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Background
Conventional Cross-Coupling chemistry
X
R—X R_Iol n+2
R'—m
oxidative addition,
transmetalation
Mn
X—m
reductive elimination $
R-Mn+2
R'—R

Limitations of organometallic reagents:

Sensitive to air and moisture

Requirement of basic reagent to facilitate transmetalation
Low functional group tolerance
Inherent reactivity

pre-activation catalyst
R'—X —» R'—[M] ———— > R'—R?
cross-coupling R2—X
catalyst & reductant T
reductive R2—X

cross-coupling

Wide commercially availability. Air and moisture stable

Development of Reductive Cross-Couplings

Reductive dimerizations of electrophiles

Wurtz coupling 1855
Na
2 Alkyl—X ——————— > Alkyl—Alkyl

Ullman coupling 1901

Cu
2 Ar—X ———>» Ar—Ar

General methods for the cross-coupling of electrophiles have lagged far
behind cross-couplings of nucleophiles with electrophiles or even C-H
functionalization.

Challenges: super difficult to control cross selectivity.

Equal reactivity of substrates

R-X + R2-X —— 3 R'-R' + R'—R2 + R2—R?
R'—X more reactive than R2—X
R'-X + R2-X ——» R'—R' + R'—R2 + R2?—R?

R1—R!' formed first
R2—R2 formed second

incidental R2—R2 formed

Substantial breakthrough started from 2008.......
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This presentation will mainly focus on cross electrophiles couplings including alkyl, aryl and vinyl electrophiles

Recent review: a) Chem.-Eur. J. 2014, 20, 6828. b) J. Org. Chem. 2014, 79, 4793. c) Chem.-Eur. J. 2014, 20, 8242. d) Top. Curr. Chem. (Z) 2016, 374, 43.

Qian and coauthors: Nil, (10 mol%)

Dmbpy (10 mol%)

X Y
Zn (2.0 equlv)
MgCI2 (1 equiv) R2

1. C(Sp?)-C(Sp?) cross-coupling
1.1 Formation of Biaryl Compounds
CoBr; (20 mol%)

PPh3 (20 mol%) ;
' 1.0 equiv 1.4 equiv Pyridine (1 equiv)
Mn (4 0equiv) . ~ FG, © (5 mmo? ’ TBAI (1equiv) Synlett, 2013, 24, 619
DME/PY (6/1) 1 E R R?2=EDG & EWG DMA, 25°C
2.0 equiv 50°C,12h E X,Y =Br, Cland |
X=1,Br,Cl y=Br,Cl C. Gosmini, ACIE, 2008, 47, 2089 . OMe
COX2 ! 1 2
- OCpow R
1/2Mnx2 ' R
' OMe
1 Co'X + R'=H,63% (X,Y= Br) = CO,Me, R? = H, 52% (X, Y = Br)
Ar'Ar? Ar'X R
i R"=4-OMe, 60% (X, Y = Br) R1 CO,Me, R? = CF;, 48% (X =Br, Y = Cl)
i R"=4-CN, 43% (X, Y = Br) = OMe, R? = CO,Me, 32% (X =1, Y = Br)
+ R'=3-OMe, 61% (X, Y = Br) R'=0Me, R?=C(O)Me, 52% (X, Y = Br)
Ar'coAr?x Tl i+ Weix (homocoupling)
Ar'Co™X; +  Duan (homo- and cross-coupling)
E NiY2e(Ho0)m (10 mol%)
' Zn (1.2 equiv) or
Mn E R1~ENJ/ Mn (2 equiv) / N\ N=
Ar2X Ar'co' 5 Additive (0 or 100%) R1 — \_Ag2
' o
Gosmini: MnX, ! X=cCl,Br 25equiy ~ DMF.60-70°C
5 f f M M
X N. _c| NiBraeBipy (10 mol%) N ; Bu Bu G €
R1~©/ . R2 A Mn (2.3 equiv) M 7\ \_ 7\ »
= CF3COOH R’ R2! =N N / =N N
: DMF ' -
1.0 equiv 1.3 equiv : 90% (Weix: Mn, no additive) 81% (Duan: Zn, 1 equiv LiCl)
(5 mmol) Tetrahedron, 2009, 65, 6141 '

2
Synthesis, 2013, 45, 3099 J. Org. Chem. 2014, 79, 777
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NiBr,(diglyme) (5 mol%)
Bipy (5 mol%)
PdC|2 (5 mol%) R

1 1 P
R? % R
Zn (2 equiv), KF (1 equiv)

DMF, 40 °C

Selected examples

OMe
OAowe weol ) 0~
78% yield 85% yield 94% yield
OMe
\
() wO~ome 954
o, 1 ko 1
75% yield 61% yield 71% yield
0 @
OO Ko OO
53% yield 71% yield 61% yield
o (0]
L0 O G0
o S
59% yield 85% yield 75% yield

/Ar{ Er\ //def
Ar'_Br _// . \/

Nill Pd!l
'\Arg\
Ni | Py \l\ _ Arf-OTf

f Pd°

A
Ni 1 / \

- A
TfO Br Ar

Ni0

»}\
ZnBrOTf \

Zn?

-

Pd" N Ar A2
{ ‘W2

Weix, Nature, 2015, 524, 455

1.2 Formation of 1,3-Dienes

RZ
Br
OTf  (Le)NiBry (2.5 mol%)
n/:\\\ (dppp)PdCI; (2.5 mol%) A
" + > i3
L')(\;,; Zn (2 equiv) L: >
R 2 DMF, 40 °C, 3-6 h re
R R
1 equiv 1 equiv

Weix, JACS, 2018, 140, 2446

1.3 Reductive vinylation of aryl halides

~ X
CoBr5 (10 mol%) ™ O
PPh3 (10 mol%) 1 equiv
>

Br
R’ —>» R
Mn (4 equiv) dropwise
CH5CN, 50 °C 10-40 min retention of E/Z configuration
X =BrorCl yield: 55-84%, 13 examples

R' = COOMe, CF3, H, MeO, etc
JOC, 2012, 77, 5056
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2. C(Sp?)-C(Sp?) Cross-Coupling
2.1 Reductive Arylation of Alkyl Halides
Jacobi von Wangelin

R1
X R! FeCls (12 mol%)
TN —_— 2
R— + K R1-L N R
— R2 TMEDA (20 mol%) L
Mg, THF, 0 °C
X =Cl, Br Y =Cl, Br 38-74%
1.2 equiv 1 equiv I
R1
ACIE, 2009, 48, 607 |_ >—MgY
RZ
Lipshutz Catalyst (2 mol%) e RE R TR
Zn (4 equiv) ! \k cl
N TVEDAGe R:s_p.ed.j_g
L ) *RX prgm,0@mo%) rt - L 5 cl
X=1,Br 65-93% E
3-4 equiv /4 ! R 2
- - \ R R
‘R >znx — e
Zn
JACS, 2009, 131, 15592
In situ formation of Gignard and Zinc reagents are proposed.
Weix
NiloexH,O (10.7 mol%)
tBubipy (5 mol%)
x1 o R?
RS O-(thP)2C6H4 (5 mol /o) BN
R1—; + R2-X2 » R1-
P Pyridine (10 mol%) O
1 equiv 1 equiv  Mn (2 equiv), DMPU, 60 °C

JACS, 2010, 132, 920

Primary alkyl halides, only one example for secondary alkyl halides

E Gosmini

E CoBry (10 mol%)

! Ay B iProPhP (10 mol%) A

 FG— + AlkylBr o FG—(D/

‘ Z : Mn (4 equiv) Z

' 1.1 equiv

. FG(EWG) DMF/Pyr, 30 °C, 15 h

: Primary alkyl halides Chem. Eur. J. 2010, 16, 5848
Weix

: NilexH,0 (x mol%)
J Ligand (x mol%)

» Aryl/vinyl—R

Aryllvinyl—Br + R—Br
. v y Pyridine (x mol%)

1 equiv 1 equiv Nal (25 mol%)
Zn (2 equiv), DMPU, 60 °C

Ligand

é MeO OMe

: 7 N 7 N
; asviasy
6 7

JACS, 2012, 134, 6146

R1
R2>_B’ " \oac
1 equiv 2 equiv

Ni (cat)/iZn ™= Ni (cat)/zn
tBubipy tBubipy
additive, DMA additive, DMA

25°C or 60 °C 25°C or 60 °C
MgCl, (1.0 equiv) as additive OL, 2012, 14, 3352

R1

R2
1 equiv
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Aryl Halides with Deuterated Methyl lodide

X Zn, Mel, Nal CH,
R » R
NiCly(dppp), THF, r.t.
X=1,Br X=1,Br
49-98% yield
X Zn, CD3l, Nal CDs
R > R
NiCly(dppp), THF, r.t.
X=1,Br X=1,Br

X. Liao, ACIE, 2016, 55, 9743  ©0-99% yield

Formation of Zinc reagent in situ is proposed.

Blue LED
Ir and Ni

(TMS) 3S|H
Base, DME
25°C, 6h

Yy e
O/ MeO,C

alkyl halide

MeOZC

aryl halide sp2-sp? product

JACS, 2016, 138, 8084

Gong Coupling of Aryl Bromides with Tertiary Alkyl Halides
Ni(acac), (10%)
Ligand (0 or 30%) :
DMAP ( 100%) R! ' N/_\—N
2,
@Br "B < MGGl (15 equ) ®_<R ey ?\(
: C
1.0 equiv 2.0 equiv Zn (2 equiv) .

DMA, 25°C, 12 h

Selected examples

MeOOC 70°/ (13:1) 74% (>50:1) 68% (20:1)

\ 71% (>50:1)

28% (5:1) 39% (15:1) 72% (10:1)

JACS, 2015, 137, 11562
Electron-rich aryl halides are less effective

Gong
Coupling of Electron-Rich Aryl lodides with Tertiary Alkyl Halides
M602C
R NHBoc
TN
— <
R? 2 equiv R
R2 Ni (cat.), Zn R2 —
B /
= ; ' 3Fpy R3 \ N
or MgCl,, LiCl
. DMA or DMF _
ectvaedc "R=HOrEDG g5y, yielq, key intermediate
* heteroaryl to (+)-asperazine

1.0 equiv 3-fluropyridine is crucial for success.

JACS, 2018, 140, 14490 S
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Zn (3 equiv), EC (3 equiv)

X
FG <:E JJ/ NiCly (1 equiv). Py g .
Jn DMF (0.1 M), r.t., 2 h Z~Y

Yuanhong Ma 07.12. 2018
Doyle . Tetrakis(dimethylamino)ethylene (TDAE) can replace Mn or Zn, providing
NiCl,eDME (10 mol%) OMe . about six turnovers. This result appears to rule out mechanism A.
bpp (12 mol%) .
R OMe + \O - »RL ~ | 3 . o Et
Zn (2 equiv), TMSCI L /,_R *  (L)Nis wEt DMF 2
DMA, 23 °C ' + (LNIQ_ —> +
' Et rt,48h
ACIE, 2015, 54, 9876 ; Me Me Me
2.2 Intramolecular Arylation of Alkyl Electrophile : generated in situ as a This result appear to
Peng E 1 H 1 miXture Wlth (L)N||2 rule out mechanism B
[

Stoichimetric or

Br catalytic reaction
>— 4 - > AN

Y =0, N-PG
J n=1,2,3 Chem. Eur. J. 2012, 15, 6039 unrearranged rearranged
arvo . . .
_ Reaction with (L)Ni'"(2-tol)l N.D. 56% yield (Ar = tol)
OPiv Br NiBro-glyme (10 mol%)  Ar
BPhen (15 mol%) R R Rt e AL
Ar : .
" Zn (3 equiv), DMA ; Ph—I 12.5-50 mM (L) Ni'l, ~~ph
r.t. or 45 °C, 12-20 h " 5 . 12550 mMpy Y
ACIE, 2016, 55,6730 TMSCI (0.04 equiv) Ph
-------------------------------------------------------------------- ' /\/\/\
Z I Mn, DMF, 60 °C, 6-25 min O—/ R
2.3 Mechanism studies in detail (Weix)
Mn° [Ni]
A. R'—-] ——» R'-Mn—| ——> R'-R2 Mnl, _ (Noyio Oxidative addition of Ph-1
R2—]| Mn/ '6 \is favored over Alkyl-|
h—I
] 1 [Por] 1a
[Ni] R2—[Ni]—l QN

B. R'—m| —— R'—[Ni]-| ————> R'-R?

Alkyl radicals are more
(:;Nil il CH.R stable than aryl radicals

|
0 1 1 Il 1 I 1 1 I I | 1 N Nilll |
0 5 10 15 20 25 30 35 40 45 50 55 60 M @

4 Q’Ni"‘l
wir N\ 0
7 RH.C-I|

[Ni] 1 e R2—| 12
Cc. R'-I ——» R'—|Njj-I ——> R'-R

Concentration of Catalyst (mM) Ph-CH.R 3)
2

(1) selective oxidative addition of iodoarene over iodoalkane 6
(2) selective formation of alkyl radical over an aryl radical

[Ni] 1 R2 1 o2
D. R'—=| ——— R'—|Njj|-I ——> R'-R
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2. C(Sp?)-C(Sp3) Cross-Coupling

2.4 Enantioselective C(Sp?®)-C(Sp?) Bond Formation

Control of enantioselectivity in reductive coupling chemistry is exceedingly
sophisticated due to the radical nature of alkyl groups.

Reisman NiCly(dme) (10 mol%)
Ligand (10 mol%) R2
R' Mn (3.0 equiv) ..
RIAB + Nal (0.5 equiv) — R
R = 4-MeO-CgH, R ClI DMA, 25°C
1.0 equiv 1.0 equiv
o%(o
SR
Ligand

entry R? R2 pdt Yield (%) ee (%)
1 H Me 3a 91 93
2 4-Me Me 3b 82 94
3 3-Me Me 3¢ 88 93
4 2-Me Me 3d 44 85
5 4-OMe Me 3e 64 93
6 4-F Me 3f 81 89
7 4-Cl Me 3g 75 88
8 4-Br Me 3h 59 90
9 4-OCF;  Me 3i 84 88
10 H Et 3j 80 97
11 H Bn 3k 82 3
12 H 4-pentenyl 3l 68 94

J. Am. Chem. Soc. 2014, 136, 14365

Reisman
NiCl,(dme) (10 mol%)

o (o0}
Ligand (10 mol%)
th)C\N . Mn (30 equy) o (::N \J
é
2 Cl | TMSCI (0.4 equiv) 2 PAr; N -
Dioxane, r.t., 18 h ’Bn

79-92% ee value Ar = 3,5-dimethyl-
4-methoxyphenyl

1.0 equiv 1.0 equiv

J. Am. Chem. Soc. 2015, 137, 10480

Reisman
NiBry(diglyme)
Et | (10 mol %) Et
)\ L1 (20 mol %)
Ph c o+ = Ph
Mn? (3 equiv)
1 2a-0 TMSCI (0.75 equiv)
(1.2 equiv) (1.0 equiv) 1,4-dioxane, rt, 18 h 3a-0

H

34% V'em 53% Y|e|d 72% yleld 62% yleld
91% ee 90% ee 83% ee 89% ee
Me BocN
MeE ] ] % :l
74% yield 36% yleld 60“/’- yleld 48% yleld
94% ee 94% ee 94% ee 93% ee

J. Am. Chem. Soc. 2017, 139, 5684
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3. C(Sp?)-C(Sp?) Cross-Couplin ' Gon
(Sp )3 (Sp )3 . P _g X g ] NiCly(glyme) (10 mol%) ]
3.1 C(Sp~)-C(Sp°) coupling (Primary and secondary) R Ligand (10 mol%) R
Gong ; —Br + MeOTs : —  —Me
Ni(COD), (10 mol%) ' R2 LiOMe (2.5 equiv) R2
Ligand (8 mol% : B,Pin, (2 equiv), NMP
Alkyl'—Br + Alkyl?—X gand Ve Alkyl'—AlkyP? ! 4o °C, 16 h
X =Br, | Zn (3.0 equiv) ' o
3.0 equiv DMA, 25 OC :
Tl : 2 N
' S—N
o o ; o M tBu
l | ) 0 0 i ; e
N N—/ </’ \J : 54% 74%
sBu $Bu N N E OL 2014, 16, 5620
E Liu and Fu ( Copper catalysis)
. Nonactivated Tosylates and Mesylates with Alkyl and Aryl Bromides
TomN_ )—nCtig 0 e . cuomom) o
X=1,60% o X = Br, 57% , 7’ 4 LiOMe (1 equiv) 2 4
X =Br, 63% X = Br, 65% = Bn, 317 ' R2 R q R R
) , 65% ' Mg (2 equiv), THF, 0 °C
i X=0Ts, OMs (2-2.5 equiv) R',R? =/= R3 R*
(0] Me ' ‘ T
' 1
N Me : R?
0 MeO E o
X = Br, 45% X = Br, 55% ! Ms Sui (10 motk) Cy
. ppm mol%
........................... oL 20, 13, 2188 + Cy—Br >
Gong LiOMe (1 equiv)
.. Mg (2 equiv), THF, 0 °C
Nil, (10 mol%) N 1149 2.5 equiv M9 (2 eau) 0.84 g, 78%

Ligand (10 mol%
R1/\|/Br + R3/\Y u R1,\(\R3 I N/ H
R2 1 (BPin)2 (2.0 equiv) R2 \\7
Sequiv . . N
LiOMe (2.5 equiv) Up to 85% yield Ligand

NMP, 40 °C, 16 h Non-Suzuki process
Chem. Sci., 2013, 4, 4022

N Br Cul (10 mol%) N
R—r —— > Ry
= o/\/OTs LiOMe (1 equiv) Z~0
Mg (1.5 equiv)

0°C,24h 3
Chem. Eur. J. 2014, 20, 15334
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20%
not observed DMA, 25 °C 1 equiv LiOMe (2.5 equiv) the only coross-

NMP, 40 °C, 16 h coupling product

standard conditions @_//_\_/:
+ o

>

! Br ACIE, 2011, 50, 10402
3.2 C(Sp®)-C(Sp3) coupling (Intramolecular) B e e e e e e e e e e e

Chem.Sci., 2013, 4, 4022

Yuanhong Ma 07.12. 2018
Gong ' O
. NCW
' EtO
BnO” " Br BnO B : ° ©/\ O\/\
3 equiv 1.5 equiv ' 90% 88%
Ni(COD), (10 mol%) \ Nil, (10 mol%) : ° 70%
L6 (8 mol%) L11 (8 mol%) < /\ !
- B o !
OBn Zn (3 equiv) / r (Bpin), (2 equiv) OBn '

Gong E Gong Allylation of Tertiary Alkyl Halides
R : ” Ni (10 mol%) )
. ) ; dtBBipy (15 mol%) R
2 1 Nil, (10 mol% = ! .
R R Biéiimrﬂg.% g, N C ' R2 MgCly (Tequiv) — _,
MM)\ > R! R2=H, alkyl, aryl! R + R_A\_0OCO,Me —> R
X m o, X Zn (3 equiv) X =1 Br Ol ; Br Zn (3 equiv)
mn=0,1,2 DMA, 25 °C R? R' 77050 E R? pyridine-2,6-diamine R3
: (30 mol%)
' DMA, 25 °C
CbzN CbzN ; I
‘ <:( <:( ChzN * ' € 0 Me_ Me
! X AKCA
(X = Br) 71% (X=C40%  (X=Br)61%  (X=Br)66% ° S
OL, 2014, 16, 4984 " 18a, R = H, 86% R 19, 43%
’ S ' 18b, R = OMe, 87%
"""""""""""""""""""""""""""""""""""""" ' 18¢c, R = CF3, 83%
3.3 Reductive Allylation of Alkyl Halides ' 18d, R = Ac, 63%
Gosmini S /-A-C-I-E:-Z?j?,-?-s,-j?j?? ....................
+ 4. Outlook
CoBr, (10 mol%) '
M . i '
/\/OAC + alkyl—X CH 2’53(: elqil)“\/:' +> /\/alkyl . Deverlopment of novel electrophiles Different transition metals
: 3 mL), '
2a 2equiv  pyrigine (0.5 mL), 80°C : Broaden the substrate scope  More detailed mechanistic studies

9



