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Objectives

1. Understand the progression of discoveries in cross-coupling chemistry.

traditional cross-coupling
A–X + B–M + catalyst à A–B + MX + catalyst

cross-electrophile
A–X + B–X + catalyst + reductant (M) à A–B + MX + catalyst

2. To introduce alternative coupling partners, new reagents and 
mechanistic cycles involved in transition-metal catalyzed cross-couplings.

3. Inspire you to consider alternative (yet practical) ‘non-traditional’ 
methods in your future research.

This is not a comprehensive review, check this most recent review.
Richmond, E.; Moran, J. “Recent Advances in Nickel Catalysis Enabled by 
Stoichiometric Metallic Reducing Agents” Synthesis 2018, 50, 499.
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I. Background (focus on C–C bond formation)
a. the standard mechanism

PdIILn

Pd0Ln

reduction
(e.g. PPh3, NR3, M)

R PdII X
Ln

Ln

X = I, Br, Cl
X = OTf
X = OR1, SR1, F, N(R1)2

(1) traditional
(2) pseudo
(3) 'unreactive'

(4) activated ??? (ON/OFF)

1. oxidative
addition

2. transmetallation

R-X

R'-M M =
tin

boron 
zinc

magnesium
silicon

Stille
Suzuki-Miyaura
Negishi
Kumada
Hiyama

R PdII R'
Ln

Ln

M-X

Ln PdII R'
R

Ln

R-R'

3. cis- to trans-
isomerization

product

4. reductive
elimination
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I. Background (focus on C–C bond formation)
b.  Nobel prize (2010)

“This year’s Nobel Prize in Chemistry concerns the development of methods for 
palladium catalyzed formation of carbon-carbon bonds via so-called cross-coupling 
reactions. The formation of new carbon-carbon bonds is of central importance in organic 

chemistry and a prerequisite for all life on earth.”

from Scientific Background on the Nobel Prize in Chemistry (2010) 

Professor Ei-ichi Negishi
Purdue University 

West Lafayette, Indiana, USA
b. 1935 (82)

Richard F. Heck
University of Delaware

Newark, Delaware, USA
b. 1931 d. 2015 (84)

Professor Akira Suzuki
Hokkaido University

Sapporo, Japan
b. 1930 (87)
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I. Background (focus on C–C bond formation)
c. Why do I care?

— sophomore organic chemistry covers general cross-coupling (2006)
i.e. Suzuki coupling 

— my last formal class about catalysis, cross-coupling (2009)

— organize and formulate ideas / themes

what does this mean? categorize and turn into useful tools

-identify common themes, branding (e.g. cross-electrophile)
-reading papers, attending seminars, watching groups…
-consider/perform cross-coupling reactions in the lab
-understand off-cycle products that deviate from the traditional coupling 

mechanisms

inspiration: propose currently impossible transformations! 
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I. Background (focus on C–C bond formation)

lactone example:

what reactions do you know?

can you cleave site a, b or c?

inspiration: propose currently impossible transformations! 

O

O

OH

O

OH

O

O

OH

O

OH

c a

b
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I. Background (focus on C–C bond formation)

lactone example:

can you cleave site a, b or c?

are the resultant products electrophilic?

Inspiration: propose currently impossible transformations! 

OH

O

OH

c. X2, Ag+
X

OH

Hunsdiecker reaction
(Hunsdiecker-Borodin)

Cristol-Firth, Suarez, Kochi

Barton decarboxylation

c

O

O

OH

X

O
N

S

CO2 + O

O

a. Nu
Nu

O

OH

Nu

OH

NuHO

b. HX
OH

O

X

a

b
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I. Background (focus on C–C bond formation)

Inspiration: propose currently impossible transformations! 

a + b ?

b + c ?

O

H2O +

CO2 +

cross-electrophile
(intramolecular)

M

O

M

X X

of course, prefunctionalization
is also an option

a + b b + c

not all functional groups are
compatible with stoichiometric

organometallics

O

Oc a

b

R’-M

a.

b.

c.

OH

traditional
cross-coupling

O

R’

‘unreactive’ bonds
C-O, C-C

R’

O

OH

R’

OH

+ CO2

+ H2O
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Inspiration: propose currently impossible transformations! 

N

S

NaO O

O

OMs

N

S

catalysis
b + c

O

O

MsCl Cl

O

OMs

catalysis
a + b O

I. Background (focus on C–C bond formation)
c. Why do I care?

‘unreactive’ bonds

cross-electrophile coupling (reductive)
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I. Background (focus on C–C bond formation)
c. Why do I care?

‘unreactive’ bonds

alkyl transfer from nitrogen?

three problems

1. The C–N bond is strong.

–F > –H > –OR (ether) > –C (carbon) > –NR2 (amine) >

–Cl > –OTf > –Br > –SR (sulfide) > –I 

2. Amines are coordinating, can poison or slow catalysis.
Both before and after cleavage.

3. Selectivity. (multiple, up to three C–N bonds in substrate)

Pd0Ln

R PdII X
Ln

Ln

X = I, Br, Cl
X = OTf
X = OR1, SR1,
         F, N(R1)2

(1) traditional
(2) pseudo
(3) 'unreactive'

(4) activated?

1. oxidative
additionR-X
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I. Background (focus on C–C bond formation)
c. Why do I care?

compatible electrophiles for oxidative addition?

C--X kJ/mol kcal/mol
C--F 439 104.9
C--H 418 99.9
C--OR 351 83.9
C--C 339 81.0
C--Cl 331 79.1
C--N 289 69.1
C--Br 280 66.9
C--SR 260 62.1
C--I 238 56.9



C–N bond cleavage: an example 
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I. Background (focus on C–C bond formation)

alkyl transfer from nitrogen?

2. Amines are coordinating, can poison or slow catalysis.
Both before and after cleavage.

the most common method of activation is peralkylation (quaternization)

R
N

R

R 1.  MeOTf

R
N

R

Me 2. catalysis

R

OTf

M−R

R
N

Me
R

'pseudohalide'
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I. Background: cross-coupling

a. the standard mechanism(s)

b. Nobel prize (2010)

c. Why do I care?

II. sp3–sp3 (alkyl–alkyl) cross-couplings (attached presentation)

III. Emerging sub-fields:

Choice: nickel vs. palladium

Cross-electrophile coupling

Coupling ‘unreactive’ bonds
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II. Transition metal catalyzed cross-coupling
sp3–sp3 cross-couplings (see attached presentation, 2013)

PdIILn

Pd0Ln

reduction
(e.g. PPh3, NR3, M)

R PdII X
Ln

Ln

X = I, Br, Cl
X = OTf
X = OR1, SR1, F, N(R1)2

(1) traditional
(2) pseudo
(3) 'unreactive'

(4) activated ??? (ON/OFF)

1. oxidative
addition

2. transmetallation

R-X

R'-M M =
tin

boron 
zinc

magnesium
silicon

Stille
Suzuki-Miyaura
Negishi
Kumada
Hiyama

R PdII R'
Ln

Ln

M-X

Ln PdII R'
R

Ln

R-R'

3. cis- to trans-
isomerization

product

4. reductive
elimination
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II. Transition metal catalyzed cross-coupling
sp3–sp3 cross-couplings (see attached presentation, 2013)

50 slides
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II. Transition metal catalyzed cross-coupling
sp3–sp3 cross-couplings (see attached presentation, 2013)

highlights

palladium methods

1. B-alkyl Suzuki (RI and R9BBN – recent advances)
2. Suzuki based sp3-sp3 cross-couplings
3. Negishi and Kumada based sp3-sp3 cross-couplings (Prof. Greg Fu)

nickel methods and mechanisms

1. Negishi and Kumada based sp3-sp3 cross-couplings (Prof. Greg Fu)
2. Demonstrated a unique ligand mechanism for Ni cross couplings
3. Several practical reductive homo/heterocouplings (cross-electrophile)

Cobalt cross couplings are also general (in parallel to Ni) although there
are fewer examples with ligand control.
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Nickel Catalysis for sp3–sp3 Cross Coupling (alkyl–alkyl)

1999_JOC_Knochel_New Efficient Nickel-Catalyzed Cross-Coupling Reaction between Two Csp3

Centers

2001_JOC_Knochel_Nickel-Catalyzed Cross-Coupling between Functionalized Primary or 
Secondary Alkylzinc Halides and Primary Alkyl Halides

2005_ACIEE_Beller_Catalysts for Cross-Coupling Reactions with Non-activated Alkyl Halides

2006_JACS_Vicic_Ligand Redox Effects in the Synthesis, Electronic Structure, and Reactivity of an 
Alkyl–Alkyl Cross-Coupling Catalyst

2011_ChemRev_Sigman_Advances in Transition Metal (Pd,Ni,Fe)-Catalyzed Cross-coupling 
Reactions using Alkyl-organometallics as Reaction Partners

2013_JACS_Hu_Bimetallic Oxidative Addition Involving Radical Intermediates in Nickel-Catalyzed 
Alkyl–Alkyl Kumada Coupling Reactions

2016_JACS_Cook_Manganese-Catalyzed Borylation of Unactivated Alkyl Chlorides

2016_Science_Baran_A general alkyl–alkyl cross-coupling enabled by redox-active esters and 
alkylzinc reagents

2017_Science_Fu_Transition metal–catalyzed alkyl-alkyl bond formation: Another dimension in 
cross-coupling chemistry
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Choice: nickel vs. palladium

Cross-electrophile coupling

Coupling ‘unreactive’ bonds
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III. Emerging subfields within cross-coupling (7+ fields!)

Which of these sub-fields apply to your coupling of interest?

Utility of non-traditional palladium (II, III, IV) cycles 

(Sanford, Ritter, Yu, Doyle, …)

C–H functionalization (CCHF)

Photoredox catalysis (and the merge with transition metals)

(Yoon, Stephenson, Macmillan, Doyle, Molander, Baran, …)

Radicals and electrochemical intermediates intercepted by transition metals

Choice: nickel vs. palladium

Cross-electrophile couplings

(Corey, Montgomery, Semmelhack, Knochel, Hu, Gong, Weix, …)

Functionalization of unreactive bonds (interest in C–N bond cleavage)
(Chatani, Jarvo, Jamison, Doyle, Watson, Garg, Szostak, …)
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Choice: nickel vs. palladium
always consider the overall cost (metal + ligand)

image: Relative abundance of elements in the Earth's upper crust (2003)
U.S. Geological Survey (http://pubs.usgs.gov/fs/2002/fs087-02)
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Choice: nickel vs. palladium

How do you choose between nickel and palladium?

-cost: quoted at 2,000 ✕ cheaper than Pd, 10,000 ✕ cheaper than Pt
(mole-for-mole basis, but…always consider loading and the ligand price!) 

-consider either privileged catalyst for alkene/alkyne coordination, reductive coupling 
conditions (standard cross-couplings vs cyclization, cascade reactions, 
oligomerization)

-consider available/required oxidation states and cycle

-nickel is more electropositive, radicophilic (often stated but what does it mean?)
oxidative-addition is more likely, but reductive elimination is more difficult

-metal to ligand and metal to substrate electron donation
the radical character of Ni is more dynamic (dynamic kinetic resolution)

-beta-hydride elimination is slower: due to higher energy of Ni–C bond rotation 
vs. Pd–C (key for difficult sp3 or alkyl–alkyl cross-couplings)
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Choice: nickel vs. palladium

Articles that discuss nickel vs. palladium and the emergence of nickel.

*1985_JACS_Morokuma_Role of Agostic Interaction in Beta-Elimination of Pd and Ni Complexes

2004_Organometallics_Guo_Comparing Nickel- and Palladium-Catalyzed Heck Reactions

2011_ChemRev_Percec_Nickel-Catalyzed Cross-Couplings Involving Carbon–Oxygen Bonds

2014_Nature_Jamison_Recent advances in homogeneous nickel catalysis

2015_CJC_Liu_Recent advances in mechanistic studies on Ni catalyzed cross-coupling reactions

2015_ACSCat_Ananikov_Nickel: The “Spirited Horse” of Transition Metal Catalysis

2015_ACR_Jamison_Nickel Catalysis: Synergy between Method Development and Total Synthesis

2015_ACR_Shi_Exploration of Earth-Abundant Transition Metals (Fe, Co, and Ni) as Catalysts in 
Unreactive Chemical Bond Activations

2015_ChemRev_Resiman_Enantioselective and Enantiospecific Transition-Metal-Catalyzed Cross-
Coupling Reactions of Organometallic Reagents To Construct C–C Bonds
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Electrophile homocouplings + electrochemical (not discussed)
(Corey, Semmelhack, Kochi, Knochel, Hu, Gong, Weix)

inspiration: homocoupling of alkyl halides

First, you must know the Wurtz Reaction (1855)

Adolphe Wurtz (1855). "Sur une nouvelle classe de radicauxorganiques". Annales de chimie et de physique 44: 275.
Adolphe Wurtz (1855). "Ueber eine neue Klasse organischer Radicale". Annalen der Chemie und Pharmacie 96 (3): 364.

X
R R

R H
R+

2 equiv Na0

2 equiv Na0

(95%)

Br

Cl

R+
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Cross-electrophile couplings
can there be control? proposed (Weix, 2008)

heterocoupling (‘cross-electrophile’) of aryl and alkyl halides
assume identical reactivity and no organometallic intermediates

Everson, D. A.; Jones, B. A.; Weix, D. J. "Replacing Conventional Carbon Nucleophiles with Electrophiles: Nickel-
Catalyzed Reductive Alkylation of Aryl Bromides and Chlorides," J. Am. Chem. Soc. 2012, 134, 6146.

R—X + R’—X à R—R + R—R’ + R’—R’
1 equiv n equiv 1 : 2n : n2

n = 1 50% max. statistical yield, 1:1 product : dimers

n = 2 80% max. statistical yield, 1:1.25 product : dimers

n = 3 86% max. statistical yield, 1:1.67 product : dimers



a new homocoupling method: substrate scope
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Electrophile homocouplings (Weix, 2010)

Goldup, S. M.; Leigh, D. A.; McBurney, R. T.; McGonigal, P. R.; Plant, A. Chem. Sci. 2010, 1, 383.
Prinsell, M. R; Everson, D. A.; Weix, D. J. Chem. Commun. 2010, 46, 5743.

Br
R R

R H
R+

5 mol % NiCl2(H2O)6
5 mol % terpyridine

1.0 equiv Zn
DMF, 4 h, rt

BocHN
NHBoc

Cl
Cl

OTBDMS
TBDMSO

EtO2C
CO2Et

(99%)

(78%)

(99%)

(97%)

(96%)

Ph
Ph

Me

Me

Me

Me

(80%)

(95%)

(99%)
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‘Loaded’ cross-electrophile couplings (Gong, 2011)
inspiration: homo- and hetero-coupling of aryl/alkyl halides

Yu, X.; Yang, T.; Wang, S.; Xu, H.; Gong, H. “Nickel-Catalyzed Reductive Cross-Coupling of Unactivated Alkyl Halides,” 
Org. Lett. 2011,13, 2138.

TsN

Br

1 equiv n-Pr-I
10% Ni(COD)2

8 mol % PyBOX

3 equiv Zn
4 equiv H2O

DMA, 12 h, RT

TsN TsN

H

TsN TsN

NTs
Me

(31%) (13%) trace 'major'

TsN

Br

3 equiv n-Pr-I
10% Ni(COD)2

8 mol % PyBOX

3 equiv Zn
0 equiv H2O

DMA, 12 h, RT

TsN TsN

H

TsN TsN

NTs
Me

(67%) trace trace trace



Gong: substrate scope and mechanism
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Yu, X.; Yang, T.; Wang, S.; Xu, H.; Gong, H. “Nickel-Catalyzed Reductive Cross-Coupling of Unactivated Alkyl Halides,” 
Org. Lett. 2011,13, 2138.

O

Me

N

O

O

(45%)

(65%) n-Bu-I
(57%) n-Bu-Br

O

O Me

Me

Me
MeO

(55%)

OH

H

OH

H(65%)
d.r. 4:1

(60%)
d.r. 6:1

O

Br

O

O O

Br

(3 equiv)

H

H

H

(68%)
d.r. 20:1

H
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Homo- or cross-electrophile couplings
traditional-path: nickel mechanism (simplest explanation)

NiIILn

Ni0Ln

reduction
(e.g. PPh3, NR3, M)

R NiII X
Ln

Ln

1. oxidative
addition

2. transmetallation

R−X

R'−M

R NiII R'
Ln

Ln

M−X

Ln NiII R'
R

Ln

R−R'

3. cis- to trans-
isomerization

product

4. reductive
elimination

Yu, X.; Yang, T.; Wang, S.; Xu, H.; Gong, H. “Nickel-Catalyzed Reductive Cross-Coupling of Unactivated Alkyl Halides,” 
Org. Lett. 2011,13, 2138.



cross-coupling of alkyl halides
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Cross-electrophile couplings

Nickel-catalyzed reductive dimerizations

Goldup, S. M.; Leigh, D. A.; McBurney, R. T.; McGonigal, P. R.; Plant, A. Chem. Sci. 2010, 1, 383.

Prinsell, M. R; Everson, D. A.; Weix, D. J. "Nickel-catalyzed, sodium iodide-promoted reductive 
dimerization of alkyl halides, alkyl pseudohalides, and allylic acetates," Chem. Commun. 2010, 46, 5743.

Yu, X.; Yang, T.; Wang, S.; Xu, H.; Gong, H. “Nickel-Catalyzed Reductive Cross-Coupling of Unactivated
Alkyl Halides,” Org. Lett. 2011, 13, 2138.

Hu, X. “Nickel-catalyzed cross coupling of non-activated alkyl halides: a mechanistic perspective,” Chem. 
Sci. 2011, 2, 1867.

Electrochemical methods

Durandetti, M.; Nédélec, J.-Y.; Périchon, J. “Nickel-Catalyzed Direct Electrochemical Cross-Coupling 
between Aryl halides and Activated Alkyl Halides” J. Org. Chem. 1996, 61, 1748.
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Cross-electrophile couplings

can there be control? proposed (Weix, 2008)

Prof. Daniel Weix, Univ. of Rochester (2008 – 2017)

a. heterocoupling of aryl halide + alkyl halide (‘cross-electrophile’)

b. utilize the untapped potential of combining radicals with transition metals

Accomplished:

1. the coupling of an organic radical with an organometalic intermediate
(concept: cross-electrophile coupling, understanding reactivity)

2. the generation of allyl nickel intermediates from enones that proceed
to react with electrophiles (paraphrased from Stahl, 2017)
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Cross-electrophile couplings

can there be control? proposed (Weix, 2008)

heterocoupling (‘cross-electrophile’) of aryl and alkyl halides
assume identical reactivity and no organometallic intermediates

Everson, D. A.; Jones, B. A.; Weix, D. J. "Replacing Conventional Carbon Nucleophiles with Electrophiles: Nickel-
Catalyzed Reductive Alkylation of Aryl Bromides and Chlorides," J. Am. Chem. Soc. 2012, 134, 6146.

R—X + R’—X à R—R + R—R’ + R’—R’
1 equiv n equiv 1 : 2n : n2

n = 1 50% max. statistical yield, 1:1 product : dimers

n = 2 80% max. statistical yield, 1:1.25 product : dimers

n = 3 86% max. statistical yield, 1:1.67 product : dimers



aryl iodide + alkyl halide (rate / reactivity control)
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Cross-electrophile couplings
can there be control? proposed (Weix, 2008)

Me
Me

minimize
homodimers!

Everson, D. A.; Shrestha, R.; Weix, D. J. "Nickel-Catalyzed Reductive Cross-Coupling of Aryl Halides with Alkyl 
Halides," J. Am. Chem. Soc. 2010, 132, 920. 

5 mol % NiX2
5 mol % terpyridine

1.0 equiv Zn
DMF

X

(1 equiv)

X
Me

(1 equiv) (1 equiv)

Me

I

(1 equiv)
must be iodide

X
R

(1.1 equiv)
X = I or Br

1º or 2º

10.7 mol % NiI2 (hydrate)
5 mol % dtbbpy

+10 mol % pyridine
+5 mol % o-(Ph2P)2C6H4

2.0 equiv Mn0

DMPU, 18 h, 60 to 80 ºC

(17 examples, 73% average)

R



optimization
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Cross-electrophile couplings

Everson, D. A.; Shrestha, R.; Weix, D. J. "Nickel-Catalyzed Reductive Cross-Coupling of Aryl Halides with Alkyl 
Halides," J. Am. Chem. Soc. 2010, 132, 920. 

deviation
88% no change
81% 5 mol % dtbbp (no phosphine)
83% 10 mol % dtbbp (no phosphine)
19% 10 mol % phosphine (no dtbbp)

6% no ligands
67% no pyridine
1% no Mn0

77% aryl bromide
65% aryl bromide + alkyl bromide

N

N P

P

Ph

Ph

Ph

Ph

I

(1 equiv)
must be iodide

I
R

(1.0 equiv)
X = I

10.7 mol % NiI2 (hydrate)
5 mol % dtbbpy

+10 mol % pyridine
+5 mol % o-(Ph2P)2C6H4

2.0 equiv Mn0

DMPU, 18 h, 60 to 80 ºC (88%)

R



substrate scope
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MeN
Ac

Me

Me
Me(38%)

Me

Me

(88%)

(77%)

B Me
O

O

Me

Me

Me
Me

(82%)

NC Me

(55%)



common conditions (this report and the literature)
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Everson, D. A.; Shrestha, R.; Weix, D. J. "Nickel-Catalyzed Reductive Cross-Coupling of Aryl Halides with Alkyl 
Halides," J. Am. Chem. Soc. 2010, 132, 920. 

P

P

Ph

Ph

Ph

Ph

not essential
(+5%)

N

useful
additive
(+21%)

N N
Me Me

O

DMPU (bp 247 ºC)
(best yields)

Mn0 vs Zn0

(check or try)

fresh Zn0

(superior to old)

glovebox
(not necessary)

literature (related)
DMF, DMA,

THF, dioxane

NiX2
NiI2 (hydrate)

literature (related)
NiBr2 (glyme)

N

N

N

4,4’,4”-tri-tert-butyl-2,2’:6’,2”-terpyridine (ttbtpy)
4,4’-di-tert-butyl-2,2’-bipyridine (dtbpy)

N

N

OMe

OMe

4,4’-di-methoxy-2,2’-bipyridine (dmbpy)

N

N

1,10-phenanthroline
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update, full-paper (2012): aryl and vinyl halides! lower metal / ligand loadings
sodium iodide (NaI) improves yield and enables general use of alkyl bromides
chloroarenes react, but slowly…require higher temp and superior with EWGs

Me

O

CO2Et

CO2Et

(16%)

(75%)

(90%)

NC

CO2Et

from chloroarenes

80 ºC, 1.25 equiv alkyl halide

from aryl / vinyl bromides
21 examples!

add NaI, 60 ºC
lowered loadings
improved ligand

CO2Et

(76%)

CO2Et

(78%)

Me

(66%)Me

Me

N

N

OMe

OMe
N

N

1,10-phenanthroline

(56%) (56%) Me (66%)

CO2Bn

Me

(53%)

Me

CO2Et Me

(58%) 71 : 29 (Z : E)

CO2Et

Me



complementarity: most impressive!
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complementarity, orthogonal reactivity to other functional groups

Everson, D. A.; Jones, B. A.; Weix, D. J. "Replacing Conventional Carbon Nucleophiles with Electrophiles: Nickel-
Catalyzed Reductive Alkylation of Aryl Bromides and Chlorides," J. Am. Chem. Soc. 2012, 134, 6146.

HO

CO2Et

CO2Et

(96%)

(74%)

(76%)

O

CO2Et

TsHN

(64%)

O

CO2Et

Ts

O

Me

(74%)

O

CO2Et

S
F3C

OO

OTBS

O

(76%)

(60%)

HO

(26%)*

N

CO2Et

O

EtO

O

Me

(81%)CO2Et

N

Me
O

(76%)
B

CO2Et

(74%)
Sn

CO2Et

Me

O

O

Me
Me

(67%)
Si

CO2Et

Me

OH
Me

(48%)

B

O

O

Me
Me

Me

Me

Me

Me

Me
Me



what is the mechanism?
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Cross-electrophile couplings
traditional nickel mechanism

NiIILn

Ni0Ln

reduction
(e.g. PPh3, NR3, M)

R NiII X
Ln

Ln

1. oxidative
addition

2. transmetallation

R−X

R'−M

R NiII R'
Ln

Ln

M−X

Ln NiII R'
R

Ln

R−R'

3. cis- to trans-
isomerization

product

4. reductive
elimination



two oxidative additions? distinguish substrates?

40

Cross-electrophile couplings
proposed mechanisms

questions?

control?

order?

Biswas, S.; Weix, D. J. "Mechanism and Selectivity in Nickel-Catalyzed Cross- Electrophile Coupling of Aryl Halides with 
Alkyl Halides," J. Am. Chem. Soc. 2013, 135, 16192.

NiIILn

Ni0Ln

reduction
(e.g. PPh3, NR3, M)

R NiII X
Ln

Ln

1a. oxidative
addition

2. oxidative
addition2

R−X

R'−X

R NiIII R'
X

Ln

R−R'

3. cis- to trans-
isomerization

product

4. reductive
elimination

R NiI

Ln

Ln

1b.  reduction

Ln

X NiIII R'
R

Ln
Ln

X NiI

Ln

Ln

?

?

?



mechanism and questions
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early experiments

Biswas, S.; Weix, D. J. "Mechanism and Selectivity in Nickel-Catalyzed Cross- Electrophile Coupling of Aryl Halides with 
Alkyl Halides," J. Am. Chem. Soc. 2013, 135, 16192.

PdII

Br

P(t-Bu)3

MeO

1 equiv Ni(cod)2
2 equiv bathophenanthroline

1 equiv iodopentane
MeO Me

I Me

(4%)

N

Ph

Ph

N

bathophenanthroline

I
10 mol % catalyst

10 mol % dppf

1.07 equiv Zn0
I

Me

Me Me

Me

Me Me

(10%) with 5 mol % each, Pd(dba)2 / Ni(cod)2

(—%) with 10 mol % Pd(dba)2

(15%) with 10 mol % Ni(cod)2



mechanism and questions
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early experiments

Biswas, S.; Weix, D. J. "Mechanism and Selectivity in Nickel-Catalyzed Cross- Electrophile Coupling of Aryl Halides with 
Alkyl Halides," J. Am. Chem. Soc. 2013, 135, 16192.

1 equiv PhI
10 mol % Ni(cod)2

10 mol % dtbpy

10 mol % py 
1 equiv Mn0

DMF, 60 ºC, 4h (10%) racemic

SM remains 98% ee

Me
CO2Et

Br

Me
CO2Et

H

NiII

I

Ln 10 equiv iodooctane

DMF-d7, 60 ºC, 4h

no added reductant?

MeO

I

(99%) and 99% cross

i-Pr Me

Me

isolated



mechanism and questions
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organozinc(manganese) intermediates are unlikely

Biswas, S.; Weix, D. J. "Mechanism and Selectivity in Nickel-Catalyzed Cross- Electrophile Coupling of Aryl Halides with 
Alkyl Halides," J. Am. Chem. Soc. 2013, 135, 16192.

Br

Br

BrMe

BrMe

Zn0

DMPU, 60 ºC

Zn0, cat. TMSCl 

DMPU, 60 ºC
cat. 1,2-dibromoethane

Zn0

DMPU, 60 ºC

Zn0, cat. TMSCl 

DMPU, 60 ºC
cat. 1,2-dibromoethane

ZnBr

ZnBr

ZnBrMe

ZnBrMe

(0%)

(7%)

(10%)

(14%)

*GC yield based on unreacted SM after 24 hours
Zn0 or Mn0 can be replaced with an organic reducing agent (TDAE)



Cross-electrophile mechanisms
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R = Ar (from ArI)

R’ = alkyl (from EtI)

Biswas, S.; Weix, D. J. "Mechanism and Selectivity in Nickel-Catalyzed Cross- Electrophile Coupling of Aryl Halides with 
Alkyl Halides," J. Am. Chem. Soc. 2013, 135, 16192.

NiIILn

Ni0Ln

reduction
(e.g. PPh3, NR3, M)

Ln NiII X
Ar

Ln

1a. oxidative
addition

2. alkyl radical
addition2

Ar−X

R'

Ln NiIII X
Ar

Ln

R−R'

product

4. reductive
elimination

Ln NiI

Ar

Ln

1b.  reduction

R'

×

Ln NiI

X

Ln

Ln NiII X
X

Ln

reduction
(Zn to ZnX2)

R'−X

R'



proposed mechanisms (as presented)
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Biswas, S.; Weix, D. J. "Mechanism and Selectivity in Nickel-Catalyzed Cross- Electrophile Coupling of Aryl Halides with 
Alkyl Halides," J. Am. Chem. Soc. 2013, 135, 16192.

a. the oxidative addition of aryl iodide is favored
(Hammett study: use an electron rich ligand with electron poor aryl halide)

b. alkyl radicals are more stable than aryl
how is the alkyl radical formed?



proposed mechanisms (to be continued)
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Biswas, S.; Weix, D. J. "Mechanism and Selectivity in Nickel-Catalyzed Cross- Electrophile Coupling of Aryl Halides with 
Alkyl Halides," J. Am. Chem. Soc. 2013, 135, 16192.



literature: cross-electrophile coupling and mechanism
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Cross-electrophile couplings

Cross-Electrophile Couplings and Mechanisms

Everson, D. A.; Shrestha, R.; Weix, D. J. "Nickel-Catalyzed Reductive Cross-Coupling of Aryl Halides with Alkyl 
Halides," J. Am. Chem. Soc. 2010, 132, 920. 

Everson, D. A.; Jones, B. A.; Weix, D. J. "Replacing Conventional Carbon Nucleophiles with Electrophiles: 
Nickel-Catalyzed Reductive Alkylation of Aryl Bromides and Chlorides," J. Am. Chem. Soc. 2012, 134, 6146.

Biswas, S.; Weix, D. J. "Mechanism and Selectivity in Nickel-Catalyzed Cross- Electrophile Coupling of Aryl 
Halides with Alkyl Halides," J. Am. Chem. Soc. 2013, 135, 16192.

Everson, D. A.; Weix, D. J. "Cross-Electrophile Coupling: Principles of Reactivity and Selectivity," J. Org. Chem. 
2014, 79, 4793.



recent examples: organic reductants, aryl + benzyl
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10 mol % NiI2(H2O)
10 mol % dtbpy

25 mol % NaI
1.2 equiv TDAE

CH3CN, 24 h, 80 ºC

R'

1. Anka-Lufford, L. L et al. J. Chem.–Eur. J. 2016, 22, 11564-11567.

 "Nickel-Catalyzed Cross-Electrophile Coupling with Organic Reductants in Non-Amide Solvents"

(58-90%, 14 examples)

2. Ackerman, L. K. G. et al. Chem. Sci. 2015, 6, 1115-1119.

"Cobalt co-catalysis for cross-electrophile coupling: diarylmethanes from benzyl mesylates and aryl halides"

R'Br 1.2 equiv

I

1. i-Pr2NEt, 2 equiv Zn
1 mol % Co(Pc)

5 mol % dtbpy, DMA, 1 h

2. 7 mol % NiBr2(H2O)3
24 h, rt

Ar

(53-88%, 17 examples)

ArMsO 1.2 equiv

I



alternative reductants (TDAE, Co(Pc))
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samarium iodide reductions
https://www.princeton.edu/chemistry/macmillan/group-meetings/AC_SamariumIodide.pdf
organic electron donors (reductants)
https://www.scripps.edu/baran/images/grpmtgpdf/Lo_01_2015.pdf

reductant potential

Co0 – 0.28 V (2+ to 0)

Zn0 – 0.76 V (2+ to 0)
TDAE – 0.78 V
Co(Pc) – 0.89 V (2+ to 1+) (1976_CanJChem_Wilshire)
Mn0 – 1.18 V (2+ to 0)

"SmII" – 1.6 to – 3.4 V (3+ to 2+) (2014_JOC_Proctor)
Mg0 – 2.37 V (2+ to 0)
Na0 – 2.71 V (2+ to 0)

N

N

N

N

N

N

N

N

Co(Pc) = cobalt (II) phthalocyanine

CoII
N

N

N

N

TDAE

N

N

N

N

e-

https://www.princeton.edu/chemistry/macmillan/group-meetings/AC_SamariumIodide.pdf
https://www.scripps.edu/baran/images/grpmtgpdf/Lo_01_2015.pdf


aryl + alkyl radicals from decarboxylation
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Cross-electrophile couplings (Weix, 2016)
use alkyl esters instead of alkyl halides

7 mol % NiBr2
5 mol % dtbbpy

2.0 equiv Zn
DMA, 5-12 h, rt

alkyl

1. Huihui, K. M. M. et al. J. Am. Chem. Soc. 2016, 138, 5016–5019.

"Decarboxylative Cross-Electrophile Coupling of N-Hydroxyphthalimide Esters with Aryl IodidesDecarboxylative 
Cross-Electrophile Coupling of N-Hydroxyphthalimide Esters with Aryl Iodides"

(41-97%, 14 examples)

alkylO

1.0-1.5 equiv

I

O

N

O

O



literature: cross-electrophile coupling and mechanism
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Cross-electrophile couplings

Articles on cross-electrophile couplings and nickel catalysis under reductive conditions

2004_ACIEE_Montgomery_Nickel-Catalyzed Reductive Cyclizations and Couplings

2010_JACS_Weix_Nickel-Catalyzed Reductive Cross-Coupling of Aryl Halides with Alkyl Halides

2011_JACS_Flowers_Catalytic Ni(II) in Reactions of SmI2: Sm(II)- or Ni(0)-Based Chemistry?

2012_JACS_Weix_Replacing Conventional Carbon Nucleophiles with Electrophiles: Nickel-

Catalyzed Reductive Alkylation of Aryl Bromides and Aryl Chlorides

Xu, H.; Zhao, C.; Qian, Q.; Deng, W.; Gong, H. “Nickel-catalyzed cross-coupling of unactivated

alkyl halides using bis(pinacolato)diboron as reductant” Chem. Sci. 2013, 4, 4022

(for another seminar!, check out the research of Prof. Gong)

2015_ACR_Weix_Methods and Mechanisms for Cross-Electrophile Coupling of Csp2 Halides with 

Alkyl Electrophiles

2015_OCF_Gong_Nickel-catalyzed reductive coupling of alkyl halides with other electrophiles: concept 
and mechanistic considerations

2016_JACS_Diao_Bimetallic C–C Bond-Forming Reductive Elimination from Nickel

2016_TCC_Gong_Nickel-Catalyzed Reductive Couplings



summary
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as more methods become available:

read and consider how you categorize reactivity / mechanism
think about sub-fields, what interests you?

it is not unrealistic to think that other (more difficult) cross-electrophile 
reactions can be developed and may ultimately lead to the replacement of 
preformed organometallic intermediates

consider ’unreactive’ (strong bonds) and orthogonality to tradition coupling
control of two alkyl halides? asymmetry? how? (similar rates…)

R—X + R’—X à R—R + R—R’ + R’—R’
1 equiv n equiv 1 : 2n : n2

n = 1 50% max. statistical yield, 1:1 product : dimers

n = 2 80% max. statistical yield, 1:1.25 product : dimers

n = 3 86% max. statistical yield, 1:1.67 product : dimers



Beyond Traditional Cross-Coupling Chemistry
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photoredox + C–N bond (amide) + alkyl borates (Molander, 2017)



Beyond Traditional Cross-Coupling Chemistry
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C–N bond (amide) + aryl halide (cross-E+) + reduction (Han, 2017)



Beyond Traditional Cross-Coupling Chemistry
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C–N (aziridine) + aryl halide (cross-E+) + reduction (Sigman & Doyle, 2017)
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NiIILn

Ni0Ln

reduction
(e.g. PPh3, NR3, M)

R NiII X
Ln

Ln

1a. oxidative
addition

2. oxidative
addition2

R−X

R'−X

R NiIII R'
X

Ln

R−R'

3. cis- to trans-
isomerization

product

4. reductive
elimination

R NiI

Ln

Ln

1b.  reduction

Ln

X NiIII R'
R

Ln
Ln

X NiI

Ln

Ln

?

?

?
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NiIILn

Ni0Ln

reduction
(e.g. PPh3, NR3, M)

Ln NiII X
Ar

Ln

1a. oxidative
addition

2. alkyl radical
addition2

Ar−X

R'

Ln NiIII X
Ar

Ln

R−R'

product

4. reductive
elimination

Ln NiI

Ar

Ln

1b.  reduction

R'

×

Ln NiI

X

Ln

Ln NiII X
X

Ln

reduction
(Zn to ZnX2)

R'−X

R'


