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Abstract: The first trichloromethylthiolation of a broad
range of indoles and pyrroles is reported employing
bench-stable N-trichloromethylthiosaccharin as reagent.
This methodology is highly regioselective, exhibits high
functional group tolerance, and provides access to two
previously unknown classes of potentially bioactive
compounds.
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N-Heteroarenes represent, without doubt, one of the
most important structural motifs in the fields of bio- a)
active compounds.” In particular, indole- and pyr-

role-based compounds are greatly present in a vast N-SCCl, o ol
variety of natural products, pharmaceuticals, and Y
e 2 ! © c NT N\
agrochemicals.” Therefore, the development of effi- Foloet. 1 c —
cient and selective methods for the C—H-functionali- olpet, 1a aptan (e .
3 3

zation of N-heterocycles is highly desirable not only
within academia, but also for industry.”

The introduction of the trifluoromethylthio group
(CF5S) has received considerable interest in the last
years due to its unique biological properties.”! How-
ever, the introduction of other trihalomethylthio groups into
heterocycles is limited to methods for thiophenes®™ and pyri-
dines;® hence, the effect of other trihalomethylthio groups on
the properties of potentially bioactive heterocyclic compounds
could not be thoroughly investigated so far. Of particular im-
portance is the trichloromethylthio group (Cl;CS), because its
ability to induce lipophilicity and membrane permeability is su-
perior to commonly applied fluorine-containing functional
groups (Hansch constants 1.65 versus 1.44 for SCF; and 0.88
for CF,).” The trichloromethylthio-containing fungicides Folpet
and Captan are produced on industrial scale for the application
in viticulture and fruit growing because they possess high ac-
tivity against fungi and bacteria (Figure 1).%? Additionally, tri-
chloromethylthiolated compounds exhibit herbicidal and insec-
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ticidal activity.® It is important to note that the biological ac-
tivity is not a property of only the nitrogen-bonded SCCl,
groups and that numerous other trichloromethylthio-contain-
ing compounds display biological activity.®'”

Inspired by the state of the art reagents applied in the tri-
fluoromethylthiolation of various N-heterocycles,"" we focused
on the development of a method employing a bench-stable
reagent for the trichloromethylthiolation of N-heterocycles.
The reagent of choice for the trichloromethylthiolation of 6-flu-
oroindole was 1b (Scheme 1). To our delight, we were able to

b) SCCly SCFCly

0o NC
B N
N-SCCl, N N

Figure 1. a) Examples of industrially produced trichloromethylthio-containing fungicides.
b) Trichloro- and dichlorofluoromethylthio-containing pesticides.
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Scheme 1. Synthesis of trichloromethylthiolating reagent 1b.

observe the desired trichloromethylthiolated product in a mod-
erate yield and with excellent regioselectivity using 1b
(Table 1). After optimizing the reaction conditions, we could
isolate the desired product in high yield and as a single regio-
isomer. A slight excess of reagent 1b (1.5 equiv) was needed
for full conversion of the starting materials, and the addition of
trimethylsilyl chloride (1.5 equiv) as a Lewis-acidic activator
proved, especially for electron-deficient substrates, to be bene-
ficial"® Surprisingly, when we utilized known 1a instead of
1b, we were neither able to observe product formation nor
conversion of 1a under the optimized reaction conditions.
With the optimized conditions in hand, we decided to inves-
tigate the substrate scope of the trichloromethylthiolation of
a variety of substituted indoles (Table 2). A broad range of in-
doles could be successfully trichloromethylthiolated under the
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Table 1. Optimization of reaction conditions.”’

H %90 SCCl,
%
N\ . TMSCI N\
/©jNg * @N sccly MeCN, 50 °C, 22 h /E:\rNg
F F
H o) H
1b
Entry Solvent Reagent Yield [%]"
1 DCE 1b 45
2 toluene 1b 82
3 DMF 1b 0
4 DMSO 1b 0
5 1,4-dioxane 1b 27
6 MeCN 1b 99 (88)
7 MeCN 1a 0

[a] Reactions were performed on a 0.1 mmol scale with TMSCI (1.5 equiv)
and reagent (1.5 equiv). [b] Yields determined by 'F NMR spectroscopic
analysis with 1-fluoronaphthalene as internal standard. Isolated yields in
parentheses.
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ample, acetyl or tert-butyloxycarbonyl, did not lead to the
product formation, even at elevated temperatures. Modifying
the substitution pattern of the benzene ring did not affect the
generality of our method. Halides (3e-h) as well as an ether
(31), as functional groups that represent a possible handle for
further diversification of the structural motif, were tolerated
well. Strongly electron-deficient substituents required elevated
temperatures for the product formation. Indoles containing
ester, nitro, and cyano substituents were isolated in good
yields (3 j-m). Finally, substituting either the 2- or 3-position of
indole provided the desired trichloromethylthiolated products
(3n and 30) in good to excellent yields that should allow for
the trichloromethylthiolation of various naturally abundant
indole alkaloids.®® The obtained regioselectivity was un-
equivocally validated by single-crystal X-ray analysis of 3b
(Figure 2).1"

To further demonstrate the generality, we performed the tri-
chloromethylthiolation of more sensitive pyrroles under the
optimized reaction conditions (Table 3). In all cases,
the reaction exclusively provided the single regioiso-

Table 2. Trichloromethylthiolation of indoles.”! mer shown. Pleasingly, alkyl and aryl substituents on
the nitrogen were tolerated in moderate to good
i Yo poc ield hat is of high i b N
R“_\ { . S\N—SCCI TMSCI R1'—\ { yie s (5a—c) that is of high importance ecausg -
LA 3 MeCN,50°C, 22 h L AN substituted pyrroles are core structures for various
R2 o) R2 bioactive compounds.?? Additionally, several substi-
2a-p 1b 3a-p tution patterns at the pyrrole core provided the de-
SCCls SCCls SCCly SCCly sired products; ketone-, ester-, and aryl-substituted
A A \ A pyrroles could be isolated in moderate to good
N N N N yields (5d-f). Substituting the reactive 2- and 5-posi-
H \ Ph Bn tion of the pyrrole core did not inhibit the reaction,
3a 82% 3b 89% 3¢ 96% 3d 87% with the trichloromethylthiolation at the 3-position
occurred in moderate yield (5g).
[ | I I . . . .
poch Br Pt Br ot | pock With the trichloromethylthiolated products in
/E:Eg \@Eg \@g \(I\g hand, we wanted to explore possible diversifications
N N N N L
F H H \ H of the SCCl; group (Scheme 2). Subjecting product
3e 88% 3£ 88% 3g 72%0] 3h 94% 3¢ to meta-chloroperbenzoic acid (mCPBA) afforded
sulfonyl 6a in a moderate yield, giving access to pre-
sccl, scc, N scol SCCls viously inaccessible trichloromethylsulfonyl-substitut-
MeO A ON A A A ed indole derivatives. Additionally, we were able to
N N N MeO N selectively perform the chlorine/fluorine exchange
\ Io) \ employing triethylamine trihydrofluoride as fluoride
3i64% 3j 64%( 3k 79% 3170%! source in good yield and perfect selectivity. The tri-
SCCly SCCly chloromethylthiolated products could, therefore, act
A\ as precursors for '®F-radiolabelled compounds, which
N—sccl, N—ph . . :
N N N cannot be synthesized from the corresponding tri-
Meo™ o H H fluoromethylthiolated compounds. Furthermore, di-
3m 85%L 3n 96% 30 64% chlorofluoromethylthiolated indoles possess biologi-
cal activity against acarids and insects.”"
[a] Reactions were performed on a 0.5mmol scale. Isolated yields of products are re- After determining the scope of the reaction, we
ported. [b] Reaction was performed on a 2.5mmol scale. [c] Reaction was run at '
100°C. wanted to explore the robustness of our developed

reaction conditions, impressively with complete C3-regioselec-
tivity. In addition to the unprotected indole, various substitu-
ents on the nitrogen were tolerated in good to excellent yields
(3a-d). Electron-deficient substituents on the nitrogen, for ex-
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method. Therefore, we decided to also apply an addi-
tive-based robustness screen to our reaction
(Table 4)."" Using this screen, it is possible to identify
which functional groups are tolerated under the reaction con-
ditions and by the reaction. To our delight, a broad range of
different additives bearing a variety of functional groups were
tolerated under the reaction conditions. In addition to halides

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. X-ray analysis of product 3 b.

(entries 2 and 10), nitrile (entry 4), unsaturated hydrocarbons
(entries 5 and 8), ester (entry 6), and amide (entry 9) were also
well tolerated. Under the reaction conditions, different hetero-
cycle-containing additives were found to be moderately (en-
tries 12 and 13) to excellently tolerated (entries 11 and 14-17).
The stability of these additives under the reaction conditions
was in a range from complete decomposition (entries 12 and
13) to excellent stability (entries 14-17). Additives with a low
tolerance are compounds containing nucleophilic functional
groups (entries 3, 7, and 9). This is due to side reactions with
the electrophilic reagent 1b leading to a decreased product
yield and a high decomposition of the additive. However, it is
important to note that none of the applied additives inhibits
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Scheme 2. Further product diversifications. Reactions were performed on
a 0.2 mmol scale. Isolated yields of products are reported.
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Q.0 TMSCI s

additive

s bt
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F F
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2e 1b 3e
no additive 99%
hydroquinone  99%
BHT 99%
TEMPO 70%
galvinoxyl 44%

Scheme 3. Radical inhibition experiments. Reactions were performed on
a 0.1 mmol scale with 0.05 mmol additive. Yields determined by '°F NMR
spectroscopic analysis with 1-fluoronaphthalene as internal standard.

the reaction completely or affects the regioselectivity. These re-
sults imply that the reaction is very robust against a variety of
functional groups and therefore, combined with the knowl-
edge about the substrate scope, could find applications in the
trichloromethylthiolation of complex indole- and pyrrole-based
target molecules.
To gain insight into the reaction mechanism, we
carried out a number of studies. Specifically we

Table 3. Trichloromethylthiolation of pyrroles.”

. \ TMSCI A
R N H + — —VOr 1L
SV, ©;<N SCCh WecN,50°c 1an R Y,
R? o R?
4a-i b 5a-i

SCCly

E>—SCCI3 I\/B—SCCI;,

[%—scm3
N
\

5a 59% 5d 59%
5b 74% 5¢ 48%P]
o I
o o sccl,

| M=sccl, | M=sccl, B
N N N
H H B

5 68% 5 78% 59 54%

@ Q @/{\\ﬁsc%

wanted to elucidate whether a radical process was
occurring. Therefore, we performed the reaction in
the presence of different radical inhibitors and free
radicals, and analyzed the reaction regarding yield
and possible radical coupling products. With the radi-
cal inhibitors, hydroquinone and 2,4-di-tert-butyl-4-
methylphenol (BHT), neither a significant depletion in
the yield nor the regioselectivity of the reaction was
observed. In the case of the free radicals 2,2,6,6-tetra-
methyl-1-piperidinyloxy (TEMPO) and galvinoxyl, di-
minished yields were observed though no radical
coupling products could be detected. These observa-
tions and the observed C3-regioselectivity, indicate
that the reaction mechanism is likely not to be radi-
cal in nature (Scheme 3).

According to the results of the radical inhibition
experiments, the electrophilic nature of 1b, and the
fact that electron-deficient substrates require elevat-
ed temperatures, we propose the following mecha-
nism, which follows an electrophilic aromatic substi-
tution pathway (Scheme 4). Attack of the enamine

ported. [b] Reaction was performed on a 0.3 mmol scale.

[a] Reactions were performed on a 0.5 mmol scale. Isolated yields of products are re-

moiety of indole 2a onto the reagent 1b, followed
by deprotonation of the formed Wheland intermedi-
ate | by saccharinide results in the desired product
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Scheme 4. Proposed mechanism for the trichloromethylthiolation of indoles.

Table 4. Robustness screen for the trichloromethylthiolation of 6-fluoroindole.
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[a] Reactions were performed on a 0.1 mmol scale with additive (0.1 mmol). [b] Yields
determined by '°F NMR spectroscopic analysis with 1-fluoronaphthalene as internal
standard. [c] Additive consumption determined by GC-FID analysis.

3a and saccharine as side product, which could be observed
in the reaction mixture. In this mechanism, it is likely that tri-
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In conclusion, we have developed the first trichlor-
omethylthiolation of indoles and pyrroles giving
access to two new classes of potentially bioactive
compounds. The method exhibits an outstanding
level of regioselectivity, generally C3-selective for in-
doles and C2-selective for pyrroles, and the robust-
ness screen showed a high tolerance towards many
different functional groups. Furthermore, it is a mild
and operationally simple method, which can also be
carried out on unprotected N-heteroarenes.

Experimental Section

Unless otherwise noted, N-heterocycle (if solid,
0.5 mmol, 1.0 equiv) and SCCl;-reagent 1b (249 mg,
0.75 mmol, 1.5equiv) were added to a flame-dried
Schlenk-tube. MeCN (2.5 mL), TMSCI (95 uL, 0.75 mmol,
1.5 equiv) and N-heterocycle (if liquid, 0.5 mmol,
1.0 equiv) were added and the reaction mixture was
stirred for 14-22 h at the given temperature. The reac-
tion mixture was allowed to cool down to room temper-
ature and adsorbed on silica. The desired product was
obtained after purification by silica-gel column chroma-
tography.
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