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Fluoride-free cross-coupling reactions of alkenyltrialkoxysilanes with aryl iodides, bromides, and chlorides
are performed on water using sodium hydroxide as activator at°C2Qnder normal or microwave
heating. This process occurs in the presence of Pd(9#&ch-hydroxyacetophenone oxime-derived
palladacyclel as precatalysts under ligand-free conditions with low Pd loadings {d.0tol %) and

using tetran-butylammonium bromide as additive. Different commercially available vinylalkoxylsilanes
can be cross-coupled under these reaction conditions to the corresponding styrenes, the best substrates
being vinyltrimethoxy- or vinyltriethoxysilane. Alkenyltriethoxysilanes, prepared by Wilkinson-catalyzed
hydrosilylation of alkynes with triethoxysilane, are stereospecifically arylated with aryl and vinyl halides
under microwave irradiation in moderate to higtu regioselectivity affording unsymmetrical stilbenes,
alkenylbenzenes, and conjugate dienes, respectively. This simple procedure allows the palladium recycling
from the aqueous phaskiring three runs by extractive separation of the products, which contain very
low levels of Pd (2+27.5 ppm for an aryl iodide and up to 76 ppm for a bromide).

Introduction industrial processes. However, the lower number of applications
) ) ) ) of the Hiyama reaction is attributed to the requirement of the
Palladium-catalyzed alkenylation reactions of aryl halides can corrosive fluoride anion for the activation of organosilanes. The
be performed using two important strategies, namely the cross-coupling of alkenylsilanes has been performed mainly with
Mizoroki—Heck reaction and cross-coupling processes. When aryl iodides under the activation of tetrabutylammonium
following this last strategy, several vinylating reagents can be fjyoride (TBAF). Initially, only vinyltrimethylsilane could be
used, such as .alkenylmagnesmm, zinc, tin, boron, tflf'_L{OYObO- coupled by activation with difluorotrimethylsilicate (TASF) or
rates, and silicon compoundlsThe use of organosilicon TBAF.2 The C-Si bond has been further activated using
compounds, initiated by Hiyama and co-workéhave_ many  alkenylfluorosilane$,alkenylalkoxysilane$ and organosilanof,
advantages in comparison to other organometallic dohors. iy the presence of an heteroatom on the silicon, with at least
Organosilicon compounds present high stability, low toxicity, gne oxygen function necessary. Denmark and co-workers have
and high accessibility and are therefore excellent candidates forrecently described the potassium trimethylsilanolate (TMSOK),
sodium and potassium hydride, sodiurart-butoxide, and
* To whom correspondence should be addressed. Re8d 965903549. cesium carbonate activation of alkenylsilanols and trialkoxysi-

T Dedicated to the memory of Professor Yoshihiko Ito. 7 ; B ;
(1) (a)Handbook of Organopalladium Chemistry for Organic Synthesis lanes’ Potassium carbonate has been used for the cross-coupling

Negishi, E., de Meijere, A., Eds.: John Wiley & Sons: Chichester, 2002. Of alkenyl[(2-hydroxymethyl)phenyl]dimethylsilanés.
(b) Metal-Catalyzed Cross-Coupling Reactip@sd ed.; Diederich, F., de

Meijere, A., Eds.; Wiley-VCH: Weinheim, 2004. (djransition Metals (3) For recent reviews, see: (a) Hiyama, T.Metal-Catalyzed Cross-
for Organic Synthesis, Building Blocks and Fine Chemic2sl ed.; Beller, Coupling ReactionsDiederich, F., Stang, P. J., Eds.; Wiley-VCH: Wein-
M.; Bolm, C., Eds.; Wiley-VCH: Weinheim, 2004. (d) Tsuiji,Balladium heim, 1998; Chapter 10. (b) Hiyama, T.; ShirakawaT&p. Curr. Chem.
Reagents and CatalysigViley: Chichester, 2004. 2002 219 61-85. (c) Denmark, S. E.; Sweis, R. F. Metal-Catalyzed
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Hatanaka, Y.; Goda, K.; Hiyama, J. Organomet. Cheni994 465 97— Wiley-VCH: Weinheim, 2004; Vol. 1, Chapter 4. (d) Spievey, A. C.;
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Only two examples have been described reporting the styrenes. The regio- and diastereoselectivity in the arylation and
vinylation of activated aryl bromides and chlorides using vinylation of alkenyltrialkoxysilanes for the synthesis of stil-

vinyltrimethoxysilane and TBAF as activatdrThe use of

benes, alkenylbenzenes, and conjugate dienes has also been

inorganic bases, such as sodium or potassium hydroxide andstudied. Attempts for simple product separation and Pd recycling
potassium carbonate as activators for the cross-coupling ofexperiments under these reaction conditions were also consid-

arylhalosilanes? siliconel! and aryltrimethoxysilane’?, have

ered.

been carried out in water as solvent. We have recently described

the fluoride-free Hiyama reaction of aryltrialkoxysilah&and

vinyltrialkoxysilanes$* with aryl bromides and chlorides using
sodium hydroxide as activator under thermal and microwave
conditions. These processes took place using either PdgOAcC)

or phenone oxime-derived palladacycleand? as catalyst$

under low Pd loading and very simple reaction conditi&hs.
We report herein a full account about the vinylation of aryl
iodides, bromides and chlorides with different vinyltrialkox-
ysilanes promoted by agueous sodium hydroxide, using either

palladium salts or palladacycle directed to the synthesis of

(4) Hatanaka, Y.; Hiyama, T. Org. Chem1989 54, 268-270.

(5) (@) Tamao, K.; Kobayashi, K.; Ito, YTetrahedron Lett1989 30,
6051-6054. (b) Mowery, M. E.; DeShong, B. Org. Chem.1999 40,
1673-1676. (c) Jeffery, TTetrahedron Lett1999 40, 1673-1676. (b)
Itami, K.; Nokami, T.; Yoshida, JJ. Am. Chem. So2001, 123 5600~
5601. (c) Itami, K.; Nokami, T.; Ishimura, Y.; Mitsudo, K.; Kamei, T.;
Yoshida, JJ. Am. Chem. So2001 123 11577 11585. (d) Denmark, S.
E.; Wang, Z.J. Organomet. Chen001, 624, 372-375. (e) Mori, A;
Suguro, M.Synlett2001, 845-847.

(6) (@) Denmark, S. E.; Choi, J. ¥. Am. Chem. S04999 121, 5821~
5822. (b) Denmark, S. E.; Wehrli, DDrg. Lett. 2009 2, 565-568. (c)
Denmark, S. E.; Wehrli, D.; Choi, J. YOrg. Lett.200Q 2, 2491-2494.
(d) Denmark, S. E.; Pan, WOrg. Lett.2001 3, 61-64. (e) Denmark, S.
E.; Yang, S.-MOrg. Lett.2001, 3, 1749-1752. (f) Denmark, S. E.; Yang,
S.-M. J. Am. Chem. SoQ002 124, 2102-2103. (g) Denmark, S. E.;
Tymonko, S. A.J. Am. Chem. SoQ005 127, 8004-8005.

(7) (@) Denmark, S. E.; Baird, J. @Chem. Eur. J2006 12, 4954~
4963. (b) Denmark, S. E.; Baird, J. @rg. Lett. 2006 8, 793-795. (c)
Denmark, S. E.; Neuville, L.; Christy, M. E. L.; Tymonko, S. A. Org.
Chem.2006 71, 8500-8509.

(8) (a) Nakao, Y.; Imanaka, H.; Sahoo, A. K.; Yada, A.; HiyamaJT.
Am. Chem. So@005 127, 6952-6953. (b) Nakao, Y.; Imanaka, H.; Chen,
J.; Yada, A.; Hiyama, TJ. Organomet. Chen2007, 692 585-603.

(9) (&) Lee, H. M.; Nolan, S. POrg. Lett. 200Q 2, 2053-2055. (b)
Clarke, M. L.Adv. Synth. Catal2005 347, 303—307.

(10) Huang, T.; Li, C.-JTetrahedron Lett2002 43, 403-405.

(11) Koike, T.; Mori, A. Synlett2003 1850-1852.

(12) (a) Walf, C.; Lerebours, FOrg. Lett.2004 6, 1147-1150. (b) Wolf,
C.; Lerebours, RSynthesi®005 2287-2292.

(13) Alacid, E.; Ngera, C.Adv. Synth. Catal2006 348 945-952.

(14) For a preliminary communication, see: Alacid, Ejé&a, C.Adv.
Synth. Catal2006 348 2085-2091.

(15) For applications of oxime-derived palladacycles, see: Mizeroki
Heck reaction: (a) Alonso, D. A.; Nera, C.; Pacheco, M. ®rg. Lett.
200Q 2, 1823-1826. (b) lyer, S.; Ramesh, Cetrahedron Lett200Q 41,
8981-8984. (c) lyer, S.; Jayanthi, Aletrahedron Lett2001, 42, 7877
7878. (d) Alonso, D. A.; Ngra, C.; Pacheco, M. CAdv. Synth. Catal.
2002 344, 172-183. (e) lyer, S.; Kulkarni, G. M.; Ramesh, Tetrahedron
2004 60, 2163-2172. (f) Botella, L.; Ngra, C.Tetrahedron Lett2004
45, 1833-1836. (g) Botella, L.; Nera, C.Tetrahedron2004 60, 5563
5570. (h) Botella, L.; Ngra, C.Tetrahedron Lett2004 45, 1833-1836.
(i) Botella, L.; Ngera, C.J. Org. Chem2005 70, 4360-4369. (j) Botella,
L.; Ngera, C.Tetrahedron2005 61, 9688-9695. (k) Cao, X.-P.; Barth,
D.; Kuck, D. Eur. J. Org. Chem2005 3482-3488. (I) Alacid, E.; Ngra,
C. Synlett2006 2959-2964. (m) Climent, M. J.; Corma, A.; lborra, S;
Mifsud, M. Adv. Synth. Catal2007, 349, 1949-1954. (n) Alacid, E.; Nigra,
C. Adv. Synth. Catal2007 349, 2572-2584. Suzuki-Miyaura reaction:
(o) Botella, L.; Ngera, C.Angew. Chem., Int. E@002 41, 179-181. (p)
Alonso, D. A.; Ngera, C.; Pacheco, M. Q. Org. Chem2002, 67, 5588
5594. (q) Botella, L.; Ngera, C.J. Organomet. Chen2002 663 46—57.
(r) Costa, A.; Ngra, C.; Sansano, J. M. Org. Chem2002 67, 5216~
5225. (s) Baleizao, C.; Corma, A.; GacH.; Leyva, A.J. Org. Chem.
2004 69, 439-446. (t) Ortiz, R.; Yus, M.Tetrahedron2005 61, 1699-
1707. CassarHeck—Sonogashira reaction: (u) Alonso, D. A.{jse, C.;
Pacheco, M. CTetrahedron Lett2002 43, 9365-9368. (v) Alonso, D.
A.; Ngera, C.; Pacheco, M. Q\dv. Synth. Catal2003 345 1146-1158.
Alkyne acylation reaction: (w) Alonso, D. A.; &ra, C.; Pacheco, M. C.
J. Org. Chem2004 69, 1615-1619.
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Results and Discussion

Initial studies were performed with 4-bromoacetophenone as
an activated aryl bromide with different vinyltrialkoxysilanes
and alkaline hydroxides on water as solvent under microwave
irradiation at 120°C during 10 min (Table 1). In the presence
of 0.5 mol % of palladium acetate, the cross-coupling with
vinyltrimethoxysilane 8a) took place in higher yield using
sodium rather than potassium hydroxide (Table 1, entries 1 and
2). When 0.5 mol % of other palladium sources, such as
palladium dichloride, palladium on carbon, and palladacycles
1 and?2, were used, only complek gave a quantitative yield
(Table 1, entries 36). Using complexL as precatalyst and the
several commercially available vinylalkoxysilar#@s—i (Table
1, entries #14), only vinyltriethoxysilane 3b) and 3i gave
yields similar to those o8a (Table 1, compare entry 1 with 7
and 14, respectively). The cross-coupling with vinyltrialkox-
ysilane 3i was also performed using palladium acetate as
catalyst, giving 4-vinylacetophenone in slightly lower yield than
with complex1 (Table 1, compare entries 14 and 15).

Next, the Pd loading of complek for the cross-coupling of
the best silan@a, was decreased to 0.1 mol %, resulting in a
lowered yield from 99 to 71%, which could be restored to 99%
by addition of 0.5 equiv of tetra-butylammonium bromide
(TBAB) (Table 1, entries 16 and 17). In the case of using 0.1
mol % of palladium diacetate, a 90% yield was obtained in the
presence of TBAB (Table 1, entry 18). However, a poor yield
was obtained when 0.01 mol % of palladium was employed
(Table 1, entry 19).

\ ~sio, / \ i OSite;
? S,'\/ SI'O‘SI'—\\ /_Sll_
S O =z = OSiMe3
O—Si~_
/) 3d 3e
3c
\\_|_ _|, [/\,} /\{O\/\ ]
Si-0 ?I—\ /SI §|Me Si OMe]|,
3f 3h 3i

The scope of the vinylation reaction was studied with aryl
iodides under thermal and microwave conditions using both

(16) For recent works using similar reaction conditions, see: (a) Gordillo,
A.; de Je$s, E.; Lgpez-Mardomingo, COrg. Lett.2006 8, 3517-3520.
(b) Gordillo, A.; de Jessy E.; Lgpez-Mardomingo, CChem. Commur2007,
4056-4058.
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TABLE 1. Optimization of the Palladium-Catalyzed Hiyama Reaction of Vinyltrialkoxysilanes and 4-Bromoacetophenorfe

/@/Br Pd cat. N
+ CH,=CHSIi(OR);z or 3c-i /@/\
MeCO 3a,b base, H,0, MW, MeCO
120 °C, 10 min
entry vinylsilane cat. (mol% Pd) base additive yhe(eh)
1 CH,—=CHSi(OMe) (33) Pd(OAC) (0.5) NaOH 97 (90)
2 CH,=CHSi(OMe} (33) Pd(OAC) (0.5) KOH 66
3 CH,=CHSi(OMe) (3a) PdCL (0.5) NaOH 87
4 CH,=CHSi(OMe} (33) Pd/C (0.5) NaOH 12
5 CH,=CHSi(OMe} (3a) 1(0.5) NaOH 99
6 CH,=CHSi(OMe} (3a) 2(0.5) NaOH 0
7 CH,=CHSIi(OEt} (3b) 1(0.5) NaOH 90
8 3c 1(0.5) NaOH 21
9 3d 1(0.5) NaOH 7
10 3e 1(0.5) NaOH 19
11 3f 1(0.5) NaOH 27
12 CH=CHSiMe(OMe} (3g) 1(0.5) NaOH 57
13 3h 1(0.5) NaOH g
14 3i 1(0.5) NaOH 87
15 3i Pd(OAC) (0.5) NaOH 81 (70)
16 CH—CHSi(OMe} (33) 1(0.1) NaOH 71
17 CH=CHSi(OMe} (3a) 1(0.1) NaOH TBAB 99
18 CH~=CHSi(OMe}) (3a) Pd(OAC) (0.1) NaOH TBAB 90
19 CH=CHSi(OMe} (3a) 1(0.01) NaOH TBAB 6

aReaction conditions: 4-bromoacetophenone (0.5 mmol), sBafilemmol, catalyst (see column), base (1.25 mmol.), TBAB (0.25 mmol, see column),
water (1 mL), microwave reactor at 12C (40—45 W, 2-5 bar) with air stream coolind.Determined by'H NMR using diphenylmethane as internal
standard. The yield after flash chromatography is shown in parentifeseg% vyield of 4,4-diacetylbiphenyl was also obtainetlan 8% yield of
4-methylacetophenone was obtained.

TABLE 2. Palladium-Catalyzed Hiyama Reaction of Vinyltrialkoxysilanes and Aryl lodides®

Pd cat.
Arl  + CH,=CHSIi(OR), AT
3 NaOH, H,0
Aor MW, 120 °C
entry Arl vinylsilane cat. (mol% Pd) additive heating time product Vigtd)

1 4-methoxyiodobenzene 3a Pd(OAc) (0.1) MW 10 min 4-methoxystyrene 90

2 3a 1(0.1) MW 10 min 93(82)

3 3a Pd(OAc) (0.1) A 3h 89

4 3a 1(0.1) A 3h 96

5 3a Pd(OAc) (0.1) TBAB MW 10 min 98

6 3a 1(0.1) TBAB MW 10 min 99

7 3a Pd(OAc) (0.01) TBAB A 4h 89

8 3a 1(0.01) TBAB A 4h 81

9 3b 1(0.1) MW 10 min 93 (84)
10 3i 1(0.1) MW 10 min 91
11 3i 1(0.1) A 3h 88 (79)
12 1-iodonaphthalene 3a Pd(OAc) (0.1) TBAB MW 10 min 1-vinylnaphthalene 83
13 3a 1(0.1) TBAB MW 10 min 94
14 3a Pd(OAc) (0.1) TBAB A 3h 81 (70)
15 3a 1(0.1) TBAB A 3h 84
16 3i 1(0.5) MW 10 min 81 (73)
17 4-benzyloxyiodobenzene 3a Pd(OAc) (0.5) TBAB MW 15 min 4-benzyloxystyrene 94 (60)
18 3a 1(0.5) TBAB MW 15 min 85
19 3a Pd(OAc) (0.5) TBAB A 3h 89
20 3a 1(0.5) TBAB A 3h 95
21 3,5-dimethoxyiodobenzene 3a Pd(OAc) (0.1) TBAB MwW 15 min 3,5-dimethoxystyrene 83 (79)
22 3a 1(0.1) TBAB MW 15 min
23 4-chloroiodobenzene 3a Pd(OAc) (0.1) MwW 10 min 4-chlorostyrene 89 (84)
24 3a 1(0.1) MW 10 min 85
25 3a Pd(OAc) (0.1) TBAB A 3h 89
26 3a 1(0.1) TBAB A 3h 96

aReaction conditions: aryl iodide (0.5 mmol), silaB€1l mmol), catalyst (see column), NaOH (1.25 mmol), TBAB (0.25 mmol, see column), water (1
mL), microwave reactor at 128C (40-45 W, 2-5 bar) with air stream cooling or conventional heating in a pressure tube &tClpath temperature.
b Determined by*H NMR using diphenylmethane as internal standard. The yield after flash chromatography is shown in parentheses.

catalysts, palladium acetate and palladacyklen aqueous
sodium hydroxide (Table 2). The arylation of vinyltrimethox-
ysilane Ba) with 4-iodoanisole took place in 889% vyields
with a 0.1 mol % palladium loading of both catalysts and under yields similar to those adaunder microwave (Table 2, compare

thermal or microwave heating in the absence or in the presence
of TBAB (Table 2, entries £6). Alternatively, vinyltriethox-
ysilane @b) and vinyltris(2-methoxyethoxy)silane3ij gave

J. Org. ChemVol. 73, No. 6, 2008 2317
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TABLE 3. Recycling Experiments of the Palladium-Catalyzed
Hiyama Reaction of Vinyltrimethoxysilane and 4-lodoanisolé

I Pd cat. (0.1 mol%) N
/©/ +  CH,=CHSi(OMe)s /@A
MeO 3 NaOH, H,0, TBAB MeO
a MW, 120 °C, 10 min

Pd(OAc) complex1
yield® Pd leaching yield Pd leaching
entry (%) (ppm) (%) (ppm)
1 98 27.5 99 22.2
2 o 22.2 96 21.7
3 81 24.8 99 21.0
4 66 56

aReaction conditions: 4-iodoanisole (0.5 mm@&a (1 mmol), catalyst
(0.1 mol % Pd), NaOH (1.25 mmol), TBAB (0.25 mol), water (1 mL),
microwave reactor at 12TC (40—45 W, 2-5 bar) with air stream cooling.
b Determined by!H NMR using diphenylmethane as internal standard.
¢ Determined in the crude product by ICP-OER\ 10% yield of anisole
was also obtained. A 1% yield of anisole was also obtainedd 6% yield
of anisole was also obtaine®@A 2% vyield of anisole was also obtained.
h A 20% yield of anisole was also obtainédh 5% vyield of anisole was
also obtained.

entry 2 with 9 and 10) or conventional thermal (Table 2,
compare entry 4 with 11) conditions. The palladium loading
could be decreased to 0.01 mol % when the palladium
nanoparticles stabilizer TBAB was present in the reaction
medium (Table 2, entries 7 and 8).

Alacid and Ngera

21). Activated aryl chlorides, such as 4-chloroacetophenone and
benzophenone, only reacted under microwave conditions with
2 mol % of palladium loading to provide the corresponding
styrenes in good yields (Table 4, entries—25).

For the recycling experiments, the reaction of 4-bromoac-
etophenone and vinyltrimethoxysilane was performed using both
catalysts in the microwave reactor (Table 5). From these studies,
it was found that palladacycle gave much better efficiency than
palladium diacetate. Thus, compléxvas active at least during
six cycles, whereas palladium diacetate gave good yields only
during four cycles. In addition, the reduction of the correspond-
ing bromide to acetophenone was also lower in the case of using
the palladacycle. Concerning the leaching of palladium(0) in
the final product, this was very low in the two first runs but
more than 54 ppm were found in the crude product after the
fourth cycle according to ICP-OES analyses.

In all experiments carried out with vinyltrialkoxysilan8s
the competition of a MizorokiHeck reaction to give the
corresponding 2-arylethenyltrialkoxysilanes was never observed.
In some experiments, the consecutive Hiyarhkeck reactions
to afford symmetrical substituted stilbed@occurred, although
these byproducts were observed in less than 5%.

This vinylation process was applied to the synthesis of
unsymmetrical stilbenes and other alkenes ug@rsybstitued
vinyltriethoxysilanest. These compounds were prepared quan-
titatively by hydrosilylation of phenylacetylene and oct-1-yne

Recycling experiments and leaching analyses were performedwith triethoxysilane catalyzed by in situ generated tris(triph-

for the reaction of vinyltrimethoxysilan&é) and 4-iodoanisole
using 0.1 mol % palladium of palladacycleand palladium

enylphosphine)rhodium(l) iodide from Wilkinson’s catalyst and
Nal?® (Scheme 1). In the case ofa® and using a 1:1

diacetate as precatalysts under microwave conditions in the firststoichiometry, a 67:38/Z mixture of diasteromers was obtained

run (Table 3). After finishing each cycle, the reaction was after 1 d at 60°C, whereas 95:5 or 92:8 diastereomeric ratios
extracted with diethyl ether, and the reagents with the exceptionwere observed after 19 h reaction time when 2 equiv of
of the catalyst were added again to the aqueous phase. Duringriethoxysilane were used. For the hydrosilylation of oct-1-yne,
the three first runs, complekgave a much better performance 2 equiv of triethoxysilane was employed affording the alkenyl-

than palladium diacetate, and the reduction of 4-iodoanisole to triethoxysilanetb?! as a mixture 84:16 df/Z diasteromers after

anisole occurred in a lower ratio using the palladacycle.
Unfortunately, the yield during the fourth run decreased for the

16 h at 60°C.
The cross-coupling of alkenyltriethoxysilanes with different

same reaction time to 66% and 56%. ICP-OES analyses of theayy| halides was performed under the above-mentioned reaction

obtained crude product indicate relative low levels of Pd in the
range of 21.6-27.5 ppmt’
Parallel studies with palladium acetate and palladatylere

conditions, in aqueous NaOH, TBAB as additive at 1ZD
under microwave heating using palladacytler Pd(OAc) both
as precatalysts (Table 6). In the arylation of styryltriethoxysilane

performed for the cross-coupling of aryl bromides and activated 4a and octenyltriethoxysilanéb with 4-iodoanisole the reaction

aryl chlorides using vinyltrimethoxysilane3) in aqueous
sodium hydroxide under thermal and microwave reaction
conditions in the presence of TBAB as additive, affording the

was rather effective with only 0.1 mol % of Pd in 10 min, but
mixtures of 3- and a-regioisomers were obtained (Table 6,
entries 1+3). The reaction was stereospecific toward the

corresponding styrenes generally in good to excellent yields j-regioisomer in the case of styryltriethoxysilafe whereas

(Table 4). Different activated and deactivated aryl bromides
resulted vinylated much more efficiently under microwave than

a 86:14 mixture ofE/Z diastereomers odb gave mixtures up
to 61:39 of the corresponding/Z-stilbene. However, when

under thermal conditions. The palladium loading was increased 4-bromoanisole was used for the cross-coupling witinstead

from 0.1 for 4-bromoacetophenone (Table 4, entriegd)lto 1
mol % for deactivated bromides (Table 4, entries12). In
the case of 2-bromo-6-methoxynaphthalene Arstyryl bro-

of 4-iodoanisole, a highep/a regioselectivity (3.7:1) was
obtained (Table 6, compare entry 1 and 4). When a more
hindered 1-bromonaphthalene was coupled wi#h a higher

mide, the loading was decreased to 0.5 mol % (Table 4, entriesregioselectivitys/a up to 13:1 was observed and the reaction

13—20). Starting from the first substrate, 2-methoxy-6-vinyl-
naphthalené8 an intermediate in the synthesis of naproxéhe,
was isolated in 83% yield using compléxunder microwave
irradiation (Table 4, entry 14). For the cross-couplin@afvith
3-bromopyridine, the reaction was performed with 1 mol % of
Pd using palladacycl&under microwave heating (Table 4, entry

(17) The required purity for active pharmaceutical ingredients (APIs)
must be kept typically from 2 to 20 ppm: Garret, C. E.; PrasadAdu.
Synth. Catal2004 346, 889-900.
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was again stereospecific for tHestilbene (Table 6, entries

(18) This compound can be also prepared by Mizordkeck reaction
of ethylene and 2-bromo-6-methoxynaphthalene at 4@0and 20 bar:
Reetz, M. T.; Lohmer, G.; Schwickardi, Rngew. Chem., Int. EA.998
37, 481-483.

(19) Zhang, J.; Xia, C. GJ. Mol. Catal. A2003 206, 59-65 and
references cited therein.

(20) Mori, A.; Takahisha, E.; Yamamura, Y.; Kato, T.; Mudalige, A.
P.; Kajiro, H.; Hirabayashi, K.; Nishihara, Y.; Hiyama, @rganometallics
2004 23, 1755-1765.
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TABLE 4. Palladium-Catalyzed Hiyama Reaction of Vinyltrimethoxysilane and Aryl Bromides and Chlorides
Pd cat.

ArX  + CH,=CHSi(OMe); AT
3a NaOH, H,0
Aor MW, 120 °C
(X =Br, Cl)
entry ArX cat. (mol% Pd) heating t product yiél(vo)

1 4-bromoacetophenone Pd(0A).1) Mw 10 min 4-vinylacetophenone 20

2 1(0.1) MW 10 min 99

3 Pd(OAc) (0.5) A 20h 95 (82)

4 1(0.5) A 20h 93 (89)

5 4-bromoanisole Pd(OAg)1) MW 20 min 4-methoxystyrene 97

6 1(1) MwW 20 min 94

7 1-bromonaphthalene Pd(OAgL) MW 20 min 1-vinylnaphthalene 90

8 1(1) MW 20 min 92

9 Pd(OAc) (1) A 1d 96
10 1(1) A 1d 98 (90)
11 4-bromochlorobenzene Pd(0A€)) MW 15 min 4-chlorostyrene 83
12 11 MW 15 min 71
13 2-bromo-6-methoxynaphthalene Pd(0A©).5) MW 10 min 2-methoxy-6-vinylnaphthalene 80
14 1(0.5 MW 10 min 91 (83)
15 Pd(OAc) (0.5¥ A 1d
16 1(0.5¥ A 1d 89
17 (E)-2-phenylvinyl bromide Pd(OAg)0.5) Mw 15 min €)-1-phenylbuta-1,3-diene 75
18 1(0.5) MW 15 min 90 (81)
19 Pd(OAc) (0.5) A 1d 95
20 1(0.5) A 1d 72 (41)
21 3-bromopyridine 1(1) MW 15 min 3-vinylpyridine 97 (88)
22 4-chloroacetophenone Pd(0A€E) Mw 25 min 4-chlorostyrene 60
23 1(2) MW 25 min 71 (60)
24 4-chlorobenzophenone Pd(0A€) MW 25 min 4-vinylbenzophenone 70 (61)
25 1(2) MW 25 min 65 (54)

aReaction conditions: aryl halide (0.5 mmaBa (1 mmol), catalyst (see column), NaOH (1.25 mmol), TBAB (0.25 mmol), water (1 mL), microwave
reactor at 120C (40—45 W, 2-5 bar) with air stream cooling or conventional heating in a pressure tube &ClBath temperaturé.Determined by*H
NMR using diphenylmethane as internal standard. The yield after flash chromatography is shown in parerheses| of TBAB.

TABLE 5. Recycling Experiments of the Palladium-Catalyzed Hiyama Reaction of Vinyltrimethoxysilane and 4-Bromoacetophenohe

Br Pd cat. (0.5 mol%) N
+ CH,=CHSi(OMe)3 /@/\
MeCO NaOH, H,0, TBAB, MeCO

MW, 120 °C, 15 min

Pd(OAc)» complex1
entry yield (%) Pd leaching(ppm) yield® (%) Pd leaching(ppm)
1 99 3.6 99 3.6
2 o9t 3.6 99 3.6
3 9¢ 99
4 9d 76.4 99 54.5
5 50" 192 95 90.5
6 99
7 4k 219

a Reaction conditions: 4-bromoacetophenone (0.5 mm3al{2 mmol), catalyst (0.5 mol % Pd), NaOH (1.25 mmol), TBAB (0.25 mmol), water (1 mL),
microwave reactor at 129C (40—-45 W, 2-5 bar) with air stream coolind. Determined by GC using decane (1 mL) as internal standdbdtermined in
the crude product by ICP-OESA 3% yield of acetophenone was also obtairfedl.7% yield of acetophenone was also obtairledl 16% yield of acetophenone
was also obtained. A 5% yield of acetophenone was also obtaineA.21% yield of acetophenone was also obtairiel 4% yield of acetophenone was
also obtained. A 8% yield of acetophenone was also obtained.11% vyield of acetophenone was also obtained.

SCHEME 1. Synthesis of Alkenyltrialkoxysilanes 4 high stereospecifity for th&-isomer (Table 6, entries 9 and
L _ RhCI(PPhg); (0.1 mol%) o 10). Similarly, when 3-bromopyridine was coupled withand
R—=—H + HSi(OEy; Mot (5 o 60 °C 7 Si(OEt), 4b, the corresponding products were obtained regioselectively
el (5 mol%) 4a:R = Ph as a 1:0 and 8:B/a ratio, and with the samE:Z ratio for the
4b: R = n-CgHy3 E-isomer than the starting alkenyltriethoxysilane (Table 6,
entries 11 and 12).
5—7). The same bromide antb gave a better 2:15/a ratio In the cross-coupling of alkenyltrialkoxysilands and 4b

of the corresponding 1-naphthyloct-1-ene, theliastereomer  with (E)-styryl bromide, a 0.5 mol % loading of Pd was
being obtained stereospecifically (Table 6, entry 8). The more employed to afford the corresponding conjugated dienes in good
activated 4-bromoacetophenone was coupled with 0.1 mol % yields with a 1:0 and 2.5:B/a ratio, respectively (Table 6,
loading of Pd giving the corresponding products with g@éa entries 13-15). 1,4-Diphenylbuta-1,3-diene was obtained ste-
regioselectivity, 8:1 and 3:1 fofa and 4b, respectively, and reospecifically, whereas th&/Z diastereomer ratio for 1-phe-
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TABLE 6. Palladium-Catalyzed Hiyama Reaction of Alkenyltrialkoxysilanes 4 and Aryl Halide$

Pd cat.
ArX +  RCH=CHSI(OEt) ———m AR YR
NaOH, TBAB, H,O Al
4a: R=Ph MW, 120 °C
4b:R = n-CeH13
entry ArX 4(E:Z)  cat.(mol%Pd) t(min) P:o ratio® product EZ  yield (%)

x-Ph
1 4-iodoanisole 4a (95:5) 1(0.1) 10 1.3:1 /@N 96:4 91 (80%
MeO
X n—CGH13
2 4b (86:14) Pd(OAc), (0.5) 10 1:2 /@Hﬂ\/ 61:39 86
MeO

3 1(0.1) 10 124 6436 85(75)

x-Ph
4 4-bromoanisole 4a (92:8) 1(0.1) 20 3.7:1 /@f"\/ 98:2 96
MeO

5 1-bromonaphthalene 4a (95:5) 1(D) 20 6.7:1 93:7 85

6 4a(67:33)  Pd(OAc) (1) 20 12:1
7 4a (67:33) 1(1) 20 13:1

66:34 84
66:34 93 (819

g
8 4b (36:14) 1(1) 20 2:1 91:9 99 (76%)

xPh
9 4-bromoacetophenone  4a (95:5) 1(0.1) 20 9:1 /@W\/ 92:8 %0 (829
MeCO
10 4a (67:33) 1(0.1) 20 1:0 57:43 85
11 4b (86:14) 1(0.1) 20 3:1 80:20 99 (89)
= xPh
12 3-bromopyridine 4a (95:5) 1(D) 20 1:0 « | 94:6 99 (919
N
= A n—C6H13
13 4b (86:14) 1(1) 20 8:1 (\/Irﬂ\/ 88:12 99 (84°)
N
14 ph X B 4a (67:33) 1(0.5) 20 1:0 PR X X PN 67:33 93 (81
15 4a (67:33) Pd(OAc), (0.5) 20 1:0 67:33 84
16 4b (86:14) 1(0.5) 20 2.5:1 ph/\/\\w”'csHB 55:45 99 (83
X Ph
17 4-chloroacetophenone 4a (95:5) 1(2) 30 8.5:1 /@ﬂ’\/ 01:9 76 (689
MeCO

/@w\/n'CeHm
18 4b (86:14) 1) 30 3 co 7525 70(60)

aReaction conditions: aryl halide (0.5 mmol), vinyltrimethosysilane (1 mmol), catalyst (see column), NaOH (1.25 mmol), TBAB (0.25 mmol), water (1
mL), microwave reactor at 128C (40-45 W, 2-5 bar) with air stream cooling or conventional heating in a pressure tube &tClpath temperature.
b Determined by*H NMR. ¢ Determined by*H NMR using diphenylmethane as internal standard. The yield after flash chromatography is given in parentheses.
d3:1 (B/o) ratio. ¢ Yield of the pure product.’4:1 (3/a) ratio.

nyldeca-1,3-diene was 55:45 instead of the 96:14 in the starting pure 8-product was isolated exclusively after flash chromatog-
alkenyltriethoxysilanetb. In general, the arylation with these raphy. However, the activated 4-chloroacetophenone needed 2
bromides took place with high conversions, especially when mol % loading of Pd and 30 min irradiation time to provide
palladacyclel was used as precatalyst, and in many cases, thethe corresponding alkenes in #06% conversion (Table 6,
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SCHEME 2. Mechanism for the Arylation of or microwave heating are appropriate for preparation of styrenes
Alkenyltriethoxysilanes 4 of unsymmetrical stilbenes. Ligandless Pd(O2a) 4-hydroxy-
ArX acetophenone oxime-derived palladacycles, which are efficient
Pd{O)l R%Si(OEt,BOH- sources of Pd nqnoparticles, ac_t as precatalysts under_low Pd
RilllLiH loading. In addition, these conditions allow the separation of
= the products by extractive workup and the recovery of Pd in
the aqueous basic layer. Among all vinylsilanes, vinyltriethoxy-
and trimethoxysilane gave the best results for the synthesis of
B-selectivity | a-selectivity styrenes. In the case of alkenyltriethoxysilanes, the reaction was,
l in general, stereospecific. Concerning the regioselectivity, a
A

Ar-Pd-X

H | Si(OEt};OH"
Ar-Pd-X

competitiveo-arylation was observed in higher proportions with
aryl iodides than bromides or chlorides and for octenyltriethox-

R, X-Pd Ar ysilane than for styryltriethoxysilane.
® HHSMOE();OH'_ H"'?@(‘*R ®

e i Experimental Section
-SIOH{OEt)sX" l “ General Procedure for the Coupling of Aromatic and Vinyl
X-Pd H Halides with Vinyltrialkoxysilanes (2-Methoxy-6-vinylnaphtha-
R H HYS N, lene, for Example) A pressure glass vessel (10 mL) sealed with
a0 HOECRIILL R a septum was charged with aromatic halide (0.5 mmol), alkenyl-
H Pd, “ -XPdH trialkoxysilane (1 mmol), tetra-butylammonium bromide (0.25
Ll mmol, 81 mg, see Tables-b), Pd salts, or palladacycle (062
l Al mol % Pd, see Tables—6) and water (1 mL). Then, an aqueous
HO(EIO)sSiT R solution 50% NaOH (1.25 mmol, 0.05 mL) was added dropwise
) +XPdH while vigorous stirring of a white-off solid that appeared in the
>_< mixture was carried out. After that, general conditions were
o H PATX established for the microwave heating: 40 W-6tbar, 120°C
ipso-product H " N, and air stream cooling during #20 min. When the reaction was
HO(EtO)3Si R performed under conventional heating, a 10 mL pressure tube was
l used and the reaction mixture was heated during the time shown
in Tablest-6. After the reaction mixture was cooled at room
H.| “Ar temperature, it was extracted in diethyl ethes(83.0 mL), and the
T combined organic layers were washed successively with aqueous
sl 2 M NaOH (2 x 25 mL), 2 M HCI (1 x 30 mL), and water or
cine-product brine (2x 20 mL). The organic layer was dried over Mg&$@nd
the solvent was removed under vacuum (15 mmHg). The reaction
entries 16 and 17). The regio- and diastereoselectivity observedyield was calculated byH NMR using diphenylmethane as internal
was similar when 4-bromoacetophenone was used as arylatingstandard, and the residue was purified by flash chromatography on
reagent (Table 6, compare entries 16 and 17 with 9 and 10). Silica gel with diethyl ether/hexane. For recycling experiments, the

The formation ofo,a-disubstituted alkenes was observed by product was extracted in situ with diethyl ether610 mL). The

. . - . conversion of the reaction was calculated by GC using decane as
Hiyama in the TBAF-promoted arylation of 1-fluoro(dimethyl)-  ytarnal standard taking the aromatic halide as reference. The

silyl-1-alkened”® and can be explained by a competitive aqueous layer was dried under vacuum, and new reagents, except
mechanism to the conventional transmetalation followed by for catalyst, were added again.

reductive elimination to afford the ipso produgfsselectivity). 2-Methoxy-6-vinylnaphthalene® white solid; mp 9+93 °C;

This alternative mechanism proceeds through a carbopalladation R 0.60 (hexane/diethyl ether 10/1); IR (KBr)= 3054, 2838, 1633,
which takes place by 1,3-migration of the aryl group from Pd 1597, 1482, 1258 cni; 'H NMR (CDClz, 300 MHz)6 7.72-7.68

to theB-carbon. This migration should be favored by aryl groups (M, 3H), 7.62 (d, 1H,) = 8.5 Hz), 7.14 (d, 2H) = 8.1 Hz), 6.89

with electron-donating substituents. Then, a dehydropalladation-(dd, 1H,J = 17.6 and 10.9 Hz), 5.85 (d, 1H,= 17.6 Hz), 5.29
hydropalladation sequence followed Byelimination of Pd and (1(:13 41;" i]3=2 30'1929"'?' laggNSMlF;é%D%é 7151'\2'327)61%;’757'1115%91'05 .
Si affords the cine productofselectivity). In our case, this o = o e e i L = - "

fiti hani f tiallv ob df | 55.2; MSm/z184 (Mt, 100), 169 (17), 141 (50), 115 (19).
competitive mechanism was preferentially observed for an ary Preparation of Alkenyltrialkoxysilanes via Hydrosilylation

iodide than a bromide because iodides are more reactive thanst Alkynes2® To a screw-capped glass tube were added RhCI-
bromides in carbopalladation reactions. The same bias was(ppn), (20 mg, 0.002 mmol), Nal (150 mg, 1 mmol), alkyne (20
observed for the alkenyltriethoxysiladd, which gave higher  mmol), and triethoxysilane (3.740 mL, 20.4 mmol), under stirring
o-arylation ratios than the styryltriethoxysilada because the  at room temperature. The resulting mixture was heated a685
B-cationic silicate A is more reactive, less stabilized, when R °C until completion of the reaction was confirmed Hy NMR

is an alkyl than an aryl group and suffers the 1,3-migration to (16—24 h). Purification was carried out by distillation in a Kugélro

give B faster than elimination of the silicate species (Scheme apparatus to afford the corresponding alkenyltrialkoxysildne
2). Styryltriethoxysilane (4a):2° colorless oil; bp 180C (30 Torr);

IR (film) v 2874, 1612, 1575, 1107, 1078 cinH NMR (CDCls,
300 MHz) 6 7.58, 7.48 (2d, 1H) = 7.2 Hz), 7.48-7.45 (m, 2H),
Conclusions 7.39-7.26 (m, 3H), 6.21, 5.61 (2d, 1H,= 19.3, 15.3 Hz), 3.92,
) N , ~3.79 (2q, 6H,J = 6.87 Hz), 1.29, 1.17 (2t, 9H] = 7.0 Hz);1C
The reaction conditions found for the Hiyama reaction NMR (CDCl;, 75 MHz) 6 151.2, 149.2, 138.5, 137.7, 128.8, 128.3,
between aryl halides and alkenyltrialkoxysilanes, aqueous 128.1, 126.8, 120.2, 117.7, 58.6, 58.4, 18.3, 18.1;iVi&266 (M,
sodium hydroxide, and TBAB as additive under conventional 11), 251 (50), 222 (100), 193 (43), 176 (58), 149 (56) 147 (63).
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1-Octenyltriethoxysilane (48:2% brown oil; bp 85°C (30 Torr); (4-acetylphenyl)oct-1-erf®,(E)- 1-(4-methoxyphenyl)oct-1-erfé,
IR (film) v 2955, 2920, 2872, 1618, 1467, 1458, 1235, 1015, 979 (E)-1-(3-pyridyl)oct-1-end and (E,3E)-1-phenyldeca-1,3-dierfe.
cm™ % 'H NMR (CDCl;, 300 MHz) 6 6.53, 6.43 (2 m, 1H), 5.41,
5.29 (2d, 1HJ = 18.4, 13.0 Hz), 3.863.79 (m, 6H), 2.28, 2.16 Acknowledgment. This work was financially supported by
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