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4. The Trifluoromethyl (CF3) and Related Fluoroalkyl Group

4.1 Introduction to the CF3 Group

The trifluoromethyl (CF3) group is the most important fluorine-containing functional group and is a 
constituent of many pharmaceuticals and agrochemicals.

Examples:

Reviews: a) Wang, Liu, Chem. Rev. 2015, 115, 683. b) Togni, Chem. Rev. 2015, 115, 650.

Prevalence of fluorine-
containing groups in

pharmaceuticals:

Strong C−F Bonds impart
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There are two main approaches for preparing CF3 Groups:

a) Fluorination: Fluorination of non-fluorinated precursors (formation of three C−F bonds)

b) Trifluoromethylation: Installation of the entire CF3 group onto a substrate (formation of C−CF3         

bond)

Trifluoromethylated organic compounds are still most commonly prepared industrially using fluorination
approaches.

Example: Halex Reaction 

Example: Deoxyfluorination of Carboxylic Acids

There are three types of trifluoromethylation reaction: a) nucleophilic (with −CF3); b) radical (with ∙CF3) and 
c) electrophilic (with formal “+CF3”). 

a) Filler, Adv. Fluorine Chem. 1970, 6, 1. b) Nickson, J. Fluorine Chem. 1991, 55, 173.

4.1 Introduction to the CF3 Group
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4.2 Nucleophilic Trifluoromethylation

4.2.1 The CF3 Anion

The −CF3 anion is rather unstable due to electrostatic repulsion between the fluorine lone pairs and the 
negative charge. α-Elimination of fluoride can occur leading to highly reactive difluorocarbene. 

Grushin, Angew. Chem. Int. Ed. 2015, 54, 15289.

As the α-elimination is 
entropically favoured, 

−CF3 can be stabilised at 
low temperatures (−78 
°C). Encapsulation of the 

counterion in a crown 
ether or cryptand can 

also reduce α-
elimination by 

disfavouring M−F 
interactions.   
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The kinetic instability of α-fluorocarbanions towards elimination of fluoride is one factor behind the deleterious 
effect of fluorine substituents on (fluoro)alkylation reactions: the “Negative Fluorine Effect (NFE)”.  

Hu, Chem. Soc. Rev. 2016, 45, 4551.
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4.2.2 Nucleophilic Trifluoromethylation Reagents

Nucleophilic trifluoromethylations are according not usually conducted using free −CF3 anions but rather with 
surrogate reagents where a nucleophilic CF3 group is generated in situ. The most important reagent is the 
Ruppert-Prakash reagent (Me3Si-CF3).

Review: Wang, Liu, Chem. Rev. 2015, 115, 683.

Ruppert-Prakash
Reagent

Cost: ca. €3600 per mol
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4.2.3 Nucleophilic Addition to Carbonyl Groups

Nucleophilic trifluoromethylation with the Ruppert-Prakash reagent is generally successful for a wide-range of 
carbonyl compounds such as aldehydes and ketones, as well as activated imines. 

Review: Wang, Liu, Chem. Rev. 2015, 115, 683. a) Martinborough, J. Med. Chem. 2007, 50, 5049. b) Hudson, J. Med. Chem. 2007, 50, 4699. c) Prakash, Org. Lett. 2006, 8, 3589.

Mechanism:
Examples:
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Addition to esters or Weinreb amides affords the corresponding trifluoromethylated ketones.

Examples:

a) Leadbeater, J. Org. Chem. 2012, 77, 8131. b) Prakash, Olah, Angew. Chem. Int. Ed. 1998, 37, 820.

Examples:
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Asymmetric variants of these reactions have proved challenging. Moderate ee’s have been obtained using a 
phase transfer catalysis approach with chiral quaternary ammonium salts.  

Shibata, J. Fluorine Chem. 2013, 152, 46.

Mechanism:

Examples:
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The Ruppert-Prakash reagent can be inexpensively prepared from fluoroform (CHF3) at low temperatures 
with KHMDS.

Other nucleophilic trifluoromethylations can also be conducted under these conditions directly from 
fluoroform.

Prakash, Science 2012, 338, 1324.

Examples:
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4.2.4 Transition Metal-Mediated Nucleophilic Trifluoromethylation of Aromatics (Cross-
Coupling)

As for palladium-catalysed fluorination reactions with fluoride, reductive elimination of a CF3 group from 
PdII is challenging. 

a) Grushin, J. Am. Chem. Soc. 2006, 128, 4632 b) Grushin, J. Am. Chem. Soc. 2006, 128, 12644. c) Ozawa, Organometallics 1989, 8, 180.

Reductive elimination
favoured with large bite-
angle bridging phosphine

ligands
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A successful cross-coupling system was developed by Buchwald and co-workers using the very bulky 
RuPhos or BrettPhos ligands,

Buchwald, Science 2010, 328, 1679.

Bulky Buchwald ligands favour reductive elimination
and enable oxidative addition into aryl chlorides

Examples:
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Reductive elimination from CuIII is thermodyamically more favourable than from PdII. Cross-coupling methods 
using stoichiometric or catalytically-generated Cu−CF3 complexes have thus been developed. 

Hartwig, Angew. Chem. Int. Ed. 2011, 50, 3793.

Examples:
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18F-Labelled CuCF3 has been prepared from [18F]Fluoroform and subsequently used to prepare radiolabelled 
aromatics. 

Vugts, Angew. Chem. Int. Ed. 2014, 53, 11046.
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4.3 Electrophilic Trifluoromethylation

The high polarity of C−F bonds means that electrophilic trifluoromethylation with F3C−X derivatives (X = 
leaving group) is challenging.

NB. In many cases of successful electrophilic trifluoromethylation, single electron transfer (SET) from the 
nucleophile to the electrophilic trifluoromethylating reagent followed by C−X bond mesolysis and radical 
combination is likely the operating mechanism.

Electrostatic repulsion between fluorines
and incoming nucleophile disfavours attack.

Strong inductive electron-withdrawing effect
of fluorines can lead to an inversion in the

C−X bond polarisation.
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4.3.1 Electrophilic Trifluoromethylation Reagents

Several “electrophilic” trifluoromethylating reagents have been introduced in recent years. The most 
commonly-employed are the Togni Reagents (I and II) and the Umemoto Reagent

a) Cheng, J. Org. Chem. 2016, 81, 3119. b) Médebielle, J. Fluorine Chem. 2013, 155, 124.

UmemotoTogni IITogni I

More reactive

I O

Me
Me

F3C I OF3C

O
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Electrophilic Trifluoromethylation with the Togni Reagents

A range of organic nucleophiles such as enols/enolates, sulfur (or sometimes oxygen) heteroatoms and 
electron-rich aromatics.

Examples:

Review: Togni, Chem. Rev. 2015, 115, 650. a) Togni, Angew. Chem. Int. Ed. 2007, 46, 754. b) Togni, Chem. Eur. J. 2006, 12, 2579. 
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Example: Electron-rich Aromatics (Friedel-Crafts-type)

Lewis acids can activate the Togni reagents via coordination to the oxygen bound to iodine(III). 

Togni, J. Fluorine Chem. 2010, 131, 951.
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Electrophilic Trifluoromethylation with the Umemoto-type Reagents

Reviews: a) Umemoto, Chem. Rev. 1996, 96, 1757. b) Zhang, Org. Biomol. Chem. 2014, 12, 6580.
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4.3.2 Transition Metal-Mediated Oxidative Trifluoromethylation of Aromatics

Electrophilic trifluoromethylating reagents can be employed as CF3 sources in oxidative trifluoromethylation 
reactions of arenes catalysed or mediated by transition metals. 

Example: Palladium-Catalysed C−H-Trifluoromethylation of Arenes

Yu, J. Am. Chem. Soc. 2010, 132, 3648.

Examples: Mechanism:
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Copper is most commonly employed as the transition metal catalyst with reductive elimination from CuIII−CF3

species being the key C−C bond forming step. 

a) Liu, Chem. Commun. 2011, 47, 4300. b) Shen, Org. Lett. 2011, 13, 2342.

Mechanism:
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4.4 Radical Trifluoromethylation

4.4.1 The CF3 Radical

In contrast to the methyl radical, which is planar, the ∙CF3 radical is pyramidal in structure. While the 
electron-withdrawing inductive effect of fluorine helps to stabilise the radical centre, repulsion between the 
fluorine lone pairs and the unpaired electron serves to destabilise the radical.

Reviews: a) Studer, Angew. Chem. Int. Ed. 2012, 51, 8950. b) Dolbier, Chem. Rev. 1996, 96, 1557.

Hyperconjugative effects contribute to
favourability of the pyramidal stucture.

Donation of electron density from the
fluorine lone pairs into the low-lying, 

carbon-centred σ*C−F anti-bonding orbitals
is not possible in the planar structure.

This effect is, however, even stronger in 
fluoroform (CHF3) and contributes to the

low radical stability of ∙CF3.     
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The ∙CF3 radical is less stable than the methyl radical but more reactive towards alkenes and other radical 
acceptors. 

Due to the electron-withdrawing fluorine atoms, the ∙CF3 radical is electrophilic in character and reacts 
faster with electron-rich alkenes. 

Reviews: a) Studer, Angew. Chem. Int. Ed. 2012, 51, 8950. b) Dolbier, Chem. Rev. 1996, 96, 1557.
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4.4.2 Radical Trifluoromethylation via Direct Homolysis

∙CF3 Radicals most commonly engage in addition reactions to π-systems generating a range of alkyl or 
(hetero)aryl-CF3 products.

A number of different trifluoromethylation reagents can be employed as sources of ∙CF3 radicals. Weak bonds 
(such as in F3C−I) can undergo homolytic cleavage upon irradiation with UVA light or heating.

Example: ATRA Reaction of Alkenes with CF3I 

NB. This process is a chain reaction - homolysis of the F3C−I bond is required only for the reaction initiation! 
This is the case for pretty much all radical trifluoromethylation reactions. 

Haszeldine, J. Chem. Soc. 1949, 2856.
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4.4.3 Single Electron Oxidation of Nucleophilic Trifluoromethylation Reagents

Single electron oxidation of some nucleophilic trifluoromethylation reagents can be conducted using a variety 
of oxidants. The Langlois reagent (sodium triflinate, NaSO2CF3) is most commonly employed as the ∙CF3

source. 

Example: SET to Excited Acetone

Li, J. Am. Chem. Soc. 2016, 138, 5809.

Examples: Mechanism:

The regioselectivity of this process is
determined by the innate reactivity of the

arene. Mixtures are often observed. 
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Example: SET to tert-Butoxy Radicals 

a) Baran, Proc. Natl. Acad. Sci. U.S.A. 2011, 108, 14411. b) Baran, Nature 2012, 492, 95.

The regioselectivity of this process is
determined by the innate reactivity of

the arene. Mixtures are often observed. 

Improved reactivity is observed with
Zn(SO2CF3)2 (Zinc Triflinate)

Examples:

Mechanism:
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4.4.4 Single Electron Reduction of Electrophilic Trifluoromethylation Reagents

Most commonly, ∙CF3 radicals are obtained via single electron reduction of electrophilic trifluoromethylating
reagents. With CF3I or triflyl halides, atom transfer radical addition (ATRA) processes are typically 
observed with alkene substrates. 

Example: ATRA Reaction with Triflyl Chloride 

Kamigata, J. Chem. Soc., Perkin Trans. 1 1991, 627.
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Example: Photoredox-Catalysed Trifluoromethylation of (Hetero)arenes

MacMillan, Nature 2011, 480, 224.

Mechanism:
Examples:

The regioselectivity of this process is
determined by the innate reactivity of the

arene. Mixtures are often observed. 

NB. A radical chain mechanism is also 
likely operating. Photoredox catalysis
serves as a smart initiation method.

Light bulb photo: from Unknown Author, licence: CC BY-SA-NC
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4.4.5 Transition Metal-Mediated Radical Trifluoromethylation of Aromatics

Addition of a ∙CF3 radical to CuI followed by a single electron oxidation can afford CuIII−CF3 species central to 
transition metal-catalysed arene trifluoromethylation. 

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

Mechanism:Examples:

Light bulb photo: from Unknown Author, licence: CC BY-SA-NC
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