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ABSTRACT: A palladium-catalyzed regioselective activation of
C(sp*)—H and C(sp®>)—H bonds of benzamides and carboxamides,
followed by coupling with disilanes to afford organosilanes in
moderate to high yields, with the aid of 8-aminoquinoline as a
directing group, is reported. Catalytic C(sp*)—H germanylation of |
benzamides also proceeds under the same palladium catalysis. The
reaction tolerates a wide variety of functional groups and is scalable
without yield reduction. The bidentate directing group is readily
removed and recovered by the reaction with a hydrazine, with

concominant generation of an acyl hydrazide.
O rganosilicon compounds are valuable s?rnthetic intermedi-

ates in a variety of organic reactions” and have various
potential uses in materials science.” In addition, recently there
have been a growing number of interesting reports in the
literature on the application of organosilicon compounds as
therapeutically relevant molecules such as amsilarotene, sila-
dimetracrine, a sila-analogue of tetrahydroisoquinoline, silapro-
line, and TMS-alanine in medicinal chemistry (Figure 1).’
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Figure 1. Examples of silicon-containing molecules of medicinal
interests.

Consequently, development of new methods for efficient
strategic installation of silyl groups into organic compounds is
of significant importance in organic chemistry. Compared to the
conventional methods for silylation reactions, synthesis of
organosilanes through direct C—H bond functionalization is
attractive from the viewpoints of atom economy, efficiency, and
environmental benignity.* Several innovative contributions have
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been made in this field which allow for silylation of aromatic,”
vinylic,® allylic,’ and aliphatic® C—H bonds using transition
metals such as Sc, Ru, Rh, Ir, and Pt as catalysts. Despite their
extensive uses in a variety of organic reactions, palladium
catalysts have not been used for the direct silylation of
unactivated C(sp*)—H bonds.

Inspired by recent works on the use of a quinolylamide
bidentate directing group” to facilitate catalytic functionalizations
of C—H bonds, we have developed a palladium-catalyzed direct
silylation reaction of nonacidic C—H bonds of benzamide and
carboxamide derivatives. Our strategy was successfully extended
to germanylation of benzamides. Moreover, the bidentate
directing group was readily removed and recovered by the
reaction with a hydrazine, with concomitant generation of an acyl
hydrazide.

Our initial optimization focused on the effects of oxidants to
the silylation reaction of N-(8-quinolinyl)benzamide (1a, 0.200
mmol) with hexamethyldisilane (2a, 1.00 mmol) in the presence
of Pd(OAc), (10 mol %) in 1,4-dioxane (1.0 mL) as a solvent at
130 °C for 24 h (Table 1). Although only a trace amount of
product 3aa was observed by GC-MS without an oxidant (entry
1), the desired product was obtained in 53% yield when 14-
benzoquinone was used (entry 2). Further screening revealed
that silver oxidants are superior (entries 3—10), and the yield of
the desired product increased to 70% GC yield when Ag,CO;
was employed (entry 6). In order to further improve the yield, we
turned our attention to additives (entries 11—16) and found that
the use of calcium sulfate improved the yield to 70% (75% GC
yield) after isolation using flash column chromatography on silica
gel (entry 14)."° Although 20% of starting material 1a was
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Table 1. Optimization Studies”

O H Me;Si-SiMe; (2a) O  SiMeg
Pd(OAc),
HN oxidant, additive HN
/N 1,4-dioxane /N
130°C,24h

X 1a A 3aa
entry oxidant additive yield of 3aa (%)b

1 none - 2

2 1,4-benzoquinone - S3

3 AgOAc - 63

4 AgOTf - 9

s Ag,0 - 42

6 Ag,CO; - 70

7 Ag,PO, - 46

8 CuCO; — 2

9 Cu(OAc), - 57

10 Na,$,05 - 1

11 Ag,CO, MS 3A° 68

12 Ag,CO; MS 4A° 71

13 Ag,CO, MS SA 8

14 Ag,CO; CaSO, 75 (70)4

15 Ag,CO;, MgSO, 40

16 Ag,CO, Na,SO, 25

17¢ Ag,CO; CaSO, 43

“Reaction conditions: 1a (0.200 mmol), 2a (1.00 mmol), Pd(OAc),
(10 mol %), oxidant (0.400 mmol), additive (0.400 mmol), 1,4-
dioxane (1.0 mL), 130 °C, 24 h. Determmed by GC-MS using
undecane as an internal standard. “60 mg. “Isolated yield. °150 °C.

recovered in this case, further efforts to increase the yield were
not successful. Increasing the temperature to 150 °C resulted in a
lower yield of 3aa (entry 17).

With the optimized conditions in hand, the scope of the
reaction with benzamides was examined using hexamethyl-
disilane (2a) as the silylation partner (Scheme 1). Overall, the
desired silylated products were successfully obtained from a wide
range of substrates in moderate to high yields (up to 83%) with
excellent ortho-regioselectivity and selectivity for monosilylated
products (>95%). Under the optimized conditions, 2-, 3-, and 4-
methyl-substituted N-(8-quinolinyl)benzamides gave the desired
aryl silanes 3ba, 3ca, and 3da in 80%, 73%, and 54% yields,
respectively. Although these substrates have benzylic C—H
bonds with smaller bond dissociation energies than aromatic
C(sp*)—H bonds, their silylation proceeded exclusively at the
aromatic C—H bond.** Various functional groups on the phenyl
ring of benzamides were tolerable in this reaction, including
benzyloxy (3ea), methoxy (3fa), and silyloxy (3ga) groups.
Electron-withdrawing groups such as fluoro (3ha), acetoxy (3ia),
trifluoromethyl (3ja), methoxycarbonyl (3ka), acetyl (3la), and
sulfonyl (3ma) groups were also tolerated. In the case of 2-
methoxycarbonyl substituent-containing 1Kk, in situ intramolec-
ular nucleophilic attack of the nitrogen atom in the amide moiety
to the methoxycarbonyl group and elimination of methanol
resulted in formation of phthalimide 3k’a. 1-Naphthalene
carboxamide was regioselectively silylated at the 2-position in
62% yield (3na). The value of this method was further
demonstrated by the successful silylation of heterocycles such
as thiophene (30a) and benzofuran (3pa), albeit in moderate
yields. Next, we sought to investigate the scope of the
organosilicon sources. Compared to 2a, (Me,BnSi), (2b) and
(Me,PhSi), (2¢) were less reactive, affording 3ab and 3ac,
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Scheme 1. Palladium-Catalyzed C(sp>)—H Silylation of
Various Benzamides (1) with Disilanes (2)“
1,4-dioxane (0.2 M)
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“Reaction conditions: benzamide (0.200 mmol), 2a (1.00 mmol),
Pd(OAc), (10 mol %), Ag,CO; (0.400 mmol), CaSO, (0.400 mmol),
1,4-dioxane (1.0 mL), 130 °C. Het(Ar) = heteroaryl or aryl group, Q =
8-quinolinyl.

respectively. No desired product was observed when (CIMe,Si),,
HSiMe;, and HSiEt; were used as organosilicon sources. Despite
the low yield, the formation of 3ab using this method is
noteworthy because it can be used in Fleming—Tamao
oxidation.”

Although we have not yet investigated the mechanism of this
silylation reaction in detail, we propose a catalytic cycle initiated
by activation of the ortho-C—H bond of a benzamide by
Pd(OAc), to form intermediate A (Scheme 2). The following ¢
bond metathesis between intermediate A and disilane 2a and N-
to-O silicon migration will generate intermediate B. Subsequent
C—Si reductive elimination would afford Pd(0) species and
intermediate C, which provides the desired product 3aa after
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Scheme 2. A Plausible Mechanism for the Palladium-
Catalyzed C—H Silylation
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hydrolysis. Oxidation of the Pd(0) species by Ag,CO;
regenerates Pd(OAc),. Calcium sulfate possibly traps H,O
generated by the reaction of the Pd(0) species with Ag,CO; and
AcOH. An alternative mechanism involving transmetalation'"
also could be conceivable."”

In order to demonstrate the efficiency and practicality of this
catalytic process, we conducted the reaction on a gram scale
using 1.02 g of 1j (3.23 mmol) with 2a (Scheme 3), which
provided 3ja in 68% yield (851 mg).

Scheme 3. Gram-Scale Silylation of 1j with 2a
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The 8-quinolinylamino group in 3aa can be readily removed
and recovered in good yield as shown in Scheme 4. Activation of

Scheme 4. Directing Group Removal: Synthesis of Acyl
Hydrazide

SiMe; SiMe;
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6 71% (brsm) 7 60% (brsm)

the secondary amide moiety of 3aa with a Boc group,” followed
by the reaction with hydrazine monohydrate under microwave
irradiation, afforded N-acyl hydrazide 6 and Boc-protected
quinolylamine 7 in 71% and 60% (based on the recovered
starting material of 40%) yield, respectively."
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The present silylation strategy can be effectively extended to
germanylation of benzamides (Scheme S). Thus, under the same

Scheme 5. Palladium-Catalyzed C(sp?)—H Germanylation of
Benzamides with Hexamethyldigermane®
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“Reaction conditions: benzamide (0.200 mmol), Me,Ge, (1.0 mmol),
Pd(OAc), (10 mol %), Ag,CO; (0.400 mmol), CaSO, (0.400 mmol),
1,4-dioxane (1.0 mL), 130 °C. (Het)Ar = heteroaryl or aryl group, Q =
8-quinolinyl.

palladium catalysis conditions, germanylated compounds 4ba,
4fa, 4k’a, and 40a were obtained in moderate to high yield. To
the best of our knowledge, this is the first example of transition-
metal-catalyzed germanylation of C—H bonds to provide
arylgermanes, which have been demonstrated to be useful
synthetic intermediates."*

In contrast to transition-metal-catalyzed C(sp*)—H silylation
reactions, C(sp>)—H silylation reactions are rare.® To this end,
we examined whether the present silylation is applicable to
aliphatic C(sp®)—H bonds. Initial application of the reaction
conditions to 1q with hexamethyldisilane (2a) gave less than
10% of the desired product 3qa. After further optimization, we
found that the use of N,N-dimethylformamide (DMF) as an
additive resulted in an increase in reaction yield to 35% (Scheme
6)." Disilylated product 3’qa was also formed in 5% yield. Under
the same conditions, silylation of 1r and 1s also proceeded.
Although the yield is moderate, this study presents the first
example of intermolecular C(sp®)—H silylation at the internal
positions of alkyl chains. The unreacted starting materials could
be recovered quantitatively.

In summary, we have demonstrated a palladium-catalyzed
regioselective activation of C(sp?)—H and C(sp*)—H bonds of
benzamides and carboxamides, followed by coupling with
disilanes to afford organosilanes in moderate to high yields,
with the aid of 8-aminoquinoline as a directing group. Catalytic
germanylation also proceeded smoothly under the same reaction
conditions. The reaction tolerated a wide variety of functional
groups and was scalable without yield reduction. Moreover, the
bidentate directing group was readily removed and recovered by
the reaction with a hydrazine, with concomitant generation of an
acyl hydrazide. This study gives the first example of transition-
metal-catalyzed germanylation of C(sp*)—H bonds and
intermolecular C(sp®)—H silylation at the internal positions of
alkyl chains. Further C(sp®)—H bond functionalizations based
on detailed mechanistic studies are in progress in our laboratory.
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Scheme 6. Preliminary Extension to C(sp*)—H Silylation of
Carboxamides with Hexamethyldisilane (2a)

Me;Si-SiMe; (2a) (0.6 mmol)
Pd(OAc); (10 mol %)
Ag,CO3 (2.0 equiv)

DMF (3.2 equiv)

1,4-dioxane, 130°C, 35 h

N
g
X SiMe; Me;Si SiMe;

1q (0.2 mmol)

HN
/
3qa35% X\ 3'qa 5%
SiMe3

SiMe; ME3SI/%SIME3
HN M
N Qé < Ii
g
x
X 3ra 30% 3'ra 8% 3sa 17%

B ASSOCIATED CONTENT
© Supporting Information

\

Ny

General experimental procedure and characterization data for
silylation and germanylation products. This material is available
free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION
Corresponding Authors

*E-mail: kuninobu@mol.f.u-tokyo.ac.jp.
*E-mail: kanai@mol.f.u-ac.tokyo.ac.jp.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported in part by ERATO from JST (for M.K.
and Y.K.) and JSPS research fellowship for K.S.K.

B REFERENCES

(1) (a) Colvin, E. W. Silicon Reagents in Organic Synthesis; Academic
Press: London, 1988. (b) Rappoport, Z., Apeloig, Y., Eds. Chemistry of
Organosilicon Compounds; Wiley-VCH: New York, 2001; Vol. 3.

(2) For selected examples, see: (a) Kumagai, T.; Itsuno, S.
Macromolecules 2002, 35, 5323—5325. (b) Liu, X.-M.; He, C; Xy, J.
Chem. Mater. 2005, 17,434—441. (c) Tou, Y.; An, C.-G.; Kim, J.-J; Park,
S. Y. J. Org. Chem. 2007, 72, 6241—6246. (d) Iida, A.; Nagura, K;
Yamaguchi, S. Chem.—Asian J. 2008, 3, 1456—1464. (e) Bai, D.; Han, S.;
Lu, Z.-H.; Wang, S. Can. J. Chem. 2008, 86, 230—237. (f) Mochida, K;
Shimizu, M.; Hiyama, T. J. Am. Chem. Soc. 2009, 131, 8350—8351.

(3) For reviews on organosilicon molecules with medicinal
applications, see: (a) Mortensen, M.; Husmann, R.; Veri, E.; Bolm, C.
Chem. Soc. Rev. 2009, 38, 1002—1010. (b) Franz, A. K.; Wilson, S. O. J.
Med. Chem. 2013, 56, 388—405.

(4) For recent reviews on C—H functionalizations, see: (a) Chen, X.;
Engle, K. M; Wang, D.-H.; Yu, J.-Q. Angew. Chem., Int. Ed. 2009, 48,
5094—511S. (b) Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010, 110,
1147-1169. (c) Kuninobu, Y.; Takai, K. Chem. Rev. 2011, 111, 1938—
1953. (d) Davies, H. M. L.; Morton, D. Chem. Soc. Rev. 2011, 40, 1857—
1869. (e) Borovik, A. S. Chem. Soc. Rev. 2011, 40, 1870—1874. (f) Zhou,
M,; Crabtree, R. H. Chem. Soc. Rev. 2011, 40, 1875—1884. (g) Lu, H;
Zhang, X. P. Chem. Soc. Rev. 2011, 40, 1899—1909. (h) Collet, F.;
Lescot, C.; Dauban, P. Chem. Soc. Rev. 2011, 40, 1926—1936.

1971

(i) Hartwig, J. F. Chem. Soc. Rev. 2011, 40, 1992—2002. (j) Colby, D
A; Tsai, A. S.; Bergman, R. G.; Ellman, J. A. Acc. Chem. Res. 2012, 45,
814—825. (k) Neurfeldt, S. R; Sanford, M. S. Acc. Chem. Res. 2012, 45,
936—946. (1) Rouquet, G.; Chatani, N. Angew. Chem.,, Int. Ed. 2013, 52,
11726—11743.

(S) (a) Sakakura, T.; Tokunaga, Y.; Sodeyama, T.; Tanaka, M. Chem.
Lett. 1987,2375—2378. (b) Williams, N. A.; Uchimaru, Y.; Tanaka, M. J.
Chem. Soc,, Chem. Comm. 1995, 1129—1130. (c) Kakiuchi, F.; Igi, K;
Matsumoto, M.; Chatani, N.; Murai, S. Chem. Lett. 2001, 422—424.
(d) Ishiyama, T.; Sato, K.; Nishio, Y.; Miyaura, N. Angew. Chem., Int. Ed.
2003, 42, 5346—5348. (e) Kakiuchi, F.; Matsumoto, M.; Tsuchiya, K;
Igi, K,; Hayamizu, T.; Chatani, N.; Murai, S. J. Organomet. Chem. 2003,
686, 134—144. (f) Ishiyama, T.; Sato, K.; Nishio, Y.; Saiki, T.; Miyaura,
N. Chem. Commun. 2008, S065—5067. (g) Tsukada, N.; Hartwig, J. F. J.
Am. Chem. Soc. 2005, 127, 5022—5023. (h) Saiki, T.; Nishio, Y.;
Ishiyama, T.; Miyaura, N. Organometallics 2006, 25, 6068—6073.
(i) Tobisu, M.; Ano, Y.; Chatani, N. Chem.—Asian J. 2008, 3, 1585—
1591. (j) Thara, H.; Suginome, M. J. Am. Chem. Soc. 2009, 131, 7502—
7503. (k) Ureshino, T.; Yoshida, T.; Kuninobu, Y.; Takai, K. J. Am.
Chem. Soc. 2010, 132, 14324—14326. (1) Simmons, E. M.; Hartwig, J. F.
J. Am. Chem. Soc. 2010, 132, 17092—17095. (m) Oyamada, J.; Nishiura,
M.; Hou, Z. Angew. Chem., Int. Ed. 2011, 50, 10720—10723.
(n) Kuninobu, Y.; Yamaguchi, K; Tamura, N.; Seiki, T.; Takai, K.
Angew. Chem., Int. Ed. 2013, 52, 1520—1522.

(6) Lapointe, A. M.; Rix, F. C.; Brookhart, M. . Am. Chem. Soc. 1997,
119, 906—917. (b) Lu, B.; Falck, J. R. J. Org. Chem. 2010, 75, 1701—
1708S.

(7) Larsson, J. M.; Zhao, T. S. N.; Szabé, K. J. Org. Lett. 2011, 13,
1888—1891.

(8) (a) Kakiuchi, F.; Tsuchiya, K,; Matsumoto, M.; Mizushima, E
Chatani, N. J. Am. Chem. Soc. 2004, 126, 12792—12793. (b) Simmons, E.
M.; Hartwig, J. F. Nature 2012, 483, 70—73. (c) Kuninobu, Y.; Nakahara,
T.; Takeshima, H.; Takai, K. Org. Lett. 2013, 15, 426—428. (d) Mita, T
Michigami, K,; Sato, Y. Chem.—Asian J. 2013, 8, 2970—2973.

(9) For selected uses of 8-aminoquinone in direct C—H functionaliza-
tions, see: (a) Zaitsev, V. G.; Shabashov, D.; Daugulis, O. J. Am. Chem.
Soc. 2005, 127, 13154—13155. (b) Reddy, B. V. S.; Reddy, L. R.; Corey,
E.J. Org. Lett. 2006, 8, 3391—3394. (c) Shabashov, D.; Daugulis, O. J.
Am. Chem. Soc. 2010, 132, 3965—3972. (d) Ano, Y.; Tobisu, M,;
Chatani, N. Org. Lett. 2012, 14, 354—357. (e) Gutekunst, W. R;
Gianatassio, R.; Baran, P. S. Angew. Chem., Int. Ed. 2012, 51,7507—7510.
(f) Aihara, Y.; Chatani, N. Chem. Sci. 2013, 4, 664—670. (g) Tran, L. D.;
Roane, J.; Daugulis, O. Angew. Chem., Int. Ed. 2013, 52, 6043—6046.
(h) He, G.; Zhang, S.-Y.; Nark, W. A; Li, Q.; Chen, G. Angew. Chem., Int.
Ed.2013,52,11124—11128. (i) Pan, F.; Shen, P.-X.; Zhang, L.-S.; Wang,
X.; Shi, Z.-]. Org. Lett. 2013, 15,4758—4761. (j) Nishino, M.; Hirano, K;
Satoh, T.; Miura, M. Angew. Chem., Int. Ed. 2013, 52, 4457—4461.
(k) Matsubara, T.; Asako, S.; Ilies, L.; Nakamura, E. J. Am. Chem. Soc.
2014, 136, 646—649.

(10) A trace amount of 2,6-disilylated product was observed by GC-
MS.

(11) Dai, H.-X;; Yu, J.-Q. J. Am. Chem. Soc. 2012, 134, 134—137.

(12) See the Supporting Information for details.

(13) Shimizu, Y.; Noshita, M.; Mukai, Y.; Morimoto, H.; Ohshima, T
104th Symposium on Organic Synthesis, Japan, Presentation number:
0-12, November 6—7, 2013.

(14) For examples of arylgermanes in organic synthesis, see:
(a) Kosugi, M;; Tanji, T.; Tanaka, Y.; Yoshida, A; Fugami, K;
Kameyama, M.; Migita, T. J. Organomet. Chem. 1996, 508, 255—257.
(b) Kinoshita, H.; Nakamura, T.; Kakiya, H.; Shinokubo, H.; Matsubara,
S.; Oshima, K. Org. Lett. 2001, 3, 2521-3167. (c) Nakamura, T.;
Yorimitsu, H.; Shinokubo, H.; Oshima, K. Tetrahedron 2001, 57, 9827—
9836. (d) Kinoshita, H.; Shinokubo, H.; Oshima, K. J. Am. Chem. Soc.
2002, 124, 4220—4221. (e) Nakamura, T.; Kinoshita, H.; Shinokubo,
H.; Oshima, K. Org. Lett. 2002, 4, 3165—3167.

(15) At present, the role of DMF in improving the reaction yield is
unclear.

dx.doi.org/10.1021/0l500519y | Org. Lett. 2014, 16, 1968—1971


http://pubs.acs.org
mailto:kuninobu@mol.f.u-tokyo.ac.jp
mailto:kanai@mol.f.u-ac.tokyo.ac.jp

