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Abstract

Regioselectivity of the Tsuji-Trost reaction on allyl acetates and carbonates substituted with silyl groups at the olefinic moiety has

been analyzed. Silicon atom in the central carbon atom increases the stability of the intermediate p-allylpalladium cation with

respect to the isomeric p-allylpalladium cation featuring the silicon in a terminal carbon atom.
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1. Introduction

The palladium-catalyzed allylation of nucleophiles

(Tsuji-Trost reaction) is a useful synthetic method due

to its broad scope, facile operation, and stereochemical

outcome since many nucleophiles react with overall

retention of configuration at the electrophile [1]. Attack

of a palladium(0) species on the allyl derivative affords

the cationic p-allylpalladium intermediate 1 (Scheme 1).

This cation reacts at both terminal positions giving rise

to isomers 2 and 3. Very frequently the ratio 2/3 is

dominated by steric factors, although electronic effects

are also important [2]. Generally X is acetate or

carbonate.

Silicon at the terminal carbon atoms in intermediate

cations 1 (R?�/SiR3) play a curious role. Thus, attack

by nucleophiles occurs at the remote position with

respect to the silicon, even if R in cation 1 is more

sterically demanding than SiR3 (Scheme 1) [3]. This
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problem has been addressed by theoretical calculations

[4].

Another different silicon effect has been found by

some of us during the study of 2-silyl-2-butene-1,4-diol

derivatives [5]. Thus, diacetate 4a reacts chemo- and

stereoselectively with carbon soft nucleophiles to afford

5a as a 98/2 mixture of two stereoisomers, the indicated

one predominating (Scheme 2). This introduces the

question of the relative stability of ion pairs 6a and 7a.

Indeed the formation of 5a should occur exclusively via

6a.

More striking is the reaction of acetate�/carbonate 4b

with carbon nucleophiles to afford 5b [5]. Acetate acts as

leaving group in spite of the recognized better ability of

carbonates as leaving groups in this type of chemistry

[6]. The question now is if the stability of 6b is higher

enough to overcome the usual leaving group abilities. In

summary, the real question is if a silicon atom in the

central position of the cation has a more stabilizing

effect than in a terminal position. This is reminiscent

although not necessarily related to the stabilization of

carbocations by silicon placed in the b position [7]. In

this paper we present some more examples of this second

type of silicon effect complemented with theoretical
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Scheme 1. General mechanistic and regiochemical features of the

Tsuji-Trost reaction.

Scheme 2. Possible p-allylpalladium cations involved in the Tsuji-

Trost reactions of compounds 4.
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calculations in order to gain a better understanding of

the phenomenon.
2. Experimental

Compounds 4a and 4b (Scheme 3) were prepared

from the commercially available 2-butyne-1,4-diol.
Mono- or di-acetylation of the diol was followed by a

stereoselective syn hydrosilylation of the triple bond

using Speier’s catalyst [8]. (E )-Silyl-substituted diacetate

4a was isolated in nearly quantitative yield whereas the

two regioisomers of the (E )-silyl-substituted acetate�/

alcohol were obtained in 69% yield as an 80/20 mixture

[9]. After purification of the desired regioisomer by

column chromatography through silica gel, reaction
with methyl chloroformate gave the silylated acetate�/

carbonate 4b. Submission of diacetate 4a to usual

palladium-catalyzed alkylation (dimethyl malonate or

methyl acetoacetate sodium salt, Pd(OAc)2, dppe)

results in the completely chemoselective substitution of

the acetate in the b position relative to the silicon group

(Scheme 3). Compound 4b reacted similarly with a slight

erosion of the chemoselectivity. Thus, for 4b ionization
also took place mainly at the b position; however, some

ionization of the carbonate was also observed. Reaction

with dimethyl malonate gave in 85% yield (based on
recovered starting material) an 80/20 mixture of 5b and

9. On the other hand reaction of 4b with methyl

acetoacetate gave a mixture of three compounds in

84% overall yield. Purification of the mixture over silica
gel allowed the isolation of 5b? in 30% yield as well as a

56/44 inseparable mixture of two furan-type compounds

8 and 10 in 54% yield. These are the result of a second

palladium-catalyzed intramolecular alkylation. The al-

lylsilane 8 derives from the expected compound 5b?
while the vinylsilane 10 comes from the alternative

alkylation product 9?.
Having established the reactivity of compounds 4a, b

with carbon nucleophiles, we extended our study to

nitrogen nucleophiles. Reactions with benzylamine were

unsuccessful in THF. Changing to i-PrOH proved to be

favorable allowing the reaction to occur smoothly.

Thus, product 11 derived from the substitution of the

acetate in b position relative to silicon was obtained in

low yield in addition to N -benzyl-3-(triethylsilyl)-2,5,di-

hydropyrrole, 12 (Scheme 4).
Then, we studied the reaction of N -tosylglycine

methyl ester with diacetate 4a, which gave the expected

compound 13 in 50% yield with no trace of the product

derived from the substitution of the g acetate. In

summary, the directing silicon effect seems to be

independent of the nature of the nucleophile.
3. Theoretical calculations

In order to gain a better insight with respect to the

experimental results, we have studied the formation of

the model allylpalladium cations 16a and 16b from 14

and Pd(PR3)2 via cations 15 (Scheme 5) in a purely

theoretical pathway, since the oxidative addition of

Pd(0) to 14 is a one-step process involving simultaneous

dissociation of acetate and addition of PdL2. We have
considered PH3 and dppe as ligands. We will present the

results obtained for PH3 in the first place. To analyze

the influence of the position of the TMS group we have

also studied the model allylpalladium cations 18a and

18b (Scheme 6). Fig. 1 presents the optimized structures

of the allylpalladium cations 16a, 16b, 18a, and 18b.

The formation of 16a and 16b from 14 and Pd(PH3)2

can be decomposed in two steps: loss of an acetate to
generate allyl cations 15a and 15b and coordination of

these cations to Pd (Scheme 5). Table 1 presents the

reaction energies and Gibbs energies corresponding to

these processes in gas phase, THF, and acetone. THF

was the initial solvent tested for the transformations

involving carbon nucleophiles (4 into 5) (Scheme 3) [5].

Moreover, better experimental results were obtained in

isopropanol (vide supra) when working with nitrogen-
based nucleophiles. Since isopropanol could not be

introduced in our calculations, we selected acetone,

very close to isopropanol in terms of polarity (dielectric



Scheme 3. Reactions of sillyl-compounds 4 with carbon nucleophiles.

Scheme 4. Reactions of sillyl-compounds 4a with nitrogen nucleo-

philes.

Scheme 5. Formal pathway for the formation of p-allylpalladium

cations 16a, b.

Scheme 6. p-Allylpalladium complexes 18a, b.

Fig. 1. Geometry of allylpalladium cations. Selected interatomic

distances in angstrom.
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Table 1

Energies and Gibbs energies a in the gas phase and in solution corresponding to the formation of allylpalladium cations b

140/15a 15a0/16a 140/16a 140/15b 15b0/16b 140/16b 16a0/16b

DE 167.7 �/59.7 108.0 163.8 �/51.5 112.3 DDE�/4.3

DG 142.7 �/45.0 97.7 139.1 �/35.6 103.5 DDG�/5.8

DGTHF 51.8 �/34.6 17.2 49.3 �/29.1 20.2 DDGTHF�/3.0

DGAcet. 43.0 �/37.4 5.6 40.8 �/28.8 12.0 DDGAcet.�/6.4

a In kcal mol�1. Gibbs energies at 1 atm and 298.15 K computed with the B3LYP method.
b See Scheme 5.
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constants: oisopropanol�/19.92; oacetone�/20.56) [10]. The

dissociation step involves charge separation, so that it is

very unfavorable in the gas phase. The inclusion of

solvent effects stabilizes the reaction products, but the

process is still endergonic. On the other hand, the

coordination step is exothermic, but not enough to

make the global process thermodynamically favorable.
Our treatment of solvent effects can only be consid-

ered as a first approximation, since solvent molecules

have not been explicitly considered and the geometries

have been kept the same as in the gas phase calculation.

However, the results are expected to correctly describe

the relative stabilities of the isomeric allylpalladium

cations 16a and 16b. In summary, cation 16a is more

stable than 16b as shown in the last column of Table 1.

Regarding the acetate dissociation step, Table 1

shows that the formation of 15b is slightly favored

with respect to the formation of 15a. This is due to the

different stabilities of the resulting cations. In both cases

the C�/C double bond and the positive charge are

delocalized over the allyl moiety. In 15a the positive

charge can be placed at primary or secondary carbon

atoms, whereas for 15b the charge can be placed at a

tertiary carbon. The structures of these cations are

shown in Fig. 2.

Regarding the second step in the formation of the

allylpalladium cations (Scheme 5), Table 1 shows that

the coordination to Pd(PH3)2 is more favorable for 15a

than for 15b.

Thus, the stabilities of the isomeric allylpalladium

cations 16a and 16b are determined by the strength of

the allyl�/Pd bond. We have also studied the allyl
Fig. 2. Geometries of allyl cations. Selected interatomic distances in

angstrom.
coordination step for the model allyl cations 17a and

17b (Scheme 6) and the computed coordination energies

are �/71.1 and �/61.5 kcal mol�1, respectively. These

results show that the presence of the TMS group at the
allyl central carbon atom leads to a stronger Pd�/allyl

interaction.

To understand the origin of this effect we have

analyzed the different contributions to the binding

energy. The energy of formation of an allylpalladium

cation can be partitioned into two terms:

DE�DEprep�DEint

The first term, DEprep, is the preparation energy, i.e.

the energy necessary to distort the allyl cation and

Pd(PH3)2 fragments from their equilibrium geometries

to the geometries they have at the allylpalladium

complex. The second term, DEint, is the interaction

energy between both fragments. This term can be
further partitioned in the following contributions:

DEint�DEelstat�DEPauli�DEorb

DEelstat represents the electrostatic interaction between

the prepared fragments, each fragment having the

electron density that would have in the absence of the

other fragment. DEPauli is the Pauli repulsion term and

arises from the ortho-normalization of the occupied

fragment orbitals to obtain an antisymmetrized product
and accounts for the closed shell repulsion between both

fragments. Finally, DEorb is the orbital interaction term

that arises when the electron densities of the fragments

are allowed to relax and takes into account the charge

transfer between fragments and the polarization of both

fragments. The results obtained in this analysis are
Table 2

Energy partition a for the coordination of allyl cations b to Pd(PH3)2

15a0/16a 15b0/16b 17a0/18a 17b0/18b

DEprep 30.5 29.1 25.7 27.0

DEPauli 208.7 190.7 197.0 189.0

DEelstat �/149.4 �/135.9 �/141.8 �/134.2

DEorb �/142.8 �/131.0 �/147.1 �/138.9

DE �/53.0 �/47.1 �/66.2 �/57.1

a Computed with the BLYP method. In kcal mol�1. See text for

definitions.
b See Schemes 5 and 6.



Table 3

Orbital energies a of p orbitals of allyl cations

CH2CHCH2
� 15a 15b 17a 17b

p �/0.5735 �/0.4914 �/0.4934 �/0.5407 �/0.5223

np �/0.3851 �/0.3155 �/0.3094 �/0.3512 �/0.3357

p* �/0.2164 �/0.1773 �/0.1547 �/0.1925 �/0.1746

See Schemes 5 and 6.
a In atomic unit.
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summarized in Table 2. The complexation energies show

the same trends as the values presented in Table 1, which

where obtained at a different level of calculation.

The result of the energy partition shows that the

preparation energy term has similar values for the

formation of the two isomers. The formation of the

allylpalladium cations involves repulsive and attractive

interactions between the fragments. The strength of

these interactions increases as both fragments approach

one to another. The final geometry corresponds to a

situation in which the attractive interactions overcom-

pensate the repulsive ones. Fig. 1 shows that for 16a and

18a the distances between palladium and both allyl

terminal carbon atoms have the same value. On the

other hand, for 16b and 18b we observe differences of

0.17 and 0.12 Å, respectively. These differences may

have a steric or an electronic origin. The presence of the

TMS group induces steric repulsion that may be reduced

through a lengthening of the corresponding Pd�/C bond

with respect to the values obtained for 16a and 18a.

Electronic effects can be related to the shape of the

empty np orbital of the allyl cations. For 17a the

contribution of both allyl terminal carbon atoms to

this orbital is the same, so that the resulting complex 18a

is symmetric. For the non-symmetrical allyl cation 17b

the np orbital is slightly polarized towards the carbon

bearing the TMS group.2

So, electron donation from the HOMO of Pd(PH3)2

to the LUMO of the allyl cation would favor a short

Pd�/C(TMS) distance in 18b. The values of the Pd�/C

distances obtained for this complex (see Fig. 1) show

that steric effects are predominant.
As a result of the sterically-induced changes in

geometry, the Pauli, electrostatic, and orbital interaction

terms are stronger for 16a and 18a than for 16b and 18b,

respectively.

The relative values of the orbital interaction term can

be related to the electron acceptor ability of the allyl

cations. Table 3 presents the energies of the allyl p
orbitals of 15a, 15b, 17a, and 17b. We have also included

the parent allyl cation for comparison.
2 The sum of the squares of the coefficients corresponding to C 2p

orbitals for the two terminal carbon atoms is 0.360 and 0.338,

respectively.
The presence of the TMS group increases the energies

of the empty np and p* orbitals, so that the substituted

allyl cations become worse electron acceptors than the

parent cation. The effect of TMS is more notorious

when it is bonded at one of the allyl terminal carbon

atoms, so that 17b should be a worse electron acceptor

than 17a. These electronic effects would contribute to

the larger stability of 16a with respect to 16b.

We have studied the attack of ammonia, as a model

nucleophile, to the less substituted allyl terminal carbon

atom of the allylpalladium cations and we have located

the transition states. The structures of these transition

states are presented in Fig. 3 and the corresponding

potential energy barriers and Gibbs activation energies

are shown in Table 4. We can observe that the solvent

effect on the nucleophilic attack is small.

The reaction with 16b involves a lower energy barrier

than the reaction with 16a. Similar results are obtained

for 18a and 18b. These results suggest that allylpalla-

dium cations with a TMS group at one of the allyl

terminal carbon atoms are better electrophiles than

cations in which the TMS group is at the central carbon

atom. The nucleophilic attack mainly involves the

interaction between the lone pair of the nucleophile

and the LUMO of the allylpalladium cation. This

orbital is the antibonding combination of the np orbital

of the allyl moiety and one of the 4d orbitals of Pd.

Table 5 shows that the energy of the LUMO is lower

when the TMS group is at the terminal carbon (16b and

18b) than when it is at the central carbon (16a and 18a).

Allylpalladium cations with a TMS group at one of

the allyl terminal carbon atoms are more reactive than
Fig. 3. Structures of the transition states corresponding to the

nucleophilic attack of ammonia to allylpalladium cations. Selected

interatomic distances in angstrom.



Table 4

Potential energy barriers and Gibbs activation energies a in the gas

phase and in solution for the attack of ammonia to the less substituted

terminal allyl carbon atom of allylpalladium cations

16a 16b 18a 18b

DE% 3.7 0.6 3.3 2.4

DG% 17.5 13.2 14.5 14.1

DG%
THF 18.6 15.0 15.9 15.3

DG%
Acetone 18.5 15.2 15.8 15.1

See Fig. 3.
a In kcal mol�1. Gibbs energies at 1 atm and 298.15 K computed

with the B3LYP method.

Table 5

Energy a of the LUMO for allylpalladium cations

E

16a �/0.2041

16b �/0.2106

18a �/0.2057

18b �/0.2128

See Schemes 5 and 6.
a In atomic unit.

Fig. 4. Structures of allylpalladium cations and of transition states

corresponding to nucleophilic attack by ammonia. The substituents of

the dppe ligand have been omitted for clarity. Selected interatomic

distances in angstrom.

Table 6

Energy of coordination of allyl cations to Pd(dppe) and potential

energy barrier a for the attack of ammonia to the less substituted allyl

terminal carbon atom of the allylpalladium cations

19a 19b

DE �/83.0 �/76.0

DE% 13.3 12.5

See Fig. 4.
a In kcal mol�1, computed with the B3LYP method.
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cations with a central TMS (DDG%�/3.3 kcal mol�1 in

acetone, for 16a and 16b Table 4). However, the

difference of reactivities is smaller than the difference

in the Gibbs energies of formation of the allylpalladium

cations (DDG�/6.4 kcal mol�1 in acetone, Table 1). As

a result, the observed regioselectivity is governed by the

stabilities of the isomeric allylpalladium cations.

Up to now we have considered PH3 as a ligand for Pd.

We should verify that the conclusions are still valid for a

more realistic model. For this reason we have studied

the formation of analogs of 16a and 16b and their

reactions with ammonia using dppe as phosphine ligand.

For the allylpalladium cations 19a and 19b, we have

optimized the geometries without any restriction. On the

other hand, for the transition states we have kept frozen

the distance corresponding to the forming bond in the

nucleophilic attack at the values obtained for the

systems with PH3 and we have optimized the rest of

the geometry. The structures obtained for the allylpal-

ladium cations and for the model transition states are

shown in Fig. 4. Table 6 presents the values of the

energy of formation of these cations from the coordina-

tion of 15a and 15b to Pd(dppe) and the potential energy

barriers corresponding to the nucleophilic attack by

ammonia.

The comparison of these coordination energies with

those corresponding to the PH3 complexes 16a and 16b

(Table 1) shows that the interaction is notably stronger

when the phosphine ligand is dppe. It should be taken

into account that the presence of the Ph groups in dppe

involves steric requirements that were absent for PH3.
On the other hand, dppe is a better electron donor than

PH3 and the energies of the HOMO of the PdL2

fragments are �/0.1876 a.u. for PH3 and �/0.1521

a.u. for dppe. The fact that the coordination energy

becomes more negative indicates that these electronic

effects overcompensate the steric repulsions. As a result,

the energies of formation of 19a and 19b from 14 and

Pd(dppe) are 84.7 and 87.8 kcal mol�1, respectively.

That is, 23.3 and 24.5 kcal mol�1 lower than the values

computed for 16a and 16b, respectively. If we assume

that a similar lowering can be applied to the DG
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computed for 16a and 16b, the processes would become

exergonic in solution.

The attack of ammonia becomes less favorable. Fig. 4

shows that for the model transition states TS-19a and
TS-19b the distances between Pd and the allyl terminal

carbon atoms are smaller than for TS-16a and TS-16b

(see Fig. 2). As we have already seen, the Pd�/allyl bond

is stronger for the dppe complexes than for the PH3

ones. The nucleophilic attack involves a partial cleavage

of this bond so that there is a correlation between the

potential energy barrier and the strength of the bond.

The computed potential energy barriers also show that
the attack to 19b is more favorable than to 19a and that

the difference of barriers is smaller than the difference of

stabilities of both isomeric allylpalladium cations.
4. Conclusions

Calculations show that the presence of silicon in the

central carbon atom of p-allylpalladium cations causes

stronger Pd�/allyl interaction, therefore justifying that

these cations are more stable than their isomers posses-
sing silicon at the terminal carbon atoms. These

differences in stability overcome the intrinsic higher

reactivity of p-allylpalladium cations featuring silicon at

the terminal positions. These results are in complete

agreement with the experimentally found regioselectivity

of Tsuji-Trost reactions of carbon and nitrogen nucleo-

philes on these systems.
5. Experimental

5.1. General remarks

All reactions requiring anhydrous conditions were

performed under a positive nitrogen or argon atmo-

sphere using oven-dried glassware. All solvents were

purified and distilled according to standard methods.

Final product solutions were dried over MgSO4 or

Na2SO4, filtered, and evaporated under reduced pres-

sure on a rotary evaporator. Thin layer chromatography

was performed on silica gel 60 F254. Chromatographic
purifications were conducted using 40�/63 mm or 15�/40

mm silica gel. All compounds were isolated as oils unless

otherwise specified. 1H-NMR (13C-NMR) spectra were

recorded at 200 (50) MHz and 400 (100) MHz. Chemical

shifts are given in parts per million, referenced to the

residual proton resonances of the solvents (7.25/77.16

ppm for CDCl3). Coupling constants (J) are given in

hertz (Hz). The letters m, s, d, t, q, mean respectively
multiplet, singlet, doublet, triplet, quartet. The letters br

mean the signal is broad. Infrared spectra were recorded

on a Bruker Tensor 27 spectrophotometer by attenuated
total reflection. All IR data are reported in wavenumber

(cm�1).

5.2. Alkylation of 4b with carbon nucleophiles

5.2.1. (E)-2-(4-Methoxycarbonyloxy-2-triethylsilanyl-

but-2-enyl)-malonic acid dimethyl ester (E)-5b
At 0 8C, under argon, to a suspension of sodium

hydride 60% in mineral oil (40 mg, 1 mmol), in THF (3

ml) was added dropwise dimethyl malonate (0.12 ml, 1

mmol) and the reaction mixture was warmed to room

temperature (r.t.) for 30 min. In a separate flask,

Pd(OAc)2 (11 mg, 5 mol%) was dissolved in THF (1
ml), diphenylphosphinoethane (40 mg, 8 mol%) was

added and the solution was stirred for 30 min. Then,

acetate�/carbonate 4b (302 mg, 1 mmol) was added and

the resulting mixture was dropwise transferred through

a cannula to the malonate anion. After 4 h, the solution

was diluted with Et2O and washed with a saturated

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

giving a mixture of 5b and 9. Purification by flash

chromatography on a silica gel column affords 5b (247

mg, 64%, e/z�/90/10), 58 mg of starting material 4b

(19%), and product 9 (19 mg, 5%, e/z�/70/30) all as

colourless oils.

5b: 1H-NMR (CDCl3, 400 MHz) d 5.86 (t, 1H, J�/

6.0 Hz); 4.78 (d, 2H, J�/6.0 Hz); 3.77 (s, 3H); 3.70 (s,

6H); 3.42 (t, 1H, J�/8 Hz); 2.77 (d, 2H, J�/8 Hz); 0.89

(t, 9H, J�/8.0 Hz); 0.60 (q, 6H, J�/8.0 Hz); 13C-NMR

(CDCl3, 100 MHz) d 170.8: (C); 169.2: (C); 138.5: (CH);

138.0: (C); 61.3: (CH2); 52.6: (CH3); 51.4: (CH); 29.6:

(CH2); 21.0: (CH3); 7.2: (CH3); 3.1: (CH2); IR: 2956;

2876; 1734; 1437; 1264; 1149; 1025; 719. Anal. Calc. for

C17H30O7Si: C, 54.52; H, 8.07%. Found: C, 54.42; H,
8.25%.

5.2.2. (E)-2-Acetyl-6-methoxycarbonyloxy-4-

triethylsilanyl-hex-4-enoic acid methyl ester (E)-5b?
At 0 8C, under argon, to a suspension of sodium

hydride 60% in mineral oil (21 mg, 0.52 mmol, 1.05

equivalent), in THF (1.5 ml) was added dropwise methyl

acetoacetate (0.06 ml, 0.55 mmol, 1.1 equivalent) and
the reaction mixture was warmed to r.t. for 30 min. In a

separate flask, Pd(OAc)2 (5.6 mg, 5 mol%) was dissolved

in THF (0.5 ml), diphenylphosphinoethane (20 mg, 8

mol%) was added and the solution was stirred 30 min.

Then, acetate�/carbonate 4b (151 mg, 0.5 mmol) was

added and the resulting mixture was dropwise trans-

ferred through a cannula to the nucleophile. After 4 h,

the solution was diluted with Et2O and washed with a
saturated solution of ammonium chloride. The aqueous

phase was extracted with Et2O and the combined

organic layers were washed with brine, dried over
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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 5b? (56

mg, 30%, e/z�/90/10) as a colourless oil. The furan
derivatives 8 and 10 were isolated as an inseparable 56/

44 mixture (77 mg, 54%).

5b?: 1H-NMR (CDCl3, 400 MHz) d 5.83 (t, 1H, J�/

6.1 Hz); 4.79 (dd, part of ABX system, 1H, J�/13.9 and

6.1 Hz); 4.72 (dd, part of ABX system, 1H, J�/13.9 and

6.1 Hz); 3.74 (s, 3H); 3.68 (s, 3H); 3.47 (t, 1H, J�/8.8

Hz); 2.73 (dd, part of ABX system, 1H, J�/13.9 and 8.8

Hz); 2.60 (dd, part of ABX system, 1H, J�/13.9 and 6.1
Hz); 2.19 (s, 3H); 0.87 (t, 9H, J�/7.8 Hz); 0.58 (q, 6H,

J�/7.8 Hz); 13C-NMR (CDCl3, 100 MHz) d 201.9: (C);

169.8: (C); 155.7: (C); 139.3: (C); 137.5: (CH); 64.7:

(CH2); 59.0: (CH3); 54.8: (CH3); 52.6: (CH); 29.8: (CH3);

29.4: (CH2); 7.3: (CH3); 3.2: (CH2); IR: 2954; 2876;

1746; 1719; 1442; 1260; 1003; 949; 719. Anal. Calc. for

C17H30O6Si: C, 56.95; H, 8.43%. Found: C, 57.10; H,

8.60%.

5.2.3. 2-Methyl-5-triethylsilanyl-5-vinyl-4,5-

dihydrofuran-3-carboxylic acid methyl ester 8
1H-NMR (CDCl3, 400 MHz) d 5.77 (dd, 1H, J�/16.9

and 10.8 Hz); 5.03 (dd, 1H, J�/17.2 and 1.3 Hz); 4.93

(dd, 1H, J�/10.8 and 1.3 Hz); 3.66 (s, 3H); 3.00 (dd,

part of ABX system, 1H, J�/13.9 and 1.3 Hz); 2.73 (dd,

part of ABX system, 1H, J�/13.6 and 1.3 Hz); 2.17 (s,
3H); 0.94 (t, 9H, J�/7.8 Hz); 0.60 (q, 6H, J�/7.8 Hz);
13C-NMR (CDCl3, 100 MHz) d 168.4: (C); 166.9: (C);

141.7: (CH); 110.0: (CH2); 100.6: (C); 86.1: (C); 50.9:

(CH3); 38.2: (CH2); 14.2: (CH3); 7.5: (CH3); 1.4: (CH2).

Anal. Calc. for C15H26O3Si: C, 63.78; H, 9.28%. Found:

C, 63.83; H, 9.30%.

5.2.4. 2-Methyl-5-(1-triethylsilanyl-vinyl)-4,5-

dihydrofuran-3-carboxylic acid methyl ester 10
1H-NMR (CDCl3, 400 MHz) d 5.79 (d, 1H, J�/1.5

Hz); 5.38 (d, 1H, J�/1.5 Hz); 5.13 (dd, 1H, J�/10.6 and

9.3 Hz); 3.65 (s, 3H); 3.01 (ddd, part of ABX2 system,

1H, J�/13.9; 10.6 and 1.5 Hz); 2.57 (ddd, part of ABX2

system, 1H, J�/13.9; 9.3 and 1.5 Hz); 2.18 (s, 3H); 0.90

(t, 9H, J�/7.8 Hz); 0.60 (q, 6H, J�/7.8 Hz); 13C-NMR

(CDCl3, 100 MHz) d 168.2: (C); 166.7: (C); 148.3: (C);

125.0: (CH2); 101.3: (C); 85.5: (CH); 50.8: (CH3); 36.6:
(CH2); 14.0: (CH3); 7.3: (CH3); 3.2: (CH2); IR: 2952;

2876; 1706; 1649; 1222; 1086; 722.

5.3. Alkylation of diacetate 4a with nitrogen-based

nucleophiles

5.3.1. (E)-N-[(4-Acetoxy-2-triethylsilanyl-but-2-enyl)-

N-(4-toluene-sulfonyl)]aminoacetic acid methyl ester

(E)-13
At r.t., under argon, Pd(OAc)2 (11 mg, 0.05 mmol,

5%) and diphenylphosphinoethane (60 mg, 0.15 mmol,
15%) were dissolved in i-PrOH (1.5 ml) and the solution

was warmed at 50 8C during 30 min. A solution of

diacetate 4a (286 mg, 1 mmol) in i-PrOH (0.5 ml) was

transferred through a cannula. Then a mixture of N -
tosyl-glycine methyl ester (486 mg, 2 mmol, two

equivalents) and Et3N (0.28 ml, 2 mmol, two equiva-

lents) was added and the reaction mixture was warmed

to 50 8C. After 4 h, the solution was diluted with CH2Cl2
and washed with a saturated solution of ammonium

chloride. 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 product was

purified by flash chromatography on a silica gel column

to afford 13 (235 mg, 50%, e/z�/80/20) as a colourless

oil. 1H-NMR (CDCl3, 400 MHz) d 7.70 (d, 2H, J�/8.5

Hz); 7.32 (d, 2H, J�/8.5 Hz); 6.05 (t, 1H, J�/6.2 Hz);

4.62 (d, 2H, J�/6.2 Hz); 3.98 (s, 2H); 3.48 (s, 2H); 3.18

(s, 3H); 2.46 (s, 3H); 2.06 (s, 3H); 0.93 (t, 9H, J�/8.2

Hz); 0.64 (q, 6H, J�/8.2 Hz); 13C-NMR (CDCl3, 100
MHz) d 170.7: (C); 169.3: (C); 143.6: (C); 142.1: (CH);

136.3: (2C); 129.5: (CH); 127.6: (CH); 60.9: (CH2); 51.9:

(CH3); 45.7: (CH2); 45.6: (CH2); 21.7: (CH3); 20.9:

(CH3); 7.4: (CH3); 2.6: (CH2); IR: 2952; 2875; 1740;

1437; 1158; 718. Anal. Calc. for C22H35O6NSSi: C,

56.26; H, 7.51; N, 2.98%. Found: C, 56.51; H, 7.70; N,

2.67%.

5.3.1.1. 1-Benzyl-3-triethylsilanyl-2,5-dihydro-1H-

pyrrole 12. Compound 12 was prepared following the

same procedure as for compound 13 from diacetate 4a

and benzylamine; 1H-NMR (CDCl3, 400 MHz) d 7.27

(m, 5H); 5.92 (s, 1H); 3.73 (s, 2H); 3.45 (s, 4H); 0.86 (t,

9H, J�/7.8 Hz); 0.53 (q, 6H, J�/7.8 Hz); 13C-NMR

(CDCl3, 100 MHz) d 139.8: (C); 139.1: (C); 137.8: (CH);

128.6: (CH); 128.2: (CH); 126.8: (CH); 63.8: (CH2); 61.4:

(CH2); 60.4: (CH2); 7.4: (CH3); 3.0: (CH2).

5.4. Computational methods

All the calculations have been done using density

functional (DFT) methods. The molecular geometries

have been fully optimized using the hybrid Becke [11]

functional for exchange and the correlation functional

of Lee et al. [12] (B3LYP) implemented in the GAUS-

SIAN-98 program [13]. In these calculations we have used

the effective core potentials of Hay and Wadt for Pd, P

and Si [14]. For the remaining atoms, we have used the

D95 basis set [14,15]. This basis set has been supple-

mented with a set of d polarization functions for C, N,

Si, and P and a set of diffuse d functions of exponent

0.0628 for Pd. Harmonic vibrational frequencies have

been calculated for all structures to verify that they are
energy minimum (all frequencies are real) or transition

states (only one imaginary frequency). For the C and H

atoms of the dppe ligand we have used the Slater type
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orbital (STO)-3G basis set [16]. Solvent effects have

been taken into account using the conductor-like screen-

ing model [17] implemented in the GAUSSIAN-98 pro-

gram. Two different solvents have been considered:
THF (o�/7.6) and acetone (o�/20.7). In the calculation

of the acetate elimination step in solution, the basis set

has been augmented with diffuse s and p functions for C

and O.

Single point calculations on the B3LYP optimized

geometries have been done to analyze the Pd�/allyl bond

using the extended transition state method of Ziegler

and Rauk [18] implemented in the ADF program [19]. In
these calculations we have used the Becke’s exchange

functional [20] along with the Lee et al. [12] correlation

functional (BLYP) and an uncontracted STO basis set.

The inner electrons have been treated by the frozen-core

approximation [21]. For the valence space, the used

basis set is triple-z for Pd and double-z for the remaining

atoms. A set of d polarization functions has been added

for C, N, Si, and P.
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