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Why do people focus on PdIV
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C–X Reductive Elimination

PdII
L

L

X

X
Pd0

L

L

PdIV
L

L

X

X
Z

Y

PdII

L

L Z

Y

Keq << 1

Carbon–Halogen Reductive Elimination

kinetically slow and thermodynamically unfavored

oxidation

kinetically fast and thermodynamically favored

Keq >> 1

H PdII(OAc)2
PdII

L

L

OAc

X+

halogen
oxidant

PdIV
L

L

OAc

X

Y

X

REC–H
activation

C–H activation (PdII catalysis) and Oxidative Functionalization (PdIV catalysis)

Hickman, A. J.; Sanford, M. S. Nature 2012, 484, 177.



Regioselective C–H Oxidative Functionalization
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Isolation of PdIV complex

Study of Reductive Elimination

Dick, A. L.; Hull, K. L.; Sanford, M. S. J. Am. Chem. Soc. 2004, 126, 2300.



Isolation of PdIV Complex
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Rigid substrate showed slower RE

Dick, A. L.; Kampf, J. W.; Sanford, M. S. J. Am. Chem. Soc. 2005, 127, 12790.



Isolation of PdIV Complex
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a good model for 
C–Cl reductive elimination from PdIV

Whitefield, S. R.; Sanford, M. S. J. Am. Chem. Soc. 2007, 129, 15142.



Bimetallic PdIII Intermediate
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Ritter suggested Bimetallic PdII/III Mechanism

HOMO LUMO

Molecular Orbital of Bimetallic PdIII Complex

Synergistic effect by two Pd metals may facilitate 
redox transformation.

Pd–Pd bond corresponds to redox state of Pd

Powers, D. C.; Ritter, T. Nat. Chem. 2009, 1, 302.



Identification of PdIII Dimer and Bimetallic Reductive Elimination
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Dissociatiaion into PdIII can be excluded.

RE rate is 16 times slower

Powers, D. C.; Ritter, T. Nat. Chem. 2009, 1, 302.



Identification of PdIII Dimer and Bimetallic Reductive Elimination
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electronic communication

The RE rate is independent
of Cl– and AcO–Concerted Reductive Elimination

Powers, D. C.; Ritter, T. Nat. Chem. 2009, 1, 302.



Catalytic C–H Chlorination
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Powers, D. C.; Ritter, T. Nat. Chem. 2009, 1, 302.



Computational Study
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Powers, D. C.; Benitez, D.; Tkatchouk, E.; Goddard III, W. A.; Ritter, T. J. Am. Chem. Soc. 2010, 132, 14092.



Mechanistic Studies for C–H Clorination with NCS
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Why chemoselective C–Cl RE?

No acetoxylated product
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ligand scrambling mechasm
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Powers, D. C.; Benitez, D.; Tkatchouk, E.; Goddard III, W. A.; Ritter, T. J. Am. Chem. Soc. 2010, 132, 14092.
Nielsen, M. C.; Lyngvi, E.; Schoenbeck. F. J. Am. Chem. Soc. 2013, 135, 1978.



Ar–CF3 Reductive Elimination from PdII
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Nielsen, M. C.; Bonney, K. J.; Schoenebeck, F. Angew. Chem. Int. Ed. 2014, 53, 5903.
Glushin, V. V.; Marshall, W. J. J. Am. Chem. Soc. 2006, 128, 12644.

Cho, E. J.; Senecal, T. D.; Kinzel, T.; Zhang, Y.; Watson, D. A.; Buchwald S. L. Science 2010, 328, 1679.
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electronic repulsion



Ar–CF3 Reductive Elimination from PdIV

PdIV
L

L

CF3

CF3

Reductive Elimination

Fast?

PdII
N CF3

N

F

tBu

tBu

Me N

Me

Me

F

TfO

DCE, 23 oC

PdIV
N CF3

F
OTf

N

F

tBu

tBu

53%

NO2Ph
80 oC, 3 h

CF3

F

77%

X

Y

PdII
L

L X

Y

N N
Me

Me

Me

Me
P P

Ph

Ph

Ph

Ph

TMEDA DPPE
89% 29%

Stoichiometric CF3 reductive elimination from PdIV

Nicholas, D. B.; Kampf, J. F.; Sanford M. S. J. Am. Chem. Soc. 2011, 133, 7577.

other ligands



Ar–CF3 Reductive Elimination from PdIV
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TFA (10 eq) is essential for the reaction
Cu(OAc)2 (1 eq) also improve the yield

What’s the role of these reagents?
How does the reaction work?
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Wang. X.; Truesdale, L.; Yu, J.-Q. J. Am. Chem. Soc. 2010, 132, 3648.

CF3
+  reagents



PdII
O

ON

Isolation of CF3–PdIV Intermediate
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DCE instead of AcOH : <2%
DCE / 1 eq AcOH : 48%

DCE / 20 eq AcOH : 65%
Additional AcOH is important.

isolated

Nicholas, D. B.; Kampf, J. F.; Sanford M. S. J. Am. Chem. Soc. 2010, 132, 14682.



Reductive Elimination from Isolated CF3–PdIV complex
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N
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Mechanism for Reductive Elimination
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Catalytic Activity of Isolated CF3–PdIV Complex

Pd (10 mol%)
Cu(OAc)2 (1 eq)
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PdII
N OH2

OAc

CF3

OAc

CF3–PdIV complex

DCE
60 oC, 12 h

N
F3C

C–CF3 RE product

additive

none 54%
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Acceleration of RE
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CF3–PdIV complex is a kinetically compete catalyst

Nicholas, D. B.; Kampf, J. F.; Sanford M. S. J. Am. Chem. Soc. 2010, 132, 14682.



Binuclear PdIII or Mononuclear PdIV
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Why is Pd–Pd cleavage so fast?

CF3 is relatively stronger σ-donor than Cl and AcO

PdIV–PdII structure is a more dominant contributor

Powers, D. C.; Lee, E.; Ariafard, A.; Sanford M. S.; Yates, B. F.; Canty, A. J.; Ritter, T. J. Am. Chem. Soc. 2012, 134, 12002.



Small Ring Formation
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C–F is relatively intert for RE

Formation of 5-membered ring

How about 4-membered ring?

Mei, T.-Q.; Wang, X.; Yu, J.-Q. J. Am. Chem. Soc. 2009, 131, 10806.



Small Ring Formation
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Construction of Azetidine
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When R2 is smaller,
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He, G.; Zhao, Y.; Zhang, S.; Lu, C.; Chen, G. J. Am. Chem. Soc. 2012, 134, 3.
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Construction of Benzazetidine
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A lack of practical synthesis due to ring strain
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Synthesis of Benzazetidine
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He, G.; Lu, G.; Guo, Z.; Liu, P.; Chen, G. Nat. Chem. 2016, 8, 1131.



Discovery of PhI(DMM)2

diacidic-derived iodonium oxidants
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He, G.; Lu, G.; Guo, Z.; Liu, P.; Chen, G. Nat. Chem. 2016, 8, 1131.
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Substrate Scope

Substrate Scope
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He, G.; Lu, G.; Guo, Z.; Liu, P.; Chen, G. Nat. Chem. 2016, 8, 1131.



Computational Studies
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kcal/mol

C–O
C–N

DFT suggested RE from PdIII dimer



Construction of Aziridine
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McNally, A.; Haffemayer, B; Collins, B. S.; Gaunt, M. Nature 2014, 510, 129.



Computational Studies
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PdIII dimer is a higher energy intermediate 
due to steric repulsion between hindered 
amines.
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kcal/mol

unfavored

PdIV mechanism is favored.

Smalley, A. D.; Gaunt, M. J. Am. Chem. Soc. 2015, 137, 10632.


