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• Bioinspired oxidations and oxygenations (e.g., hydroxylation of C−H 
bonds, dehydrogenation of alcohols, etc.) 

• Cu-nitrene, Cu-H
• organometallic-like transformations (e.g., Ullman-like coupling reactions 

and C−H activation).
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Timeline of Achievements in Copper Chemistry

 First cross-couplings

 Ullmann–Goldberg reaction

 Copper organometallic reagents

C-O、C-N、C-S

Kharasch, M. S.; Tawney, P. O. JACS. 1941, 63, 2308.

C-C

Review: Chem. Rev. 2012, 112, 2339–2372.



Timeline of Achievements in Copper Chemistry
 The post-Ullmann chemistry C-heteroatom (N, O, S, P, Se)、C-C

The classical Ullmann-Goldberg reactions had kept an unshakable position.

• Harsh reaction conditions (high temperatures and strong bases)
• Limited substrate scope
• The use of large excess amounts of copper reagents.

Palladium based Buchwald–Hartwig reaction

S. L. Buchwald et al., Angew. Chem.Int. Ed. 1995, 34, 1348.
J. F. Hartwig et al., Tetrahedron Lett. 1995, 36, 3609.

until late 1990s…

The use of bidentate ligands for copper. 

Dawei Ma et al. J. Am. Chem. Soc. 1998, 120, 12459.
H. B. Goodbrand et al. J. Org. Chem. 1999, 64, 670.
Hauptman, Buchwald, Taillefer et al.

Review: Angew. Chem. Int. Ed. 2003, 42, 5400.
Angew. Chem. Int. Ed. 2017, 56, 16136.

Review: Chem. Sci., 2011, 2, 27
ACS Catal. 2015, 5, 1386.

Ligand development and precatalyst design led to significant 
advances!!

Broad substrate scopes: Cl, Br, I, OTf
Mild conditions: many reactions work well at r.t
Catalyst loadings: some reactions need 0.1-0.001 mol% of catalyst

Broad substrate scopes: Cl, Br, I
Mild conditions: 80-100oC for many reactions
Catalyst loadings: 5-20 mol% in most cases



Timeline of Achievements in Copper Chemistry

 Copper(I)-catalyzed alkyne-azide
cycloaddition (CuAAC) “click” reaction

Review: Coord. Chem.Rev. 2011, 255, 2933–2945

 Chan-Evans-Lam Coupling

Chan, D. M. T. et al. Tetrahedron Lett. 1998, 39, 2933–2936. 
Evans, D. A. et al. Tetrahedron Lett. 1998, 39, 2937–2940. 
Lam, P. Y. S. et al. Tetrahedron Lett. 1998, 39, 2941–2944.

C-C



Electronic Properties of Copper

2012, vol 31, issue 22.

Nature 2014, 509, 299.
no useful guidelines in ligand design



Mechanism of Copper-catalysed cross-coupling

 Three oxidation states (0, I, and II) are found to be effective in cross coupling 
(CuBr2 ,CuCl2, Cu(OAc)2, CuX, Cu powder). Cu(I) species are the primary active 
catalysts.

 Most of available experimental data favor the proposal that the nucleophile is 
coordinated to the Cu(I) prior to activation of the aryl halide. (fast and irreversible)

 The most frequently invoked activation 
mode of aryl halides by Cu complexes

 A CuI/CuIII cycle.

• CuIII has been widely proposed as an 
intermediate

• Oxidative addition product has never 
been observed before 2010

Chem Sci. 2010, 1, 326.

• For Cu(III) complexes: Chem. Sci., 2013, 4, 2301
Xi et al. JACS. 2017, 139, 13688. ref.



Mechanism of Ullmann-Goldberg can vary



Mechanism of Ullmann-Goldberg can vary
 Single-electron transfer (SET) VS iodine atom transfer (IAT)

Phen (6) SET IAT

O-bound 43.6 34

N-bound 35.1 39.6

Ket (5) SET IAT

O-bound 27.2 32.9

N-bound 26.2 41.1

• Mechanisms involving either oxidative addition/reductive elimination or σ-bond metathesis are disfavored in this case.

Buchwald et al. JACS. 2010, 132, 6205.



 Oxidative addition/reductive elimination mechanism
Yao Fu et al. JACS. 2010, 132, 18078.

The role of ligands?
• Act as a coordinating agent thus facilitating the aromatic substitution.

• Inhance the solubility of an intermediate cuprate species.

• Facilitate an oxidative addition of the aryl halide to the Cu atom.

• preventing the formation of Cu bis-amidate species.

• Varying the reaction pathway.

Mechanism of Ullmann-Goldberg can vary



Asymmetric photoredox transition-metal catalysis

 Catalysts that can straightforwardly direct photoredox processes in their inner 
sphere, and thereby control reactions through their ligand environment are desirable.

Wenjing Xiao et al. J. Am. Chem. Soc. 2017, 139, 63.

Eric Meggers et al. Nature 2014, 515, 100



Copper’s rapid ascent in Visible-light photoredox catalysis

1979-1984

1977

 Resuscitated in 2012 for a C–C bond-forming atom transfer 
radical addition (ATRA) transformation



The mechanistic paradigm of Cu(I) photocatalysts

 Cu(I)/Cu(II) catalytic cycle involve sequential elementary steps—SET, ligand 
exchange, and ligand transfe.

 Cu(I)/Cu(II)/Cu(III) catalytic cycle involve SET, radical rebound, ligand exchange, 
and reductive elimination steps.



Bifunctionalization of olefins

Oliver Reiser et al., Angew. Chem. Int. Ed. 2015, 54, 6999

Chaozhong Li et al. J. Am. Chem. Soc. 2018, 140, 6169



C(sp3/sp2)- heteroatom cross-coupling

All of reported 
couplings have 
employed 
nucleophiles 
wherein the 
nucleophilic
site is part of a 
π system.



“out-of-cage” nucleophiles

Gregory C. Fu et al. J. Am. Chem. Soc. 2017, 139, 17707 Gregory C. Fu et al. J. Am. Chem. Soc. 2017, 139, 18101



Cu(I)-phenylacetylide species
Angew. Chem. Int. Ed. 2018, 57, 5492 Kuo Chu Hwang et al. Angew. Chem. Int. Ed. 2015, 54, 13896

Kuo Chu Hwang et al. Angew. Chem. Int. Ed. 2019, 58, 3838



New avenue: light-accelerated CuII homolysis

The activation of Cu(II)X2 complexes endowed with suitable 
ligands to redshift absorption into the visible region can produce 
radicals X• that initiateproductive organic transformations!

Oliver Reiser et al. Angew. Chem. Int. Ed. 2018, 57, 8288.

LMCT excitation-homolysis：
Cu(II) complexes react from
LMCT states which oxidize
the anionic nucleophile.



New avenue: light-accelerated CuII homolysis
Lei Gong et al. J. Am. Chem. Soc. 2018, 140, 15850.

LMCT excitation-homolysis

Such principle was also impressively demonstrated by Zuo and 
co-workers: Highly electrophilic alkoxy radicals, generated from 
simple alcohols via photoinduced LMCT(Science 2018, 361, 668).

Zhiwei Zuo et al. Angew. Chem. Int. Ed. 2016, 55, 15319.



Cooperative photoredox dual catalysis
 The radical capture by Cu(II) species gives rise to a high-valent Cu(III) intermediate that 

undergoes facile reductive elimination to furnish the cross-coupled product.

Sanford et al.  J. Am. Chem. Soc. 2012, 134, 9034.



Macmillan et al. Science 2018, 360, 1010. J. Am. Chem. Soc. 2018, 140, 6522.

Aryl radical generated by single 
electron oxidation? 
Alkyl radical? 

Debromo/decarboxylative trifluoromethylation



Alkyl radical generated by single 
electron reduction? 

Xile Hu et al. Nat. Catalys. 2018, 1, 120

Macmillan et al. Nature. 2018, 559, 83.

Primary, Secondary, Tertiary alkyl acids
Various nitrogen nucleophiles(most N-heterocycles)

Decarboxylative sp3C-N coupling

Primary, Secondary alkyl acids
aromatic amines



Enantioselective decarboxylative sp3C-CN coupling

Guosheng Liu et al.
JACS. 2017, 139, 15632

 General Mechanisms for Transition Metal-Catalyzed 
C–H Bond Functionalization. Chem. Rev. 2019, 119, 2954−3031

Trends in Chemistry 2019, 1, 471. Tetrahedron Letters 2019, 60, 151225
.

Guosheng Liu et al.
Science. 2016, 353, 1014



Summary

 Mechanism of Ullmann-Goldberg can vary

 Single-electron reduction from Cu(I)* complexes 

 LMCT excitation-homolysis Cu(II) * complexes 

 Cooperative photoredox dual catalysis: the 
radical capture by Cu(II) species gives rise to a 
high-valent Cu(III) intermediate that undergoes 
facile reductive elimination 

Oliver Reiser et al., 
Science 2019, 364, 450.


