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Abstract: A highly regio- and stereoselective method for the synthesis of various 2-silylallylboronates 7
from allenes 1 and 2-(dimethylphenylsilanyl)-4,4,5,5-tetramethyl[1,3,2]dioxaborolane (5) catalyzed by
palladium complexes and initiated by organic iodides is described. Treatment of monosubstituted aryl and
alkylallenes RCH=C=CH, (1la—m) and 1,1-dimethylallene (1n) with borylsilane 5 in the presence of Pd-
(dba) (5 mol %) and organic iodide 3a (10 mol %) afforded the corresponding silaboration products 7a—n
in moderate to excellent yields. This catalytic silaboration is totally regioselective with the silyl group of 5
adding to the central carbon and the boryl group to the unsubstituted terminal carbon of allene. Furthermore,
the reactions show very high E stereoselectivity with the Z/E ratios lying in the range from 1/99 to 7/93. In
the absence of an organic iodide, silaboration of 1 with 5 still proceeds, but gives products having completely
different regiochemistry as that of 7. The silaboration chemistry can be applied to the synthesis of homoallylic
alcohols. Treatment of allenes (1) with borylsilane 5 and aldehydes 14 in the presence of Pd(dba), (5 mol
%) and 3a (10 mol %) at 80 °C in ethyl acetate for 5 h afforded homoallylic alcohols 15a—p in one pot in
good to excellent yields, with exceedingly high syn selectivity (>93%). Mechanistic pathways involving an
unusual palladium-catalyzed three-component assembling reaction of dimethylphenylsilyl iodide, allene 1,
and borylsilane 5 were proposed to account for these catalytic reactions.

1. Introduction species$. While stable oxidative adducts of diboron to Pt species
are reported, no oxidative addition of diboron to Pd are kn&wn.

Addition of metat-metal bonds of the main group elements o - :
In a preliminary communication, we showed an unusual organic

to alkenes and alkynes catalyzed by transition-metal complexes
has attracted great attention in recent yéargese reactions

(3) For a Pt-catalyzed diboration reaction, see: (a) Ishiyama, T.; Matsuda, N.;

provide a convenient route for synthesizing organometallic Miyaura, N.; Suzuki, AJ. Am. cgﬁm sé)agga 1139116(3)815 ((b)) Isi:nyama
; sl ; .y T.; Yamamoto M.; Miyaura, NChem. Commuri.997, c) Ishiyama,

compo_unds ha\{lng V|nyI|c and_ aIIyllc metal moieties that are T.; Kitano, T.; Miyaura, N.Tetrahedron Lett1998 39, 2357. (d) Iverson,
useful intermediates for organic synthesis. most cases, the IC.h N Sm+th,YM. R., III.%rga’\rAwpmetalllr%sr%997, é& 275&%25% 7(g)
: : : H : e H shiyama, T.; Yamamoto, M.; Miyaura, em. Commu .
(?atalync reaction proceeds. via oxidative addition of the bimetal- () Iverson, C. N.; Smith, M. R., lilJ. Am. Chem. S0d.995 117, 4403
lic substrate to the transition-metal catalyst as a key step. 4404. (g) Mann, G.; John, K. D.; Baker, R. Drg. Lett.200Q 2, 2105.

. . . h) Ishi , T.; Matsuda, N.; Murata, M.; O , F.; Suzuki, A.; Mi ,
Transition-metal-catalyzed addition of diboron to unsaturated &?S,é’;ﬁmeta”icglggaala 213, () Marder. T. B.: Norman, N.: Rice.

carbon-carbon bonds* provides an efficient route to diboronic C. R.Tetrahedron Lett1998 39, 155. (j) Clegg, T. M.; Johann, T. R. F.;
R . . . . Marder, T. B.; Norman, N. C.; Orpen, A. G.; Peakman, T. M.; Quayle, M.
compounds, which are versatile intermediates in organic syn- J.; Rice, C. R.; Scott, A. JI. Chem. SocDalton Trans.1998 1431. (k)
thesis® Platinum complex re known to r il talyze th Anderson, K. M.; Lesley, M. J. G.; Norman, N. C.; Orpen, A. G.; Starbuck,
ES§ a LI complexes are 0 o read y calalyze the J. Chem. Commun1999 1053. (I) Marder, T. B.; Norman, N. Clop.
addition of diboron to unsaturated carbecarbon bonds to Catal. 1998 5, 63. (m) Lawson, Y. G.; Lesley, M. J. G.; Marder, T. B.;
; H i H _ Norman, N. C.; Rice, C. RChem. CommurL997 2051. (n) Maderna, A.;
provide diboronic compounds, whereas the palladium com Pritzkow, H.; Siebert, WAngew. Chem.nt. Ed. Engi.1996 35, 1501.
plexes, which are the best catalysts for st@nd stannylatior, (o) Lesley, G.; Nguyen, P.; Taylor, N. J.; Marder, T. B.; Scott, A. J.; Clegg,

5 i H W.; Norman, N. C.Organometallics1996 15, 5137. (p) Iverson, C. N.;
are not active for the diboration of alkynes and alkenes. The Smith, M. R., lli. Organometallics1996 15, 5155,

difference in the reactivity of Pt and Pd lies in the ability to  (4) For Rh- or Au-catalyzed diboration reactions, see: (a) Baker, R. T.; Nguyen,
undergo oxidative addition of the-BB bond to these metal (0) E§3"é'a(rg)eg;mgr'bnw‘%sf,lo?tégkg‘:‘”ge‘#‘.?,\r,‘ggcjgﬁ %dd'fgr%‘lggg%ﬁn
1998 2395. (c) Dai, C.; Robins, E. G.; Scott, A. J.; Clegg, W.; Yufit, D.

(1) Zimmmer, R.; Dinesh, C. U.; Nandanan, E.; Khan, FChem. Re. 200Q S.; Howard, J. A. K.; Marder, T. BChem. Commuri1998 1983.
100, 3067. (b) Beletskaya, I.; Moberg, Chem. Re. 1999 99, 3435. For (5) Miyaura, N.; Suzuki, AChem. Re. 1995 95, 2457. (b) Trost, B. M.;
recent metal-mediated allene chemistry, see: (c) Tsulirdganic Synthesis Spagnol, M. D.J. Chem. Sog¢.Perkin Trans. 11995 2083-2096. (c)
with Palladium CompoundsSpringer-Verlag: New York, 1980. (d) Brown, H. C.; Singaram, BPure Appl. Chem1987 59, 894. (d) Pelter,
Hegedus, L. STransition Metals in the Synthesis of Complex Organic A.; Smith, K.; Brown, H. CBorane Reagenté\cademic Press: New York,
Molecules University Science Books: Mill Valley, CA, 1994. (e) Yama- 1988.
moto, Y.; Radhakrishnanan, Ghem. Soc. Re1999 28, 199. (f) Hashmi, (6) Sakurai, H.; Kamiyama, Y.; Nakadaira, ¥. Am. Chem. Sod.975 97,
A. S. K. Angew. Chemlnt. Ed.200Q 39, 3590. 931. (b) Tamao, K.; Hayashi, T.; Kumada, W.Organomet. Cheni976
(2) Comprehensie Organometallic Chemistry;llAbel, E. W., Stone, F. G. 114, C19-C21. (c) Okinoshima, H.; Yamamoto, K.; Kumada, M.
A., Wilkinsion, G., Eds.; Pergamon: Oxford, 1995; Vol. 11. (b) Miyaura, Organomet. Cheml975 86, C27—C30. (d) Ozawa, F.; Sugawara, M.;
N.; Suzuki, A.Chem. Re. 1995 95, 2457-2483. (c) Pelter, A.; Smith, Hayashi, TOrganometallicsl994 13, 3237. (e) Onozawa, S. Y.; Hatanaka,
K.; Brown, H. C.Borane ReagentsAcademic Press: New York, 1988. Y.; Tanaka, M.Chem. Commurl999 1863.
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iodide-initiated and palladium-catalyzed diboration of allenes
(Scheme 1}° This catalytic reaction is completely regioselec-

Scheme 1
1
R2 o Pd(dba), + RI RZ_ CB)/:C>
R ¢ CO/B—B\O ) toluene, 80 °C RP_&B/
1 2 R = aryl or alkenyl 4

tive, with one boryl group adding to the middle carbon and the
other to the nonsubstituted terminal carbon of the allene moiety
A new mechanistic pathway involving a three-component
assembling reactid®!? was proposed to account for this
diboration.

Herein, we wish to report the extension of this chemistry to
the addition of borylsilane to allenes to give 2-silylallylbor-

Table 1. Results of Addition of Borylsilane 5 to Allenes 12

entry allene product Z/E yield
2 R?  SiMe,Ph

R}=.= R! R e\ g %)
1 la  Ph H 7a <1/99  82(87)
2 1b 1-naphthyl H 7b <1/99 79 (85)
3* 1c p-MeOGsH4 H 7c <1/99 93 (99)
4 1d m-MeOGsH4 H 7d <1/99 86 (92)
5¢ le 0-MeOGsH4 H e <1/99 44 (50)
6d  1f p-ClCeHa H 7f <1/99  81(87)
7d 1g p-BrCsHa H 79 <1/99 79 (85)
gd 1h m-BrCsHa H 7h <1/99 76 (83)
9 1 p-MeOCGH4 H 7i <1/99 85 (89)
100 1 p-EtO.CCHs H 7i <1/99 84 (88)
11 1k n-Bu H 7k 5/95 84 (89)
12 1l cyclopentyl H 71 7/93 82 (87)
13 Im cyclooctyl H m 7/93 70 (75)
14 1n Me Me 7n 62 (70)

aUnless stated otherwise, all reactions were carried out using alkenyl
iodide 3a (0.0500 mmol, 10 mol %), Pd(dhaf0.0250 mmol, 5 mol %),

onates. This new silaboration shows remarkably high regio- and borylsilane5 (0.500 mmol), and alleng (1.00 mmol) in ethyl acetate (0.50

stereoselectivity, with the regiochemistry of the silaboration

product being totally different from that reported previouSly.

mL) at 80°C under nitrogen for 5 R Isolated yields; yields in parentheses
were determined bjH NMR integration method using DMF as an internal
standard® Reaction was carried out at room temperatdi@HsCN is used

The products generated in situ can further be used as allylationas the solvent.

reagents for aldehydes. This method offers a mild and conve-

nient route for the synthesis of homoallylic alcoHélm one
pot from allenes, borylsilane, and aldehydes, with excellent
regio- and syn selectivity in good to excellent yields.

2. Results and Discussion

2.1. Palladium-Catalyzed Silaboration of Allenes.Sila-
boration of unsaturated carbenarbon bonds via the oxidative
addition of a SiB bond to transition-metal catalysts as a key
step is knowrt31> The silaboration of allenes catalyzed by

palladium complexes gave two regioisomers, both having the

(7) Mitchell, T. N.; Amamria, A.; Killing, H.; Rutschow, DJ. Organomet.
Chem.1983 241, C45-C47. (b) Piers, E.; Skerlj, R. T1. Chem. Sog.
Chem. Commuri986 626. (c) Mitchell, T. N.; Wickenkamp, R.; Amamria,
A.; Dicke, R.; Schneider, UJ. Org. Chem1987, 52, 4868.

(8) Cui, Q.; Musaev, D. G.; Morokuma, KOrganometallics1998 17, 1383.

(b) Cui, Q.; Musaev, D. G.; Morokuma, KOrganometallics1998 17, 742.
(c) Cui, Q.; Musaev, D. G.; Morokuma, Krganometallics1997, 16, 1355.

(9) Irvine, G. J.; Lesley, M. J. G.; Marder, T. B.; Norman, N. C.; Rice, C. R.;
Robins, E. G.; Roper, W. R.; Whittell, C. R.; Wright, L. Chem. Re.
1998 98, 2685.

(10) For a preliminary communication, see: Yang, F.-Y.; Cheng, Cl:iAm.

Chem. Soc2001, 123 761.

(11) For recent reports on three-component assembly of allenes from ou
laboratory, see: (a) Yang, F.-Y.; Shanmugasundaram, M.; Chuang, S. Y.
Ku, P. J.; Wu, M.-Y.; Cheng, C.-Hl. Am. Chem. So@003 125, 12576.

(b) Wu, M.-Y.; Rayabarapu, D. K.; Cheng, C.-Bl.Am. Chem. So2003

125 12426. (c) Yang, F.-Y.; Wu, M.-Y.; Cheng, C.-d. Am. Chem. Soc.
200Q 122, 7122. (d) Wu, M.-Y.; Yang, F.-Y.; Cheng, C.-Hd. Org. Chem.

1999 64, 2471 (e) Yang, F.-Y.; Wu, M.-Y.; Cheng, C.-Hletrahedron

Lett. 1999 40, 6055. (f) Chang, H.-M.; Cheng, C.-d. Org. Chem2000

65, 1767. (g) Chang, H.-M.; Cheng, C.-i@rg. Lett 200Q 2, 3439. (h)

Hung, T.-H.; Chang, H.-M.; Wu, M.-Y.; Cheng, C.-H. Org. Chem2002

67, 99. (i) Jeganmohan, M.; Shanmugasundaram, M.; Cheng, Chein.
Commun2003 1746.

Chatani, N.; Amishiro, N.; Murai, S.. Am. Chem. Sod.991 113 7778.

(b) Nakamura, H.; Shim, J. G.; Yamamoto, Y..Am. Chem. Sod.997,

119 8113. (c) Wang, Z.; Lu, X.; Lei, A.; Zhang, Z. Org. Chem1998

63, 3806. (d) Ikeda, S. I.; Cui, D. M.; Sato, ¥. Am. Chem. S0d.999

121, 4712. (e) Jeganmohan, M.; Shanmugasundaram, M.; Cheng, C.-H

Org. Lett.2003 5, 881.

For the addition of SiB to allenes, see: (a) Suginome, M.; Ohmori, Y.;

Ito, Y. Synlett1999 1567. (b) Onozawa, S.-Y.; Hatanaka, Y.; Tanaka, M.

Chem. Commun1999 1863. (c) Suginome, M.; Ohmori, Y.; Ito, Yd.

Organomet. Chen200Q 611, 403.

Hoffmann, R. WAngew. Chemlint. Ed. Engl.1982 21, 555. (b) Matteson,

D. S.Synthesid986 973. (c) Hoffmann, R. W.; Neil, G.; Schlapbach, A.

Pure Appl. Chem199Q 62, 1993. (d) Roush, W. R. I€omprehensie

Organic SynthesjsTrost, B. M., Heathcock, C. M., Eds.; Pergamon Press:

Oxford, 1991; Vol. 2, p 1. (e) Brown, H. C.; Ramachandran, PPure

Appl. Chem1991 63, 307. (f) Vaultier, M.; Carboni, BComprehensie

Organometallic Chemistry jlAbel, E. W., Stone, F. G. A., Wilkinson, G.,

Eds.; Pergamon Press: Oxford, 1995; Vol. 11, p 191.

(12)

(13)

(14

boryl group attached to the central carbon of the allene moiety
(Scheme 232 The prior unusual organic iodide-initiated and

Scheme 2

Pd,(dba), + etpo

,

gs

— + i—
/= PhMe,Si—B, or Pd(acac),, 2, 6-xylyl

R! isocyanide
1 5
0 ‘?&
R’ IB— + B-0
° ~_
PhMe,Si (major) R SiMe,Ph (minor)
6a R'=Ph 6b R'=Ph

palladium-catalyzed diboration of allenes prompted us to
investigate the addition of borylsilane to allenes under similar
reaction conditions.

In the presence of Pd(dbd}p.0 mol %) and 3-iodo-2-methyl-
2-cyclohexen-1-one3@) (10 mol %), phenylallenel@) reacts
with borylsilane5'6 at 80 °C in ethyl acetate to give 2-silyl-

raIIbeoronate?a in 87% vyield (Scheme 3 and Table 1). This

; Scheme 3
RZ  SiMeyPh
R? 0 Pd(dba), + 3
Y=e= + PhMeSi—8 | (dba); a e 0
R1 (@] [}
EA, 80 °C 5
1 5 7a-n
o)
i :I
3a

" catalytic silaboration is completely regioselective, with the silyl
group of5 adding to the central carbon and the boryl group to

(15) For the addition of SiB to alkynes, see: (a) Suginome, M.; Nakamura,
H.; Ito, Y. Chem. Commurl996 2777. (b) Suginome, M.; Matsuda, T.;
Nakamura, H.; Ito, Y Tetrahedron1999 55, 8787. (c) Onozawa, S.-y.;
Hatanaka, Y.; Tanaka, MChem. Commurl997 1229. (d) Suginome, M.;
Matsuda, T.; Ito, Y.Organometallics1998 17, 5233. For alkenes, see:
(e) Suginome, M.; Nakamura, H.; Ito, YAngew. Chem.Int. Ed. Engl
1997 36, 2516. For 1,3-dienes, see: (f) Suginome, M.; Matsuda, T.;
Yoshimoto, T.; Ito, Y.Org. Lett. 1999 1, 1567. (g) Suginome, M;
Nakamura, H.; Matsuda, T.; Ito, Yd. Am. Chem. S0d.998 120, 4248.
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the unsubstituted terminal carbon of allelee Furthermore, the
reaction shows completely stereoselectivity giving only the
correspondingt isomer within the NMR detecting limit. Product
7awas characterized by it$1 and3C NMR and mass spectral
data.

No silaboration product was formed in the absence of Pd-
(dba). However, without alkenyl iodidea, silaboration of
phenylallenela by 5 still proceeded to give produc&a and
6bin a 3:1 ratio and in a combined yield of 40% (Schemé32).

It is noteworthy that these two products with the boryl group

presence of a broad methylene carbon signal atlippm in
their 13C NMR spectra due to the interaction of the methylene
carbon and boron nuclei in produdta—n.15"9 The stereochem-
istry of the products derived from monosubstituted allehes
was determined by typicAH NMR NOE experiments. For aryl
allenes, the corresponding isomers are the sole products
observed (entries -110). For alkyl-substituted allenes, the
reactions gavé& isomers as the major species WHIE ratios
between 7/93 and 5/95 (entries-113). It is noteworthy that
the regiochemistry of produc®&—m is entirely different from

attached to the central carbon of the allene moiety are completelythat observed previously using Pd(act&B-xylyl isocyanidé32

different in regiochemistry fronia. The use of 24 mol % 3a
and 5.0 % Pd(dbayelative to borylsilan& led to the formation
of a mixture of product$a, 6b, and7a. Products6a and 6b
were completely inhibited a8a employed in the reaction
solution was increased to 8%. Further increas@aflid not
significantly change the yield ofa, but a substantial amount
of 3awas left unreacted in the solution.

The reaction ofla with 5 in the presence oBa depends
greatly on the catalyst used. In addition to Pd(dba}her
phosphine-free Pd complexes, Pd(OAahd Pd(CHCN).Cly,
tested also show activities for the addition reaction, but with
lower yields (72 and 66%) of produ@i&a. The reaction using
Pd(dbay as the catalyst is strongly inhibited by the phosphine
present in the solution. Addition of 1, 2, and 4 equiv of P®h
the Pd(dbg)catalyzed reaction solution reduces the yield of
7ato 53, 23, and 0% yields, respectively. In agreement with
the foregoing observation, Pd(PJICl, and Pd(dppe)Glshow
low catalytic activity, giving7ain 5 and 46% yields, respec-
tively. The selection of solvent is crucial for achieving a high
yield of product7a. Ethyl acetate and acetonitrile appear to be
the best solvents tested, givinga in 87 and 85% yields,
respectively. Toluene and DMF are less effective, affordiag
in 67 and 10% yields, respectively. The observed low yield of
7ain DMF is due to incomplete reaction, probably caused by
the decomposition of the palladium complex that gave black
precipitate in the reaction.

While the presence dais essential for the catalytic reaction
(see Scheme 4) to proce&h can be replaced by other organic

Scheme 4
R2 o R2 R
P
Rl + ==+ PhMe,Si—B _PdO ‘>=& 0 + PhMe,Si-|
R o R Bb
3 1 5 8 9

iodides. Aryl iodides, such gsiodoanisole ang-iodoacetophe-
none, are also efficient initiators for the catalysis, givitajin
85 and 87% vyields, respectively. Interestingly,ahd MeSil
also promote the silaboration d& successfully to affordain

or Pd(dbay/etpds® as the catalyst systems (Scheme 2).
3. Mechanistic Consideration

3.1. Mechanism for Silaboration of Allenes.The observa-
tion that an aryl iodide, alkenyl iodidep,lor MesSil was
required for the catalytic reaction and that the use of organic
iodide changes completely the regiochemistry of the catalytic
reaction is crucial to the understanding of the catalytic mech-
anism. To account for the present palladium-catalyzed and
organic halide-initiated silaboration of allenes, possible path-
ways, as depicted in Schemes 4 and 5, are proposed. The organic

Scheme 5
SiMe,Ph
R1/:<—B/\Z>
7/ Pd(0)
SiMe,Ph
73 PhMe,Si-Pd-|
R P;_\ PhMe,Si-| 0
13 +§j 9
1
R" 1
5 SiMe,Ph
2 PhMe,Si~Pd-|
R! IR H',_ =
Pd-l i’

12 1
iodide likely acts as an initiator undergoing oxidative addition
with Pd(0) to give a palladium(ll) intermediate that reacts with
allenel and borylsilanes to afford product8 and a common
product silyl iodide9 (Scheme 4), respectively. Compoufid
then reacts with Pd(0) to begin the catalytic reaction (Scheme
5). Oxidative addition o to Pd(0) species affording Pd(ll)
intermediatel0 is followed by coordination and insertion of
allene 1 to give Pd-allyl species12, with the silyl group
attached to the central carbon of the allyl group. Transmetalation

85 and 75% yields, respectively. On the other hand, the use ofof 12 with borylsilane5 regenerate® and affords Peallyl
4-bromoacetophenone gave only a trace of the desired productspeciesl3. Reductive elimination oi3yields the final product

Under similar reaction conditions, various monosubstituted
aryl and alkylallenes RCHC=CH, (1b—m) and 1,1-dimethy-
lallene (Ln) underwent silaboration with in the presence of
Pd(dba) and3ato give the corresponding silaboration products
7b—n in moderate to excellent yields. As revealed in Scheme
3 and Table 1, the addition reaction is compatible with various
functional groups on the allenes (entries1®). Again, all of

7 and regenerates the Pd(0) catalyst. The formatioB &f
evidenced by the observation 8b (R! = R2 = Me; R =
p-MeCOGH,4) in GC—MS and!H NMR in ca. 4% yield from
the reaction of 1,1-dimethylallen€elrf), borylsilane 5, and
p-iodoacetophenone3). The role of silyl iodide9 in the
catalytic cycle is also supported by the fact thatsBikis an
effective initiator for the present catalytic reaction. The observa-

these reactions are completely regioselective. A key evidencetion that phosphine retards the catalytic reaction may be

for the proposed regiochemistry with the boryl moiety adding

explained in terms of the competition of phosphine and the

to the unsubstituted terminal carbon of the allene moiety is the allene substrate for coordination to palladium intermedifte

128 J. AM. CHEM. SOC. = VOL. 127, NO. 1, 2005
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Similar behavior was found in the carbosilylation of allenes Table 2. Results of Allylation of Aldhydes®
catalyzed by palladium complexé@;c entry allene aldehyde product syn/anti  yield
OH SiMe,Ph
The nature of the present catalytic silaboration reaction is :>=-= R' R'CHO R RO (%)
further unraveled from the results of silaboration of phenylallene .
(1a) with borylsilane5 in the presence of various amount of 1 1a Ph 142 Ph 152 >99/1 96
; 2 la Ph 14b  p-MeOGsHq4 150 >99/1 55
3-iodo-2-methyl-2-cyclohexen-1-on8d) catalyzed by Pd(dba) 3 1a Ph 14c p-MeOCOGH, 15c >99/1 93
(5%). In the absence &a, the reaction gave producta and 4 la Ph 14d  p-CICsHa 15d  >99/1 92
6b Sch 2) while in th #19 3a relati 5 1la Ph l4e p-MeCeHqy 15e >99/1 70
(see Scheme ), while in the presence 6#2o 3arelative 6 1a Ph 14f p-MeOCGHs 15f >99/1 60
to borylsilane5, the silaboration gave a mixture 6§ 6b, and 7 1a PE 14% p-chNCel—Iu 15% >99;1 85
P 8 1la P 14h  2-thienyl 15h  >99/1 74
7a Product_sﬁa and 6_b were t_otaIIy inhibited a8a employed 9 1a Ph 14i  n-pentyl 15 =901 67
in the reaction solution was increased to 8%. Further increase 10 1a Ph 14j n-propyl 15)  >99/1 70
of 3a did not significantly change the yield ofa, and a 11 1i p-MeOCGH, l4a Ph 15k >99/1 86
. 9 y chang Y & : 12 1j pEtOCGH, 14a Ph 151 >99/1 87
substantial amount of organic iodida was left unreacted in 13 1c p-MeOGH; 14a Ph 15m >99/1 70
the solution. These experiments appear to show that silaboration14° ik n-Blu Hex ﬁla En ign 83;&73 %
P P s 0 cyclohexyl a o]
of allenes via direct oxidative addition &fto Pd(0) (Scheme 16 11 cyclopentyl 14a Ph 15p 9377 85

2) is completely inhibited if the organic iodid&a present is
greater than the Pd catalyst used. Similar results were also
observed for the silaboration of alletha with borylsilane5 in

the presence of various amount pfiodoacetophenone3k)
catalyzed by Pd(dba) The above results indicate that silyl
iodide9 is much more reactive toward Pd(0) than most organic
iodides 3. In summary, during the present catalytic reaction,
organic iodide3, borylsilane5, and silyl iodide9 are competing
for the palladium(0), and it appears that< 3 < 9 in the
reactivity for the oxidative addition to the palladium(0). The
initial amount of silyl iodide9 produced was controlled by the
reaction shown in Scheme 4. The high reactivita@ompared

to that of 3 toward Pd(0) leads to the result that the three-

aUnless stated otherwise, all reactions were carried out @ir(@.0500
mmol, 10 mol %), Pd(dba)0.0250 mmol, 5 mol %), borylsilang (0.500
mmol), allenel (1.00 mmol), and aldehyd&4 (1.00 mmol) in ethyl acetate
(0.50 mL) at 80°C for 5 h.? Isolated yields based on the borylsilane used.
¢ The reaction experiment was run for 48 h at room temperature instead of
80 °C for 5 h.

4. Application of Silaboration of Allenes

4.1. Stereoselective One-Pot Allylation of AldehydeS.he
allylation of aldehydes to give homoallylic alcohols is one of
the most powerful synthetic methods in modern organic chemi-
stry}” Functionalized homoallylic alcohols are a class of val-
uable synthetic intermediates used in the construction of a wide
variety of complex natural productd. Despite numerous

component assembling reaction in Scheme 4, mediated by themethods that are available, only a few of them offer highly

Pd complex, is limited to about one turnover. The amount of
three-component assembling prod8¢4% for 8b (R = R? =

Me; R = p-MeCOGH,) is approximately equal to that of the
Pd catalyst used (5%).

The observed regioselectivity is determined at the step of
transmetalation o2 with 5. A completely different regiose-
lectivity for the product would result if a boryl iodide was
generated instead of silyl iodi® The observed stereoselectivity
may be explained on the basis of a face-selective coordination

stereocontrolled routes for the allylation of aldehytfdderein,
we wish to describe a new and convenient way for the prepa-
ration of homoallylic alcohols via the application of the present
silaboration chemistry.

Treatment of phenylallenel§) (2 equiv) with borylsilanes
and benzaldehydel 4a) (2 equiv) in the presence of Pd(dba)
(5 mol %) and alkenyl iodid8a (10 mol % relative tb) at 80
°C in ethyl acetate o5 h afforded homoallylic alcohdl5ain
96% yield (Scheme 7 and Table 2) with excellent syn selectivity

of allenes to the Pd center (Scheme 6). For a monosubstitutedscpeme 7

Scheme 6
PhMele\P(ﬂ SiMezPh ) SiMezPh
H H /_< Si—B — Je!
):.J:’\ ~ R\ — R B )
R1 H H (e}
Pd E
11a 12a
PhMe,Si .
>=< Pdl R!  SiMeyPh R!  SiMe,Ph
R TH Si—B \:& 0
—— X 5 )
H H Pdl z ©
11b 12b

allene, selective coordination of the terminal double bond to
the Pd moiety at the face opposite to the substituerits R
(structurell1q) is favorable to avoid steric congestion. This face
selection leads to the formation of Pd-allyl speciesl2, having

an anti stereochemistry, and eventually to the formation of
E-form products.

H OH SiMe,Ph
) —— 0 s Pd(dba)y, RI
y + PhMe,Si—B] + R3CHO ———2 —
R o EA, 80 °C 4
R
1 5 14a-j 15a-p

(>99%). Productl5a with the silyl group of5 adding to the
central carbon and the benzaldehyde moiety adding to the
phenyl-substituted carbon of alleda was fully characterized

by its H and13C NMR and mass spectral data. Thé NMR
spectrum ofl5ashowed characteristic resonances &t13 and

(16) For the synthesis of 2-(dimethylphenylsilanyl)-4,4,5,5-tetramethyl[1,3,2]-
dioxaborolanef), see: Suginome, M.; Matsuda, T.; Ito, ¥rganometallics
200Q 19, 4647.

(17) For a recent review on allylmetal addition, see: (a) Denmark, S. E.;
Almstead, N. G. InModern Carbonyl ChemistnyOtera, J., Ed.; Wiley-
VCH: Weinheim, Germany, 2000; Chapter 10, pp 2992. (b) Stereo-
selectie SynthesjMethods of Organic Chemistf{ouben-Weyl), Edition
E21; Helmchen, G., Hoffmann, R., Mulzer, J., Schaumann, E., Eds.;
Thieme: Stuttgart, Germany, 1996; Vol. 3, p 1357.

(18) Chemler, S. R.; Roush, W. R. Modern Carbonyl ChemistryOtera, J.,
Ed.; Wiley-VCH: Weinheim, Germany, 2000; Chapter 10, pp 4890.

(19) For a mini review on allylation reaction by addition of boron and silicon

reagents, see: Kennedy, J. W. J.; Hall, DABgew. ChemInt. Ed.2003

42, 4732.
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5.67 ppm for the geminal methylene protons and &t14 and Scheme 9

3.79 ppm, both as doublets for the protons on the methine car- OH

bons to which the OH and'RPh) groups are attached, respec- QJQ _
tively. This multiple component assembling reaction provides M¢~#>8 SOt o S anti=99%
a unique route for the synthesis of homoallylic alcohols in one + PhCHO —10mol% y

pot in high yields with excellent regio- and stereoselectivity. o & ;gLu(:en:h OH

The present allylation of benzaldehydet§) also proceeded if B. e ph/'\‘/\ oo
14awas added after the silaboration of phenylallene by boryl- [~ © Me | YmESo%

silane5 was complete, but the yield of produldais only 72%. Me

To examine the scope and limitation of this Pd-catalyzed and  There are several appealing features of the present reaction.

organic iodide-initiated reaction, different allenes and aldehydes First, the reaction proceeds via multiple bond formation and
were tested, and the results are summarized in Table 2. Undelpreaking steps, and yet the final homoallylic alcohols are

reaction conditions similar to those for the formationlda obtained in excellent yields and stereoselectivity, indicating that
various aromatic and aliphatic aldehydetb—j react effectively  each step in the reaction is highly efficient and selective. Second,
with phenylallene 1a) and borylsilané5 to afford the corre-  in contrast to most allylation reactions of aldehydes using
sponding homoallylic productssb—j, respectively, in good to  allylboronates, the formation of allylic alcohdl5 does not
excellent yields with very high syn selectivity (entries 20). require an external Lewis acid, such as Al0BFsOEb, or
Even thiophene-2-carbaldehyde reacts with phenylallene andsc(OTf).2122 Third, unlike other reactions known for the
borylsilane to give the expected homoallylic alcobbhin 74% synthesis of allylic alcohols, the present allylation of aldehydes
yield (entry 8). In addition to phenylalleneld), substituted  proceeds via a one-pot multicomponent assembling reaction of
phenylallenes also reacted smoothly with benzaldefijideand allenes, borylsilanes, and aldehydes. Finally, these homoallylic
5 to furnish the corresponding allylation produdtSk—m in alcohols consist of a vinylsilyl groug$ providing the possibility
70—87% yields, with extremely high syn selectivity. Similarly, for further transformation.

the assembling reaction of aliphatic allenes, suafiastylallene 4.2. Mechanism for Allylation of Aldehydes.The formation

1k, cyclopentylallenell, and cyclohexylallendo, with 5 and of homoallylic alcohols from this palladium-catalyzed reaction
14afurnishes the corresponding homoallylic alcohb&n—p of allenes, silaborane, and aldehydes is intriguing in view of

in 75—-92% yields. The reaction tolerates a variety of function- the extensive bond formation and breaking processes required.
alities, such as alkyl, cyano, chloro, acetyl, methoxy, and ester The catalytic reaction probably occurs via two separated parts.
groups, on the aromatic ring of aldehydes and of allenes. In all A mechanistic pathway similar to that for the silaboration of
cases, syn homoallylic alcohols are formed predominately. The gjlenes, as shown in Schemes 4 and 5, to give the corresponding
syn/anti ratios are greater than 99/1 for aromatic allenes (entries2-sjlylallylboronates? likely occurs first. The 2-silylallylbor-
1_13), but the ratios drop Sllght'y te93/7 for aliphatic allenes onate product then undergoes a||y|ation with a|dehm a
(entries 14-16). The syn stereochemistry of produdio was highly selective fashion to give the final homoallylic alcohols
further confirmed by the desilylation of this Compound by TBAF 15. A key evidence for this two-part mechanism comes from
((-Bu)aN"F") in THF at room temperature (Scheme 8). The the observation that silaboration prodifa reacts with ben-
zaldehyde 144) directly at room temperature for 24 h to afford

Scheme 8 ; the expected homoallylic produtbain 60% yield. To account
QH SMezPh " for the exceedingly high syn selectivity of the reaction, we
TBAF, THE N proposed that the allylation of aldehydes by 2-silylallylboronates
T nin 7 proceeds via a six-membered chairform cyclic transition state
A, with the silyl and R group from the aldehyde occupying
150 160 (95%) the equatorial positions and thé Rom allene occupying the

axial position ofA, as depicted in Scheme 10. Similar cyclic

IH NMR data of desilylated produdi6o are identical to those

Scheme 10
of a compound reported previously that has the same structure
and stereochemistry as shownliéa2° The scope of the present SiMe,Ph s PhMe,Si OH  SiMezPh
palladium-catalyzed multiple component reaction is limited to /_<; Z) RCHO JP/B _._.st\‘/J\
aldehydes and monosubstituted allenes. Attempts to use ketones R!
and disubstituted allenes, such &s, as substrates for the
reaction failed to give any expected products.

The excellent selectivity of the silaboration product formed Six-membered cyclic transition state
in situ is responsible for the formation of homoallylic alcohols
with excellent syn selectivity. The product is formed with the
presevation of diastereospecificityand the results are in
agreement with the literature methods_ f_or the addition of (21) Ishiyama, T.: Ahiko, T. A.: Miyaura, NJ. Am. Chem. S0@002 124
allylboranes to aldehydé8.For example, it is known that the 12414,

(E)- or (2)-crotylboron pinacolates react with benzaldehyde in (22) ;gfgg”;ﬁd Ho Lu, X Cravel, M., Hall, 3. Am. Chem. S02003 125
the presence of Sc(OEfto give homoallylic products with (23) Colvin, E. W.Silicon in Organic Synthesi®utterworth: London, 1981;
exclusive anti and syn selectivity, respectively (Schemg 9). pp 97-124. (b) Weber, W, PSilicon Reagents for Organic Synthesis

Springer: Berlin, 1983; pp 173205. (c) Colvin, E. W.Silicon Reagents
in Organic SynthesjsAcademic Press: London, 1988; pp-257. (d)The

R3
R 15 syn

transition states have been employed for the allylation of
aldehydes by various allylmetal reagetts.

(20) Chang, H.-M.; Cheng, C.-HDrg. Lett.200Q 2, 3439. (b) Brown, H. C.; Chemistry of Organic Silicon Compound&atai, S., Rappoport, Z., Eds.;
Narla, G.Tetrahedron Lett1997 38, 219. (c) Knochel, P.; Sidduri, A.; Wiley: Chichester, U.K., 1988; Part 2. (e) Fleming, |.; Barbero, A.; Walter,
Rozema, MJ. Org. Chem1993 58, 2694. D. Chem. Re. 1997, 97, 2063.
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5. Conclusions mmol, 10 mol %), Pd(dba)0.0250 mmol, 5 mol %), and 2-(dimeth-
- ylphenylsilanyl)-4,4,5,5-tetramethyl[1,3,2]dioxaborolaBi(0.500 mmol).
We have demonstrated a new and efficient method for The system was evacuated and purged with nitrogen three times. Ethyl

§|!§boratlon of alller?eslcatalyzed by palladium complexes.and acetate (0.50 mL) and allen#®) (1.00 mmol) were added to the system,
initiated by organic iodides. The present methodology provides an the reaction mixture was stirred at®Dfor 5 h. After the reaction

a convenient and general route to various 2-silylallylooronates was complete, the reaction mixture was concentrated. The residue was
7in good yields with excellent regio- and stereoselectivity. The distilled over a Kugelrohr oven to give the desired product. Compounds
mechanism for the silaboration of allenes is extraordinary and 7a—n were prepared according to this method. The product yield of
proceeds via an unusual three-component assembling pathwaygach reaction is listed in Table 1, while the spectroscopic data of these

The products formed are totally different in regio- and stereo-
chemistry from those reported previously using palladium

compounds are shown in the Supporting Information.
Procedure for the Allylation of Aldehydes. To a 10 mL sidearm

complexes as the catalysts. In addition, a new method for theflask were added 3-iodo-2-methyl-2-cyclohexen-1-o8e) ((0.0500

stereoselective synthesis of homoallylic alcohols from the

reaction of borylsilane, allenes, and aldehydes catalyzed by

palladium complexes and initiated by organic iodide is de-
scribed. Extensive bond formation and breaking processes ar
required for the formation of homoallylic alcohols, and yet the

yield and selectivity are excellent. The methodology is compat-
ible with a wide variety of functional groups on both allenes

and aldehydes.

6. Experimental Section

Procedure for 2-(Dimethylphenylsilanyl)-4,4,5,5-tetramethyl-
[1,3,2]dioxaborolane (5).To a stirred solution of 4,4,5,5-tetramethyl-
[1,3,2]dioxaborolane (pinacolborane) (128.0 mmol) in hexane (60 mL)
was added dimethylphenylsilyllithium (ca. 1.0 mol/L in THF, 62 mL,
62 mmol) dropwise at OC over 30 min. Dimethylphenylsilyllithium
(ca. 1.0 mol/L in THF) was freshly prepared by treating chlorodim-
ethylphenylsilane with 4.0 equiv of lithium in THF. After the addition,
the cooling bath was removed. The mixture was stirred overnight at
room temperature. Evaporation of the volatile materials gave a white
residual solid, which was taken up to remove material insoluble in
hexane. After suction filtration under nitrogen, the filtrate was
concentrated in vacuo. Distillation of the residue gave silylbotaag
colorless liquidt®

Procedure for the Silaboration of Allenes.To a 10 mL sidearm
flask were added 3-iodo-2-methyl-2-cyclohexen-1-086) ((0.0500

e

mmol, 10 mol %), Pd(dba)0.0250 mmol, 5 mol %), and 2-(dimeth-
ylphenylsilanyl)-4,4,5,5-tetramethyl[1,3,2]dioxaborolaBe(0.500 mmol).

The system was evacuated and purged with nitrogen three times. Ethyl
acetate (0.5 mL), allend) (1.00 mmol), and aldehydé4) (1.00 mmol)

were added to the system, and the reaction mixture was stirred at 80
°C for 5 h. After the reaction was complete, ethyl acetate (50 mL) was
added to the reaction mixture, and the mixture was washed with brine
(25 mL) three times. The organic layer was dried over anhydrous
magnesium sulfate and concentrated in vacuo. The residue was
chromatographed on a silica gel column using ethyl acetate and hexanes
as eluent to give the desired three-component assembly pra8uct
Compoundsl5a—p were prepared according to this method. The
product yield of each reaction is listed in Table 2, while the
spectroscopic data of these products are shown in the Supporting
Information.
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