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Soft reaction conditions, particularly important in total syn-
thesis, have dragged many researchers into the field of sil-
ylated organic compounds. Hereby, we describe a new cop-
per-catalyzed vinylsilane transformation. Various vinylsil-

anes were allylated by using a copper(I) salt, and this led to
the formation of polysubstituted 1,4-dienes bearing sensitive
moieties such as halogens, ketones, and aldehydes.

Introduction

Functional-group compatibility and soft reaction condi-
tions are of utmost importance in organic synthesis. Al-
lowing sensitive groups to remain unprotected usually leads
to much shorter and efficient synthetic pathways. Organo-
silicon compounds have been shown to be perfect candi-
dates to meet these criteria, as they are stable under various
conditions.!'l Supported by the recent development of
highly efficient hydrosilylation and silylcupration catalysts
(Scheme 1),1? vinylsilanes have proven to be reagents of
choice for the introduction of unsaturation into complex
organic frameworks. Although the more common way to
synthesize B-(E)-vinylsilanes uses platinum-catalyzed hydro-
silylation of alkynes,®! cross-metathesis with the use of
ruthenium catalystsi*! might be used as well; B-(Z)- and a-
vinylsilanes can be obtained by iridium-P! and ruthenium-
catalyzed!® hydrosilylation, respectively.
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Scheme 1. Formation of different vinylsilanes by using transition-
metal catalysis.

The lack of reactivity induced by the stable nature of
vinylsilanes has been overcome by the use of transition
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metals. Although palladium cross-coupling methodologies
have been used for decades,”” copper-catalyzed vinylsilane
transformations have also recently started to emerge as
powerful tools. Takeda showed that a Brook rearrangement
might be used to promote the formation of a vinylcopper
species, which could be captured by various electrophiles.®!
Shibasaki et al. reported the (diphosphine)copper(I)-cata-
lyzed enantioselective transfer of vinylsilanes to aldehydes
for the straightforward preparation of enantiomerically en-
riched allylic alcohols.® Chiral N-heterocyclic carbenes
have also been used to promote the conjugated addition of
vinylsilanes onto a,B-unsaturated carbonyl compounds with
high enantioselectivities, as recently shown by Hoveyda et
al.lll

Over the past few years, copper-catalyzed allylic substitu-
tion has emerged as a powerful strategy to insert various
nucleophiles into a carbon backbone.'' Among others, it
is nowadays possible to graft magnesium-,['?! lithium-,!]
zinc-,'"Y boron-,l'3! and silylboronate-containing!'®! nucleo-
philes enantioselectively. Copper-catalyzed allylation reac-
tions of a vinyl moiety to form 1,4-dienes from vinylalumi-
num!!'” and vinylboron!!®! reagents have also recently been
developed. The resulting 1,4-diene fragments are useful in-
termediates and are also present in several natural-product
structures.[']

Herein we wish to describe our first results regarding a
new and robust methodology that uses simple copper salts
as efficient catalysts for the allylation of various vinylsilanes
by using allyl bromides as electrophilic partners. B-(E)-
Vinylsilanes, easily available from the corresponding alk-
ynes, were used as models for the initial optimizations.
These B-(E)-vinylsilanes bear different base- and nucleo-
phile-sensitive moieties, including halogens, esters, and
ketones.

Results and Discussion

We started our experiments with model vinylsilane 1a
bearing a triethoxysilane group acting as an activated sili-
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con moiety (Table 1). The initial idea was to promote trans-
metalation between the silicon atom and the copper(I)
source to generate a vinylcopper(I) intermediate that should
then be easily captured by the electrophile. We found that
without any activating agent, no reaction was observed
(Table 1, Entry 1). Several nucleophilic bases were tested to
activate the silane and facilitate the migration of the vinylic
fragment to the copper atom. Both cesium fluoride and so-
dium tert-butoxide did not promote the reaction (Table 1,
Entries 2 and 3), and this left the vinylsilane unchanged.
The use of tetrabutylammonium fluoride (TBAF) as a fluor-
ide source gave only the protodesilylated products, as this
reagent always contains various amounts of water.[*"!

Table 1. Initial optimization of the coupling reaction to afford 2a.

) cu
BZO - SI(OEls activating agent  BZO_~_ A F
1a solvent
. ANBr rt, 16 h 2a
(2.0 equiv.)
Entry  Solvent Cu! salt Activating agent Yield
(equiv.) (equiv.) [Yo]tal
1 MeCN Cul (1.1) - -
2 MeCN Cul (1.1) CsF (1.2) -
3 MeCN  CuCl (1.1) NaOrBu (1.2) -
4 MeCN  Cul (1.1) TBAT (1.2) 60
5 MeCN  Cul (1.1) TBAT (2.4) 87
6 MeCN Cul (0.2) TBAT (2.4) 86 (841°1)
7 MeCN Cul (0.1) TBAT (2.4) 53
8 THF Cul (0.2) TBAT (2.4) 56l
9 DMF Cul (0.2) TBAT (2.4) 74
10 MeCN - TBAT (2.4) -

[a] Determined by analysis of the crude reaction mixture by 'H
NMR spectroscopy by using an internal standard. [b] Yield of the
isolated product. [c] Conversion [%0].

However, the use of tetrabutylammonium difluorotri-
phenylsilicate (TBAT) as an anhydrous fluorine source with
a stoichiometric amount of copper(l) iodide allowed us to
observe the formation of desired allylated product 2a in a
modest 60% yield (Table 1, Entry 4). This could be im-
proved to 87% yield (Table 1, Entry 5) if 2.4 equiv. of TBAT
was used under the same reaction conditions. To evaluate
the capacity of the copper(I) reagent to act as a catalyst,
the loading of copper(I) iodide was evaluated. The use of
20 mol-% of Cul (Table 1, Entry 6) allowed us to keep a
satisfactory 86%  yield. However, reducing the catalytic
loading to 10 mol-% led to a decreased 53 % yield (Table 1,
Entry 7). THF, used as a less-coordinating solvent, was
tested, and this resulted in a poor 56 % conversion (Table 1,
Entry 8), which indicates that relatively strong stabilization
was required. DMF, in contrast, acting as a much stronger
coordinating solvent, did not give better results than aceto-
nitrile, and the product was obtained in only 74% yield
(Table 1, Entry 9). A control reaction was also performed
without added copper and did not lead to any substrate
conversion (Table 1, Entry 10). The use of 0.2 equiv. of Cul
in acetonitrile (Table 1, Entry 6) was chosen as optimal with
86% yield.
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Although model substrate 1a was considered to be quite
sensitive because of the presence of a carbonyl group and
because of the leaving ability of the benzoyl moiety, it was
important to test the limits of the functional-group compat-
ibility. Using the optimal conditions (Table 1, Entry 6), six
other vinylsilanes were allylated by using allyl bromide (Fig-
ure 1). A change from the benzoyl group to a more robust
benzyl group led to better results, and product 2b was iso-
lated in 98 % yield. Shortening the tether between the olefin
and the functional group did not influence the reactivity, as
shown with tosylamine 2¢. A highly hindered and chelating
vinylsilane also reacted accordingly, as revealed by diethyl
malonate 2d, which was obtained in 89% yield. The pres-
ence of an aryl bromide was tolerated and gave correspond-
ing diene 2e in 80% yield. A vinylsilane bearing a more
polar phthalimide group was easily allylated to give 2f in
85% yield. Interestingly, the presence of a ketone was fully
tolerated as shown by the formation of 2g in 86% yield.

Cul (0.2 equiv.)
TBAT (2.4 equiv.) 2
MeCN RS
rt.,16h 2

SOt + NP
1 (2.0 equiv.)

2b (98 %) 2c (88 %)

EtOzC></\/\/ 0
NN NF
EtO,C NNF Q X
Br

2d (89 %) 2e (80 %)
O
O F
N ernF
o 2g (86 %)
2f (85 %) o

Figure 1. Substrate scope of the vinylsilane allylation. Yields of iso-
lated products are given in parentheses.

Optimization experiments including varying the Cu!
source led us to choose copper(I) thiophenecarboxylate
(CuTC) to explore the electrophile scope. Although no
major difference was observed, CuTC provided the best
v/ selectivity over Cul and various other copper(I) sources.
Providing the best results in the first stage of the substrate
exemplification (Figure 1), vinylsilane 1b was also used for
the electrophile screening (Figure 2). Cinnamyl bromide led
to the formation of 3a in 93% yield with y/a. = 84:16. Re-
placing the aryl group by an alkyl group such as cyclohexyl
gave 3b in a good 89% yield with only a slight decrease in
selectivity.

Aryl moieties bearing halogen substituents led to the for-
mation of aryl bromide 3¢ and aryl chloride 3d in 86 and
76% vyield, respectively, and no major change in the y/a
selectivity. An electron-rich substituent such as a thiophene
induced a decrease in the yield to a moderate 67% for 3e
and a slight increase in selectivity. Surprisingly, the presence
of an aldehyde in the aryl moiety allowed the formation of
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Figure 2. Electrophile scope of the vinylsilane allylation. Yields of
isolated products are given in parentheses.

desired product 3f in 79% yield, which is very satisfactory
considering the sensitive nature of such an electrophile. The
selectivity was still within standards with y/a = 82:18, and
the aldehyde group remained intact. No 1,4- to 1,3-diene
isomerization was observed during any workup and chro-
matographic separation.

As a-olefins are important building blocks in organic
synthesis, it was interesting to know whether or not a-vinyl-
silanes would react under our standard conditions. Both 4a
and 4b were synthesized from the corresponding alkynes
according to the Trost and Ball method!® with a/B(E+Z) =
90:10 and 92:8, respectively. The mixture of isomers was
allylated under the previous optimal conditions (Figure 3).
Benzoyl-bearing vinylsilane 4a was successfully allylated to
a-olefin 5a in 90% yield. Benzyl-functionalized vinylsilane
4b smoothly afforded 5b in 97% yield (Figure 3). In both
cases, the o/B(E+Z) ratio remained unchanged, and no
isomerization took place.

Si(OEt);
RO.
" Cul (0.2 equiv.)
1 Br TBAT (2.4 equiv.)
ez O~ R=Bz% (0%)
- (2.0 equiv.) MeCN W/B(E+Z)
B 90.10 rt,16h 90:10
R=Bn:4b R =Bn:5b (97 %)
o/B(E+Z) a/B(E+Z)
92:8 91:9

Figure 3. o-Vinylsilane allylation reactions. Yields of isolated prod-
ucts are given in parentheses.

Using internal alkynes to perform the ruthenium-based
hydrosilylation led to the formation of trisubstituted B-(Z)-
vinylsilanes such as o,B-unsaturated ketone 6 (Figure 4).
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The mixture of isomers was allylated under our standard
conditions to provide desired polysubstituted diene 7 in a
satisfactory 73% yield. Notably, no 1,4- or 1,2-addition
onto the carbonyl group was observed.

Si(OEt)s Cul (0.2 equiv.)
S . /\/Br TBAT (2.4 equiv.) o
: MeCN
O (2.0equiv.) rt, 16 h
6 7 (73 %)
i.r. 80:20 ir.83:17

Figure 4. Trisubstituted alkene synthesis.

Conclusions

An efficient catalytic method to functionalize vinylsilanes
with allylic electrophiles has been developed. Broad func-
tional-group compatibility was possible by using a cop-
per(I) reagent and allyl bromides. The allylation reactions
proceeded even in the presence of esters, ketones, and alde-
hydes with yields up to 98 %. o-Vinylsilanes showed inter-
esting reactivity, as they delivered the corresponding a-ole-
fins in good yields. Finally, the use of a trisubstituted vinyl-
silane showed the extent of this method, which led to the
construction of polysubstituted 1,4-dienes. Further studies
concerning the copper-catalyzed functionalization and ap-
plications of vinylsilanes are ongoing and will be reported
in due time.

Experimental Section

General Method: To a solution of the vinylsilane (0.20 mmol,
1.0 equiv.) in MeCN (2mL) was added the allylic bromide
(0.40 mmol, 2.0 equiv.) and the copper(I) salt (0.04 mmol,
0.2 equiv.). TBAT (0.48 mmol, 2.4 equiv.) was added, and the re-
sulting mixture was stirred at room temperature for 16 h. The sol-
vent was removed in vacuo to afford a dark brown oil. This oil
was diluted with a minimum amount of CH»Cl, (0.5 mL), filtered
through a short pad of silica, and eluted with diethyl ether (25 mL).
The ethereal solution was concentrated under reduced pressure to
afford the crude product, which was purified by flash chromatog-
raphy by using CH,Cl, in petroleum ether to afford the desired
olefin.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental details, characterization data, and copies of the
'H and '3C NMR spectra of all key intermediates and final prod-
ucts.

Acknowledgments

Financial support from the Fonds de la Recherche Scientifique
(FRS-FNRS), the Fonds pour la formation a la Recherche dans
I'Industrie et dans 1’Agriculture (FRIA), and the Université Catho-
lique de Louvain is gratefully acknowledged. Steve Dierick is grate-
fully acknowledged for his help concerning the hydrosilylations.

[1]1 a) I. Fleming, A. Barbero, D. Walter, Chem. Rev. 1997, 97,
2063-2193; b) M. J. Curtis-Long, Y. Aye, Chem. Eur. J. 2009,
15, 5402-5416.

WWW.EUrjoc.org 37



SHORT COMMUNICATION

L. Cornelissen, S. Vercruysse, A. Sanhadji, O. Riant

[2] a) D.S. W. Lim, E. A. Anderson, Synthesis 2012, 44, 983-1010
and references cited therein; b) A. Barbero, F. J. Pulido, 4cc.
Chem. Res. 2004, 37, 817-825.

[3] a) G. Berthon-Gelloz, J.-M. Schumers, G. De Bo, 1. E. Marko,
J. Org. Chem. 2008, 73, 4190-4197; b) G. De Bo, G. Berthon-
Gelloz, B. Tinant, I. E. Markd, Organometallics 2006, 25,
1881-1890; ¢) S. Dierick, 1. E. Marko, personal communica-
tions.

[4] a) A. K. Chatterjee, J. P. Morgan, M. Scholl, R. H. Grubbs, J.
Am. Chem. Soc. 2000, 122, 3783-3784; b) C. Pietraszuk, H.
Fischer, M. Kujawa, B. Marciniec, Tetrahedron Lett. 2001, 42,
1175-1178.

[5] Y. Miyake, E. Isomura, M. Iyoda, Chem. Lett. 2006, 35, 836—
837.

[6] B.M. Trost, Z. T. Ball, J Am. Chem. Soc. 2005, 127, 17644
17655.

[71 a) Y. Nakao, T. Hiyama, Chem. Soc. Rev. 2011, 40, 4893-4901
and references cited therein; b) G. W. Kabalka, M. Al-Masum,
Org. Lett. 2006, 8, 11-13; ¢) R. Dey, K. Chattopadhyay, B. C.
Ranu, J Org Chem. 2008, 73, 9461-9464; d) E. Alacid, C.
Najera, J. Org. Chem. 2009, 74, 2321-2327.

[8] a) H. Taguchi, H. Miyashita, A. Tsubouchi, T. Takeda, Chem.
Commun. 2002, 2218-2219; b) A. Tsubouchi, K. Onishi, T.
Takeda, J Am. Chem. Soc. 2006, 128, 14268-14269; c) A. Tsu-
bouchi, H. Matsuda, T. Kira, T. Takeda, Chem. Lett. 2009, 38,
1180-1181; d) A. Tsubouchi, S. Enatsu, R. Kanno, T. Takeda,
Angew. Chem. 2010, 122, 7243-7245; Angew. Chem. Int. Ed.
2010, 49, 7089-7091.

[9] D. Tomita, R. Wada, M. Kanai, M. Shibasaki, J Am. Chem.
Soc. 2005, 127, 4138-4139.

[10] K.-S. Lee, A. H. Hoveyda, J Org Chem. 2009, 74, 4455-4462.

[11]a) A. Alexakis, J. E. Béackvall, N. Krause, O. Pamies, M. Dié-
guez, Chem. Rev. 2008, 108, 2796-2823; b) C. A. Falciola, A.
Alexakis, Eur. J. Org. Chem. 2008, 3765-3780.

[12]a) S. R. Harutyunyan, T. den Hartog, K. Geurts, A.J. Min-
naard, B. L. Feringa, Chem. Rev. 2008, 108, 2824-2852; b) A.
Alexakis, C. Malan, L. Lea, C. Benhaim, X. Fournioux, Synlett
2001, 927-930; ¢) H. Li, A. Alexakis, Angew. Chem. 2012, 124,
1079-1082; Angew. Chem. Int. Ed. 2012, 51, 1055-1058; d) V.
Hornillos, M. Pérez, M. Fananas-Mastral, B. L. Feringa,
Chem. Eur. J. 2013, 19, 5432-5441; e) V. Hornillos, M. Pérez,

38 WWW.EUrjoc.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

M. Fananas-Mastral, B. L. Feringa, J Am. Chem. Soc. 2013,
135, 2140-2143.

[13] M. Fafianas-Mastral, M. Pérez, P. H. Bos, A. Rudolph, S. R.
Harutyunyan, B. L. Feringa, Angew. Chem. 2012, 124, 1958—
1961; Angew. Chem. Int. Ed. 2012, 51, 1922-1925.

[14]a) F. Diibner, P. Knochel, Angew. Chem. 1999, 111, 391-393;
Angew. Chem. Int. Ed. 1999, 38, 379-381; b) F. Diibner, P. Kno-
chel, Tetrahedron Lett. 2000, 41, 9233-9237; c) C. A. Luchaco-
Cullis, H. Mizutani, K. E. Murphy, A. H. Hoveyda, Angew.
Chem. 2001, 113, 1504-1508; Angew. Chem. Int. Ed. 2001, 40,
1456-1460.

[15]a) H. Ohmiya, U. Yokobori, Y. Makida, M. Sawamura, J. Am.
Chem. Soc. 2010, 132, 2895-2897; b) K. Nagao, U. Yokobori,
Y. Makida, H. Ohmiya, M. Sawamura, J Am. Chem. Soc.
2012, 134, 8982-8987; c¢) Y. Shido, M. Yoshida, M. Tanabe, H.
Ohmiya, M. Sawamura, J Am. Chem. Soc. 2012, 134, 18573~
18576.

[16]a) L. B. Delvos, D. J. Vyas, M. Oestreich, Angew. Chem. 2013,
125, 4748-4751; Angew. Chem. Int. Ed. 2013, 52, 4650-4653;
b) M. Takeda, R. Shintani, T. Hayashi, J. Org. Chem. 2013, 78,
5007-5017; ¢) C. K. Hazra, E. Irran, M. Oestreich, Eur. J. Org.
Chem. 2013, 4903-4908.

[17]a) Y. Lee, K. Akiyama, D. G. Gillingham, M. K. Brown, A. H.
Hoveyda, J Am. Chem. Soc. 2008, 130, 446-447; b) F. Gao,
A. H. Hoveyda, J Am. Chem. Soc. 2010, 132, 10961-10963; c)
K. Akiyama, F. Gao, A. H. Hoveyda, Angew. Chem. 2010, 122,
429-433; Angew. Chem. Int. Ed. 2010, 49, 419-423.

[18] F. Gao, J. L. Carr, A. H. Hoveyda, Angew. Chem. 2012, 124,
6717-6721; Angew. Chem. Int. Ed. 2012, 51, 6613-6617.

[19] For some examples of 1,4-diene-containing natural products,
see: a) K. Gerth, P. Washausen, G. Hofle, H. Irschik, H. Reich-
enbach, J. Antibiot. 1996, 49, 71-75; b) K. Malloy, T. Suyama,
N. Engene, H. Debonsi, Z. Cao, T. Matainaho, C. Spadafora,
T. Murray, W. Gerwick, J Nat. Prod. 2012, 75, 60-66; c) .
Kobayashi, M. Ishibashi, H. Nakamura, Y. Ohizumi, T. Yam-
asu, T. Sasaki, Y. Hirata, Tetrahedron Lett. 1986, 27, 5755-
5758.

[20] B. M. Trost, Z. T. Ball, T. Joge, J. Am. Chem. Soc. 2002, 124,
7922-7923.

Received: September 8, 2013
Published Online: November 19, 2013

Eur. J. Org. Chem. 2014, 35-38



