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ABSTRACT: A Pd-catalyzed oxidative silylation of simple
olefins with hexamethyldisilane to give allylsilanes has been
achieved using molecular oxygen as the sole oxidant. The
reaction provides a useful protocol to access synthetically
useful allylsilanes from easily accessible simple olefins and
hexamethyldisilane without using any oxidants other than O2.

Allylsilanes are regarded as important motifs because of
their inherent reactivity, stability, and low toxicity.

Therefore, allylsilanes have been used as building blocks for a
range of organic transformations.1 One well-known example is
the allylation of electrophilic carbonyl compounds: the
Hosomi−Sakurai reaction.2
The synthetic utility of allylsilanes has been developed over

many decades. The conventional methods for the synthesis of
allylsilanes include the reaction of allylmetal (Mg, Al, Cu, Sm)
reagents3 and hydrosilylation of 1,3-dienes.4 Reagents contain-
ing silicon−metal bonds (e.g., Si−Cu, Si−Li, Si−Al, and Si−Mn
bonds) have also been used for synthesizing allylsilanes.5

Recently, allylsilanes have been prepared by Pd-catalyzed silyl-
Heck reaction of olefins with Me3SiI,

6 Co-catalyzed dehydro-
genative silylation of olefins with hydrosilanes,7 and Ni-
catalyzed dealkoxylative cross-coupling from enol ethers.8 In
addition, Cu-catalyzed enantioselective synthesis of allylsilanes
has also been developed.9

The formation of allylsilanes by allylic silylation of simple
olefins via the formation of a π-allyl palladium intermediate is
especially intriguing.10 In general, allyl halides, allyl ethers, and
allyl esters have been used as allyl sources.11

Hexamethyldisilane (Me3SiSiMe3) is a stable, commercially
available organosilicon compound that has been widely
employed as a silyl source in organosilicon chemistry.12,13

Tsuji and co-workers reported allylic silylation of allylic acetates
with Me3SiSiMe3 to form allylsilanes.14 In this work, allylic
trifluoroacetates gave the best yields. Furthermore, Lipshutz
and co-workers reported silylation of allylic ethers and disilane
in the presence of a Pd catalyst.15 Quite recently, Szabo ́ and co-
workers reported the Pd-catalyzed allylic silylation of disilanes
using allylic alcohols as allylation agents.16

Another topic of current interest is catalytic C−H
functionalization by oxidative coupling as an environmentally
friendly methodology.17 Recently, our group reported Pd(II)-
catalyzed intermolecular oxidative amination of olefins with
amines using molecular oxygen as the oxidant.18

In light of recent developments in oxidative C−H
functionalization chemistry, silylation by C−H activation
would be highly beneficial as a synthetic process with minimal
byproducts. To date, transition-metal-catalyzed aryl and alkyl
C−H silylations have been reported.19

With regard to oxidative olefinic C−H silylation, Szabo ́ and
co-workers reported palladium-catalyzed synthesis of allylic
silanes from olefins and disilane in the presence of a strong
oxidant such as hypervalent iodines.20 Being able to carry out
this transformation using simple olefins and milder oxidants
would be highly desirable.
In this paper, we report the Pd-catalyzed oxidative allylic

silylation reaction of simple olefins and hexamethyldisilane
using atmospheric oxygen as the sole oxidant.
Initially, we investigated various conditions to determine the

optimal conditions for this reaction (Table 1). When 1-decene
(1a) was reacted with hexamethyldisilane (2) in the presence of
Pd(OCOCF3)2 under an oxygen atmosphere (1 atm, balloon),
(E)-2-decenyltrimethylsilane (3a) was obtained in 49% yield
(Table 1, entry 1). The reaction proceeded in a highly regio-
and stereoselective manner and afforded the (E)-α-adduct
exclusively. In the reaction, addition of acetylacetone (acacH)
as an additive increases the yield of 3a (63%, entry 2). We
found that high yields were achieved when 2 was added
portionwise to an excess of 1a. The yield of 3a was increased to
86% when 2 was added in three portions, one portion every 24
h over 72 h (entry 3). The best yields were obtained when
Pd(OCOCF3)2 was used as the catalyst. The use of other
selected Pd complexes showed low or no catalytic activity
(entries 4−7). This suggests that the initial γ-hydrogen
abstraction by the trifluoroacetate ligand forming a π-
allylpalladium intermediate is a key step in the reaction (vide
infra). Various other additives were examined (entries 8−10).
The use of dibenzylideneacetone (dba) similarly gave the
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product in good yield (entry 8). However, when DMSO and
PPh3 were used as additives, the catalytic activity considerably
deteriorated (entries 9 and 10) compared with the reaction
carried out in absence of additive (entry 1). The reaction
effectively proceeded by using olefin (1-decene) as both solvent
and substrate. The use of solvents such as DMF, DMA, and
decane resulted in lower yields (entries 11−16). Excess 1-
decene can be recovered in 84% yield after the reaction, and no
isomerization of 1-decene was observed by GC analysis.
The reaction required molecular oxygen as oxidant, and low

or no coupling product was obtained when the reaction was
carried out under an atmosphere of air or Ar (entries 17 and
18). The reaction at room temperature (entry 19) and the
reaction at 60 °C only afforded the product in moderate yield
(entry 20).
The choice of hexamethyldisilane as a silyl source is crucial

for an efficient reaction. We found that using other disilanes
such as PhMe2SiSiMe2Ph and PhMe2SiSiMe3 led no reaction at
all.
Next we investigated a range of olefins under the optimized

conditions (Table 2). A variety of olefins, including simple α-
olefins and allylbenzene, can be used in the reaction and afford
the corresponding (E)-α-allylsilanes (3a−3i) in good to
excellent yields with high selectivity (entries 1−9). Allylbenzene

(1g), allylcyclohexane (1h), and 4-phenyl-1-butene (1i) are
tolerated in the reaction to afford corresponding allylsilanes
(3g−i) in good yields (entries 7−9). When the reaction was
performed with 1,10-decadiene (1j) as an α,ω-diene, selective
monoallylic silylation took place on one side of the α,ω-diene
and afforded allylsilane (3j) in good yield with high selectivity
(entry 10). The reactivity of internal olefins was sluggish in the
allylic silylation with 2. The reaction with cycloheptene (1k)
gave the product in 15% yield (entry 11). Unfortunately, the
use of functionalized olefins such as allyl butylether, allyl
phenylether, and allyl phenylacetate did not afford any
allylsilane.
It is reported that the reaction of olefins with Pd(II)

generates an η3-allyl palladium intermediate by means of allylic
C−H bond activation.21,22 Therefore, (η3-cinnamyl)palladium
trifluoroacetate dimer (4) and (η3-cinnamyl)palladium acetate
dimer (5) were prepared independently, and the stoichiometric
reaction with 2 was carried out (Scheme 1).18a,23 This study
showed that the reaction of 4 with 2 gave corresponding
allylsilane 3g in 23% yield, but the reaction with 5 was sluggish

Table 1. Pd-Catalyzed Oxidative Silylation of 1-Decene (1a)
with Hexamethyldisilane (2)a

entry catalyst additive solvent yieldb (%)

1 Pd(TFA)2 none none 49
2 Pd(TFA)2 acacH none 63
3c Pd(TFA)2 acacH none 86 (80)
4 Pd(OAc)2 acacH none 3
5 Pd(dba)2 acacH none nd
6 Pd(acac)2 acacH none nd
7 PdCl2 acacH none nd
8 Pd(TFA)2 dba none 57
9 Pd(TFA)2 DMSO none 28
10 Pd(TFA)2 PPh3 none 3
11 Pd(TFA)2 acacH PhCF3 69
12 Pd(TFA)2 acacH toluene 62
13 Pd(TFA)2 acacH mesitylene 48
14d Pd(TFA)2 acacH DMF 6
15d Pd(TFA)2 acacH DMA 2
16e Pd(TFA)2 acacH decane nd
17f Pd(TFA)2 acacH none 25
18g Pd(TFA)2 acacH none nd
19h Pd(TFA)2 acacH none 49
20i Pd(TFA)2 acacH none 30

aReaction conditions: 1a (20 mmol) was reacted with 2 (0.5 mmol) in
the presence of a Pd catalyst (0.05 mmol) and additive (0.10 mmol) at
40 °C for 24 h under an atmosphere of oxygen. TFA = trifluoroacetate,
acacH = acetylacetone, dba = dibenzylideneacetone. bGC yields based
on 2 except the values in the parentheses. The selectivity of the (E)-α-
adduct is >95%. c2 was added in three portions (0.2, 0.2, and 0.1
mmol) every 24 h for 72 h. dSolvent (1 mL) was used. eReaction was
performed using 1a (0.5 mmol), 2 (0.5 mmol), and solvent (20
mmol). fReaction performed under air. gReaction performed under Ar.
hReaction temperature was room temperature. iReaction temperature
was 60 °C.

Table 2. Pd-Catalyzed Oxidative Silylation of Various
Olefins (1) with 2a

aReaction conditions: 1a (20 mmol) was reacted with 2 (0.5 mmol) in
the presence of Pd(TFA)2 (0.05 mmol) and acetylacetone (0.10
mmol) at 40 °C under an atmosphere of oxygen and 2 was added in
three portions (0.2, 0.2, and 0.1 mmol, respectively) every 24 h over
the 72 h. bReaction time was 24 h.
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and gave 3g in only 9% along with hexamethydisiloxane as
byproduct. This implies that the transformation of the η3-allyl
palladium intermediate with disilane is the key rate-determining
step in this reaction. In addition, the use of 4 as catalyst under
the conditions shown in entry 2, Table 1, afforded 3a in 7%
yield.
A plausible reaction mechanism for the transformation is

shown in Figure 1. Initially, Pd(II) reacts with olefin 1 to form

η3-allyl palladium intermediate A through allylic hydrogen
abstraction.18a,22,23 Next, A is subjected transmetalation with
Me3SiSiMe3 (2) to form silyl(η3-allyl)palladium intermediate B,
followed by the production of allylsilane 3 with Pd(0). Then,
Pd(0) is reoxidized by dioxygen to generate Pd(II).24 The key
to achieving high yields is the portionwise addition of
hexamethyldisilane due to the formation of hexamethyldisilox-
ane (Me3SiOSiMe3) under the oxygen atmosphere. The
formation of hexamethyldisiloxane (7.87 ppm)25 and
Me3SiOCOCF3 (33.11 ppm)26 was observed when the reaction
mixture was monitored by 29Si NMR. In addition, it is difficult
to rationalize the role of acetylacetone as an efficient additive in
the reaction. However, the positive effect of the acacH additive
in the direct C−H activation has been reported.27

In conclusion, we have demonstrated the Pd(OCOCF3)2-
catalyzed oxidative silylation of simple olefins with hexame-
thyldisilane, using atmospheric oxygen as the sole oxidant.

■ EXPERIMENTAL SECTION
General. GC analysis was performed with a flame ionization

detector using a 0.22 mm × 25 m capillary column (BP-5). 1H and 13C
NMR were measured at 400 MHz in CDCl3 with Me4Si as the internal
standard.
Compounds except for 3a,6b 3b,28a 3c,28a 3d,28a 3e,28b 3f,28b 3g,15

3h,28c 3i,4 3k28 were reported previously.
Experimental Procedure. Typical Procedure for the Prepara-

tion of 3a (entry 3, Table 1). To a mixture of Pd (OCOCF3)2 (17 mg,
0.05 mmol) and acetylacetone (10 mg, 0.1 mmol) were added 1a (2.8
g, 20 mmol) and 2 (73 mg, 0.5 mmol) under O2 in a 30 mL round-
bottomed flask. The reaction mixture was stirred at 40 °C for 72 h.
Compound 2 was added in three batches, one every 24 h over a period

of 72 h (first time, 0.2 mmol (29 mg); second time, 0.2 mmol (29
mg); third time, 0.1 mmol (15 mg)). The product (3a) was isolated by
column chromatography (silica gel, n-hexane) in 80% yield (85 mg).

Procedure for the Preparation of 3a (entry 1, Table 1). To a
mixture of Pd (OCOCF3)2 (17 mg, 0.05 mmol) were added 1a (2.8 g,
20 mmol) and 2 (73 mg, 0.5 mmol) under O2 in a 30 mL round-
bottomed flask. The reaction mixture was stirred at 40 °C for 24 h.
The yield of product was estimated from peak areas based on an
internal standard (tridecane) using GC, and the product (3a) was
obtained in 49% yield.

Reaction of 4/5 with 2 (Scheme 1). To a mixture of 4/5 (0.05
mmol) and acetylacetone (10 mg, 0.1 mmol) was added 2 (73 mg, 0.5
mmol) under O2 in a 30 mL round-bottomed flask. The reaction
mixture was stirred at 40 °C for 24 h. The yields of products were
estimated from peak areas based on an internal standard (tridecane)
using GC, and product 3g was obtained in 23 and 9% yield,
respectively.

3j: 76% yield (80 mg), colorless liquid; 1H NMR (CDCl3, 400
MHz) δ 5.88−5.78 (m, 1H), 5.42−5.21 (m, 2H), 5.04−4.93 (m, 2H),
2.08−1.96 (m, 4H), 1.42−1.28 (m, 8H), 0.00 (s, 9H); 13C{1H}NMR
(CDCl3, 400 MHz) δ 139.2 (CH), 128.9 (CH), 126.0 (CH), 114.1
(CH2), 33.8 (CH2), 32.7 (CH2), 29.8 (CH2), 28.8 (CH2), 28.6 (CH2),
22.6 (CH2), −2.00 (CH3); IR (neat, cm−1) ν 3005, 2954, 2926, 2854,
1641, 1248, 1155, 964, 910, 850, 696; GC-MS (EI) m/z (relative
intensity) 210 (1) [M+], 139(3), 136(4), 114(2), 99(2), 73(100),
59(5), 45(6); HRMS (EI-TOF) m/z calcd for C13H26Si [M+]
210.1804, found 210.1803.
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(4) Streiff, S.; Ribeiro, N.; Deśaubry, L. J. Org. Chem. 2004, 69,
7592−7598.
(5) (a) Li, Z.; Yang, C.; Zheng, H.; Qiu, H.; Lai, G. J. Organomet.
Chem. 2008, 693, 3771−3779. (b) Naitoh, Y.; Bando, F.; Terao, J.;
Otsuki, K.; Kuniyasu, H.; Kambe, N. Chem. Lett. 2007, 36, 236−237.
(c) Terao, J.; Watabe, H.; Watanabe, H.; Kambe, N. Adv. Synth. Catal.
2004, 346, 1674−1678. (d) Terao, J.; Oda, A.; Ikumi, A.; Nakamura,
A.; Kuniyasu, H.; Kambe, N. Angew. Chem., Int. Ed. 2003, 42, 3412−
3414.

Scheme 1. Stoichiometric Reaction of η3-Allyl Palladium
Acetate Dimers (4 and 5) with 2

Figure 1. Plausible reaction mechanism for the oxidative allylsilylation
of disilane with olefins.

The Journal of Organic Chemistry Note

DOI: 10.1021/acs.joc.5b01216
J. Org. Chem. 2015, 80, 7317−7320

7319

http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.joc.5b01216
mailto:obora@kansai-u.ac.jp
http://dx.doi.org/10.1021/acs.joc.5b01216


(6) (a) MeAtee, J. R.; Yap, G. P. A.; Watson, D. A. J. Am. Chem. Soc.
2014, 136, 10166−10172. (b) McAtee, J. R.; Martins, E. S.; Ahneman,
D. T.; Johnson, K. A.; Watson, D. A. Angew. Chem., Int. Ed. 2012, 51,
3663−3667 and references therein.
(7) Atienza, C. C. H.; Diao, T.; Weller, K. J.; Nye, S. A.; Lewis, K. M.;
Delis, J. G. P.; Boyer, J. L.; Roy, A. K.; Chirik, P. J. J. Am. Chem. Soc.
2014, 136, 12108−12118.
(8) Guo, L.; Leiendecker, M.; Hsiao, C.-C.; Baumann, C.; Rueping,
M. Chem. Commun. 2015, 51, 1937−1940.
(9) (a) Takeda, M.; Shintani, R.; Hayashi, T. J. Org. Chem. 2013, 78,
5007−5017. (b) Delvos, L. B.; Vyas, D. J.; Oestreich, M. Angew. Chem.,
Int. Ed. 2013, 52, 4650−4653.
(10) (a) Ogoshi, S.; Tomiyasu, S.; Morita, M.; Kurosawa, H. J. Am.
Chem. Soc. 2002, 124, 11598−11599. (b) Lee, K.; Wu, H.; Haeffner,
F.; Hoveyda, A. H. Organometallics 2012, 31, 7823−7826. (c) Kabalka,
G. W.; Venkataiah, B.; Dong, G. Organometallics 2005, 24, 762−764.
(11) (a) Bourque, L. E.; Haile, P. A.; Loy, J. M. N.; Woerpel, K. A.
Tetrahedron 2009, 65, 5608−5613. (b) Takaki, K.; Kusudo, T.; Uebori,
S.; Nishiyama, T.; Kamata, T.; Yokoyama, M.; Takehira, K.; Makioka,
Y.; Fujiwara, Y. J. Org. Chem. 1998, 63, 4299−4304.
(12) (a) Hartwig, J. F. Acc. Chem. Res. 2012, 45, 864−873.
(b) Kakiuchi, F.; Tsuchiya, K.; Matsumoto, M.; Mizushima, E.;
Chatani, N. J. Am. Chem. Soc. 2004, 126, 12792−12793. (c) Tobisu,
M.; Kita, Y.; Chatani, N. J. Am. Chem. Soc. 2006, 128, 8152−8153.
(d) Tobisu, M.; Kita, Y.; Ano, Y.; Chatani, N. J. Am. Chem. Soc. 2008,
130, 15982−15989. (e) Simmons, E. M.; Hartwig, J. F. J. Am. Chem.
Soc. 2010, 132, 17092−17095.
(13) (a) Suginome, M.; Ito, Y. J. Organomet. Chem. 2003, 680, 43−
50. (b) LaPointe, A. M.; Rix, F. C.; Brookhart, M. J. Am. Chem. Soc.
1997, 119, 906−917. (c) Shintani, R.; Ichikawa, Y.; Hayashi, T.; Chen,
J.; Nakao, Y.; Hiyama, T. Org. Lett. 2007, 9, 4643−4645.
(14) (a) Tsuji, Y.; Kajita, S.; Funato, M. J. Org. Chem. 1993, 58,
3607−3608. (b) Tsuji, Y.; Funato, M.; Ozawa, M.; Ogiyama, H.;
Kajita, S.; Kawamura, T. J. Org. Chem. 1996, 61, 5779−5787.
(15) Moser, R.; Nishikata, T.; Lipshutz, B. H. Org. Lett. 2010, 12,
28−31.
(16) (a) Larsson, J. M.; Szabo,́ K. J. J. Am. Chem. Soc. 2013, 135,
443−455. (b) Selander, N.; Paasch, J. R.; Szabo,́ K. J. J. Am. Chem. Soc.
2011, 133, 409−411.
(17) For recent reviews, see: (a) Chen, X.; Engle, K. M.; Wang, D.-
H.; Yu, J.-Q. Angew. Chem., Int. Ed. 2009, 48, 5094−5115. (b) Guo, X.-
X.; Gu, D.-W.; Wu, Z.; Zhang, W. Chem. Rev. 2015, 115, 1622−1651.
(c) Wendel-Delord, J.; Glorius, F. Nat. Chem. 2013, 5, 369−375.
(d) Kozhushkov, S. I.; Ackermann, L. Chem. Sci. 2013, 4, 886−896.
(e) Arockiam, P. B.; Bruneau, C.; Dixneuf, P. H. Chem. Rev. 2012, 112,
5879−5918. (f) Liu, G.; Wu, Y. Top. Curr. Chem. 2010, 292, 195−209.
(18) (a) Shimizu, Y.; Obora, Y.; Ishii, Y. Org. Lett. 2010, 12, 1372−
1374. (b) Obora, Y.; Shimizu, Y.; Ishii, Y. Org. Lett. 2009, 11, 5058−
5061.
(19) For recent works, see: (a) Cheng, C.; Hartwig, J. F. Chem. Rev.
2015, DOI: 10.1021/cr5006414. (b) Cheng, C.; Hartwig, J. F. J. Am.
Chem. Soc. 2015, 137, 592−595. (c) Li, Q.; Driess, M.; Hartwig, J. F.
Angew. Chem., Int. Ed. 2014, 53, 8471−8474. (d) Cheng, C.; Hartwig,
J. F. Science 2014, 343, 853−857.
(20) Larsson, J. M.; Zhao, T. S.; Szabo,́ K. J. Org. Lett. 2011, 13,
1888−1891.
(21) (a) Reed, S. A.; White, M. C. J. Am. Chem. Soc. 2008, 130,
3316−3318. (b) Reed, S. A.; Mazzotti, A. R.; White, M. C. J. Am.
Chem. Soc. 2009, 131, 11701−11706. (c) Liu, G.; Yin, G.; Wu, L.
Angew. Chem., Int. Ed. 2008, 47, 4733−4736. (d) Yin, G.; Wu, Y.; Liu,
G. J. Am. Chem. Soc. 2010, 132, 11978−11987.
(22) Liron, F.; Oble, J.; Lorion, M. M.; Poli, G. Eur. J. Org. Chem.
2014, 5863−5883.
(23) (a) Obora, Y.; Ogawa, Y.; Imai, Y.; Kawamura, T.; Tsuji, Y. J.
Am. Chem. Soc. 2001, 123, 10489−10493. (b) Hegedus, L. S.; Åker-
mark, B.; Zetterberg, K.; Olsson, L. F. J. Am. Chem. Soc. 1984, 106,
7122−7126.
(24) Mizuta, Y.; Yasuda, K.; Obora, Y. J. Org. Chem. 2013, 78, 6332−
6337.

(25) Schraml, J.; Chvalovsky,́ V.; Mag̈i, M.; Lippmaa, E. Collect.
Czech. Chem. Commun. 1981, 46, 377−390.
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