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A new iron-catalyzed reaction for the coupling of perfluoroalkyl iodides (RFI) with aromatic substrates is 

described. The perfluoroalkylated arene products are obtained in good to excellent yields in the presence 

of a [(bpy)Fe(II)] catalyst(10%) electrochemically regenerated or generated from [(bpy)Fe(III)] at room 

temperature. The development, scope, and preliminary mechanistic studies of these transformations are 10 

reported. 

Introduction 

Fluoroalkyl groups can profoundly influence the properties of 

organic and organometallic molecules, and thus their applicability 

in pharmaceuticals, agrochemicals, and building blocks for 15 

organic materials and catalyst design has grown.1-8 Despite the 

importance of this substituent class, more general and reliable 

methods to incorporate fluoroalkyl groups into complicated 

molecules are needed.9-18 Recent reports have demonstrated metal 

(Cu- or Pd)-catalyzed reactions for the trifluoromethylation of C-20 

H bonds and/or aryl halides using, for example, [(S-

trifluoromethyl)dibenzothiophene][BF4],
17 TESCF3,

10 and 

TMSCF3,
12 as CF3 sources. Another interesting report19 described 

the perfluoroalkylation of benzene and substituted arenes with 

perfluoroalkyl halides catalyzed by a Pd0 complex with 25 

phosphine ligands in the presence of a base (Scheme 1) at 80 ºC. 

The best yields (81%) were achieved by using 20 mol % BINAP 

and cesium carbonate as the base. The use of other phosphines 

and potassium carbonate resulted in a maximum product yield of 

47%. 30 

H
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5 mol % Pd2dba3
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21
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Scheme 1  

While these transformations represent very exciting advances, 

they are limited by the high cost of the reagents, the frequent 

requirement for forcing reaction conditions, and/or modest 35 

substrate scope.14-19 Recently, a simple protocol for the direct C-

H perfluoroalkylation of (hetero)arenes with RFI or RFBr has 

been developed using a robust and supported platinum catalyst.20 

The Pt/C catalyst affords exclusive formation of the 

perfluoroalkylated product under conditions that involve heating 40 

at 100 ºC for 20 h in the presence of Cs2CO3.
20 Consequently, 

synthetic methodology to incorporate fluoroalkyl synthons must 

be improved in order to use more widespread and accessible 

metals (for example, Fe, Ni) and to prepare sophisticated 

organofluorine molecules on a practical scale. Iron has long been 45 

used in organic synthesis as a catalyst for oxidation and Friedel-

Crafts reactions, and until this past decade, its use in 

homogeneous catalysis has attracted much less attention.21 

 The interest in electrochemical fluoroalkylation reactions is 

stirred by a number of factors: mild conditions (moderate 50 

temperature, ambient pressure), the possibility of closed-loop 

implementation with a small amount of the catalyst reactant that 

is repeatedly recycled,22-28 and the high environmental safety of 

the synthesis, especially in comparison with traditional organic 

chemistry techniques. Electrosynthesisis also useful in transition 55 

metal catalysis for generating the active form of the catalyst 

without the need to add external oxidizing or reducing agents.29,30 

 We aimed to develop an iron-based electrocatalytic method for 

the perfluoroalkylation of both simple and complex arenes. Our 

goal was to utilize relatively inexpensive perfluoroalkyl iodides 60 

as RF precursors,19 together with an accessible and nontoxic iron 

compound16,21-25 as a catalyst. We report herein that a variety of 

aromatic substrates undergo facile perfluoroalkylation with RFI in 

the presence of a [(bpy)Fe(II)] catalyst electrochemically 

regenerated or generated and from [(bpy)Fe(III)]. The 65 

development, optimization, site-selectivity, and mechanism of 

this transformation are discussed herein. 

Results and Discussion 

Electrosynthesis 

Initial studies were focused on achieving the Fe-catalyzed C-H 70 

perfluoroalkylation of benzene with C6F13I. We investigated the 

reaction of RFI and benzene in the presence of [(bpy)FeCl3] or 

[(bpy)FeCl2] in DMF without any added electricity. RFI and 

benzene fail to react in the presence of [(bpy)FeCl3], but addition 

of t-BuOK to their mixture results in low yield of RFPh (7% of 75 

C6H5C6F13 when 10% of Fe(III) catalyst was used). We have 

found that [(bpy)FeCl2] promotes the benzene perfluoroalkylation 

more effectively, and this reaction lead to 55% yield of  coupling 

product in the presence of 10% of Fe(II) catalyst (or 79% in the 
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presence of 100% [(bpy)FeCl2])  and stoichiometric quantity of t-

BuOK (Scheme 2). 

 

Scheme 2 

 Based on these results, we hypothesized that maintaining the 5 

electrode potential required for the generation and regeneration of 

[(bpy)FeCl2] would render the perfluoroalkylation reaction 

catalytic. It was found that under room temperature 

electroreductive conditions, iron could catalyse the 

perfluoroalkylation of benzene in high yields (Table 1, entry 1).  10 

The potential of the electrolysis was -1.0 V vs. Ag/AgCl in DMF. 

Table 1 Reaction results of [(bpy)Fe]-Catalyzed Perfluoroalkylation 

+ C6F13I

tBuOK

10%[(bpy)FeCl3], +ne, rt

Ar-H Ar-C6F13

 
Entry Substrate Product NMR yielda 

(isolated 
yield)b, [%] 

Isomer 

ratioc 

1 
 

C6F13
 

88 (81) - 

2 

 

 

C6F13

 
77 (53) 5:1d 

3 

 
C6F13  

76 (55) 20:1e 

4 

 

 

C6F13

 

61 (50) - 

5 

O N

N

N

N

O

 
O N

N

N

N

O

C6F13

 

100 (83) - 

aNMR yields obtained by 19F NMR analysis of the crude reaction 
mixtures. bIsolated yields based on RFI with 100% conversion by 19F 

NMR spectroscopy. cSelectivity determined by 19F NMR analysis of the 15 

crude reaction mixture. dRatio of 1-perfluoroalkyl:2-perfluoroalkyl 
isomers; eRatio of 4-perfluoroalkyl:3-perfluoroalkyl isomers. General 

conditions:[(bpy)FeCl3]:RFI:tBuOK:ArH= 1:9.7: 9.7:9.7 (with one 

exception:benzene is used in excess). DMF is solvent. 

 The scope of this transformation was evaluated using the 20 

different aromatic substrates described in Table 1. Dimethylated 

benzenes, naphthalene, and caffeine all reacted to provide 

perfluoroalkylated products in good to excellent yields (Table 1). 

The site selectivity of these transformations was dictated by the 

substitution patterns on the aromatic substrate. The 1,2-25 

disubstituted benzene (o-xylene) afforded high selectivity for 

functionalization at the 4-position. Naphthalene 

perfluoroalkylation proceeded with modest selectivity for the 

kinetically preferred α-position. Gratifyingly, our technique was 

also highly effective for the synthesis of a perfluoroalkylated 30 

heterocycle, caffeine. The perfluoralkylated caffeine product was 

obtained in one step at room temperature, with excellent yield 

(Table 1, line 5) in a short time of three hours, which is a 

convenient alternative to Baran et al. approach.31 In that report, 

several time-consuming steps were needed to obtain the product. 35 

The first step involved the synthesis of a fluoroalkylated zinc 

sulphinate reagent (13 hours), and the second step was the 

fluoroalkylation of caffeine in the presence of tert-butyl 

hydroperoxide (TBHP) (24 hours) (Scheme 3). Baran and co-

workers observed the fluoroalkylated caffeine product in 29% 40 

yield31  but Beller isolated this product in 47% yield.20 In our 

catalytic system, the use of iron as an electrocatalyst provided 

faster and more efficient results. 

O N

N

N

N

O

O N

N

N

N

O

C6F13

C6F13I + SO2 +Zn (R–SO2)2Zn

CH3CN, 70 oC

13 h

(R–SO2)2Zn,
TBHP

24 h

29% yield  
Scheme 3 45 

 In order to better understand the perfluoroalkylation reaction 

mechanism and the role of each component, we performed a 

series of experiments, changing the catalyst from iron(III) to 

iron(II), the catalyst amounts, the presence or absence of t-BuOK 

and the type of reaction (chemical or electrochemical). The 50 

results indicate that electrochemical fluoroalkylation catalysed by 

[(bpy)Fe(II)] is efficient both in the presence or absence of t-

BuOK, while [(bpy)FeCl3] is less active in the absence of t-

BuOK (SI).  

We observed that the electrochemical synthesis proceeded much 55 

faster reaction than the chemical one. Thus, the comparable 

yields of the coupling products were obtained in electrosynthesis 

during 2 hours and in the chemical synthesis for 48 hours in the 

best conditions (SI).  

Cyclic voltammetry 60 

Information regarding the electrogeneration of active iron 

complexes in the presence of perfluoroalkyl halides was obtained 

by cyclic voltammetry techniques. We have analyzed the CV 

(cyclic voltammogram) picture of [(bpy)FeCl3] and [(bpy)FeCl2] 

in the absence and presence of other components of reaction 65 

system, RFI, t-BuOK, and benzene as the model substrate. 

 Electrochemical features of [(bpy)FeCl3] were studied in 

DMF. Previously, Ocafrain reported that the iron(III) complex of 

bpy (1:1) undergoes three stepwise quasi-reversible reductions in 

DMF on a gold electrode,32 but the CVs for [(bpy)FeCl2] were 70 

recorded only in the presence of excess of Et4NCl. The peak at 

near 0 mV (vs. SCE), which is close to our values, was assigned 

to the redox couple FeIII(bpy)/FeII(bpy).32 Our data obtained for 

the electrochemical reduction of iron(III) complexes have been 

presented in Table 2. [(bpy)FeCl3] displays three distinct 75 

reversible (or quasi-reversible) reduction waves with a peak-to-

peak separation (∆Ep) for each of the waves from 37 to 210 mV 

in DMF (Table 2, Figure 1). The three waves assigned to 

Fe(III/II), Fe(II/I) and Fe(I/0) couples at the potential 38, 580 and 

1370 mV, respectively were detected. The first peak potential has 80 

a value similar to that which was previously reported,32 but the 

second and third potentials are different (we have also established 

RFI + PhH + KOtBu Ph-RF + KI + HOtBu

[(bpy)FeCl2]
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that the nature of working electrodes (Au, glassy carbon) does not 

influence on the shapes of the CVs (Figure 8S, SI)).The 

differences in between these works may originate either from the 

formation of iron chlorides through the use of Et4NCl or from the 

methods of preparation of [(bpy)FeCl2].
33-36 

5 

 It should also be noted that metal-centered Fe (III/II), Fe (II/I) 

and Fe (I/0) reductions were described previously for (bpy)Fe 

complexes.33,37-43 In the present work, we have traced the 

reduction processes at every stage by ESR spectroscopy and 

observed a transition from the paramagnetic particles 10 

corresponding to Fe (III) state (before the reduction) to 

diamagnetic Fe (II) (E1). The free bpy radical-anion signal 

appears only at the potentials of E4 (Table 2), providing a g value 

of 2.0030.44,45 No ESR spectra of ligand-centered radicals are 

observed during the other electrochemical reductions at room 15 

temperature. 

Plots of the peak current (ip) versus the square root of the scan 

rate display linear relationships for third couples indicating that 

these redox processes are diffusion controlled (Fig. 2).46 

Table 2 Electrochemical data for 5mM [(bpy)FeCl3] in DMF (Potentials 20 

vs. Ag/AgCl) 

 Potential, V I, mA ∆E, mV ia/ic 

E1 0.038 0.0550 95 0.50 

E2 -0.570 0.0050 37 1.50 
E3 -1.370 0.0490 210 0.75 

E4 -1.670 0.0150 90 2.30 

 
Fig. 1 CVs of 5 mM [(bpy)FeCl3] in DMF. Conditions: 0.1 V/s scan rate, 

0.1 M Bu4NBF4, glassy carbon working electrode. 

 25 

Fig. 2 Plots of ip vs the square root of the scan rate for the three reduction 

waves corresponding to the Fe(III/II), Fe(II/I) and Fe(I/0) couples in 

DMF. 

We have confirmed that the first reduction potential of 

[(bpy)FeCl2] coincides with the second reduction potential of 30 

[(bpy)FeCl3] (Fig.3).  It was found that addition t-BuOK to a 

solution of [(bpy)FeCl3] caused the disappearance of the 

reduction wave for the Fe(III/II) couple. The ESR signal of 

paramagnetic Fe(III) disappears after addition of t-BuOK. This 

can be explained by the conversion of [(bpy)Fe(III)] to 35 

[(bpy)Fe(II)] in the presence one equivalent of t-BuOK. Also the 

similarity of the CVs of [(bpy)Fe(III)+t-BuOK] and [(bpy)Fe(II)] 

solutions in DMF has support this hypothesis (Fig. 3). 

 
Fig. 3 CVs of 5mM [(bpy)FeCl3] (red) in the presence of t-BuOK (1:1, 40 

blue) and 5mM [(bpy)FeCl2](purple) for comparison. Conditions: DMF, 

0.1 V/s scan rate, 0.1 M Bu4NBF4 , glassy carbon working electrode. 

 t-BuOK is a strong electron donor and is able to form charge-

transfer complexes in which there is electron transfer and 

reduction of certain substrates; for example: Ph3CCl47-49 and 45 

ferrocene derivatives.50  That is, t-BuOK often acts as a reducing 

agent. 

The electrocatalytic experiments have been performed using 

[(bpy)FeCl3] as a catalyst and RFI as a substrate. The new 

catalytic wave at -1.0 V is observed on CVs of [(bpy)FeCl3] in 50 

the presence of increasing amounts of perfluorohexyl iodide 

(Fig.4). The peak potential of catalytic wave is more than 300 

mV positive in comparison to the direct RFI reduction peak in 

similar conditions. The potential and current of Fe(III/II) couple 

remain constant after RFI addition. At the same time the Fe(II/I) 55 

peak current is decreased, possibly indicating the formation of a 

fluoroalkyl-iron complex.  

 
Fig. 4 CVs of 5mM [(bpy)FeCl3] in the presence of RFI excess (1:15, 

1:20, 1:25, 1:30) in DMF. Conditions: 0.1 V/s scan rate, 0.1 M Bu4NBF4, 60 

glassy carbon working electrode. 

 A fast interaction of [(bpy)FeCl2] and RFI was observed to take 

place on the CV time scale (Fig.5). The [(bpy)FeCl2] reduction 

peak (in the presence of RFI) disappears and a new peak at -1.0 V 

appears, the current of which is constant with the increase in the 65 

concentration of organic halide, unlike the case with [(bpy)FeCl3] 
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as initial form of the catalyst (Fig.4). The activity of 

electrochemically generated iron(II) from [(bpy)FeCl3] versus 

[(bpy)FeCl2] prepared chemically, are somewhat different as 

shown by the CVs in Figs.4-6.  The catalytic current at -1.0V is 

higher in the case of [(bpy)FeCl2], other conditions being equal 5 

(Fig.6). Addition of benzene to the reaction mixtures before the 

reduction in any of the cases does not yield a change in CVs. 

Probably at this stage the reaction with benzene coupling partner 

is too slow to be observed on the time scale of cyclic 

voltammetry experiment. 10 

 
Fig. 5 CVs of 5mM [(bpy)FeCl2] (red) in the presence of increasing 

amounts of RFI (1:6 (blue), 1:8 (purple)), 1:15 (dark blue), 1:30 (black) in 

DMF. Conditions: 0.1 V/s scan rate, 0.1 M Bu4NBF4, glassy carbon 

working electrode. 15 

ESR Spectroelectrochemistry 

In order to establish the character of the intermediate reduced 

complex and the character of the Fe−RF bond scission (ionic or 

radical type), we carried out a number of ESR experiments under 

anaerobic conditions.  20 

It is known that [(bpy)FeCl3] is high spin d5.51 The ESR spectrum 

of [(bpy)FeCl3] powder (Fig.9S) is typical for strong interactions 

between paramagnetic high-spin iron (III) centers in the 

polynuclear species.52 The ESR spectrum of the [(bpy)FeCl3] 

complex solution in DMF at room temperature is a 25 

homogeneously broadened line (Fig.7, left), g= 2.014, ∆H pk-pk = 

60 G. The line width of the ESR spectrum in DMF is too small 

for a high-spin-mononuclear Fe complex. Perhaps in DMF 

solution, an octahedral [(bpy)FeCl3(DMF)] is in equilibrium with 

a dimer [(bpy)Fe(Cl)2(DMF)(µ-Cl2)Fe(Cl)2(bpy)(DMF)], and the 30 

observed spectrum belongs to the dimer with two high-spin 

Fe(III) centers (Scheme 4). 

2[Fe(bpy)Cl3(DMF)] [Fe(bpy)(Cl)2(DMF)(µ-Cl2)Fe(Cl)2(bpy)(DMF)]  
Scheme 4 

 The line width and g-factor of the observed spectrum are 35 

characteristic for Fe(III) dimers.53 The temperature dependence of 

the spectrum in DMF and acetonitrile (Fig.10S,11S, SI) is in 

agreement with this assignment. The dimer is diamagnetic at low 

temperatures, but at higher temperatures the paramagnetic states 

may be accessible. Therefore, the spectrum intensity decreases 40 

with drop of temperature. 

 Joint reduction of [(bpy)FeCl3] and C6F13I at -1.0 V (vs 

Ag/AgCl) in DMF in the presence of the spin trap PBN (PBN = 

N-tert-butyl-α-phenylnitrone) is concurrent with the decreasing of 

[Fe(III)bpy] signal and the advent the signal of the PBN bound 45 

radical species of C6F13 adduct (Fig.7, right, and Scheme 5). In 

the absence of PBN there is no ESR signal after reduction of the 

[(bpy)FeCl3] and C6F13I mixture under the same conditions. 

 
Fig. 6 CVs of 5mM [(bpy)FeCl2] (red) and [(bpy)FeCl3] (blue) in the 50 

presence of 6 equiv. of RFI in DMF. Conditions: 0.1 V/s scan rate, 0.1 M 

Bu4NBF4, glassy carbon working electrode. 

 
Fig. 7 ESR spectra of [(bpy)FeCl3]solution (left) and obtained during 

cathodic joint electrolysis of [(bpy)FeCl3]and C6F13I at –0.9-1.0 V (vs 55 

Ag/AgCl) in DMF in the presence of PBN (right) in DMF/Bu4NBF4, 

recorded at 293 K with simulations. 

N

O

H N

O
H

C6F13

C6F13

 
Scheme 5 

 The ESR spectrum of the PBN adduct is a poorly resolved 60 

triplet (N) of doublet (H) of triplets (2F) with magnetic resonance 

parameters obtained as a result of the simulation: g = 2.0061, aN= 

14.2 G, aH≤ 0.5 G, 2:aF = 1.2 G, ∆H = 0.7 G. This observed g 

values at around g = 2.006 indicate the formation of PBN bound 

radical species and fluoroalkyl radical species in particular.54-59 65 

 We can thus conclude that •C6F13 reacts readily with the spin 

trap and the spin adduct is quite stable. The relatively broad lines 

of the fluoroalkylated spin trap spectrum is not uncommon.  For 

example, for PBN-C2F5, Janzen et al. found the following 

magnetic resonance parameters: aN = 14.05, aH <1.2 G, 2: aF = 70 

1.46 G.  At the same time, for almost all other spin adducts 

reported, the exact value of the hyperfine coupling constants for 

the hydrogen nucleus was given.60 This suggests that just as in 

our case, contributions only from two nuclei with spin ½ to the 

super hyperfine splitting patterns are appreciable, and splitting 75 

from the third nucleus is indistinguishable because of the 

relatively large line width of the ESR spectrum.   

 The calculation of the reaction order for each partner of the 

catalytic process (on the substrate RfI and iron-bpy catalyst was 

performed by standard conventional approaches developed for 80 
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homogeneous catalytic processes electrochemically induced and 

applied previously in numerous publications.61-69 A plot catalytic 

current enhancement in the RFI presence vs. substrate (RFI) 

concentration shows linear dependence indicating the rate of 

reaction is second order with respect to the perfluoroalkyl 5 

substrate (Fig.8).61-69 

 

 
Fig. 8. Plot icat vs. [RFI] (Ep

cat = -1.0V vs Ag/AgCl) at constant catalyst 

concentration ([(bpy)Fe(III)]2]=2.5 mM). 10 

 The different reaction mixtures of [(bpy)FeCl3] were prepared 

with a constant RFI concentration of 30 mM, while varying 

catalyst concentration (0.75, 1.25, 2.50, 3.00, 3.75 mM calculated 

for dimer [(bpy)Fe(III)]2). A plot of icat vs. [catalyst] (where 

catalyst is Fe dimer) shows a linear dependence indicating the 15 

rate of reaction is first order with respect to the iron catalyst 

[(bpy)Fe(III)]2 (Fig.9). The catalytic current in all cases was 

measured at -1.0 V. This gives an overall rate law for the RFI 

catalytic reduction rate=k[RFI]
2
[(bpy)Fe(III)]2].

61-69 Figure S7 

confirms, that the order of the reaction with respect to substrate 20 

(RFI) twice as much as the reaction order in catalyst [(bpy)Fe]. 

Possibly, this result shows that two moles of substrate (RFI) is 

necessary for each mole of iron dimer. Since the catalytic reaction 

is first order with respect to the dimer and the second order with 

respect to the substrate, the rate determining step of the catalytic 25 

cycle contains two iron center and two RF fragments. 

 
Fig. 9 Plot icat vs. [[(bpy)Fe(III)]2] at constant RFI concentration (C(RFI)= 

30 mM). Catalyst concentration is calculated for dimer  

A σ-Fe-perfluoroalkyl complex is proposed to form in the course 30 

of a catalytic cycle based on the CVA data, however the degree to 

which the iron center is oxidized was not clear. We observed that 

reaction of [(bpy)Fe(II)] with RFI produced peaks that were also 

found on CVs of [(bpy)FeCl3] (Fig.4). Moreover, when 

[(bpy)FeCl2] (Fig.6) was generated in the presence of RFI, the 35 

peak at -0.57 V corresponding to the Fe(II) reduction vanishes. σ-

Complex Fe(III)-RFI formation is confirmed firstly, by the 

disappearance of the reduction peak Fe(II/I) at a potential of -0.57 

V (vs.Ag/AgCl) on CVA of [(bpy)Fe(III)] and [(bpy)Fe(II)] 

complexes in the presence of RFI  due to oxidative addition of  40 

RFI to Fe(II). The generation of the latter is also confirmed by the 

ESR spectroscopy. Thus, when RFI was added to a [(bpy)Fe(II)] 

DMF solution in the 1: 1 ratio, the appearance of steady signal 

(Fig.13S) with a g-factor of 2.014, corresponding to dimeric Fe 

(III) derivative was detected (∆H pk-pk = 60 G). 45 

 Oxidation peaks corresponding to I-/ I2 transition is not observed 

on the CVs of this [FeRF] complex oxidation, which suggests the 

absence of free iodide ions in solution. We can assume that in our 

conditions perfluoroalkyl-iron species are obtained, but it was not 

possible to isolate them. When PBN is added to a Rf-Fe sigma 50 

complex solution, the spectrum of spin-adduct is not observed, 

which confirms the relative stability of this σ- complex and its 

unreactiveness with respect to the arene substrate without 

electrolysis. -1.0V is the electrode potential for both catalysis and 

PBN adduct observation. Interestingly, for the radical RF
. 55 

formation in chemical synthesis without electricity to be 

successful, the addition of t-BuOK to the mixture of [(bpy)Fe(II)] 

+RFI+PBN is essential. 

So, the cyclic voltammetry, ESR, and preparative electrolysis 

data give experimental support to the reactions highlighted in 60 

Scheme 6. Taking into account that the reaction time scales in the 

chemical and electrochemical conditions are different, we present 

our observations in two possible free radical pathways for iron-

catalysed perfluoroalkylation (Scheme 6). We omitted the stages 

with t-BuOK in electrochemical scheme for convenience, because 65 

the reaction can be carried out and without it. The proposed 

chemical mechanism of the processes involves the oxidative 

addition of RFI to [(bpy)Fe(II)] yielding to fluoroalkylated iron 

complexes.  

Reduction to a Fe(III) species, followed by reductive homolysis 70 

generates a perfluoroalkyl radical that could attack an arene 

(Scheme 6, top). t-Butoxide may assist in reducing any off-cycle 

formation of Fe(III) back to Fe(II).  The electrochemical catalytic 

generation of perfluoroalkyl radical is achieved in the result of 

fluoroalkylated iron complexes reduction at -1.0V. Total 75 

electrochemical reaction of perfluoroalkylation of arenes can be 

represented as follows: 

Hydrogen evolution is observed visually. The last 

electrochemical approach is more effective, because the reaction 

time is reduced and yield of products are higher.  Further 80 

mechanistic studies are required to verify these proposed 

mechanisms and are currently underway.  
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Scheme 6. Possible Free Radical Pathways for Iron-Catalysed 

Perfluoroalkylation. Chemical (top) and electrochemical (bottom) cycles 

Conclusions 25 

Perfluoroalkylation of aromatic and hetero-aromatic compounds 

by C6F13I catalyzed by [(bpy)FeCl3] or [(bpy)FeCl2] under 

electrochemical conditions was investigated. Fluoroalkylation of 

benzene derivatives, naphthalene, and caffeine was obtained 

under mild reaction conditions with high product yields. The 30 

mechanism of electrochemical transformation was proposed to be 

a radical process based on ESR and CV studies. 

 Acknowledgements 

This experimental work of Russian team was supported by the 

Russian Science Foundation № 14-23-00016. D.A.V. thanks the 35 

Office of Basic Energy Sciences of the U. S. Department of 

Energy (DE-FG02-13ER16369). 

Notes and references 

a A.E. Arbuzov Institute of Organic and Physical Chemistry, Kazan 

Scientific Center of Russian Academy of Sciences, 8, Arbuzov str., 420088 40 

Kazan, Russian Federation. Fax: +7843 2732253; Tel: +7843 2795335; 

E-mail: yulia@iopc.ru 
b Department of Chemistry, Lehigh University, 6 East Packer Avenue, 

Bethlehem, Pennsylvania 18015, United States 

 45 

† Electronic Supplementary Information (ESI) available: text, 

synthesis and electrosynthesis conditions, physico-chemical 

characteristics of catalysts and products (IR, Raman, X-ray 

powder diffraction, elemental analysis,1H, 13C, and 19F NMR and 

ESR spectra), CVs on Au and GC electrodes, and other 50 

experimental details. See DOI: 10.1039/b000000x/ 

 
1 D. Cartwright, Organofluorine Chemistry:Principles and 

Commercial Applications, New York, 1994, 237. 

2 P. Kirsch, Modern Fluoroorganic Chemistry, Wiley-VCH, 55 

Weinheim, Germany, 2004.  

3 K. Müller, C. Faeh and F. Diederich, Science, 2007, 317, 1881. 

4 K. Uneyama, Organofluorine Chemistry, Blackwell Publishing Ltd, 

UK, 2006.  

5 J.-P. Bégué and D. Bonnet-Delpon, Bioorganic and medicinal 60 

chemistry of fluorine, Wiley, 2008, 72. 

6 W. K. Hagmann, J. Med. Chem., 2008, 51, 4359.  

7 G. K. S. Prakash and S. Chacko, Curr. Opin. Drug Discov. Dev., 

2008, 11,793. 

8 G. Siegemund, W. Schwertfeger, A. Feiring, B. Smart, F. Behr, H. 65 

Vogel and B. McKusick, "Fluorine Compounds, Organic" in: 

Ullmann's Encyclopedia of Industrial Chemistry, Wiley-VCH, 

Weinheim, 2005. 

9 A. M. Thayer, Chem. Eng. News, 2006, 84, 15.  

10 E. J. Cho, T. D. Senecal, T. Kinzel, Y. Zhang, D. A. Watson and S. 70 

L. Buchwald, Science, 2010, 328, 1679.  

11 O. A. Tomashenko and V. V. Grushin, Chem. Rev., 2011, 111, 4475. 

12 M. Oishi, H. Kondo and H. Amii, Chem. Commun., 2009, 1909. 

13 A. Bravo, H.-R.Bjørsvik, F.Fontana, L. Liguori, A. Mele and F. 

Minisci, J. Org. Chem., 1997, 62, 7128. 75 

14 Q.-L. Zhou and Y.-Z. Huang, J. Fluorine Chem., 1989, 43, 385. 

15 X.-T. Huang and Q.-Y. Chen, J. Org. Chem., 2001, 66, 4651.  

16 T. Kino, Y. Nagase, Y. Ohtsuka, K. Yamamoto, D. Uraguchi, K. 

Tokuhisa and T. Yamakawa, J. Fluorine Chem., 2010, 131, 98. 

17 X. Wang, L. Truesdale and J.-Q. Yu, J. Am. Chem. Soc., 2010, 132, 80 

3648. 

18 T. Knauber, F. Arikan, G. Röschenthaler and L. J.Goossen, Chem. 

Eur. J., 2011, 17, 2689. 

19 R. N. Loy and M. S. Sanford, Org. Lett., 2011, 13, 2548. 

20 L. He, K. Natte, J. Rabeah, C. Taeschler, H. Neumann, A. Brоckner, 85 

M. Beller, Angew. Chem. Int. Ed., 2015, 54, 4320 

21 C. Bolm, J. Legros, J. LePaih and L.Zani, Chem. Rev. 2004, 104, 

6217. 

22 D. Y. Mikhaylov, Y. H. Budnikova, T. V. Gryaznova, D. V. 

Krivolapov, I. A. Litvinov, D. A. Vicic and O. G. Sinyashin, J. 90 

Organomet. Chem., 2009, 694, 3840. 

23 Yu. B. Dudkina, D. Y. Mikhaylov, T. V. Gryaznova, O. G. 

Sinyashin, D. A. Vicic and Yu. H. Budnikova, Eur. J. Org. Chem., 

2012, 2114.  

24 Y. B. Dudkina, D. Y.Mikhaylov,  T. V Gryaznova, A. I.Tufatullin, O. 95 

N.Kataeva, D. A. Vicic and Y. H. Budnikova, Organometallics, 

2013, 32, 4785.  

25 Y. B.Dudkina, M. N. Khrizanforov, T. V. Gryaznova and Y. H. 

Budnikova, J. Organomet. Chem., 2014, 751, 301. 

26 D. Y. Mikhaylov, Y. H. Budnikova, Russ. Chem. Rev., 2013, 82, 835. 100 

27 D. Mikhaylov, T. Gryaznova, Y. Dudkina, M. Khrizanphorov, S. 

Latypov, O. Kataeva, D. A. Vicic, O. G. Sinyashin and Y. 

Budnikova, Dalton Trans., 2012, 41, 165.  

28 M. Khrizanforov, T. Gryaznova, O. Sinyashin and Y. Budnikova, J. 

Organomet. Chem., 2012, 718, 101. 105 

29 Y. H. Budnikova, Russ. Chem. Rev., 2002, 71, 111 
30 Y. G.Budnikova, D. G.Yakhvarov, Yu. M.Kargin, Mendeleev  

Commun., 1997, 67. 

31 Y. Fujiwara, J. A. Dixon, F. O’Hara, E. D. Funder, D. D. Dixon, R. 

A. Rodriguez, R. D. Baxter, B. Herleґ, N. Sach, M. R. Collins, 110 

Y.Ishihara and P. S. Baran, Nature, 2012 , 492, 95. 

32 M. Ocafrain, M. Devaud, M. Troupel,  J. Perichon, Electrochimica 

Acta, 1997, 42, 99. 

[(bpy)FeII]2

[(bpy)FeIV ]

RF

RFI

[RFFeIII(bpy)]

RF

RF

H

0.5
+ 1e

0.5[(bpy)FeIII]2

-1.0V,
+1e

RF

I

-I-

[(bpy)FeI]

RFI
[RFFeII(bpy)]

-1.0V,
+1e

-H 0.5H2

0.0V

Page 6 of 8Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |7 

33 F. F. Charron, W. M. Reiff, Inorg. Chem., 1986, 25, 2786.  

34 H. Sato, T. Tominaga, Bull. Chem. Soc. Jpn., 1976, 49, 697 

35 W. M. Reiff, H. Dogkum, M. A Weber, R. B. Frankel. 1norganic 

Chemistry, 1975, 14, 800. 

36 J. A. Broomhead, F. P. Dwyer, Aust. J. Chem., 1961, 14, 250.  5 

37 T. Saji, S. Aoyagui, J. Electroanal. Chem., 1975, 58,401. 

38 J. M. Rao. M. C. Hushes and D. J. Macero, Inorg. Chim. Acta, 1979, 

L369. 

39 T. Saji, T. Yamada, S. Aoyagui, J. Electroanal. Chem., 1975, 61, 

147. 10 

40 T. Saji, S. Aoyagui, J. Electroanal. Chem., 1975, 60, 1.  

41 P. S. Bratennan, J. I. Song and R. D. Peacock, Inorg.Chem.,1992, 31, 

555.  

42 S. A. Richert, P. K. S. Tsang and D. T. Sawyer, Inorg.Chem. 1989, 

28, 2471.  15 

43 W. Lau, J. C. Huffman, J. K. Kochi,Organometallics,1982, 1, 155. 

44 T. Scheiring, A. Klein, W. Kaim, J. Chem. Soc., Perkin Trans., 1997, 

2, 2569. 

45 S. I. Bokarev, D. Hollmann, A. Pazidis, A. Neubauer, J. Radnik, O. 

Kuühn, S. Lochbrunner, H. Junge, M. Beller, A. Brückner, Phys. 20 

Chem. Chem. Phys., 2014, 16, 4789. 

46 J. M. Savéant and E. Vianello, Electrochim. Acta, 1967, 12, 629. 

47 K. A. Bilevitch, N. N.Pubnov, O. Yu. Okhlobystin, Tetrahedron 

Lett., 1968, 31, 3465. 

48 E. C. Ashby, A. B. Goel and R. N. DePriest, J.Org. Chem., 1981, 46, 25 

2429. 

49  P. Huszthy, K. Lempert, G. Simig and K. Vékey, J. Chem. Soc. 

Perkin Trans., 1982, 3021. 

50 D. Astruc, L. Djankovitch and J. R. Aranzaes, ARKIVOC, 2006, 173. 

51 V. Amani, N. Safari, H. Reza Khavasi, P. Mirzaei, Polyhedron, 2007, 30 

26, 4908. 

52 L. Nagy, T. Gajda, J. Kürti, K. Schrantz, K. Burger, Journal of 

Radioanalytical and Nuclear Chemistry, 1996, 209, 225 

53 L. Casella, M. Gullotti, A. Pintar, L. Messori, A. Rockenbauer, M. 

Gyor, Inorg. Chem., 1987, 26, 1031 35 

54 M. Danilczuk, F. D.Coms and S. Schlick, Fuel Cells, 2008, 8, 436. 

55 E. G. Janzen and B. J. Blackburn, J. Am. Chem. Soc., 1968, 90, 5909. 

56 D. L. Haire, U. M. Oehler, P. H. Krygsman and E. G. Janzen, J.Org. 

Chem., 1988, 53, 4535. 

57 L. Gille and R. Stoesser, J. Fluor. Chem., 1994, 69, 191. 40 

58 A. Klein, D. A. Vicic, C. Biewer, I. Kieltsch, K. Stirnat and C. 

Hamacher, Organometallics, 2012, 31, 5334. 

59 L. V. Okhlobystina, T. I. Cherkasova and V. A. Tyurikov, Bulletin of 

the Academy of Sciences of the USSR, Division of Chemical Science, 

1979, 28, 2036. 45 

60 J. M. Savéant and E. Vianello, Electrochimica Acta, 1965, 10, 905. 

61 E. G. Janzen, I. G. Lopp, T. Vance Morgan, J. Phys. Chem., 1973, 

77, 139-141. 

 62 G. M. Jacobsen, J. Y. Yang, B. Twamley, A. D. Wilson, R. M. 

Bullock, M. Rakowski DuBois and D. L. DuBois, Energy Environ. 50 

Sci., 2008, 1, 167.  

63 E. S. Rountree, B. D. McCarthy, T. T. Eisenhart and J. L. Dempsey, 

Inorg. Chem. 2014, 53, 9983. 

64 M. Hammouche, D. Lexa, M. Momenteau and J. M. Saveant, J. Am. 

Chem. Soc., 1991, 113, 8455. 55 

65 J.-M. Savéant, Chem. Rev., 2008, 108, 2348. 

66 M. van der Meer, Y. Rechkemmer, I. Peremykin, S. Hohloch, J. van 

Slageren, B. Sarkar, Chem. Commun., 2014, 50, 11104. 

67 C. Costentin, S. Drouet, G. Passard, M. Robert, J.-M. Savéant, J. Am.  

Chem. Soc., 2013, 135, 9023. 60 

68 M. Hammouche, D. Lexa, M. Momenteau and J. M. Savéant, J. Am. 

Chem. Soc., 1991, 113, 8455. 

69 J. W. Raebiger, J. W. Turner,  B. C. Noll, C. J. Curtis, A. Miedaner, 

B. Cox, D. L. DuBois, Organometallics, 2006, 25, 3345. 

70 S. H. Lapidus, P. W. Stephens, E. Shurdha, J. G. DaSilva and J. S. 65 

Miller, Polyhedron, 2013, 52, 713. 

 

 

    

 70 

 

Page 7 of 8 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 
 

 

 

 

 

 

 

A new iron-catalyzed reaction for the coupling of perfluoroalkyl iodides with aromatic substrates is described. 

N

O
H

C6F13
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