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Abstract: A C—H silylation of pyridines that seemingly
proceeds through electrophilic aromatic substitution (SpAr)
is reported. Reactions of 2- and 3-substituted pyridines with
hydrosilanes in the presence of a catalyst that splits the Si—H
bond into a hydride and a silicon electrophile yield the
corresponding 5-silylated pyridines. This formal silylation of
an aromatic C—H bond is the result of a three-step sequence,
consisting of a pyridine hydrosilylation, a dehydrogenative
C—H silylation of the intermediate enamine, and a 1,4-dihy-
dropyridine retro-hydrosilylation. The key intermediates were
detected by 'H NMR spectroscopy and prepared through the
individual steps. This complex interplay of electrophilic
silylation, hydride transfer, and proton abstraction is promoted
by a single catalyst.

Catalytic processes that employ hydrosilanes to transform
an unactivated C—H bond into a synthetically valuable C—Si
bond are presently garnering tremendous attention.!'! The
current state of the art includes broadly applicable transition-
metal-catalyzed C—H silylations” and a rather unorthodox
C-Si bond formation promoted by KOrBu® as well as
Friedel-Crafts-type approaches.! Something that these and
other methods, except for a few recent examples,””! share is
that pyridines do not participate readily. Instead, the pyridin-
2-yl donor in 1 usually acts as a robust directing group in
transition-metal-catalyzed C—H silylation (Figure 1, left).["
We disclose herein a counterintuitive solution to the problem
of pyridine C—H silylation that even leaves the phenyl group
in 1 intact (Figure 1, right).
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Figure 1. C—H bonds in 2-phenylpyridine (1) addressed by conven-
tional (left) and unconventional (right) C—H silylation.
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Our strategy merges 1,4-hydrosilylation of pyridines!”
(I—-II), dehydrogenative C-silylation of N-silylated en-
amines™” (II-III), and retro-hydrosilylation of 1,4-dihydro-
pyridines!"”! (IN—IV) into a one-pot procedure (Scheme 1).
A simplified description of this three-step sequence is that the
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Scheme 1. Strategy for an electrophilic C—H silylation of pyridines that
does not follow an S¢Ar reaction at the pyridine nucleus. Si=triorgano-
silyl.

reversible 1,4-hydrosilylation'”! is the tool to break (step 1)
and reestablish (step 3) the aromaticity of the pyridine
L1431 The actual C—H silylation event (step 2) happens at
the stage of the dearomatized pyridine, i.e., the 1,4-dihydro-
pyridine II. All steps are mediated by the same catalyst, the
tethered Ru—S complex VI (2; Scheme 2). The Ru—S bond
in V cleaves the Si—H bond of hydrosilanes into a metal
hydride and a sulfur-stabilized silicon cation (V—VI).['”
Lewis-basic substrates such as pyridines I’ or enamines II*®
abstract the silicon electrophile from VI to form the Ru—H
complex VII (VI—VII). The dichotomous reactivity of VII is
critical for the success of the present undertaking: it reacts
either as a hydride donor or a proton acceptor, thereby
enabling both hydrosilylations (as step 1; Scheme 1) and
dehydrogenative couplings (as step 2; Scheme 1). When these
components all act in concert, the one-pot transformation of
pyridines I into 5-silylated pyridines I'V outlined in Scheme 1
will be achievable.

The individual reactions”* proceed at room temperature
but the desired sequence then stops at the stage of the 1,4-
dihydropyridine. We therefore tested pyridine (3) as well as
selected 3-" and 2-substituted congeners (4-6 and 1; Figure 2)
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Scheme 2. Cooperative Si—H bond activation and silicon cation trans-
fer (counteranion BArf,~ omitted for clarity, top), and the tethered
Ru—S complexes 2 tested as catalysts (bottom). Arf=3,5-bis trifluoro-
methyl)phenyl.
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Figure 2. Performance of model compounds tested in the initial
screening.

at 80°C with catalysts 2al’! and 2b.®! The reaction of 4-
substituted pyridines was messy (data not shown). It must be
noted that 2-substituted pyridines 6 and 1 had not been
amenable to room-temperature hydrosilylation.”) A broad
screening of reaction parameters applied to those pyridines
revealed that parent 3 yields complex mixtures while the
other model compounds showed formation of the desired 5-
silylated pyridine derivative (Figure2). The reactions of
pyridine 1 with a phenyl group at C2 were fairly clean, and
we continued with 1 to further optimize the method. Also,
unlike the work of Chang, Park, and co-workers,”) quinoline
yielded an intractable mixture.

Another result of this preliminary screening was that the
use of any solvent, typically non-donating solvents such as
(chlorinated) hydrocarbons, thwarts conversion. As a conse-
quence, reactions were run in excess hydrosilane (10 equiv).
Under these boundary conditions, we tested catalysts 2a—¢ in
the C—H silylation of 1 with Me,PhSiH (1—7; Table 1,
entries 1-3). Complex 2b, which was previously used in
enamine dehydrogenative coupling,”® was superior to 2a from
the pyridine hydrosilylation;”! 2¢,!®! which has an electron-
deficient phosphine ligand, was also less effective. Other
triorganosilanes such as EtMe,SiH, MePh,SiH, and Et;SiH
did not participate in this multistep sequence (Table 1,
entries 4-6).

The optimized reaction setup afforded the S-silylated 2-
phenylpyridine 7 in 59% yield of isolated product. We
consider this a decent result, keeping in mind that the reaction
passes through several reactive intermediates. Despite the
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Table 1: Catalyst and hydrosilane identification.!
+
/[R@Ar
3
2 (4.0 mol%)

Ho MeoPhSi_~
L - o 19!
= neat =

N™ "Ph N™ "Ph

, 80 °C
1 (10 equiv) 24h 7

Entry Hydrosilane Conv. [%]®

Me,PhSiH 33
Me,PhSiH 82
Me,PhSiH 47
EtMe,SiH 30
MePh,SiH no reaction
Et,SiH no reaction
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N
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—~ e~ — —~
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6 2b (R=iPr)

[a] Reactions were performed on a 0.14 mmol scale. [b] Determined by
GLC analysis with reference to the starting material. [c] Desired pyridine
not detected by GLC-MS analysis.

+m
__[Rul~gpar
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H Me,PhSi
VA 2b (4. 19 2 VA
\f/J + Me,PhSiH w, \(\/J
P2 neat N/

N 80 °C

1,4,6,and 8-13 (10 equiv) 24 h 7 and 14-21

Me,PhSi %zphsl \(j\éi%& %

7 (from 1) 14 (from 8) 15 (from 9)
59%2! 59%2! 55%!2

Me,PhSi \(jjil\/ljezjh& \(j\éezjh& %

16 (from 10) 17 (from 11) 18(from 12)
se%lal 45%0 24%P!

Me,PhSi X Me,PhSi N Me,PhSi N Me
P | L
N Me N iPr

N
19 (from 6) 20 (from 13)

21 (from 4)
34%aP! 35%2! 65%2!

Scheme 3. 5-Selective C—H silylation of 2- and 3-substituted pyridines.
[a] Reactions were performed on a 0.14 mmol scale. Yields of isolated
products after purification by flash chromatography on silica gel.

[b] Isolated from a complex mixture, still containing impurities.

[c] Reaction was performed on a 0.14 mmol scale with 5.0 equiv of the
hydrosilane at 80°C for 3 h.

moderate yields in this and subsequent reactions, we were not
able to identify any major byproducts. We next probed the
scope with respect to pyridines substituted with electronically
different aryl groups in the 2-position (8-12; Scheme 3). Both
electron-donating and electron-withdrawing groups were
tolerated. Compound 10, which has a difluorinated aryl
group, afforded an excellent 86 % yield, but a dimethylamino
group in the 4-position of the aryl group led to a diminished
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yield of 24%. Alkylation at C2 of the pyridine was also
accepted although yields were substantially lower (6 and 13;
Scheme 3). Except for 3-picoline (4; Scheme 3), none of the 3-
substituted pyridines!”! reacted cleanly, usually furnishing low
yields (e.g., 15 % for 5 to afford 22, data not shown). The C—H
silylation of 4 was successful, giving 65% yield of isolated
product.

We were also able to detect the assumed key intermedi-
ates, 1,4-dihydropyridines 23 and 24 when monitoring the
reaction of 4 and Me,PhSiH by '"H NMR spectroscopy (4—
23—24; Scheme 4). In the presence of excess Me,PhSiH,

L 2 )
o 2b Y4 o 2b  Me,PhSi "\ ch
xCHs  Me,PhsiH ) 3 Me,PhSiH 'V€2m NSl R 3
| _ neat neat
N RT N 80°C N
2h SiPhMe, 1h SiPhMe,
4 23 —-H 24
*
° [ )
80°CIh  f o N - N
B * *f
RT,2h  #
8| | | 8|
W, i
*
’ u |
RT,1h ¢

pyridine 4 l

rgj * internal standard

31 30 29 28 27 26 25 24 23 22 21

20 19 18 17 16 15 ppm

Scheme 4. Monitoring the C—H silylation of 3-picoline (4) by 'H NMR
spectroscopy (400 MHz) in CD,Cl,: detection of key intermediates.

pyridine 4 fully converts into 1,4-dihydropyridine 23 within
two hours at room temperature, and no further reaction is
seen at this temperature. Heating at 80°C then initiates the
C—H silylation of the N-silylated enamine motif in 23 to
afford the 5S-silylated 1,4-dihydropyridine 24 in one hour. No
rearomatized 21 is detected after this time, thus indicating
that the retro-hydrosilylation'"! is rate determining (24—21).
We therefore prepared 23 according to the published
procedure!” at room temperature (4—23) and subjected it
independently to the dehydrogenative enamine silylation
method® with excess hydrosilane at 80°C (23—24). The
desired S-silylated 1,4-dihydropyridine 24 was formed, and
the catalyst was removed by filtration through a small pad of
Celite under inert atmosphere. This sample of 24 was then
used for separate investigations of the retro-hydrosilylation,
and it was shown that neither heating at 80 °C nor exposure to
air alone leads to rearomatization. The catalyst is thus
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required in the final step (24—21), which is consistent with
earlier findings by Nikonov and co-workers.['")

We present herein a one-pot transformation that is usually
considered virtually impossible: a formal SgAr of pyridines
with electrophilic silicon. The trick is to temporarily break the
aromaticity and exploit the nucleophilicity of the enamine
intermediate."'*% The strategy hinges on the reversible 1,4-
hydrosilylation of pyridines,”'”! and we discovered that the
same catalyst also promotes dehydrogenative silylation of the
nucleophilic enamine carbon atom.®! The net result of this
three-step sequence is a meta-selective C—H silylation of
mainly 2-substituted pyridines that would otherwise be
difficult to achieve in a single synthetic operation.

Acknowledgements

This research was supported by the Deutsche Forschungsge-
meinschaft (Oe 249/10-1). M.O. is indebted to the Einstein
Foundation (Berlin) for an endowed professorship. We thank
Dr. Hendrik F. T. Klare (TU Berlin) for insightful discussions.

Keywords: C—H activation - electrophilic substitution -
hydrosilylation - N-heterocycles - Si—H bond activation

How to cite: Angew. Chem. Int. Ed. 2015, 54, 15876—15879
Angew. Chem. 2015, 127, 16103-16106

[1] Up-to-date reviews of catalytic silylation of unactivated C—H
bonds: a) C. Cheng, J. F. Hartwig, Chem. Rev. 2015, 115, 8946 —
8975, and references therein; b) Y. Yang, C. Wang, Sci. China
Chem. 2015, 58, 1266—1279.

[2] a) C. Cheng, J. F. Hartwig, Science 2014, 343, 853-857; b) C.
Cheng, J. F. Hartwig, J. Am. Chem. Soc. 2014, 136, 12064 -12072;
c¢) C. Cheng, J. F. Hartwig, J. Am. Chem. Soc. 2015, 137, 592—
595.

[3] A. A. Toutov, W.-B. Liu, K. N. Betz, A. Fedorov, B. M. Stoltz,
R. H. Grubbs, Nature 2015, 518, 80— 84.

[4] a) H. F. T. Klare, M. Oestreich, J.-i. Ito, H. Nishiyama, Y. Ohki,

K. Tatsumi, J. Am. Chem. Soc. 2011, 133,3312-3315;b) C. D. F.

Koénigs, M.FE Miiller, N. Aiguabella, H.F. T. Klare, M.

Oestreich, Chem. Commun. 2013, 49, 1506—1508; for an iron-

catalyzed C—H silylation potentially following a Friedel — Crafts

mechanism, see: c¢) Y. Sunada, H. Soejima, H. Nagashima,

Organometallics 2014, 33, 5936 —5939.

a) Ref. [2¢]; for intramolecular pyridine C—H silylations, see:

b) A. Kuznetsov, Y. Onishi, Y. Inamoto, V. Gevorgyan, Org. Lett.

2013, 15, 2498 -2501.

a) F. Kakiuchi, K. Tsuchiya, M. Matsumoto, E. Mizushima, N.

Chatani, J. Am. Chem. Soc. 2004, 126, 12792-12793; b) M.

Tobisu, Y. Ano, N. Chatani, Chem. Asian J. 2008, 3, 1585-1591;

¢) G. Choi, H. Tsurugi, K. Mashima, J. Am. Chem. Soc. 2013,

135, 13149-13161.

[7] C.D.F Konigs, H. F. T. Klare, M. Oestreich, Angew. Chem. Int.

Ed. 2013, 52, 10076 -10079; Angew. Chem. 2013, 125, 10260 —

10263.

‘We had observed this reaction as a minor pathway subsequent to

the dehydrogenative Si—N coupling of enolizable imines

(1.0 equiv) and hydrosilanes (1.0 equiv). Excellent yields of the

C- and N-silylated enamines were obtained with double the

amount of the hydrosilane (2.0 equiv): J. Hermeke, H. F. T.

Klare, M. Oestreich, Chem. Eur. J. 2014, 20, 9250-9254 and its

Supporting Information.

5

—_

[6

—_

[8

[

Angew. Chem. Int. Ed. 2015, 54, 15876 15879


http://dx.doi.org/10.1021/cr5006414
http://dx.doi.org/10.1021/cr5006414
http://dx.doi.org/10.1007/s11426-015-5375-0
http://dx.doi.org/10.1007/s11426-015-5375-0
http://dx.doi.org/10.1126/science.1248042
http://dx.doi.org/10.1021/ja505844k
http://dx.doi.org/10.1021/ja511352u
http://dx.doi.org/10.1021/ja511352u
http://dx.doi.org/10.1038/nature14126
http://dx.doi.org/10.1021/ja111483r
http://dx.doi.org/10.1039/c3cc38900f
http://dx.doi.org/10.1021/om500794f
http://dx.doi.org/10.1021/ol400977r
http://dx.doi.org/10.1021/ol400977r
http://dx.doi.org/10.1021/ja047040d
http://dx.doi.org/10.1002/asia.200800090
http://dx.doi.org/10.1021/ja406519u
http://dx.doi.org/10.1021/ja406519u
http://dx.doi.org/10.1002/anie.201305028
http://dx.doi.org/10.1002/anie.201305028
http://dx.doi.org/10.1002/ange.201305028
http://dx.doi.org/10.1002/ange.201305028
http://dx.doi.org/10.1002/chem.201402866
http://www.angewandte.org

]

(10]

(1]

Angew. Chem. Int. Ed. 2015, 54, 15876 —15879

dehydrogenative coupling pathway (Oestreich, Ref. [8])

SLN,Ar2 Si.+ . Ar? SLN,Ar2

SH Vi H Vi S_H
Ar1)\( Ar1%< -V Ar1)\(

H BArF4‘H Si and H, Si

reduction pathway (Park & Chang, Ref. [9])

Si Si Si
O — g — L
G, X

H H
H Si Si

(CeF5)gB---H---Si [HB(CeFs)sl”

This dehydrogenative coupling is indeed unusual but the
electrophilic silylation of N-silylated enamines with B(CyFs);-
activated hydrosilanes is rather facile: N. Gandhamsetty, S.
Joung, S.-W. Park, S. Park, S. Chang, J. Am. Chem. Soc. 2014,
136, 16780-16783.

Nikonov and co-workers had reported a related 1,4-hydro-
silylation of pyridines and demonstrated its reversibility, e.g.,
through deuterium incorporation at the 4-position by using
Me,PhSiD: D. V. Gutsulyak, A. vander Est, G. 1. Nikonov,
Angew. Chem. Int. Ed. 2011, 50, 1384 - 1387; Angew. Chem. 2011,
123, 1420-1423. A similar experiment is included into the
Supporting Information.

Tsuge and co-workers introduced a similar multistep approach
consisting of Sulzbach’s reductive 1,4-bis-silylation of pyri-
dines!™” and fluoride-mediated hydroxyalkylation of the N-
silylated enamine.!"® Elimination and desilylation eventually
afford meta-alkylated pyridines: a) O. Tsuge, S. Kanemasa, T.
Naritomi, J. Tanaka, Chem. Lett. 1984, 1255-1258; b) O. Tsuge,

[12]
[13]
[14]

[15]

[16]

(17]

(18]

Ang

Internatic

S. Kanemasa, T. Naritomi, J. Tanaka, Bull. Chem. Soc. Jpn. 1987,
60, 1497-1504.

R. A. Sulzbach, J. Organomet. Chem. 1970, 24, 307 -314.

W. Ando, H. Tsumaki, Tetrahedron Lett. 1982, 23, 3073 -3076.
A different but nevertheless related approach was disclosed by
Ohmura and Suginome. A palladium(0)-catalyzed 1,4- or 1,2-
selective addition of Si—B reagents across pyridines, followed by
treatment with benzaldehyde yields 4- and 2-silylated pyridines,
respectively. K. Oshima, T. Ohmura, M. Suginome, J. Am. Chem.
Soc. 2011, 133, 7324-7327.

Another strategy involves Friedel-Crafts acylation of N-acylated
1,4-dihydropyridines followed by oxidation: a)T. Shono, Y.
Matsumura, K. Tsubata, Y. Sugihara, S.-i. Yamane, T. Kanazawa,
T. Aoki, J. Am. Chem. Soc. 1982, 104, 6697-6703; b) D. L.
Comins, N. B. Mantlo, Tetrahedron Lett. 1983, 24, 3683 —3686.
Y. Ohki, Y. Takikawa, H. Sadohara, C. Kesenheimer, B.
Engendahl, E. Kapatina, K. Tatsumi, Chem. Asian J. 2008, 3,
1625-1635.

Mechanism of Si—H bond activation at Ru—S bonds: a) T. Stahl,
P. Hrobarik, C. D. F. Konigs, Y. Ohki, K. Tatsumi, S. Kemper, M.
Kaupp, H. F. T. Klare, M. Oestreich, Chem. Sci. 2015, 6, 4324 —
4334; an analysis of the related Si—H bond activation at Ir—S and
Rh—S bonds: b) K. D. Hesp, R. McDonald, M. J. Ferguson, M.
Stradiotto, J. Am. Chem. Soc. 2008, 130, 16394 —16406.

T. Stahl, H. F. T. Klare, M. Oestreich, J. Am. Chem. Soc. 2013,
135, 1248 -1251.

Received: September 1, 2015
Revised: October 15, 2015
Published online: November 17, 2015

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

die

Chemie

15879


http://dx.doi.org/10.1021/ja510674u
http://dx.doi.org/10.1021/ja510674u
http://dx.doi.org/10.1002/anie.201006135
http://dx.doi.org/10.1002/ange.201006135
http://dx.doi.org/10.1002/ange.201006135
http://dx.doi.org/10.1246/cl.1984.1255
http://dx.doi.org/10.1246/bcsj.60.1497
http://dx.doi.org/10.1246/bcsj.60.1497
http://dx.doi.org/10.1016/S0022-328X(00)80269-7
http://dx.doi.org/10.1016/S0040-4039(00)87536-X
http://dx.doi.org/10.1021/ja2020229
http://dx.doi.org/10.1021/ja2020229
http://dx.doi.org/10.1021/ja00388a037
http://dx.doi.org/10.1016/S0040-4039(00)94508-8
http://dx.doi.org/10.1002/asia.200800106
http://dx.doi.org/10.1002/asia.200800106
http://dx.doi.org/10.1039/C5SC01035G
http://dx.doi.org/10.1039/C5SC01035G
http://dx.doi.org/10.1021/ja8062277
http://dx.doi.org/10.1021/ja311398j
http://dx.doi.org/10.1021/ja311398j
http://www.angewandte.org

