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4 place jussieu, 75252 Paris Cedex 5, France

malacria@ccr.jussieu.fr

Received April 4, 2003

A series of 2-silylbut-2-ene-1,4-diol derivatives 2 bearing different substituents on the silicon atom
have been prepared and tested in palladium-catalyzed alkylations with dimethyl malonate. Totally
chemo- and stereoselective, these high yielding reactions are strongly influenced by the presence
of the silicon group on the allyl moiety. The preparation and reactivity of two analogues 9 where
the silyl group is replaced by a tert-butyl group were also examined. Their difference of reactivity
toward the nucleophile can be ascribed to the ability of the silicon group to stabilize a â-carbocation.
Indeed, both steric and electronic factors are responsible for this behavior.

Introduction

Palladium plays an important role in organic chemistry
as a result of the broad applications of its catalytic
activity and the versatility of its utilization,1 which has
been exhaustively illustrated in a recent two-volume
handbook containing more than 150 authored sections.2
Among others, palladium-catalyzed allylations of various
nucleophiles are one of the major achievements in this
field. The possibility of controlling the chemo-, regio-, and
enantioselectivity of the attack of the nucleophiles onto
the η3-allyl ligand is still a challenging research area. A
lot of work has dealt with the variation of the ligands
around the metal,3,4 the steric and electronic influence
of the substitutents of the allyl moiety,5 or the role of
the solvent.6 Organosilicon compounds are versatile and
powerful reagents with many applications in organic
synthesis.7 Moreover, silanes have attracted considerable
attention not only as biologically acceptable analogues

of natural products8 but also because silicon acts as a
directing atom that increases9 or reverses selectivities
usually observed for its carbon analogues.10 Recently,
organosilanes have been extensively studied in cross-
coupling reactions catalyzed by palladium.11,12 For ex-
ample, Tietze took advantage of the presence of a silicon
group to direct the last step of a domino-Heck double
cyclization process.13 On the other hand, Hirao et al.
reported first, nearly 2 decades ago, that 1- or 3-trim-
ethylsilylallyl acetates in the presence of a palladium
catalyst could react regio- and stereoselectively with
stabilized carbon nucleophiles, giving the corresponding
vinylsilanes as the only product.14 It was shown that the
nucleophilic attack occurred at the carbon γ relative to

(1) Tsuji, J. Palladium Reagents and Catalysts; Wiley: New York,
1995.

(2) Handbook of Organopalladium Chemistry for Organic Synthesis;
Negishi, E., Ed.; Wiley: New York, 2002.

(3) For some recent reviews, see: (a) Ansell, J.; Wills, M. Chem. Soc.
Rev. 2002, 31, 259-268. (b) Helmchen, G.; Pfaltz, A. Acc. Chem. Res.
2000, 33, 336-345. (c) Trost, B. M.; Van Vranken, D. L. Chem. Rev.
1996, 96, 395-422.

(4) More than 1000 ligands have been described to date. (a) For a
recent review on 2-furyl phosphines, see: Andersen, N. G.; Keay, B.
A. Chem. Rev. 2001, 101, 997-1030. (b) Woska, D.; Prock, A.; Giering,
W. P. Organometallics 2000, 19, 4929-4638. (c) A tetra-tertiary
phosphine has been recently developed and gives very high turnover
numbers in palladium-catalyzed allylic alkylations; see: Laurenti, D.;
Feuerstein, M. Pèpe, G.; Doucet, H.; Santelli, M. J. Org. Chem. 2001,
66, 1633-1637.

(5) (a) For a DFT study dealing with the influence of electronic
factors on the regioselectivity of palladium-catalyzed alkylations, see:
Branchadell, V.; Moreno-Mañas, M.; Pajuelo, F.; Pleixats, R. Organo-
metallics 1999, 18, 4934-4941. (b) Moreno-Mañas, M.; Pajuelos, F.;
Parella, T.; Pleixats, R. Organometallics 1997, 16, 205-209.

(6) For a recent review on water as solvent, see: Genêt, J.-P.;
Savignac, M. J. Organomet. Chem. 1999, 576, 305-318. For a recent
review on catalytic reactions in ionic liquids, see: Sheldon, R. Chem.
Commun. 2001, 2399-2407.

(7) (a) Langkopf, E.; Schinzer, D. Chem. Rev. 1995, 95, 1375-1408.
(b) Fleming, I.; Barbero, A.; Walter, D. Chem. Rev. 1997, 97, 2063-
2192. (c) Liu, D.; Kozmin, S. A. Angew. Chem., Int. Ed. 2001, 40, 4757-
4759.

(8) (a) Tacke, R.; Schmid, T.; Hofmann, M.; Tolasch, T.; Franck, W.
Organometallics 2003, 22, 370-372. (b) Tacke, R.; Schmid, T.; Bur-
schka, C.; Penka, M.; Surburg, H. Organometallics 2002, 21, 113-
120. (c) Cavelier, F.; Vivet, B.; Martinez, J.; Aubry, A.; Didierjean, C.;
Vicherat, A.; Marraud, M. J. Am. Chem. Soc. 2002, 124, 2917-2923.
(d) Bolm, C.; Kasyan, A.; Drauz, K.; Günther, K.; Raabe, G. Angew.
Chem., Int. Ed. 2000, 39, 2288-2290.

(9) (a) Itami, K.; Nokami, T.; Yoshida, J. J. Am. Chem. Soc. 2001,
123, 5600-5601. (b) Inami, H.; Ito, T.; Urabe, H.; Sato, F. Tetrahedron
Lett. 1993, 34, 5919-5922. (c) Olofsson, K.; Larhed, M.; Hallberg, A.
J. Org. Chem. 1998, 63, 5076-5079.

(10) (a) Ollivier, J.; Girard, N.; Salaün, J. Synlett 1999, 1539-1542.
(b) Menningen, P.; Harcken, C.; Stecker, B.; Korbe, S.; de Meijere, A.;
Lopes, M. R.; Ollivier, J.; Salaün, J. Synlett 1999, 1534-1538.

(11) For some reviews on various cross-coupling reactions, see: (a)
Metal-Catalyzed Cross-Coupling Reactions; Diederich, F., Stang, P. J.,
Eds.; Wiley-VCH: Weinhein, 1998. (b) See also: J. Organomet. Chem.
2002, 653, 1-303.

(12) For monographs dealing with the behavior of organosilicon
compounds in palladium-catalyzed cross-coupling reactions, see: (a)
Hiyama, T. In Metal-Catalyzed Cross-Coupling Reactions; Diederich,
F., Stang, P. J., Eds.; Wiley-VCH: Weinhein, 1998; Chapter 10, pp
421-453. (b) Denmark, S. E.; Sweis, R. F. Acc. Chem. Res. 2002, 35,
835-846. (c) Hiyama, T. J. Organomet. Chem. 2002, 653, 58-61.

(13) Tietze, L. F.; Kahle, K.; Raschke, T. Chem. Eur. J. 2002, 8, 401-
407.

(14) Hirao, T.; Enda, J.; Ohshiro, Y.; Agawa, T. Tetrahedron Lett.
1981, 22, 3079-3080.
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the silicon. Sometime later, for other 1- or 3-silyl-
substituted allylic derivatives, Trost,15 Murahashi,16 and
Tsuji17 reported the utility of the silicon group to direct
the nucleophilic attack in favor of the formation of the
corresponding vinylsilane. In 1993, Sato extended this
powerful reaction to the synthesis of optically active
γ-trimethylsilyl allylamine derivatives.18 More recently,
Branchadell et al. published theoretical studies dealing
with silyl-substituted π-allyl palladium complexes.19

Finally, Yamamoto and co-workers noticed that a silicon
group attached to the central position of a π-allyl system
could influence the reactivity and regioselectivity during
palladium-catalyzed carbonylations.20 The first example
of the highly chemo- and stereoselective alkylation of
2-triethylsilylbutenyl acetates was reported in 1996.21

Our interest in the use of vinylepoxides in palladium-
catalyzed reactions22 as cheap starting materials for
synthesis23 was significantly enhanced when we observed
the unusual reactivity of 1-silyl-substituted vinylepoxides
1.24 We extended our effort to triethylsilylated bisallylic
derivatives 2.25 Gratifyingly, these substrates have been
successfully used as synthons for the stereoselective
synthesis of highly substituted lactones 3,26 cyclopen-
tanols 4,27 or pyrrolidones 528 (Scheme 1).

In this article, we describe our study on the influence
of the silicon and its substituents on the chemo- and
stereoselectivities observed during palladium-catalyzed
allylations of 2-silylbut-2-ene-1,4-diol derivatives 2. De-

pending on its position, the silicon group strongly influ-
ences the formation and the reactivity of the cationic
π-allyl palladium complex. The main goal of this work
was to demonstrate that steric as well as electronic
factors are responsible for this behavior.

Results and Discussion

The different precursors required for our study were
obtained from commercially available 2-butyne-1,4-diol
diacetate. Syn hydrosilylation of the triple bond using
the Speier catalyst29 gave, in excellent yield, the (E)-silyl-
substituted diacetates 2 (Scheme 2). When not com-
mercially available, the desired silanes were prepared
from dimethylchlorosilane and aryl Grignard reagents.
The (Z)-triethylsilyl diacetate 2a was prepared from the
same precursors using a cationic ruthenium complex30

as a stereoselective trans hydrosilylation catalyst.31

These precursors 2 present two potential leaving
groups that are differentiated only by their position
relative to the silicon group. Anticipating that there
might be an interesting high chemoselectivity in the
presence of palladium, we began our study with com-
pound (E)-2a using dimethyl malonate as the nucleophile
(Scheme 3). In neutral (BSA) or basic (NaH) conditions,
(E)-2a led to the corresponding adduct 6a in 95% yield.
In this reaction, catalysts prepared from both Pd(OAc)2

and PPh3 or diphenylphosphinoethane (dppe) are ef-

(15) (a) Trost, B. M.; Self, C. R. J. Am. Chem. Soc. 1983, 105, 5942-
5944. (b) Trost, B. M.; Brandi, A. J. Org. Chem. 1984, 49, 4811-4816.

(16) Otha, T.; Hosokawa, T.; Murahashi, S.-I.; Miki, K.; Kasai, N.
Organometallics 1985, 4, 2080-2085.

(17) Tsuji, J.; Yuhara, M.; Minato, M.; Yamada, H.; Sato, F.;
Kobayashi, Y. Tetrahedron Lett. 1988, 29, 343-346.

(18) Inami, H.; Ito, T.; Urabe, H.; Sato, F. Tetrahedron Lett. 1993,
34, 5919-5922.

(19) (a) Branchadell, V.; Moreno-Mañas, M.; Pleixats, R. Organo-
metallics 2002, 21, 2407-2412. (b) For a review on the interaction
between â-substitutents (including silicon groups) and the allyl moiety
of palladium complexes, see: Szabó, K. J. Chem. Soc. Rev. 2001, 30,
136-143 and references therein.

(20) Wang, S.-Z.; Yamamoto, K. Chem Lett. 1991, 1993-1996
(21) Thorimbert, S.; Malacria, M. Tetrahedron Lett. 1996, 37, 8483-

8486.
(22) (a) Zucco, M.; Le Bideau, F.; Malacria, M. Tetrahedron Lett.

1995, 36, 2487-2490. (b) Rychlet Elliott, M.; Dhimane, A. L.; Malacria,
M. J. Am. Chem. Soc. 1997, 119, 3427-3428. (c) Rychlet Elliott, M.;
Dhimane, A. L.; Malacria, M. Tetrahedron Lett. 1998, 39, 8849-8852.
(c) Courillon, C.; Thorimbert, S.; Malacria, M. In Handbook of Orga-
nopalladium Chemistry for Organic Synthesis; Negishi, E., Ed.;
Wiley: New York, 2002; pp 1795-1810.

(23) For a recent account on TM-catalyzed ring opening of oxabicyclic
alkenes, see: (a) Lautens, M.; Fagnou, K.; Hiebert, S. Acc. Chem. Res.
2003, 36, 48-58. (b) For an efficient synthesis of vitamin D3 analogues
from vinylepoxides, see: Daniewski, A. R.; Garofalo, L. M.; Hutchings,
S. D.; Kabat, M. M.; Liu, W.; Okabe, M.; Radinov, R.; Yiannikouros,
G. P. J. Org. Chem. 2002, 67, 1580-1587. (c) See also: Trost, B. M.;
Sacchi, K. L.; Schoeder, G. M.; Asakawa, N. Org. Lett. 2002, 4, 3427-
3430.

(24) (a) Gilloir, F.; Malacria, M. Tetrahedron Lett. 1992, 33, 3859-
3862. (b) Le Bideau, F.; Gilloir, F.; Nilsson, Y.; Aubert, C.; Malacria,
M. Tetrahedron Lett. 1995, 36, 1641-1644. (c) Le Bideau, F.; Aubert,
C.; Malacria, M. Tetrahedron: Asymmetry 1995, 6, 697-700. (d)
Courillon, C.; Le Fol, R.; Vandendris, E.; Malacria, M. Tetrahedron
Lett. 1997, 38, 5493-5496.

(25) For a recent review on asymmetric alkylations of bisallylic
systems, see: Trost, B. M. Chem. Pharm. Bull. 2002, 50, 1-14.

(26) (a) Marion, F.; Le Fol, R.; Courillon, C.; Malacria, M. Synlett
2001, 138-140. (b) Marion, F.; Calvet, S.; Courillon, C.; Malacria, M.
Tetrahedron Lett. 2002, 43, 3369-3371.

(27) (a) Humilière, D.; Thorimbert, S.; Malacria, M. Synlett 1998,
1255-1257. (b) Thorimbert, S.; Malacria, M. Tetrahedron Lett. 1998,
39, 9659-9660.

(28) Poli, G.; Giambastiani, G.; Malacria, M.; Thorimbert, S. Tet-
rahedron Lett. 2001, 42, 6287-6289.

(29) Speier, J. L.; Webster, J. A.; Barnes, G. H. J. Am. Chem. Soc.
1957, 79, 974-979.

(30) For some recent publications on the preparation of Ru com-
plexes, see: (a) Rüba, E.; Mereiter, K.; Schmid, R.; Kirchner, K.;
Bustelo, E.; Puerta, M. C.; Valerga, P. Organometallics 2002, 21, 2912-
2920. (b) Rüba, E.; Simanko, W.; Mauthner, K.; Soldouzi, K. M.;
Slugovc, C.; Mereiter, K.; Schmid, R.; Kirchner, K. Organometallics
1999, 18, 3843-3850. (c) Steinmetz, B.; Schenk, W. A. Organometallics
1999, 18, 943-946. (d) Trost, B. M.; Older, C. M. Organometallics 2002,
21, 2544-2546.

(31) For some publications dealing with trans hydrosilylation of
alkynes catalyzed by Ru complexes, see: (a) Esteruelas, M. A.; Herrero,
J.; Oro, L. A. Organometallics 1993, 12, 2377-379. (b) Na, Y.; Chang,
S. Org. Lett. 2000, 2, 1887-1889. (c) Trost, B. M.; Ball, Z. T. J. Am.
Chem. Soc. 2001, 123, 12726-12727.

SCHEME 1

SCHEME 2a

a Reagents and conditions: HSiR3 (1.1 equiv); THF (4 M); 60
°C; 8 h; catalyst (cf. Table 1).
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ficient. The palladium loading could be reduced from 5
to 2 mol % on a large scale. Gratifyingly, the silicon group
totally differentiated the two potential leaving groups:
only the â-acetate relative to silicon is displaced.32 The
structure of (E)-6a was determined by spectroscopic
analysis. For example, in the 1H NMR, we observed the
disappearance of the singlet at 4.70 ppm, attributed to
the reactive methylene in 2a, and the appearance of a
doublet at 2.76 ppm in (E)-6a. Moreover, (E)-6a has a
doublet at 4.70 ppm corresponding to the nonreactive
methylene, whereas (E)-2a has its doublet at 4.74 ppm.
The configuration of the double bond was assigned as (E)
after separation of the (E) and (Z) isomers and analysis
of their 13C NMR spectra.33 These configurations were
later confirmed chemically by the transformation of (E)-
6a into the cyclopentanol 4.34

In addition, we were pleased to observe high stereo-
selectivity in this reaction. Starting from (E)-2a, 6a was
obtained in a E/Z ratio varying from 90/10 at room
temperature to 98/2 at 0 °C (entry 1, Table 1). Moreover,
in the case of the isomer (Z)-2a, the configuration of the
double bond is also mainly retained. In this case too, the
E/Z ratio is strongly dependent on the temperature of
the reaction, varying from 25/75 at room temperature to
10/90 at 0 °C. From both stereoisomers 2a, the yields are
good with a slightly better yield for the (E)-isomer (95%
vs 72%) (entries 1 and 2, Table 1). Subsequently, the
alkylation of dimethyl malonate with a number of vari-
ously substituted silanes was performed; the results are
summarized in Table 1. All reactions except one (entry
6, Table 1) afforded the vinylsilanes 6 in good yields. Both
alkyl and aryl derivatives are tolerated. The presence of
one or two phenyl groups on the silicon atom gave similar

reactivity and stereoselectivity (entries 4 and 5, Table
1). On the other hand, a significant break comes with
the triphenylsilyl derivative 2e (entry 6, Table 1). No
reaction took place under the same conditions. Even after
4 days of reflux, the starting vinylsilyl diacetate was
recovered; no trace of the expected product nor degrada-
tion was observed. It seems that the presence of three
phenyl groups on silicon completely inhibits the coordi-
nation of the palladium to the double bond. To explore
the possibility of an electronic control, we prepared and
tested two vinylsilanes with electron-donating or electron-
withdrawing aryl substituents. Both are tolerated and
gave the corresponding products in 82% and 64% yields,
respectively (entries 7 and 8, Table 1). These results
clearly demonstrate that the silicon group plays an
important role in the reactivity of the cationic π-allylic
palladium complexes. It completely controls the ioniza-
tion of only one of the two possible leaving groups and
in addition the syn-anti isomerization of the π-allyl
palladium intermediates. As a matter of fact, relatively
few studies have been reported in the literature concern-
ing the total transfer of the Z geometry of the double bond
in palladium-catalyzed alkylation with classical ligands.
Usually, this goal has been successfully achieved by the
use of ligands having large bite angles or with special
electronic factors such as Xantphos or phenanthroline
derivatives.35

To better determine the relative importance of elec-
tronic and/or steric factors responsible for such selectiv-
ity, we decided to replace the silyl group by a tert-butyl
group (Scheme 4).

To achieve this goal, the diacetate and the dicarbonate
were prepared by first carbocupration of 1,4-butynediol
with 4 equiv of a 1.8 M THF solution of tert-butylmag-
nesium chloride in the presence of 10 mol % of CuBr‚
Me2S as catalyst.36 We were pleased to isolate the
expected diol 7 in 50% yield37 with only 27% yield of the
corresponding allene 8 as byproduct. The simple func-
tionalization of 7 using acetyl chloride or methyl chloro-
formate gave the desired diacetate 9a or dicarbonate 9b
in high yields (Scheme 4). These two new dielectrophiles
were mixed with the sodium salt of dimethyl malonate
and a catalytic amount of the palladium complex. The
reactions were very slugglish with low conversion even

(32) The same chemoselectivity was observed with a vinylsilane
bearing an acetate in the â position and a carbonate in the γ position.
This specific dielectrophile reacts in an unusual manner because the
acetate is, in this special case, a better leaving group than the
carbonate; see: Thorimbert, S.; Malacria, M. Tetrahedron Lett. 1996,
37, 8483-8486.

(33) Knorr, R.; Hintermeyer-Hilpert, M.; Böhrer, P. Chem. Ber. 1990,
123, 1137-1141.

(34) For the transformation of (E)-6a into the cyclopentanol 4, see:
Humilière, D.; Thorimbert, S.; Malacria, M. Synlett 1998, 1255-1257.

(35) For some publications, see: (a) Kranenburg, M.; Kamer, P. C.
J.; van Leeuwen, P. W. N. M. Eur. J. Inorg. Chem. 1998, 25-27. (b)
Sjögren, M.; Hansson, S.; Norrby, P.-O.; Akermark, B.; Cucciolito, M.
E.; Vitagliano, A. Organometallics 1992, 11, 3954-3964. (c) Tolman,
C. A. Chem. Rev. 1977, 77, 313-348.

(36) (a) Alexakis, A.; Commerçon, A.; Coulentianos, C.; Normant,
J. F. Tetrahedron 1984, 40, 715-731. (b) Normant, J. F.; Alexakis, A.
Synthesis 1981, 841-870.

TABLE 1. Isolated Yields in Preparation of Vinylsilanes 6

entry HSiR3 catalysta precursor 2 (%)b time (h) vinylsilane 6 (%)b E/Z ratioc

1 HSiEt3 A (E)-2a (100) 3 6a (95) 98/2
2 HSiEt3 B (Z)-2a (91) 3 6a (72) 10/90
3 HSiMe2t-Bu A (E)-2b (85) 0.25 6b (100) 100/0
4 HSiMe2Ph A (E)-2c (100) 3 6c (94) 95/5
5 HSiMePh2 A (E)-2d (100) 3 6d (>98) 100/0
6 HSiPh3 A (E)-2e (72) 88 6e (0)
7 HSiMe2(4-MeO-C6H4) A (E)-2f (100) 3 6f (82) 95/5
8 HSiMe2(4-CF3-C6H4) A (E)-2g (72) 3 6g (64) 98/2

a Catalyst A: H2PtCl6‚6H2O (0.01 mol %). Catalyst B: [Cp*Ru(PPh3)(CH3CN)2]PF6 (1 mol %). b Isolated yields. c E/Z ratio determined
by 1H NMR and GC analysis on the crude reaction mixture.

SCHEME 3a

a Reaction conditions: dimethyl sodiomalonate (1.2 equiv), 5 mol
% Pd(dppe)2, THF, 0 °C, 0.25-3 h.
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at reflux, and we isolated the alkylated products in
relatively poor yields after 3 days. Under basic conditions,
the acetate 10a and the carbonate 10b were obtained in
25% and 45% yield, respectively. In the absence of base,
the carbonate 10b was isolated in a poorer yield of 20%.
However, NMR analysis of the crude products showed
that only the leaving group in the vicinal position relative
to the tert-butyl function had been replaced. In the case
of the carbonate 9b, a slight difference in the stereose-
lectivity was observed depending on the conditions used
for the alkylation. Without preforming the sodium salt
of the dimethyl malonate, a nearly 1/1 mixture of both
possible stereoisomers of 10b was isolated, whereas
under basic conditions 10b was obtained with a Z/E ratio
of 83/17. The high chemoselectivity but the relatively low
stereoselectivity observed for these reactions (vide supra)
in comparison with the high chemo- and stereoselectivity
observed for the silicon analogues could be explained by
both steric and electronic effects affecting the ionization
process. Indeed, in the carbon or silicon series, depending
on which acetate is involved, two possible π-allylic
cationic palladium complexes A and B could be gener-
ated. In B there are strong interactions between the aryl
groups on the phosphorus atom and the SiR3 or CMe3

groups (Scheme 5), whereas in complex A the phospho-
rane ligands surround the substituent at the central
position of the allyl moiety.38 Electronic effects also play
an important role in view of the relative reactivity of the
different electrophiles. Reactions take place at low tem-
perature with fast rates and good yields for the silicon-
substituted acetates 2, whereas the same alkylations
require higher temperature and longer reaction time and
give only moderate yields for the alkyl derivatives 9a and
9b. Silicon is well-known to stabilize a â positive charge.39

Such a stabilization could be present in A, whereas in B
the silicon group is directly bonded to a terminal,
partially positive carbon atom. In this process, steric and
electronic effects due to the silicon atom act in a syner-
gistic manner, thereby explaining the fast and high
yielding alkylation. Finally, the retention of the config-
uration of the double bond during the alkylation from
the diacetates 2 probably results from the presence of
the silicon atom, which allows a relatively faster attack
of the nucleophile than the π-σ-π isomerization usually
observed in palladium-catalyzed alkylations.40 In com-
parison, in the tert-butyl series, where the electronic and
steric factors are opposite, the alkylation takes place with
lower reactivity.

Conclusion

In conclusion, we have reported that 2-silylbut-2-ene-
1,4-diol derivatives are suitable substrates for palladium-
catalyzed allylic alkylations. (Z)- or (E)-Vinylsilanes are
easily prepared by stereoselective hydrosilylations using
either platinum or ruthenium catalysts. In all of the
precursors, the presence of the silyl group allows the fast
and highly selective differentiation of both potential
allylic leaving groups. The formation of only one π-allylic
palladium complex could be ascribed to steric and elec-
tronic factors that work in the same direction. Moreover,
the presence of the silicon atom, which overall speeds up
the attack of the nucleophile, allows the retention of the
configuration of the double bond. Coupled with pal-
ladium-catalyzed cross-coupling reactions, this efficient
alkylation will surely find new development in the field
of organic chemistry applied to synthesis.

Experimental Section

General Procedure A for Hydrosilylation. (E)-Acetic
Acid 4-Acetoxy-2-(triethylsilanyl)but-2-enyl Ester [(E)-
2a]. To a stirred solution of 2-butyne-1,4-diol diacetate (7 g,(37) (a) Without CuBr, the preparation of an iso-propyl analogue of

diol 7 has been reported in 12% yield; see: de Silva, A. N.; Francis, C.
L.; Ward, D. A. Aust. J. Chem. 1993, 46, 1657-1672. (b) For the use
of 2-iso-propylbutenylene dicarbamates in palladium-catalyzed cycliza-
tion, see: Hayashi, T.; Yamamoto, A.; Ito, Y. Tetrahedron Lett. 1987,
28, 4837-4840.

(38) For the first report on the “ligand pocket effect” in palladium-
catalyzed alkylation, see: Trost, B. M.; Murphy, D. J. Organometallics
1985, 4, 1143-1145. See also refs 1, 2, and 22b.

(39) (a) Lambert, J. B.; Emblidge, R. W. J. Am. Chem. Soc. 1993,
115, 1317. (b) Lambert, J. B. Tetrahedron 1990, 46, 2677-2689.

(40) (a) Ogasawara, M.; Takizawa, K.-I.; Hayashi, T. Organometal-
lics 2002, 21, 4853-4861. (b) van Haaren, R. J.; van Strijdonck, G. P.
F.; Oevering, H.; Reek, J. N. H.; Kamer, P. C. J.; van Leeuwen, P. W.
N. M. Eur. J. Inorg. Chem. 2001, 837-843.

SCHEME 4a

a Reaction conditions: (a) tert-BuMgCl (4 equiv), CuBr‚Me2S (10
mol %), THF, -30 °C (1 h) to rt (12 h); 7: 50%, 8: 27%; (b) (i)
Ac2O (3 equiv), pyridine (3 equiv), CH2Cl2, 12 h; 9a: 100%; (ii)
ClCO2Me (2.4 equiv), pyridine (2.4 equiv), DMAP (5 mol %),
CH2Cl2; 9b: 85%; (c) compound 9a, dimethyl sodiomalonate (1.1
equiv), 5 mol % Pd(dppe)2, THF, reflux, 3 days; 10a: 25%, Z/E
ratio: 48/52. Compound 9b, dimethyl malonate (1.1 equiv), 5 mol
% Pd(dppe)2, THF, (i) no base added, reflux, 3 days; 10b: 20%.
Z/E ratio: 43/57; (ii) NaH as base, reflux, 12 h; 10b: 45%, Z/E
ratio: 83/17.

SCHEME 5
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41.1 mmol) in THF (12 mL) were added triethylsilane (7.3 mL,
45.2 mmol) and a 0.1 M solution of H2PtCl6‚6H2O (0.4 mL,
0.01 mol %) in THF. The mixture was heated at 50 °C for 12
h, cooled, and filtered over Celite. The solvent was removed
under vacuum, and the residue was purified by flash chroma-
tography on a silica gel column to yield 11.14 g of (E)-2a (95%)
as a colorless oil. 1H NMR (CDCl3, 400 MHz): δ 5.93 (t, 1H, J
) 6.0 Hz); 4.74 (d, 2H, J ) 6.0 Hz); 4.71 (s, 2H); 2.07 (s, 3H);
2.05 (s, 3H); 0.91 (t, 9H, J ) 7.6 Hz); 0.63 (q, 6H, J ) 7.6 Hz).
13C NMR (CDCl3, 100 MHz): δ 170.8; 170.7; 138.6; 137.1; 62.7;
61.5; 21.0; 7.3; 3.0. IR (neat), cm-1: 2950; 1740; 1610; 1430;
1220; 1150; 1020; 730. Anal. Calcd for C14H26O4Si: C, 58.70;
H, 9.15. Found: C, 58.81; H, 9.15.

(Z)-Acetic Acid 4-Acetoxy-2-triethylsilanyl-but-2-enyl
Ester [(Z)-2a]. Following the general method A, except for
the catalyst [Cp*Ru(PPh3)(CH3CN)2]PF6 (1 mol %). The prod-
uct was obtained as a colorless oil. Yield: 1.05 g, 91%. 1H NMR
(CDCl3, 400 MHz): δ 6.31 (tt, 1H, J ) 7.1 and 1.5 Hz); 4.60
(d, 2H, J ) 7.1 Hz); 4.54 (s br, 2H); 2.02 (s, 6H); 0.89 (t, 9H, J
) 7.6 Hz); 0.64 (q, 6H, J ) 7.6 Hz). 13C NMR (CDCl3, 100
MHz): δ 170.7; 170.5; 138.8; 137.2; 69.2; 63.2; 21.0; 20.9; 7.3;
3.7. IR (ATR), cm-1: 2954; 2876; 1739; 1458; 1364; 1217; 1079;
1020; 959; 721. Anal. Calcd for C14H26O4Si: C, 58.70; H, 9.15.
Found: C, 58.28; H, 9.28.

General Procedure B for Alkylation of Diacetate by
Dimethylmalonate. (E)- and (Z)-2-[4-Acetoxy-2-(trieth-
ylsilanyl)but-2-enyl]-malonic Acid Dimethylester (6a). At
0 °C, under argon, to a suspension of sodium hydride 60% in
mineral oil (3.14 g, 78.9 mmol) in THF (190 mL) was added
dropwise dimethylmalonate (6.3 mL, 79 mmol), and the
reaction mixture was warmed to room temperature for 30 min.
In a separate flask, Pd(OAc)2 (235 mg, 2 mol %) was dissolved
in THF (25 mL), diphenylphosphinoethane (1.67 g, 8 mol %)
was added, and the solution was stirred for 30 min. Then,
diacetate (E)-2a (15 g, 52.6 mmol) was added, and the resulting
mixture was added dropwise by cannula to the malonate anion.
After completion of the alkylation, the solution was diluted
with diethyl ether and washed with a satured solution of
ammonium chloride. The aqueous phase was extracted with
Et2O, and the combined organic layers were washed with
brine, dried over MgSO4, and filtered. The solvent was
evaporated under reduced pressure, and the product was
purified by flash chromatography on a silica gel column to
afford (E)-6a (17.9 g, 95%) as a colorless oil. Data identical to
the literature.21

(E)-2-tert-Butyl-but-2-ene-1,4-diol (7). To a solution of
but-2-yne-1,4-diol (3.87 g, 45 mmol) and CuBr‚Me2S (0.92 g,
10 mol %) in THF (22 mL) was added dropwise at -30 °C a
1.8 M THF solution of tert-butylmagnesium chloride (100 mL,
180 mmol). The mixture was stirred at -30 °C for 1 h and
then warmed to room temperature overnight. The reaction was
quenched with a saturated solution of ammonium chloride and
concentrated H2SO4 (0.1 mL). The aqueous phase was ex-
tracted with Et2O, and the combined organic layers were
washed with brine, dried over MgSO4, and filtered. The solvent
was evaporated under reduced pressure, and the crude reac-
tion was purified by flash chromatography to yield 3.27 g of 7

(50%) and 1.55 g of allene 8 (27%), both as colorless oils. Data
for 7: 1H NMR (CDCl3, 400 MHz): δ 5.59 (t, 1H, J ) 6.6 Hz);
4.18 (d, 2H, J ) 6.6 Hz); 4.04 (s, 2H); 3.43 (s br, 2 × 1H); 1.12
(s, 9H). 13C NMR (CDCl3, 100 MHz): δ 144.0; 123.2; 65.4; 58.6;
30.2; 21.4. IR (ATR), cm-1: 3331; 2957; 1713; 1464; 1364; 1201;
1017; 986.

(E)-Acetic Acid 4-Acetoxy-2-tert-butyl-but-2-enyl Ester
(9a). All glassware was flame-dried and cooled under Ar. At
0 °C, to a 1 M solution of 7 (1.44 g, 10 mmol) in CH2Cl2 were
successively added pyridine (2.42 mL, 3 equiv) and Ac2O (2.82
mL, 3 equiv). The mixture was stirred for 30 min at 0 °C and
warmed to room temperature overnight. After completion of
the reaction, the solution was diluted with CH2Cl2 and washed
with a solution of HCl (10%). The organic phase was washed
with NaHCO3. The aqueous phase was extracted with CH2-
Cl2, and the combined organic layers were washed with brine,
dried over MgSO4, and filtered. The solvent was evaporated
under reduced pressure, and the product was purified by flash
chromatography on a silica gel column to yield 2.28 g of 9a
(98%). 1H NMR (CDCl3, 400 MHz): δ 5.53 (t, 1H, J ) 6.0 Hz);
4.82 (d, 2H, J ) 6.0 Hz); 4.53 (s, 2H); 2.07 (s, 3H); 2.06 (s,
3H); 1.17 (s, 9H). 13C NMR (CDCl3, 100 MHz): δ 170.9; 170.7;
144.0; 125.4; 67.9; 61.9; 35.1; 30.1; 21.2; 21.0. IR (ATR), cm-1:
2967; 1736; 1462; 1368; 1219 (br); 1022. Anal. Calcd for
C12H20O4: C, 63.14; H, 8.83. Found: C, 63.13; H, 8.78.

(E)-Carbonic Acid 3-Methoxycarbonyloxymethyl-4,4-
dimethyl-pent-2-enyl ester Methyl Ester (9b). All glass-
ware was flame-dried and cooled under Ar. At 0 °C, to a
solution of 7 (0.72 g, 5 mmol) in CH2Cl2 (5 mL) were
successively added pyridine (0.97 mL, 2.4 equiv), ClCO2Me
(0.93 mL, 2.4 equiv), and DMAP (5 mol %). The mixture was
stirred for 30 min at 0 °C and warmed to room temperature
overnight. After completion of the reaction, the solution was
diluted with CH2Cl2 and washed with a solution of HCl (10%).
The organic phase was washed with NaHCO3. The aqueous
phase was extracted with CH2Cl2, and the combined organic
layers were washed with brine, dried over MgSO4, and filtered.
The solvent was evaporated under reduced pressure, and the
crude reaction was purified by flash chromatography to yield
1.1 g of 9b as a colorless oil (85%). 1H NMR (CDCl3, 400
MHz): δ 5.53 (t, 1H, J ) 5.9 Hz); 4.85 (d, 2H, J ) 5.9 Hz);
4.55 (s, 2H); 3.73 (s, 3H); 3.72 (s, 3H); 1.13 (s, 9H). 13C NMR
(CDCl3, 100 MHz): δ 155.7; 155.4; 143.7; 125.3; 70.9; 65.1;
54.8; 35.0; 30.0. IR (neat), cm-1: 2950; 1750; 1435; 1260; 950
(br); 790. Anal. Calcd for C12H20O6: C, 55.37; H, 7.74. Found:
C, 55.32; H, 7.92.
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