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ABSTRACT: A highly selective C−H silylation reaction of
functionalized arenes and heteroarenes was developed using
Ruppert−Prakash reagent (TMSCF3) activated by alkali metal
fluoride. TMSCF3 is considered to play dual roles as a precursor of
a mild base and also as a silicon electrophile. The silylation is
compatible with sensitive functional groups such as halogen and nitro groups.

The selective functionalization of aromatic C−H bonds
under mild and environmentally benign conditions is an

important subject in organic synthesis in fields ranging from
material science to medicinal chemistry.1 Arylsilanes have been
widely studied in material science for their unique properties,
and they are important and versatile intermediates in the
synthesis of various functional molecules or biologically
attractive molecules.2 Selective functionalization of arylsilane
derivatives has attracted the interest of many synthetic chemists
and diverse methodologies have been developed.2,3 Classically,
arylsilanes have been synthesized from the reaction of
aryllithium or arylmagnesium compounds with silicon electro-
philes. This method, however, is not suitable for arenes with
sensitive functional groups. As another C−H functionalization
approach, the synthesis of arylsilanes by coupling aryl bromides,
aryl iodides, aryl nitriles, or aryl chlorides with disilanes or
hydrosilanes using transition-metal catalysis, has been well
investigated.4 Another recent approach involves transition-
metal-catalyzed direct C−H functionalization, which has been
regarded as a powerful methodology for the direct silylation of
arenes.5 In recent years, a variety of directing groups (imine,
oxazoline, pyridine, pyrazole, and tertiary amine functionalities)
have been used to control the regioselectivity of C−H bond
silylation. On the other hand, deprotonation is considered to be
one of the effective methodologies for arene C−H function-
alization, and the combination of LiTMP/TMSCl has been
used for the deprotonative arylsilylation, but strictly regulated
reaction conditions are required for the successful trans-
formation due to the high reactivity of aryllithium species.6 As
for the recent deprotonative functionalization of arenes,
Daugulis et al. reported an attractive in situ generation and
trapping of aryl carbanion for halogenation.7 In connection
with our recent studies on C−H functionalization using in situ
generated reactive base from silylated base precursors and
fluoride,8 we focused our interest in deprotonative C−H
arylsilylation using silylated bases and fluorides under mild
reaction conditions. Our working hypothesis for aromatic C−H
silylation is described in Figure 1, and we designed a catalytic
process using dual roles of organosilane as a silylated base
precursor and also as a silylating agent.

Initially, the C−H silylation was examined for the
optimization of reaction parameters using benzothiophene
(1a) as a model substrate. The results are summalized in Table
1. We first screened organosilanes for the aryl C−H silylation
under the conditions at room temperature using KF as an
activator and DMI as a solvent, which solvent was found to be a
suitable solvent in our preliminary experiments.
Although the use of aminosilanes gave no silylated product,

the use of trifluorotrimethylsilane (TMSCF3) was found to give
the desired silylated product 2a in 14% yield (Table1, entries
1−4). The elevation of the reaction temperature was found to
lower the yield, and the reaction at 0 °C gave a better result.
The product 2a was obtained in 51% yield (Table 1, entry 5).
The use of other amide solvents such as DMPU or NMP was
not effective and gave the product 2a in low yields (Table 1,
entries 6 and 7). The use of RbF or CsF showed excellent
performance, and the product 2a was obtained in high yields
(Table 1, entries 8−10), but the use of TMAF gave only a trace
amount of the product 2a (Table 1, entry 11). In the absence of
fluoride source, the C−H siylation reaction did not proceed at
all (Table 1, entry 12).
TMSCF3 (Ruppert−Prakash reagent) is a commercially

available reagent which has been known as a useful precursor
for CF3 carbanion.9 In general, perfluoroalkylsilanes are
relatively stable to acid and water, which is a considerable
advantage of perfluoroalkylsilanes over related organometallic
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Figure 1. Working hypothesis of the new deprotonative silylation.
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compounds. In the first preparation of TMSCF3 by Ruppert
and co-workers in 1984, the ozone-depleting CF3Br was used
with TMSCl mediated by (Et2N)3P.

10a But more recently,
TMSCF3 has been successfully prepared in high yield by
Prakash and co-workers through the reaction of nonozone
depleting CF3H with TMSCl using potassium hexamethyldisi-
lazide (KHMDS).10b TMSCF3 has been widely used for
introducing CF3 group in various molecules, but the use of CF3
carbanion as a base for aromatic C−H deprotonation has not
well explored in spite of a suggestive example of 1,3-
dinitrobenzene deprotonation by CF3 carbanion leading to a
mixture of many products.11 The pKa value of CF3H is reported
to be around 30,12 and its conjugate base CF3 carbanion is
considered to have enough basicity to deprotonate activated
aromatic ring protons.
Using the optimized reaction conditions in Table 1, various

functionalized benzothiophenes were examined for the
deprotonative C−H silylation (Table 2). It was found that
the suitable metal fluoride depends on the substrates in some

cases. For the silylation of 5-methylbenzothiophene (1b), the
use of CsF was superior to RbF. The best result was obtained
when the reaction was carried out for 24 h and the product 2b
was obtained in 83% yield (Table 2, entries 1−3). In the case of
5-cyanobenzothiophene (1c), RbF showed better performance
in short reaction time to give the product 2c in 93% yield
(Table 2, entries 4 and 5). When 5-bromobenzothiophene (1d)
was used as a substrate, both of RbF and CsF gave excellent
results and high yield of the silylated product was obtained
(Table 2, entries 6 and 7). 3-Bromobenzothiophene (1e) can
also be used as a substrate and 2-silylated product 2e was
obtained in good yield without affecting bromo substituent
(Table 2, entries 8−10). The silylation reaction of benzofuran
(1f) was found to proceed using CsF and the 2-silylated
product 2f was obtained in 51% yield.
We next focused our interest in the silylation of function-

alized thiophenes using the conditions. Gratifyingly, the
presence of a variety of electrophilic functional groups on the
thiophene at the 2-position did not interfere with the outcome
of the C−H silylation. 2-Substituted thiophenes underwent
monosilylation at the C5 position in very good yields (Table 3).

Table 1. Optimization of Reaction Parameters for
Benzothiophene Silylation

entry MF silane solvent temp (°C) yielda (%)

1 KF TMSNMe2 DMI rt 0
2 KF TMSNEt2 DMI rt 0
3 KF (TMS)3N DMI rt 0
4 KF TMSCF3 DMI rt 14
5 KF TMSCF3 DMI 0 51(41)b

6 KF TMSCF3 DMPU 0 6
7 KF TMSCF3 NMP 0 14
8 RbF TMSCF3 DMI 0 86 (83)b

9 CsF TMSCF3 DMI 0 83 (82)b

10c CsF TMSCF3 DMI 0 97 (94)b

11 TMAF TMSCF3 DMI 0 trace
12 none TMSCF3 DMI 0 0

aYields are determined by 1H NMR. bIsolated yields are shown. cThe
reaction time is 2 h.

Table 2. Silylation of Functionalized Benzothiophenes and Benzofuran

entry substrate X R3 R5 MF time (h) product yielda (%)

1 1b S H Me RbF 2 2b 10
2 1b S H Me CsF 2 2b 60
3 1b S H Me CsF 24 2b 83 (81)b

4 1c S H CN RbF 2 2c 93 (79)b

5 1c S H CN CsF 2 2c 60
6 1d S H Br RbF 2 2d 100 (93)b

7 1d S H Br CsF 2 2d 91
8 1e S Br H RbF 2 2e 66
9 1e S Br H CsF 2 2e 77
10c 1e S Br H CsF 2 2e 72 (65)b

11 1f O H H RbF 2 2f 38
12 1f O H H RbF 2f 51 (51)b

aYields are determined by 1H NMR. bIsolated yields are shown. cTMSCF3 (5 equiv) was employed.

Table 3. Silylation of Functionalized Thiophenes

entry substrate R MF product yielda (%)

1 3a Br RbF 4a 88 (71)b

2 3a Br CsF 4a 60
3 3b I RbF 4b 80 (72)b

4 3b I CsF 4b 46
5 3c NO2 RbF 4c 80 (68)b

6 3c NO2 CsF 4c 68
7 3d COOEt RbF 4d 40 (37)b

8 3d COOEt CsF 4d 0
9 3e CN RbF 4e 20 (10)b

10c 3e CN RbF 4e 92 (84)b

11 3e CN CsF 4e <5
aYields are determined by 1H NMR. bIsolated yields are shown. cThe
reaction was carried out using DMI/THF(1:1) at −20 °C.
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For the silylation of 2-bromothiophene (3a), the use of RbF
showed excellent performance, and 5-silylated product 4a was
obtained in 88% yield, while the use of CsF gave the product 4a
in 60% yield (Table 3, entries 1 and 2). 2-Iodothiophene (3b)
can be used as a substrate, and the silylated product 4b was
obtained in 80% yield when RbF was used. The use of CsF in
this case gave the product 4b in lower yield (Table 3, entries 3
and 4). The silylation of 2-nitrothiophene (3c) proceeded
smoothly using RbF to give the product 4c in 80% yield, while
the use of CsF was slightly less effective (Table 3, entries 5 and
6). In the case of ethyl 2-thiophenecarboxylate (3d), the
silylation proceeded only when RbF was used as an activator to
give the product 4d in 40% yield and the use of CsF was not
effective (Table 3, entries 7 and 8). Similarly, the silylation of 2-
thiophenecarbonitrile (4e) proceeded smoothly only with RbF
to give the product 5e in 92% yield.
Intrigued by the high compatibility with sensitive functional

groups such as halogen and nitro groups, our next interest was
focused on the silylation of functionalized nitrobenzenes.
Nitrobenzenes are versatile synthetic intermediates due to
their ease of synthesis, their ability to activate leaving groups in
nucleophilic substitution, and their ready reduction to versatile
amine derivatives. The selective C−H functionalization
chemistry compatible with nitro functionality is considered to
be a great advantage. The nitro group is expected to enhance
the acidity of adjacent aromatic ring protons significantly,
allowing the use of a mild base for deprotonation.
2-Bromonitrobenzene (5a) was examined for the silylation,

and the silylation occurred at C6 position using RbF or CsF to
give the product 6a in 37 or 28% yield (Table 4, entries 1 and

3). The yield was improved up to 50% yield when excess RbF
and TMSCF3 were employed (Table 4, entry 2). 2-
Iodonitrobenzene (5b) was also silylated using RbF to give
the product 6b, and the use of CsF gave no silylated product
(Table 4, entries 4 and 5). The silylation of 1,2-dinitrobenzene
5c proceeded with CsF to give the product 6c in 40% yield, and
the use of RbF was less effective in this case (Table 4, entries
6−8). The C−Si functionalization of trimethylsilylated nitro-
arenes has been investigated using electrophiles with fluoride

catalysts and these products could be useful intermediates in
the synthesis of polyfunctionalized nitroarenes.13

The CF3 carbanion generated in situ is considered to
function as a base to deprotonate aromatic ring proton. The
aryl carbanion reacts with TMSCF3 to give the arylsilane and
regenerates CF3 carbanion which deprotonates another
substrate molecule to form a catalytic cycle releasing trifluoro-
methane CF3H (HFC-23, bp −82 °C) as a side product of
silylation.14 Whereas the mechanistic details have yet to be
elucidated, the observed regioselectivity is considered to be
consistent with the acidity of ring protons of arenes and
heteroarenes suggesting the ring C−H deprotonation is a key
step.15 Very recently, an important report on the nature of CF3
carbanion appeared and the discussions on the stability is
considered be supportive for the function of CF3 carbanion as a
deprotonating base.11b,16,17

In conclusion, we have developed a new selective
deprotonative C−H silylation of functionalized arenes and
heteroarenes using a combination of Ruppert−Prakash reagent
and metal fluoride. Further investigations on the scope,
mechanism, and synthetic application of the deprotonative
C−H silylation are underway.

■ ASSOCIATED CONTENT
*S Supporting Information

Detailed experimental procedure and characterization data for
each compound. This material is available free of charge via the
Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author

*E-mail: ykondo@mail.pharm.tohoku.ac.jp.

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We gratefully acknowledge financial support by a Grant-in-Aid
for Scientific Research (B) (No. 23390002), a Grant-in-Aid for
Challenging Exploratory Research (No. 25670002) from Japan
Society for the promotion of Science, a Grant-in-Aid for
Scientific Research on Innovative Areas “Advanced Molecular
Transformations by Organocatalysis” (No. 23105009), and the
project “Platform for Drug Discovery, Informatics, and
Structural Life Science” from the Ministry of Education,
Culture, Sports, Science and Technology, Japan.

■ REFERENCES
(1) (a) Ackermann, L. Acc. Chem. Res. 2014, 47, 281−295. (b) Gao,
K.; Yoshikai, N. Acc. Chem. Res. 2014, 47, 1208−1219. (c) Mousseau,
J. J.; Charette, A. B. Acc. Chem. Res. 2013, 46, 412−424. (d) Yamaguchi,
J.; Yamaguchi, A. D.; Itami, K. Angew. Chem., Int. Ed. 2012, 51, 8960−
9009. (e) Kuhl, N.; Hopkinson, M. N.; Wencel-Delord, J.; Glorius, F.
Angew. Chem., Int. Ed. 2012, 51, 10236−10254. (f) Neufeldt, S. R.;
Sanford, M. S. Acc. Chem. Res. 2012, 45, 936−946. (g) Haag, B.;
Mosrin, M.; Ila, H.; Malakhov, V.; Knochel, P. Angew. Chem., Int. Ed.
2011, 50, 9794−9824. (h) Newhouse, T.; Baran, P. S. Angew. Chem.,
Int. Ed. 2011, 50, 3362−3374. (i) Daugulis, O.; Do, H.-Q.; Shabashov,
D. Acc. Chem. Res. 2009, 42, 1074−1086.
(2) (a) Chemistry of Organosilicon Compounds; Rappoport, Z.,
Apeloig, Y., Eds.; Wiley-VCH: New York, 2001; Vol. 3. (b) Colvin, E.
W. Silicon Reagents in Organic Synthesis; Academic Press: London,
1988.

Table 4. Silylation of Functionalized Nitrobenzenes

entry substrate R MF product yielda (%)

1 5a Br RbF 6a 37 (35)b

2c 5a Br RbF 6a 50 (49)b

3 5a Br CsF 6a 28 (24)b

4 5b I RbF 6b 20 (17)b

5 5b I CsF 6b 0
6 5c NO2 RbF 6c 14
7 5c NO2 CsF 6c 28
8d 5c NO2 CsF 6c 40 (33)b

aYields are determined by 1H NMR. bIsolated yields are shown. cRbF
(2.4 equiv) and TMSCF3 (6 equiv) were employed for the reaction.
dThe reaction was carried out using DMI/THF (1:1) at −20 °C for 24
h.

Organic Letters Letter

DOI: 10.1021/ol503671b
Org. Lett. 2015, 17, 848−851

850



(3) (a) Ball, L. T.; Lloyd-Jones, G. C.; Russel, C. A. J. Am. Chem. Soc.
2014, 136, 254−264. (b) Kawasumi, K.; Mochida, K.; Kajino, T.;
Sagawa, Y.; Itami, K. Org. Lett. 2012, 14, 418−421.
(4) (a) Yamanoi, Y.; Nishihara, H. J. Org. Chem. 2008, 73, 6671−
6678. (b) Iizuka, M.; Kondo, Y. Eur. J. Org. Chem. 2008, 1161−1163.
(c) McNeill, E.; Barder, T. E.; Buchwald, S. L. Org. Lett. 2007, 9,
3785−3788. (d) Yamanoi, Y.; Nishihara, H. Tetrahedron Lett. 2006, 47,
7157−7161. (e) Hamze, A.; Provot, O.; Alami, M.; Brion, J.-D. Org.
Lett. 2006, 8, 931−934. (f) Yamanoi, Y. J. Org. Chem. 2005, 70, 9607−
9609. (g) Denmark, S. E.; Kallemeyn, J. M. Org. Lett. 2003, 5, 3483−
3486.
(5) (a) Cheng, C.; Hartwig, J. F. Science 2014, 343, 853−857. (b) Li,
Q.; Driess, M.; Hartwig, J. F. Angew. Chem., Int. Ed. 2014, 53, 8471−
8474. (c) Xiao, Q.; Meng, X.; Kanai, M.; Kuninobu, Y. Angew. Chem.,
Int. Ed. 2014, 53, 3168−3172. (d) Hartwig, J. F. Acc. Chem. Res. 2012,
45, 864−873. (e) Sakurai, T.; Matsuoka, Y.; Hanataka, T.; Fukuyama,
N.; Namikoshi, T.; Watanabe, S.; Murata, M. Chem. Lett. 2012, 41,
374−376. (f) Oyamada, J.; Nishiura, M.; Hou, Z. Angew. Chem., Int.
Ed. 2011, 50, 10720−10723. (g) Klare, H. F. T.; Oestreich, M.; Ito, J.-
i.; Nishiyama, H.; Ohki, Y.; Tatsumi, K. J. Am. Chem. Soc. 2011, 133,
3312−3315. (h) Ihara, H.; Suginome, M. J. Am. Chem. Soc. 2009, 131,
7502−7503. (i) Tobisu, M.; Ano, Y.; Chatani, N. Chem.Asian J.
2008, 3, 1585−1591. (j) Murata, M.; N. Fukuyama, N.; Wada, J.-i.;
Watanabe, S.; Masuda, Y. Chem. Lett. 2007, 36, 910−911. (k) Saiki, T.;
Nishio, Y.; Ishiyama, T.; Miyaura, N. Organometallics 2006, 25, 6068−
6073. (l) Tsukada, N.; Hartwig, J. F. J. Am. Chem. Soc. 2005, 127,
5022−5023. (m) Ishiyama, T.; Sato, K.; Nishio, Y.; Saiki, T.; Miyaura,
N. Chem. Commun. 2005, 5065−5067. (n) Ishiyama, T.; Sato, K.;
Nishio, Y.; Miyaura, N. Angew. Chem., Int. Ed. 2003, 42, 5346−5348.
(o) Kakiuchi, F.; Matsumoto, M.; Tsuchiya, K.; Igi, K.; Hayamizu, T.;
Chatani, N.; Murai, S. J. Organomet. Chem. 2003, 686, 134−144.
(p) Kakiuchi, F.; Igi, K.; Matsumoto, M.; Hayamizu, T.; Chatani, N.;
Murai, S. Chem. Lett. 2002, 396−397. (q) Kakiuchi, F.; Igi, K.;
Matsumoto, M.; Chatani, N.; Murai, S. Chem. Lett. 2001, 422−423.
(r) Kakiuchi, F.; Matsumoto, M.; Sonoda, M.; Fukuyama, T.; Chatani,
N.; Murai, S. Chem. Lett. 2000, 750−751.
(6) (a) Black, W. C.; Guay, B.; Scheuermeyer, F. J. Org. Chem. 1997,
62, 758−760. (b) Krizan, T. D.; Martin, J. C. J. Am. Chem. Soc. 1983,
105, 6155−6157. (c) Taylor, S. L.; Lee, D.; Martin, Y. J. C. J. Org.
Chem. 1983, 48, 4158−4159.
(7) (a) Do, H.-Q.; Daugulis, O. Org. Lett. 2009, 11, 421−423.
(b) Popov, I.; Do, H.-Q.; Daugulis, O. J. Org. Chem. 2009, 74, 8309−
8313.
(8) (a) Taneda, H.; Inamoto, K.; Kondo, Y. Chem. Commun. 2014,
50, 6523−6525. (b) Inamoto, K.; Okawa, H.; Kikkawa, S.; Kondo, Y.
Tetrahedron 2014, 70, 7917−7922. (c) Inamoto, K.; Araki, Y.;
Kikkawa, S.; Yonemoto, M.; Kondo, Y. Org. Biomol. Chem. 2013, 11,
4438−4441. (d) Inamoto, K.; Okawa, H.; Taneda, H.; Sato, M.;
Hirono, Y.; Yonemoto, M.; Kikkawa, S.; Kondo, Y. Chem. Commun.
2012, 48, 9771−9773.
(9) (a) Liu, X.; Xu, C.; Wang, M.; Liu, Q. Chem. Rev. 2015, 115,
683−730. (b) Prakash, G. K. S.; Yudin, A. K. Chem. Rev. 1997, 97,
757−786. (c) Tomaschenko, O. A.; Grushin, V. V. Chem. Rev. 2011,
111, 4475−4521.
(10) (a) Ruppert, I.; Schlich, K.; Volbach, W. Tetrahedron Lett. 1984,
25, 2195−2198. (b) Prakash, G. K. S.; Jog, P. V.; Batamack, P. T. D.;
Olah, G. A. Science 2012, 338, 1324−1327.
(11) (a) Adams, D. J.; Clark, J. H.; Hansen, L. B.; Sanders, V. C.;
Tavener, S. J. J. Chem. Soc., Perkin Trans. 1 1998, 3081−3085.
(b) Behr, J.-B.; Chavaria, D.; Plantier-Royon, R. J. Org. Chem. 2013,
78, 11477−11482.
(12) (a) Andreades, S. J. Am. Chem. Soc. 1964, 86, 2003−2010.
(b) Symons, E. A.; Clermont, M. J. J. Am. Chem. Soc. 1981, 103,
3127−3130. (c) Slater, C. R. J. Org. Chem. 1981, 46, 2173−2175.
(d) Cioslowski, J.; Mixon, S. T.; Fleischmann, E. D. J. Am. Chem. Soc.
1991, 113, 4751−4755. (e) Zhang, M.; Badal, M. M. R.; Pasikowska,
M.; Sonoda, T.; Mishima, M.; Fukaya, H.; Ono, T.; Siehl, H.-U.;
Abboud, J.-L. M.; Koppel, I. A. Bull. Chem. Soc. Jpn. 2014, 87, 825−
834.

(13) (a) Effenberger, F.; Spiegler, W. Chem. Ber. 1985, 118, 3900−
3914. (b) Yonemoto-Kobayashi, M.; Inamoto, K.; Kondo, Y. Chem.
Lett. 2014, 43, 477−479.
(14) For the use of CHF3 as a reagent, see: (a) Zanardi, A.; Novikov,
M. A.; Martin, E.; J. Benet-Buchholtz, J.; Grushin, V. V. J. Am. Chem.
Soc. 2011, 133, 20901−20913. (b) Billard, T.; Bruns, S.; Langlois, B. R.
Org. Lett. 2000, 2, 2101−2103. (c) Large, S.; Roques, N.; Langlois, B.
R. J. Org. Chem. 2000, 65, 8848−8856. (d) Folleás, B.; Marek, I.;
Normant, J.-F.; Saint-Jalmes, L. Tetrahedron 2000, 56, 275−283.
(e) Folleás, B.; Marek, I.; Normant, J.-F.; Saint-Jalmes, L. Tetrahedron
Lett. 1998, 39, 2973−2976. (f) Russel, J.; Roques, N. Tetrahedron
1998, 54, 13771−13782. (g) Shono, T.; Ishifune, M.; Okada, T.;
Kashimura, S. J. Org. Chem. 1991, 56, 2−4.
(15) (a) Shen, K.; Fan, Y.; Li, J.-N.; Liu, L.; Guo, Q.-X. Tetrahedron
2007, 63, 1568−1576. (b) Bouchoux, G. Chem. Phys. Lett. 2011, 506,
167−174. (c) Meot-Ner (Mautner), M.; Kafafi, S. A. J. Am. Chem. Soc.
1988, 110, 6297−6303. (d) Eaborn, C.; Stamper, J. G. J. Organomet.
Chem. 1981, 204, 27−45. (e) Eaborn, C.; Stamper, J. G. J. Organomet.
Chem. 1978, 150, C23−C24.
(16) Prakash, G. K. S.; Wang, F.; Zhang, Z.; Haiges, R.; Rahm, M.;
Christe, K. O.; Mathew, T.; Olah, G. A. Angew. Chem., Int. Ed. 2014,
53, 11575−11578.
(17) The formation of CF3H was monitored for the silylation of
benzothiophene using 1H NMR and 19F NMR. See the Supporting
Information.

Organic Letters Letter

DOI: 10.1021/ol503671b
Org. Lett. 2015, 17, 848−851

851


