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Copper-Catalyzed Oxygenase-Type Reactions



Copper

29

Cu

63.546

Group 11 metal

"Copper" comes from Latin "cuprum" ("from the island of Cyprus")

Used in human civilization for thousands of years

Found in the active sites of many enzymes

Electronic Configuration: 1s22s22p63s23p63d104s1

Cu(I) = d10 flexible geometry

Cu(II) = d9 square planar, square-pyramidal, or trigonal-bipyramidal

Cu(III) = d8 square planar, less common, stabilized by basic/anionic ligands

Stack, Chem. Rev.  2004, 104 , 1013–1045.
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Solomon, Angew. Chem. Int. Ed.  2001, 40, 4570–4590.  Stack, Chem. Rev.  2004, 104 , 1013–1045.



Oxygenase vs. Oxidase
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Stahl, Angew. Chem. Int. Ed.  2004, 43, 3400–3420.

Oxygen from O2 gets incorporated into the substrate. Molecular oxygen is used to re-oxidize the catalyst 
and does not get incorporated into the substrate.



Dicopper-oxygen Cores in Oxygenase Enzymes

Adapted from Tuczek, Angew. Chem. Int. Ed.  2008, 47, 2344–2347.
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CuIYP CuI PY

Reactivity Differences between Dicopper-Oxygen Compounds

Karlin, J. Am. Chem. Soc. 1991, 113 , 5322–5332.  Tolman, Chem. Rev.  2004, 104 , 1047–1076.
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Reactivity Differences between Dicopper-Oxygen Compounds

Karlin, J. Am. Chem. Soc. 1991, 113 , 5322–5332.  Tolman, Chem. Rev.  2004, 104 , 1047–1076.
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Reactivity Differences between Dicopper-Oxygen Compounds

Karlin, J. Am. Chem. Soc. 1991, 113 , 5322–5332.  Tolman, Chem. Rev.  2004, 104 , 1047–1076.
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Dicopper-oxygen Cores in Oxygenase Enzymes

Adapted from Tuczek, Angew. Chem. Int. Ed.  2008, 47, 2344–2347.
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Molecular Orbitals of Dioxygen-Dicopper Systems

Reproduced from Stack, Chem. Rev.  2004, 104 , 1013–1045.
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PHM Modification of Peptides

Tuczek, Angew. Chem. Int. Ed.  2008, 47, 2344–2347.
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there are others in the literature

Hydroxylation occus via radical H abstraction. One Cu atom does e- transfer while
the other does O transfer to the substrate.



Tyrosinase Oxidation of Phenols
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Oxidation of Electron-Deficient Arenes and Heteroarenes
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Lei, Angew. Chem. Int. Ed.  2012, 51, 4666–4670.



Oxidation of Electron-Deficient Arenes and Heteroarenes

Lei, Angew. Chem. Int. Ed.  2012, 51, 4666–4670.
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Similar to tyrosinase mechanism

bis(µ−oxo) compound also shown to be
capable of hydroxylating 
(see Tolman, ACIE 1999, 38, 1139)

generation of active catalyst

Yields were much lower 
when performed under N2.



Dehydrogenative Aminooxygenation: Formyl-Substituted N-Heterocycles

N N

N[Cu(hfacac)2 • xH2O] (20 mol %)

O2 (balloon), DMF, 105 °C

40–84% yield

Zhang; Zhu, Angew. Chem. Int. Ed.  2011, 50, 5678–5681.
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Dehydrogenative Aminooxygenation: Formyl-Substituted N-Heterocycles
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Zhang; Zhu, Angew. Chem. Int. Ed.  2011, 50, 5678–5681.

H
N R2

R1 R2

H
O

R1

N NH
[CuII]

– H+
N N

[CuII]

O2
N N

[CuIII]
O

O

N

N

[CuIII]
O O

N

N

O
O

[CuII]

H

N

N

O
H

– [CuIIOH]

[O]

N

N

O
H

Incorporation of O from O2 
confirmed by 18O studies.



Synthesis of Esters from Ketones: Selective C(CO)–C(alkyl) Cleavage

CuBr (10 mol %)
pyridine (2 equiv), BF3•Et2O

O2 (air), PhCl, 130 °C, 10 h

45–82% yield

Jiao, J. Am. Chem. Soc. 2014, 136 , 14858–14865.
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Synthesis of Esters from Ketones: Selective C(CO)–C(alkyl) Cleavage

Jiao, J. Am. Chem. Soc. 2014, 136 , 14858–14865.
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Synthesis of Esters from Ketones: Selective C(CO)–C(alkyl) Cleavage

Jiao, J. Am. Chem. Soc. 2014, 136 , 14858–14865.

O
R'

ROH

HO
R'

HO
R'

OR

O
R'

O
O

OR

HO
R'

OR

O
OH

O
R

O

– H+

R' H

O

CuII + Py

CuI + [PyH]+

CuII + Py

CuI + [PyH]+

O2

Pathway A

Pathway B

H2OH2O

R
O

O
O

R'R

O
R

O

O2 Py

CuII + O2– CuI

Pathway B determined to be more accurate 
based on 18O labeling studies



Amidine-Directed Aliphatic C–H Oxygenation

CuBr•SMe2 (20 mol %)
2,2'-bipyridine (20 mol %)

5:1 DMSO/PhCF3
O2 (1 atm), PhCl, 80 °C

9–83% yield

Chiba, J. Am. Chem. Soc. 2012, 134 , 11980–11983.
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Amidine-Directed Aliphatic C–H Oxygenation

Chiba, J. Am. Chem. Soc. 2012, 134 , 11980–11983.
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Amidine-Directed Aliphatic C–H Oxygenation

CuBr•SMe2 (20 mol %)
2,2'-bipyridine (20 mol %)

5:1 DMSO/PhCF3
O2 (1 atm), PhCl, 120 °C

9–83% yield

Chiba, J. Am. Chem. Soc. 2012, 134 , 11980–11983.
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Formation of α−Ketoamides from Terminal Alkynes

CuBr (10 mol %), pyridine
TEMPO (10 mol %), H2O

O2 (1 atm), PhMe, 60 °C, 18 h

22–77% yield

Jiao, J. Am. Chem. Soc. 2010, 132 , 28–29.
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Formation of α−Ketoamides from Terminal Alkynes

CuBr (10 mol %), pyridine
TEMPO (10 mol %), H2O

O2 (1 atm), PhMe, 60 °C, 18 h

22–77% yield

Jiao, J. Am. Chem. Soc. 2010, 132 , 28–29.
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Formation of α−Ketoamides from Aryl Acetaldehydes

CuBr (10 mol %), 
pyridine (2 equiv)

O2 (1 atm), PhMe, 90 °C
4A M.S.

35–90% yield

Jiao, Angew. Chem. Int. Ed.  2011, 50, 11088–11092.
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Formation of α−Ketoamides from Aryl Acetaldehydes

CuBr (10 mol %), 
pyridine (2 equiv)

O2 (1 atm), PhMe, 90 °C
4A M.S.

35–90% yield

Jiao, Angew. Chem. Int. Ed.  2011, 50, 11088–11092.
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Formation of α−Ketoamides from Aryl Methyl Ketones

CuI (20 mol %)

O2 (balloon), neat, 50 °C

47–91% yield

Ji, Chem. Sci. 2012, 3, 460–465.
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Formation of α−Ketoamides from Aryl Methyl Ketones

CuI (20 mol %)

O2 (balloon), neat, 50 °C

47–91% yield

Ji, Chem. Sci. 2012, 3, 460–465.
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Application in Total Synthesis: The Azaphilones
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Application in Total Synthesis: The Azaphilones
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Application in Total Synthesis: The Azaphilones
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Summary

Copper plays an important role in biochemistry and many other fields.

Dioxygen-copper compounds make up the active sites of several important enzymes.

The structure of the dioxygen-dicopper core influences a catalytic system's reactivity.

Copper-catalyzed reactions with molecular oxygen can also effect many useful transformations in 
synthetic organic chemistry.


