyl halides
NiCl,(dme) (10 mol %)
Br L'38 (13 mol %) R
'S g s
T RZnBr (1.6 equiv) T
Z DMA, 0 °C, 24 h Z
32 33
Hex o Fu, G. C. etal. J.
Me o\) oBn Am. Chem. Soc.
Mo 2005, 127, 10482
33a ° 33b Me 33c
89% yield 82% yield 63% yield 18

96% ee 91% ee 75% ee



Arylzinc Reagent

a) Negishi cross-coupling of propargyl! halides

T™S NiCl(dme) (3 mol %) MS

\(Br L39 (3.9 mol %) - \l’Ph
PhZnEt (2.0 equiv)

n o
3q ™Y DME, -20 °C, 14 h -
(90% vyield, 92% ee)
Ar LNi! —Br Br
LNi'“—ATl Br . LNi'' —Br
/\ ///\ éf
Z

\{ ArZnAr
predominant

resting state [LNi"-Ar]Br
of nickel BrZnAr

Fu, G. C. etal. J. Am. Chem. Soc. 2008, 130, 12645

19



a) Negishi cross-coupling of a-bromo ketones

0 NiCl,(dme) (5 mol %) o
R L42 (6.5 mol %) .
Ar' Jj\r A2 — > Ar J'I\I.a
Br rZnl (1.3 equiv) Ar2
41 DME/THF, -30 °C, 4 h 42
0 0 .
Jvie
\Et ¢
Ph JH,. Ph
Ph
12 42b MeO ::""‘OMe
86%yield  85% yield Nye. | L42
94% ee 93% ee

Fu, G. C. et al. Angew. Chem. Int. Ed., 2009, 48, 154 20



b) Negishi cross-coupling of a-halosulfonamides and sulfones

NiCl,(dme) (10 mol %)

QP . L'36 (13 mol %) AP

> Y,s\rn

.S
v Y ArZnl (1.3 equiv)
Br THF, -20 °C, 24 h

47

o 0 o 0 o 0O o 0

\Y/ \Y/ \Y/

,\S' "Bu ,\S, "Bu ,\S, S
Me,N ‘r Me,N Me;N Me

Ph Ph
48a 48b 48c
90% vyield 68% yield 44% yield
96% ee 89%ee N/ 99% ee
Boc
D
see cﬁblove
A conditions A
O\\ SIIO ' O\\ ,’0
- stopped at -
Mo:N 70% conv. MeN
Br (38% yield, 96% ee, Ph
49 only E) 50
D D
O o0 Ph 0 0 \=Ph
side products: V7 Wo§
MezN’ MezN’ \O
Fu, G. C. et al. JACS.
2014, 136, 12161 8% yield 9% yield

cis-51 trans-51

S
Ph
48d
96% vyield
94% ee
O\I,Q
; O
via | MesN S . = D|?
10

21



With Organoboron Reagent (Suzuki-Miyaura)

a) Enantioselective alkyl-alkyl Suzuki-Miyaura coupling

Ni(cod), (10 mol %)
L45 (12 mol %)

R R2-(9-BBN) (1.5 equiv) A1
Ph/\l/ 9 - ph/\r

Br KOBu (1.2 equiv) R2
52 'BUOH (2 equiv) 53
'Pr,0,5°C,18 h
y R R

Ph °ph  Ph OBn >—‘

MeHN  NHMe
Me
53a 53b L45 R =3-F;CCg¢H,
78% yield 69% yield L46 R=Ph

90% ee 40% ee L33 R =1-naph

Fu, G. C. etal. J. Am. Chem. Soc. 2008, 130, 6694 29



Examples of directing groups for enatioconvergent Suzuki-Miyaura coupling

NiBr,+diglyme

R1 1,2-diamine R1
DG/\r + R2-(9-BBN) > DG
X

KO'Bu, ROH R2
solvent
0 0 Me J?\
Me JLH*H’ p-MeO-Ph wEt
Ph,N Ph,N™ “H3 $33 PhO '}'/\!,H
58 oy 59 Ph ex
54% yield 64% yield 60
90% ee 84% ee 56% vyield
90% ee
Ts N Q\SIP
) /Y\L tBu"' \/Y\k
PMB Et
p-F-Ph Et
61 62 o-MeO-Ph
58% yield 79% vyield
90% ee 88% ee

23



NiBr,+diglyme

R 1,2-diamine R
DG/\/ + R2-(9-BBN) » DG
X

KOBu, ROH R?2
solvent

NiBryediglyme (8 mol %)

0 L45 (10 mol %) _ o]
Q\l Jk(R Ar-(8-BBN) (1.5 equiv) __ % J\(R
Cl KO®Bu (1.3 equiv) Ar
63 64

BuOH (1.5 equiv)
PhMe, -5°C, 24 h

0 0
QJ\F e e O
Ph Ph
64a 64b MeHN  NHMe
88% yield 78% yield L45
87% ee 92% ee

Fu, G. C. etal. J. Am. Chem. Soc. 2010, 132, 11027

24



NiBr,(dme)/L46 R

9-BBN -
-\L J@ R-Br (1 equiv) Ph Ph
o )_/
0o KOBu (1.7 equiv)

MeHN NHMe

. IBUOH (2.1 equiv) 0 a6
(2.1 equiv) iPryO/THF, 25 °C, 36 h 66
65
chiral chiral
\ ™ catalyst TM* catalyst |\ y
(TM*) + (TM*)
achiral enantioenriched achiral
B-migratory T
insertion
\ TM*
- ’ ‘
transmetalation oXxidative addition
by a nucleophile A of an electrophile

Figure 2. Complementary approaches to generating a precursor (A)
for catalytic enantioselective cyclizations.

Fu, G. C. et al. J. Am. Chem. Soc. 2014, 136, 3788 25



Transition-MetaI-CataIyzed Enantiocontrolled Allylic Substitution

/-\/ Nu Nu
stabilized unstabilized =
nucleophile nucleophile
(malonates, (organomagnesium, -zinc, -aluminum,
enolates, elc.) -boron, -lithium, etc.)

General principles of allylic substitution with hard nucleophiles

X
2 \F
M—R! RZTNA"Nx R M—R! M'X
257 261
y oxidative y oxidative
M'—R? addition addition M'—R!
transmetalatlon transmetalation
M
X., .R X\M,R‘ X. R X
M _— Y —_ /\)M
/ Re T RN
260 262 R . T
reductive z-allvl metal reductive R R
P4 ek y et
R? elimination complex elimination 263
259 linear product
branched product

26



Enantioselective Allylic Substitution Reactions
Organomagnesium Reagents

a) Coupling of acyclic electrophiles

AR —P[NWL 1 AR
S
Me OPiv ArMgBr s )\/ Me Ar
266 267 268
Me ~Me thP/,.
)—{ /CNBoc
Ph,P PPh, Ph,P
Chiraphos (L68) L70
75% yield 92% yield
67:33 b:/ 63:37 b:/
89% ee 80% ee

b) Coupling of symmetrical electrophiles

NiCl,[L68] (1 mol %)

OMe PhMgBr Ph
o
Me/\)\ Me Me/\)"’Me
THF, 0°C,20 h
269 (47% yield, 47% ee) 270

¢) Coupling of cyclic electrophiles

OMe Ni(acac), (5 mol %) Ph 0
L29 (10 mol %) \3,
» L N~ “Pr
PhMgBr (3 equiv) Fe PPh,
THF, rt, 17 h L%
271 (93% yield, 88% ee) 272 27




Seminal Example of Cu-Catalyzed Asymmetric Allylic Substitution with Alkyl

c
s~ uNMe2
Me
14 mol % Cy.*
Cy A~ -OAC ( ) yﬁ/\
280 "BuMgl (1 equiv) "Bu
Et,0/PhMe, 0 °C 281

(100% yield, 42% ee)

Van Koten, G. et al. Tetrahedron Lett. 1995, 36, 3059

28



282

Pr [\ B
"NON : R PN pn
N \/ PFS- 0
/g PPh, ipr / 0 me
By X0 HO Ph,P 0-R Ve
L74 w/L7e:  © S
L72 >99% conv. 83;/osyibelld ph Ph
% yi >98:2 b:/ :6 b: )
9652%%'%"[’ 90% ee 85% ee L76 R=Pr
91% ee (Mauduit, 2013) (Schmalz, 2010) L77R=Ph

Ph O Ph
Me—-< QP Q >"'Me
N=F, N
Me::- M
) <Ph ° O ° Ph>— °

L75
100% conv.
92:8 b:l
88% ee

Zh 201
(Zhang, 2010) 29



Cu-cat al yzed cadplingl 1T al | yI

(CuOTH),-CgHg (5 mol %)

'Irs (R,S,S)-L32 (6 mol %) Ts AN
= I
MeN
N X"g: allylMgBr (1.5 equiv) MeN Z
CH,Cl,, -80 °C
305 (81% yield, 92% ee, Eog
74:26 b:))
allyl oS
R/\/\/\ y[\cu]I . /
linear U
312 R/\/\ Br branched
307 310
reductive oxidative
elimination addition ,
reductive
elimination
p— / - + - - +
\ X
L./ X- L ANES N
Scult . culll Cull
: I N - Z
_R/\\// | R R
Cu'll ,0-complex Cu' o,m-complex cu' o,0-complex
311 308 309

Feringa, B. L. et al. J. Am. Chem. Soc. 2013,135, 2140 30



Organozinc Reagents

Seminal Enantioselective Cu-Catalyzed Substitution of Allylic Chlorides

CuBr+Me,S (1 mol %)
L83 (10 mol %)

N
R,Zn (1.2 equiv) /‘\/

318 THF, -90 °C, 18 h 319 320
(68% yield, 82% ee,
95:5 b:l) NH,
R = neopentyl :
@\2413‘3[1
L83

Knochel, P. et al. Angew. Chem. Int. Ed. 1999, 38, 379
31



Ph”” X" 0P(0)(OEY),

[Cu]/L Et

>
Et,Zn Ph/'\/

CH,Cl,, -78 °C

PPh, OH

L87
53% yield
96% ee
(Nakamura, 2009)

s

90% yleld
96% ee

(Mauduit, 2010)

!
R20 O 329
CI{ Zln
R1,Zn R' R
330

Y
N 0 P N (0)
/NS N
o ,.Z'n Cu Zn Cu—R!
- ’ ‘R.' :\‘

] R1 1 - )
no-Pso e
A2 o: R1 P—O H

2 2
333 R O OR 331
reductive oxidative
elimination N addition
. / e
0-’- 'n u_lR
I R1 :
rR20-P=0 /
R20 H

332 32



Organoboron Reagents

With Organomagnesium Reagents

With Organoboron Reagents
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