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 first examples: second half of the 19th century

Ann. Chem. Pharm. 1863, 126, 58-62

fluorine substitution can impart lots of properties on 
molecules, such as pharmaceuticals, agrochemicals, 
materials, and radiotracers for positron emission 
tomography (PET).

• Hydrophobic/hydrophilic properties

• membrane penetration at 
physiological pH

• strategically used as transition state 
inhibitors

• increased metabolic stability

• Increase binding affinity to proteins 
(hydrogen bond donors)

 more than 100 years

Fluorination chemistry

[half-lives]
11C, 13N, 15O: ≤20 min 
18F : 110 min



the nature of fluorine itself
High electronegativity
high hydration energy of fluoride anion

 Weak nucleophile in the presence of hydrogen bond donors
 Better nucleophile when hydrogen bond donors are  meticulously exclude, but also a strong base 

In Nature, haloperoxidase enzymes give 
rise to thousands of organochlorides and 
organobromides but no fluoroperoxidase
enzyme has been identified

Despite fluorine being the 13th most
abundant element in the Earth crust, 
only a handful of natural 
organofluorides are known

Fundamental challenge of C-F bond forming reaction: 







Nature 2004, 427, 561.

dehydrates solvated fluoride 
In the active site



Nucleophilic C(sp2)-Fluorination
 Traditional sp2 C-F bond formation

Fluorination of aryl bromides via aryne intermediates.

Nucleophlic aromatic substitution of electron-poor arenes (the Halex process).

Nucleophilic fluorination of aryl diazonium salts (the Balz−Schiemann reaction)

From C-X to C-F 



Sun, H.; DiMagno, S. G. J. Am. Chem. Soc. 2005, 127, 2050.
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Limbach, H.-H.; Männle, F. Angew. Chem., Int. Ed. Engl. 1991, 
30, 1372.

 Synthesis of anhydrous “naked” fluoride sources

 Room temperature nucleophilic arene fluorination using anhydrous TBAF



Large kinetic barrier to C−F bond formation 
Thermodynamically favorable process
(the C−F bond is the strongest of all C−X single bonds)

Therefore, improving nucleophilic arene fluorination can ideally be 
approached by catalysis

Nucleophilic C(sp2)-Fluorination



 General catalysis cycle for metal-catalyzed nucleophilic fluorination.

Challenges of metal mediated C-F bond formation

Overcoming the activation barrier to C−F bond formation from aryl−metal 
fluoride complexes is also very challenging!

Grushin, V. V. Acc. Chem. Res. 2010, 43, 160.



 Challenges of metal mediated C-F bond formation

Overcoming the activation barrier to C−F bond formation from aryl−metal 
fluoride complexes is also very challenging!
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metal−fluorine bonds are significantly polarized toward fluorine. 

For reductive elimination to occur, there must be sufficient orbital overlap
between the metal−carbon and the metal−fluorine σ-bonds; however, 
electron is lacking in the region where it is required for C−F

The high polarization of the metal−fluorine bond results in a significant ionic 
contribution to the bond which strengthens it and increases the energy barrier 
to C−F reductive elimination
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An additional challenge: 
palladium(II) fluoride complexes have been observed to be strongly basic

Marshall, W. J.; Thorn, D. L.; Grushin, V. V. Organometallics 1998, 17, 5427



Three-coordinate T-shaped geometry of PdIIAr(F)L 
(L = NHC, PR3) was shown to offer kinetics and 
thermodynamics of Ar-F elimination

Coordination of strong fourth ligands to Pd or 
association of hydrogen bond donors with F each 
caused stabilization of Pd(II) and increased barrier

Decreasing donor ability of L promotes elimination

A promising “early” result, reported by Yandulov

Yandulov, D. V.; Tran, N. T. J. Am. Chem. Soc. 2007, 129, 1342.



Three-coordinate T-shaped geometry of PdIIAr(F)L 
(L = NHC, PR3) was shown to offer kinetics and 
thermodynamics of Ar-F elimination

Coordination of strong fourth ligands to Pd or 
association of hydrogen bond donors with F each 
caused stabilization of Pd(II) and increased barrier

Decreasing donor ability of L promotes elimination

Steric repulsion with P(t-Bu)3 destabilize dimer by 20 kcal/mol
However, still cannot provide over trace amount of Ar-F product

A promising “early” result, reported by Yandulov
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 First reported aryl C−F bond formation from an arylpalladium(II) fluoride complex
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“Reductive elimination mechanism for aryl fluoride formation was 
not rigorously established, and an SNAr pathway is also feasible”
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 The breakthrough

Three-coordinate T-shaped geometry 
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 ligand modification in 2011
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 First Cu-catalyzed nucleophilic C-F bond formation
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 more general copper-mediated fluorination



 Sensitive to proton source

 Too much AgF is bad. Why?
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 Comparison of the redox potential of bench-top stable fluorinating reagents (versus SCE)
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Electrophilic C(sp2)-Fluorination From C-M to C-F 
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For arylmetal nucleophiles react with F2, XeF2 or F-OSO3R , see: 



Formally: as source of fluoronium cation (“F+”)
Actually: the N–F bonds are polarized toward fluorine, with a partial negative 
charge on fluorine.

SN2 displacement? 
the σ*N–F orbitals are sterically inaccessible on N
the σ*N–F orbitals are too small on F

two-electron oxidation
single-electron transfer 
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C−F Reductive Elimination from Pd(IV).
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C−F Reductive Elimination from Pd(IV).

 five-coordinate Pd(IV) cationic complex
 concerted reductive elimination

 Dissociation of one oxygen ligand
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“NBS also reacted to afford 3a in >95% yield,
suggesting that the oxidant does not serve as the 
source of fluorine.”  --Sanford--

“the mechanism of C−F bond formation in
this case is unclear, and both electrophilic C−Pd bond 
cleavage and C−F reductive elimination are feasible.”
--Ritter--
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 super electron-deficient Pd(IV) 
 very quick transmetallation with F- (even at 10-4 M concentration)



Mazzotti, A. R.; Campbell, M. G.; Tang, P.; Murphy, J. M.; Ritter, T. J. Am. Chem. Soc. 2013, 135, 14012.



 first-order kinetic dependence on the Pd catalyst

 saturation kinetics with respect to terpyridine

 zero-order dependence on aryl trifluoroborate

Mazzotti, A. R.; Campbell, M. G.; Tang, P.; Murphy, J. M.; Ritter, T. J. Am. Chem. Soc. 2013, 135, 14012.
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C−F Reductive Elimination from Silver(II).
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C−F Reductive Elimination from Silver(II).

Bimetallic Oxidation-Reductive Elimination mechanism:
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 Proposed mechanism 
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Electrophilic C(sp2)-Fluorination From C-H to C-F 

 An early example

E0>1, the fluorides are strong oxidants and can be recycled with elemental fluorine
1>E0>0, the fluorides are moderate oxidants and can be recycled with HF and O2

E0<0, the fluorides are inert toward C-H bonds
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Modern C(sp2)-F bond forming reactions:

Still a challenging and important problem 

From C-M to C-F

transition-metal catalysis approach has been the

most successful to date

 most effective for highly functionalized substrates
 requires expensive electrophilic fluorinating reagents 
 poor atom economy

 arylmetal substrates not always readily available.

Summary and outlook

From C-X to C-F

 inexpensive fluoride salts and aryl halides
 basicity of fluoride  undesired reactions

From C-H to C-F

 step and atom economy
 poor FG tolerance
 require directing-group  
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