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Ab initio calculations (MP2/6-311+G**//B3LYP/6-31G*) were employed to investigate the mechanism
of metal chloride-promoted Mukaiyama aldol reaction between trihydrosilyl enol ether and formaldehyde.
The metal chlorides considered include TiCl4, BCl3, AlCl3, and GaCl3. In contrast to the concerted pathway
of the uncatalyzed aldol reaction, the Lewis acid-promoted reactions favor a stepwise mechanism. Three
possible stepwise pathways were located. The lowest energy pathway corresponds to a simultaneous
C-C bond formation and a chlorine atom shift in the first (rate-determining) step. This process is calculated
to have a low activation barrier of 12 kJ mol-1 for the TiCl4-promoted reaction. The alternative [2+2]
cycloaddition and direct carbon-carbon bond formation pathways are energetically competitive. BCl3,
AlCl 3, and GaCl3 are predicted to be efficient catalysts for the silicon-directed aldol reaction as they
strongly activate the formaldehyde electrophile. Formation of a stable pretransition state intermolecular
π-π complex between enol silane and the activated formaldehyde (CH2dO‚‚‚MCln) is a key driving
force for the facile metal chloride-promoted reactions.

Introduction

The Mukaiyama aldol reaction1 is a versatile carbon-carbon
bond formation process that provides a synthetic pathway to
â-hydroxycarbonyl compounds. Besides the original TiCl4

catalyst reported by Mukaiyama1 for addition of silyl enol ethers
to carbonyl compounds (Scheme 1), many other catalysts have
been developed that give good yields and high enantioselec-
tivities.2 By incorporating and modifying the substituents on

the reactants, this silicon-directed aldol reaction also proceeds
without a catalyst.3,4 More recently, Mukaiyama aldol reaction
has been extended to phosphorus-carbon bond formation
(phospho-Mukaiyama)5 which has many important applications
in biochemistry.

Experimentally, Mukaiyama aldol reaction would normally
give rise to one major product: a hydroxy,1,6 silyl,7 or (less
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SCHEME 1. The First Mukaiyama Aldol Reaction
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commonly) “ene”8 product, depending on the type of catalyst
used. The reaction conditions (e.g., solvent) are also important
in determining the nature of product.9 For instance, Takasu et
al.10 have reported the preference for the formation of a [2+2]
cycloaddition product over the Mukaiyama aldol product in their
study of the Lewis acid-catalyzed reactions between silyl enol
ethers andR,â-unsaturated ethers.

Various plausible mechanisms have been proposed to account
for the catalyzed Mukaiyama aldol reactions.2d,11-15 However,
to date, the actual mechanism has not been determined
conclusively. In contrast to the concerted cyclic transition state
for the uncatalyzed reactions,4,16 it is generally believed that
the Lewis acid-catalyzed reactions take place by way of an open,
less organized transition state. In some cases, an intermediate
has been isolated and characterized. For instance, a [2+2]
addition intermediate has been observed by Ellis and Bosnich
for reactions involving a chiral europium catalyst.12 Solid-state
characterization of a trichlorotitanium aldolate has been reported
by Cozzi and Floriani.13 Several authors have suggested that
certain metal catalysts used in Mukaiyama aldol reactions are
not necessarily the “actual catalysts”. These metal catalysts may
generate an SiMe3X/SiMe3

+ intermediate species, which in turns
serves as the actual catalyst in the aldol addition.14 On the basis
of extensive crossover, kinetic, and stereochemical experiments,
Denmark and Chen have concluded that the catalytic species
in their silicon-directed aldol reaction is that of triarylcarbenium
ions.15

It is commonly accepted that Lewis acid catalyst activates a
carbonyl substrate (electrophile) by coordinating to the carbonyl
oxygen, rending it more susceptible to a nucleophilic attack by

enol silane. Unexpectedly, in a recent study of silver(I)-catalyzed
Mukaiyama aldol reactions, Ohkouchi et al.17 have shown that
the silver(I) carboxylate-BINAP catalyst coordinated to the
nucleophile, in which this activated complex then attacks the
aldehyde to afford the aldol adduct. With the vast range of
catalysts and reaction conditions being investigated in the
literature, it is unlikely that all the Mukaiyama aldol reactions
proceed via a common reaction pathway. Various experimental
studies suggest that the mechanism involved is likely to depend
on the Lewis acid properties of the catalyst.

In general, the TiCl4-catalyzed Mukaiyama aldol reaction
yielded a hydroxy (not silyl) compound as the main prod-
uct.1,13,18 High product yields were obtained when a stoichio-
metric amount of TiCl4 were used in the presence of a nonpolar
solvent.1 Since the TiCl4 catalyst was not fully recovered in
most of the Mukaiyama aldol reactions studied, we prefer to
name these reactions as “TiCl4-promoted” reactions. In a recent
study, we have examined in detail the mechanism and the
governing factors influencing the uncatalyzed Mukaiyama aldol
reactions.4 To extend our study to the catalyzed (or promoted)
reactions, we report here a theoretical investigation on the
possible mechanisms of metal chloride-promoted reactions
between trihydrosilyl enol ether and formaldehyde. The catalysts
examined include TiCl4, BCl3, AlCl3, and GaCl3. To the best
of our knowledge, this is the first ab initio study on the promoted
Mukaiyama aldol reactions. Understanding the mechanism of
these simple metal halide catalysts is essential to comprehend
the mechanistic aspects of more complex catalysts, which will
aid in the design of more efficient catalysts with high reactivity
and enantioselectivity.19 The enantioselective aspect of the
Mukaiyama aldol reaction will not be explored here as it is
highly dependent on the position and type of substituents on
the reactants.20

Computational Methods

Geometry optimizations were performed for all equilibrium
structures and transition states with use of the B3LYP21 hybrid
density functional theory (DFT) method with the 6-31G* basis
set. The B3LYP/6-31G* optimized geometries were verified to
be equilibrium structures or transition states via frequency
calculations. An equilibrium structure is characterized by all
real frequencies while a transition state has one and only one
imaginary frequency. The identities of several key transition
states were confirmed by intrinsic reaction coordinate (IRC)
calculations. Higher level relative energies were obtained
through MP2 calculations together with a larger 6-311+G**
basis set, based on the B3LYP/6-31G* optimized geometries.
The MP2 theory is particularly important for reliable energy
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SCHEME 2. Concerted Mechanism of the Uncatalyzed
Mukaiyama Aldol Reaction
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prediction for systems containingπ-π interaction.22 A scaling
factor of 0.980423 was used to correct for the directly computed
zero-point energies (ZPEs). Unless otherwise noted, the relative
energies reported in the text correspond to the MP2/6-311+G**
level, including the zero-point energy correction. All calculations
were performed with the Gaussian 9824 suite of programs.
Atomic charges were obtained by using the Natural Bond Orbital
(NBO) analysis,25 based on the MP2/6-311+G** wavefunction.
Charge density analysis of the intermolecular complexes was
performed by using the quantum theory of atoms in mol-
ecules (AIM).26

Results and Discussion

Uncatalyzed Reaction.Previous studies have shown con-
clusively that the uncatalyzed silicon-directed aldol reactions
proceed via a concerted 6-membered boat-shape transition state
(TSuncat, Scheme 2).3c,4,16 This transition state consists of a
simultaneous carbon-carbon bond formation and a SiH3 shift

(Scheme 2). Silyl enol ether serves as a nucleophile, while
formaldehyde acts as an electrophile. The favorable frontier
orbital interaction provides a strong driving force of this
concerted process.4 For the aldol addition between trihydrosilyl
enol ether and formaldehyde, the B3LYP/6-31G* level readily
reproduces the concerted transition state. The key forming and
breaking bond distances of the transition state, 2.100, 1.809,
and 1.998 Å for Câ‚‚‚Cγ, Si‚‚‚OR, and Si‚‚‚Oâ, respectively,
agree well with the MP2(full)/6-31G* values reported.4,16 The
calculated MP2/6-311+G** barrier (79 kJ mol-1) is in excellent
agreement with the higher level G3(MP2) value (77 kJ mol-1).4

This lends strong confidence to the MP2/6-311+G**//B3LYP/
6-31G*+ZPE theory employed here for the metal chloride-
promoted aldol reactions.

TiCl 4-Promoted Aldol Reaction.First, we examine in detail
various plausible reaction mechanisms for the TiCl4-promoted
reaction between formaldehyde and trihydrosilyl enol ether
(Scheme 3). As expected, TiCl4 forms a stable complex with
formaldehyde (Figure 1). On the other hand, the formation of
a complex with silyl enol ether is found to be significantly less
favorable (binding energy to enol silane) -10 kJ mol-1). The
computed binding energy of the TiCl4‚‚‚formaldehyde complex
is -24 kJ mol-1. In this complex, TiCl4 coordinates to
formaldehyde oxygen, with a Ti‚‚‚O distance of 2.345 Å. The
CdO bond length of formaldehyde increases from 1.207 to
1.218 Å upon coordination with the TiCl4 catalyst. There is a
significant degree of charge transfer, 0.10 e (based on NBO
analysis), from formaldehyde to TiCl4 in the complex. In
addition, the charge on the carbonyl carbon increases from 0.29
to 0.34 (i.e., carbon becomes more electrophilic) upon com-
plexation. More importantly, the LUMO energy of formaldehyde
decreases considerably from 1.88 to 0.17 eV upon complexation.
The calculated results here confirm that the electrophilicity of
formaldehyde is enhanced by the coordination of TiCl4 catalyst.
Thus, the activated aldehyde is more susceptible to aldol addition
with enol silane. These factors which promote aldol reactivity
in terms of the charge distribution and frontier orbital energies
parallel those reported in our recent study for the uncatalyzed
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8114. (b) Tsuzuki, S.; Luthi, H. P.J. Chem. Phys.2001, 114, 3949. (c)
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SCHEME 3. Various Possible Pathways of the TiCl4-Promoted Aldol Reaction between Trihydrosilyl Enol Ether and
Formaldehydea

a The MP2/6-311+G**//B3LYP/6-31G* relative energies (kJ mol-1) are given in parentheses.
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silicon-directed aldol reactions.4 Unless otherwise noted, the total
energy of the activated formaldehyde (i.e., CH2dO‚‚‚TiCl4) and
enol silane is used as a reference to compute the relative energies
in subsequent sections.

Next, we examine the various plausible reaction pathways
for the aldol formation between the activated formaldehyde
(CH2dO‚‚‚TiCl4) and trihydrosilyl enol ether. We have inves-
tigated both the concerted and stepwise processes (Scheme 3).
In distinct contrast to the uncatalyzed reaction,4,16 we were
unable to locate a concerted transition structure between the
activated formaldehyde complex and enol silane (pathway 1).
This result is not unexpected as various experimental studies
have indicated a nonconcerted pathway for the catalyzed (or
promoted) Mukaiyama reactions.18,27 For the stepwise process
involving the formation of the C-C bond between the carbonyl
carbon (Cγ) of the formaldehyde complex and the methylene

carbon (Câ) of enol silane, we found two possible reaction
pathways: pathway 2a and pathway 2b.

Pathway 2a involves a simultaneous C-C bond formation
and a chlorine shift, via transition stateTS2a(Figure 1), to form
an intermediateInt2a (Figure 1). Formation of this intermediate
is a strongly exothermic reaction,-120 kJ mol-1 with respect
to CH2dO‚‚‚TiCl4 + CH2dCHOSiH3. This process is inhibited
by a small activation barrier of 36 kJ mol-1 (12 kJ mol-1 with
respect to the separated reactants and catalyst). The Câ‚‚‚Cγ and
CR‚‚‚Cl forming bond lengths inTS2aare 2.039 and 3.340 Å,
respectively (Figure 1). It is worth noting that a similar
intermediate does not exist in the uncatalyzed reaction.4 Int2a
can readily undergo hydrolysis to give a final hydroxy product.
The hydrolysis reaction is a strongly exothermic process
(-161.3 kJ mol-1). The various subsequent steps leading to the
final product are summarized in the Figure S1 (Supporting
Information). Essentially, the first step, viaTS2a, is the rate-
determining step for pathway 2a.

The alternative pathway 2b involves a direct Câ-Cγ bond
formation, viaTS2b (Figure 1), to yield an intermediateInt2b .
Formation ofInt2b is a slightly endothermic process (30 kJ
mol-1) and associates with an activation barrier of 47 kJ mol-1.
Int2b intermediate can undergo a SiH3Cl elimination reaction
to give TiCl3OCH2CH2CHdO (reaction energy) -109 kJ
mol-1), which may then undergo hydrolysis to give the final
hydroxy product (Figure S1, Supporting Information). Interest-
ingly, TS2b adopts agaucheconformation (τCRCâCγOâ )
-58.5°), which may be attributed to the Coulomb attraction
between one of the chlorine atoms and the vinyl (or silyl)
hydrogen. As with pathway 2a, the first step, viaTS2b, is the
rate-determining step for pathway 2b. We note that Reetz et
al.18a and Gennari et al.18b have indeed observed the formation
of Si(CH3)3Cl in their mechanistic studies of the TiCl4-catalyzed
silicon-directed aldol reactions using NMR spectroscopy. Path-
way 2b requires a slightly higher overall activation barrier than
pathway 2a, by 10 kJ mol-1 (Scheme 3).

It is important to note that there are two stable conformations
of trihydrosilyl enol ether, cis and trans (Figure 1), with almost
identical energy.4 We have considered the reaction pathways
for both forms of enol silane and the trans form is found to be
slightly more favorable in all three reaction pathways examined.
Here, only the reaction energetics associated the trans enol ether
are reported in the text.

Experimentally, a [2+2] addition intermediate has been
observed for reactions involving a chiral europium catalyst.12

Thus, it is instructive to examine also the process that give rise
to a [2+2] cycloaddition product (pathway 3). As in the case
of uncatalyzed aldol reaction,4 [2+2] cycloaddition leads to a
stable oxetane‚‚‚TiCl4 intermediate (Int3 , Figure 1). This four-
membered ring intermediate is stable with respect to the CH2d
O‚‚‚TiCl4 + CH2dCHOSiH3 by 78 kJ mol-1 (102 kJ mol-1

with respect to the separated reactants and catalyst). For
comparison, the oxetane intermediate is 45 kJ mol-1 more stable
than the reactants in the uncatalyzed reaction.4 This result clearly
indicates that the oxetane intermediate is stabilized in the
presence of a Lewis acid catalyst. The oxetane intermediate is
formed by a concerted [2+2] cycloaddition process in the
uncatalyzed reaction.4 In distinct contrast, it is a stepwise process
for the TiCl4-promoted reaction, i.e., C-C and C-O bond
formations are in two different steps. The first step involves
the formation of a Câ-Cγ bond to formInt2b , via TS2b. Hence,
the formation ofInt2b is a common step for both pathways 2b

(27) (a) Denmark, S. E.; Lee, W.J. Org. Chem.1994, 59, 707. (b)
Aggarwal, V. K.; Masters, S. J.; Adams, H.; Spey, S. E.; Brown, G. R.;
Foubister, A. J.J. Chem. Soc., Perkin Trans. 11995, 155. (c) Zhao, C.;
Bass, J.; Morken, J. P.Org. Lett.2001, 3, 2839. (d) Grimmins, M. T.; King,
B. W.; Tabet, E. A.; Chaudhary, K.J. Org. Chem.2001, 66, 894.

FIGURE 1. Optimized (B3LYP/6-31G*) geometries of various
equilibrium and transition structures associated with the TiCl4-promoted
aldol reaction between trihydrosilyl enol ether and formaldehyde (bond
distances in Å and angles in deg).
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and 3. In the second step, closure of the CR-Oâ bond, viaTS3
(Figure 1), formsInt3 . The relative energies ofTS2b andTS3
are 47 and 13 kJ mol-1, respectively. Thus, the formation of
Int2b is the rate-determining step of pathway 3.

The calculated relative energies of the three possible reaction
pathways, namely pathways 2a, 2b, and 3, are summarized in
a schematic energy diagram as shown in Scheme 3. It is clear
that pathway 2a is the lowest energy pathway. Hence, we
conclude that TiCl4-promoted Mukaiyami aldol is a stepwise
process, in sharp contrast to the concerted uncatalyzed reaction.
The stepwise mechanism involves a simultaneous C-C bond
formation and Cl shift in the rate-determining step, with a
calculated barrier of just 12 kJ mol-1. This activation barrier is
substantially less than the corresponding uncatalyzed aldol
reaction (79 kJ mol-1 at the same level of theory). This
calculated result is accord with the experimental finding that
the TiCl4-catalyzed aldol reaction occurs readily below room
temperature condition.1 As evidenced in Scheme 3, pathways
2b and 3 are energetically competitive. In particular, [2+2]
cycloaddition is a realistic pathway for catalyst that strongly
stabilizes the oxetane intermediate.

On the basis of experimental studies, several authors have
suggested that the catalytic species involved in the Mukaiyama
aldol reaction is that of Si(CH3)3X/Si(CH3)3

+.14 In our calculated
TiCl4 reaction pathway (Scheme 3) and the NMR experiments,17

SiR3Cl (R ) H or CH3) is formed. We have explored also the
possibility of SiH3Cl acting as a catalyst in the silicon-directed
aldol reaction. The energy barrier is predicted to be 142 kJ
mol-1, substantially higher than that associated withTS2a. The
possibility of SiH3

+ (Si(CH3)3
+) acting as a catalyst is small as

the reaction was carried out in a nonpolar solvent that is expected
to suppress the formation of charged species. In addition, a
hydroxy product was obtained experimentally.1 This effectively
rules out Si(CH3)3X/Si(CH3)3

+ involvement as a catalyst at a
temperature of-78 °C.

MCl 3-Catalyzed Aldol Reactions (M ) B, Al, and Ga).
Finally, we explore the effect of other metal chloride (Lewis
acid) catalysts, namely MCl3 (M ) B, Al, and Ga), on the
energetics of the Mukaiyama aldol reaction between trihydrosilyl
enol ether and formaldehyde. Preliminary calculations on the
AlCl3-promoted aldol reaction indicate that the general mech-
anism of the MCl3-promoted reaction is similar to that of TiCl4

catalyst discussed in the previous section. Hence, we have
examined only the rate-determining steps of pathways 2a, 2b,
and 3 (Scheme 3) for the three MCl3 catalysts. OnlyTS2aand
TS2b were considered asTS2b is the transition state of the
common rate-determining step for pathways 2b and 3. As with
TiCl4, coordination of MCl3 to formaldehyde leads to a
significant change of the carbonyl group structurally and
electronically (Table 1). The LUMO energy is substantially
lower in all three formaldehyde complexes. Accordingly, the
electrophilicity of the carbonyl carbon, as reflected in the NBO
atomic charge, is enhanced upon complexation with MCl3.

Remarkably, the binding affinities of AlCl3 and GaCl3 to
formaldehyde are considerably greater than those of BCl3 and
TiCl4. On the basis of the LUMO energy, one would expect
the MCl3-promoted aldol reaction to have a lower activation
barrier. Indeed, the calculated energy barriers (associated with
TS2a and TS2b) are smaller than those of the TiCl4 catalyst
(Table 2). Again, pathway 2a, involving a simultaneous C-C
bond formation and a Cl shift, is slightly favored over pathway
2b. In sharp contrast to the TiCl4-promoted reaction, the
activation barriers are negative in value. How do we account
for this unusual result?

Enol silane forms a stable intermolecular complex with the
activated formaldehyde (i.e., CH2dO‚‚‚MCln). This complex
is stabilized by theπ-π interaction between the CCπ bond of
enol silane and the COπ bond of formaldehyde (Figure 2).
The π-π interaction in this complex is particularly strong as
enol silane is a strongπ donor, while CH2dO‚‚‚MCln is an
effectiveπ acceptor. This is readily reflected in the large degree
of charge transfer (0.11-0.29 e) from the enol silane unit to
the activated formaldehyde moiety in theseπ-π complexes
(Table 2). The C‚‚‚C interaction distance in theseπ-stacking
complexes is in the range 2.41-2.86 Å (Figure 3), similar to
those observed in organic molecular crystals of benzene, 3.3-

TABLE 1. Calculated Properties of CH2dO‚‚‚MCl n Complexesa

catalyst IE,b kJ mol-1 µ,c D r(C-O), Å r(O‚‚‚M), Å q(C)d q(O)d CTd,e LUMO, eV

none 2.37 1.207 0.29 -0.47 1.88
TiCl4 -23.5 4.95 1.218 2.345 0.34 -0.49 0.10 0.17
BCl3 -17.9 6.43 1.229 1.678 0.36 -0.44 0.25 0.23
AlCl3 -103.0 6.77 1.227 1.979 0.38 -0.54 0.14 0.11
GaCl3 -77.4 6.88 1.224 2.079 0.50 -0.67 0.12 0.20

a MP2/6-311+G**//B3LYP/6-31G* level unless otherwise noted.b Interaction energy (IE) computed at the MP2/6-311+G**//B3LYP/6-31G*+ZPE level.
c Dipole moment (µ). d Atomic charge based on NBO analysis.e Charge transfer (CT) from formaldehyde to metal chloride.

TABLE 2. Calculated Properties of Pretransition State
Complexesa and Activation Barriers ( ∆E*, kJ Mol -1) for
MCl n-Promoted Aldol Reactions between CH2dCHOSiH3 and
CH2dOb

pre-TS complexa,c

catalyst BE µ CT ∆E* (TS2a)d ∆E* (TS2b)d

TiCl4 -24.5 4.85 0.04 11.8 (36.3) 22.0 (46.5)
BCl3 -30.5 8.61 0.29 -26.6 (3.9) -26.4 (4.1)
AlCl3 -34.3 8.99 0.23 -29.8 (4.3) -28.7 (5.5)
GaCl3 -33.1 7.86 0.11 -18.3 (14.8) -15.3 (17.8)

a π-π complex between CH2dCHOSiH3 and CH2dO‚‚‚MCln. b MP2/
6-311+G**//B3LYP/6-31G*+ZPE level.c Binding energy (kJ mol-1),
dipolemoment(µ,D),andchargetransfer(fromenolsilanetoformaldehyde‚‚‚MCln)
of the intermolecularπ-π complex.d Value in parentheses correspond to
relative energy with respect to the pretransition state complex+ silyl enol
ether (i.e., intrinsic barrier).

FIGURE 2. The CPK model of theπ-π intermolecular complex
between CH2dO‚‚‚MCl3 and trans-CH2dCHOSiH3.
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3.6 Å.28 The presence of thisπ-π attractive intermolecular force
is also supported by charge density analysis, based on the
quantum theory of atoms in molecules (AIM).26 In these
complexes, theπ-π interaction is characterized by a bond path
and an associated bond critical point (bcp) between Câ of enol
silane and Cγ of the formaldehyde-catalyst complex. The
calculated bond topological properties, namely the electron
density (F) and Laplacian of charge density (32F) at the bcp,
are similar to those found for the weak intermolecular force
such as C-H‚‚‚π interaction.29 For instance, theF and 32F
values for the BCl3 complex are 0.034 and 0.054 au, respec-
tively. The positive32F indicates the noncovalent nature of
interaction. As one might have expected, theπ-π interaction
is characterized by a large ellipticity (ε) at the bcp, e.g.,ε )
0.41 for the BCl3 complex. In the MCl3 complexes (Figure 3),
additional C-H‚‚‚Cl hydrogen bond interaction (2.94-3.05 Å)
and Coulomb attraction between the electropositive Si atom and
one of the electronegative Cl atoms (3.75- 3.79 Å) of the MCl3
moiety provide further stabilization in these complexes. Again,
the presence of these additional intermolecular forces was
confirmed by the AIM topological analysis. The existence of
this stableπ-π complex is confirmed by higher level geometry
optimizations at MP2/cc-pVTZ and QCISD/6-31G* levels for
the BCl3 complex. The DFT optimized geometry is in good
accord with the higher level results.

The computed interaction energies of these pretransition state
π-π complexes are significant, 28-34 kJ mol-1. Indeed, the
magnitude is even greater than the intrinsic barrier (Table 2).
As a result, the energy barriers of the MCl3-promoted aldol
reactions are negative (Table 2). With respect to the pretransition
state complex and enol silane, the intrinsic activation barrier
for the aldol reaction (viaTS2a) is fairly small (<15 kJ mol-1).
This is perhaps not surprising as the intermolecular complex
bears strong structural resemblance to the transition states. In

other words, this pretransition state complex brings the reactants
and catalyst in close proximity, and the energy required for
structural and electronic re-organization to form the transition
state is substantially smaller. Previous studies have shown that
pretransition state complex assembly plays a crucial role in
understanding the reactivity and enantioselectivity of many
Lewis acid-promoted reactions.30 In the case of TiCl4 catalyst,
the interaction energy of the pretransition state complex is
relatively smaller and the intrinsic barrier is higher. Conse-
quently, a larger positive barrier is associated with the TiCl4-
promoted reaction. It is important to point out that these
pretransition stateπ-π complexes are characterized by a large
dipole moment (Table 2) and are expected to be stabilized in
the presence of a dielectric medium. The general mechanism
for the MCl3-promoted aldol reaction is similar to that of the
TiCl4 catalyst. Again, the stepwise pathway involves a simul-
taneous carbon-carbon bond formation and a Cl shift, viaTS2a,
is slightly preferred in all three cases (Table 1). In summary,
the formation of a pretransition state complex provides a key
driving force of the MCln-promoted aldol reactions. The MCl3

(M ) B, Al, and Ga) metal chlorides are predicted to be
excellent catalysts for Mukaiyama aldol reactions. The aldol
reaction with AlCl3 catalyst was mentioned in a previous study
by Mukaiyama.31 Furthermore, Yamaguchi et al. have success-
fully employed GaCl3 to promote ethenylation of silylated
â-dicarbonyl compound with silylethyne.32

Conclusions

We found that the TiCl4-promoted Mukaiyama aldol reaction
between trihydrosilyl enol ether and formaldehyde can proceed
via three possible stepwise reaction pathways. The lowest energy
pathway 2a involves a simultaneous carbon-carbon bond
formation and a Cl shift in the rate-determining step, viaTS2a.
The alternative direct carbon-carbon bond formation process
(pathway 2b) and the cycloaddition process (pathway 3) are
energetic competitive. Our investigation on the catalytic proper-
ties of BCl3, AlCl3, and GaCl3 reveals that these Lewis acids
are also effective catalysts for the Mukaiyama aldol reaction
with an activation barrier smaller than the TCl4 catalyst. The
MCl3 catalysts strongly activate the electrophile. The existence
of a stable intermolecularπ-π complex between silyl enol ether
and the activated formaldehyde (CH2dO‚‚‚MCln) provides a
crucial driving force of the promoted aldol reactions. We believe
that the mechanism of most metal chloride-promoted Mu-
kaiyama aldol reactions which give rise to a hydroxy product
will be similar to the mechanism reported here.
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FIGURE 3. Optimized (B3LYP/6-31G*) geometries of theπ-π
intermolecular complexes between CH2dO‚‚‚MCln and trans-CH2d
CHOSiH3 (interaction distances in Å).
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