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1. Introduction 

The substitution of fluorine for hydrogen in a molecule may result in profound 

changes in its properties and behaviour. Fluorine does not introduce special steric 

constraints since the F atom has a small size. However, the changes in bond polarity and 

the possibility of forming hydrogen bonds with other hydrogen donor fragments in the 

same or other molecules, may change the solubility and physical properties of the 

fluorinated compound when compared to the non-fluorinated one. Fluorine forms strong 

bonds to other elements and this ensures a good chemical stability. Altogether, 

fluorinated compounds are very attractive in materials chemistry and in medicinal 

chemistry, where many biologically active molecules and pharmaceuticals do contain 

fluorine in their structure and this has been shown to be essential for their activity.1,2  

The synthesis of fluorinated compounds is a thriving field, driven by the huge 

interest of these molecules. A non-comprehensive list of recent reviews is given in 

references 3-19.1,3-19 Some of the challenges for the preparation of organofluorine 

derivatives lay on the development of suitable fluorine reagents that are not too reactive, 

as fluorine itself, or too unreactive because in order to give the desired reaction there is 

the need of the cleavage of a strong E-F bond. Some of the well developed and useful 

catalytic reactions for non-fluorinated compounds have been applied to the synthesis of 

fluoroderivatives but, in many cases, the reactions are not as effective as expected or 

simply do not work. In the last years, a strong impulse has been given to this field and, 

being palladium one of the most important metal in C-C bond forming reactions, new 

catalytic processes have been developed using complexes of this metal. Other metallic 

catalysts have also been introduced in organofluorine syntesis, specially copper.3,10,13,18-

20 
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This chapter is intended to give an overview of the synthetic procedures of 

fluorinated molecules based on the use of palladium complexes, paying attention to the 

reported studies on the fundamental organometallic reactions that are involved as 

individual steps in those synthetic procedures. This is specially interesting since the 

understanding of these steps has allowed to explain the failure of some reactions and to 

develop new effective processes.  

Long before the outburst of the catalytic synthesis of fluorinated compounds, the 

special stability of the organometallic palladium derivatives with fluorinated groups, 

specially fluoroaryls, had been recognized. Thus, a huge number of perfluoro and 

fluorohaloaryl complexes of palladium are known.21 Perfluoroalkyl derivatives have 

also been prepared.22 These fluorinated groups play the role of auxiliary ligands in 

many reactions but they have also allowed the isolation and study of unusual 

coordination modes of the aryl groups,23 unusual oxidation states for the metal,24 etc. 

The presence of a fluorinated group in the complexes is very convenient since 19F NMR 

spectroscopy, having high sensitivity and displaying a wide chemical shift range, can be 

used as structural tool. In this way the Pd-fluoroaryl moiety has been used as a reporter 

of the symmetry of the molecule and has allowed the study of a variety of complex 

fluxional processes, isomerization, and ligand substitution and exchange reactions,25 as 

well as the study of palladium-catalyzed polymerization reactions.26 A review covering 

the use of fluroraryl groups as reporter tools is available.27 Also, the use of 19F NMR 

has been very important in the study of other processes where the Pd-RF bond is cleaved 

and these examples will be discussed here.   

 The contents of this chapter are organized in two main parts devoted, on one 

hand, to the formation of C-C bonds where one of the coupled groups is a fluorinated 

one, and to those reactions that involve the cleavage or the formation of a C-F bond on 
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the other. In each part a survey of the known palladium catalytic processes are given 

followed by the reported studies of individual organometallic reactions that play a role 

in the catalytic processes and give support to the studied or proposed mechanisms for 

them.  

 

 

2. C-C Coupling reactions of fluorinated reagents. 

2.1. Overview of catalytic C-C coupling reactions of fluorinated 

derivatives. 

The number of catalytic reactions that use fluorinated substituents is enormous. 

For example, it is common to find a fluorine atom or a CF3 group in an aromatic reagent 

to modulate the electronic properties of the aryl group. Most of these reactions are not 

different from other catalysis with non-fluorinated reagents. Thus, only a selection of 

fluorinated groups will be mentioned in this chapter, mainly polyfluorinated species or 

those examples where the fluorine atoms in any of the reagents is close to the 

substituted position and may introduce enough differences in the reaction rate or 

outcome. Efficient catalytic processes for these substrates have been developed with the 

aid of bulky phosphines, that have also proved to be very effective for the coupling of 

other reluctant groups such as alkyls. Figure 1 shows some of these ligands that will be 

mentioned in this chapter when discussing the coupling reactions they are involved in. 

Fluorinated groups have been used as auxiliaries in catalytic C-C reactions in 

such a way that they do not get incorporated into the final product. Among them, 

perfluoroalkyl sulfonates (mostly the so called nonaflates),28-30 and pentafluorobenzoyl 

oximes31 as electrophilic reagents that undergo oxidative addition to Pd(0) in cross 

coupling reactions. This application will not be further discussed here. 
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Figure 1. Bulky phosphine ligands used in Pd-catalyzed coupling reactions of 

organofluorides. 

 

Palladium catalysis has also benefited from the introduction of fluoroalkyl 

chains in ligands or reaction partners to gain solubility of either the catalyst or the 

reagents in fluorous solvents or super-critical CO2. Some of these catalytic systems can 

be recyclable. Fluorinated surfactants or stabilizers of nanoparticles have also been 

reported. Both uses of fluoroorganyls will not be discussed in this chapter.  

The reactions gathered in this section are ordered according to the type of 

fluorinated group that participates in the coupling reaction. In each of them, subsections 

labeled with the different type of processes can be found.  

 

 



 6 

2.1.1. C-C coupling of fluorinated alkyl derivatives 

The palladium-catalyzed fluoroalkylation of organic derivatives is not an easy 

task. Two main problems arise for the application of the well known Pd-catalyzed C-C 

coupling reactions to these groups: i) the availability of suitable fluoroalkyl 

transmetalating reagents and ii) the sluggish reductive elimination of perfluoroalkyl 

palladium derivatives, so other reaction pathways can compete to give undesired 

byproducts. The advances in this field have concentrated in solving these two problems, 

specially problematic for the simplest member of the fluoroalkyls, the CF3 group. Thus, 

the functionalization with the trifluoromethyl group relies on the use of  new silicon or 

copper trifluoromethyl reagents. The bulky phosphines collected in Figure 1, which 

ensure low coordination numbers and bidentate binding modes when required, have 

overcome the reductive elimination problem.  

Some palladium-catalyzed processes are used to transform substrates that 

already bear the fluorinated group such as the enantioselective hydrogenation of 

fluorinated imines.32 However the examples collected here refer to Pd-mediated 

processes that involve the introduction of a fluorinated group in the molecule mainly, 

but not exclusively, with the formation of a new C-C bond.  

 

Radical reactions 

Perfluoroalkyl halides are well known sources of perfluoroakyl radicals. These 

are kinetically more stable than non-fluorinated alkyl radicals due to the limited number 

of termination processes which affect them.1 Radical mechanisms are often invoked in 

palladium catalyzed perfluoroalkylation reactions, and in fact most of the early metal 

catalyzed processes involving perfluoroalkyl reagents were classified as radical 
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reactions. The radical initiation reaction can be promoted by irradiation, heating, use of 

radical initiators, and also by metals.1  

In 1987 Huang and Zhou reported the formation of perfluoroalkyldialkylamines 

and perfluoroalkylalkylenamines in the reaction of trialkylamines with perfluoroalkyl 

iodides catalyzed by triphenylphosphine complexes of palladium, platinum, or nickel 

(Scheme 1).33 The reaction is proposed to follow a radical pathway in which a 

palladium(0) complex act as radical initiator. 

 

2 RFCF2I + 3 RCH2CH2NR1R2 [M(PPh3)4] RFCF2CR=CHNR1R2 + RFCF2H

M = Ni, Pd, Pt

RFCF2I + [Pd0] RFCF2· + [PdI·]

RFCF2· + RCH2CH2NR1R2 RFCF2
– + RCH2CH2NR1R2

RFCF2
– + RCH2CH2NR1R2 RFCF2H + RCH2CHNR1R2

 RCH2CHNR1R2 + [PdI·]  RCH=CHNR1R2 + [HPdI]

[HPdI] + RCH2CH2NR1R2 [RCH2CH2NHR1R2]I + [Pd0]

+ 2 [RCH2CH2NHR1
R

2
]I

 

Scheme 1  

 

A year before, Ishihara et al. had reported that the addition of fluoroalkyl iodides 

to olefins and alkynes is efficiently catalyzed by [Pd(PPh3)4], and that radical 

scavengers retarded the reaction.34 Qiu and Burton extended the scope of the reaction to 

the use of alkene,1,2-diols and they found that the same reaction can be performed by 

using by peroxides as radical initiators supporting a radical mechanism (Scheme 2).35 

RFI + CH2=CHR Cat. RFCH2CHIR                        

Cat. = [Pd(PPh3)4] or (PhCO2)2  

Scheme 2 
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In the presence of a catalytic amount of [Pd(PPh3)4], iododifluoromethyl alkyl 

and phenyl ketones react with alkenes to give the corresponding α,α-difluoro-γ-

iodoketones (Scheme 3).36 The reaction can be completely suppressed by a radical 

inhibitors such, di-tert-butyl nitroxide or hydroquinone. A radical mechanism initiated 

by the palladium assisted homolytic breaking of the C–I bond is proposed. 

R1

O

CF2I + CH2=CHR2
R1

O

CF2

CH2
CHIR2

 

Scheme 3 

 

Motoda et al. have shown that the radical addition takes place under very mild 

conditions by the use of a heterogeneous aqueous system, without the use of hydrophilic 

co-solvents or phase transfer catalysts (Scheme 4).37 The reaction takes place in two 

hours at room temperature. 

R1 + n-C6F13I
[PdCl2(PhCN)2], L

H2O / Et2NH R1

I
C6F13

G + n-C6F13I
[PdCl2(PhCN)2], L

H2O / Et2NH
G

I

C6F13

R1 = n-C10H21, AcO(CH2)3, CH3CO(CH2)3
L = dppf
G = O, (MeOCH2)2C, BnN  

Scheme 4 

 

Looking for a wider scope of the synthetic procedures, cross-coupling 

methodologies have been applied to perfluoroalkyl groups. The fluorinated group can 

be introduced in the oxidative addition step (typically as RF-X X = I, TfO, etc.) or as 
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nucleophile through a transmetallation reaction. Examples of the different cross 

coupling reactions applied to fluoroalkyls are given below. 

 

Perfluoroalkyl groups in the Stille reaction 

Matsubara et. al. succeeded in the cross coupling of alkynyl, alkenyl and allyl 

tributyltin derivatives with perfluoroalkyl iodides such CF3I, n-C4F9I or C6F13I, using 

[Pd(PPh3)4] (10%) as catalyst (Scheme 5).38 The reaction was performed in hexane at 70 

˚C. No details about the mechanism were provided. 

 

RFI + R2SnBu3
[Pd(PPh3)4] RF-R2 + ISnBu3  

Scheme 5 

 

The cross-coupling of β-perfluoroalkyl-substituted alkyl halides with 

organostannanes such as allyl, arylethynyl, and aryltributylin is efficiently catalyzed by 

[PdCl2(PPh3)2] and by [Pd(PPh3)4]. When the reaction is carried out under CO pressure, 

carbonylative coupling of the halides took place affording the corresponding fluorine-

containing ketones in good yields (Scheme 6).39 

[Pd]
+ ISnBu3RFCH2 R2

[Pd] = [Pd(PPh3)4]; [PdCl2(PPh3)]
R2 = phenyl, phenylethynyl, phenylehtenyl, allyl
RF = CF3, C3F7, C6F13,C8F17

[Pd] + ISnBu3R2RF

RFCH2I + R2SnBu3

CO

O

RFCH2I + R2SnBu3

 

Scheme 6 
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The synthesis of group 15 and 16 perfluoroalkyl derivatives can be carried out 

by the palladium catalyzed cross coupling of perfluoroalkyliodides with organotin 

compounds such as Bu3SnPPh2, Bu3SnAsPh2, Bu3SnSePh. The formation of 

perfluoroalkylphosphine oxides (the coupling reaction was followed by the oxidation of 

the phosphine), perfluoroalkylarsine or perfluoroalkyl selenide took place.40,41 The best 

results were obtained by using [PdCl2(PPh3)2] as catalyst with a small excess of PPh3 

and CsF as aditive (Scheme 7). The use of other palladium sources (such [Pd(PPh3)4] or 

Pd2(dba)3), or other  phosphines as ligands led to worse results.42,43 

RFI + R2P–SnBu3
[Pd] RF–P(O)R2 + ISnBu3

air

CsF, L

[Pd] = [Pd(PPh3)4], [PdCl2(PPh3)2], [Pd2(dba)3], [Pd2(µ-Cl)2(allyl)2] 
L = PPh3, P(o-tol)3, PCy3

ERn = SePh, AsPh2

RFI + RnE–SnBu3
[Pd]

CsF, L
RF–ERn + ISnBu3

 

Scheme 7 

 

Introduction of fluorinated groups using the Negishi reaction 

The Negishi cross-coupling between perfluoroalkylzinc iodides (including CF3, 

i-C3F7, n-C3F7, and n-C4F9) and allyl or vinyl bromides, or aryl iodides has been 

described.44 ,45 The reactions were performed one pot reacting the perfluoroalkyl iodides 

with ultrasonically dispersed zinc in the presence of the palladium catalyst and the aryl, 

vinyl or allyl halide (Scheme 8). In a previous work, Kitazume et al. had shown that 

under this conditions the organozinc ZnIRF is formed.46 Pd(AcO)2, [PdCl2(PPh3)2] and 

[Pd(PPh3)4] were used as catalyst, and no difficulties derived from the reductive 

elimination step were reported.  
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[Pd]
RF R2RFI + R2–X

Zn/THF

[Pd] = [Pd(PPh3)4], [PdCl2(PPh3)2], [Pd(OAc)2], [Pd2(µ-Cl)2(allyl)2] 
RF = CF3, C2F5, n-C3F7,  i-C3F7, n-C4F9.
R2 = aryl, vynyl, styryl, phenylallyl.  

Scheme 8 

 

Also based on the Negishi cross-coupling methodology, the synthesis of 2-

perfluoroalkylpirrole by the reaction of the organozinc with perfluoroalkyliodide has been 

reported.47 

 

Introduction of fluorinated groups using the Suzuki reaction 

Suzuki−Miyaura protocols have been used to synthesize different types of 

pefluoroalkylated molecules. For example, trifluoroacetyl and trifluoroacetimidoyl 

moieties can be successfully introduced to aromatic compounds in this way (Scheme 9).48 

F3C O R
O

+ Aryl–B(OH)2 Aryl–CF3

F3C Cl

N
+ Aryl–B(OH)2

R

[Pd]

[Pd]

F3C Aryl

N R

 

Scheme 9 

 

The Suzuki reaction has been applied to β-fluorinated alkyl derivatives as 

organic electrophiles. Liang et. al. have reported the cross coupling of CF3CH2I wih 

heteroarylboronic esthers.49 The use of bulky dialkylbiphenylphosphines, particularly 

XPhos, allow the cross coupling of pyridyl pinacol boronate and other aryl boronates in 

moderate yields (28%-60%). Other fluoroalkyl iodides such CF3CF2CH2I gave poorer 

yields (about 20 %). The reaction proceeds in DMF as solvent and requires the use of 

additives such CsF, water, and CuCl (Scheme 10). The role of the CuCl is unclear: 
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Although the copper catalyzed cross-coupling of alkyl-halides and arylboronic acids has 

been described,50 Liang et al. reported that the use of CuCl, without palladium, as 

catalyst yielded only traces of the cross coupling product. 

[Pd] RFCH2 R2CF3CH2I + R2–B(OR)2

R2 = aryl or heteroaryl ;  B(OR)2 = B(OH)2 or B(pinacolate)
[Pd] =  [Pd2(dba)3]·CHCl3 + XPhos ;  "aditives": CuCl, CsF, H2O

"aditives"

 

Scheme 10 

 

So far, the best results in the Suzuki cross-coupling of trifluoroethyl derivatives 

have been reported by Zhao and Hu.51 The use of Pd2(dba)3·CHCl3 and a large excess of 

Xantphos as catalytic system allow the synthesis or trifluoroethyl arenes with yields up 

to 92%. In this system Cs2CO3 was used as base and a mixture of dioxane/water was 

used as solvent. 

Not only trifluoroethyl iodide, but also trifluoroethyl tosylate undergo the 

Suzuki cross coupling.52 The reaction takes place under harsh conditions (4h at 150˚C in 

DMSO as solvent). The best catalytic system for this reaction involves two different 

palladium catalysts: one palladacycle complex and Pd(AcO)2 (Scheme 11). No 

explanation of the role of these two catalysts is reported, but the absence of any of them 

has a great effect on the yield, which is always moderate (25-60%). Several "additives" 

have also to be added: NaI (up to 3 equivalents) base (3 equivalents) and extra ligand 

(PPh3 or other phosphine). 
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[Pd] RFCH2 R2CF3CH2I + R2–B(OH)2

[Pd] = Pd(OAC)2 + Pd
N

Cl
L

o-tol
L = PEt3, PCy3, 
      CyJohn-Phos, X-Phos

"aditives"
aditives: PPh3, K3PO4, NaI

Fe

 

Scheme 11 

 

As it is the case for trifluoromethylation, most successful metal catalyzed 

procedures to introduce the difluoromethyl group have focused in the use of copper as 

catalyst.53 Palladium catalyzed reactions are a rarity. Nonetheless, the palladium-

catalyzed difluoroalkylation of aryl boronic acids containing functional groups (ester, 

thio- ether, trimethylsilyl, etc.) with commercially available 

bromodifluoromethylphosphonate, and with bromodifluoroacetate has been reported by 

Feng et al.54 The catalytic system includes the use of [Pd(PPh3)4] or [PdCl2(PPh3)2] as 

palladium source, and Xantphos (2 to 4 equivalents respect to the palladium catalyst) as 

auxiliar ligand (Scheme 12). The role of Xantphos is not clear but, although different 

palladium sources could be used, the addition of Xanphos was critical for the catalysis. 

In the cross coupling reaction of bromodifluoroacetate the use of CuI as "co-promoter" 

was also required. The reaction has been used for the late-stage synthesis of biologically 

active compounds. 

[Pd(PPh3)4] (5% mol) 
Xantphos (10% mol)

BrCF2PO(OEt)2 + Aryl–B(OH)2
K2CO3

Aryl–CF2PO(OEt)2
 

Scheme 12 
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Zhang's group has also reported the use of the Suzuki-Miyaura methodology for 

the cross coupling of 3-bromo-3,3-difluoropropene with a variety of aryl boronates and 

arylboronic acids to produce the gem-difluoroallylated arenes.55 The reaction occurs in 

very high yields with low catalyst loading (0.8%-0.01% of Pd2(dba3) or [Pd(PPh3)4]). 

The procedure has been scaled up to obtain 10 g of product, and applied to the synthesis 

of bioactive molecules (Scheme 13) 

O

H

H

H

H

(RO)2B
+ BrF2C

[Pd2(dba3)]

[Ox]

O

H

H

H

H

HO

F F

OH

 

Scheme 13  

 

α-Monofluoroalkylation of aromatic derivatives has been reported by Qing et al. 

using the palladium-catalyzed Suzuki–Miyaura cross-coupling reactions of ethyl α-

bromo-α-fluoroacetate with various structurally diverse arylboronic acids using a 

phosphine ligand, to afford α-aryl-α-fluoroacetates in moderate to good yields.56 The 

reaction also produces the hydrogenation of the bromofluoroacetate (Scheme 14), 

although this side-reaction may be minimized by using PPh3 as ligand. 
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[Pd(OAc)2], L
R2–B(OR)2F

Br

O

O + base
F

R2

O

O

R2 = Aryl; L = biphenyldialkylphosphine, PPh3, dppe, dppb
base = K3PO4, NaOAc, Cs2CO3, CsF

+
F

H

O

O

 

Scheme 14 

 

Use of fluoroalkyl silanes as fluoroalkylating reagents 

Fluoroalkyl silyl derivatives combined with fluoride salts, have proved to be 

useful fluoroalkylating reagents in palladium catalysis. The most prominent compound 

of this class is trifluoromethyltrimethylsilane, also known as the Ruppert’s reagent, which 

has been widely used to generate CF3
– in solution.8,57 ,58 Trifluoromethyltriethylsilane is 

commercially available, it is increasingly used and its applications have been 

reviewed.4,58,59 The reagent requires the use of a nucleophile (typically F–) to activate the 

CF3-Si bond. The CF3
– that is generated readily decomposes to difluorocarbene (F2C:) 

and fluoride (F–), so the reaction rate of the reaction of this anion with the final reagent 

(the palladium complex) has to be high enough to avoid its accumulation in solution and 

its eventual decomposition. The main difficulty for the application of these reagents to 

palladium catalyzed reactions is the sluggish reductive elimination of perfluoroalkyl 

palladium derivatives, that makes possible the competition of other reaction pathways 

leading to unwanted products. This difficulty has been overcome by Buchwald et al. by 

using very bulky biphenyldialkylphosphines, such Bretphos or RuPhos (Scheme 15). 

With these ligands they succeeded in producing the palladium catalyzed cross coupling 

of arylchlorides with CF3SiMe3 or CF3SiEt3 in the presence of CsF at 120-140 ˚C in 

dioxane.60 The system shows a high tolerance for functional groups on the aryl moiety. 

The transmetalation of the CF3 group from CF3SiEt3 to palladium occurs at room 

temperature, allowing the isolation of the reaction intermediate [PdAr(CF3)(BrettPhos)]. 
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The X-Ray structure of this complex shows the coordination of the BrettPhos ligand in 

a chelating mode, through the phosphorus and one of the oxygen atoms (Scheme 15). 

The same coordination mode is possible for the other ligands that are able to promote 

the reductive elimination: Ruphos and Xantphos. 

[Pd], L
CF3 R2CF3SiEt3 + R2–Cl

R2 = aryl or heteroaryl 

[Pd] =  Pd2(dba)2; [Pd2(µ-Cl)2(allyl)2]

L: BrettPhos, RuPhos

KF, dioxane

 

Scheme 15 

 

This complex undergoes a reductive elimination reaction in the presence of a 

different aryl chloride at the same rate and with identical yield of the 

trifluoromethylated aryl than that observed without the additional aryl chloride (Scheme 

16). This supports the classical catalytic cycle for cross-coupling reactions in which 

only Pd(II) and Pd(0) species are involved in the catalytic cycle, ruling out the 

involvement of Pd(IV) complexes. 

[PdAr1CF3(BrettPhos)] Ar1—CF3

[PdAr1CF3(BrettPhos)] + Ar2Cl [PdAr2Cl(BrettPhos)] + Ar1—CF3

Dioxane
80 oC

Dioxane
80 oC  

Scheme 16 

 

In 2011 Cho and Buchwald extended this procedure to the catalytic 

trifluoromethylation of cyclic vinyl triflates or nonaflates using CF3SiMe3 in the 

presence of KF or CF3SiEt3 with RbF as trifluoromethylating mixtures in a Hiyama-like 

cross-coupling reaction.61 The success of the reaction depends critically on the ligand 
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used. For these reagents BrettPhos and tBuBrettPhos gave poor results but the reaction 

performed well using tBuXPhos or CytBuXPhos. Cyclohexenyl triflates or nonaflates as 

electrophiles gave the best results. Five or seven membered alkenyl rings have either 

lower reactivity or undergo side-reactions that precluded the formation of the desired 

products in high yields. 

 

Other fluoroalkylating reagents: fluoroalkyl copper 

Although there are several methods for the synthesis of trifluoromethylcopper(I) 

complexes,62,20 the isolated complexes are not generally used as trifluoromethylating 

reagents in palladium catalyzed processes. This is probably related with the fact that, 

even in low concentration, the trifluoromethylcopper derivatives induce 

polytrifluoromethylation of palladium complexes and lead to inert derivatives of generic 

formula [Pd(CF3)nL](n–2)–. However, they are useful when generated in situ during the 

reaction using an equimolar mixture of FSO2CF2COOMe and CuI. The use of readily 

available reagents derived from tetrafluoroethane β-sultone, which includes 

fluorosulfonyldifluoroacetic acid derivatives such as FSO2CF2COOH or 

FSO2CF2COOMe as trifluoromethylating and difluoromethylating reagents, has been 

recently revised (Scheme 17).11 

F
F

F
F

S
O

O
O ROH

RO S F

O

F F

O O

MF
+ MHF2 
(M = K, Na)

Tetrafluoroethane !-sultone  

Scheme 17  

 

Chen and Wu have found that FSO2CF2COOMe readily eliminates CO2 and SO2 

in the presence of CuI in DMF at 60-80 ˚C to produce CuCF3 species.63 By using this 
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system, Roche and Dolbier reported the aromatic trifluoromethylation of 

octafluoro[2.2]paracyclophanes, using PdCl2 as palladium source (Scheme 18).64 This 

substrate was particularly difficult to trifluoromethylate under standard copper-

catalyzed trifluoromethylation and, in fact, the reaction takes place without palladium 

chloride but in very poor yields (< 20%). In the following year, Dolbier extended the 

use of this reaction to the trifluoromethylation of several 

octafluoro[2.2]paracyclophanes diiodides, furnishing the desired products in high 

yields.65 

F2C

F2C CF2

CF2

I

+  FSO2CF2COOMe
CuBr, PdCl2

DMF F2C

F2C CF2

CF2

CF3  

Scheme 18 

 

This procedure has also been employed in the palladium catalyzed 

trifluoromethylation of porphyrins.66,67 Since porphyrins efficiently coordinate 

copper(I), [Cu(TPPBr)] (TPP: meso-tetraphenylporphyrin) were used as substrate for the 

catalysis to avoid the capture of CuI by the substrate (Figure 2). The reaction takes 

place in DMF at 100 ˚C, being the combination of Pd2(dba)3 and AsPh3 as ligand the 

best system for the catalysis, while the use phosphine ligands gave lower yields. The 

same procedure has been employed in the trifluoromethylation of analogous nickel 

porphyrin derivatives.68  
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Figure 2. Proposed mechanism for the trifluoromethylation of brominated porphyrins 

with FSO2CF2COOMe/CuI as trifluoromethyl source. 

 

The mixture FSO2CF2COOMe, CuBr, and the use of PdCl2 as catalyst allow the 

trifluoromethylation of highly functionalized bio-active imidazol derivatives Scheme 

19.69 
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Scheme 19 

 

The copper salt is usually employed in stoichoimetric amounts or even in excess 

in these reactions, but there have been attempts to use this metal as co-catalyst. The 

trifluoromethylation of 2-aryl-1,1-dibromo-1-alkenes with an excess of 

FSO2CF2CO2CH3 (5 equivalents) in the presence of a substoichiometric amount of CuI 
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(30%) and [Pd(PPh3)4] (5%), led to the bis-trifluoromethylated compounds shown in 

Scheme 20. Under the same reaction conditions, mono-trifluoromethylated products 

were obtained exclusively in the case of 2-alkyl-1,1- dibromo-1-alkenes.70 
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Scheme 20 

 

In most of these bimetallic reactions the role of copper and palladium in the 

mechanism is not clear. Both metals are capable of activating carbon halogen bonds and 

to produce C–C coupling. In fact, the copper catalyzed cross coupling reactions of aryl 

halides without added palladium have been profusely used and studied, many of them 

perfluoroakylation reactions.20,62,71 On the other hand, the oxidative addition of aryl 

halides to Pd(0) is a well known step in many catalytic reactions, although the reductive 

elimination from Pd(II) complexes, also a well known process for many catalytic 

reactions, is specially difficult for perfluoroakyl Pd(II) derivatives. Because of this 

difficulty, and since it is known that FSO2CF2CO2CH3, is activated by copper to 

produce trifluoromethyl copper derivatives, Tomashenko and Grushin have proposed 

that the role of the palladium could be limited to the activation of the aryl halide in the 

oxidative activation step. This would give an aryl palladium(II) complex which can 

transfer the aryl group to copper to produce the elimination on this metal.62 

Unfortunately, there are no studies on the transmetalation reaction of aryl or 

perfluoroalkyl groups between these two metals under the conditions in which the 

reaction can take place. 
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Allylic alkylation reactions 

The nucleophilic attack of fluoroalkyl stabilized carbanions generated in situ to 

palladium allyls has been used to synthesize fluorine-functionalized molecules. 

Komatsu, et al. reported the synthetic application of the palladium(0)-catalyzed 

allylation reactions using enolate type precursors where a methylene group is activated 

by fluoroalkyl and carbonyl substituents. In these systems, the 2,2,2-trifluoroethyl 

moiety has been introduced onto the allylic position (Scheme 21).72  

CF3CH2CO2Et +
R1 OCO2Et

R2 Pd2(dba)3·CHCl3 
Binap

– H2O R1

R2

CO2Et

CF3

+
R1

R2

CO2Et

CF32
R1 = H, Me, Pr, CH2CH2Ph,  Ph
R2 = H, Me, Ph  

Scheme 21 

 

1-phenylsulfonyl-2,2,2-trifluoroethane has also been used in the alkylation of allyl 

carbonates.73 The reaction conditions can be controlled to produce either the mono or the 

diallylated alkyl. The reaction is catalyzed by [Pd(PPh3)4] and the products are obtained 

in high yields without observation of the competing β-elimination of fluoride (Scheme 

22). 

CF3CH2SO2Ph +
Ph OCO2Et Ph SO2Ph

CF3

+ Ph SO2Ph

CF3
2

[Pd(PPh3)4]

 

Scheme 22 

 

Palladium catalyzed monofluoromethylation has been achieved by allyl 

alkylation reactions using mainly 1-fluorobis-(phenylsulfonyl)methane as nucleophile. 

With this reagent, the palladium catalyzed asymmetric allylic alkylation produce 

fluorobis(phenylsulfonyl)methylated allyl derivatives with very good enantioselectivities 
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(up to 97 % ee) (Scheme 23).74 The sulfonyl groups at the fluorinated carbon can be 

removed by reaction with Mg, affording the chiral monofluoromethylated compounds. 

Monofluorinated analogs of ibuprophen, or fluorinated carbohydrates such as 5-deoxy-5-

fluoro-β-D-carbaribo-furanose have been synthesized applying this protocol. 
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Scheme 23 

 

Pd(PPh3)4 catalyzes the fluoromethylation of alkynes with monofluorinated 

sulfones as pronucleophiles in the presence of acetic acid (Scheme 24).75 The authors 

propose the alkyne transformation into an allyl-acetate that reacts with palladium and 

the fluoromethylating reagent in an allylic substitution pathway. 

R1 CH2R2 [Pd(PPh3)4], HOAc
1,4-dioxane R1

R2

F
SO2Ph

R3
HFC

SO2Ph

R3
+

R1 = aryl; R2 = H, OMe, OBn; R3 = SO2Ph, COPh.  

Scheme 24 

 

Catalysis through palladium mediated C-H activation 

In an interesting refinement of the cross-coupling reactions, Loi and Sanford 

reported the direct perfluoroalkylation of arenes with perfluoroalkyl iodides, using 

Pd2(dba)3/BINAP as the catalytic system (Scheme 25).76 This reaction proved to be 

resistant to several radical traps, and the yield does not change when carried out with 

light or in the dark, thus a radical mechanism can be ruled out. However it could not be 
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clearly established whether the reaction follows a Pd(IV) pathway or if only Pd(0)-

Pd(II) species are involved. 

+ RFI
Pd2(dba)3, BINAP

R R
RF

Cs2CO3

RF = C6F13, C10F21  

Scheme 25 

 

Feng et al. have reported the trifluoroethylation of terminal alkynes catalyzed by 

Pd2(dba)3/DPEphos and using dabco (1,4-diazabicyclo[2.2.2]octane) as base, in a 

"copper free" Sonogashira catalysis (Scheme 26).77 The reaction tolerates a large 

number of different functional groups. 

R + CF3CH2I
Pd2(dba)3, DPEPhos

Dabco
R

CF3
 

Scheme 26 

 

Most of the trifluoromethylation processes involving the C–H activation make 

use of electrophilic trifluoromethylating reagents, being the most commonly used the 

Togni's,78,79 and Unemoto's reagents (Figure 3).9 

S
CF3

X–

X– = TfO–, BF4
–.

Togni's reagents

I
O

CF3

I
O

O

CF3

Unemoto's reagents  

Figure 3. Electrophilic trifluoromethylating reagents. 
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A major breakthrough was the report by the group of Yu of the first palladium 

catalyzed trifluoromethylation of arenes.80 Yu et al. used the Unemoto's reagent and 

generated the aryl-palladium intermediate by a C–H activation in a ortho-metalation 

process. The reaction requires the presence of trifluoroacetic acid and some Cu(II) salt 

that presumably acts as dibenzothiophene scavenger (Scheme 27). The reaction has 

been extended to the trifluoromethylation of ortho C−H bonds in N-arylbenzamides.81 
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Scheme 27 

 

The use of CsF instead of copper salts allowed the isolation of a palladium 

complex after the C-H activation, whose X-ray structure shows the coordination of the 

amide group that explain its role as directing groups. The trifluorometylation of this 

complex with the Unemoto's reagent to produce the trifluoromethyl amide requires the 

presence of Cu(AcO)2 and DMF to be effective. The mechanism of this reaction has not 

been elucidated. 

Mu et al. reported the Pd-catalyzed oxidative trifluoromethylation of indoles using 

Me3SiCF3/CsF as trifluoromethylating reagent, Pd(OAc)2 as palladium source and  

PhI(OAc)2 as oxidant.82 The reaction requires the addition of an N, N donor chelating 

ligand. After six hours at room temperature the reaction produces trifluorometylated 
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indoles in moderate to good yield. The authors hypothesized that, as shown in Scheme 

28, a reaction sequence can take place in which the C-H bond is activated in a 

palladium(II) complex producing a 2-indolpalladium(II) derivative. This complex is 

oxidized by the strong oxidant and undergoes transmetalation from the Rupert-Prakash 

reagent in the presence of CsF to give a trifluoromethyl palladium (IV) derivative from 

which the reductive elimination of the trifluoromethylated indol takes place. Although 

the reaction sequence is quite plausible, no evidence of it was presented other than 

experiments that excluded a radical mechanism.  

N

R

R'

PdII, L2

N

R

R'

PdII
PhI(OAc)2

CF3SiMe3 / CsF N

R

R'

PdIV
CF3

N

R
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Scheme 28 

 

 In this system only hypervalent iodine reagents such as PhI(OAc)2 or PhI(OPiv)2 

were effective, while oxidants incorporating the trifluoromethyl group (Togni's and 

Unemoto's reagents) produced lower yields. The same procedure has been applied to the 

trifluoromethylation of activated alkenes to produce oxindole derivatives (Scheme 29).83 
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Scheme 29 
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Based on spectroscopic data and ESI-MS experiments, the authors propose a 

reaction mechanism involving the cyclization of the amide forming a metalated Pd(II) 

intermediate which is oxidized by the hypervalent iodo(III) compound in the presence 

of CF3SiMe3/CsF to produce the trifluoromethyl Pd(IV) complex, which in turn yield 

the final product by reductive elimination step (Scheme 30). 
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Scheme 30.  

 

Perfluoroalkylation of unsaturated molecules 

The use of the Heck reaction with fluoroalkyl complexes is quite limited due to 

the low reactivity of the Pd-AlkylF bond. In 1993 Filippini et al. reported the 

perfluoroalkylation of 1-(2-methyl prop-2-enyl)-piperidine  with perfluorodecyl or 

perfluorododecyl iodides in ethanol.84 The catalyst used was [PdCl2(PPh3)2] and K2CO3 

as base.  

A more recent example is the reaction of [(Br-difluoromethyl)-

sulphonyl]bencene with substituted styrenes (Scheme 31).85 The reaction works with 

very high catalyst loadings (up to 40 % of [Pd(PPh3)4]) in the presence of K2CO3 as 
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base to yield up to 60% of the fluorinated olefin. The reaction has been extended to the 

synthesis of vinylfuranes, vinylthiophenes and vinylpirroles. 
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Scheme 31 

 

 

2.1.2. C-C coupling of fluorinated aryl derivatives 

Heck reactions 

Fluoroaryl-substituted alkenes can be prepared by the Heck reaction of fluoro 

and perfluorinated aryl halides with alkenes. Our group studied this reaction, long 

thought to be unfeasible since these reagents, specially perfluoroaryls, were considered 

to be too reluctant towards 1,2-insertion of alkenes into the Pd-ArF bond.86,87 Scheme 32 

shows some of the reactions reported and the catalytic conditions used. A palladium 

complex devoid of other ligands different from the reagents, solvent and halides was 

used and the reaction is very efficient for styrenes and acrylates, gives moderate yields 

for alkyl substituted olefins and poor results for vinyl ethers. A study of the mechanism 

of the reaction showed that depending on the actual fluoroaryl and the reaction 

conditions, either the oxidative addition of the fluoroaryl bromide or the coordination-

insertion of the olefin may be rate limiting (see section 2.3.4).  
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An alternative approach to synthesize fluoroaryl alkenes by Heck coupling is the 

use of fluorinated alkenes and non-fluorinated arylhalides and this has been more 

frequently used. Reactions of fluorostyrenes and perfluoroalkyl ethenes with 

aryldiazonium salts,88 perfluroalkyl ethenes with arylhalides,89,90 and other fluoro alkene 

precursors have been reported.91,92  

 

Suzuki-Miyaura reactions 

The Suzuki coupling is probably one of the most extended palladium catalyzed 

C-C reactions involving aryl groups. Some examples of aryl-aryl coupling including a 

polyfluorinated ArF groups have been reported and this has been used to synthesize 

complex molecules useful as materials. Thus, a combinatorial Suzuki coupling has been 

reported that involves polyfluorinated aryl bromides and boronic acids to synthesize 

molecules with liquid crystalline properties.93 The introduction of fluorine-containing 

groups is interesting in the design of electronic organic conducting molecules such as 

derivatives of oactafluoroanthracene,94 and hexabenzocoronenes,95 and this has been 

achieved using the Suzuki cross coupling reaction.  

Selective monoarylation of mono or difluoro dibromo benzenes is possible and only one 

of the bromo atoms is substituted in the Pd-catalyzed reaction with boronic acids 

(Scheme 33). The yields of the reactions are moderate but the second possible isomer is 
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not observed. The authors attribute the selectivity observed to the less steric hindrance 

and higher electrophilicity of the position of the substituted bromide.96  
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Scheme 33 

 

Many Suzuki couplings use a fluorinated aryl boronic acid as the reagent to 

introduce the fluoroaryl group. Partially fluorinated ArFB(OH)2 derivatives have been 

used,97 but as the number of fluorine atoms increase the ArF group becomes less 

nucleophilic and the transmetalation step to palladium is more difficult. This situation is 

patent for C6F5B(OH)2 that is quite unreactive under conventional Suzuki conditions 

and often undergoes nucleophilic substitution of the Fpara in the presence of base. 

Nonetheless Korenaga, Sakai et al. found suitable reaction conditions to achieve 

efficient biaryl synthesis using C6F5B(OH)2 (Scheme 34).98 Key to this success is the 

use of CsF as a base, to suppress the nucleophilic fluorine substitution, and 

stoichiometric amounts of Ag2O which forms AgX ensuring the formation of 

electrophilic cationic palladium intermediates more prone to undergo a transmetalation 

process.  
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Scheme 34 

 

Fluoroaryl trifluoroborates, K(ArFBF3), have also been used in the Suzuki 

reaction and when ArF = C6F5, Ag2O is again used in the reactions either as the only 

base added or in combination with a carbonate salt.99,100,101  

Recently, Hartwig et al. developed a very convenient formation of fluoroaryl 

pinacol boronates by the Ir-catalyzed reaction of fluoroarenes and B2pin2 (pin = 

pinacolate). These boronates can be isolated if needed but they can also be used in situ 

in a subsequent Suzuki coupling to form fluorinated biaryls (Scheme 35).102  
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Stille reactions 

Few Stille reactions of polyfluoroaryl derivatives have been reported.103,104,105,106 

Nonetheless it is worth noting that this coupling reaction is frequently used in the 

preparation of polymers and other molecules of interest in materials chemistry. In this 

context it is common that one of the reagents, generally the organic halide, contains one 

or several fluorinated positions which introduce interesting features for certain 

applications.107,108 The Stille coupling of pentafluorophenyliodide and a polymeric tin 

reagent has been reported. The fluorinated aryl is obtained in moderate yields with very 

low tin contamination and the stannylated polymer can be recovered and reused several 
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times (Scheme 36).105,106 Stille couplings with fluoroaryl tin derivatives are also 

known.109 
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= vinylic addition 
   polynorbornene

[Pd]
OMe OMe

FF

F

F F

SnBu2I  +

LiC6H4OMe
 

Scheme 36 

 

Sonogashira reactions 

The synthesis of fluorinated aryl alkynes via the Sonogashira reaction is not 

specially problematic and was reported some time ago starting from either 

polyfluoroaryl sulfonates,110 or polyfluoroaryl halides.111 Later reports have extended 

this reaction of fluorinated substrates to more complex molecules,94,112 other catalytic 

systems,113 or have studied the competition with other side reactions like aryl 

dehalogenation.114  

 

 

2.1.3. C-C coupling of fluorinated arenes. 

Reactions of fluorinated compounds where the C-H activation occurs on the 

non-fluorinated reagent can be found in the literature. Coupling of fluorinated aryl 

halides with enolate precursors,115,116 polyfluorovinyl chlorides with thiophenes,117 and 

perfluorophenyl carboxylic acids with arenes have been reported.118 However, in this 

section, more attention will be paid to those reactions where C-H activation occurs on 

the fluorinated coupling partner.  

Coupling reactions of compounds that involve C-H activation are very 

interesting since they do not require a previous functionalization of the reagents, making 
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the process more convenient and sustainable. These reactions can be classified in 

different types according to the reagents that are combined and to C-H cleavage 

occurring on one or both coupling partners. In most cases a Pd(0)/Pd(II) catalytic cycle 

explains the process observed and the oxidation of Pd(0) to Pd(II) can be brought about 

by one of the reagents or by an added oxidant. According to this, two major groups of 

reactions can be considered: a) An organic halide or related derivative that can 

oxidatively add to Pd(0) is used as one of the reaction partners; C-H activation occurs 

on the other coupling partner and no oxidizing additive is needed (A, Figure 4). b) None 

of the reagents is capable of oxidizing Pd(0) to Pd(II) because, either C-H activation 

occurs in both coupling partners or the reaction combines C-H activation on one reagent 

and the other one is only capable of reacting with Pd(II) (as main group organometallics 

for example). These reactions require the presence of an oxidant as additional reagent 

(B, Figure 4). Coupling reactions belonging to either group have been described for 

fluorinated derivatives. If strong oxidants are used the mechanism can shift to a 

Pd(II)/Pd(IV) cycle as occurs for C-H activation in the presence of iodine(III) 

derivatives or electrophilic fluoroalkylating reagents as shown above (section 2.1.1).  

 

PdX2L2

R1 R2

R1

Pd L
X

L

R1

Pd R2

L
L

MR2

R1H
HX

PdL2

Ox

Red

 HX

PdL2R1 R2

R1

Pd L
X

L

R1

Pd R2

L
L R2H

R1X

R2H
or

MX

HX
or

A B

 

Figure 4. Schematic representation of the common operating catalytic cycles in C-H 

activation reactions of arenes: non-oxidative (A) and oxidative (B). 
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Fagnou et al. described the first examples of coupling reactions between an aryl 

halide and pentafluorobenzene or other substituted tetrafluorobenzenes (Scheme 37).119 

The reaction avoids the need to use polyfluorinated organometallic derivatives and 

works with a wide variety of aryl iodides, including those sterically hindered.120 An 

electrophilic aromatic susbstitution mechanism (SEAr) had been traditionally proposed 

for the metalation of electron rich arenes by palladium, mostly in orthometalation 

reactions. However, the electronic features of pentafluorobenzene do not favor such a 

mechanism. Experimental mechanistic data and calculations on the system led the 

authors to propose a concerted metalation-proton abstraction to a base as the plausible 

C-H activation pathway (Scheme 37). This mechanism is also favored for other 

arenes.121,122 
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Scheme 37 

 

Later on, Zhang et al. have extended this reaction using other organic derivatives 

instead of ArX. Thus new polyfluoroaryl substituted compounds have been prepared by 

reaction of polyfluoroarenes and aryl tosylates,123 allylic halides,124,125 allylic esters,126 

and heteroaryl halides.127 

 In 2007, Fagnou et al. reported the direct coupling of an arene and indol 

derivatives by double C-H activation.128 Since then, the reaction has been extended to 
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many organic compounds, including fluorinated arenes (Scheme 38). The catalytic 

cycle involves two C-H activations on Pd(II) centers to give a [PdArFR2L2] intermediate 

that gives the final product by reductive elimination. The Pd(0) complex formed needs 

to be reoxidize to Pd(II) and for this reason, the reaction employs a stoichiometric 

amount of an oxidant. Copper(II) salts have been used for this purpose as well as silver 

derivatives, often Ag2CO3 or Ag2O which also introduce a base needed for most 

transformations. As shown in Scheme, this oxidative coupling has been reported for 

polyfluoroarenes  reacting with arenes,129,130 heterocycles.131 Recently, the coupling of 

polyfluoroarenes and thiophenes has been carried out using catalytic amounts of Ag2O 

and oxygen as the oxidant which is a substantial improvement in this oxidative 

coupling.132  
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Oxidative Heck couplings, i.e. a Heck reaction between an arene and an alkene, 

have been reported for polyfluoroarenes and the reaction can be applied to alkenes with 

electron withdrawing substituents or 2-alkyl olefins (Scheme 39).133 Allylic esters also 

undergo this reaction under the oxidative conditions shown in Scheme 39.134 It is 

noteworthy that in the absence of an oxidant, oxidative addition of the allylic ester to 

Pd(0) can occur and the reaction outcome is different with loss of the carboxylate 

fragment and the allylic substitution of the arene (as in Scheme 37 but allylX instead of 

ArX).126  
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The oxidative coupling of polyfluoroarenes with a arylfluoroborates has been 

reported.135 The reaction of aromatic carboxylic acids (ArCOOH) and polyfluoroarenes 

(ArFH) lead to the synthesis of biaryls.136 The reaction occurs under oxidative 

conditions since both arylations, to give the intermediate [PdArFArL2], occur on Pd(II) 

derivatives: coordination of ArCOO– and decarboxylation for the Ar fragment and 

subsequent C-H activation for ArF.  

 

 

2.1.4. C-C coupling of fluorinated alkenyls. 

Most Pd-catalyzed reactions reported for fluoroalkenyl derivatives are Negishi 

and Stille couplings. Examples of the other common Pd-catalyzed reactions can be 

found but to a less extent. Only reactions of perfluorinated alkenyls or α-

fluorosubstituted derivatives will be mentioned here; the reactions of compounds with 

fluoro-substituents far from the carbon where the new bond is formed have been left 

aside.  

Barton et al.  reported a general method for the synthesis of fluorostyrenes by 

the Negishi coupling of aryl halides and poly- or perfluorovinyl zinc halides (Scheme 

40).137,138 This type of reagents have been used to introduce fluorovinyl fragments in 

other substrates such as uracil,139 porphyrins,140 and ferrocene141  
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The coupling of fluorinated vinylic and allylic halides with perfluorovinylzinc 

reagents has been carried out, although the yields obtained are lower than those reported 

for the analogous Stille coupling.142 The synthesis of fluorinated alkenes by reaction of 

a fluorovinyl halide and a non-fluorinated zinc organometallic compound has also been 

reported.143,144 

Fluorovinyl tin compounds are known and have been used in the Stille reaction 

with non-fluorinated aryl halides, acylhalides and other organic halides (Scheme 

41).141,145-148 Some other reactions combine a fluorovinyl stannane with fluorinated 

alkenyl halides in the presence of a palladium catalyst.142,149 Fluorinated dienes have 

been synthesized in this way and, in some cases, the addition of a copper salt as 

cocatalyst has been used.148,149  
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Most reactions employ a preformed stannane but in some cases the 

organometalic tin derivative is formed in situ, as in the synthesis of symmetrical 

fluorinated dienes from fluoroalkenylhalides and hexaalkylditin (Scheme 42).150  
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Distannanes have been used in the synthesis of fluorinated polymers, specially 

polyarylenevinylenes which show interesting optical properties (Scheme 43).151,152 For 

example, the presence of fluorine atoms in the structure produces a shift in the emission 

wavelength of these polymers to the visible region. 
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Other Pd-catalyzed coupling reactions that use fluorinated alkenyl halides as 

substrates can be found in the literature and generally the coupling partner is a non-

fluorinated molecule. Thus, examples of Suzuki reactions for the synthesis of 

fluoroalkenyl substituted arenes involve a fluorinated alkenyl bromide or iodide and a 

non-fluorinated arylboronic acid.153-155 In a series of related papers Barton et al. and 

others reported some time ago the synthesis of fluorinated enynes by reaction of 

fluorovinyl iodides or bromides with alkynes in the presence of a palladium complex 

and a copper(I) salt, i.e. a Sonogashira coupling.156-158 Fluorinated vinyl halides have 

been transformed into fluorinated formyl derivatives by a Pd-catalyzed carbonylation 
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reaction.159 A Pd-catalyzed benzannulation reaction of fluorinated enynes with 

dialkynes leads to fluoroaromatic derivatives (Scheme 44).160  
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 Allylic substitution reactions on fluorinated substrates have been reported where 

either the allylic fragment is the fluorinated one and the product is a fluorinated alkene 

(Scheme 45, a),161 or the nucleophile contains a fluorine atom as in the enantioselective 

allylation of enol ethers described by Paquin et al. that produces fluoroallyl derivatives 

(Scheme 45, b).162  
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2.2. The Pd-RF bond  

2.2.1. Pd-AlkylF bonds 

The perfluoroalkyl-metal bond is quite different from other M-C bonds, being 

the most relevant distinct feature its chemical inertness, that is particularly striking in 

the case of trifluoromethylpalladium(II) complexes. In spite of the expected large 
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electronegativity of the trifluoromethyl group, that should decrease its donor capability 

when compared with CH3, the trans effect of the CF3 group is similar to that of the 

methyl group, and the C-M bond distances are also the same within the experimental 

error. In addition, the group does not participate easily in reductive elimination 

processes neither in Pd(II) nor in Pd(IV) complexes. These properties are quite general, 

valid for other transition metal trifluoromethyl derivatives and have caught the eye of 

several theoretical and computational chemists.  

Algarra et al. have performed a DFT study of a series of trifluoromethyl 

complexes including [Pd(CF3)Cl(dppe)],163,164 but also complexes of other metals, such 

as platinum(II), rhodium(I), nickel(II), copper(I), gold(I), and manganese(I), and 

compare the calculated structural features of these complexes with the analogous methyl 

derivatives. Table 1 gathers the experimental and calculated data for the palladium 

complexes. It is shown in this study that the Pd-C bond distances to CF3 and to CH3 are 

almost the same, and the distances Pd-P corresponding to the phosphorous atom trans to 

CX3 are almost equal for both groups. Thus, a comparable trans influence is exerted by 

both groups. Also, it is quite relevant the analysis of the charge distribution in these 

complexes. In spite of the electron withdrawing properties of the CF3 group, the metal 

bonded to it has less positive charge than the metal bonded to the CH3, although the 

opposite rules for the carbon atoms. The charge at the phosphorus trans to the methyl 

group is the same in both complexes. This behavior is not particular for the palladium 

and in other metals a analogous charge distribution was found. 
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Table 1. Experimental and calculated parameters for [PdRCl(dppe)] complexes (R = 

CF3, CH3). 

Complex d(Pd-C) (Å) 
(calcd/exp) 

d(Pd-Ptrans) (Å) 
(calcd/exp) 

qM
a qC

b qPtrans
c 

[Pd(CH3)Cl(dppe)] 2.089/2.135(4) 2.379/2.376(1)  +0.23 −0.89 +0.45 

[Pd(CF3)Cl(dppe)] 2.048/2.084(3) 2.374/2.345(1) +0.19 +0.82 +0.47 

(a) Calculated charge at the metal. (b) Calculated charge at the carbon. (c) Calculated charge at 
the phosphorus trans to the CF3 or the CH3 group. 
 

In addition the authors performed a complete NBO (Natural Bond Analysis) of 

the M-CF3 in the model complex [Pt(CF3)H3]2–, and compared it with the same analysis 

for the analogous methyl model complex [Pt(CH3)H3]2–. The conclusions of this study 

agree with the calculation and experimental data obtained by Yang et al. in 1990.165 

They found that one effect of the CF3 group is to stabilize all the Pt-based lone pairs by 

ca. 0.02 au, what is consistent with a general field stabilization of the metal-based orbitals 

(Figure 5). A major change in going from CH3 to CF3 is the hybridization of the carbon: 

The orbital describing the electron pair bonded to the metal changes from being sp3.15 in 

the former to sp1.88 in the CF3 that produces a stabilization on the molecular orbital 

involved in the C-M σ bond. An additional stabilization came from the relatively low 

energy of the antibonding C-F orbitals when compared with the σ* C-H, which facilitates 

their participation in the σ-CF3-M bonding. The energy of these orbitals in comparison 

with those of the methyl analogue is shown in Figure 5. The retrodonation effects are less 

important: For the platinum complex the π-bacbonding M → CF3 has been estimated to 

be only 8% of the strength of the σ CF3-M. 

These works explain the stabilizing effect of the fluorine substituents and for this 

reason the chemical inertness of the perfluoroalkyl groups bound to a metal.  
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Figure 5. Computed energy correlation diagrams (au) for the NAO → NHO → NBO → NLMO (natural atomic orbitals → natural hybrid orbitals 
→ natural bond orbitals → natural localized molecular orbitals) transformations in [PtH3(CH3)]2− (left) and [PtH3(CH3)]2− (right). In both 
diagrams the Pt(5d) NAOs and the subsequent Pt-based orbitals not involved in bonding are shown by a single heavy line at their average energy; 
an average energy is also shown for any set of three near-degenerate orbitals involved in CX3 interactions. Reprinted with permission from 
reference 164 . Copyright 2011 American Chemical Society 
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2.2.2. Pd-ArF bonds 

Metal–fluoroaryl bonds are stronger than the analogous M–aryl bonds and the 

higher ionic character of the M-ArF bond has been deemed responsible. Indeed, the 

electron withdrawing ability of C6F5 is higher than that of a phenyl group.166 More 

recently, Perutz, Eisenstein et al. have analyzed the strength M-ArF bond by DFT 

calculations for different metals,167 and also for palladium.168 The effect of fluorine 

substitution in the ring affects the charge distribution and increases the polarity of the 

M-C bond, i.e its ionic character, making the bond stronger, in accordance with the 

accepted view. The number and position of the fluorine atoms in the ring affect the M-C 

dissociation energy and the calculated M-ArF bond dissociation energy relative to M-

C6H5 (ΔD(M-C)rel) follow the linear equation: ΔD(M-C)rel) = a + bnortho + c(nmeta + npara) 

kJ mol–1, where n is the number of F atoms at the given positions and a-c are the 

increments in relative metal aryl bond energy. The coefficients a-c have different 

values, and b is about 20-30 kJ mol–1 whereas c is eight to ten times lower and a is 

negligible. This means that the Fortho have the largest influence in making the M-ArF 

stronger. It has been found that there is a linear correlation between the C-H and M-C 

bond energy for the arenes and the analogous organometallic complexes. This 

correlation has a slope close to 2, indicating that although the C-H bond of fluorinated 

arenes is stronger that of C6H6, the energy difference between them (ΔD(C-H)rel) is 

lower than (ΔD(M-C)rel) so there is a thermodynamic advantage in the formation of a 

M-ArF bond from ArFH. In this way, the reactions that involve the formation of a M-ArF 

bond will be favored whereas those where the M-ArF needs to be cleaved are expected 

to be slower. When different metal complexes were analyzed, these correlations are not 

affected by the electron count on the metal, so π-effects should be considered 

unimportant.  
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A complete calculation on the palladium catalyzed direct arylation of 

fluoroarenes shown in Scheme 37 illustrates those findings.168 Two important transition 

states for the reaction were calculated for different isomeric di- tri- tetra- and 

pentafluoroarenes, corresponding to the C-H cleavage (A, Scheme 46) and the reductive 

elimination steps (B, Scheme 46). The lowest energy for the first one corresponds to 

C6F5H, the presence of Fortho having the stronger influence and determining the 

selectivity of the reaction: when several isomers can be formed, there is a strong 

preference for activating the C-H bond ortho to the fluorine atoms, so the stronger M-

ArF bond is formed. In the second one (B, Scheme 46), the opposite is observed and the 

higher barrier is found for those fluoroaryl with ortho-fluorine substitution.  
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As a result of the strong M-ArF bonds, fluoroaryls allow to isolate stable 

organometallic complexes, and a large number of fluoroaryl palladium derivatives are 

known.21,27 As just mentioned, they show slower kinetics than aryl complexes in 

reactions involving the cleavage of the M–ArF bond. These features are ideal for the 

study of reaction mechanisms by isolating intermediates and analyzing elementary steps 
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separately, which are the basis for the understanding of catalytic processes and some 

examples will be given below. 

 

 

2.3. Elementary steps in organofluorine C-C coupling palladium 

catalyzed processes. 

Because of the unique properties of fluorine in NMR spectroscopy, fluoroaryl 

palladium complexes have been used to monitor reactions, many of them under catalytic 

conditions, and to identify intermediates in complex reactions systems. In addition, the 

stability of fluoroaryl palladium derivatives and their slow kinetics in reactions 

involving the cleavage of the M–ArF bond allow the isolation of reaction intermediates 

that can be detected rarely when non-fluorinated aryls are used. These features have 

been applied to the study of fundamental organometallic reactions that are important 

steps in catalytic transformations as shown below. A simplified catalytic cycle for a C-C 

coupling reaction shows some of this fundamental steps in Figure 5; other C-C forming 

reactions such as insertion of unsaturated substrates into Pd-RF bonds are also included. 
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Figure 6. Simplified scheme for some of the elementary steps involved in Pd-catalyzed 

reactions.  

 

2.3.1. Oxidative addition and related processes 

Oxidative addition to Pd(0) compounds 

The oxidative addition of perfluorinated substrates is a common step in different 

classes of palladium catalyzed reactions. The oxidative addition of perfluoroalkyl 

reagents adds to the difficulty of the inertness of the C(sp3)-X bond, the low polarity of 

the RF-X bond. The reactions are often performed under harsh conditions and radical 

intermediates have often been invoked to explain the results of the catalytic processes. 

No surprisingly, there are no detailed reports on the mechanism of the oxidative 

addition of fluoroalkyl halides, triflates or tosylates to palladium (0) complexes. 

The oxidative addition of fluoroaryl halides is kinetically more favorable, and 

the addition of ArF-I to palladium(0) complexes is a well known procedure for the 

synthesis of perfluoroaryl palladium(II) complexes. Under catalytic conditions and non-

fluorinated aryls, this reaction leads to trans-[PdArXL2] as the only observable product.  

However the use of fluorinated aryls allows the detection of other reaction 

intermediates. Thus, the oxidative addition of ArFI (ArF = 3,5-dichloro-2,4,6-

trifluorophenyl) to [Pd(PPh3)4] was shown to proceed in two steps, giving in a fast 

reaction cis-[PdArFIL2], (L = PPh3), the actual product of oxidative addition, which then 

slowly isomerizes to the trans derivative.169 This supports a concerted, three-centered 

mechanism for the oxidative addition of aryl halides to Pd(0). The slow isomerization 

makes possible the isolation of the cis isomer cis-[PdArFIL2], quite unusual in the 

chemistry of palladiun(II), and to study its isomerization process to the 
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thermodynamically favored trans-[PdArFIL2]. The process has been monitored by 19F 

NMR (Figure 7). 
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Figure 7. Isomerization of cis-[PdArFIL2] formed by oxidative addition of ArFI 

to [Pd(PPh3)4] as monitored by 19F NMR at 10 min intervals. Only the region of Fortho in 

the complexes is shown. Under the reaction conditions the oxidative addition is fast and 

has been already completed in the first recording. Reproduced with permission from ref. 

169 Copyright 1998, American Chemical Society. 

 

 The isomerization shows a double dependence on the concentration of the 

neutral ligand PPh3; at low concentration of PPh3 there is a strong retarding effect but 

this effect is very small above a certain threshold. In addition, the pseudo first order rate 

constant includes a second order dependence on the concentration of the complexes 

[PdArFIL2]. A complex four-pathway mechanism for the cis-trans isomerization is 

proposed consistent with these data, three of them are shown in Scheme 47, being the 
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fourth one the Berry pseudorotation processes induced by the coordination of the 

solvent (THF) to the starting complex cis-[PdArFIL2]. 
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As stated before, the trans isomer is usually found after the oxidative addition 

reaction when the isomerization step is faster than the addition reaction and this is the 

most common situation. During the oxidative addition of with 4′-chloro-2′,3′,5′,6′-

tetrafluorostilbazole only the trans isomer is observed.170 The stilbazole can coordinate 

to palladium(0) through the double bound and the resulting palladium(0) complex has 

been isolated and has been characterized by X-ray diffraction. On this complex, the 

oxidative addition may progress by two pathways: i) by intramolecular migration of the 

palladium through the fluoroaromatic ring to reach the C–Cl bond or ii) by dissociation 

of the stilbazole and a bimolecular reaction (Scheme 48). DFT calculations have shown 

that the second pathway is favored in the presence of phosphine (PEt3) that is able to 

remove the coordinated olefin and generate the highly reactive intermediate [Pd(PEt3)3]. 
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Oxidation of Pd(II) compounds leading to organofluorine Pd(IV) derivatives 

The oxidation of palladium(II) complexes to palladium(IV) with 

trifluoromethylating oxidants, such as Togni’s and Unemoto's reagents, or with 

hipervalent iodine derivatives in the presence of trifluoromethylating reagens, is a key 

step in Pd(IV) catalyzed  trifluoromethylation reactions.18,80,83 Ritter has proved that the 

product of oxidation of palladium(II) acetate complexes with PhI(OAc)2 is, in fact, a 

palladium(III) dimer (Scheme 49, a), and that the reductive elimination of aryl acetates 

takes place easier from a Pd(III) than from a Pd(IV) intermediates.171 Thus, the 

formation of palladium(III) dimeric complexes provides a low energy pathway in redox 

processes involving the formation of C-X bonds.172 In contrast, Sanford et al. reported in 

2010 that the treatment of the binuclear complex shown in Scheme 49 b with Togni’s 

reagent affords a mononuclear trifluoromethyl Pd(IV) complex (Scheme 49, b).173 In 

the same work, oxidation of trifluoromethyl palladium(II) complex [Pd(CF3)(2-

PhC6H4)(dtbpy)] with PhICl2 produces cis-[Pd(CF3)(2-PhC6H4)Cl2(dtbpy)] without any 

observable intermediate,174 suggesting a different behavior when the trifluoromethyl 

group is involved in the reaction.  
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In a elegant work the groups of Ritter and Sanford addressed this problem by a 

kinetic study and DFT calculations on the oxidation of Pd(II) acetate complexes with 

Togni's reagent and also on the oxidation with other hipervalent iodine reagents and 

reaction with a CF3
– source, typically the CF3SiMe3/CsF system. They found that 

starting from the dinuclear [Pd(µ-OAc)(benzoquinolinato)]2 complex, the kinetics of 

oxidation with Togni's reagent follow the rate law r = k[Pd(II)][oxidant][AcOH], 

consistent with the oxidation of the dimeric species with the protonated Togni's reagent. 

This rate law suggests the formation of a dimeric trifluoromethyl intermediate as shown 

in Scheme 50 (a), which subsequently, in the presence of acetate, splits into the 

observed Pd(IV) complex and a Pd(II) acetate complex which after dimerization can 

reenter the oxidation process. In addition, they were able to trifluoromethylate a Pd(III) 
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complex produced by oxidation of the Pd(II) starting material with XeF2. The reaction 

of this complex with HAcO, produces the hydrolysis of one of the trifluoromethyl 

groups and a fast decomposition of the intermediate in a Pd(IV) trifluoromethyl 

derivative and the Pd(II) complex (Scheme 50, b). 
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Although the possibility of direct oxidation processes of palladium(II) complexes 

to palladium(IV) cannot be ruled out, particularly for those complexes with ligands that are 

unable to produce dimeric structures, the results of this work strongly support a two-step, 

oxidation−disproportionation sequence for the formation of trifluoromethyl palladium(IV) 

intermediates when using palladium acetate derivatives.  
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2.3.2. Transmetalation  

Transmetalation is the step that produces the exchange of organic groups 

between metals (Scheme 51) and then it is a critical step in any reaction in which a M–

RF bond is created in one active metal (i.e. zinc, tin, etc.) and the RF group needs to be 

transferred to palladium in order to get a controlled reactivity (i.e. a C-C bond formation 

via reductive elimination). There are several catalytic processes in which this step plays 

a role,38,83 such as the Stille and the Negishi cross-couplings, and also coupling 

reactions involving silicon and copper trifluoromethyl reagents.  
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Transmetalation processes can take place between palladium complexes, 

provided they are stable enough not to decompose by reductive elimination. The 

exchange of different fluoroaryl groups (pentafluorophenyl and 3,5-dichloro,2,4,6-

trifluorophenyl) has been studied by 19F NMR. A mechanism is proposed which is 

consistent with the observed conservation of the stereochemistry of the complexes 

(Scheme 52).175 

RF
Pd
L

RFL +
RF

'

Pd
L

RF
'L

RF
Pd
L

RF
'L

RF

L LRF
'

RF
'RF Pd Pd

L

RF = C6F5
RF

' = C6Cl2F3
 

Scheme 52 



 52 

 

The transmetalation step in the Stille reaction. 

The use of fluorinated aryls has been particularly useful in the study of 

transmetalation processes related to the Stille cross-coupling reaction, and the 

conclusions reached with the use of fluorinated aryls exceeds the organofluorine 

chemistry and are of general application. This reaction is the substitution of a halide or 

pseudohalide coordinated to the palladium atom by one aryl or vinyl group from an 

organotin derivative, but very often it is not a single-step reaction, but a complex 

sequence of reactions. Because of this complexity, the stereochemistry of the 

substitution at the carbon and at the palladium centers and the kinetic effects of the 

ligands or other additives not always have a straightforward explanation. 

The mechanism has been studied in depth for the cross coupling of 3,5-dichloro-

2,4,6-trifluorophenyl iodide with vinyl- or p-methoxy-phenyltributyltin (Scheme 53).103  
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In this reaction the catalyst is the complex [Pd(C6Cl2F3)I(AsPh3)2], which in turn 

can be obtained by oxidative addition of C6Cl2F3I to Pd2(dba)3.CHCl3 in the presence of 

triphenylarshine. Hence, the transmetalation step can be studied on the isolated 

paladium(II) complexes. The kinetics of the reaction show a minus one order 

dependence of the reaction rate on the concentration of ligand, so the substitution of the 

arsine by the weak nucleophile R'SnBu3 is proposed to be a previous step to the rate 

limiting transmetalation (Scheme 54).  
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Following this pathway, the product of the transmetalation is the cis isomer, 

from which the reductive elimination can take place immediately without the 

requirement of further isomerization. It is this last step, the reductive elimination, which 

drives the reaction, being the C-C bond forming ∆G the thermodynamic driving force. 

In fact, the transmetalation of fluorinated aryls from organotin fragments to aryl 

palladium(II) complexes is energetically uphill, and probably this is one of the reasons 

why the use of the Stille reaction for the synthesis of fluoroaryl derivatives is not as 

common as for other nonfluorinated groups. 

  Taking advantage of the high kinetic stability of the fluoroaryl complex cis-

[Pd(C6Cl2F3)2(AsPh3)2], the study of the reversal to the transmetalation reaction (the 

retrotransmetalation) with SnBu3I to produce trans-[Pd(C6Cl2F3)I(AsPh3)2] and 

SnBu3C6Cl2F3. The intermediate cis-[Pd(C6Cl2F3)2(AsPh3)(SnBu3I)] has been detected 

by 19F NMR in the course of the reaction. DFT calculations support a concerted 

transitions state in which the Sn–I  and Pd–C bond, and Pd–I and Sn—C a are been 

created and broken simultaneously (Figure 8). 176 
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Figure 8. DFT calculated structures for the intermediate on the retrotransmetalation 

reaction [Pd(C6Cl2F3)2(ISnMe3)(AsH3)] (left) and the transition state of the 

transmetalation (right). Taken from reference. Reproduced with permission from ref. 

176. Copyright 2008, American Chemical Society. 

 

Although the cross coupling of C6F5I or C6Cl2F3I with aryl or vinyl tributyltin 

takes place effectively under the conditions described in reference 103 that use AsPh3 as 

ligand, the reaction performed with PPh3 is very slow, but is much more efficient with 

the aid of copper iodide as co-catalyst. The main role of the copper in this system is to 

remove ligand from the reaction medium, forming the known complexes [Cu(PPh3)n], 

and facilitating the nucleophilic attack of the organotin to the palladium center. Since 

the affinity of copper(I) for arsine ligads is much lower that for phosphine, when AsPh3 

is used as ligand the addition of CuI has no effect on the reaction rate.177 

In the Stille reaction the transmetalation usually takes place on the trans isomer 

[PdRXL2] that is formed after the oxidative addition of the aryl halide R-X to the 

palladium (0) intermediate followed by a fast isomerization. However, if the aryl halide 

is a polyfluorinated aryl such C6F5I or C6Cl2F3I, the isomerization cis- to -trans-
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[PdRFIL2] is a slow reaction at room temperature and both isomers can be isolated and 

characterized.169 Under the conditions of the Stille cross-coupling, this circumstance 

produces in solution a mixture of isomers cis- and trans-[PdRFIL2]  that can undergo the 

transmetalation reaction competitively.104 The reaction has been studied for the cross 

coupling of C6Cl2F3I with phenylethynyltributyltin. The transmetalation of the 

alkynyltin to each one of the isomers [Pd(C6Cl2F3)IL2] (L = PPh3) has been 

independently studied and it was found that the reaction is not regioselective at the 

palladium. Thus a mixture of cis and trans-[Pd(C6Cl2F3)(CCPh)L2] complexes is 

obtained regardless the isomer that participates in the transmetalation (Scheme 55). The 

very slow isomerization of the trans-[Pd(C6Cl2F3)(CCPh)L2] and its inability to give the 

cross coupling product by reductive elimination, results in its accumulation in solution. 

Hence, in this system the amount of palladium that is able to participate in the catalysis 

decreases steadily during the reaction course. 
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When the transmetalation takes place on complexes bearing triflate instead of 

halides, or when the reaction proceeds in a strong coordinating solvents, the course of 

the reaction changes, and the removal of the weakest ligand by the organotin reagent 

can be produced through an open transition state (Scheme 56).178 By this route the 
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transmetalation to trans-[PdRFXL2] gives the trans-[PdRFR'L2] isomer. For L = PPh3,  

RF = C6Cl2F3 and R' = vinyl, this isomer has been detected in solution, reinforcing the 

mechanistic proposal. This dual transmetalation pathway, open (Scheme 56) and cyclic 

(Scheme 54) transition states, provides a satisfactory explanation for the observed lack 

of selectivity during the transmetalation for the abovementioned alkynyltin derivatives, 

which can follow the cyclic pathway but, being good ligands and thus capable of 

removing iodine from the coordination sphere of the palladium, could also follow the 

open pathway. More importantly the dual transmetalation pathway explains the 

retention and inversion of the stereochemistry at the carbon observed for different 

enantiopure organotin derivatives under different reaction conditions.179 
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The very slow reductive elimination rate of fluoroaryl derivatives has also 

allowed the detection of complexes [PdRF(vinyl)(dppe)] (RF = C6F5, C6Cl2F3; dppe = 

1,2-bis(diphenylphosphino)ethane), formed by transmetalation of SnBu3(vinyl), in 

which the aryl and the vinyl group occupies a cis position.180  
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Transmetalation equilibria between organogold and organopalladium complexes. 

The catalytic effect of fluoroaryl gold(I) complexes in the trans-cis 

isomerization of trans-[PdRF2L2] (RF = C6F5, C6Cl2F3; L = tetrahydrotiophene) 

complexes was reported in 1998.181 This reaction involves the aryl transfer between 

gold and palladium, and the process is related to the transmetalation processes involved 

in the gold-palladium cocatalyzed Stille reaction.182,183 The transarylation from cis-

[Pd(RF)2L2] to [AuClL] (RF = 3,5-dichloro,2,4,6-trifluorofenil; L = triphenylarsine) 

shown in Scheme 57 has been studied. The kinetics of the reaction resembles those 

found for the retrotransmetalation with organotin derivatives: The reaction proceeds 

through the substitution of one neutral ligand followed by the transarylation from 

palladium to gold (Scheme 57). Also, as it is the case of the organotin derivatives, the 

equilibrium is shifted towards the formation of the monoarylated palladiun(II) 

complex.184  
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However, DFT calculations shown that similarities are more formal than real, 

and that the interaction of palladium(II) with gold and tin have very few common 

features. To begin with, the replacement of the neutral ligand on palladium by the 

incoming metal halide is produced by the halogen atom when ISnBu3 is used (see 

Scheme 54 and Figure 8). The formation of the analogous intermediate with [AuClL] 

coordinated to the palladium through the chlorine is disfavored, and instead a gold 
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initiated interaction leads to a intermediate with a short distance between gold and 

palladium (Figures 9 and 10, left). Also, the transition state is different. In both 

transmetalations the mechanism is a concerted cleavage of Pd—C and M—X bonds and 

the formation of Pd–X and M–C bonds (M = Sn or Au, X = I or Cl). However, the 

transmetalation to gold proceeds through the metalophilic interaction between gold and 

palladium, with a distance between metals close to the range of covalent Pd-Au bonds. 

In a recent report of the gold-palladium co-catalyzed Stille reaction, the transmetalation 

of [AuRL] and RSnMe3 to [PdR'ClL2] have been calculated, reaching the same 

conclusions about the mechanism and the geometry of the transition state.182 

 

 

Figure 9. Calculated (DFT) and experimental reaction profile for the transmetalation 

from cis-[PdRF2L2] to [AuClL]. Reproduced with permission from ref. 184. Copyright 

2012, John Wiley&Sons. 
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Figure 10. Left: Calculated structures for the intermediates in which the gold complex 

has substituted one arsine ligand. Intermediate I1a in which the substitution is produced 

by the halide exclusively is discarded (ref 184). Right: Calculated structure for the 

transition state for the transmetalation step. Reproduced with permission from ref. 184. 

Copyright 2012, John Wiley&Sons. 

 

The transmetalation step in the Negishi reaction. 

The complex [PdRFCl(PPh3)2] (RF = C6Cl2F3) catalyze the Negishi cross-

coupling of ZnMe2 or ZnMeCl with C6Cl2F3I. These reactions are unique examples of 

palladium catalyzed cross-coupling of C(sp3) with a fluoroaryl group, being both quite 

inert towards the reductive elimination process.185 The transmetalation step is faster 

than the reductive elimination, and can be spectroscopically studied as a separate 

reaction. Also, the products of the transmetalation, cis- and trans-[PdRFMe(PPh3)2] are 

isolable. 

The most dazzling feature of this reaction is the perhaloaryl group exchange between 

palladium and zinc, that takes place at a fast rate during the transmetalation producing 

ZnRFMe or ZnRFCl depending on the organozinc used for the catalysis (Figure 11). 

Although a retro-transmetalation process, analogous to that reported above for ISnBu3 

or the gold complex [AuClL] cannot be discarded,186 a direct exchange of the aryl group 

by the methyl operating in the complexes [PdRFMeL2] seems more plausible under the 

reaction conditions used (a large excess of ZnMe2 or ZnMeCl).187,188 
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Figure 11. Concentration/time data for the reaction [PdRFCl(PPh3)2] + ZnMe2 (left) and 

[PdRFCl(PPh3)2] + ZnMeCl (right) obtained by 19F NMR, in THF at 298 K. Note the 

formation of the transarylation products ZnRFMe and ZnRFCl, and the different rates or 

formation of trans and cis-[PdRFMe(PPh3)2] in both systems. Reprinted with 
permission from reference 185. Copyright 2007 American Chemical Society. 
 

In addition, there is a clear difference in the behavior of both organozinc 

derivatives: While ZnMe2 produces trans-[PdRFMe(PPh3)2] at a very high rate that 

further reacts with ZnMe2 to produce mainly ZnRFMe and [PdMe2(PPh3)2], the use of 

ZnMeCl produces faster cis-[PdRFMe(PPh3)2] than trans-[PdRFMe(PPh3)2], then the cis 

isomer isomerizes to give the trans isomer and also reacts with ZnMeCl leading to 

ZnRFCl. The isomerization of the palladium complexes in the reaction media is faster 

than the observed isomerization of the isolated complexes in solution, so it must be 

catalyzed by ZnMeCl. In fact the role of ZnMeCl as catalysts for the isomerization 

trans-cis of complexes [PdMe2L2] has been demonstrated.186 

Although the Negishi reaction has proved to be useful in the cross-coupling of 

perfluoroalkyl groups, no mechanistic studies about the transmetalation of these groups 

have been reported. 
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2.3.3. Reductive Elimination 

Reductive Elimination from Pd(II) complexes. 

The success of a catalytic reaction that transforms fluorinated substrates may 

rest upon this final step of the cycle. Fluoroalkyls do not participate easily in reductive 

elimination processes neither from Pd(II) nor from Pd(IV) complexes. The reluctance of 

these groups to participate in this reaction has drastically limited the use of palladium to 

the catalytic formation of RF-C bonds (RF = fluoroalkyl). The problem is particularly 

acute in trifluoromethylation reactions involving Pd(0)/Pd(II) systems. Although there 

are limited reports on the catalytic cross-coupling of perfluoroakyliodides, most of them 

involve radical reactions or the use of other metals in addition to palladium. 

This inertness towards reductive elimination allows the synthesis of Pd(II) 

perfluoroalkyl [PdRFRL2] derivatives by oxidative addition of RFI to dimethyl 

palladium(II) producing a Pd(IV) intermediate that eliminates IMe.189,190 Culkin and 

Hartwig prepared several complexes with a aryl and trifluoromethyl groups in relative 

cis positions such as [Pd(CF3)(p-tol)(dppbz)] (dppbz = 1,2-

bis(diphenylphosphino)benzene), and reported its reluctance to produce 

trifluoromethyltoluene even after being heated at 130 ˚C for prolonged periods of 

time.191 The analogous trifluoroethyl complex [Pd(CH2CF3)(p-tol)(dppbz)] underwent 

reductive elimination sluggishly to form 1-methyl-4-(2,2,2-trifluoroethyl)benzene in 

96% yield upon heating 36h at 110 °C, while the elimination of nonfluorinated alkyl 

takes place at this temperature in less than one hour. 

 It is well known than rigid chelating ligands hamper the reductive elimination, 

thus this reaction has been tested with monodentate ligands in [Pd(CF3)(Ph)(PPh3)2]. 

Although the decomposition of the product takes place at 60˚C in the presence of IPh, 
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the reaction does not produce trifluorotoluene, but instead other decomposition products 

are formed. 192  Better results have been obtained by facilitating the reductive elimination 

employing chelating ligands with wider bite angle than dppbz:193  Both 

[Pd(CF3)(Ph)(dppe)] and [Pd(CF3)(Ph)(dppp)] have been reported to yield 10-60% of 

PhCF3 but after several hours at 145 ˚C,163 and [Pd(CF3)(Ph)(Xantphos)] produces the 

cross-coupling product quantitatively at 80 ˚C in only 3h.194,192 This reaction has been 

studied in dept by kinetic and computational methods.195  It has a small but not 

negligible dependence on the concentration of Xantphos in the reaction medium, and 

the kinetics show a saturation effect on [Xantphos], being independent of it when more 

than two equivalents of Xantphos are added to the cis-[Pd(CF3)Ph(Xantphos)] solution. 

The activation parameters were obtained in absence of extra Xantphos (ΔH‡ = 25.9 ± 

2.6 kcal mol−1 and ΔS‡ = 6.4 ± 7.8 e.u.) and they were also measured in the presence of 

2 equiv of Xantphos: ΔH‡ = 29.3 ± 2.8 kcal mol−1 and ΔS‡ = 15.9 ± 8.4 e.u. From the 

kinetic analysis of the reaction and with the additional help of calculated energies for 

the different possible mechanisms, the authors propose that at least two competitive 

pathways are operating (Scheme 58). In one of them the reductive elimination takes 

place in the square-planar complex cis-[Pd(CF3)Ph(Xantphos)] while in the presence of 

an excess of phosphine the reaction proceeds mainly through cis-

[Pd(CF3)Ph(Xantphos)2].  
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 The calculated energies of activation for the reductive elimination from A or C 

(Scheme 58) have values about 25 and 30 kcal mol–1 in good agreement with the 

experimental values, while the activation energies starting from possible intermediates 

in which one phosphorous atom of the phosphine is not coordinated reach much higher 

values, around 40 kcal.mol–1. Also, very high activation energies are obtained for other 

coordination modes of the phosphine, such as coordination of the oxygen or of one aryl 

group. 

 Buchwald’s group succeeded in performing a catalytic cycle by using BrettPhos 

or RuPhos as supporting ligands in which the reductive elimination is the slowest step.60 

Kinetic experiments carried out on the isolated intermediates [PdArCF3(BrettPhos)] 

showed that the activation energy for the reductive elimination step is almost 

independent on the aryl group. This behavior has been explained with the aid of 

computational studies that show that the energy of the transition state for this step is 

mainly due to the elongation of the Pd–CF3 bond, while the Pd–Ar bond has little 

influence on it. This fact, along with high strength of the M–CF3 bond discussed above, 

explain the kinetic inertness of this group to produce reductive elimination reactions 

from palladium(II) complexes. However, the role of the different supporting ligands 

remains unclear and no satisfactory explanation for the reasons why some of them 

promote the reactions much better than others has been provided. 

 This issue has been addressed by Anstaet and Schoenebeck, who 

computationally studied the differences in the reductive elimination of the model 

complexes [Pd(CF3)Ph(dppe)] and [Pd(CF3)Ph(Xantphos)].196  The calculated energies 

give values about 8 Kcal mol–1 higher for the activation energy of the complex with 

dppe than with Xantphos. The authors correlate this effect with the different bite angle 
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of both ligands, but mainly with the different steric effects in the transition and ground 

states: While for dppe the steric interactions increase on going from the ground state to 

the TS, the opposite rules for the Xantphos. The phenyl groups as substituents at the 

phosphorus in both ligands play a fundamental role in these steric interactions, and the 

trends change when other substituents are calculated. 

The strength of the M-ArF bonds and thus the stability of the [PdRArFL2] 

intermediates also lead to high energy barriers for the reductive elimination step in the 

case of fluoroaryl derivatives, although this reaction is not as sluggish as the one for 

trifluromethyl derivatives. This process was analyzed by DFT calculations by Peruzt, 

Eisenstein et al. on phenyl fluoroaryl derivatives and they found the largest activation 

energies for ortho fluorinated aryls as discussed in section 2.2.2.168  

The efficiency of the Stille coupling of allylic halides and aryltin derivatives is 

controlled by the reductive elimination, which is the slow step for this particular 

combination of reactants. This was found and studied in detail using a fluoroaryl 

derivative (C6F3Cl2) and a fluoroaryl-labeled allylic fragment. A η3–allyl (µ-fluoroaryl) 

dimeric complex was independently prepared (Scheme 59).109 Even this “ligandless” 

complex is reluctant to reductive elimination and, instead, decomposes upon heating by 

β–H elimination, and the products derived from the C6F3Cl and C6F5-allyl groups are 

conveniently recognized and analyzed by 19F NMR. The reductive elimination has to be 

promoted by benzoquinone, an electron withdrawing ligand, which coordinated to give 

a mononuclear complex that undergoes a clean reductive elimination.197 Benzoquinone 

was then used as coupling co-catalyst and produced a more efficient Stille reaction of 

fluoroarylorganotin derivatives and allylic halides, circumventing the coupling 

problems.  
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The decrease of the electron density of the metal is a factor that facilitates the 

reductive elimination and, in an extreme, this can be effected by oxidation. The addition 

of strong oxidants may form Pd(III) or Pd(IV) intermediates that are becoming more 

relevant specially in fluoroalkyl couplings and fluorination reactions (see below). Some 

reductive eliminations promoted by oxidants have been reported. The oxidation of 

Pd(II) to induce the reductive elimination of perfluoroaryl groups has been used by 

Fornies' group to produce C–P bonds (Scheme 60).198,199 The reaction with I2 

presumably occurs with addition of one iodide on one of the Pd atoms of the dimer, 

inducing the PR2-ArF reductive elimination on the other one with subsequent 

rearrangement to form a bridging iodine. 
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Reductive elimination from Pd(IV) complexes.  

 Contrary to the behavior of Pd(II), the reductive elimination of C(sp3) in Pd(IV) 

complexes is faster than the elimination of C(sp2), leading to the alkyl fluorinated 

products with very high selectivity.  

 The first demonstration of Ar-CF3 bond-forming reductive elimination from a 

PdIV aryl trifluoromethyl complex was provided by Sanford's group in 2010.200  The 

synthesis of [PdAr(CF3)(LL)] (LL = N, N or P, P chelating ligands) was accomplished 

by reaction of the PdII aryl iodides [PdArI(LL)] with CsF and Me3SiCF3. The oxidation 

of these complexes with N-fluoro-2,4,6-trimethylpyridinium triflate (NFTPT) as oxidant 

render a trifluoromethyl palladium(IV) complex with the ligand 4,4'ter-butyl-

2,2'bipyridine (dtbpy) (Scheme 61).  
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 When performed at 80˚C, the oxidation is immediately followed by a reductive 

elimination process to give the cross-coupling products 4-FC6H4–CF3. Thus, the 

reductive elimination from Pd(IV) seems to be kinetically much easier than from Pd(II). 

Remarkably, the reaction does not produce other reductive elimination products such as 

Ar—F. 

 The reaction mechanism has been studied experimentally and by DFT 

computational analysis.201  First they demonstrated that, as expected, the reductive 

elimination of Ar–CF3 does not take place from the Pd(II) complex [PdAr(CF3)(LL)]. 
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Heating the complex [Pd(CF3)(4-F-C6H4)(dtbpy)] at 130 ˚C for 72 h only a 5% of the 

cross coupling product CF3-C6H4F was obtained. The reagent used for the oxidation to 

Pd(IV) plays a fundamental role in the reaction, since it provides different molecular 

frames that can produce competing reductive elimination reactions, and in fact they do 

(Scheme 62). For instance, the use of N-bromo-succinimide produces the elimination of 

Ar–Br as major product. Only electrophilic fluorinating reagents give the desired 

coupling product, due to the difficulty on the elimination of fluoride from Pd(IV). 
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 The kinetics of the decomposition reaction of the complex [PdF(CF3)(4-F-

C6H4)(OTf)(dtbpy)] shows a reverse dependence on the concentration of triflate, 

suggesting a pre-dissociation equilibrium of this anion; in fact the replacement of this 

anion by PF6
– produces a significant increase in the decomposition rate. The activation 

parameters of this reaction, ΔH‡ 29.1 (0.2) kcal mol–1 and ΔS‡ 9.48 (0.8) cal mol–1 K–1 

support a mechanism in which one ligand have left the coordination sphere during or 

previously to the rate determining step. 

 Electronic effects on reductive elimination were evaluated, resulting in that 

electron-donating aryl substituents accelerate the reaction. This may be interpreted as a 

strongest trans-labilization effect resulting in an easier dissociation of the trans-triflate 

ligand, but also the stabilization of the pentacoordinate intermediate or of the transition 

state may have a significant contribution to the enhanced reaction rate (Scheme 63). The 

analysis by DFT calculations of the atomic charges of the Pd(IV) complex indicates that 

the trifluoromethyl carbon carries a significant positive charge (+1.18), larger than in 
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Pd(II) complexes,164 wheras the ipso-carbon of the phenyl ligand bears a charge of 

+0.07. Based on this difference in the atomic charges the authors propose that the aryl 

group acts as nucleophile towards the trifluoromethyl during the reaction pathway, what 

additionally explain the electronic effect on the aryl groups. 
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2.3.4. 2,1-Insertion 

Since the Pd-ArF bond of polyfluorinated aryls is stronger that an analogous 

non-fluorinated Pd-Ar bond, the activation energy for 2,1-insertion of an alkene into a 

Pd-ArF bond is expected to be higher. This being true, the reaction is possible and many 

stoichiometric examples have been reported as well as catalytic examples were this step 

is involved in the catalytic cycle, such as the Heck coupling.86,87 

19F NMR spectroscopy offers a very convenient tool to study these reaction since the 

chemical shift difference of the ortho fluorine in polyfluorinated aryls change about 20 

ppm upfield on going from a Pd-ArF to a C-ArF linkage.202 In this way we have studied 

many stoichiometric examples of insertion of an alkene into the Pd-C6F5 bond.  

As in any 2,1-insertion of alkenes into a Pd-R bond, coordination of the olefin 

and a cis in-plane arrangement is needed for insertion. Thus the complex 

[Pd(C6F5)Br(bipy)] does not react with alkenes, but insertion takes place immediately 

when the blocking Br ligand is removed with AgClO4. When dienes are used η3-allyl 

palladium derivatives are formed which can be isolated and characterized. Under the 



 69 

same conditions and reaction times, trans-[Pd(C6F5)BrL2] (L = py, PPh3) and AgClO4 

gives only trans-[Pd(C6F5)(OClO3)L2] (Scheme 64).203  
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[PdBr(C6F5)(COD)] (COD = 1,5-cyclooctadiene) is a stable cis-aryl-olefin 

complex due to the impossibility of the double bond cis to the aryl group to become 

coplanar with the Pd-ArF bond unless the other double bond in the chelating alkene 

decoordinates. Its X-ray structure shows a longer Pd-double bond length trans to C6F5, 

reflecting the high trans influence of the pentafluorophenyl group and supporting a 

preferred decoordination of that trans double bond. This decoordination is rate 

determining for insertion, and when it occurs (smoothly at room temperature) the 

compound evolves fast and competitively to the kinetic, σ,η2-cyclooctenyl- (A) and the 

thermodynamic η3-cyclooctenyl (B) palladium products, via the putative σ-cyclooctenyl 

intermediate I shown in Scheme 65. Both final products have a cis stereochemistry for 

the ArF and Pd groups (determined by NOE for B and by X-ray diffraction of a 

derivative for A) supporting the expected cis addition. The competitive formation of 

both products prove the involvement of a common intermediate I; the σ,η2-cyclooctenyl 

(A) complex is not an intermediate, since its transformation into the allylic η3-

cyclooctenyl (B) is extremely slow (again a rate determining decoordination of the 

double bond is needed). The Pd migration (or chain walking by β-H elimination-
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readdition) to give B and the recoordination of the double bond to give A from the 

common intermediate have comparable rates, and are fast.204 
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Thus, insertion of the double bond into the Pd-C6F5 moiety is fast whenever a 

non-chelating alkene and a palladium fluoroaryl complex with labile ligands, such as 

[PdBr(C6F5)(NCMe)2], are used. No monodentate alkene complex could be detected 

even at low temperature for these reactions showing that when coordination of the 

olefin occurs and a cis coplanar arrangement can be reached, the insertion of the alkene 

into the Pd-C6F5 bond is feasible and fast. Many pentafluorophenyl allyl palladium 

complexes have been synthesized by the insertion reaction of a double bond of a diene 

into the Pd-C6F5 bond of [PdBr(C6F5)(NCMe)2].202 The chemo and regiochemistry of 

the insertion can be determined by the analysis of the structure of the final compound. 

Insertion of the less substituted bond occurs and the C6F5 group always binds the least 

substituted position of the alkene (i.e. 2,1-insertion, Scheme 66).205   
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The presence of a fluorinated group and the use of 19F NMR aids the 

characterization of product mixtures and allows the monitorization of processes that 

occur on the organometallic fragment after insertion of the alkene into the Pd-C6F5 

bond. Thus, palladium migration along a hydrocarbon chain (chain walking) has been 

studied in detail and relevant intermediates have been detected, as snapshots of the 

reaction course.205-207 The fate of the palladium hydride after β-H elimination and its 

involvement in secondary reduction processes of relevance in catalysis have also been 

ascertain using C6F5 labeled organometallic fragments.208-211 Other β-elimination 

processes have also been studied such as β-OR, β-OC(O), β-Cl, β-SiR3, and β-SR 

eliminations.212,213 Intramolecular alkene insertions and skeletal C-C rearrangements 

have also been analyzed with the aid of the fluorinated group as a spectroscopic label.214  
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Alkene insertion into a Pd-ArF bond is a fundamental step in the Heck couplings 

shown in Scheme 67 along with the mechanism of the reaction.86,87 The dimeric 

complex (NBu4)2[Pd(µ-Br)Br(C6F5)]2 is used as catalyst precursor and it is in 

equilibrium with the halo or halo-solvated palladium complexes shown. Coordination of 

the alkene to these species is followed by insertion, but these two different elementary 

steps could not be experimentally studied in a separate way. We observed that either the 

oxidative addition or the coordination-insertion steps can be rate limiting depending on 

the actual ArF used and the reaction conditions. When a penta or tetrafluroaryl bromide 

are used the coordination-insertion is rate limiting in the catalysis. However, if a large 

excess of the alkene is added, in order to increase the rate of coordination-insertion, the 

coordination of the alkene to Pd(0) species in the cycle makes them more stable and the 

oxidative addition step slower. Thus, this action changes the rate determining step of the 

reaction to oxidative addition for p-RC6F4Br when R = OMe, F producing the opposite 

to the expected effect. If R is an electron withdrawing group such as CF3 or CN the 

oxidative addition is still fast and the coordination-insertion step remains the slowest 

one in the cycle even in the presence of an excess of olefin. The monofluorinated p-

fluorophenyl bromide behaves differently and the oxidative addition step, expected to 

be slower, is rate limiting in any reaction condition. This results show that insertion of 

the alkene into the stronger Pd-ArF of polyfluorinated aryls is less favored when 

compared to non-fluorinated aryls indeed and may be rate limiting.  
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When reacting with palladium complexes, alkenyl organometallic derivatives 

are susceptible of a competition between transmetalation and alkene insertion and this 

can affect the regiochemistry and selectivity of the catalytic reaction. This competition 

was studied using substituted alkenyl silanes in such a way that the products derived 

from insertion (Heck type products and β-SiR3 elimination routes) would be different 

from those expected from transmetalation and reductive elimination (Hiyama). 

Palladium pentafluorophenyl complexes were used, so the advantageous spectroscopic 

features of the C6F5 group would aid in the characterization of the final products. 

Scheme 68 shows the products obtained for 2-propenyl trimethyl silane. Other alkenyl 

silanes and ligands were also tried but, in every case, insertion of the olefin into the Pd-

C6F5 bond is the major pathway observed.215 
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2.3.5. 1,1-Insertion (migratory insertion) 

Examples of a formal 1,1-insertion of a ligand into a Pd-ArF bond are known for 

isonitriles and carbenes. The most common carbon monoxide insertion to give the acyl 

compound, Pd-CO-ArF, is not favored, and the equilibrium is shifted towards free CO 

and Pd-ArF. Thus, perfluorofluoroaryl acyl halides have been used as precursors of ArF 

and one example is shown in Scheme 69.216 Complete decarbonylation of the acyl group 

is observed for ArF = C6F5 but the selectivity decreases for other less fluorinated aryls. 

For example, when ArF = 3,5-F2C6H3 decarbonylation is a minor pathway and the 

product of the reaction is a mixture of the aryl trimethylsilane (minor) and the acyl 

trimethylsilane (major).  

C6F5

O

Cl
+ Si2Me6

[Pd]
C6F5 SiMe3 + ClSiMe3

– CO  

Scheme 69 

 

The insertion of isonitriles into Pd–ArF bonds occurs, upon heating, on Pd 

complexes containing both groups (ArF and CNR) coordinated to the metal to give 
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Pd(II) imidoyl complexes (Scheme 70).217,218 The initial product is a crown-shaped 

tetrameric complex. Controlled addition of L affords boat shaped dimers with the ArF 

and R substituents cis relative to the C=N bond in the bridging imidoyl ligands.  
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1,1-insertion of carbenes into Pd-R bonds is a reaction involved in many 

catalytic processes developed in the last years.219 The reaction was disclosed not long 

ago, by studying the evolution of pentafluorophenyl palladium carbenes.220,221 Scheme 

71shows two of these reactions where the resulting palladium alkyl complex is 

stabilized, in the presence of an additional double bond, by formation of a palladium η3-

allyl or η3-benzyl complex (X = OMe) or an iminium salt (X = NEt2).222 The reaction is 

intramolecular, as studied for the isolated monamino palladium carbenes, and faster the 

more electrophilic the carbene ligand in the order: X,R = NR’2, NR’2 << R, NR’2 < R, 

OR’. 
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The carbene complexes in Scheme 71 were synthesized by transmetalation of a 

carbene fragment from tungsten to palladium. However other carbene precursors, such 

as diazoderivatives, have been proposed to give palladium carbene complexes quite 

reactive towards 1,1-insertion. Trifluoromethyl substituted diazo compounds have been 

used in the synthesis of CF3 substituted alkenes or dienes. It has been proposed that 

after oxidative addition of the organic bromide and carbene transfer, 1,1-insertion of the 

carbene into the Pd-R bond occurs (Scheme 72).223  
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3. C-F activation and fluorination. 

Palladium mediated reactions that involve the cleavage or the formation of a C-F 

bond are included in this section. These reactions are specially challenging from a 

fundamental point of view since the C-F bond is a strong one and generally difficult to 

activate. On the other hand, the selective introduction of fluorine in a molecule without 

the use of aggressive and difficult to handle sources of a fluoro group such as fluorine 

or hydrogen fluoride, is an attractive goal. In fact, the high reactivity of these fluorine 

sources generally leads to perfluorinated derivatives. So, the selective cleavage of one 
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or several C-F bonds in those molecules followed by a suitable functionalization is a 

way to obtain partially fluorinated compounds of high interest. Reviews with an 

extensive coverage of the subjects of C-F activation,6,7,224-226 and fluorination10,227,228 are 

available in the literature. The purpose of this section is to cover palladium mediated 

processes in the area. Overviews of the reported palladium catalyzed processes that 

functionalize a C-F bond on one hand or create a new C-F bond on the other are given 

below. The current understanding of the fundamental processes that make these 

reactions possible will follow. 

 

3.1. Overview of catalytic C-C and C-X coupling reactions where a C-F 

bond is cleaved. 

3.1.1. C-C Coupling reactions of fluorinated aryls.  

Coupling reactions on fluorinated aryl derivatives that involve a C-F cleavage 

and C-C bond formation have been reported using the Stille, Suzuki or Kumada 

reactions.  

The Suzuki reaction has been used to functionalize a C-F bond and leads to an 

aryl for fluorine substitution. Both monofluorinated and poly- or perfluorinated aryls 

have been used as reagents and efficient reactions have been developed only for aryl 

groups that bear additional electron withdrawing substituents. The first examples were 

reported by Widdowson et at. who carried out the Suzuki reaction on chromium 

fluoroarene complexes (Scheme 73).229 Monofluorinated nitro arenes have also been 

used,230-232 and the presence of an ortho nitro group is essential for the reaction, the C-F 

bond remaining untouched if the ortho-nitro group is lacking (Scheme 74).231 The 

authors suggest that the ortho nitro group is playing a role that surpass the mere 

electronic influence since if the o-NO2 is replaced by a trifluoromethyl group the 
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reaction does not proceed. They propose that the nitro group can coordinate to 

palladium facilitating the oxidative addition step (see section 3.4). The presence of 

additional electron withdrawing groups (R1, Scheme 74) is also needed to obtain good 

or moderate yields.230,231  
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The Stille coupling has also been carried out with moderate yields using the 

ortho-fluoro nitroarenes represented in Scheme 74 and aryltin reagents. As a result, 

substitution of the ortho fluorine occurs and diarenes are formed.230 

When polyfluorinated nitroarenes are tested in Suzuki reactions the C-F bond ortho to 

the nitro group in the aromatic ring is selectively cleaved and the reactivity increases 

with the number of fluoro substituents. Thus pentafluoronitrobenzene is the most 

reactive fluoroarene followed by tetra- and trifluoronitrobenzene.233 This is consistent 

with the need of an arene as electrophilic as possible. Also, the reactivity observed for 

different isomeric tetra- and trifluoronitrobenzenes correlates with the activating ability 

of the ortho, meta and para substituents towards an SNAr substitution indicating that, 

regardless the intimate mechanism of the C-F activation, an interaction of the 

nucleophilic the palladium complex with an electrophilic arene is taking place (Scheme 

75). 



 79 

NO2
Ar

NO2

+ +  borates

Fn

O

O
B Ar

[Pd(PPh3)4]

KF/alumina
MW

Reactivity, n: 5 > 4 > 3  and

Fn–1

F

F

NO2

F

F F

F

NO2

F

F

F

NO2
F

F F

> >

substituted F  

Scheme 75 

 

C-F functionalization by the Suzuki and also by the Stille reaction was observed 

for 2-fluoro carboxylic acids. Although the yields are lower than those obtained for the 

analogous nitro derivatives, the reactivity trends observed are the same: The ortho 

carboxylic group is essential as well as the presence of additional electron withdrawing 

groups.234 The Suzuki coupling has been carried out successfully for pentafluorophenyl 

oxazolines with a large variety of boronic acids, although the reaction is ineffective for 

the monofluoro analogues. In this case the same trends as those mentioned for the nitro 

derivatives are observed: Selective functionalization of the ortho fluorine and lower 

reactivity as the number of fluorine atoms in the ring decrease.235 The same authors 

reported an interesting coupling that involves a C-H activation of the non-fluorinated 

partner (Scheme 76, L = diphosphine).236 In this case a 2-pyridinyl group as directing 

group was more effective than the oxazoline used before. The reaction can be extended 

to other polyfluorinated aryls taking into account that the same selectivity and reactivity 

limitations on the number of fluorine atoms mentioned for the Suzuki couplings apply. 

No kinetic isotope effect was observed in the reaction and this, along with independent 

experiments that showed that the transmetalation-reductive elimination steps are facile, 

led to conclude that the C-F oxidative addition step is rate limiting.  



 80 

F
+

 [PdCl2(NCMe)2]

L, LiOtBu
N

Fn
N

X

X = O, S

N

Fn
N

X

 

Scheme 76 

 

The Stille reaction allows the introduction of groups different from aryls, and the 

catalytic vinylation of pentafluorophenyl pyridine has been reported (Scheme 77). The 

catalyst used, [Pd(C5F4N)FL2], is the product of oxidative addition of the fluorinated 

pyridine to Pd(0). The involvement of this complex in the actual catalytic cycle is 

supported by the stoichiometric reaction of SnBu3(vinyl) and [Pd(C5F4N)FL2] which 

leads to the vinyl pyridine product.237  

N

F
F F

FF
+

SnBu3

N

F F

FF
+ SnBu3F

[Pd] [Pd] = PdF
L

L
N

F F

FFL = P(iPr)3  

Scheme 77 

 

Para-substituted aryl tetrafluoropyridines have been synthesized by the Suzuki 

coupling of pentafluoropyridine and arylboronic acids using the same type of catalyst 

shown in Scheme 77 (L = PiPr2(CH2CH2OCH3)).238 

In contrast to the Suzuki and Stille processes described, electron withdrawing 

substitutents on the ring are not necessary for the coupling of fluoroaryls with Grignard 

reagents to occur, the so called Kumada-Corriu process.239 Although nickel catalysis is 

more common in these processes, palladium catalyzed reactions have also been 

reported. Monoarylation is selectively observed in polyfluorinated aryls for the catalytic 

system shown in Scheme 78; this is an advantage over the analogous nickel catalysts 
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since this metal invariably leads to di or even trisubstituted derivatives along with the 

monoarylated compound.240 The reaction shown in Scheme 79 works well when the 

ortho X group is a protic hydroxo or amino group acting as a directing group. 

Interestingly the C-F activation occurs even if a chloro substituent is present (Y = 

Cl).241 No mechanistic rationale has been given for these processes. 
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The reaction of C6F5H with phenols catalyzed by a mixture of Pd(OAc)2 and a 

silver salt leads to tetrafluoro diaryl ethers (Scheme 80).242 This can be described as a 

palladium mediated formal nucleophilic substitution of the fluorine in the para-position 

although a mechanistic study was not carried out. Similar nucleophilic substitution on 

the activated para C-F bond of pentafluoropyridine,243 or on the unactivated site of a 

monofluoroquinoline have been also reported in stoichiometric processes.244 
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3.1.2. C-C Coupling reactions of fluorinated alkenes.  

C-F bond activation of perfluorinated alkenes by [Pd(PR3)n] complexes has been 

reported. The oxidative addition of a coordinated tetrafluoroethylene to Pd(0) leads to 

alkenyl palladium fluoride complexes which have been isolated and structurally 

characterized.245,246 This oxidative addition is promoted by the addition of LiI or Lewis 

acids such as boranes and this has been used to functionalize C2F4 in a catalytic manner 

(Scheme 81). Thus, the synthesis of trifluoro styrene and other trifluorovinyl arenes has 

been carried out by the Negishi coupling of C2F4 with ZnAr2.245 The Suzuki coupling of 

C2F4 with arylboronates can be carried out without the addition of a base, the fluorine 

resulting in the C-F cleavage, coordinating to boron and acting as a transmetalation 

promoter.247  
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β-F elimination reactions have been proposed to occur in several catalytic 

transformations of fluoroalkenes, such as the Heck reaction of 1,1-difluoroethylene to 

give monofluorostyrene,248 or intramolecular cyclizations that involve C-F cleavage in a 

putative palladium β-difluoroalkyl (Scheme 82, a).249,250 A similar 5-endo-trig 

cyclization was observed starting from a trifluoromethylallyl derivative (Scheme 82, b). 

Again β-F elimination in the intermediate palladium cycloalkyl complex explains the 

formation of the difluoromethylene substituted pyrroline.251 
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3.1.3. Allylic Substitutions of a fluorine atom.  

 Few catalytic processes of this type have been reported and the use of simple 

allylic monofluorides leads to non-fluorinated compounds.252 However, using 3,3-

difluoropropenes as reagents, Paquin et al. described the palladium catalyzed allylic 

substitution of a fluoride by an amino group which allows to synthesize 

monofluorinated amines (Scheme 83).253  
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3.1.4. Hydrodefluorination reactions.  

This topic has been reviewed recently covering all metal-catalyzed processes,254 

but just palladium mediated reactions will be discussed here. The replacement of 

fluorine by hydrogen is a reaction that has been observed in the catalytic hydrogenation 

of allylic, vinylic, benzylic and aromatic fluorides using heterogeneous palladium 

catalysts such as Pd on carbon.255 C6H5F can be hydrodefluorinated to benzene using 2-

propanol/NaOH as reagent and an heterogeneous catalyst formed by Pd on carbon. 

Among the halobenzenes C6H5X (X = F, Cl, Br, I) fluorobenzene is the most reluctant 

one to be dehalogenated and this is clearly shown in a competitive experiment using a 

mixture of all the C6H5X compounds: C6H5F reacts only when the other halides have 

been consumed.256 Fluorobenzene has also been hydrodefluorinated using hydrogen on 

a Pd-SiO2 heterogeneous catalyst where a rhodium pyridyl complex has been 

tethered.257  

Catalytic hydrodefluorination of fluorobenzene and substituted fluoroarenes has 

been carried out with a heterometallic homogeneous Pd-Ru catalyst using isopropanol 

and a base as a hydrogen source (Scheme 84).258 The presence of both metals in the 

same complex is needed for an efficient catalysis and neither the homonuclear 

palladium or rhodium analogue dimers nor a mixture of both homonuclear complexes 

have the high activity observed for the heteronuclear complex. The system is also 

capable of complete hydrodefluorination of benzylic trifluoromethyl substituents 

(Scheme 84). When the organic fluoride has aromatic and benzylic C-F bonds, such as 

in 4-fluoro benzotrifluoride, the aromatic C-F bonds are substituted first.  
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Hydrodefluorination reactions of perfluoroarenes are very interesting for the 

synthesis of partially fluorinated derivatives. Selective substitution of the para fluorine 

by hydrogen in pentafluoropyridine has been carried our catalytically using a borane as 

a hydrogen source (HBpinacol).238 The catalyst employed is [PdF(F4-py)L2] (Scheme 

85, L = PiPr3 or PiPr2(CH2CH2OMe)) and this is the actual product of oxidative addition 

of perfluoropyridine to Pd(0). Treatment of that complex, [PdF(F4-py)L2], with silane 

leads to the hydrido derivative [PdH(F4-py)L2] which in turn undergoes reductive 

elimination to give tetrafluoropyridine (Scheme 85).259 These stoichiometric 

experiments support that the catalytic hydrodefluorination reaction occurs in the same 

way. 
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Following the same strategy already employed in C-C coupling reactions, Zhang 

et al. used 2-pyridyl as a directing group and observed the selective hydrodefluorination 
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of the fluorine atoms ortho to the directing group in 2-pyridylpolyfluorobenzenes.260 

The reaction of these derivatives with silanes led to selective ortho 

monohydrodefluorination (Scheme 86). By increasing the reaction temperature to 120 

˚C and the amount of silane, hydrodefluorination of both ortho fluorine atoms took 

place. Stoichiometric reactions of 2-pyridylperfluorobenzene and a Pd(0) complex 

showed selective oxidative addition of one ortho C-F bond, which drives the 

regiochemistry of the reduction process.  
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Monofluorinated alkenes have been synthesized by hydrodefluorination of gem-

difluoro allyls. A silane was used as a hydrogen source and a base is also necessary. 

Independent experiments showed that SiH3Ph is not very reactive in contrast to 

SiH2Ph(OEt) or SiHPh(OEt)2 which can be formed in the reaction medium (EtOH) in 

the presence of a base (NEt3). The reaction is regioselective and deuteration 

experiments showed that the hydrogen is incorporated in the allylic position and silane, 

not the solvent, is the H source (Scheme 87).261  
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3.2. Overview of catalytic C-F forming reactions. 

The palladium catalyzed fluorination is a fast growing field and the reactions 

that have been reported so far can be classified in two major groups according to the 

fluorine source used, which in turn usually implies quite a different mechanistic 

pathway.  

Recent advances in fluorination reactions have introduced compounds that are a 

source of fluorine acting as an electrophile. They are usually N-fluoro substituted 

ammonium salts or other aminoderivatives and they are powerful oxidizing agents. A 

few examples are shown in Figure 12 and some of them are commercially available. 

Many Pd-catalyzed fluorination reactions that use these compounds are believed to 

occur though a Pd(II)/Pd(IV) catalytic cycle. 

N
N Cl

F
(X–)2

X = BF4, F-TEDA
(Selectfluor!)

N
R

F
X–

X = BF4, OTf, etc

+

+ + F
N SO2PhPhO2S

NFSI

 

Figure 12. Electrophilic fluorinating reagents. 

 

The second group of reactions use fluoride salts as the F source, i.e. a 

nucleophilic fluoride. These are more attractive as far as availability of the reagents is 

concerned and, generally, a Pd(0)/Pd(II) catalytic cycle seems to operate.  

 

3.2.1. Pd-catalyzed fluorination with electrophilic fluorine sources.  

The activation of a C-H bond of enol-type compounds followed by the 

enantioselective substitution by fluorine has been reported for different substrates. 

Catalytic asymmetric fluorination of β-keto esters has been achieved using chiral 
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diphoshino hydroxo or aquo palladium(II) complexes (Scheme 88). The source of 

fluorine is the electrophilic reagent N-fluorobenzenesulfonimide (NFSI). Very good 

yields and enantiomeric excess were obtained.262,263 The same reaction was performed 

using ionic liquids as solvents and this method allowed to recycle the catalyst at least 10 

times, the yields and enantioselectivity remaining high throughout the reusing 

experiments.264  
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Close related catalytic systems have been reported for the enantioselective 

synthesis of fluorinated β-keto phosphonates,263,265 and α-cyano acetates.266 Lectka et 

al. have developed the enantioselective α–fluorination of acyl chlorides that lead, by 

reaction with suitable nucleophiles, to a variety of α–fluorinated carbonyl compounds. 

A combination of a cinchona alkaloid catalyst, a base, NFSI and [PdCl2(PPh3)2] bring 

about the reaction and it is proposed that the role of the palladium complex is just the 

coordination of the enolate formed, without actually participating in the C-F bond 

formation.267  

Activation of an aromatic or benzylic C-H bond is more difficult than C-H 

activation leading to an enolate, but the substitution of a C-H bond in these reagents by 

a fluoride has been achieved by Sanford et al. using electrophilic fluorine sources. N-
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fluoro-2,4,6-trimethylpyridinium tetrafluoroborate turned out to be the best reagent for 

the benzylic fluorination of 8-methylquinoline derivatives whereas N-fluoropyridinium 

tetrafluoroborate is the reagent of choice in the fluorination of 2-aryl pyridine 

derivatives (Scheme 89).268 In both cases a coordinating directing group (the 

heterocyclic nitrogen atom) is present and the reaction selectively occurs on the ortho 

position of the aryl or the benzyl group in 8-methyl quinolines. When both benzylic and 

aromatic fluorination is possible in the same substrate, aryl fluorination is preferred.  
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Yu et al. also achieved the ortho fluorination of aryls bearing a triflamide 

substituent as a directing group to facilitate orthometalation to the metal, i.e. C-H 

cleavage and formation of the Pd-aryl bond. After screening, Pd(OTf)2 was the best 

catalysts and the electrophilic fluorine source of choice was N-fluoro-2,4,6-

trimethylpyridinium tetrafluoroborate (Scheme 90, a).269 Careful optimization of the 

reaction conditions led to the synthesis of ortho mono and difluorinated compounds. 

The authors showed that the triflamide product can be transformed in a variety of 

organic fluorinated derivatives. A further development by the same group is the 

synthesis of ortho monofluorinated carboxylic acids using an amide as ortho directing 

groups (Scheme 90, b).270  
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A different approach to the synthesis of aryl fluorides is the conversion of aryl 

boronic acids and related derivatives into aryl fluorides and this has been carried out 

both in a stoichiometric and in a catalytic way. The reaction of a boronic acid with a 

stoichiometric amount of a Pd(II) complex bearing a chelating N-donor ligand leads to 

an aryl palladium(II) complex. In a second step, this complex reacts with Selectfluor to 

give the final ArF product (Scheme 91).271 The reaction occurs through the formation of 

a Pd(IV) aryl-fluoro complex which undergoes reductive elimination of ArF. These 

steps have been supported by the isolation of relevant intermediates and the study of 

individual steps.272  
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Recently, the Pd-catalyzed conversion of boronic acid derivatives, mainly aryl 

trifluoroborates, into ArF has been described.273 The reaction uses a mixture of 

Selectfluor and NaF, but isotope labeling studies using 18F have demonstrated that the 

fluorine atom in the product originates in the electrophilic fluorine reagent (Scheme 92). 

Interestingly, the reaction is mechanistically distinct and consistent with the operation 

of a radical pathway. A single electron transfer oxidation of the palladium complex by 

Selectfluor occurs to form a Pd(III) derivative. Subsequent F transfer from the generated 

Selectfluor radical cation to the aryl borate occurs. 
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Liu’s group has developed several processes to fluorinate alkene and alkyne 

substrates. The tandem fluorination and cyclization of enynes leads to cyclic derivatives 

with exocyclic fluoroalkenes (Scheme 93).274 The catalyst used is a mixture of 

palladium trifluoroacetate and the N-donor chelating ligand bathocuproine and N-

fluorobenzenesulfonimide (NFSI) was used as the fluorine source.  
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The same catalyst system was used in the reaction with styrenes and NFSI. 

However, in this case the aminofluorination of the double bond was observed and both 

fluoro and amino groups of the electrophilic reagent end up on the final product 

(Scheme 94, a).275 The intramolecular version of this aminofluorination reaction has 

also been developed but in this case the fluorine source is AgF, which can be considered 

a nucleophilic fluorine source. However, a strong oxidant, PhI(OCOR)2, is also added to 

the reaction mixture so both in the intra and the intermolecular reactions the 

intermediacy of Pd(IV) species were proposed (Scheme 94, b).276  
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It is worth noting that electrophilic fluorine reagents have been used as oxidants 

in palladium catalyzed processes where they do not act a fluorinating agents. In most of 

these cases a Pd(II)/Pd(IV) mechanism is often invoked.277  

 

 

3.2.2. Pd-catalyzed fluorination with nucleophilic fluorine sources.  

 Nucleophilic fluorine sources are more attractive than electrophilic fluoro reagents 

since they are more accessible, less expensive and the corresponding 18F derivatives are 

available. This is important since the synthesis of 18F labeled compounds, to be used as 

contrast agents in positron emission tomography (PET), requires fast preparation 

methods for reagents and products considering the short 18F half life (t1/2 = 110 min). 
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This is not always possible if electrophilic fluorine reagents need to be used.  

 The synthesis of aryl fluorides using MF sources is challenging and not many 

processes have been reported. Although the Pd-catalyzed formation of C-X bonds is a 

well established process (X = OR, NR2, SR, etc.),278 and the operation of a similar 

catalytic mechanism could be envisaged for X = F, the C-F bond formation process is 

sluggish. This has been attributed to a reluctant C-F reductive elimination process, as it 

is discussed below. Notwithstanding this difficulty, Buchwald et al. have developed the 

synthesis of aryl fluorides from aryl triflates and CsF catalyzed by a palladium 

precursor complex and BrettPhos ligands (Scheme 95).279 The reaction has a 

considerably large scope and works well with heterocycles and different aryls, specially 

those bearing electron withdrawing substitutents and non-donor ortho substituents. The 

process was further improved with the use of AdBrettPhos and a preformed [Pd2L2(µ-

η2-η2-COD)] precatalyst (L = AdBrettPhos).280 A nice development is the use of a 

microflow system consisting of a packed CsF bed reactor to carry out this reaction. 

Short residence times were enough to achieve good yields of the aryl fluorides.281  
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 A conventional Pd(0)/Pd(II) catalytic cycle involving oxidative addition of the 

aryltriflate, coordination of the fluoride and reductive ArF elimination seems to be at 

work in this reaction. This is supported by stoichiometric experiments which have 
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shown that an isolated [Pd(ArEWG)FL] complex (L = Brettphos, ArEWG = aryl with 

electron withdrawing groups) leads to the reductive elimination product ArF albeit in 

low yields. Subsequent studies by the same authors involving aryl groups with electron 

donating substituents have shown that in this case [Pd(ArEDG)FL] compounds do not 

undergo reductive elimination of ArF. They have also observed that other competing 

processes are operating in the catalytic system including the arylation of the phosphine 

ligand in the presence of base. This consumes part of the ArOTf reagent and generates a 

slightly different ligand that nonetheless is more effective and capable of ArF 

formation.282 The information gathered in these studies have led to a design of a 

modified catalytic system that can transform aryl bromides, a more available and 

common type of aryl derivatives, into aryl fluorides (Scheme 96). The use of a 

combination of AgF and KF gives good results, the former facilitating the coordination 

of fluoride to palladium and the later acting as a base to induce the arylation of the 

added BrettPhos ligand. In the most reluctant cases, such as the fluorination of pyridine 

bromide derivatives, the preformed arylated ligand (LAr) can be used with good 

results.283  
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In a mixed approach, Ritter et al. developed the synthesis of aryl fluorides with 

electron donating groups using an electrophilic fluorine reagent, a palladium(IV) fluoro 

complex, synthesized from a fluoride salt. The synthesis is stoichiometric in palladium 

and it is oriented to obtain 18F labeled aryls for PET in short reaction times. Upon 

addition of the labeled fluoride to a dicationic Pd(IV) complex, this is transformed into 

a Pd(IV) fluoro complex (Scheme 97). This complex is capable of oxidatively transfer 

the fluorine atom to a Pd(II) aryl complex. The new aryl Pd(IV) fluoro compound 

undergoes reductive elimination to give the labeled aryl fluoride.284  
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Fluorination reactions of other organic derivatives different from aryl halides or 

triflates with fluoride salts rely on the nucleophilic attack of F– on an organometallic 

palladium complex. One of the early reports of this type of reaction is the synthesis of 

acid fluorides by carbonylation of organic halides followed by nucleophilic attack on 

the palladium acyl moiety (Scheme 98).285 
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The nucleophilic attack on a palladium allyl complex is a well known reaction 

and it has been extended to fluoride as the nucleophile. Gouverneur, Brown et al. have 

reported the reaction of allylic carbonates with a fluoride salt to give allylic fluorides in 

good yields, including the 18F labeled derivatives. In this report the authors use only 

allylic substrates that cannot give β-H elimination, a competitive reaction often 

observed in the presence of fluoride (Scheme 99). As it is expected for a Pd-mediated 

allylic nucleophilic substitution, the reaction occurs by oxidative addition of the allylic 

carbonate to Pd(0) and nucleophilic attack of fluoride on the resulting palladium allylic 

complex.286 
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Doyle’s group has developed the enantioselective allylic fluorination reaction of 

a variety of cyclic and acyclic allyls with silver fluoride.287,288 The analysis of the 

structure of the fluorinated cyclic allyls shows that the fluoride attack is, as expected, 

trans to palladium.287 In the case of non-cyclic reagents, with the exception of the 

cynnamyl derivatives (R = Ph), the internal fluoride is the preferred regioisomer which 

has been enantioselectively obtained using Trost’s diphosphines (Scheme 100).288 
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3.3. The Pd-F bond 

Isolated and well characterized palladium(II) fluoro complexes are relatively 

recent. Grushin et al. synthesized [PdRF(PPh3)2] by halogen metathesis of the 

analogous iodo complex with AgF or, alternatively, by protonation of a hydroxo 

derivative with NEt3/3HF (Scheme 101). 289  These are the two most general methods 

for the preparation of monofluoro palladium organometallic derivatives.290,291 Since this 

first report several monomeric palladium fluoro complexes have been synthesized in the 

context of the study of C-F activation or C-F formation. Some of them have been 

already mentioned in this chapter or will be referred to below. Palladium difluoro 

derivatives are also known,292 as well as dimeric complexes with one,293 or two bridging 

fluorides. 294-296  
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When coordinated to palladium the fluorine atom is a weak σ-donor and a strong 

π–donor ligand. Careful studies have been carried out on isolated palladium(II) fluoro 

complexes analyzing the structural and spectroscopic parameters that are sensitive to 

electronic factors in order to confirm the abovementioned ligand features. By 

comparing the Pd-C(aryl) bond length in the molecular structures of a series of trans-

[PdPhX(PPh3)2] complexes (X = F, Cl, Br, I, Figure 13, a), Grushin et al. have 

determined that the fluoro ligand shows the lowest trans influence of all the halogens,297 

which is consistent with its being the weakest σ-donor. Cámpora et al. analyzed the 13C 

NMR chemical shift variation upon coordination (coordination shift) of the Cipso in a 

series of pincer Pd(II) complexes [(iPrPCP)PdX] (iPrPCP = 2,6-bis-

(diisopropylphosphinomethyl)phenyl, X = anionic ligand) (Figure 13, b). The values 

found correlate with the σ-donor ability of the ligand and the latter follow the order X: 

OTf < NO3 < F < OAc < OMe < Cl < OH ≈ Br < I < NH2 < Ph < Me < H.298 
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Figure 13. Palladium fluoro complexes studied by Grushin et al. (a, ref. 297) and 

Cámpora et al. (b, ref. 298). 

 

π Effects on the Pd-F bond have also been evaluated and the results are less 

intuitive than those obtained for σ-donation. The analysis of the structural and 

spectroscopic data of [PdPhX(PPh3)2], such as the C-Cipso-C angle of the phenyl group, 

seem to indicate that the “PdX(PPh3)2” fragment is more electron donor towards the 

phenyl ring when X = F.297 In general, the meta position of a phenyl group is almost 
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insensitive to π-effects whereas the para position strongly reflects the presence of 

electron donating or electron withdrawing groups in the ring. According to this, 

Cámpora et al. analyzed the difference in coordination shift between the meta and para 

positions of the aryl ring in the pincer ligand of [(iPrPCP)PdX] (Figure 13, b). The 

differences found upon changing X, although small, should give a measure of the π-

back donation from the metal. When X = F the difference ΔδCpara-ΔδCmeta is one of the 

most negative, comparable to X = OR or NH2, indicating that the metal behaves as a 

better electron donor to the aryl ligand.298 Since the empty orbital of palladium is not 

available for π-bonding with the fluoride and conjugation effects are very small,299 the 

observed effect has been interpreted as a result of a filled-filled dπ(Pd)-pπ(F) repulsion 

that drives the electron density on the metal towards the trans phenyl group. 

Both effects, weak σ-donation and the proposed dπ(Pd)-pπ(F) repulsion, leads to 

a polarized Pd-F bond and makes it more reactive than other Pd-halogen bonds. For 

example, when a chloride salt of a non coordinated anion is added to a solution of 

[PdPhF(PPh3)2] in dichloromethane or chloroform, the fluoride dissociates from the 

complex and the so called “naked fluoride” is very reactive resulting in fluorination of 

CH2Cl2 or deprotonation of CHCl3 to give HF2
–.300 The presence of very small amounts 

of water in a solution of [PdPhF(PPh3)2] leads to a fluxional process that transforms the 

Pd-F 19F NMR resonance from a sharp triplet to a broad singlet; the same effect is 

observed for the doublet in the 31P NMR spectrum. The elimination of the 2JF-P coupling 

constant can be the result of a fast ligand substitution of fluorine by water along with 

hydrogen bond formation with water Pd-F…HOH.290 This fluxional behaviour in the 

presence of water is quite general in Pd(II) fluoro derivatives.  

The coordinated fluoride is basic enough to form hydrogen bonds both intra and 

intermolecularly.294 Pd-F…H-C interactions with the other coordinated ligands have 
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been observed in monomeric [PdPhF(PR3)2] compounds. When R = alkyl, the 

decomposition of the complexes leads, among other expected products, to FHF– and the 

source of H has been shown to be the alkyl groups of the phosphine. Thus, the 

preformed Pd-F…H-C interactions may have an influence in this process and therefore 

implications in the stability of the complexes in catalysis. Even a bridging fluoride is 

basic enough to form hydrogen bonds and a nice and unusual example has been 

described by Grushin et al.294 The dimeric complex [Pd(µ-F)Ph(PCy3)]2 crystallizes 

with three molecules of dichloromethane that are hydrogen bonded to the bridging 

fluorides and the interaction is also kept in solution as shown by NMR (Figure 14).  

Pd
F

Pd

H C
H

Cl

Cl
HC

Cl

Cl

H
H

C
Cl Cl

H

F

 

Figure 14. Simplified structure of the [Pd(µ-F)Ph(PCy3)]2 core, showing the 

hydrogen bond interactions with CH2Cl2.  

 

The palladium hydrogendifluoride [PdPh(FHF)(PR3)2]  has been thoroughly 

studied and the presence of the strong hydrogen bond to HF in the Pd-F…HF moiety 

leads to a Pd-F where the repulsive dπ(Pd)-pπ(F) interaction is less important than for 

other palladium fluorides. The complex shows a fluxional behaviour as a result of a fast 

intramolecular fluoro exchange presumably through a pentacoordinated intermediate.301  

Pd-F bonds can act not only as hydrogen bond acceptors but also as halogen bond 

acceptors. Perutz et al. have studied the interaction of complexes [PdArF(PR3)2] (Ar = 

2,3,5,6-tetrafluoropyridyl; R = Cy) and their Ni and Pt analogues with C6F5I. The M-F 

19F NMR resonance is very sensitive to the interaction with the perfluorophenyl iodide 

(up to 20 ppm) and the thermodynamic parameters were determined by titration 
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experiments using this technique. ΔH for the interaction Pd-F..IC6F5 is –21.7 kJ mol–1 

with –ΔH increasing in the order Ni < Pd < Pt.  

Pd(IV) fluoro complexes have also been reported in the context of the study of 

reductive elimination reactions of RF in high valent Pd species (see below). Monofluoro 

complexes have been detected,272,302 but most isolated and stable Pd(IV) compounds are 

di- or trifluoro derivatives.302,303  

 

 

3.4. Oxidative Addition of R-F. 

The cleavage of a C-F bond by oxidative addition of R-F to a Pd(0) complex is a 

step generally involved in many catalytic reactions where C-F activation occurs and, in 

some cases, it has been shown to be the rate determining step of the reaction.236  

The thermodynamics of the C-F activation by a metal complex may not be as 

unfavorable as one may think just looking at the C-F bond energy. Although this is 

quite a strong interaction the energy balance, that includes the formation of a M-F bond, 

may be more favorable for C-F cleavage than for other C-X activation processes (C-H 

for example). This has been shown by quantum calculations on Os and Rh complexes, 

where the reluctance to C-F activation has a kinetic origin.304 In any case, the 

thermodynamics can be made more favorable by controlling the fate of the F atom after 

cleavage and providing an additional reaction acting as a thermodynamic sink.224 Thus, 

LiI has been used as additive to ease R-F activation by forming a [PdRIL2] and LiF 

which has a larger lattice energy than LiI.245,246 Also, a the addition of a hard Lewis acid 

which can form an adduct with fluoride has the same effect.246  

 Oxidative addition of arylfluorides is preceded by arene coordination and this has 

been shown experimentally for Ni(0) compounds which coordinate 
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octafluoronaphthalene,305 and fluorobenzenes.306,307 No analogous complexes have been 

detected or isolated for Pd and, although they are plausible intermediates. A reported 

calculation made on the model system  with L =PH3 could not locate them.308  

The reaction of [Pd(PCy3)2] with hexafluorobenzene leads to the expected oxidative 

addition product [PdF(C6F5)(PCy3)2].309 It is interesting to compare this behaviour to the 

one shown by the other members of group 10. The reaction of isolated or in situ 

generated [NiL2] complexes (L = PR3, NHC) leads to the same straightforward 

oxidative addition product as observed for palladium.307,310 However, when [Pt(PCy3)2] 

reacts with pentafluorobenzene it leads to the formation of [Pt(C6F5)Cy(PCy3)(PFCy2)] 

where a new P-F bond has been formed and a cyclohexyl group is transferred from the 

phosphorous to the metal (Scheme 102). The reaction rate follows the order Pt > Pd, 

whereas the opposite (Pd > Pt) is observed in oxidative addition reactions with other 

non-fluorinated aryl halides.309 The same differences have been observed in the 

reactions of M(0) compounds (M = Ni, Pd, Pt) and pentafluoropyridine.311,312 The most 

plausible mechanism for both Ni and Pd is the commonly accepted three-centered 

concerted addition, whereas a different pathway, a P-assisted C-F activation through a 

four-centered transition state, is operating for Pt (Scheme 102).313 The formation of this 

metalaphosphorane species opens up a new pathway for C-F cleavage and, although the 

formation of fluorinated phosphines has not been observed in the reactions of 

fluoroaryls with palladium(0) complexes, the assistance of the P-F interactions in the C-

F cleavage cannot be neglected. As it will be mentioned later, P-F formation is relevant 

in the decomposition of palladium (II) fluoro complexes.  
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Electron withdrawing groups on the fluoroaryl are generally needed in Pd-

catalyzed reactions where C-F activation occurs. A computational study on the 

oxidative addition of monofluorobenzenes with different substituents has determined 

that the presence of electron withdrawing groups in the ring such as NO2 or CN lower 

the activation energy for a concerted three-membered transition state pathway.314 For 

activated electron poor aryls, an SNAr mechanism with the Pd(0) acting as the 

nucleophile can be proposed. These calculations indicate that this non-concerted 

pathway is possible and favored in polar solvents but the activation energy of both 

mechanism is not very different. The presence of an ortho nitro substituent produces the 

highest stabilization of the transition state for the oxidative addition by interaction with 

the Pd-center, as shown in a simplified representation in Figure 15. This effect is not 

found for an ortho CN group since its linear geometry prevents the coordination of the 

nitrogen to the metal. Further calculations on both the nitro and carboxyl systems show 

again that the coordination of an oxygen atom to the palladium in the transition state, 

considerably lowers the activation energy for the oxidative addition.234 The combination 
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of either of these ortho groups and the presence of electron withdrawing substituents 

leads to the lowest barriers. Actually, the most successful C-F activation processes in 

catalytic C-C coupling reactions use fluoroaryls bearing ortho nitro, carboxyl or other 

coordinating (directing) groups as well as electron withdrawing groups on the ring (see 

above, section 3.1.1). 
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Pd PH3
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Figure 15. Simplified representation of the transition state for the oxidative addition of 

an ortho-nitro fluoroarene. 

 

Oxidative addition products have been isolated for the reaction of Pd(0) 

complexes with RF where R ≠ aryl. Upon thermolysis of a tetrafluoroethylene Pd(0) 

complex, a fluorovinyl palladium fluoride was isolated (Scheme 103).247 Doyle reported 

the oxidative addition of HCOF to [Pd(PPh3)4]. No formyl complex was formed and it 

appears that the product of the reaction is a hydrido fluoro complex resulting from 

oxidative addition of the formyl fluoride and subsequent decarbonylation to give the 

hydride. Although the characterization of the palladium hydride is poor, the analogous 

reaction with platinum, where a metal hydride was formed, supports the described 

pathway.315  
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The allylic substitution reactions carried out with disubstituted cyclohexenyl 

fluorides and malonates by Hazari, Gouverneur and Brown showed that the oxidative 

addition of allyl fluorides to Pd(0) complexes is not as stereoselective as it is found for 

other analogous allylic halides or carboxylates.252 Generally, if a polar enough solvent is 

used, the oxidative addition of allylic derivatives is an SN2 process and inversion of 

configuration is observed.316 If a nucleophilic external attack follows, the overall 

stereochemistry expected in an allylic substitution process is retention of configuration. 

This is not the case of the allylic fluorides shown in Scheme 104 a, where retention is 

not observed and the same diastereomeric mixture is obtained regardless the 

configuration of the starting mixture. To explain this fact, the authors propose that after 

oxidative addition a tight ion pair between the cationic palladium allyl complex and 

fluoride is formed (Scheme 104,b). In this intermediate the external attack by Pd(0) 

species is faster than the malonate attack and produces the inversion of the 

configuration of the allylic palladium derivative prior to the formation of the final 

product. This inversion process has already been studied for other palladium allyls.317 In 

this work it was also found that the rate of oxidative addition of allylX follows the trend 

X: OCO2Me > OCOPh >> F >> OCOMe.  
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Scheme 104 

 

 

3.4. β-F and α-F elimination. 

Another route for the cleavage of C-F bonds is β-F elimination in a preformed 

palladium alkyl, which occurs in some of the catalytic processes described above. This 

process has been compared to other β-X elimination reactions by computational 

methods including the most common β-H elimination.318 When X = Cl, Br, I it has been 

found that β-halogen elimination is kinetic- and thermodynamically more favored than 

β-H elimination, and this is generally observed experimentally. β-F elimination is the 

least favored of all β-halogen elimination reactions for both kinetic and thermodynamic 

reasons since the differences in dissociation energies between the C-X and Pd-X bonds 

is the least favorable for X = F. When compared to X = H, β-H elimination is 

kinetically more favorable that β-F elimination but the final Pd(alkene)X complex is 

less stable when X = H and therefore the overall reaction is less favored 

thermodynamically. Nonetheless, being faster, β-H elimination is likely to occur 



 107 

whenever this step is combined with an additional reaction that provides the driving 

force to make the whole process exothermic. In fact, the experimental examples where 

β-F elimination are reported occur on derivatives where β-H elimination is not 

possible.248-251  

The reactivity of σ-perfluoroalkyl metal complexes is largely dominated by α-

fluorine elimination processes, which lead to the formation of fluorocarbene derivatives 

(Scheme 105). 
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 This is a well-known process and most of its basis as well as the reactivity of the 

resulting fluorocarbene derivatives were explained and compiled in an early revision by 

Brothers and Roper.319 The reactivity of transition metal perfluoroalkyls via α-fluorine 

activation has been recently reviewed.320 Since transition metal fluorocarbenes are 

highly reactive species they often react before being isolated. In palladium chemistry 

there are no reports on stable, isolated fluorocarbenes derived of alpha-fluorine 

elimination in fluoroalkyl palladium compounds. However, the α-elimination reaction 

seems to provide a low energy decomposition pathway that can be reached under the 

conditions in which some catalytic reactions take place. This effect has been reported by 

Grushin and Marshall on their study of the decomposition of [Pd(CF3)Ph(dppe)].163 The 

first step of this reaction is the reduction of a catalytic amount of the starting 

palladium(II) complex to palladium(0). The authors proposed several competitive 

pathways for this reduction, one of them the activation of the CF3 by α-fluorine-

elimination, followed by hydrolysis of the resulting difluorocarbene. The hydrolysis of 
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difluorocarbenes is a well-known process that leads to the formation of a carbonyl 

ligand.319,320 The insertion of the CO ligand into the Pd–Ar bond and its subsequent 

elimination with the remaining fluoride produces benzoyl fluoride, one the observed 

species in this reaction. Supporting this interpretation, several of the expected 

decomposition products have been found in the reaction media.289 Other decomposition 

products proceed from the hydrolytic cleavage of the fluoride in the same intermediate 

(Scheme 106). 
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3.5. Other activation routes for C-F cleavage. 

 Metal mediated examples nucleophilic attack on the C-F bond by different 

electron rich groups have been reported.224 Although its relevance in metal catalyzed 

processes with C-F activation is lower that the processes described above, interesting 

stoichiometric reaction have been described where the presence of the metal may have a 

role in bringing the fluorinated group and the nucleophile close to each other, reducing 

the activation entropy of the process and directing the regiochemistry of the attack.  



 109 

For example, the reaction of the tetranuclear imidoyl bridged complex in 

Scheme 107 with PPh2H in a non polar solvent simply gives the Cl bridge splitting 

reaction. However, in a polar solvent and in the presence of KOH to promote the 

formation of diphenylphosphide, the nucleophilic substitution of a Fortho by PPh2 is 

produced. The new complex was easily identified by the observation of only four F 

resonances (1:1:1:1) and was confirmed by X-ray diffraction.321 
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3.7. Reductive elimination of R-F 

The reductive elimination of aryl fluorides in Pd(II) complexes [PdArFL2] is not 

an easy and straightforward process. This may be the main reason for the scarce 

efficient ArF forming reactions based on a Pd(0)/Pd(II) mechanism that have been 

reported (see above), since reductive elimination is the last step in the catalytic cycle.  

Grushin and coworkers have devoted a lot of effort to study the ArF reductive 

elimination reaction on isolated palladium fluoro complexes. A nice account 

summarizing this work has been written.227 The decomposition of palladium(II) fluoro 

derivatives [PdFArL2] (L = PR3) does not yield ArF but products derived from other 

competitive reactions, mainly P-F formation and aryl exchange. This occurs for both 
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monodentate,322 and also bidentate phosphines.192,323 Scheme 108 collects the products 

observed for L = PPh3 and the plausible mechanistic pathway that explains the products 

observed and fits the experimental data.295,322 As can be seen in Scheme 108, the P-F 

forming process is intramolecular and it does not depend on the concentration of PR3. 

This is important since its occurrence cannot be controlled by changing the 

concentration of free phosphine in a catalytic process rendering most phosphine ligands 

useless in ArF forming catalysis.  

!
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The most successful ligands for reductive elimination of ArF in Pd(II) 

complexes are Buchwald’s BrettPhos derivatives (Scheme 109). These bulky 

monodentate phosphines form monomeric [PdArFL] complexes where a formally 

tricoordinated Pd(II) center is present, although it is actually a four-coordinated Pd(II) 

with a weakly bound Cipso of one of the phosphine aryl rings. DFT calculations have 

shown that reductive elimination of ArF is feasible in three coordinated Pd(II) 

complexes and the activation energy is compatible with synthetic applications.296 Since 

[PdArFL] complexes (L = Brettphos) easily reach a low coordination number and these 

bulky ligands prevent the formation of dimeric complexes, they are suitable to give a 

kinetically favorable ArF elimination. Indeed, Buchwald et al. have demonstrated that 
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thermolysis of [PdArFL] complexes (L = BrettPhos) is possible leading to ArF and 

Pd(0) which can be trapped by addition of an aryl bromide, which oxidatively adds to 

the Pd(0) byproduct.279,282 Aryl groups with electron withdrawing substituents lead to 

easier ArF elimination,279 but a right choice of ligand allows the formation of ArF even 

for aryl groups with electron donating substituents albeit in lower yields (Scheme 

109).282 There has been some discussion about the actual mechanism or ArF formation 

when the aryl group bears electron withdrawing groups, specially NO2, since in this 

case a classical SNAr substitution can be invoked instead of a concerted reductive 

elimination.295 However, the examples reported for the BrettPhos type ligands seem to 

be general enough to be considered as actual reductive eliminations from Pd(II).  
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The reductive elimination from a palladium(IV) fluoro complex has been 

proposed in many fluorination reactions catalyzed by electrophilic fluorinating reagents. 

Ritter et al. demonstrated that this is a plausible pathway by synthesizing fluoro 

quinolinato Pd(IV) complexes that cleanly decompose at 50 ˚C in solution to give the 

fluorinated quinolinato ligand and a Pd(II) complex.272,302 They have studied the 
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mechanism of decomposition of these complexes in detail and found out that 

decoordination of one of the ligands is the most plausible pathway, followed by a rate 

determining reductive elimination of ArF in a pentacoordinated intermediate (Scheme 

110).272 Electron withdrawing substituents on the aryl group that generates the 

fluoroaryl (R3, Scheme 110) favor the reaction, showing that the reductive elimination 

occurs by interaction of an electrophilic carbon center and a nucleophilic fluoride. The 

influence of substituents with different electronic properties on the auxiliary ligands 

(R1, R2, Scheme 110) led to propose the depicted transition state for reductive 

elimination. The authors argue that the ancillary ligand they use, a pyridyl sufonamide, 

is perfectly suited for this type of reaction being able to act as a tridentate ligand for 

Pd(IV) and a bidentate one in the resulting Pd(II) complex. A close related Pd(IV) 

difluoro complex [PdF2(N-NSO2R)(benzoquinolinato)] was also isolated and 

characterized. Upon thermolysis, it is more stable than the monofluoro palladium 

complexes and it decomposes through reductive elimination of RF (R = 

benzoquinolinato) at higher temperatures (150 ˚C in DMSO). The mechanism of the 

reaction is complicated and competition with reductive elimination of F2 has also been 

observed.  
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The reluctance of a trifluoro aryl Pd(IV) complex to give ArF by reductive 

elimination was observed by Ball and Sanford.303 In this case the difluoro-

hydrogendifluoride complex does not lead to reductive elimination upon heating but to 

significant amounts of biaryl formation. The excess of an oxidant promotes the 

reductive elimination of the aryl fluoride, but the mechanism has not been ascertained 

(Scheme 111).  
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 Recently, Sanford's group reported the reductive elimination reaction from Pd(IV) 

complexes containing both Pd-C(sp2) and Pd-C(sp3) bonds (Scheme 112). Only the 

formation of a C(sp3)–F bond is observed.324  The kinetics of the reductive elimination 

reaction were studied for L = py, finding an inverse first-order dependence on the 

concentration of pyridine, that implies the dissociation of the pyridine ligand prior to the 

rate-determining step. According to this, it is proposed that the elimination takes place 

from a cationic pentacoordinated intermediate. DFT calculations show that the barrier 

for the reductive elimination of the C(sp2) fragment has an energy that exceeds in 5-12 

kcal mol–1 the calculated energy for the C(sp3) elimination (the exact energy value 

depends on the geometry considered for the pentacoordinate intermediate). 
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 In the same type of complexes, Pérez Temprano et al. have studied the 

competitive formation of C–F bonds versus C–N bonds in the reductive elimination 

from Pd(IV) complexes (Scheme 113).325  By heating in acetonitrile the mixture of 

isomers shown in Scheme 113, three of the possible products of the reductive 

elimination process are obtained. Significantly, no elimination of the aryl Csp2 carbon is 

observed, neither to form a C–F bond nor a C–N one. The reaction conditions can be 

changed to produce selectively and almost quantitatively the formation of the C–N bond 

by adding 2 equivalents of bipyridine along with 1 equiv of NMe4NHTs. 
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4. Conclusion 

The previous pages show recent advances in the chemistry of palladium that 

improve its use as catalyst for the synthesis of organofluorinated compounds. In recent 

years there has been much progress in understanding the particularities of these systems 

and in how the fundamental reaction steps (reductive elimination, insertion and 

oxidative addition) are affected by the presence of fluorine atoms in the substrates. It is 

also remarkable the development in the use of palladium complexes in high oxidation 

states in catalysis and stoichiometric synthesis. Despite these advances, to gather the 

organometallic chemistry and catalysis of palladium complexes with fluorinated and 

non-fluorinated substrates in the same general scheme remains to be a difficult task. 

Hopefully, the great interest and ongoing research efforts in the area will lead to 

significant progress in the next few years. 
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