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25 26 27 28
Mn| Fe | Co | Ni
43 44 45 46
Tc | Ru/ Rh | Pd

Stable isotopes: >*Fe, *°Fe, °>’Fe, >8Fe

Oxidation states: -Il, -1, O, +I, +II, +IlI, +IV, +V, +VI

Introduction

Fe

[Ar] 3d® 45?2
Transition metal

—

FeCl,, FeCl,, Fe(acac),

Readily available: 4™ more abundant element in the Earth’s crust

Cheap: 0.081 €/kg

Relatively non-toxic:
Acceptable level in drugs = 1300 ppm Vs <10 ppm for most transition metals

A. Flrstner et al., ACS Cent. Sci. 2016, 2, 778-789
European Medicines Agency, Guideline on the Specification: Limits for Residues of Metal Catalysts or Metal

Reagents, EMEA/CHMP/SWP/4446/2000, London, February 21, 2008.



Introduction

In biology: Transport of oxygen in vertebrates

Oxygen complexation

Hemoglobin

Structure of hemoglobin: https://www.rcsb.org/3d-view/1GZX/1 6




Introduction

In biology: Transport of oxygen in vertebrates

Oxygen complexation

Hemoglobin

But also:

For the transfer of electrons in the cellular
respiration (Fe-S proteins)
For the immune system (lactoferrin)

Structure of hemoglobin: https://www.rcsb.org/3d-view/1GZX/1 7




Introduction

Applications in industrial productions:

Production of ammonia (Haber-Bosch process):

- Main source of ammonia for nitrogen fertilizer

Production of alkanes (Fischer-Tropsch process):

nCO + (2n+1) H,

Fe, Co or Ru cat.

150-300 °C

CnH2n+2 + n Hzo

Production of hydrogen gas (Water-gas shift reaction):

Fe cat.

N2 + 3H2 —_— 2NH3

450-550 °C
250-350 bar

CO + H,0

i) Fe/Cr/Mg cat.
310-450 °C

L.

ii) Cu/Zn/Al cat.
200-250 °C

COZ + H2

A. Furstner et al., ACS Cent. Sci. 2016, 2, 778-789
S. Gangula et al., Org. Process Res. Dev. 2015, 19, 470-475




Introduction

Applications in industrial productions:

Fe cat.
. . N, + 3H, ———— » 2 NH
e Production of ammonia (Haber-Bosch process): 2 2 450-550 °C 3

250-350 bar

- Main source of ammonia for nitrogen fertilizer

* Production of alkanes (Fischer-Tropsch process):

Fe, Co or Ru cat.

nCO + (2n+1) H, > C,Hop+o + N H,O
150-300 °C
i) Fe/Cr/Mg cat.
CO + H,0 S104%0°C | o, + H
* Production of hydrogen gas (Water-gas shift reaction): B Fp > 2 b iz
y gen g ( & ) ii) Cu/Zn/Al cat.
200-250 °C
O MeO ~_—
Cl/\/\)J\N/ + -
. JAR ~__MgClI
/‘\ MeO 3 O
. . . . 33.9 kg
e Current investigations in cross-couplings: MeO ~ o
Fe(acac)s (1.9 mol%) R
MeO/Ha\O X Y N
THF/NMP .
D000 557 kg, 79%
84% HPLC purity
A. Furstner et al., ACS Cent. Sci. 2016, 2, 778-789 9

S. Gangula et al., Org. Process Res. Dev. 2015, 19, 470-475



Introduction

Broad range of applications:

As Lewis acid: Diels-Alder, Friedel-Crafts, ...

In catalytic hydrogenation:

NO,

OTIPS
OTIPS FeBrs (10 mol%)
N AgSbF¢ (20 mol%)
OTIPS Pybox ligand (12%) e
(N o | 5AMS ~
A
O/&o DCM, -70 °C (N 0
Z o)
o)

99%, > 33:1 exol/endo
87% ee

As catalyst in oxidation: C-H functionalization

NH HN
ri, G0
Fe3(CO)12/Ligand OEt
(0.5 mol%) PPh PhR
H, (50 bar)
KOH (20 mol%) NO,
MeOH NH HN

89%, 98% ee

M. Shibasaki et al., Org. Lett. 2004, 6, 4387-4390
M. S. Chen and M. C. White, Science 2007, 318, 783-787 10
J. Gaoetal., J. Am. Chem. Soc. 2014, 136, 4031-4039
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Broad range of applications:

OTIPS FeBrs (10 mol%)
N AgSbF¢ (20 mol%)
. . . . OTIPS Pybox ligand (12%)
As Lewis acid: Diels-Alder, Friedel-Crafts, ... (N o + | AN
O/&o DCM, -70 °C

Fe;(CO)4,/Ligand
(0.5 mol%)
In catalytic hydrogenation: mo
H, (50 bar)

KOH (20 mol%)
MeOH

89%, 98% ee

M. Shibasaki et al., Org. Lett. 2004, 6, 4387-4390
M. S. Chen and M. C. White, Science 2007, 318, 783-787
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Q\

99%, > 33:1 exol/endo
87% ee

As catalyst in oxidation: C-H functionalization



Introduction

Broad range of applications:

OTIPS

OTIPS FeBrs (10 mol%)
N AgSbFg (20 mol%)

. . . . OTIPS Pybox ligand (12%) e

As Lewis acid: Diels-Alder, Friedel-Crafts, ... (N o + | 5 AMS A

O/&o DCM, -70 °C (N ©

= 0
0

99%, > 33:1 exol/endo
87% ee

As catalyst in oxidation: C-H functionalization

_ ! NH HN
s v, CC 0
OEt Fe3(CO)12/ngand OEt

(0.5 mol%) PPh PhR

In catalytic hydrogenation:
H, (50 bar)
NO, KOH (20 mol%) NO,
MeOH 89%, 98% ee NEH N

M. Shibasaki et al., Org. Lett. 2004, 6, 4387-4390
M. S. Chen and M. C. White, Science 2007, 318, 783-787 12
J. Gaoetal., J. Am. Chem. Soc. 2014, 136, 4031-4039




Preliminary work

Initial report by Kharash, 1941

* Exploring the effect of metallic halides (Fe, Co, Ni, ...) on the reaction of ArMgBr and RX

MgBr Br  FeCl (5 mol%) O
©/ ©/ Et,0, reflux O

47%

Development of Fe-catalyzed Kumada-Corriu cross coupling (Kochi, 1971)

* Applicable to alkenyl bromide and Grignard reagents

FeCl; (0.6 mol%
CH3MgBr + A", 3 o), S e,
(excess) THF, 25 c 89%
45 min

e Alkyl bromides converted in corresponding alkenes

FeCl, (0.08 mol%) H H
EtMgBr + EtBr 3 ( 0) Y= + EtH + Et—Et

THF, 25 °C d W (<0.1%)

I:> Further developed only 27 years later by Cahiez

M. S. Kharash, E. K. Fields, J. Am. Chem. Soc. 1941, 63, 2316-2320
M. Tamura, J. K. Kochi, J. Am. Chem. Soc. 1971, 93, 1487-1489
G. Cahiez, H. Avedissian, Synthesis 1998, 8, 1199-1205



Proposed mechanism:

Fe!/Fe'" catalytic cycle

—> Intense ESR spectrum comparable with the one of HFe'(dppe),

Preliminary work

~

p—

MgBr, R2MgBr

2
R\/\R Br\/\R
R? I|3r

|
x/FeV\R - FERA g1

R. S. Smith, J. K. Kochi, J. Org. Chem. 1976, 41, 502-509

14



Recent progress in Kumada-Corriu cross-coupling

Applied to a broad range of electrophiles R-X:
> X=Cl, Br, |, F, OTs, OTf, OPiv, OCO,R, OCONMe,, OPO(OR),, SO,Cl, SO.R, ...

FeCl, (1 mol%)

O _NMe; NHC ligand (4 mol%) n-Hexyl
\ﬂ/ + n-hexylMgCl >
o THF, 25 °C, 2 h

80%

Z.-). Shietal., J. Am. Chem. Soc. 2009, 131, 14656-14657
Fiirstner et al., J. Org. Chem. 2004, 69, 3943-3949
Flrstner et al., Angew. Chem. Int. Ed. 2016, 55, 6051 —6056



Recent progress in Kumada-Corriu cross-coupling

Applied to a broad range of electrophiles R-X:
> X=Cl, Br, |, F, OTs, OTf, OPiv, OCO,R, OCONMe,, OPO(OR),, SO,Cl, SO.R, ...

FeCl, (1 mol%)

O _NMe; NHC ligand (4 mol%) n-Hexyl
\ﬂ/ + n-hexylMgCl >
o THF, 25 °C, 2 h

80%

Very reactive but selective:

Selected examples:

Fe(acac); (3 mol%)

o o | o OAc o

)J\ R2MgX (1.3 equiv) )J\ !

o e - o (T o
<15 min . Br OMe

90% 78%

Z.-). Shietal., J. Am. Chem. Soc. 2009, 131, 14656-14657
Fiirstner et al., J. Org. Chem. 2004, 69, 3943-3949
Flrstner et al., Angew. Chem. Int. Ed. 2016, 55, 6051 —6056
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Recent progress in Kumada-Corriu cross-coupling

Applied to a broad range of electrophiles R-X:
> X=Cl, Br, |, F, OTs, OTf, OPiv, OCO,R, OCONMe,, OPO(OR),, SO,Cl, SO.R, ...

FeCl, (1 mol%)

O NMe, NHC ligand (4 mol%) n-Hexy!
\ﬂ/ + n-hexylMgCl >
o THF, 25°C, 2 h

80%

Very reactive but selective:

Selected examples:

Fe(acac); (3 mol%)

o o 5 o] OAc o
)J\ R2MgX (1.3 equiv) )J\ ;
; . o
S T S ]
<15 min ' Br OMe

90% 78%

S
OTBDPS OTBDPS
\ W\
N OH
Fe(acac)s (30 mol%)
. . MeMgB
New reactivity: 9=t HooC

—>,_ DMDA-PatA
Et,0/CPME /k/g 2

N -30°C
o |
o )
75%

@)
Z.-). Shietal., J. Am. Chem. Soc. 2009, 131, 14656-14657
Fiirstner et al., J. Org. Chem. 2004, 69, 3943-3949 17
Flrstner et al., Angew. Chem. Int. Ed. 2016, 55, 6051 —6056




Recent progress in Kumada-Corriu cross-coupling
Centered on the mechanism:
- Several proposed: Fe''/Fe?, Fe%/Fe', Fe'/Fe'", Fe!//Fe, Fe!/FeV

- Highly dependent on the conditions (Nucleophiles, ligands, solvents, additives)

O )

MeMgBr EtMgBr
. Fe(acac); (cat.) OMe Fe(acac); (cat.) OMe
No cross-coupling - >
Cl Et

> 95%

- Both one- and two-electron process possible

- Difficult elucidation of the mechanism:
- Paramagnetic nature of many iron species

- Air/thermal sensitivity of most reactive iron
intermediates

I:> Numerous techniques applied: Electron paramagnetic resonance (EPR)

* Magnetic circular dichroism (MCD)
* >’Fe Freeze-trapped Mossbauer spectroscopy

* X-ray diffraction, ...

A. Flrstneretal., J. Am. Chem. Soc. 2008, 130, 8773-8787
M. L. Neidig et al., J. Am. Chem. Soc. 2018, 140, 11872-11883



Recent progress in Kumada-Corriu cross-coupling

Organoferrate intermediates with R!MgBr without B-hydrogen (Me, Ph, ...)

* Fe'species detected by Kochi = [FegMe,,]" [MgCI(THF):]*isolated by Neidig et al.

- Low activity alone, require additional MeMgBr

A. Firstner et al., J. Am. Chem. Soc. 2008, 130, 8773-8787
M. L. Neidig et al., J. Am. Chem. Soc. 2016, 138, 7492-7495/ 19
S. Sandt, A. J. von Wangelin, Angew. Chem. Int. Ed. 2020, 59, 5434 — 5437



Recent progress in Kumada-Corriu cross-coupling

Organoferrate intermediates with R!MgBr without B-hydrogen (Me, Ph, ...)

* Fe'species detected by Kochi = [FegMe,,]" [MgCI(THF):]*isolated by Neidig et al.

- Low activity alone, require additional MeMgBr

* Several organoferrates isolated upon reaction of FeCl; with RMetal

'Y'e Firstner et al. Neidig et al.
Fe.,, CHaLi CH3;MgBr _40 °C to rt
Ml \.“Me 2 FeCl, —— [FeMe,JIMgCI(THF)s] Active species
\i_ LiMe\ Et,0, -78 °C THF, -80 °C \
1™ I~
EL,O el O CH3CHs

Moderately active

A. Firstner et al., J. Am. Chem. Soc. 2008, 130, 8773-8787
M. L. Neidig et al., J. Am. Chem. Soc. 2016, 138, 7492-7495/ 20
S. Sandt, A. J. von Wangelin, Angew. Chem. Int. Ed. 2020, 59, 5434 — 5437



Recent progress in Kumada-Corriu cross-coupling
Organoferrate intermediates with R!MgBr without B-hydrogen (Me, Ph, ...)

e Switch in presence of NMP or TMEDA:

- Trialkyl ferrates isolated by Neidig = catalytically active
] g \M92+ { R,Fe"—R
N

R= Me, Et \
R *3
/N
N i MesMgBr / +
- TMEDA as chaperone [ P Fe MgBr
excess TMEDA
/ \ (no MesMgBr)

More active
Same observation With BnMgBr

R. B. Bedford et al., Angew. Chem. Int. Ed. 2014, 53, 1804 —1808
M. L. Neidig et al., Angew. Chem. Int. Ed. 2018, 57, 6496 —6500 / Angew.Chem. Int. Ed. 2019, 58,2769 —2773
S. Sandt, A. J. von Wangelin, Angew. Chem. Int. Ed. 2020, 59, 5434 — 5437



Recent progress in Kumada-Corriu cross-coupling
Organoferrate intermediates with R!MgBr without B-hydrogen (Me, Ph, ...)

e Switch in presence of NMP or TMEDA:

- Trialkyl ferrates isolated by Neidig = catalytically active
] g \M92+ { R,Fe"—R
N

R= Me, Et \
R *3
/N
N i MesMgBr / +
- TMEDA as chaperone [ P Fe MgBr
excess TMEDA
/ \ (no MesMgBr)

More active
Same observation With BnMgBr

- Exact mechanism not fully understood... (# for trialkyl ferrate than iron cluster)

R. B. Bedford et al., Angew. Chem. Int. Ed. 2014, 53, 1804 —1808
M. L. Neidig et al., Angew. Chem. Int. Ed. 2018, 57, 6496 —6500 / Angew.Chem. Int. Ed. 2019, 58,2769 —2773
S. Sandt, A. J. von Wangelin, Angew. Chem. Int. Ed. 2020, 59, 5434 — 5437



Recent progress in Kumada-Corriu cross-coupling
Fe''/Fe® mechanism proposed with R!MgX (R! with B-H)
—> Fel(MgX), speculated (first by Bogdanovic)

—> Several pre-catalysts synthesized and tried

PhMgBr (1.2 equiv) o

o Fe
precatalyst (cat.)
Br_ AU — Phe A e

<10 min, 94% 30 min, 45% 30 min, 50% 30 min, 46% 30 min, 73%

I:> Higher activity for Fe! pre-catalyst

A. Furstner et al., J. Am. Chem. Soc. 2008, 130, 8773-8787



Recent progress in Kumada-Corriu cross-coupling

Fe''/Fe® mechanism proposed with R!MgX (R! with B-H)

—> Fel(MgX), speculated (first by Bogdanovic)

—> Several pre-catalysts synthesized and tried

PhMgBr (1.2 equiv) o

o Fe
precatalyst (cat.)
Br_ AU — Phe A e

<10 min, 94% 30 min, 45% 30 min, 50% 30 min, 46% 30 min, 73%

I:> Higher activity for Fe! pre-catalyst

-> Proposed mechanism:

N
FeX2/FeX3
2 R"MgX
R' = Et or higher
\/
Fe?
2 R'"MgX
\/ ,
! R“-X
[Fe?(MgX),]
R1_R2
MgX:
[R?Fe®(MgX),] [R?Fe®(MgX)]
R \{
R'MgXx
N

A. Furstner et al., J. Am. Chem. Soc. 2008, 130, 8773-8787




Fe''/Fe® mechanism proposed with R!MgX (R! with B-H)

—> Fel(MgX), speculated (first by Bogdanovic)

—> Several pre-catalysts synthesized and tried

<10 min, 94%

30 min, 45%

PhMgBr (1.2 equiv) o

e‘;L,_NA, ﬁ @ \/

30 min, 50%

I:> Higher activity for Fe! pre-catalyst

- Proposed mechanism:

Fe precatalyst (cat.)
> Ph
_ o \/\)J\OM

30 min, 46% 30 min, 73%

~N

r

However:

Possible concomitant mechanisms

Only pre-catalysts

Different ligands = strong influence

e

Recent progress in Kumada-Corriu cross-coupling

FeX2/F6X3
2 R"MgX
R' = Et or higher
Y
Fe?
2 R'"MgX
\/ ,
. R“-X
[Fe?(MgX),]
R1_R2
MgX;
[Rzlfe"(MgX)z] [R?Fe®(MgX)]
R1 \{

R'MgXx

A. Furstner et al., J. Am. Chem. Soc. 2008, 130, 8773-8787



Recent progress in Kumada-Corriu cross-coupling

Fe!'/Fe'" catalytic cycle proposed in many cases

. _Ar R-X
Fe'
CL/ SAr

ArMgX
| R Typically used ligands:

MeoN  NMe,  Arp” > TAr2

PAr2

/_\
Ar/N\/N\Ar

X
L/ \X

/\ Radical rebound

R-Ar R-

C.-J. Wallentin et al., ACS Catal. 2016, 6, 1640-1648
M. Nakamura et al., J. Am. Chem. Soc. 2004, 126, 3686-3687.
A. Flrstner et al., Angew. Chem. Int. Ed. 2004, 43, 3955 —3957

26




Recent progress in Kumada-Corriu cross-coupling

Fe!'/Fe'" catalytic cycle proposed in many cases

Ar
C I_\Fe”/
L~ " SAr

ArMgX

Ar
Lopol” (
L/ \X

R-Ar

R-X
R Typically used ligands:
/ - \
MeoN  NMe,  Arp” > TAr2 Ar~NN=ar
L Ar AP PAr, --
SEelll

/\ Radical rebound

R-

- Whatever the mechanism, several experiments in favor of alkyl radicals:

Br

Racemisation

Br (0] O\/\
t'BUw or tBu /] Br LII
1 o
tBu. /[ Ar

Diastereoselective Ph
Cyclization

C.-J. Wallentin et al., ACS Catal. 2016, 6, 1640-1648
M. Nakamura et al., J. Am. Chem. Soc. 2004, 126, 3686-3687.
A. Flrstner et al., Angew. Chem. Int. Ed. 2004, 43, 3955 —3957

A _x
I

W\Nu

Maijor product

Radical clock




Enantioselective Kumada-Corriu cross-coupling

Only one report to date (Nakamura et al. 2015)

* Enantioconvergent coupling of aryl Grignard reagents with a-chloroesters

Fe(acac); (3 mol%)
R Ligand (6 mol%) R Me, \t-Bu
/g\ + ArMgBr > PN JP Py
ClI” "CO2R  (added over 1 h) THF, 0 °C Ar” "CO,R | t-Bu Me
(or Br) Ligand

Selected examples:

R=Et, 67% (88:12er)  ;~---- SEAREEREEEEEEEEEELE

oo R = i-Bu, 38% (74:26 er)
88% (30:10 er) R = CH,OMe, 42% (77:23 er)

_ |
: AP~ \ /)
' 0% 0%
(0]

___________________________

52% (91:9 er)

M. Nakamura et al., J. Am. Chem. Soc. 2015, 137, 7128-7134



Enantioselective Kumada-Corriu cross-coupling
Mechanistic investigations:

Fe(acac)s (3 mol%)
ﬂ OR Ligand ( 6mo|% OR +
= PhMgB
T = Ph R > Out-of-cage mechanism

O THF, 0 °C Ph O proposed
12% (85:15 er) 40% (racemic)
dr=1:1

- First-order relationship between [Fe cat.] and ratio not cyclized-cyclized

Bimetallic mechanism proposed:

out-of-cage
favorable

M. Nakamura et al., J. Am. Chem. Soc. 2015, 137, 7128-7134 29



Enantioselective Kumada-Corriu cross-coupling

Computational studies:

- 2 slightly different mechanisms proposed

(E: FeIQC|
¢! Ph Inner-sphere
CO,R .
~">Co,R
CO,R
P
P/'Fe'—Ph Out-of-cage Q:Fell
v -
P & Ph
MgBrCl
P,
(prFel-c Ph
PhMgBr CO,R

_Fe
Cl P™ ¢
)\COZR
MgBrCI
| PN .Cl
F)

<p\F ,'Cl PhMgBr

- C-Cl activation high in energy for Fe' species = Fe' more favorable

- Dropwise addition of Grignard reagent important to avoid Fe''PhPh (biphenyl formation)

- Inner-sphere out-of-cage mechanism

O. Gutierrez et al., J. Am. Chem. Soc. 2017, 139, 16126-16133
M. Nakamura, K. Morokuma et al., J. Am. Chem. Soc. 2017, 139, 16117-16125



New development in Negishi cross-coupling

First reported with vinyl zinc reagents

FeCls (5 mol%)

n/\/Rz TMEDA (3.5 equiv) RV\/RZ

™S 2 -
X=Cl. B | THF, 30 °C, 3 h

Selected examples: |>_\
Br
oror Q)k 1
BnO N
X Ph
Br \H/

73% O 95% 86%

Only scarce numbers of reports

Zn(tolyl),
E;CBr Fe(dpbz),Cl, (5 mol%)
d Wlth benZyI_X: CN T0|uene, 45 OC, 4 h CN

73%

* Extended further with redox-active esters (1°, 2°, 3° alkyl-COOH/ Ar- and R,Zn):

0 ZHN\OBn)z
Fe(acac)s (5-40 mol%)
O)koActivator dppBz (6-48 mol%) O/\/\OBn
_N THF, 0-25°C, 1h N
Ts Ts
Activator = NHPI, HOAt 56%

M. Nakamura et al., Org. Lett. 2009, 11, 4496-4499
R. B. Bedford et al., Chem. Commun. 2009, 600-602 / Angew. Chem. Int. Ed. 2013, 52, 1285 —1288
P.S. Baran et al., J. Am. Chem. Soc. 2016, 138, 11132-11135
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Progress in Suzuki-Miyaura cross-coupling

Few reports = Difficulty with the transmetallation/reduction step
First report of Fe-catalyzed Suzuki-Miyaura cross-coupling (Hor et al., 2008)

PhB(OH),
FeClz (5 mol%)

Br ; Ph
/@ dppy (10 mol%) /@ : :
EKOH 11 ——> High pressure required

THF, 48 h,100 °C
Conversion:

67% (15 kbar)
<1% (1 bar)

Solution: Use activated borate as nucleophile (Bedford et al., 2009)

AN NaBPh, (or KB(4-tolyl),) N pnh | Selected examples: CO,Me
| Fe(dppBz),Cl, (5 mol%) | ;
/N Zn(4-anisyl), (10 mol%) /F ! Ph Ph | N X
R > R ' /)\ | _
ﬁx Toluene, ﬁx | Br CN N~ “Ph N > Ph
85 °C to reflux ' o, 0 o [\
R/\N/)\Br Slore R/\N/)\Ph : 79% 73% 51% 52%

D.J. Young et al., Tetrahedron Lett. 2008, 49, 5620-5621
R. B. Bedford et al., Chem. Commun. 2009, 6430-6432 / Organometallics 2014, 33, 5767-5780



Progress in Suzuki-Miyaura cross-coupling

Nakamura 2010 Li*(or MgBr)  Fe cat. (1-5 mol%) Fe cat.:
_0 MgBr 19
Alkyl—X  + R’;B’ 98r; (20 mol%) _ Alkyl—Ar
\

1°or2calkyl AT O o

X=CLBrorl  g_g By tBu ArgP_ PAT2

______________________________________________________________ Fe

Selected examples: cl Cl

Ar = 3,5-di-t-BuPh

F
0 m Ar = 3,5-di-SiMesPh
c-Hept F )J\M)\ | _
P Ph™ 7, Ph oSN CO,i-Pr

83% F 65% 86%
oo 0=
AN

83% 99%

(42:58 dr)

Extension Of the scope 0
B-  R3 Li+
R B(OMe)sLi O \—
+ R1 R2

Alkyl—X Alkyl—X X/\ R\/\/X

1°, 2° or benzylic 1°, 2° or benzylic R

M. Nakamura et al., J. Am. Chem. Soc. 2010, 132, 10674-10676 / J. Org. Chem. 2012, 77, 1168-1173 / Chem. Lett. 2015, 44, 486-488
/ Org. Biomol. Chem. 2020,18, 3022-3026
R. B. Bedford et al., Chem. Eur. J. 2014, 20, 7935-7938 33



Progress in Suzuki-Miyaura cross-coupling

Only few reports with aryl electrophile

* First reports = Due to palladium contaminations (articles retracted later)
* Observed as side-product with 2-halobenzyl halides (< 41%)

e Directing group required (Bedford et al., 2018)

</ >\ Li+ FeBr; (10 mol%) Z/ \)
N . j:o\ ,t-Bu  IMes.HCI (10 mol%) N

_B >
o \Ar MgBr, (20 rr:ol%) o AN
P THF, 60 °C |  +R
Cl /—\ Ar =

+ -ClI
Mes/NwN\Mes

N N N
OM Cl
Ph OMe Ph Ph
64% 49% Trace O

Proof of contaminations: R. B. Bedford, M. Nakamura et al., Tetrahedron Lett. 2009, 50, 6110-6111
R. B. Bedford et al., Synthesis 2015, 47, 1761-1765 / Nat. Catal. 2018, 1, 429-437



Progress in Suzuki-Miyaura cross-coupling

Byers’s work with ligand tuning

» Alkoxide to help the transmetallation = Iron aggregates: inactive

* Anionic ligand and amide base = improved transmetallation / monomeric iron species

BPiIn Fe cat. (10 mol%)

Alkyl—X + | X Ligand (10 mol%) . @
% LiNMeEt (120 mol%) /..~
X:Cl,Brorl R CgHg, rtto50°C R
24-48 h Fe cat.: X = FeCl
----------------------------------------------------------- Ligand: X =H

CN
@) X0
Al m
N _N
Xz

Selected examples:

NCbz
Ph

c-hept
40% 80% 67% 21%
)
Ph SOTBS \j \—G
60%
41% 32%

* Improvement of the scope (heteroaromatic-BPin, 3° alkyl) and efficiency with:

Byers et al., Org. Lett. 2018, 20, 5233-5237 / Angew. Chem. Int. Ed. 2020, 59, 5392-5397




Enantioselective cross-coupling

First report of enantioselective Fe-catalyzed Suzuki-Miyaura cross-coupling

(Nakamura et al. 2019)

* Enantioconvergent coupling of lithium arylborates with a-bromoesters

+

Li
I\g/le N n-Bu. _/~
Br~ >CO,Bu Ar” g
(2 equiv

Selected examples:

mOH

O

R

R = OMe, 85% (82:18 er)
R = NMe, 89% (82:18 er)

R= CF; 81% (76:24 er)
R = Cl, 83% (84:16 er)

FeCl, (5 mol%)

(R,R)-QuinoxP* (10 mol%)

MgBr; (20 mol%)

1Bu

THF, 25 °C, 3-35 h
(then TFA, DCM)

80% (81:19 er)

N_ _P=Me
e lCix
> /\ \N P‘tBU

Me
(R,R)-QuinoxP*

OH
OO (@)
MeO

(S)-Naproxen
80% (80:20 er)

(S)-lbuprofen
95% (82:18 er)

M. Nakamura et al., Chem. Commun. 2019, 55, 1128-1131



Point on Fe-catalyzed Sonogashira

Still under developed ...

e First report by Bolm and coworkers

Ph
I FeCls (0.15 equiv) 4
DMEDA (0.30 equiv)
T =N T e ,c0s 2 equiv)
Sy 3 equiv
NH, Toluene, 135 °C, 72 h NH,
89%

* Designed in water

FeCl3.6 H,O (0.15 equiv)

0 N 1,10-Phen (0.30 equiv) 0 N=
| + =< A —
> < > _ K3PO, (3 equiv) \ 7/
TBAB (1 equiv) 82%
H,0, 130 °C, 48 h

-> Few other reports but only very high temperature

C. Bolmet al., Angew. Chem. Int. Ed. 2008, 47, 4862 —4865
G. Anilkumar et al., ChemistrySelect 2016, 3, 556 —559



Fe catalysis in Heck-type cross-coupling

Only few reports

* Initial report by Vogel

FeCl, (20 mol%)

. 0 . . \
AN /\@ Picolinic acid (30 mol%) |
| _ + N
N | t-BuOK (4 equiv) N Ph

DMSO, 60 °C 61%

* Extended to benzylic substrates via UV-irradiated iron catalyst

5

Fe..
7~ ""CO
»
Bn co
(25 mol%)

NaOt-Bu (1.5 equiv)
cl + Z Ph r ph " ph

25°C

DS

Ph

* Appliedin 2017 to alkyl electrophiles

FeCl, (10-20 mol%)

XN >< Na,COs4 X" CO,Et
*  Br” TCO,Et >
MeO DMF, 80-100 °C MeO

2°, 3° and benzylic 93%

P. Vogel et al., Adv. Synth. Catal. 2008, 350, 2859— 2864
G. W. Waldhart, N. P. Mankad, J. Organomet. Chem. 2015, 793, 171-174
S. P. Thomas et al., ACS Catal. 2017, 7, 2353-2356



Conclusion and Outlooks

Iron-catalyzed Kumada-Corriu cross-coupling well developed

- Very fast reaction, even at low temperature
- Highly chemoselective

- Cheap catalyst, often without ligand

- Less-sensitive to B-hydride elimination

I:> However, mechanisms still not fully understood ...

Almost no enantioselective version

Use of less-nucleophilic partner still underdeveloped
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Conclusion and Outlooks

* Iron-catalyzed Kumada-Corriu cross-coupling well developed

- Very fast reaction, even at low temperature
- Highly chemoselective

- Cheap catalyst, often without ligand

- Less-sensitive to B-hydride elimination

I:> However, mechanisms still not fully understood ...

* Almost no enantioselective version

* Use of less-nucleophilic partner still underdeveloped

I:> Tuning of the ligands might be key ...
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Thank you for your attention



Questions



Questions 1

Can you suggest a mechanism for this transformation ?

SW\OTBDPS OTBDPS
\ N OH
Fe(acac)s (30 mol%)
MeMgBr HOOC

——>_ DMDA-Pat A
Et,O/CPME -

N -30°C
o |
o O
75%

@)

Flirstner et al., Angew. Chem. Int. Ed. 2013, 52, 13071 -13075



Questions 1

Can you suggest a mechanism for this transformation ?

S S
OTBDPS OTBDPS

N OH N OH
Fe(acac)s (30 mol%)

MeMgBr HOOC
> —~»_ DMDA-Pat A
Et,0/CPME l —
X -30°C
o | o |
(@] @) (0] @] Me
75%
Me—[Fe]

L — 0L
RS0 Re™oN0
/| el [Felq_
RPo O[M]R\“\\ o Yo  R\ePo o

gk
R MeCOOH

Flirstner et al., Angew. Chem. Int. Ed. 2013, 52, 13071 -13075



Questions 2

Propose a mechanism for the reduction of Fe' to Fe and Fe' to Fe™



Propose a mechanism for the reduction of Fe' to Fe and Fe' to Fe™

2 EtMgBr
r

Fe''Cl, AT‘ Fe

2 MgBrCI

Questions 2

B-H elimination ( Reductive elimination

- FeO

> Fe!l

L™

EtMgBr
\
1. Fe''Cl; —SET— Fe''Cl,

MgBrCI + Et-

2 EtMgBr

2. Fe”'CI3 % Fe'CI

2 MgBrClI
+ EtH + CH2=CH2

~

EtH

—=, Fe'(MgX),

Fe”'CI3

N

Comproportion

2 Fe''cl,

—_—
—_—

Fe'(MgX),
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