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Abstract: Stable and reusable tetraorganosilicon reagents,

alkenyl-, aryl-, and silyl[2-(hydroxymethyl)phenyl]-

dimethylsilanes, undergo 1,4-addition reactions to o,-unsaturated carbonyl acceptors under mild rhodium-
catalysis. The reaction tolerates a diverse range of functional groups and is applicable to gram-scale

synthesis. Use of a chiral diene ligand allows the achi
transformations using the tetraorganosilicon reagents, p
active ketones and substituted piperidones that serve a
rhodium alkoxide species is suggested to be responsibl

evement of the corresponding enantioselective
roviding the silicon-based approach to optically
s synthetic intermediates of pharmaceuticals. A
e for a transmetalation step on the basis of the

observed kinetic resolution of a racemic chiral phenylsilane in the enantioselective 1,4-addition reaction

under the rhodium—chiral diene catalysis.

Introduction

Transition metal-catalyzed addition reactions of organome-
tallic reagents to electron-deficient olefins have attracted much
attention and have been developed extensively in the past
decade. Especially, since the landmark report by Miyaura and
co-workers in 199%,use of organoboron reagents has found
many synthetic applications including asymmetric synthesis
because of their tolerance toward many functional groups as

silanes, organosilanediols, and chlorosilanes in excess under
relatively harsh conditions. Furthermore, use of highly nucleo-
philic activators including metal fluorides in a stoichiometric
amount is essential in some ca%éd'Mto activate the silicon
reagents to be reactive enough and undergo transmetalation to
rhodium(l) or palladium(ll) species. Thus, the development of
new silicon reagents that are highly stable but reactive enough
at the same time have remained elusive.

well as easy handling and ready availabifity. Alternative
organometallic reagents have also been developed including
silicon 3455 titanium® zinc,” zirconium® indium? tin,1° lead*

and bismutH2 Among these, organosilicon reagents should have
significant importance in view of stability and nontoxicity as
well as natural abundance of silicon element. Nevertheless,
reported examples of such silicon-based reactions rely on the
use of acid-, base-, and/or moisture-sensitive organotri(alkoxy)-
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Of many types of organosilicon compounds, tetraorganosi-
lanes should be ideal in view of their high stability. As is the
case with ubiquitous triorganosilyl protecting groups, alkenyl-
and aryltriorganosilanes survive many synthetic transformations,
allowing their installation at even an early stage of complex
natural product synthesésA wide range of E)-, (2)-, and
a-substituted triorgano(vinyl)silanes are readily available by
virtue of recent progress in transition metal-catalyzed hydro-
silylation of alkynesi* Whereas a classical strategy involving
transmetalation between aryl-Grignard or -lithium reagents with

triorganosilyl halides still serves as a convenient access to simple
aryltriorganosilanes, the metal-catalyzed cross-coupling reactions

of aryl halides with disilané8§ or hydrosilane® and direct
silylation of Ar—H bondd’ have gained significant synthetic

value as highly chemoselective and atom economical alternatives

to classical syntheses of arylsilanes. In light of the growing
importance of silicon-based transformations, we have recently

disclosed that organo[2-(hydroxymethyl)phenyl]ldimethylsilanes 8

(1) behave as a new class of silicon reagents for the palladium-
catalyzed cross-coupling reacti&hThe reagents allow chemi-
cally stable tetraorganosilicon compoutfds participate in the
cross-coupling chemistry under fluoride-free conditions for the
first time with excellent chemoselectivities. The proximal
hydroxyl group is supposed to coordinate to the nearby silicon
atom upon treatment with a mild base, such a&£®;, to
produce a requisite five-membered pentacoordinated silicate
species® With the given success of the silicon reagehtin

the cross-coupling chemistry, we envisioned the usé a$ a

(13) (a) Trost, B. M.; Frederiksen, M. U.; Papillon, J. P. N.; Harrington, P. E.;
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H.; Oiwa, R.; Watanabe, S.; Masuda, ¥nthesif006 1771. (d) Yamanoi,
Y.; Nishihara, H.Tetrahedron Lett2006 47, 7157.
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P. I.; LaForest, M.; Sinning, D. J.; Zayes, R.; Berry, D.®tganometallics
1998 17, 1455. (e) Kakiuchi, F.; lgi, K.; Matsumoto, M.; Chatani, N.;
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Chem. Soc2005 127, 6952. (b) Nakao, Y.; Sahoo, A. K.; Yada, A.; Chen,

J.; Hiyama, T.Sci. Technol. Ad Mater. 2006 7, 536. (c) Nakao, Y.;

Imanaka, H.; Chen, J.; Yada, A.; Hiyama, J.Organomet. Chen2007,
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Figure 1. Conversion vs time for the reactions of a phenylmetal reagent
([Ph-M]o = 67 mM) with methyl vinyl ketone @alo = 201 mM) in the
presence of a rhodium catalyst ([Rij = 2.7 mM) at 30 or 50°C: (a)
PhB(OH) as the nucleophile and [Rh(OH)(coglgs the catalyst in 1,4-
dioxane/HO (10/1) at 30°C in the presence of [B(OH]y = 536 mM (for

the reaction conditions, see ref 21); (ba as the nucleophile and [Rh-
(OH)(cod)} as the catalyst in 1,4-dioxane at 80; (c) 1laas the nucleophile
and [Rh(OH)(cod)] as the catalyst in THF at 3TC; (d) PhSi(OMej as

the nucleophile and [Rh(cod)(MeCHBF, as the catalyst in 1,4-dioxane/
H>0 (10/1) at 50°C.

new entry to silicon-based rhodium-catalyzed 1,4-addition
reactions. We report herein full details of the rhodium-catalyzed
transformations usind. under mild conditions without any
activators to produce a wide range of adducts in good yields
with excellent chemoselectivities. Enantioselective 1,4-addition
reactions are also demonstrated by the aid of rhodium/chiral
diene catalysis.

Results and Discussion

Rhodium-Catalyzed 1,4-Addition Reactions of Organo-
[2-(hydroxymethyl)phenyl]dimethylsilanes. At the onset, we
assessed the reactivity df by the reaction of phenyl[2-
(hydroxymethyl)phenyl]dimethylsilane14) with an excess
amount of methyl vinyl ketone2@) in the presence of [Rh-
(OH)(cod)} as a catalyst (eq 1). The reaction was carried out
in 1,4-dioxane at 30C and monitored in a reaction calorimetry
(Omnical SuperCRC¥ Almost quantitative conversion dfa
was observed afte h (curve c, Figure 1), whereas the reaction
trimethoxy(phenyl)silane, a representative silicon reagent fre-
quently used for rhodium-catalyzed transformatieis,in the
presence of cationic Rh(cod)(MeCGJBf, as a catalyst in 1,4-
dioxane/HO (10/1f2showed less than 10% vyield of 1,4-adduct

B. M.; Machacek, M. R.; Ball, Z. T.Org. Lett. 2003 5, 1895. (f)
Sahoo, A. K.; Oda, T.; Nakao, Y.; Hiyama, Adv. Synth. Catal2004
346, 1715.

9138 J. AM. CHEM. SOC. = VOL. 129, NO. 29, 2007

(20) For a review on kinetic studies using calorimetry, see: Blackmond, D. G.
Angew. Chem., Int. ER005 44, 4302.
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3aa by 'H NMR analysis even at 50C (curve d), and no hydroxyl, giving various 3-alkenylcyclohexanones in good yields
reaction was observed by the use of [Rh(OH)(cod$ a (entries 6-12). Conjugated 1,3-dienylsilarig, (E)-styrylsilane
catalyst. We further found that the rate of the reaction uéemg  1q, and @)-propenylsilanelr added ta2b with retention of the
at 50°C was comparable with that using phenylboronic &cid  olefinic configuration (entries 1315). )-Styrylsilane (9 also
at 30°C (curve a vs curve b). Apparently, these results indicated gave3sbas a major product{95%) albeit being contaminated
an enhanced reactivity of organo[2-(hydroxymethyl)phenyl]- by a small amount{5%) of its stereoisomedgb (entry 16)22
dimethylsilanes as alternatives of organoboronic acids, comparedethenylsilanes having substituent(s) like 1-methyl, 1-phenyl, 2,2-
with conventional silicon reagents such as trialkoxy(organo)- dimethyl, and E)-1,2-dipropy! participated in the reaction with
silanes. 2b with perfect regio- and stereospecificities in good yields
Indeed, the equimolar reaction b with 2awith a 1.0 mmol (entries 17-20). Especially, successful addition@fsubstituted
scale in the presence of [Rh(OH)(cad)1.0 mol % Rh) in THF vinylsilanes, 1t and 1u, is worth noting, because the corre-
at 35°C gave3aain 94% vyield afte 4 h (entry 1 of Table 1 sponding vinylboronic acids are relatively unstable thermially
using). The observed excellent reactivity of the silicon reagent and, thus, have rarely been employed in the rhodium-catalyzed
under mild conditions prompted us to further investigate the transformations.
scope of both silicon reagents and electrophiles. The addition We also applied the present protocol to 1,4-addition of a silyl
of laacross 2-cyclohexen-1-on2h) also took place smoothly ~ group to enone#! Disilane reagent was prepared by the
under the identical conditions to give 3-phenylcyclohexanone reaction of cyclic silyl ethe# with dimethylphenylsilyllithium
(3ab) in 90% vyield (entry 2). The same reaction on a gram- and was subjected to the reaction with using 1,3-bis-
scale (10 mmol scale) allowed us to isolate cyclic silyl ether  (diphenylphosphino)propane (dppp) as a ligand (e§*Desired
a silicon residue of the reaction, in 92% yield by distillation of adduct6 was obtained in 66% yield, although extra loading of
the crude product arabin 92% yield by flash chromatography 5 (3.5 molar equiv t®2b) was necessary because of competitive
on silica gel of the residue (entry 3). As we have already protonolysis of the dimethylphenylsilyl group &fleading to
demonstrated that serves as a silylating agent of various aryl- dimethylphenylsilane as a byproduct. The formation (88% yield)
Grignard reagents to give the arylsilane reagents employed inof silicon residuet was confirmed by GC analysis of the crude
this study!82Pthe metal residue of the 1,4-addition reaction is mixture.
demonstrated to be reproducible for the first time. Reactions of

lamet success not only with cyclic or acyclic enones (entries HO/D o LF:,';,(,,O(Z?{,°§?O).]%/S omerre i R @
4—6) but also with various,-unsaturated esters, amides, and PhMeS—§ _ THR.35°C.34h . 88% (by GC)
nitrile in good yields (entries 714). Phenylsilanes having (slowa%dmon)“'s'” & 66%

methoxy (@b), fluoro (1c), bromo @d), cyano (e€), and

pinacolatoboryl {f) at the para position all reacted wittb, Enantioselective 1,4-Addition Reactions of Organo[2-

these functional groups being intact during the reactions (entries (hydroxymethyl)phenyl]dimethylsilanes. The success with the
15-19). Sterically highly demanding 2,4,6-trimethylphenylsi- 1,4-addition reactions of the silicon reagents under mild reaction
lane (Lg) gave the corresponding adduggb in 85% yield conditions encouraged us to turn our attention to the application
although extra loading of the arylsilane reagent (total 1.5 equiv) of 1 to asymmetric synthesis. The recent innovation in the highly
was necessary (entry 20). In sharp contrast to the transmetalationeactive and enantioselective rhodium-catalysis with chiral diene
of arylsilanesl to a palladium(ll) complex which requires the ligand$>2’ prompted us to utilize this chemistry for the
use of a copper(l) cocatalyst for the success of cross- asymmetric transformations usint Thus, the equimolar
coupling}®Pit should be noted that transmetalation to rhodium- reaction of phenylsilanéa with 2b in the presence of [RhCI-

(I) proceeds very efficiently without the aid of other metal (C;H,)]2 (3.0 mol % Rh), (R,4R)-2,5-diphenylbicyclo[2.2.2]-
cocatalyst.

(22) The isomer would be derived from partial isomerizatioriZdfstyrylrhodium

We then examined the 1,4-addition reaction using alkenyl' intermediate via a plausible rhodium carbene species. For a related
silanes (Table 2). The stoichiometric reaction (1.0 mmol scale) isomerization in the rhodium-catalyzed hydrosilylation of alkynes, see:
. . Ojima, |.; Clos, N.; D ,R. I lina, © tallicsl99Q 9,
of (E)—[2.-(hydroxymethyl)phenyl]d|methyl(l-octenyl)5|lanbl"p ity s _ enovan noa ma_ rganometallicsL56Q
with 2ain the presence of [Rh(OH)(cod){1.0 mol % Rh) in (23) fg%léoux, E.; Berthiol, F.; Doucet, H.; Santelli, Bur. J. Org. Chem2004
THF at 35°C gave the corresponding add@ttain 67% yield (24) Recently, Oestreich and coworkers have reported rhodium-catalyzed
. i i 1,4-addition reactions of silylboranes, see: (a) Walter, C.; Auer, G.;
after 4 h (emry 1 of Tafble 2) The re_actlon djh with 2b . Oestreich, M.Angew. Chem., Int. EQ2006 45, 5675. For 1,4-addition
proceeded successfully irrespective of its reaction scale (entries  reactions of disilanes acrossf-unsaturated compounds using palladium
i i i i 0, or copper catalysts, see: (b) Hayashi, T.; Matsumoto, Y.; Ito, Y.
2. and 3)’ and CyC“C SIIY.' ethet was agam.recovered in 80% Tetrahedron Lett1988 29, 4147. (c) Hayashi, T.; Matsumoto, Y.; Ito, Y.
yield (entry 3). Reusability oft for preparation of the alkenyl- J. Am. Chem. Sod.98§ 110, 5579. (d) Matsumoto, Y.; Hayashi, T.; lto,
silane reagents has been demonstrated previdtsiCyclic Y. Tetrahedron1994 50, 335. (e) lto, H.; Ishizuka, T.; Tateiwa, J.-i.;

o . Sonoda, M.; Hosomi, AJ. Am. Chem. S0d 998 120, 11196. (f) Ogoshi,
enones2c and2d, also underwent the 1,4-addition reaction of S.; Tomiyasu, S.; Morita, M.; Kurosawa, H. Am. Chem. So€002 124,

1h to give the corresponding adducts in good yields (entries 4 33598, (@) Flark, C. T Lake, J. F.; Scheidt, K. & Am. Chem. Soc
and 5). We then surveyed the scope of alkenylsilanes, which (25) (a) Hayashi, T.; Ueyama, K.; Tokunaga, N.; Yoshida,JKAm. Chem.
So0c.2003 125, 11508. (b) Shintani, R.; Ueyama, K.; Yamada, |.; Hayashi,

were obtained readlly by platinum-catalyzed hydros_llylatlon of T. Org. Lett, 2004 6, 3425, (c) Otomaru, ¥.. Tokunaga, N.; Shintani, R.;

the corresponding alkyné&cExcellent chemoselectivity was yayjlshl, T.Orlg. L:tt.ZOﬂ_S % 327. (g)hsmntgné,&é ciléz%r%%o(, |§S ﬁtoma_ru,
H H H . ., Ueyama, K.; Rayashi, Id. Am. em. S0 f . (e intani,

observed withE)-alkenylsilanes having a functional group, such R Tsurusaki, A.; Okamoto, K. Hayashi, Asngew. Chem.. Int. E€005

as cyano, ester, chloro, siloxy, malonate, phthalimide, or free 44, 3909. (f) Hayashi, T.; Tokunaga, N.; Okamoto, K.; ShintaniCRem.

Lett. 2005 1480. (g) Chen, F.-X.; Kina, A.; Hayashi, Drg. Lett.2006

8, 341. (h) Otomaru, Y.; Kina, A.; Shintani, R.; Hayashi, Tletrahedron:

(21) Kina, A.; Yasuhara, Y.; Nishimura, T.; lwamura, H.; HayashiChem. Asymmetry2005 16, 1673. (i) Kina, A.; Ueyama, K.; Hayashi, DOrg.
Asian J.2006 1, 707. Lett. 2005 7, 5889.
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Table 1. Rhodium-Catalyzed 1,4-Addition Reactions of Aryl[2-(hydroxymethyl)phenyl]dimethylsilanes to Electron-Deficient Olefins?
o]

o X HO!
S o _BhOHcodl (Lomalse R L) o
R 7 VY . R t Ty si=-ts;
N -t), THF.35°C N 9 O

e,
R2 | 2

1 2 R(/ 3 4
entry  arylsilane electrophile time (h) product yield (%)’
1 la 2a 4 3aa 94
o o
2 1a b 5 b 9
3 la 6 Ph 92¢
2b 3ab
o o
4 la é 4 ﬁ 95
PH
2 3ac
o o
s O s W0 &
Ph
2d 3ad
o Ph O
6 la PhMeQSi/\)LMe 4 PhMezsi)\/u\Me 90
2e 3ae
o Ph O
7 la Me” X" “OMe 4 Me)\)J\OMe 86
2t 3af
o Ph O
8 1a EtoNoa 8 EtoNOEt 08
© 2g © 3ag
o o)
9 1la @ 4 7 91
Ph
2h 3ah
o Ph O
10 1a Me/\)J\NH2 4 Me)\/U\NHz 80
2 3ai
Io Ph ao
W 1a Me/\)J\N,OMe 4 Me)\/U\N,OMe 100
Me Me
2j 3aj
o) o)
an 4 )j:Nn 78
Ph
e} e}
12 la R = Me (2k) 4 R = Me (3ak) 78
13 1a Cy (21) 4 Cy (3al) 74
Ph
CN
14¢  1a Ph/il/ 7 Ph)\/CN o4

3am
(o]
jog
R
R

15 R= MeO(lb) 2b 4 R= MeO (3bb) 9%

16 F (1) 2b 6 F (3¢b) 89

17 Br (1d) 2b 4 Br (3db) 90

18 NC (1e) 2b 6 NC (3eb) 93

19 (pin)B (1f)  2b 18 (pin)B (3fb) 69
(o]

Me y
Si e
20 ﬁj[ ' 2b 4 85
Me Me
1g Me Me
3gb

aUnless otherwise noted, the reaction was carried out in THF (0.5 mL) using an arylsilane (1.0 mmol) and an electrophile (1.0 mmol) in the presence of
[Rh(OH)(cod)} (1.0 mol % Rh) at 35C. P Isolated yields¢ The reaction was carried out on a 10 mmol scél@yclic silyl ether4 was also isolated in 92%
yield. € The reaction was carried out using [Rh(OH)(cedH.0 mol % Rh) at 50C. f The reaction was carried out using 1.2 mmolLaf 9 The reaction was
carried out using 1.3 mmol dfa at 60°C. " The reaction was carried out using 1.5 mmollgf
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Table 2. Rhodium-Catalyzed 1,4-Addition Reactions of Alkenyl[2- (hydroxymethyl)phenyl]dimethylsilanes to Cyclic Enones?

RB
j—s’ [Rh(OH)(cod)], (1.0 mol % Rh)
R - THF, 35 °C
1

e

R
entry alkenylsilane enone time (h) product yield (%)
[
s
1 Hex/?/ 2a 4 Hex/\/\)LMe 67
3ha
o
2 1h 2b 2 89
3 1h 2b 5 Hex” 79¢
3hb
o
4 1h 2¢ 3 85
Hex” ™
3hc
o}
5 1h 2d 3 Hexw 78
3hd
R o
R
(/\/Si (/\/é
6 R= CN (1i) 2b 3 R= CN (3ib) 87
7 CO,Me (1j) 2b 3 CO,Me (3jb) 89
8 Cl (1k) 2b 3 Cl (3kb) 92
9 OSiMe,t-Bu (11) 2b 3 OSiMeZt—Bu (3lb) 94
MeO,C
10 MeO,C 5 2b 6 Meof\/\/é 91
im MeO,C X
3mb
o
PRthN. ST
1 1n h 2b 3 PhthN\/\/é 84
3nb
o
HOL S
12 Me Me 2b 3 HO. N 81
1o Me Me
30b
o}
S
13 X\/ 2b 3 81
1p X
Me 3pb
o
P
14 2b 3 87
1q Ph
3qgb
o
R
- %
Y
15 R= Me(1Ir) 2b 3 R= Me (3rb) 77
16 Ph (1s) 2b 3 Ph (3sb) o4
o)
Si
R
17 R= Me (1t) 2b 3 R= Me (3th) 75
18 Ph (1w) 2b 3 Ph (3ub) 85
Me i
19w 2b 3 e 79
1v Me
3vb
o
. /\rs:'
20 Pr 2b 3 PN 90
w Pr
3wb

aUnless otherwise noted, the reaction was carried out in THF (0.5 mL) using an alkenylsilane (1.0 mmol) and an enone (1.0 mmol) in the presence of
[Rh(OH)(cod)} (1.0 mol % Rh) at 35C. P Isolated yields¢ The reaction was carried out on a 10 mmol scélgyclic silyl ether4 was also isolated in 80%
yield. ¢ Contaminated by 5% a3qb.
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Table 3. Rhodium-Catalyzed Enantioselective 1,4-Addition Reactions of Organo[2-(hydroxymethyl)phenyl]dimethylsilanes?@

[RhCI(CHy)ol5 (3.0 mol % Rh)

o) chiral diene:
/\/© chiral diene (3.3 mol %) 5 &,Hs
R aez _1r_’_(|)Fl\’/|4lf)C‘))lé aq. (15 mol %) RZH;(J)" Re
R3 = Ph: (R,R)-Ph-bod"
3 Bn: (A,R)-Bn-bod*
entry 1 electrophile ligand time (h) product yield (%) ee (%)°
0
1 1a 2b (R,R)-Ph-bod* 10 b 93 97
Ph
(R)-3ab
o)
2 1a 2¢ (R,R)-Ph-bod* 10 ﬁ o1 9
PH
(R)-3ac
o o}
3 1a | (R.R)-Bn-bod* 5 Yi: 94 97
n (R)-3an
fo) o
4 la /\/\/ﬁk (R,R)-Bn-bod* 5 /\/\/f: o4 o7
20 (S)-3a0
o
o}
NH
5 1e @“ (R,R)-Ph-bod* 12 g@ 92 96
2p E
(H)-3CP
Me 0
Si Me
6° ¢ (R,R)-Bn-bod* 15 N 94 86
F ] CO,Bn COan
x 29 (R)y-3xq
o}
7 1p 2b (R,R)-Bn-bod* 10 Wij 81 91
Me
(R)-3pb
o}
g 1t 2b (R,R)-Ph-bod* 10 \(i‘j 85 96
Me
(R)-3tb
o
9 1w 2b (R,R)-Ph-bod* 10 PrA\(é 90 90
Pr
(R)-3wb
o
si
10¢ \1;' 2b (RR)-Bn-bod* 10 V@ 70 04"

(R)-3yb

a Unless otherwise noted, the reaction was carried out in THF (0.30 mL) using an organosilane (0.30 mmol) and an electrophile (0.30 mmol) in the

presence of [RhCI(&44)]2 (3.0 mol % Rh), a diene ligand (3.3 mol %), and 1.0 M KOH aq (15 mol %) at@0 Isolated yields¢ Determined by chiral
HPLC with hexane/2-propandl.The reaction was carried out at 30 using [RhCI(GH4)]2 (5.0 mol % Rh) and 1.5 equiv dfc. ¢ The reaction was carried
out at 50°C using 1.5 equiv oflx. f The reaction was carried out using 1.5 equivlafd The reaction was carried out using 5.0 mol % RBetermined

by converting it to an acetal oR(R)-1,2-diphenylethanediol.

octa-2,5-diene R R)-Ph-bod*] (3.3 mol %)Y® and a 1.0 M
aqueous solution of KOH (15 mol %) in THF at 4C for 10
h gave R)-3ab of 97% ee in 93% yield (entry 1 of Table 3).
The enantioselective addition df to 2c was also achieved
under the identical conditions, affording)¢3ac with 99% ee

9142 J. AM. CHEM. SOC. = VOL. 129, NO. 29, 2007

(entry 2). Employing (R,4R)-2,5-dibenzylbicyclo[2.2.2]octa-
2,5-diene [RR)-Bn-bod*] as a ligand instead oR(R)-Ph-bod*,
acyclic enone2n and 2o underwent the 1,4-addition dfato

give the corresponding adduct®){3an and ©-3ao with
excellent enantioselectivities (entries 3 and 4). Furthermore, the
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Scheme 1. Plausible Mechanism

(diene)Rh—-OH
A

1
4+ H,0

(diene)Rh-R F‘WO

Me, B

(@] (diene)Rh+O (diene)Rh
B e I - S
iene; P Y
Me” | R-Si
~R Me, R' R2
E D Cc

R2

reactions of arylsilanelc or 1x with nitrogen-containing
substrates2p or 2q provided a silicon-based approach to
optically-active substituted piperidone®){3cp?® or (R)-3xq,”
respectively (entries 5 and 6R)3cpis the synthetic intermedi-
ate of (—)-paroxetine, whereasR}-3xq serves as that of a
tachykinin antagonist developed by Glaxo Group Ltd., U.K.
Alkenylsilanes,1p, 1t, and 1w, also underwent the enantiose-
lective addition acros&b under the Rh/chiral diene catalysis
to afford the corresponding 3-alkenylcyclohexanones of high
% ee (entries #9). In addition, even an unsubstituted vinyl
group was successfully installed by the use of vinylsilanéo
give 1,4-adducByb in 94% ee (entry 105¢2° The success is
remarkable in view that conjugate addition of vinyl groups with
the corresponding vinylboronic acids often encounter the
problem of the reagent instabilify.

Reaction Mechanism.The catalytic cycle of the present
reaction should be initiated by the reaction of rhodium hydroxide
A with silane reagent to give organorhodium intermediaB:
(Scheme 1). Michael addition of R iB to an enone gives
rhodium enolateC,%° which acts as a base to react withto

(26) (a) Tokunaga, N.; Otomaru, Y.; Okamoto, K.; Ueyama, K.; Shintani, R.;
Hayashi, T.J. Am. Chem. Soc2004 126, 13584. (b) Otomaru, Y.;
Okamoto, K.; Shintani, R.; Hayashi, J. Org. Chem2005 70, 2503. (c)
Shintani, R.; Kimura, T.; Hayashi, TThem. Commun2005 3213. (d)
Shintani, R.; Okamoto, K.; Hayashi, Them. Lett2005 1294. (e) Shintani,
R.; Okamoto, K.; Hayashi, TOrg. Lett.2005 7, 4757. (f) Nishimura, T.;
Yasuhara, Y.; Hayashi, Org. Lett.2006 8, 979. (g) Shintani, R.; Duan,
W.-L.; Hayashi, T.J. Am. Chem. SoQ006 128 5628.

(27) (a) Fischer, C.; Defieber, C.; Suzuki, T.; Carreira, E. MAm. Chem.
Soc.2004 126, 1628. (b) Defieber, C.; Paquin, J.-F.; Serna, S.; Carreira,
E. M. Org. Lett.2004 6, 3873. (c) Paquin, J.-F.; Defieber, C.; Stephenson,
C. R. J.; Carreira, E. MJ. Am. Chem. So@005 127, 10850. (d) Paquin,
J.-F.; Stephenson, C. R. J.; Defieber, C.; Carreira, EOK. Lett.2005
7, 3821. (e) Lag, F.; Breher, F.; Stein, D.; Gizmacher, HOrganome-
tallics 2005 24, 2997. (f) Grundl, M. A.; Kennedy-Smith, J. J.; Trauner,
D. Organometallic2005 24, 2831.

(28) (a) Yu, M. S.; Lantos, I.; Peng, Z.-Q.; Yu, J.; Cacchio,TEtrahedron
Lett. 200Q 41, 5647. (b) Senda, T.; Ogasawara, M.; HayashiJ.TOrg.
Chem.2001, 66, 6852.

(29) The use of potassium vinylfluoroborate has been reported: (a) Pucheault,

M.; Darses, S.; Gegl.-P.Eur. J. Org. Chem2002 3552. (b) Duursma,
A.; Boiteau, J.-G.; Lefort, L.; Boogers, J. A. F.; de Vries, A. H. M.; de
Vries, J. G.; Minnaard, A. J.; Feringa, B. .. Org. Chem2004 69, 8045.

(30) Hayashi, T.; Takahashi, M.; Takaya, Y.; Ogasawara]. Mim. Chem. Soc.
2002 124, 5052.

give Michael adducB and rhodium alkoxid®. Transmetalation

of R from silicon to rhodium would take place by the aid of
the proximal hydroxyl group to regeneraBeto complete the
cycle. To gain a mechanistic insight into the transmetalation
step, we examined the enantioselective addition of 2.0 molar
equiv of racemic chiral phenylsilane reagéato 2b using Rh/
(RR)-Bn-bod* to give the corresponding addu){3ab of 95%

ee in 87% yield, and unreactel)(1z of 52% ee was recovered

in 54% yield based on the amount of loadkzi(eq 3)3! The
observed kinetic resolution dfz clearly supports that rhodium
alkoxide specie® would be responsible for the transmetalation
step, recognizing the chirality dfz effectively by the optically
pure diene ligand. Intermolecular transfer of the R group via
pentacoordinated silicate intermedidie appears to be less
plausible in this particular transformatiéh.

Me

[RhCI(C2Ha)sla (1.5 mol % Rh) o Me
HOAD . 2 (R,R)-Bn-bod* (1.7 mol %) , HO @
o 1.0 equiv 1.0 M KOH ag. (5.0 mol %) o
P He, THF, 35 °C, 10 h PH P s
1z (racemic) (R)-3ab (R)-1z
2.0 equiv 87%, 95% ee 54%, 52% ee
Conclusion

In summary, we have demonstrated that organo[2-(hy-
droxymethyl)phenyl]ldimethylsilanes serve as efficient reagents
for the rhodium-catalyzed 1,4-addition reactions. All the reac-
tions proceed with high chemoselectivity under mild conditions
in good yields using equimolar amounts of the silane reagents
in most cases. The ready accessibility and high stability toward
acid, base, and moisture of the present tetraorganosilicon
compounds as compared to conventional ones definitely present
the characteristic features of the silane reagents as an attractive
alternative to organoboron reagents. Other catalytic and non-
catalytic transformations of the silane reagents are currently
under investigations in our laboratory.
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(31) The absolute configuration has been determined based on the optical rotation
compared with that of authentiS¢1z [a]? —52.6 € 0.98, CHCY),
synthesized from commercially availabl&){2-bromoe-methylbenzyl
alcohol.

(32) For related mechanism of the transmetalation of arylboronic acids to
rhodium(l) via rhodium arylboronate, see: Zhao, P.; Incarvito, C. D.;
Hartwig, J. F.J. Am. Chem. So®007, 129, 1876.
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