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Oxidation states of palladium:

Pd0, PdII, PdIV

PdI, PdIII 

accessed via 
2e - pathways

accessed via 
1e - pathways

New elementary steps can provide alternative mechanistic pathways to access

key intermediates or activate typically inert coupling partners
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Oxidation states of palladium:

Pd0, PdII, PdIV

PdI, PdIII accessed via 
1e - pathways
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Radical-Based Palladium Chemistry

Liu, Q.; Dong, X.; Li, J.; Dong, Y.; Liu, H. ACS Catal. 2015, 5, 6111.

Oxidation states of palladium:

Pd0, PdII, PdIV

PdI, PdIII accessed via 
1e - pathways

◼ Palladium can be directly excited

◼ Can perform SET chemistry for 
halide abstraction and olefin addition

Radical-based reactivity of Pd
Type 2
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Three main areas of radical-based palladium chemistry

Pd Photoredox Atom AbstractionSET from Pd

aryl C–H activation

olefin functionalization

C—C bond formation

Carbocyclization of unactivated 
alkyl iodides

high-valent Pd
intermediates

three-component coupling

This is a broad and active field of interest!
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Single Atom Catalysts

Bourm J.; Camasso, N.; Sanford, M. J. Am. Chem. Soc. 2015, 137, 8034. 
Mossine, A.; Brooks, A.; Makaravage, K.; Miller, J.; Ichiishi, N.; Sanford, M. Org. Lett. 2015, 17, 5780.

Sevov, C.; Brooner, R.; Chenard, E.; Assary, R.; Moore, J.; Rodriguez-Lopez, J.; Sanford, M. J. Am. Chem. Soc. 2015, 137, 14465.
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High valent palladium reactivity

Why would we want to access high valent palladium?

N
PdIV

Me
Ar

Ln

◼ facile reductive elimination ◼ unique reactivity ◼ catalytically competent

Hickman, A.; Sanford, M. Nature, 2012, 484, 177.
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High valent palladium reactivity

Why would we want to access high valent palladium?

Hickman, A.; Sanford, M. Nature, 2012, 484, 177.
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C–X and C–CF3 reductive elimination are challenging from low-valent Pd

Most Pd0/PdII transformations involve C–X bond breaking, not forming

◼
◼

Therefore, if we want to make halogenated or CF3-containing products, we need high-valent Pd



C—H arylation: a model reaction
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Bromide-Bromide Coupling: formation of quaternary carbons via SH2 mechanismC—H Arylation
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Design elements
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no stoichiometric oxidant
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Bromide-Bromide Coupling: formation of quaternary carbons via SH2 mechanismC—H Arylation

◼ high functional group tolerance

◼ no pre-activation of C—H substrate

high temperature
acidic solvent
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C—H arylation: a model reaction
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Proposed mechanism

Kalyani, D.; McMurtrey, K.; Neufeldt, S.; Sanford, M. J. Am. Chem. Soc. 2011, 133, 18566.
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Scope of arylpyridine
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Scope of directing group
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Scope of aryldiazonium
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C—H activation with diaryliodonium reagents 

Neufeldt, S.; Sanford, M. Adv. Synth. Catal. 2012, 354, 3517.
Kalyani, D.; Deprez, N.; Desai, L.; Sanford, M. J. Am. Chem. Soc. 2005, 127, 7330.

Kalyani, D.; McMurtrey, K.; Neufeldt, S.; Sanford, M. J. Am. Chem. Soc. 2011, 133, 18566.

aryl radical
Ru(bpy)3Cl2, 25°C

- N2

N2

Can we apply these principles towards C–H activation with
diaryliodonium reagents?
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Scope of directing group
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Scope of diaryliodonium reagents 
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Neufeldt, S.; Sanford, M. Adv. Synth. Catal. 2012, 354, 3517.

Comparison of C–H arylation scopes
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Neufeldt, S.; Sanford, M. Adv. Synth. Catal. 2012, 354, 3517.

Further directions in the Sanford group

PdIV
L

C

Ar

Ln

PdIV aryl intermediate

High-valent Pd 
chemistry

mechanistic investigations

photonic and non-photonics methods 
for PdIV generation 

applications towards high-valent 
Ni intermediates
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Research in the Glorius group

Pinkert, T.; Das, M.; Schrader, M.; Glorius, F. J. Am. Chem. Soc. 2021, 143, 7648. 
Huang, H.; Bellotti, P.; Chen, P.; Houk, K.; Glorius, F. Nature Synth. 2022, 1, 59.

Singha, S.; Serrano, E.; Mondal, S.; Daniliuc, C.; Glorius, F. Nature Cat. 2020, 3, 48.
Wiesenfeldt, M.; Moock, D.; Paul, D.; Glorius, F. Chem. Sci. 2021, 12, 5611.

C—H Activation

Arene Hydrogenation Organocatalysis

Photocatalysis



Research in the Glorius group

Pinkert, T.; Das, M.; Schrader, M.; Glorius, F. J. Am. Chem. Soc. 2021, 143, 7648. 
Huang, H.; Bellotti, P.; Chen, P.; Houk, K.; Glorius, F. Nature Synth. 2022, 1, 59.

Singha, S.; Serrano, E.; Mondal, S.; Daniliuc, C.; Glorius, F. Nature Cat. 2020, 3, 48.
Wiesenfeldt, M.; Moock, D.; Paul, D.; Glorius, F. Chem. Sci. 2021, 12, 5611.

Photocatalysis

A.B. Chemistry: University of Hannover, 
1997 (H. M. R. Hoffmann)

PhD. Chemistry: University of Basel, 
2000 (Andreas Pfaltz)

Postdoc: Harvard University,
2001 (David Evans)



Glorius group contribution to radical palladium chemistry

Decarboxylative 
cross-coupling

Dicarbo-
functionalization

allylic 
substitution

three-component
coupling

excited-state palladium 
as a reductant

halogen abstraction/
cyclization

radical Pd π-allyl 
generation

mixed mechanisms

Chem. Eur. J. 2018

Angew. Chem. Int. Ed. 2020

Nature Catal. 2020

J. Am. Chem. Soc. 2020
Chem. Sci. 2021



Decarboxylative 
cross-coupling

excited-state palladium 
as a reductant

Chem. Eur. J. 2018

Decarboxylative cross-coupling

Reminiscent of our Ir photocatalytic cycles!
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Decarboxylative 
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excited-state palladium 
as a reductant
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Decarboxylative cross-coupling

Koy, M.; Sandfort, F.; Tlahuext-Aca, A.; Quak, L.; Daniliuc, C.; Glorius, F. Chem. Eur. J. 2018, 24, 4552.

Br
OPhth

O

halide activation 
Zhou, Alexanian

decarboxylation
Glorius 
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This work

PdI radical 
intermediate
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THF
25°C

Pd

Scope of decarboxylative cross-coupling

Koy, M.; Sandfort, F.; Tlahuext-Aca, A.; Quak, L.; Daniliuc, C.; Glorius, F. Chem. Eur. J. 2018, 24, 4552.

OPhth

O

77% yield

84% yield

NBoc

tBu

NBoc

CF3

78% yield

77% yield

NBoc

F

N

NBoc

69% yield

76% yield

NBoc

AcO

NBoc

Cl

68% yield

80% yield

NBoc

MeO

NBocPh



THF
25°C

Pd

Koy, M.; Sandfort, F.; Tlahuext-Aca, A.; Quak, L.; Daniliuc, C.; Glorius, F. Chem. Eur. J. 2018, 24, 4552.
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O

66% yield

93% yield
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AcO

OPh

N
Boc

73% yield

63% yield

AcO

F

F

Ph

83% yield

72% yield
from phenylalanine

NHBoc

Ph

Me

Boc
N

67% yield
from gemfibrozil

77% yield

AcO

O

AcO

MeMe

O

Me

Me

Scope of decarboxylative cross-coupling
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[Pd0] *[Pd0] Br

O Me

Me

O Me

Me
[PdI]

O

O

RMe
Me

Me
Me

[PdI]

R

O

RMe
Me

[PdI]

Base

Koy, M.; Bellotti, P.; Katzenburg, F.; Daniliuc, C.; Glorius, F. Angew. Chem. Int. Ed. 2020, 59, 2375.
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THF
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Tethered olefin scope of dicarbofunctionalization

O

R4R3
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37% yield

61% yield
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MeF

F

N

O

PhMe
Me

70% yield

80% yield

O

PhMe
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N

O

O

N
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MeMe
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97% yield

40% yield

N
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Me Me
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O
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Cl



Koy, M.; Bellotti, P.; Katzenburg, F.; Daniliuc, C.; Glorius, F. Angew. Chem. Int. Ed. 2020, 59, 2375.

THF
25°C

Pd

Tethered olefin scope of dicarbofunctionalization

O
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67% yield

66% yield
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O
OAc

O
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OAc

60% yield
93:7 d.r.

52% yield

O

OAc

44% yield
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O

OAc
O

O

Ph
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80% yield
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O
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OAc

O
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THF
25°C

Pd

Tethered olefin scope of dicarbofunctionalization

O

R4R3
R2

R1

Br

O

44% yield

O

Ph

Me

80% yield

O

Me

BocN
OAc

This method can form two adjacent, all-carbon 
quaternary centers in good yields!



Glorius group contribution to radical palladium chemistry

allylic 
substitution

radical Pd π-allyl 
generation

Nature Catal. 2020

Decarboxylative 
cross-coupling

Dicarbo-
functionalization

three-component
coupling

excited-state palladium 
as a reductant

halogen abstraction/
cyclization

mixed mechanisms

Chem. Eur. J. 2018

Angew. Chem. Int. Ed. 2020

J. Am. Chem. Soc. 2020
Chem. Sci. 2021



Glorius group contribution to radical palladium chemistry

allylic 
substitution

radical Pd π-allyl 
generation

Nature Catal. 2020

[Pd0]Ln *[Pd0]Ln

Phth-

CO2

OPhth

O

[PdI]Ln

PdILn

PdIILn

hybrid allylic PdI radical

hybrid alkyl PdI radical

Phth

Huang, H.; Koy, M.; Serrano, E.; Pfluger, P.; Schwarz, J.; Glorius, F. Nature Catal. 2020, 3, 393.



Radical allylic substitution

[Pd0]Ln *[Pd0]Ln

Phth-

CO2

OPhth

O

[PdI]Ln

PdILn

PdIILn

hybrid allylic PdI radical

hybrid alkyl PdI radical

Phth

PdII(PPh3)2

PdII(PPh3)2

PdII(PPh3)2

Possible PdII complexes

Huang, H.; Koy, M.; Serrano, E.; Pfluger, P.; Schwarz, J.; Glorius, F. Nature Catal. 2020, 3, 393.



DMA
25°C

Pd

Scope of allylic substitution 

OPhth

O

Phth

79% yield

43% yield 43% yield

82% yield

58% yield

69% yield

64% yield

98% yield

NPhthAcO

MeMe

NPhth

BocN
Me

NPhth

Me
O

NPhth

NHBoc

NPhth

Me

Me

Me
Me

Me
NPhth

BocN
Me

Me

Me
NPhth

BocN
Me

nBu

O

NPhth

Huang, H.; Koy, M.; Serrano, E.; Pfluger, P.; Schwarz, J.; Glorius, F. Nature Catal. 2020, 3, 393.



DMA
25°C

Pd

OPhth

O

Phth

58% yield
from abiotic acid

77% yield
from ciprofibrate

NPhth

NBoc

NPhth

Me Me

O

Me

Me

Me

Me

NPhth

H

H

Me

Me

54% yield
from proline

66% yield
from gemfibrozil

O NPhth

Me MeCl

Cl

Scope of allylic substitution: complex examples 

Huang, H.; Koy, M.; Serrano, E.; Pfluger, P.; Schwarz, J.; Glorius, F. Nature Catal. 2020, 3, 393.



DMA
25°C

Pd

Scope of allylic substitution: cascade reactions 

Me

O

OPhth

OMe
Me

O

Me

NPhth
Me

Me

Me

O
Me

Me

O

Me

Me Me

O

Me

NPhth
Me

Me

nBu

48% yield

O

Me

NPhth
Me

Me

Ph

47% yield

O

Me

NPhth
Me

Me
Cy

52% yield

Huang, H.; Koy, M.; Serrano, E.; Pfluger, P.; Schwarz, J.; Glorius, F. Nature Catal. 2020, 3, 393.
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Scope of allylic substitution: cascade reactions 

Huang, H.; Koy, M.; Serrano, E.; Pfluger, P.; Schwarz, J.; Glorius, F. Nature Catal. 2020, 3, 393.

via

Me

Me Me
Me

Me

Me

◼ overall 59 examples ◼ late stage functionalization ◼ cascade reactions

DMA
25°C

Pd

74% yield

Me

Me Me

OPhth

O

from citronellic acid
Me

NPhth

MeMe



Mechanistic considerations

Huang, H.; Koy, M.; Serrano, E.; Pfluger, P.; Schwarz, J.; Glorius, F. Nature Catal. 2020, 3, 393.

◼ radical inhibitor

O
OPhth

O

DMA
25°C

Pd

TEMPO

O

O
N

MeMe

Me

Me

detected by HRMS

NPhth

O

0% yield

◼ radical clock

DMA
25°C

Pd

TEMPO

OPhth

O

46% yield

NPhth

NPhth

13% yield



Mechanistic considerations

Huang, H.; Koy, M.; Serrano, E.; Pfluger, P.; Schwarz, J.; Glorius, F. Nature Catal. 2020, 3, 393.

◼ UV-vis

Of the reactants, Pd(PPh3) is the only light absorbing species



Mechanistic considerations

Huang, H.; Koy, M.; Serrano, E.; Pfluger, P.; Schwarz, J.; Glorius, F. Nature Catal. 2020, 3, 393.

◼ Stern-Volmer

Photoexcited Pd0 can reduce the redox active ester through SET
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Glorius group contribution to radical palladium chemistry

three-component
coupling

mixed mechanisms

J. Am. Chem. Soc. 2020
Chem. Sci. 2021

Radical 
Mechanisms

Polar 
Mechanisms

SET Substrate 
Activation

combining a variety of the mechanisms we’ve discussed thus far
allows for unique three-component reactions

Huang, H.; Bellotti, P.; Pfluger, P.; Schwarz, J.; Heidrich, B.; Glorius, F. J. Am. Chem. Soc. 2020, 142, 10173.
Bellotti, P.; Koy, M.; Gutheil, C.; Heuvel, S.; Glorius, F. Chem. Sci. 2021, 12, 1810.



Three-component coupling

Stage 1:
bromide activation

Stage 2:
5-exo trig cyclization

Stage 3:
addition to diene

[Pd0]Ln *[Pd0]Ln
Br

O

Me

Me

O

Me

Me

O

Me
Me

O

MeMe PdILn

O

MeMe PdIILn
Nu-

MeMe

O

Nu

Stage 4:
nucleophilic attack 

of π-allyl
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Catalytic C—C Bond
Formations

Research in the Alexanian group

Na, C.; Ravelli, D.; Alexanian, E. J. Am. Chem. Soc. 2020, 142, 44. 
Williamson, J.; Na, C.; Johnson, R.; Daniel, W.; Alexanian, E.; Leibfarth, F. J. Am. Chem. Soc. 2019, 141, 12815.
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Radical-Mediated
C—H Functionalization

Polymer 
C—H Functionalization
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C—C bond formation

C—C bond formation

Catalytic alkoxycarbonylation Carbocyclization of unactivated 
alkyl iodides

Carboacylation

Mizoroki-Heck
carbocyclizations

aromatic C–H alkylations



Oxidative AdditionSlow Oxidative Addition

Mn+2Ln

= I, Br, Cl

Mn+2Ln
Mn+2LnH

Challenges of 2e- activation of alkyl electrophiles

Bloome, K.; Alexanian, E. J. Am. Chem. Soc. 2010, 132, 12823.

Oxidative Addition Competitive β-hydride elimination

Alternative Mechanism

Mn+1Ln radical-mediated
C–C bond formation



Oxidative AdditionSlow Oxidative Addition

Mn+2Ln

= I, Br, Cl

Mn+2Ln
Mn+2LnH

Challenges of 2e- activation of alkyl electrophiles

Bloome, K.; Alexanian, E. J. Am. Chem. Soc. 2010, 132, 12823.

Oxidative Addition Competitive β-hydride elimination

Alternative Mechanism

I

Me

Me

Me

Me

Me

O H

Me Me

Me

O

Me
Et3N, toluene

130°C

Pd CO



Carbonylative cyclization Mechanism

Bloome, K.; Alexanian, E. J. Am. Chem. Soc. 2010, 132, 12823.
Bloome, K.; McMahen, R.; Alexanian, E. J. Am. Chem. Soc. 2011, 133, 20146.

Stage 1:
iodide activation

Stage 2:
addition to CO

Stage 3:
cyclization

Stage 4:
recombination and 
β-hydride elimination

[Pd0]Ln *[Pd0]Ln

I[PdI]Ln
Palladium

Catalytic

Cycle

I

Me

Me

Me

Me

Me

Me

CO

Me

Me

Me

Me

Me

O

Me

I[PdI]Ln

I[PdI]Ln

Base

Me

Me

O

Me

O



Carbocyclization: an unexpected result

Bloome, K.; Alexanian, E. J. Am. Chem. Soc. 2010, 132, 12823.
Bloome, K.; McMahen, R.; Alexanian, E. J. Am. Chem. Soc. 2011, 133, 20146.

Me
Me

I

Ar
O

Me

Me

Ar

Me
Me

Ar

0% yield
expected product

86% yield
unexpected product

Et3N, toluene
130°C

Pd CO

This result shows the feasibility of Heck-type  
carbocyclizations using radical-based Pd chemistry  



Carbocyclization

Bloome, K.; Alexanian, E. J. Am. Chem. Soc. 2010, 132, 12823.
Bloome, K.; McMahen, R.; Alexanian, E. J. Am. Chem. Soc. 2011, 133, 20146.

[Pd0]Ln *[Pd0]Ln TsN
I

Me

Me

TsN

Me

Me

I[PdI]Ln

Ts
N

MeMe
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N

MeMe

LnPdII
I
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N

Me
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Cycle

Stage 1:
iodide activation

Stage 2:
radical cyclization

Stage 3:
β-hydride elimination
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Palladium: a versatile element

Liu, Q.; Dong, X.; Li, J.; Dong, Y.; Liu, H. ACS Catal. 2015, 5, 6111.

Oxidation states of palladium:

Pd0, PdII, PdIV

PdI, PdIII 

utilized in natural product synthesis, agrochemistry, and pharmaceutical production

versatile and widely used in cross coupling

interconversion between diverse oxidation states



Questions?


