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Iron-Catalyzed Cross-Coupling: First Examples

MgBr

+

Br

First report by Karasch and Fields 
in 1941

8 eq.

5 mol% FeCl3

47 % yield

Et2O

Reported alongside similar results 
for many first-row metal salts

M. S. Kharasch and E. K. Fields Journal of the American Chemical Society 1941 63 (9), 2316-2320
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Reported alongside similar results 
for many first-row metal salts

M(Xn)
2 eq. MgBrAr

(Xn-2)M

Ar

Ar

Ar2

M(Xn-2)

Reasoned that reduction by 
nucleophile must generate active 
species

M(Xn)

Br

No Reaction

On-cycle



Iron-Catalyzed Cross-Coupling: Alkenyl Halides

MgBr

+

Br

First report by Karasch in 1941

8 eq.

5 mol% FeCl3

Followed by Kochi in 1971

Reported alongside similar results 
for many first-row metal salts

47 % yield

Me
Br

Et2O

5 mol% FeCl3
MeMgBr

THF

Me
Me

Me

5 mol% FeCl3
MeMgBr

THF Me

Br Me

Trans >15x faster than cis

M. S. Kharasch and E. K. Fields Journal of the American Chemical Society 1941 63 (9), 2316-2320

Masuhiko Tamura and Jay K. Kochi Journal of the American Chemical Society 1971 93 (6), 1487-1489



Iron-Catalyzed Cross-Coupling: Alkenyl Halides

Followed by Kochi in 1971

Me
Br

5 mol% FeCl3
MeMgBr

THF

Me
Me

Me

5 mol% FeCl3
MeMgBr

THF Me

Br Me

Trans >15x faster than cis

Observed poor conversion when alkyl 
electrophile and ethyl nucleophile used

Me Br

5 mol% FeCl3
EtMgBr

THF
+ Me

Me

Masuhiko Tamura and Jay K. Kochi Journal of the American Chemical Society 1971 93 (6), 1487-1489

+ Me
Me

0.1 % yield



Iron-Catalyzed Cross-Coupling: Use of NMP

Followed by Kochi in 1971

Me
Br

5 mol% FeCl3
MeMgBr

THF

Me
Me

Me

5 mol% FeCl3
MeMgBr

THF Me

Br Me

Trans >15x faster than cis

Masuhiko Tamura and Jay K. Kochi Journal of the American Chemical Society 1971 93 (6), 1487-1489

In 1998, Cahiez reports utility of NMP as a cosolvent — first “ligand” innovation in 
[Fe]-Kumada coupling

Hex

Cl

+ BuMgCl

1 mol% Fe(acac)3

THF-NMP (9 eq.)
-5 oC to 0 oC, 15 m

Hex

Bu

80% yield

Suppresses side reactions

Gérard Cahiez and Hovsep Avedissian Synthesis 1998 1998(8): 1199-1205

Generalizing Kochi’s coupling



First report of aryl cross-coupling by Fürstner in 2002

+ HexMgBr

5 mol% Fe(acac)3

THF-NMP (9 eq.)
0 oC to rt, 5 m

Iron-Catalyzed Cross-Coupling: Aryl Electrophile

X

O

OMe

Hex

O

OMe
High yields for X = Cl, OTs, OTf
Lower yields and reduction for X = Br, I

Alois Fürstner and Andreas Leitner Angew. Chem. Int. Ed. 2002, 41, 4, 609-612
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Iron-Catalyzed Cross-Coupling: Aryl Electrophile

X

O

OMe

Hex

O

OMe
High yields for X = Cl, OTs, OTf
Lower yields and reduction for X = Br, I

Alois Fürstner and Andreas Leitner Angew. Chem. Int. Ed. 2002, 41, 4, 609-612

An Fe2- species is proposed as the on-cycle nucleophile



First report of aryl cross-coupling by Fürstner in 2002

+ EtMgBr

5 mol% Fe(acac)3

THF-NMP (9 eq.)
0 oC to rt, 5 m

Iron-Catalyzed Cross-Coupling: Aryl Electrophile

Cl

O

OMe

Et

O

OMe

Alois Fürstner and Andreas Leitner Angew. Chem. Int. Ed. 2002, 41, 4, 609-612

Poor yields with nucleophiles not containing beta-hydrogens suggests beta-
hydrogen elimination is key in catalyst reduction

>95% yield

+ C2H3MgBr

5 mol% Fe(acac)3

THF-NMP (9 eq.)
0 oC to rt, 5 m

Cl

O

OMe

C2H3

O

OMe

+ PhMgBr

5 mol% Fe(acac)3

THF-NMP (9 eq.)
0 oC to rt, 5 m

Cl

O

OMe

Ph

O

OMe



Nakamura, Fürstner employed now-popular TMEDA ligand in “umpolung” catalysis — 
continues to be popular in Kumada couplings

Iron-Catalyzed Cross-Coupling: Alkyl Halides

Masaharu Nakamura, Keiko Matsuo, Shingo Ito, and Eiichi Nakamura Journal of the American Chemical Society 2004 126 (12), 3686-3687

X +

MgBr
5 mol% FeCl3

1.2 eq. TMEDA

THF, 0 oC, 30 m

Ph X = Cl, Br, I

+

MgBr 5 mol% [Li(TMEDA)2•Fe(C2H4)4]

THF, -20 oC, <10 m
I

Ph

O

Ph
Ph

O

Rúben Martin and Alois Fürstner Angew. Chem. Int. Ed. 2004, 43, 3955—3957

91% yield

Fürstner continues to invoke highly-reduced intermediates — but comparable to Fe(III) 
precatalysts



Masaharu Nakamura, Keiko Matsuo, Shingo Ito, and Eiichi Nakamura Journal of the American Chemical Society 2004 126 (12), 3686-3687

Radical-based mechanism is proposed by Fürstner and Nakamura

Iron-Catalyzed Cross-Coupling: Deconvoluting [O]-States

Masaharu Nakamura, Keiko Matsuo, Shingo Ito, and Eiichi Nakamura Journal of the American Chemical Society 2004 126 (12), 3686-3687

Rúben Martin and Alois Fürstner Angew. Chem. Int. Ed. 2004, 43, 3955—3957

+

MgBr 5 mol% [Li(TMEDA)2•Fe(C2H4)4]

THF, -20 oC, <10 m

HexMe

Br

HexMe

O O

I

Me

Me
+

MgBr 5 mol% [Li(TMEDA)2•Fe(C2H4)4]

THF, -20 oC, <10 m

O O

Me

94% yield, racemic

77% yield



C(sp2)—X activation may require low-valent species (Fen, n<2)

Iron-Catalyzed Cross-Coupling: Deconvoluting [O]-States

Low-valent [Fe] reacts quickly with C(sp3)—X, forming on-cycle Fe(II) species

FeCl2
2 eq. MgBrAr

Fe

Ar

Ar

Ar2

[Fe0]
Ar-Br

Fe

Ar

Br

Reactivity toward C(sp2)—X more likely from low-valent iron species, C(sp3)—X 

activation possible from Fe(II)

P

P

Fe
Alk-X

Off-cycle

P

P

Fe

X

X

Readily engages in 
catalysis



Iron-Catalyzed Cross-Coupling: Mechanisms of C(sp2)—

C(sp3) Kumada Coupling

2

For Ar—X electrophile: 

ate-complex activation

For Alk—X electrophile: radical chain

Alois Fürstner and Andreas Leitner Angew. Chem. Int. Ed. 2002, 41, 4, 609-612

Nikki J. Bakas, Jeffrey D. Sears, William W. Brennessel, and Michael L. Neidig Angew. Chem. Int. Ed. 2022, 61, e202114986



Iron-Catalyzed Cross-Coupling: Expanding Beyond C(sp2)—

C(sp3) Kumada Coupling

C(sp3)—C(sp3) Kumada cross-coupling

Cross-electrophile coupling

Milder nucleophiles: Negishi and Suzuki

K. G. Dongol, H. Koh, M. Sau, C. L. L. Chai Adv. Synth. Catal.  2007,  349:  1015-1018

Waldemar Maximilian Czaplik, Matthias Mayer, Axel Jacobi von Wangelin Angew. Chem. Int. Ed. 2009, 48, 607 –610

Me

Br

+

Br

1.2 eq. TMEDA
1.2 eq. Mg

5 mol% FeCl3

THF, 0 oC, 3 h

Me

O
MgBr

+
Br

3 mol% Fe(OAc)2

6 mol% xantphos

Et2O, rt

O

O

51% yield, 95:5 cyclized:linear

75% yield

B(Neo)

F

+
N

Br

Boc 10 mol% (FI)Fe(py)(Ns)

1.5 eq. KOEt, PhF
80 oC, 24 h

N

F

Boc

90% yield

Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448
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Iron-Catalyzed Cross-Coupling: C(sp3)—C(sp3) Kumada 

Coupling

C(sp3)—C(sp3) Kumada cross-coupling by Chai

K. G. Dongol, H. Koh, M. Sau, C. L. L. Chai Adv. Synth. Catal.  2007,  349:  1015-1018

Wide bite-angle, rigid, xantphos gave highest yield and suppressed side-product formation



K. G. Dongol, H. Koh, M. Sau, C. L. L. Chai Adv. Synth. Catal.  2007,  349:  1015-1018

Iron-Catalyzed Cross-Coupling: C(sp3)—C(sp3) Kumada 

Coupling

Radical clocks give evidence for cage-escape radicals

K. G. Dongol, H. Koh, M. Sau, C. L. L. Chai Adv. Synth. Catal.  2007,  349:  1015-1018
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Iron-Catalyzed Cross-Coupling: Cross-Electrophile Coupling

Cross-electrophile coupling

Optimized conditions very 

similar to classic C(sp2)—C(sp3) 

Kumada

Waldemar Maximilian Czaplik, Matthias Mayer, Axel Jacobi von Wangelin Angew. Chem. Int. Ed. 2009, 48, 607 –610



Iron-Catalyzed Cross-Coupling: Cross-Electrophile Coupling

Fe-cat gringard formation

Waldemar Maximilian Czaplik, Matthias Mayer, Axel Jacobi von Wangelin Angew. Chem. Int. Ed. 2009, 48, 607 –610

2a/1f are aryl and alkyl electrophiles 2b is alkyl electrophile

Evidence for mixed-gringard species



Iron-Catalyzed Cross-Coupling: Expanding Beyond C(sp2)—
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Iron-Catalyzed Cross-Coupling: Toward Synthetic Utility

Masaharu Nakamura, Shingo Itob, Keiko Matsuob, and Eiichi Nakamura Synlett 2005, 11, 1794-1798

5 mol% FeCl3
1.2 eq. TMEDA

THF, 50 oC, 30 m

Alk—X +
N
Me2

ZnAr2(MgX2)

Me2
N

2.0 eq.

Ar—Alk

For Negishi, conditions similar to Kumada, but less active nucleophile demands heating
— magnesium salt required for cross-coupling to proceed



Iron-Catalyzed Cross-Coupling: Phosphine Precatalysts

Bedford invokes phosphine precatalysts for Negishi coupling — operates on benzyl 
halides — similarly requires residual magnesium salt

Robin B. Bedford, Michael Huwea and Mark C. Wilkinson Chem. Commun., 2009, 600–602



Iron-Catalyzed Cross-Coupling: Phosphine Precatalysts

Proposes cationic intermediate, two possibilities for C—C bond formation

Robin B. Bedford, Michael Huwea and Mark C. Wilkinson Chem. Commun., 2009, 600–602



Iron-Catalyzed Cross-Coupling: Fe-Ferrates

Antonis M. Messinis, Stephen L. J. Luckham, Peter P. Wells, Diego Gianolio, Emma K. Gibson, Harry M. O’Brien, Hazel A. Sparkes, Sean A. Davis, June Callison, 
David Elorriaga, Oscar Hernandez-Fajardo, and Robin B. Bedford Nature Catalysis 2019 2 123–133

Follow-up studies countered earlier claim: no evidence of phosphine binding during 
catalysis on NMR or time-resolved XAFS

Main [Fe] species are bromoferrates

Phosphines are chelated to zinc and assist with TM



Iron-Catalyzed Cross-Coupling: Suzuki—Miyaura

The iron-catalysed Suzuki reaction… …represents something of a ‘holy grail’ 
in coupling chemistry — Bedford, Nakamura

More mild than even Negishi conditions, promises an efficient, modular coupling system for forming 
carbon-carbon bonds

After amide coupling, it is the most common reaction in pharma

B(OR)2

+

BrMe

[M], Base

Me

Robin B. Bedford, Masaharu Nakamura, Nicholas J. Gower, Mairi F. Haddow, Mark A. Hall, Michael Huwe, Tohru Hashimoto, Rukeme A. Okopie Tetrahedron 
Letters 2009 50(45) 6110-6111

Brown, D. G.; Boström, J. J. Med. Chem. 2016, 59, 4443−4458



Iron-Catalyzed Cross-Coupling: Suzuki—Miyaura, the 
Importance of Base

Richard K. Henderson, Alan P. Hill, Anikó M. Redman and Helen F. Sneddon Green Chem., 2015, 17, 945

Lots of factors go into the usability of a base in pharma!



Iron-Catalyzed Cross-Coupling: Suzuki—Miyaura, the 
Importance of Base

Richard K. Henderson, Alan P. Hill, Anikó M. Redman and Helen F. Sneddon Green Chem., 2015, 17, 945

Bases in these categories are less dangerous and broadly FG-compatible



Iron-Catalyzed Cross-Coupling: Suzuki—Miyaura, the 
Importance of Base

Richard K. Henderson, Alan P. Hill, Anikó M. Redman and Helen F. Sneddon Green Chem., 2015, 17, 945

These bases are very difficult to scale and are dangerous, not FG-
compatible, or both



Iron-Catalyzed Cross-Coupling: Suzuki—Miyaura, the 
Importance of Base

A benchmark for Suzuki reaction development is by base-compatbility



Iron-Catalyzed Cross-Coupling: Suzuki—Miyaura, two 
Subfields

Aryl electrophiles

Alkyl electrophiles

B(Neo)

F

+
N

Br

Boc 10 mol% (FI)Fe(py)(Ns)

1.5 eq. KOEt, PhF
80 oC, 24 h

N

F

Boc

90% yield

Cl

(Pin)B

OMe

tBu

Li

10 mol% FeBr3

10 mol% IMes•HCl
20 mol% MgBr2

10 mol% MeMgBr

2-MeTHF/1,4-dioxane (1:1)
100 oC, 2 h

OMe

+
61% yield

Benjamin J. S. Rowsell, Harry M. O’Brien, Gayathri Athavan, Patrick R. Daley-Dee, Johannes Krieger, Emma Richards, Karl Heaton, Ian J. S. Fairlamb and Robin 
B. Bedford Nature Catalysis 2024 7 1186–1198

Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448
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Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448

Benjamin J. S. Rowsell, Harry M. O’Brien, Gayathri Athavan, Patrick R. Daley-Dee, Johannes Krieger, Emma Richards, Karl Heaton, Ian J. S. Fairlamb and Robin 
B. Bedford Nature Catalysis 2024 7 1186–1198



Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC

Guo, Y.; Young, D. J.; Hor, T. S. A. Tetrahedron Lett. 2008, 49, 5620.

First report of [Fe] SMC is at elevated pressures



Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC
Subsequent reports at ambient pressures demonstrate reproductibility 
issues…



Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC
Bedford and Nakamura prove that PPB Pd can catalyze the reaction in high-
yields

Robin B. Bedford, Masaharu Nakamura, Nicholas J. Gower, Mairi F. Haddow, Mark A. Hall, Michael Huwe, Tohru Hashimoto, Rukeme A. Okopie Tetrahedron 
Letters 2009 50(45) 6110-6111



Harry M. O’Brien, Mattia Manzotti, Roman D. Abrams, David Elorriaga, Hazel A. Sparkes, Sean A. Davis and Robin B. Bedford Nature Catalysis 2018 1 429–
437

Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC
Early example of [Fe]-cat. SMC with aryl electrophile—requires tBuLi base



Harry M. O’Brien, Mattia Manzotti, Roman D. Abrams, David Elorriaga, Hazel A. Sparkes, Sean A. Davis and Robin B. Bedford Nature Catalysis 2018 1 429–
437

Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC
Early example of [Fe]-cat. SMC with aryl electrophile, highly limited scope

*IMes(HCl) is ligand precursor



Harry M. O’Brien, Mattia Manzotti, Roman D. Abrams, David Elorriaga, Hazel A. Sparkes, Sean A. Davis and Robin B. Bedford Nature Catalysis 2018 1 429–
437

Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC
Early example of [Fe]-cat. SMC with aryl electrophile, ferrate proposed to be 
on-cylce

*IMes(HCl) is ligand precursor



Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC
Requires tBuLi, but first report with simple aryl chlorides

Benjamin J. S. Rowsell, Harry M. O’Brien, Gayathri Athavan, Patrick R. Daley-Dee, Johannes Krieger, Emma Richards, Karl Heaton, Ian J. S. Fairlamb and Robin 
B. Bedford Nature Catalysis 2024 7 1186–1198



Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC

DFT studies indicate an Fe(I)/(III) pathway with transmetalation preceding 
O.A.

Benjamin J. S. Rowsell, Harry M. O’Brien, Gayathri Athavan, Patrick R. Daley-Dee, Johannes Krieger, Emma Richards, Karl Heaton, Ian J. S. Fairlamb and Robin 
B. Bedford Nature Catalysis 2024 7 1186–1198



Iron-Catalyzed Cross-Coupling: Suzuki—Miyaura, two 
Subfields
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Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC



Takuji Hatakeyama, Toru Hashimoto, Yoshiyuki Kondo, Yuichi Fujiwara, Hirofumi Seike, Hikaru Takaya, Yoshinori Tamada, Teruo Ono, and Masaharu Nakamura
Journal of the American Chemical Society 2010 132 (31), 10674-10676

Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Nakamura is credited with the first iron-catalyzed C(sp2)—C(sp3) SMC



Takuji Hatakeyama, Toru Hashimoto, Yoshiyuki Kondo, Yuichi Fujiwara, Hirofumi Seike, Hikaru Takaya, Yoshinori Tamada, Teruo Ono, and Masaharu Nakamura
Journal of the American Chemical Society 2010 132 (31), 10674-10676

Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Fairly diverse functional-group tolerance given conditions



Takuji Hatakeyama, Toru Hashimoto, Yoshiyuki Kondo, Yuichi Fujiwara, Hirofumi Seike, Hikaru Takaya, Yoshinori Tamada, Teruo Ono, and Masaharu Nakamura
Journal of the American Chemical Society 2010 132 (31), 10674-10676

Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Proposed mechanism is similar to other alkyl-electrophile systems, but with 
no cage escape



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Next major advance is with amide base, Byers also uses L,X ligand

Michael P. Crockett, Chet C. Tyrol, Alexander S. Wong, Bo Li, and Jeffery A. Byers Organic Letters 2018 20 (17), 5233-5237
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Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC
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Proposed mechanism is similar to Nakamura’s
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Michael P. Crockett, Chet C. Tyrol, Alexander S. Wong, Bo Li, and Jeffery A. Byers Organic Letters 2018 20 (17), 5233-5237

Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Byer’s group also developed an extremely rare example of an air-stable [Fe] 
cross-coupling precatalyst

Alexander S. Wong, Bufan Zhang, Bo Li, Michael L. Neidig, and Jeffery A. Byers Organic Process Research & Development 2021 25 (11), 2461-2472



Donghuang Chen, Clément Lepori, Régis Guillot, Richard Gil, Sophie Bezzenine, and Jérôme Hannedouche Angew. Chem. Int. Ed. 2024, 63, e202408419

Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

C(sp3)—C(sp3) reported this year



Donghuang Chen, Clément Lepori, Régis Guillot, Richard Gil, Sophie Bezzenine, and Jérôme Hannedouche Angew. Chem. Int. Ed. 2024, 63, e202408419

Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Mechanistic studies had near-identical findings to Byers

Broad alkyl-alkyl scope



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Paul Peterson first to report with alkoxide base

Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Well-defined precatalyst, helps solidify L,X ligands for C(sp2)—C(sp3) SMC

Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Scope is highly limited to electronically-activated nucleophiles
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