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ABSTRACT: The copper-catalyzed trifluoromethylthiolation of
pyrroles with a trifluoromethanesulfonyl hypervalent iodonium
ylide under mild conditions has been achieved. A broad set of
pyrroles could be transformed to the corresponding products in
moderate to excellent yields. The reaction mechanism is
hypothesized.

Much attention to synthetic fluorine chemistry has been
paid as never before in recent years, even by chemists

working in different areas, in particular, organometallics.1

Enormous progress in fluorination and trifluoromethylation
reactions in recent decades is a representative example.2 The
next topic that is expanding in this area is the development of
the trifluoromethylthiolation reaction, due to the very unique
character of the trifluoromethylthio (trifluoromethylsulfanyl,
trifluoromethylsulfinyl, SCF3) group. The electron-withdrawing
effect of SCF3 is similar to that of trifluoromethyl (CF3), while
the lipophilicity of SCF3 (πR = 1.44) is the highest in the
fluorinated functional groups.1d Since the CF3 group has gained
a prestigious position in pharmaceuticals, agrochemicals, and
functional materials, the introduction of a SCF3 group into drug
candidates instead of the CF3 group in target molecules is a
highly potential strategy for creating new candidate drugs in
research and development.3 Early methods for the preparation
of SCF3 compounds can be divided into three categories: (1)
halogen−fluorine exchange;4 (2) trifluoromethylation of sulfur-
containing compounds;5 and (3) direct trifluoromethyl-
thiolation of SCF3-reagents. Obviously, direct trifluoromethyl-
thiolation is ideal and practical since functionalization of the
molecules can be performed at a late stage of a multistep
synthesis. However, the reagents for trifluoromethylthiolation
generally include liable trifluoromethylthiolate salts or toxic,
gaseous reagents such as ClSCF3 or F3CSSCF3.

6 Therefore, in
recent years, much effort has focused on the development of
shelf-stable reagents for this purpose. More recently, the
transition-metal-catalyzed trifluoromethylthiolation of aryl
halides, boronic acids, carboxylic acid, and benzylic C−H
bonds has provided other options for trifluoromethyl-
thiolation.7 Currently, several shelf-stable reagents for electro-
philic trifluoromethylthiolation have been developed (Figure
1).2a,8 However, these reagents must be prepared in advance by
trifluoromethylthiolation or related trifluoromethylation (Fig-
ure 1, 1−4). In 2013, we disclosed a conceptually new reagent,
a trifluoromethanesulfonyl hypervalent iodonium ylide 5, for
the trifluoromethylthiolation reaction of enamines, indoles, and
β-keto esters. The reagent can be prepared easily from
ubiquitous trifluoromethanesulfonyl (SO2CF3) compounds

but not from SCF3 compounds, and electrophilic SCF3 species
are generated in situ during the reaction via thioperoxoate.9

The reaction mechanism is fascinating and completely different
from currently reported reagents. To show the clear proficiency
of the reagent 5, we report herein the trifluoromethylthiolation
of pyrroles 6, which remains a challenge. The modified reaction
mechanism of 5 is disclosed based on the results using a diazo-
triflone 8 and TEMPO.
Pyrroles are an important class of nitrogen-containing

heterocyclic compounds which are often encountered in
natural products, biologically active molecules, and dyes for
solar cells.10 Thus, the development of synthetic methods that
provide substituted pyrrole derivatives is of great importance.11

Since the pyrroles are highly sensitive toward oxidation and
polymerization, mild and neutral conditions should be required
for the transformation. Initially trifluoromethylthiolation of
pyrroles was examined by using toxic ClSCF3, but the scope of
substrates and yields were not satisfactory.12 In 2012, Billard et
al. attempted the trifluoromethylthiolation of pyrrole using the
shelf-stable reagent, trifluoromethanesulfanylamide 1, but failed,
resulting in polymerization.13 During the preparation of this
manuscript, Shen et al. reported one example of trifluoro-
methylthiolation of 2,4-dimethyl-3-ethylpyrrole by N-trifluoro-
methylthiosaccharin (3) with Me3SiCl as an activator at 80 °C
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Figure 1. Structures of electrophilic trifluoromethylthiolation reagents
and SCF3 compounds.
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for 12 h, although the method is not applied to other pyrrole
derivatives.8f

We began our investigation with 2-phenyl pyrrole 6a in the
catalysis of CuCl in THF, which is the best condition for the
trifluoromethylthiolation of enamines9 (Table 1, entry 1).

However, disappointingly, only 2% of the desired product 7a
was obtained. After screening several Lewis acids, we found that
a catalytic amount of CuF2 was very effective for this
transformation and 73% of 7a was afforded, while other
metal salts gave low yields (entries 2−5; for more details, see
Table S2 in the Supporting Information (SI)). These results
potentially indicate the critical influence of acidity of Lewis
acids in trifluoromethylthiolation. Amide solvents were found
to be suitable (entries 6−12) following solvent optimization.
The cyclic amide NMP was more efficient than the acyclic
amide DMF, and 7a was obtained in 94% yield (entries 11 and
12). When 0−30 mol % of catalyst was screened, 20 mol % of
CuF2 in NMP was observed to be the best conditions (entries
12−16).
With these optimized conditions in hand, we surveyed the

substrate scope (Scheme 1). The 2-aryl pyrroles 6b−d were
smoothly converted to trifluoromethylthiolated products 7b−d
in excellent yields independent of the electronic character of
the aryl moieties. The halogens (Br, Cl) in 6 were tolerated
during the transformation (7c and d). Aliphatic substituted
pyrrole 6e was also transformed under the same conditions to
provide 7e in 79% yield. It should be mentioned that the
pyrroles 6f−h having active methylene moieties such as benzyl,
allyl, and benzoyl substituents were trifluoromethylthiolated in
high yields without any polymerization or complexation. 2,2′-
Dipyrromethane (6i), a precursor to porphyrins, afforded bis-
trifluoromethylthiolated product 7i in 40% yield, and a

satisfactory yield (75%) of 7i with 4 equiv of 5. Selective
trifluoromethylthiolation of pyrrole rings was achieved in the
presence of thienyl and furanyl groups to provide 7j and 7k, in
80% and 76% yield, respectively. Even for the reaction of a
substrate that contained two different electronic characteristic
pyrroles, regio- and chemoselective trifluoromethylthiolation
occurred on the 2-position of the electron-rich part of pyrrole
to afford 7l in 86% yield. Indeed, tert-butyl 1H-pyrrole-1-
carboxylate (N-Boc pyrrole) did not react with 5 under the
same conditions. Despite the steric hindrance, 3-aryl pyrroles
6m and n were identified to solely afford 3-aryl-2-SCF3
products 7m and n in moderate yields (62% and 41%,
respectively). Disubstituted 2,4- and 2,5-dimethyl pyrroles (6o
and 6p) were converted into 2-SCF3 and 3-SCF3 products 7o
and 7p in high yields. Interestingly, unsubstituted pyrrole (6q)
also gave the corresponding 2-SCF3 product 7q under standard
conditions in high yield without any polymerization. N-Benzyl
pyrrole (6r) was converted into 2-SCF3 product 7r in a
moderate yield of 49%, presumably due to the steric hindrance.
The reaction was monitored by the 19F NMR spectrum (282

MHz, CDCl3) of a mixture of 5 and CuF2 in NMP, in the
absence of pyrroles, using trifluorobenzene as an internal
standard (Figure S1; see SI). The reagent 5 (−78.2 ppm)
promptly disappeared within 5 min at rt, and a substantial
amount of CF3SSCF3 (−46 ppm) appeared with other small
signals at −35.9, −56.4, −76.6 ppm. The amount of CF3SSCF3
slightly increased over 60 min, while other small signals
gradually disappeared. We then added pyrrole 6a into the
CF3SSCF3 mixture, and the resulting mixture was additionally
stirred. After 10 h of stirring, the CF3SSCF3 still existed and
product 7a was not detected. These results strongly indicate
that CF3SSCF3 is not a reactive species but other friable signals,
at −35.9, −56.4, and −76.6 ppm, might be related to real
reactive species for trifluoromethylthiolation.

Table 1. Optimization of Reaction Conditions for Lewis
Acid Catalyzed Trifluoromethylthiolation of 2-Phenyl
Pyrrole (6a) with Reagent 5a

entry CuX solvent yield (%)b

1 CuCl THF 2
2 CuBr THF 2
3 CuI THF 3
4 CuCl2 THF 7
5 CuF2 THF 73
6 CuF2 dioxane 15
7 CuF2 CH2Cl2 n.d.
8 CuF2 toluene n.d.
9 CuF2 acetone 16
10 CuF2 HFIP n.d.
11 CuF2 DMF 71
12 CuF2 NMP 94
13c CuF2 NMP 91
14d CuF2 NMP 93
15e CuF2 NMP 83
16 − NMP n.d.

aReaction conditions: pyrrole 6a (0.1 mmol), reagent 5 (0.2 mmol),
CuX (20 mol %), solvent (0.75 mL), stirred at rt for 1 h. bYields were
determined by 19F NMR spectroscopy with trifluoromethylbenzene as
the internal standard. c30 mol % of CuF2 was used.

d10 mol % of CuF2
was used. e5 mol % of CuF2 was used.

Scheme 1. Trifluoromethylthiolation of Pyrroles 6 with 5a

aReaction conditions: pyrrole 6 (0.2 mmol), reagent 5 (0.4 mmol),
CuF2 (20 mol %), NMP (1.5 mL), stirred at rt. bYields were
determined by 19F NMR spectroscopy with trifluoromethylbenzene as
the internal standard. c4.0 equiv of reagent 5 were used.
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It should be noted that the success of the trifluoromethyl-
thiolation of 6 is highly dependent on the reaction procedure.
For a successful transformation, the reagent 5 should be added
into the mixture of substrates 6a and CuF2 in NMP providing
7a in 94% yield (Scheme 2a; also see entry 12 in Table 1). On

the other hand, 6a was added into the mixture of 5 and CuF2 in
NMP after 20 min of stirring, and the formation of 7a was
significantly decreased to 58% accompanied by disulfide
CF3SSCF3 (−46 ppm) in 28% yield (Scheme 2b). We next
attempted the reaction of 6a using 2-diazo-1-phenyl-2-(tri-
fluoromethylsulfonyl)ethanone (8)14 instead of 5 to ascertain
the potential generation of carbines. With our expectation, the
desired 7a was isolated in 50% yield after 5 h of stirring at 50
°C, although the reagent was less effective than 5 under the
same reaction conditions (Scheme 2c). The effect of a radical
scavenger, 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO), was
also examined. The trifluoromethylthiolation of 6a to 7a was
partially inhibited dependent on the amount of TEMPO
(Scheme 2d and e); 48% of 7a was obtained even in the
presence of 2 equiv of TEMPO. These results strongly indicate
that two independent pathways would exist together involving
an electrophilic trifluoromethylthiolation and a radical reaction
process.
We further monitored the reaction of 5 with TEMPO, and

CuF2 in NMP in the absence of pyrroles, by the 19F NMR
spectrum (282 MHz, CDCl3, Figure S2; see SI). Within 10 min,
reagent 5 disappeared and substantial amounts of side products
were detected at −78.8 and −77.3 ppm, which were provided
for a representative SO2CF3.

15 The GCMS experiments of the
mixture implied them to be triflones 14 (MW 252 observed)
and 13 (MW 268 observed), although 13 was not ascertained
by isolation due to decomposition. The addition of pyrrole 6a
after 2 h of stirring did not change the 19F NMR spectra, which
suggests the reactive species for trifluoromethylthiolation is not
generated at this point.
Based on these new results and the facts of ESI-MASS

spectral detection of the intermediates 10, 11, and 12 in the
previous paper,9 we propose a modified reaction mechanism
(Scheme 3). First, carbene 9 should be generated via a copper
carbenoid or copper catalysis. Next, oxathiirene 10 (which is in
equilibrium with carbine 9 via path A) would rearrange to give
sulfoxide 11, and subsequent intramolecular nucleophilic
collapse would then form the true reactive species, thioperox-
oate 12. The transfer trifluoromethylthiolation from 12 to the
nucleophile (Nu) via an electrophilic path A would yield the
desired products Nu-SCF3. In the absence of a nucleophile, the
thioperoxoate 12 is collapsed into CF3SSCF3 via radical path C,
although path A is more rapid than path B. The friable signals

at −56.4 and −76.6 ppm could be assigned to be 12 and 11 by
comparison of the reported data of the R-S(O)CF3 and R-O-
SCF3 compounds,15 although further detailed studies are
required. Alternatively, when TEMPO is added, via a radical
or single electron transfer path D, the hydroxylated triflones 13
and reduction product 14 are formed. In the presence of
TEMPO, paths A and D are almost equally competitive; thus,
the electrophilic trifluoromethylthiolation via path B is not fully
inhibited by the addition of TEMPO (Scheme 2e).
The 19F NMR chemical shift prediction based on the

computations with several methods (HF, EDF2, B3LYP) could
also support the proposed reaction mechanism indicated in
Scheme 2 (Table S1; see SI). With the comparisons of
calculations and observations of isolated compounds 14 and
CF3SSCF3, the chemical shifts generated by computations
using B3LYP 6-31G** would be the closest to those observed.
Hence, the observed chemical shifts, −76.6, −56.4, and −78.8
ppm, were assigned to 11, 12, and 13.
In summary, we have developed a copper-catalyzed trifluoro-

methylthiolation of pyrroles with trifluoromethanesulfonyl
hypervalent iodonium ylide 5. A broad scope of pyrroles
were transformed into the corresponding products in good to
excellent yields. The reaction conditions are rather mild with
high reaction yields achieved. In particular, the general method
for the trifluoromethylthiolation of pyrroles was achieved for
the first time by reagent 5. Reagent 5 exhibited a very unique
reaction mechanism for the electrophilic trifluoromethyl-
thiolation. The diazo-triflone 8 also underwent trifluoromethyl-
thiolation. The transformation exhibited unexpected efficiency
when copper fluoride was used. The effects of the catalyst and
solvent are now being investigated in our laboratory.
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