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Abstract—The different chemioselectivity observed experimentally during the silylation of the title species was investigated by means of
theoretical methods. The influence of the solvent on the optimized geometries and relative energies of different reaction intermediate species
was studied by applying the continuum model at the DFT/6-&L//DFT/6-31+G" level. Two groups of neutral reaction intermediates were
considered: dianion—bislithium intermediates in the case of crotonic acid and monoanion—lithium intermediates in the case of its silyl ester. It
was found in both cases that in the gas phase the negative charge is better stabilized when delocalized over the entire molecular skeleton
while in solution the solute—solvent interactions are more important when the charge is localized over the oxygen atoms. For the dianion—
bislithium intermediates, the intramolecular interactions are more important and the chain-delocalized charge intermediate remains the most
stable one, even in solution. This is not the case for the monoanion—lithium intermediates because the solvent effect inverts the gas phase
stability order. The differences observed experimentally in solution are thus explained by the differences in the stability order of these
reaction intermediate specie®.2000 Elsevier Science Ltd. All rights reserved.

Introduction We have found that trapping the dienolates of crotonic
and senecioc acids (or the non conjugated isomers)
Lithium dienolates derived from,B-unsaturated carboxylic ~ with trimethylsilyl chloride (TMSCI) affords exclusively
acids generally undergo alkylation reactions nearly exclu- y-silylated products (Scheme 2).
sively at thea carbon' However, y-regioselectivity is
significantly enhanced by using the cuprated spécies
(Scheme 1). Similar results were obtained with ésterd With crotonic (vinylic acetic) acid, one singlérans

amidé enolates. compound is obtained whereas with senecioc (methylvinylic
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acetic) acid, a mixture of the two sterecisomeEZ( of two possible bislithiated intermediatek énd 2). It was
approximately 80:20) is observed. shown by ab-initio calculations that is 7.9 kcal mol*
lower in energy thar?, indicating that the terminal CH
On the other hand, trapping the enolates of the correspond-group carries considerable electron density. This can
ing trimethylsilyl ester produces only the O-silylated dienol explain why the carbon of this GHgroup is a potential
ethers (Scheme 3). center for subsequent3 reaction. The following experi-
mental results confirm this conclusion: after heating the
The difference between these two results is surprising bislithiated intermediates in the case of acetic acid, the bis-
because the experimental methodology and reaction condi-silylation (reaction with CISiMg afforded exclusively the
tions for the two reactions (Schemes 2 and 3) are exactly theO,C silylated product (MgSi—CH,—CQO,SiMe;) while with-
same. It is then reasonable to think that the difference out heating, a mixture of O,C and O,0 (gHC(OSiMs),)
observed in these two results should be due to the differ- products was observed.
ences in the two reactions’ paths. These intriguing observa-
tions prompted us to investigate this reaction by theoretical The reactions presented in Scheme 2 have also been the
methods. subject of some theoretical treatmeffsBongini et al®
have studied, in which one Li atom is placed above the
\_]y/o molecu_lar plane. They found that .this structure is more
CH,—=¢ i stable in the gas phase as well as in solution as compared
2 Li to 4 that has the two Li atoms in the molecular plane.
\ Domingo et af performing calculations at the PM3 level
% found that thes-transstructure6 is less stable than thecis
5 in the gas phase. By considering three dimethyl ether
solvent molecules per lithium atom, they showed that the
Theoretical studies concerning some aspects of these typegprevious stability order is inverted. This suggests that
of reactions have been carried out previolfdlyIn the case considering the implicit solvatidfi® is very important for
of acetic acid, Schleyer et &have proposed the existence the study of this type of species.
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Itis then reasonable to think that with respect to our reaction calculations by the study of the structure and the stability
(Scheme 2), the double silylation of the crotonic acid should order of some reaction intermediates. Because of the impor-
involve similar bislithiated dianion intermediates, (7, 8 tant charge separation in these types of reaction inter-
and9 in Scheme 5). Moreover, for analogy withand 2, mediates, we have also considered the influence of the
one can suppose thatwould be probably the most stable medium effects.
between all the possible intermediates, which can explain
the reaction result in Scheme 2. Itis, however, interesting to As is well known, there are two different approaches when
investigate the influence of the longer carbon chai@ amd taking into account the solvent effect: (i) the supermolecular
to understand why there is only one of the oxygen atoms thatmodel that considers the interaction between the solute and
can act as a nucleophilic center. the real solvent molecules; (ii) the continuum model, where
the solvent is replaced by a continuum of uniform dielectric
As for the reactions in Scheme 3, the experimental results constante. It is clear that the first approach, when properly
are surprisingly different and it is very tempting to believe carried out, gives a more realistic description of the solute—
that the monoanion reaction intermediates do not present thesolvent interactions. The scope of this paper is to show that
same reactivity as their corresponding dianions. As no theo- even within the limitations of the continuum model, we can
retical calculations have been reported, we lack structural obtain results in good agreement with experimental ones.
and energy data for these species. It was necessary then to
study these types of reaction intermediates so that experi-
mental chemioselectivity could be understood. Computational methods

In this paper, we propose an explanation for the formation of The geometries for all the considered species were optimized
the C and O-silylated products with the use of ab-initio DFT at the DFT-B3LYP/6-3%G" level, using thesaussiaN 94
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program™® One test calculation at the B3LYP/3-21G level following step, the CISiMgreacts with these intermediates

was carried out to take into account the solvent effect on the to form a bond with one oxygen center (prodagt

geometry optimization. Generally, the solvent effect was

considered by applying the continuum model (SGRF In Scheme 2, the same experimental procedure was used but

SCIPCM, with a value of 0.008% for the isodensity} the results are quite different (see Scheme 5). An important

incorporated in the&aussian 94 program system. A dielec-  insight into the difference in reaction mechanism is given by

tric constante=7.6 was introduced into the calculations to the following experimental observations: in the presence of

account for the effect of the real solvent (THF). only one equivalent of CISiMg(second step in Scheme 2),
the first silylation of crotonic acid occurs exclusively at the

Population analysis was carried out by using the Natural terminal carbor. This suggests that the double silylation of

Population Analysis (NPA} at the RHF and DFT levels. the bislithium intermediate in Scheme 2 should proceed by

To check the stability of the charge analysis, two other basis two steps. Consequently, we have considered a three step

sets (3-21G and 6-3I%were considered. mechanism for this reaction: (i) each equivalent of lithium
amidure abstracts one proton from the reactant to produce a
mixture of different bislithium—dianion intermediates 8
and9, Scheme 5); (ii) one equivalent of CISiieeacts with

Results and Discussion these intermediates to form a second group of possible

reaction intermediatesl®-15); (ii) a second equivalent

The mechanism for the reaction in Scheme 3 is straight- of CISiMe; reacts with the previous monosilylated inter-

forward. In the first step, the lithium amide abstracts one mediates to form the bissilylated product

proton from the reactant to produce a mixture of different

possible intermediate specief)¢13 in Scheme 4). In the  When considering the reaction mechanisms involved in our
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Table 1. Selected geometrical parameters for the optimized structures at the DFFB-ADFT/6-31+G" level; ‘dihed’ is the G—C,—C;—C, dihedral angle;
for 7,9 and12, Li, is the atom which is positioned over the molecular plane

7 8 9 12 13 14 15
C1-C2 1.410 1.369 1.425 1.361 1.404 1.483 1.517
C2-C3 1.447 1.444 1.429 1.448 1.440 1.343 1.504
C3-C4 1.362 1.352 1.384 1.349 1.374 1.495 1.339
C1-01 1.371 1.365 1.282 1.277 1.278 1.282 1.277
C1-02 1.286 1.366 1.351 1.485 1.361 1.282 1.279
Li1l-O1 1.808 1.874 1.837 1.773 1.843 1.852 1.856
Li2-02 1.810 1.875 1.819 - - - -
Li1-C4 3.103 - 2.145 - 2.217 - -
dihed —161.8 180.0 8.8 180.0 114 180.0 138.4

Table 2. Relative energy differences (kcal mo) with respect tc8 for the

for the reaction at-70°C (Scheme 2). Under these experi-
dianions and with respect tt2 for the monoanions (DFT/6-31G"//DFT/

mental conditions, this suggests that there is no important

6-314G level activation barrier between the dianion reaction intermedi-
AE = E(i) — E(8) AE = E(i) — E(12) ates and probably between these two intermediate species
only the most stable one is present in solution. It can then be
6 7 8 9 12 13 14 15 concluded that some important aspects of the reaction
P 152 -123 00 -19.8 00 —-68 —132 —7.9 mechanisms could be obtained by only examining the stable
GP(ZPE} 14.7 -120 0.0 —-19.1 00 —-6.1 -125 —7.5 intermediate species.
THF -35 -27 00 -57 00 53 —-11.1 -6.0
- All the reaction intermediates mentioned abo&eX5) were
Gas phase.

optimized at the DFT theory level. Some of their geometri-
cal parameters are presented in Table 1. Energy differences
between these structures are presented in Table 2. The NPA
study, one should also take into account the transition statescharges are represented in Tables 3 and 4. The differences
for each of these steps. A brief review of the acetic acid between the energies in the gas phase and in solution are
results gives an idea about this. Actually, when the silylation reported as the solvent effect in Table 5.

of 1 and 2 was conducted without previous heating, a

mixture of O,0 and O,C-silylated products was obtaihed. Charge distribution

This means that between the two reaction intermediates

and2, there exists an important activation barrier. However, The charge distribution (NPA) is not very sensitive to the
only the O,C-silylated compound (produtitwas obtained basis set level (see Table 3). In Table 4, it is shown that for

b Gas phase plus zero point energy correction.

Table 3. Gas phase charges from Natural population analysis (NPA) (DFT-B3LYP level)

7 8 9

3-21G 6-31G 6-31+G” 3-21G 6-31G 6-31+G" 3-21G 6-31G 6-31+G"
C1 +0.56 +0.65 +0.62 +0.41 +.49 +0.46 +0.60 +0.69 +0.66
Cc2 -0.33 -0.33 -0.35 -0.21 -0.21 -0.22 -0.33 -0.33 -0.34
C3 -0.14 -0.13 -0.13 —0.01 —0.01 +0.01 —0.05 -0.04 —0.04
Cc4 —0.08 —0.08 —0.10 —0.08 —0.08 —0.09 -0.24 -0.25 —0.26
Table 4. NPA charges in the gas phase (GP) and in solution (THF), DFT/G1DFT/6-31+G" level

6 7 8 9 12 13 14 15

GP THF GP THF GP THF GP THF GP THF GP THF GP THF GP THF
c; +0.70 +0.72 +0.64 +0.64 +0.46 +0.52 +0.67 +0.67 +0.64 +0.66 +0.69 +0.69 0.73 0.73 +0.73 +0.77
c, -030 -036 -037 -039 -022 -029 -035 -037 -026 -029 -0.21 -0.22 -0.11 -0.12 -0.50 -0.50
Cc; —-0.01 -001 -012 -0.10 +0.01 +0.01 -0.02 -0.03 +0.01 +0.01 -0.03 -0.03 0.10 0.11 +0.01 +0.03
¢, —-0.17 -025 -0.10 -0.16 -0.10 -0.17 -0.29 -0.31 -0.08 -0.11 -0.20 -0.21 -0.39 -0.39 -0.02 -0.03
Table 5. Energy stabilizatiomAE (kcal mol™Y) due to the solvent effect
Dianions Monoanions
O-silylated C-silylated

Structure 9 7 6 13 12 14 15
Dipolar moment (D) 5.4 6.4 7.7 11 3.7 7.4 2.7 3.8
AE 40 46 72 20 31 28 28
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Figure 1. DFT/6-31+G* optimized geometries for the reaction intermediate structures.

all the structures considered, the negative charge is morelt is important to point out that our geometrical optimi-

important at the €atom than at the £atom. This is in good
agreement with other calculatiofid and experiment&f
estimations carried out for these and similar speties.

Geometries

zations were carried out in the gas phase. However, the
role of the solvent effect on the optimized geometries was
also considered. Previously, it has been shtthat when

some water molecules were included to account for the
solvent effect, no qualitative change to the results was

found. On the other hand, it has been shown in some other
The geometrical parameters presented in Table 1 are notcases that the consideration of the medium effect changes
very different from those found in some previous wotRs.  dramatically the geometry optimized in the gas phHasSa.o
The differences are probably due to the influence of the be sure that no important structural modifications appear in
theoretical method, basis set and correlation level used. Insolution, we carried out geometry optimizations 8ond9
the structures where there is only one Li cation between thein the presence of the solvent effect (3-21G, DFT level). The
oxygen atoms, the Li center is roughly positioned in the O— energy difference\E(9—_8) calculated in THF, but with the
C,—O plane. On the other hand, if Li is placed between the geometries optimized in the gas phase; &5 kcal mol .
oxygen and carbon atoms, only a bridging position over the The geometry optimizations were also carried out taking
molecular plane is preferred (see also the optimized struc-into account the solvent effect. In this case, the energy
tures for these intermediates, Fig. 1). difference was found to be-3.1 kcal mol'’. It appears
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AE(8-9) (Kcal/mol) Li centers show that the charge transfer from the dianion
7 fragment to the Li one is higher f& than for7 or 8 (0.14,
0.12, 0.11, respectively, in the gas phase).

LI I N N L B L B

° Dimethylether

o
o

The same energy trend is found in the case of the mono-
anions asl3is more stable that2 by 6.8 kcal mol*. The
charge transfer values faB and12 (0.07 and 0.05, respec-
tively) support this result and give the idea that the inter-
action of Li" with the Q—C,—C,—C;—C, 7 system in13is
probably stronger than the interaction of hiith the O -0,

lone pair system.

Acetonitrile
* Water

*
AETEERTRI RN IR RANEN AR NT]

LI R RN RN RN LR

hd

L1l

doa by e by b P s b s b b

10 20 30 40 50 60 70 80 When the solvent effect is considered, all the energy differ-
Dielectric constant ences are reduced by approximately 8-12 kcaltol
However, the most important result is that the stability
Figure 2. Influence of the solvent polarity on theE(8-9) order between the dianionic intermediate species in solution
is the same as in the gas phase, while this trend is inverted
then that when taking into account the solvent effect, the gasfor the monoanionic intermediate species in solution. Thus,
phase geometries are not qualitatively affected. Conse-in solution, 12 becomes more stable thet8 while 9 is
quently, we estimated that for this type of species, the always more stable than or 8 (Table 2). It is then clear
geometries optimized in the gas phase are sufficient forthat it is the solvent effect which makes all the difference
energy related comparisons. between the two reactions given in Schemes 2 and 3.

3.5

o TTTT

It must not be forgotten that the continuum model does not It is important to remember that the interaction of the solute
account for the steric effect of the solvent. It is reasonable to with the polar solvent would become greater with the
expect then that the geometry optimizations here result inincrease of the charge separation and the increase of the
structures with, for example, two Li counterions bridging dipole moment in the molecule. Actually, the stabilization
the two oxygen atoms8j instead of two quasicovalent O— due to the solvent effect is roughly 20—30 kcal midbr the

Li bonds @). Actually, starting from the geometry &f the monoanions and 40-50 kcal mol for the dianions
optimization in the presence of the solvent effect results in a (72 kcal mol * for 6%, Table 5). It is obvious from Table 5
structure similar t0o8. One can then imagine that the that the stabilization due to the solvent effect follows the
geometry difference betwee® and 8 would affect their same trend as the magnitude of the dipole moment, which
dipole moments. In fact, this is very important when con- means that this factor is very important for these species.
sidering the solute—solvent interactions. To take into

account this effect, the optimization éfwas carried out  These results indicate that for the monoanions, the differ-
by freezing the Li—-O-gangles at 180 The dipole moment  ences in the solute—solvent interactions are more important
of this structure was found to be considerably high=( than the intrinsic ones. This is not the case for the dianions
11 D) and the solvent effect is very much reinforced (Table for which the intrinsic interactions remain the most impor-
5). In any case, the structufeis always higher in energy  tant in the gas phase as well as in solution.

than 9 by 2.2 kcal mol* but only 0.7 kcal mol* lower in

energy than7. These results imply that in the case of the Itis also well known that the medium effect is dependent on
dianions, the preferred geometries are the ones where one othe solvent’s polarity. In order to determine the influence of

the Li atoms bridges the O-EC, atoms { and9).'* this factor, we have presented the energy difference between
8 and9 as a function of the polarity of different (imaginary)
Energy aspects solvents in Fig. 2.

The relative stabilities of different intermediate species are This energy difference is reduced as the solvent polarity is
presented in the Table 2. All of these metastable inter- increased which is in agreement with the differences
mediate species can be considered as being formed by twdbetween the dipole moments 8fand 9. Even for such a
imaginary fragments: the first is the crotonic dianion (or strong polar solvent as water, the electrostatic solvent effect
silyl crotonic ester monoanion) and the second fragment is less important than the intrinsic molecular interactions.
being the Li" counterion system. With the charges on The intermediate speci€sremains the most stable one.
each fragment being very high, the stability trend between

all of the considered intermediate species should be imposedMechanistic aspects

by the charge—charge interactions between the two

mentioned fragments. The relative stabilities in terms of energy of the various
intermediate species in solution, determined using our
It is shown in Table 2 tha® is more stable that8 by simplified model of the reaction mechanism, are in agree-

19.8 kcal mol! in the gas phase. This is a reasonable result ment with the experimental results. We found th&tis

if one considers that the coulombic repulsion is less impor- more stable thad3. If we look more closely a2, the O
tant for9. On the other hand, the interaction of, lith the is the only nucleophilic center and consequently the only
7 delocalized system of the carbon chain is probably more possible product should be the prod@diScheme 3). Simi-
important for9 than for7. Actually, the NPA charges on the larly, the greater stability d® versus8 is in agreement with
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the experimental result that produdt (Scheme 2) is structure to another, and the priority in the stability order is
obtained when the crotonic acid is used as reactant.imposed by the solute—solvent interactions via the differ-
Actually, one can imagine four possible nucleophilic centers ences in the dipole moments. Thus, the O-Li—O bridging
(04, O,, G, and G) owing to the localized negative charges structures are predominant and the bis-oxygen silylated
on9 (see Table 4). It follows that once the firs{ZSreaction products are obtained.
between9 and CISiMg has been achieved, there are four
possible intermediates formet, 13, 14and15. Our calcu- More precise information concerning this reaction could
lations show that, in THFL4is the most stable of these four certainly be obtained by considering the supermolecular
intermediate¥ as it is 11.1 kcal mol* lower in energy than ~ model, but we hope to have shown here that the continuum
12and 5.1 kcal mol* lower in energy thad5(see Table 2). model can be applied to give results in good agreement with
These results are in agreement with the previous observa-experimental data.
tion’ that 14 is obtained as intermediate when only one
equivalent of CISiMg is used. We conclude then that in
the case of the crotonic acid and its trimethylsilyl ester, References
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In the case of the monoanion species, the intramolecularspecies so no test calculations were possible. However, we tried to
interactions are not very different going from one geometrical correlate the NPA charges at the carbon atoms C2 and G«ith
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different isodensity values (0.0004, 0.0005, 0.0006, 0.0008, 0.001) Actually, when using the local geometrical parameters found by

but no variation was found. Meanwhile, it has been shid@fifthat Domingo et a’®(supermolecular model, PM3 level) for the two Li

a value of 0.0004 for the isodensity more closely reproduces the atoms in6, the dipole moment decreases by approximately 3D.
liquid molar volumes. We have then chosen this value. This in turn should be accompanied by a decrease in the solvent
12. Glendening, E. D.; Reed, A. E.; Weinhold, F. NBO version effect of roughly 1520 kcal mof (Table 5). We reaffirm that this
3.1. argumentation is purely speculative but estimate that the value of
13. Papalardo, R. R.; Markos, E. S.; Ruiz-Lopez, M. F. M.; 2.2 kcal mol! for the relative stability betweed and9 could be
Rinaldi, D.; Rivail, J. L.J. Am. Chem. S0d.993 115, 3722. considered as a lower limit.

14. 1t should be noted that this geometry constraint gives rise to 15, This is probably due to the differences in the distribution of the
energy values which must be considered very carefully. In our remaining negative charge after the first silylation: the electron
case, we have estimated that the energy error introduced by thisgensity is much more stabilized when localized over the two
constraint is largely compensated by the exaggeration of the gxygen atoms than elsewhere.

solvent effect due to the overestimation of the dipole moment.



