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Abstract: Introducing (per)fluoroalkyl groups into arenes

continues to be an interesting, but challenging area in or-
ganofluorine chemistry. We herein report an ortho-selec-

tive C@H perfluoroalkylation including trifluoromethyla-
tions of anilines and indoles without the need of protect-

ing groups using RfI and RfBr as commercially available re-

agents. The availability and price of the starting materials
and the inherent selectivity make this novel methodology
attractive for the synthesis of diverse (per)fluoroalkylated
building blocks, for example, for bioactive compounds

and materials.

The incorporation of (per)fluoroalkyl moieties into (hetero)ar-
enes has been demonstrated to significantly improve their

physical and biological properties for various applications.[1, 2]

Hence, in recent years there is an increasing interest to prepare
such molecules by thermal[3, 4] and photochemical reactions,[5–7]

as well as others.[8–11] Despite these notable achievements, still
more practical and convenient methodologies are lacking and

there is a need using sophisticated reagents and/or tedious
purification due to selectivity problems. Indeed, regio- and

chemoselective functionalizations are of crucial importance,

because isolation of the resulting pure fluorinated isomers is
often very difficult. To avoid these problems, synthetic meth-

ods have been developed for the synthesis of perfluoroalkyl
arenes starting from the corresponding aryl halides.[10] Howev-

er, the direct preparation of the desired compounds from
arenes via C@H functionalization would be more desirable due

to their availability and process step economy.

Among the different perfluoroalkylation reagents, especially

the corresponding halides RfX constitute valuable substrates.
Since the original work by Fuchikami and Ojima using perfluor-

oalkyl halides in the presence of copper bronze,[12] several tran-
sition metal-catalyzed perfluoroalkylations of arenes have been

reported.[13–15] However, in general products are obtained as

mixtures, which were often not even isolated and purified. In
this respect, the recent work of Zhao and co-workers is note-

worthy, who reported a para-selective perfluoroalkylation of
anilides in the presence of Mo(CO)6 as catalyst.[16]

Based on our interest in perfluoroalkylation reactions,[17, 18]

herein we present the first general and practical methodology

for highly ortho-selective, direct C@H perfluoroalkylation of ani-

lines under mild reaction conditions (Scheme 1). To the best of
our knowledge, there have been no examples reported, which

allow introducing Rf groups with high site selectivity.
Recently, our group reported platinum-, nickel- and cobalt-

based catalysts for such reactions. However, in no case the re-
gioselectivity problem could be resolved. Hence, we continued

to search for more suitable transition metal catalysts. Following
this strategy, we used the reaction of 4-methoxyaniline (1 a)
and n-C4F9I (2 a) as a model system. In an initial screening of

catalysts, ruthenium carbene complexes revealed to be active.
In general, 5 mol % of the catalyst and 2.0 equiv of base (to
trap HX) were used in organic solvents at 100 8C for 12 h. As
shown in Table 1, optimization of reaction conditions, including

Scheme 1. Selected methods for introducing trifluoromethyl and perfluoro-
alkyl groups into arenes.
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pre-catalysts, bases, and solvents gave the desired product

4-methoxy-2-(perfluorobutyl)-aniline (3 a) in >80 % yield.
19F NMR investigations after the reaction clearly demonstrated
that only the mono-substituted aniline 3 a is formed. However,

in the presence of an excess of 2 a, tiny amounts (<5 %) of
double perfluoroalkylation products can be formed.

Among the different ruthenium salts and complexes applied,
a variety of defined metathesis catalysts proved to be effective

for this transformation. In line with this observation, adding
1,3-bis(2,6-diisopropylphenyl)-imidazolium bromide as NHC

carbene ligand to simple ruthenium trichloride led to a reason-
able active catalyst system (Table 1, entries 8–9). Nevertheless,
commercially available Ru-1 provided the highest product

yield. Thus, in the presence of this precursor the influences of
base (Table 1, entries 10–14) and solvents (Table 1, entries 15–

18) including THF, MeCN, MePh and DMF were studied. Best re-
sults (86 % of 3 a) were obtained using K2CO3 in 1,4-dioxane

with an increased amount of 2 a (1.3 mmol; Table 1, entry 19).

Obviously, the stoichiometry of the perfluoroalkylation re-
agent and the choice of base (Table 1, entries 10–11) have the

major influence on the efficiency of this reaction. Thus, a con-
trol experiment using simple RuCl3·H2O (5 mol %) in the pres-

ence of the carbene ligand (10 mol %) and K2CO3 as base was
performed using 1.3 equiv of RfI. Indeed, the desired product

3 a is obtained in 73 % yield (Table 1, entry 20). As expected
without the metal catalyst, the background reaction occurred
only to a negligible extent (Table 1, entry 21).

Regarding the mechanism, we propose the initial formation

of a perfluoroalkyl radical via a metal-catalyzed single electron
transfer process (SET) is occurring. Such SET processes are well

known for several ruthenium complexes.[19] The excellent regio-
selectivity observed in the model reaction should be a result of
the coordination of aniline to the metal center, which deter-

mines preferential formation of the ortho-perfluoroalkylated
product 2 a. To understand this selectivity and the underlying
reaction mechanism, several control experiments were carried
out under standard conditions (see SI, Table S1). In contrast to
aniline, phenol and anisole do not react under identical condi-
tions, which highlights the importance of the amino group for

this transformation.
In these latter cases the starting materials were retained in

>98 %. Interestingly, the use of N,N-dimethylaniline led to a

mixture of perfluoroalkylated products, which could not be iso-
lated in pure form due to the similar physical properties of the

regioisomers. To isolate and/or identify any organometallic in-
termediate of the catalytic cycle, the complex Ru-1 (0.1 mmol)

was mixed with n-C4F9I (0.1 mmol) in 1,4-dioxane (1 mL) and

stirred at 100 8C for several hours. Analysis of the crude mix-
ture by 19F NMR revealed unfortunately no obvious changes

(see SI for more details).
Next, we were interested to explore the substrate scope of

anilines of this novel methodology. Thus, reactions of various
substituted anilines with n-C4F9I were examined. Based on the

optimization vide supra, the following conditions were ap-

plied: 1.3 equiv of 2, 5 mol % Ru-1, 2.0 equiv of K2CO3 in 1,4-di-
oxane (2.0 mL) at 100 8C for 12 h under N2. Initially, we focused

on the functional group tolerance of the catalyst. For this pur-
pose, several electron-rich para-substituted anilines (-OMe,

-SMe, -OEt, -OPh, -OH, -tBu, -Me) were reacted with n-C4F9I to
afford smoothly the corresponding products in good to excel-
lent yields (Scheme 2, 3 a–3 g). Apart from n-C4F9I, also using n-

C4F9Br gave the target compounds, albeit in somewhat lower
yields. In addition, anilines with electron-withdrawing groups
(-Cl, -Br, -Ac) provided the perfluoroalkylated products in mod-
erate to good yields (Scheme 2, 3 h–3 j). Notably, halide and

ketone substituents on the aniline ring remained untouched
demonstrating the excellent chemo-selectivity of the system.

In general, the reactivity of the latter substrates is lower than

those of electron-rich anilines. Next, we investigated reactions
of aniline, 1-naphthylamine, 1,3-disubstituted, and 1,3,5-trisub-

stituted anilines. In all these cases, the control of regioselectivi-
ty is significantly more challenging. Nevertheless, using parent

aniline 1 k as substrate perfluoroalkylation occurred specifically
in the ortho-position giving 3 k in 73 % isolated yield. Other

isomers (<5 %) could not be observed. Next, anilines with

meta-substitution pattern were tested in this process. Again,
both electron-rich (-OMe) and -withdrawing (-CN, -NO2) sub-

strates expressed good activities for the perfluoroalkylation re-
action and only one regioisomer was obtained (Scheme 2, 3 l–
3 n). In addition, anilines with two substituents, such as 3,5-di-
methyl and 3,5-dimethoxy can be conveniently employed in

Table 1. Ru-catalyzed perfluoroalkylation of 4-methoxyaniline.[a]

Entry Catalyst Base Solvent Yield
[%][b]

1 RuCl3·3 H2O NaHCO3 1,4-dioxane 6
2 [RuCl2(p-Cymene)]2 NaHCO3 1,4-dioxane 19
3 Ru-1 NaHCO3 1,4-dioxane 45
4 Ru-2 NaHCO3 1,4-dioxane 36
5 Ru-3 NaHCO3 1,4-dioxane 31
6 Ru-4 NaHCO3 1,4-dioxane 26
7 Ru-5 NaHCO3 1,4-dioxane 19
8[c] Ru-5 NaHCO3 1,4-dioxane 38
9[c] RuCl3·3 H2O NaHCO3 1,4-dioxane 41
10 Ru-1 KHCO3 1,4-dioxane 51
11 Ru-1 K2CO3 1,4-dioxane 72
12 Ru-1 Na2CO3 1,4-dioxane 58
13 Ru-1 Na2HPO4 1,4-dioxane 16
14 Ru-1 Et3N 1,4-dioxane 22
15 Ru-1 K2CO3 THF 49
16 Ru-1 K2CO3 MeCN 23
17 Ru-1 K2CO3 MePh 35
18 Ru-1 K2CO3 DMF 14
19[d] Ru-1 K2CO3 1,4-dioxane 83 (79)[e]

20 RuCl3·3 H2O K2CO3 1,4-dioxane 73
21 free K2CO3 1,4-dioxane 8

[a] Reaction conditions: 1 a (1.0 mmol), 2 (1.2 mmol), catalyst (5 mol %),
base (2.0 mmol), solvent (2.0 mL), 100 8C, 12 h. [b] Determined by 19F NMR
analysis using (trifluoromethoxy)benzene as internal standard. [c] 7 mol %
NHC ligand was added. [d] 2 (1.3 mmol). [e] Isolated yield in brackets.
Structure of catalysts and ligands:
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this reaction with high site-selectivity (Scheme 2, 3 o, 3 p). Fi-

nally, when using 2,3-dihydrobenzo[b][1,4]dioxin-6-amine 1 q
we obtained two ortho-substituted regioisomers in 49 and

22 % yield (Scheme 2, 3 q, 3 q’), respectively. Similarly to the
model system, also for these substrates n-C4F9Br could be suc-

cessfully used as perfluoroalkyl source and the ortho-perfluor-

oalkylated anilines were obtained in moderate to good yields
(Scheme 2, 3 k, 3 l, 3 p). In all these cases the perfluoroalkylated

products are easily obtained in pure form due to the high se-
lectivity of the process.

To demonstrate the synthetic utility of our protocol on
multi-g-scale, the reaction of 4-methoxyaniline (10.0 mmol)

with n-C4F9I (13.0 mmol) was performed and gave the corre-
sponding product only in slightly lower yield (Scheme 3).

Indoles are an important class of heterocyclic compounds.
Indeed, numerous natural products contain this electron-rich
scaffold. Thus, we explored the reactivity of 4 a–c with 2 a in
this process. We were pleasured to find that selective per-
fluorobutylation occurred selectively at the C-2 position with

or without N protection (Scheme 4).

During the initial optimization of this procedure, we found
small amounts of double perfluoroalkylation. Following this

original observation, we investigated the reaction of aniline 1 a
with a larger excess of 2 a. Surprisingly, the di-ortho-perfluoro-

alkylated aniline 5 a is obtained in 55 % isolated yield using
3.0 equiv of 2 a. As shown in Scheme 5, other anilines 1 b–d, q
presented similar reactivity and gave the desired ortho/ortho-

Scheme 2. Selective Ru-catalyzed perfluoroalkylation of anilines. [a] Reaction
conditions: aniline (1.0 mmol), n-C4F9I (1.3 mmol), Ru-1 (5 mol %), K2CO3

(2.0 equiv). and 1,4-dioxane (2.0 mL), 100 8C, 12 h. [b] Isolated yield. [c] n-
C4F9Br (1.5 mmol) used for the reaction in brackets.

Scheme 3. Gram-scale synthesis of 3 a.

Scheme 4. Ru-catalyzed perfluoroalkylation of indoles.

Scheme 5. Ru-catalyzed double-perfluoroalkylation of anilines. [a] Reaction
conditions: aniline (1.0 mmol), n-C4F9I (3.0 mmol), Ru-1 (5 mol %), K2CO3

(2.0 equiv.) and 1,4-dioxane (2.0 mL), 100 8C, 12 h. [b] Isolated yield.
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disubstituted compounds in 53–66 % isolated yield. It should
be noted that such 2,6-difunctionalized anilines are otherwise

very difficult to access.
Regarding the various perfluoroalkylation reactions, certainly

trifluoromethylation is the most important transformation, es-
pecially for the synthesis of new bio-active compounds. Hence,

diverse state-of-the-art reagents for laboratory scale synthesis
including Umemoto’s,[20] Togni’s,[21] Langlois’,[22] and Ruppert-
Prakash’s reagent[23] as well as CuCF3

[24] were developed in the

past decades. However, due to their price and availability, the
use of these reagents on >kg-scale is highly problematic. In
contrast, CF3Br is available on multi-100 kg-scale and less ex-
pensive compared to the above-mentioned reagents. Never-

theless, we want to make clear that also this reagent has
ozone depleting properties, which are forbidden by the Mon-

treal protocol. Hence, appropriate safety measures should be

taken. As shown in Scheme 6, CF3Br allows for ortho-selective
functionalization of para-substituted anilines with acceptable

yields (Scheme 6, 6 a–6 f). Similarly, using Ru-1 other perfluor-
oalkyl iodides (C2F5I, C3F7I, C6F13I, C8F17I, and C10F21I) reacted

well with 4-methoxyaniline (1 a) to give the corresponding
target compounds in moderate to good yields and excellent

selectivities (Scheme 6, 6 g–6 l). In the context of building

blocks for bio-active compounds, it is worth mentioning that
heptafluoroisopropyl iodide 2 i afforded the corresponding

product in 63 % yield (Scheme 6, 6 i).
In conclusion, we have developed an efficient and practical

ortho-selective mono- and di(per)fluoroalkylation methodology
of free anilines and indoles. In the presence of the stable and

commercially available pre-catalyst Ru-1 various meta- and
para-substituted anilines, including mono- and disubstituted

ones, gave the corresponding products without the need for
protecting groups in high purity. The availability of the starting

materials and the high selectivity make the process attractive
for the synthesis of all kinds of perfluoroalkyl-substituted ani-

lines, including trifluormethyl derivatives.

Experimental Section

Perfluoroalkylation of anilines with n-C4F9I : aniline (1.0 mmol), n-
C4F9I (1.3 mmol), Ru-1 (5 mol %), K2CO3 (2.0 equiv). and 1,4-dioxane
(2.0 mL) were added to a reaction tube. Then, the tube was de-
gassed with argon three times and heated at 100 8C for 12 h. After
cooling to room temperature, the solvent was removed under
vacuum conditions, and the products were purified through silica
gel chromatography by using hexane and ethyl acetate as the elu-
ents.
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