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ABSTRACT: The basis for diastereoselectivity in Lewis-acid-
catalyzed Mukaiyama aldol reactions was studied using density
functional theory. By exploring the conformations of the
transition structures for the diastereodifferentiating step of
seven different reactions, simple models were generated. The
effects of varying the substituents on the enol carbon and the
a-carbon of the silyl enol ether from methyl to tert-butyl
groups and the substituent on the aldehyde from methyl to
phenyl groups were investigated by comparison of the
transition structures for different reactions. Expanding on the
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previous qualitative models by Heathcock and Denmark, we found that while the pro-anti pathways take place via antiperiplanar
transition structures, the pro-syn pathways prefer synclinal transition structures. The relative steric effects of the Lewis acid and
trimethyl silyl groups and the influence of E/Z isomerism on the aldol transition state were investigated. By calculating 36
transition structures at the M06/6-311G*//B3LYP/6-31G* level of theory and employing the IEFPCM polarizable continuum
model for solvation effects, this study expands the mechanistic knowledge and provides a model for understanding the
diastereoselectivity in Lewis-acid-catalyzed Mukaiyama aldol reactions.

B INTRODUCTION

Since their first demonstration in 1973, aldol reactions of
silicon-masked enolates in the form of enol silyl ethers* and
later silyl ketene acetals® as well as thioester silyl ketene acetals*
have been convenient routes to form carbon—carbon bonds
under mild conditions. These very commonly used reactions,
an example of which is shown in Figure 1, have become known
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Figure 1. Example of a Mukaiyama aldol reaction.?

as Mukaiyama aldol reactions. As aldol reactions have the
potential to set two stereocenters in one step, controlling the
diastereoselectivity is important for realizing the full potential of
this reaction.”™'® A better understanding of the mechanism and
the structural origin of the diastereoselectivity of the reaction
would facilitate its further use in applications such as polyketide
synthesis,"'™'® but such aspects of this reaction have yet to be
thoroughly understood. Surprisingly, relatively few quantum
mechanical computational studies'”'® that would provide this
information have been published for the Mukaiyama aldol
reaction. Establishing a sound mechanistic basis for diaster-
eoselectivity also provides a foundation for the control of
enantioselectivity of these reactions. Many of these reactions
employ chiral Lewis base or acid catalysts, which may be subject
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to improvement by rational, mechanism-based design,'®

thus furthering the applicability of the Mukaiyama aldol
reaction.

While many aldol reactions and their stereoselectivity have
been studied extensively using computational methods,”*>*
only two quantum mechanical studies of the Lewis-acid-
catalyzed Mukaiyama aldol reaction have been published to
date.'”'® B3LYP and MP2 calculations performed by Wong
and co-workers described simplified model systems for Lewis-
acid-catalyzed Mukaiyama aldol reactions. In these studies,
Wong found that the metal chloride-promoted reactions of
trihydrosilyl enol ethers with formaldehyde take place via a
mechanism in which the rate-determining step includes a
concerted carbon—carbon bond formation and chloride transfer
to the silyl enol ether. Wong also found that a similar reaction
promoted by diatomic halogens as Lewis acids takes place via a
concerted carbon—carbon bond formation and trihydrosilyl
transfer. Finally, the halogen-catalyzed reaction of benzaldehyde
with the more experimentally relevant TMS-protected silyl enol
ether of acetophenone was found to take place via a stepwise
mechanism, with carbon—carbon bond formation being the
rate-determining step. Although this work provides a useful
starting point in studying the reaction using computational
methods, to the best of our knowledge, there has been no
quantum mechanical computational study of the diastereose-
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lectivity of Mukaiyama aldol reactions. While the reaction was
studied using DFT methods, the models did not contain a
prochiral a-carbon in any of the silyl enol ethers that were
studied. Finally, the reaction has yet to be studied using a
solvent model, which is likely to be important due to the
formatlon of a zwitterionic intermediate species during the
reaction.'

Experimentally, the mechanistic steps of the reaction are well
enough understood for one to be confident that the
diastereoselectivity is determined when an activated aldehyde™
forms a carbon—carbon bond with a silicon-masked eno-
late.>**” For the Lewis acids used in this study, it has been
shown that side reactions such as the formation of metal
enolates do not occur.®® Early work by Heathcock provided
transition state models that are still considered the standard
model for this reaction. Current qualitative models for the
stereoselectivity of the reaction, shown in Figure 2 and
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Figure 2. Transition state models proposed by Heathcock.®

originally proposed by Heathcock®® and Denmark,** discuss
possible sources of selectivity and causes for difficulty in
achieving high selectivity. Heathcock’s studies were accom-
plished by screening the reaction with various combinations of
simple aldehydes and silyl enol ethers and rationalizing
diastereoselectivity. Additionally, Denmark’s work on the
reaction utilized an adamantane forming framework to limit
the degrees of freedom of the reaction substrates and to force
an intramolecular reaction in which the syn product can form
via only a synclinal transition state and the anti product via an
antiperiplanar transition state. This work suggests an
antiperiplanar transition state preference due to the observation
of anti selectivity. These studies, along with the present one,

suggest that the reaction takes place via open transition states,
in contrast with traditional ionic aldol reactions, which are
usually thought to proceed through cyclic transition states. Thls
lack of a Zimmerman-Traxler-type, chairlike transition state*'
creates unique challenges for a full understanding of the
Mukaiyama aldol reaction because the number of possible
transition state conformations to be considered is much larger.

On the basis of the gas-phase computational studies, the large
body of experimental work, and the qualitative models by
Heathcock and Denmark, we set out to develop quantitatively
accurate models for the Lewis-acid-catalyzed Mukaiyama aldol
reaction by calculating simple but realistic model reactions
using density functional theory with an implicit solvent model.
The geometric and electronic structures as well as the relative
energies of the stable conformations of the relevant
diastereomeric transition states provide the basis for a
quantitative analysis of the factors responsible for the
diastereoselectivity of the reaction. OQur aim was to develop a
more general understanding of the reaction and the origin of its
diastereoselectivity as well as to provide accurate transition
structures that include solvation effects through an implicit
solvent model. Finally, the results were validated against
experimental values in the literature. The models presented
serve both as tools for predicting diastereoselectivity and an
advance in the understanding of the mechanism of the
Mukaiyama aldol reaction.

B COMPUTATIONAL METHODS

Starting from initial models for the reactions shown in Figure 3, the
transition structures were located through a combination of scans of
dihedral angle and bond distance for the forming carbon—carbon
bond. The model systems were designed to lead to diastereomeric
products by selecting silyl enol ethers containing a substituted,
prochiral a-carbon. The aldehydes that were studied include
acetaldehyde and benzaldehyde, with boron trichloride used as a
Lewis acid. Although boron trlﬂuorlde is experimentally used as a
Lewis acid in these reactions,”*® fluorine was substituted by chlorine
to avoid some of the computational difficulties that we encountered
due to the electronegativity of fluorine** and to make the work more
comparable to the results by Wong et al.'” Although boron trichloride
is a stronger Lewis acid than boron trifluoride, our focus on relative
rather than absolute activation energies allows for this approximation.
Based on the experimental results,® which show similar diaster-
eoselectivities for a series of Lewis acids such as BF;, TiCl, and SnCl,,
it is reasonable to expect that boron trichloride will be a reasonable
model for the steric and electronic effects of other Lewis acids. This
substitution should have little effect on diastereoselectivity based on
the experimental literature, which indicates the reaction to have a
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Figure 3. (A) General form of the Mukaiyama aldol reaction studied in this work. Substituents R', R%, and R® are varied throughout this study to
explore their effects on the selectivity. (B) Three silyl enol ethers described in this study. (C) Depiction of our definition for the dihedral angle (¢)
around the forming carbon—carbon bond. The antiperiplanar example shown corresponds to ¢ = 180°.
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tolerance to minor Lewis acid changes.*’ We modeled this Lewis acid
cis to the aldehyde hydrogen, as this configuration has been shown to
be the most stable geometry for the Lewis acid/aldehyde com lex. >+

All optimizations were performed using Gaussian 09* at the
B3LYP/6-31G* level of theory with an IEFPCM solvation model*®
with solvent parameters chosen to represent diethyl ether. All
transition structures reported are optimized without constraints and
their identity was confirmed by harmonic frequency analysis and visual
inspection of the imaginary frequency. In order to obtain more
accurate final energies, single point energies of the optimized
structures were calculated at the MO06/6-311G* level of theory with
an IEFPCM solvation model*® with solvent parameters for diethyl
ether, and thermal corrections from the B3LYP/6-31G* level of theory
were included. Using an implicit solvation model is essential to
studying diastereoselectivity accurately, as d1 ole minimization has
been shown to influence diastereoselectivity.** Solvation presumably
stabilizes different dipole alignments differently, making it unreason-
able to assume this source of error in gas-phase calculations would be
systematic. All energies are reported as Gibbs free energies in kcal/
mol. All bond lengths are given in Angstroms. The key dihedral angle
is measured between the enol carbon and the aldehyde oxygen,
increasing counterclockwise as shown in Figure 3C, and is reported in
degrees.

B RESULTS

The first step in our study of the Mukaiyama aldol reaction was
the investigation of a simple yet physically realistic model
system for which experimental data are available. In order to
understand the energetics of this system, optimized energies
were calculated for the reactants, transition structure, and major
product of a previously reported anti-selective Mukaiyama aldol
reaction.”® These calculations of (Z)-3 reacting with
benzaldehyde differ from the reaction reported by Heathcock
only in the choice of the Lewis acid BCl; in place of BF;. The
selectivity of (E)-3 was studied as well and is discussed later. As
shown in Figure 4, the calculated activation energy is 5.7 kcal/
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Figure 4. The reaction pathway for the carbon—carbon bond
formation in the reaction of (E)-3 with benzaldehyde.

mol and the overall reaction is calculated to be exergonic by 1.6
kcal/mol. Although no experimental activation parameters have
been measured for this reaction, the results are in reasonable
agreement with the fact that the BF;-catalyzed reaction gives a
95% yield after 4 h*” at —78 °C* indicating a low activation
energy. The calculated bond length for the forming carbon—
carbon bond of 2.11 A is in agreement with a slightly exergonic
reaction while the dihedral angle around the forming bond for
this conformation resembles the antiperiplanar transition state
in models by Heathcock and Denmark, shown in Figure 2.

Starting from these results for an experimentally studied
reaction, we systematically calculated the possible conforma-
tions for the transition structures for the relevant mechanistic
step (Figure 3A) in several model systems. For the sake of
direct comparison, the dihedral angle (@) about the two
carbons forming a bond is measured in the same way for all
transition states as defined in Figure 3C, where the silyl enol
ether is positioned with its larger substituent on the a-carbon to
the left and the aldehyde in front of it. In our calculations, these
relative orientations lead to the five possible transition
structures named TS1-5, shown in Figure S.
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Figure S. Transition structure conformations studied for the
Mukaiyama aldol reaction. The conformations are similar for both
silyl enol ether isomers.

As an initial model, the transition structure conformations for
reactions in which R! = R? = R® = Me, that is, (E)-1 and (Z)-1
reacting with acetaldehyde, were located. Results are reported
in Table 1 and include the dihedral angle around the forming
carbon—carbon bond ¢ as defined in Figure 3C, the distance
between the reacting carbons, and relative free energy values for
each transition state, which are referenced to the lowest energy
transition state for each pathway for each silyl enol ether
isomer. As is to be expected based on the experimentally
observed effect of Varylng the size of the R® substituent in (E)-
silyl enol ethers,® the data suggest that this model system in
the case of (E)-1 has a free energy difference of approximately
0.0 kecal/mol between the pathways leading to anti and syn
products and is therefore not significantly diastereoselective.
For the reaction of (Z)-1, the syn pathway is favored by 1.5
kcal/mol. Several additional transition structure conformations
that are significantly higher in energy were located. The pro-
anti and pro-syn pathways for both isomers of the silyl enol
starting material show similar ¢ values in their transition states.
The pro-anti pathways for both silyl enol ethers have transition
states with dihedral angles ¢ of approximately 170°, 295°, and
330° and (Z)-1 has an additional transition state with a ¢ value
of 15° geometry. The pro-syn pathway, interestingly, gives
transition states with dihedral angles around 220° and 260° for
both (E)-1 and (Z)-1 and an additional transition state at 86°
for (Z)-1. The length of the forming carbon—carbon bond
ranges from 2.37 to 2.66 A, reflecting that the bond formation
distance in the transition structure responds strongly to small
steric and electronic effects.

While the pro-anti transition structures include antiperiplanar
configurations close to 180° as expected,* the pro-syn
transition states do not. Despite extensive searches, including
a complete scan of the potential energy surface for pro-syn
transition structure geometries, no antiperiplanar transition
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Table 1. Key Parameters for Transition Structures of
Mukaiyama Aldol Reaction

entry enol ether/R'CHO [ AAG* distance product TS?

1 (E)-1/MeCHO 257.2 0.0 2.45 syn 2
2 (E)-1/MeCHO 220.3 0.6 237 syn 2
3 (E)-1/MeCHO 332.6 0.0 2.41 anti 5
4 (E)-1/MeCHO 171.0 0.1 246 anti 3
s (E)-1/MeCHO 295.3 0.6 242 anti S
6 (Z)-1/MeCHO 86.8 0.0 2.58 syn 1
7 (2)-1/MeCHO 257.1 22 2.66 syn 2
8 (2)-1/MeCHO 222.8 3.0 2.59 syn 2
9 (Z2)-1/MeCHO 165.3 1.5 2.41 anti 3
10 (2)-1/MeCHO 154 3.6 246 anti 4
11 (2)-1/MeCHO 295.1 3.8 2.56 anti 5
12 (2)-1/MeCHO 334.9 4.1 247 anti S
13 (E)-2/MeCHO 80.5 0.0 2.39 syn 1
14 (E)-2/MeCHO 2339 14 232 syn 2
15 (E)-2/MeCHO 276.0 29 226 syn 2
16 (E)-2/MeCHO 343.6 0.4 2.32 anti 4
17 (E)-2/MeCHO 179.6 1.6 229 anti 3
18 (Z)-2/MeCHO 83.4 0.0 2.36 syn 1
19 (2)-2/MeCHO 244.1 42 2.39 syn 2
20 (Z)-2/MeCHO 5.1 2.7 2.37 anti 4
21 (2)-2/MeCHO 163.9 3.3 232 anti 3
22 (E)-3/MeCHO 121.5 0.0 2.37 syn 1
23 (E)-3/MeCHO 190.3 2.7 228 syn 2
24 (E)-3/MeCHO 168.1 1.1 2.42 anti 3
25 (E)-3/MeCHO 40.5 2.3 245 anti -
26 (E)-3/MeCHO 280.1 2.5 228 anti 5
27 (2)-3/MeCHO 173.1 0.0 2.27 anti 3
28 (2)-3/MeCHO 3384 4.0 227 anti 4
29 (2)-3/MeCHO 16.8 5.3 232 anti 4
30 (2)-3/MeCHO 78.7 0.2 2.30 syn 1
31 (2)-3/MeCHO 257.1 1.1 232 syn 2
32 (2)-3/PhCHO 168.6 0.0 2.11 anti 3
33 (2)-3/PhCHO 339.0 42 2.16 anti 4
34 (2)-3/PhCHO 67.9 1.2 2.18 syn 1
3s (2)-3/PhCHO 109.4 2.5 2.09 syn 1
36 (2)-3/PhCHO 276.3 53 225 syn 2

“Free energies are relative to the lowest energy transition state for each
independent pathway for each silyl enol ether isomer. The lowest
energy syn and anti transition states for each case are shown in bold
font. “For structural representation of the types of transition structures
in the TS column, see Figure S.

structure could be located. The geometry closest to an
antiperiplanar transition structure that we located has a dihedral
angle of 220.3° for (E)-1 (entry 2), while the antiperiplanar
configuration is closer to a local energy maximum (see
Supporting Information Chart S1). This result is in noteworthy
contrast to the previously established models of the Mukaiyama
transition state, which postulated an antiperiplanar transition
state.”*

With a better understanding of the potential energy surface
of our first model reaction, we next studied model systems that
are expected to show larger energy differences between
different transition structure conformations and are conse-
quently expected to be more diastereoselective. To deconvolute
the steric effects of R* and R* substituents, we focused on bulky
aliphatic groups. For this purpose, silyl enol ethers (E)-2, (2)-2,
(E)-3, and (Z)-3 that incorporate tert-butyl groups at different
positions as shown in Figure 3B were chosen as model systems.

Similar to the first model, the possible transition structure
conformations were calculated for these four silyl enol ethers
with acetaldehyde. The results of these studies are summarized
in Table 1, entries 13—31. As with the first model, pro-syn and
pro-anti pathways generally show similar ¢ values in their
transition states for both silyl enol ether geometries. For enol
silyl ether 2, pro-anti pathways for both E and Z isomers
showed transition states close to dihedral angles of 0° and 170°.
Pro-syn pathways for both isomers showed transition states
with @ values near 80° and 240°. The enol silyl ether (E)-2
showed an additional synclinal transition state near 275°.
Compared to the reactions of (E)-1 and (Z)-1, the length of
the forming carbon—carbon bond stayed relatively constant,
ranging from 2.26 to 2.39 A, and the potential energy surface
did not change significantly with enol configuration. For (E)-2
and (Z)-2, the syn product was favored by 0.4 and 2.7 kcal/mol,
respectively, which indicated higher diastereoselectivity than in
the case of 1. While this result is to be expected qualitatively
based on the larger steric bulk of the tert-butyl group, the
significant difference between the diastereoselectivity of (E)-2
and (Z)-2 is interesting and will be discussed in more detail
below.

In the pro-anti pathways for compounds (E)-3 and (Z)-3,
both isomers share similar transition state geometries with
dihedral angles of approximately 170°. Additionally, transition
structures with dihedral angles of 40.5° and 280.1° could be
located for (E)-3 and 16.8° and 338.4° for (Z)-3. These
additional transition structures for (E)-3 and (Z)-3 can be
attributed to the substantially different steric effects of the tert-
butyl group as compared to the OTMS group. The dihedral
angles in the transition structures for the pro-syn pathway with
(E)-3 are 121.5° and 190.3°, while (Z)-3 shows transition states
around 78.7° and 157.1°. While (E)-3 leads to syn selectivity
with an energy difference of 1.1 kcal/mol, (Z)-3 favors the anti
diastereomer by 0.2 kcal/mol.

Finally, in order to extend this study to a reaction for which
experimental data are available, transition states were calculated
for (Z)-3 reacting with benzaldehyde (entries 32—36). The
located transition structures are similar to those discussed
earlier in the reaction of (Z)-3 with acetaldehyde with the only
differences affecting high-energy transition structures. The anti
and syn products are produced by transition states that are
similar to the reaction with acetaldehyde, with the pro-anti
pathway now favored by 1.2 kcal/mol.

To reveal the structural origin of the calculated energy
differences, we analyzed representative transition structures for
the systems listed in Table 1, starting with the experimentally
studied reaction shown in Figure 4. Figure 6 shows two views
of the transition structures for the major and minor pathways of
the reaction of benzaldehyde with (Z)-3 corresponding to the
lowest pro-anti and pro-syn energy pathways, respectively
(entries 32 and 34). In both cases, steric effects are minimized if
the aldehyde oxygen is close to the a-hydrogen of the enol silyl
ether. This placement occurs in most of the preferred transition
states in this study and, by extension, in similar Mukaiyama
aldol reactions. The space surrounding the silyl enol ether
double bond is sterically crowded with the exception of the
vicinity of the hydrogen, opening up space to position the
Lewis acid beyond this hydrogen. Also, it can be seen that the
bulky group on the aldehyde is positioned away from methyl
and TMS substituents to relieve steric strain. This effect is
augmented by the incipient sp® character of the aldehyde’s
reacting carbon in the transition structure and the ability of the
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Figure 6. (A) Structure of entry 32, the transition state for the major
anti-product in the reaction of (Z)-3 with benzaldehyde. (B) Side view
of the structure of entry 32. (C) Structure of entry 34, the transition
state for the minor syn-product in the reaction of (Z)-3 with
benzaldehyde. (D) Side view of the structure of entry 34.

Lewis acid to utilize out-of-plane coordination to the
aldehyde.>® This preference of the Lewis acid to be near the
hydrogen on the a-carbon is essential to understanding the
diastereoselectivity and allows a much more general description
of the Mukaiyama aldol reaction.

Next, we investigated the reaction of 1 with acetaldehyde, a
system that is not expected to show the steric effects discussed
above. Starting with the reaction of silyl enol ether (E)-1 with
acetaldehyde, we found transition state structures (entries 1—5)
corresponding to each of the model transition states in Figure
S, except for TS1. We were unable to locate a transition state
similar to TSI, although it does not have any particularly
destabilizing interactions. A relaxed scan about the dihedral
angle of the forming carbon—carbon bond indicates a possible
local minimum close to the ¢ angle of TSI, but transition state
optimization calculations starting near this geometry failed to
converge. This behavior is most likely due to a flat potential
energy surface caused by the small barriers for bond rotation in
this system containing R' = R = R® = Me.

Finally, we investigated another system 2 with very large
steric repulsion due to a tert-butyl group as the a-carbon
substituent. For compounds (E)-2 and (Z)-2 reacting with
acetaldehyde (Entries 13—21), all transition state models are
accounted for, except for TSS, which could not be located
presumably due to an unfavorable interaction between the
Lewis acid and the tert-butyl group. While both (E)-2 and (Z)-
2 preferentially form a syn product via TSI, TS4 is the lowest-
energy pro-anti transition state. This preference is larger for
compound (Z)-2 (Figure 7A-D). Although this eclipsed
conformation might intuitively seem unstable, the optimized
dihedral scan for this reaction (Supporting Information Chart
$2) reveals that decreases in the ¢ angle create an unfavorable
Lewis acid/tert-butyl interaction, while increases in this angle
create an unfavorable methyl/tert-butyl interaction. A likely
explanation for the stability of TS4 over TS3 is the destabilizing
methyl/tert-butyl interaction in TS3 (Figure 7F) and possibly a
favorable polar interaction between the overlapping 7-electron
systems on the nucleophile and electrophile in TS4. For larger
aldehydes than acetaldehyde, this conformation is much less
stable due to eclipsed interactions, and TS3 becomes more
likely as the positioning of the Lewis acid near the a-hydrogen
allows for relief of steric strain (Figure 7E,F). For this reason, it
is useful to compare TS1 to TS3 as well as TS4. In the reaction
of (Z)-2, while both TS1 and TS3 place the Lewis acid near the
a-hydrogen of the silyl enol ether, TS1 is favored because the
methyl and Lewis acid groups on the aldehyde are both further
away from the large tert-butyl group on the a-carbon. The
opposite is true for the TS3 structure, in which the R' and R*
groups are within 2.18 A of each other, as shown in Figure
7AB. These structures thus represent a balance between the
two repulsive interactions. Comparing the E and Z silyl enol
ether isomers can also be useful in understanding dipole effects,
as discussed below (Figure 7G,H).

B DISCUSSION

With the quantitative information for the transition structures
and their relative energies as well as the validation of the

Figure 7. (A) Structure of entry 18 showing the lowest-energy pro-syn pathway for the reaction of (Z)-2 with acetaldehyde. (B) Side view of the
structure of entry 18. (C) Structure of entry 20 showing the lowest-energy pro-anti pathway for this reaction. (D) Side view of the structure of entry
20. (E) Structure of entry 21, a minor pro-anti pathway, showing unfavorable interactions caused by proximity of aldehyde substituents to the tert-
butyl group. (F) Side view of the structure of entry 21. The shortest distance between the aldehyde methyl group and the enol ether tert-butyl group
is highlighted as 2.17 A compared to 2.37 A for the forming carbon—carbon bond. (G) Structure of entry 14 showing unfavorable interactions
between the methyl group of acetaldehyde and the a-carbon hydrogen of the silyl enol ether and between the tert-butyl group and the Lewis acid.

(H) Side view of the structure of entry 14.
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calculations by comparison to available experimental data in
hand, a more detailed analysis of the interactions leading to the
computed diastereoselectivities is possible. Shown in Figure 8
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Figure 8. Newman projections for the transition states of the reaction

of (Z)-1 with acetaldehyde.

are the Newman projections for the transition structures of the
reaction of (Z)-1 with acetaldehyde (entries 6—12), which
provide a starting point for a discussion of the general features
of the transition states of the Mukaiyama aldol reaction. The
main goal in developing the initial model was to determine the
complete set of transition structures for the Mukaiyama aldol
reaction. The small substituents on the substrates allow a larger
number of possible transition structures while the larger
substituents discussed later destabilize several of these
structures.

The seven transition states for the reaction of (Z)-1 with
acetaldehyde (entries 6—12) lead to the five main transition
states shown in Figure 5. The pro-syn pathways with ¢ angles of
222.8° and 257.1° share similar interactions and can be
combined into one model, TS2. The pro-anti transition state
with a dihedral angle of 334.9° is much higher in energy and
will therefore not be relevant. While Lewis-acid-catalyzed
Mukaiyama aldol transition states have been previously
described as synclinal and antiperiplanar,® several of the
geometries shown in Table 1 do not fit these models.*
Furthermore, it is clear from the analysis of the transition
structure energies and geometries in Table 1 that steric effects
are not always minimized in the staggered geometries and that
among the models in Figure 5, TS1 and TS3 represent the
lowest energy transition structures that will in most cases
determine the stereochemical outcome of the reaction. TS2,
TS4, and TSS show unfavorable interactions and lead to minor
products in our representative model reactions, even though
the wide substrate variability in the Mukaiyama aldol reaction
makes it conceivable that other substrate combinations could
negate this bias.

The ex1st1ng transition state models are based on steric
interactions® and dipole—dipole minimization.** However,
larger substituents on the aldehyde reacting with the same silyl
enol ether did not lead to large changes in the geometries of the
transition structures but did increase the energy differences
between pathways. This is a consequence of the fact that
independent of the size of R', the Lewis acid is positioned near
the a-hydrogen on the silyl enol ether. Comparison of the
reactions of (Z)-3 with acetaldehyde and with benzaldehyde
shows that while the transition structure geometries for both
diastereomeric pathways are consistent in geometry and relative
energy with our general model, the anti preference increases
from 02 kcal/mol for acetaldehyde to 1.2 kcal/mol for

benzaldehyde. In contrast, changing either of the two methyl
groups on 1 to tert-butyl groups, thus generating 2 and 3, leads
to significant geometric and energetic changes.

On the basis of previous models of the reaction, it is
surprising that the lowest energy transition structure calculated
for (E)-2 is TSI placing both C—O dipoles in the same
direction. This suggests that dipole minimization is less
important than the steric effects caused by introduction of
the tert-butyl group. While TS2 would minimize dipole
repulsion, the combined effects of the methyl/hydrogen and
tert-butyl/Lewis acid interactions are too destabilizing, as seen
in Figure 7G,H. In contrast, dipole—dipole interactions in the
lowest energy transition structure explain why the reaction with
(Z)-2 favors the pro-syn transition state by 2.7 kcal/mol while
the reaction with (E)-2 favors the pro-syn transition state by
only 0.4 kcal/mol. The quantitative analysis of the transition
structure energies therefore suggests that dipole—dipole
minimization has a 2.0—2.5 kcal/mol effect on transition state
stability, demonstrating the usefulness of a quantitative rather
than a qualitative approach to the conformational analysis of
the stereodetermining transition structures.

Analysis of the results for the reaction of 3 also elucidate the
steric effects of the substituents on the silyl enol ether. By
replacing the R® methyl group in 1 with a much larger tert-butyl
group in 3, the steric effects of the TMS substituent completely
change in nature as indicated by the dihedral angles listed in
Table 1. In going from entry 1 to entry 24, the introduction of
the large tert-butyl substituent forces the TMS group to move
toward the a-carbon, as shown in Figure 9. This effect is more

39,40

Figure 9. Silyl enol ethers (E)-1 and (E)-3 from the transition
structure entries 1 and 24. The carbon—carbon—silicon angles are
highlighted for comparison.

pronounced for (E)-silyl enol ethers because silicon is on the
same side of the double bond as the hydrogen rather than a
methyl group. As a result of this finding, the preference for the
Lewis acid to be close to the a-hydrogen in the transition state
is smaller for silyl enol ethers with large R* groups. While in
previous examples the Lewis acid is positioned in the open
space around the a-hydrogen to minimize steric effects, this
space becomes more crowded. Therefore, the results for (E)-3
do not match the transition state models in Figure S quite as
well as data for other nucleophiles. This change in silyl enol
ether geometry influences the potential energy surface for aldol
reactions of (E)-3, but not as much for those of (Z)-3, for the
reason previously described.

A comparison of the original qualitative models of Heathcock
and the models outlined above with the data from the
experimentally studied reaction of (Z)-3 with benzaldehyde®”
demonstrates the utility of our model based upon the
quantitative predictions of explicit electronic structure calcu-
lations. As shown in Figure 6, the Lewis acid is closer to the
tert-butyl group in TSI than it is in TS3, forcing the phenyl
group on the aldehyde to be closer to the fert-butyl group.
These destabilizing interactions are not present in TS3, leading
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to the observed diastereoselectivity. The same reasoning
explains the syn selectivity for the case of 2 with large
aldehydes. These conclusions from the model and from QM
transition structures rationalize the experimental data, showing
a 1.2 kcal/mol preference for the predicted product via TS3,
giving a theoretical selectivity of 95:5 at —78 °C, which
compares well with the reported >95:5 experimental
selectivity.*

In comparison to Heathcock’s model for the reaction (Figure
2), which is based largely upon exclusion of possible transition
states as discussed below, the rationale derived from the
quantum mechanical calculations is more quantitative and
includes energies for the minor as well as the major pathways.
In the Heathcock model,**® T3, T4 and TS5 are excluded due
to dipole—dipole interactions, with T3 particularly unstable
because of the phenyl/tert-butyl interaction. T2 is excluded due
to steric repulsion between the tert-butyl and the Lewis acid.
Finally, T6 is eliminated due to repulsive tert-butyl/oxygen
interactions and phenyl/OTMS interactions, leaving T1 as the
lowest energy transition state in this staggered model, which is
therefore selected for the correct reasons. While this reasoning
is useful, this model is difficult to use in a quantitatively
predictive manner because it is difficult to estimate the impact
of the destabilizing factors relative to each other. For example,
our results indicate that the influence of dipole—dipole
interactions is not necessarily decisive and interactions between
groups attached to oxygen are difficult to quantify based on
Newman projections alone. Finally, the previous analyses rely
on the assumption that staggered transition states are preferred,
but the electronic structure calculations indicate that some
staggered structures are actually located in high-energy regions
on the energy surface. T2, T3, and T4 are particularly far from
transition states and closer to local maxima along the dihedral
angle coordinate. T2 is destabilized by a tert-butyl/Lewis acid
interaction, and T3 and T4 are destabilized by phenyl/tert-butyl
interactions, as can be seen in the relaxed dihedral scans
(Supporting Information Charts S1—S4).

Our computational findings also expand the previous work
by Denmark that is based on an inherent preference for
antiperiplanar transition states.**® To dissect the different
possible influences, Denmark’s work on this reaction utilized a
conformationally rigid adamantane forming framework with
minimal steric bias which included an aldehyde and a silyl enol
ether. This structure forced the reaction to take place via either
an antiperiplanar transition state, leading to dipole minimiza-
tion and an anti product preference in the reactions studied by
Denmark, or a synclinal transition state, leading to a syn
product. We find that while dipole minimization is preferred, it
is not the deciding factor in selectivity, especially for bulky
substrates, and that pro-syn pathways do not occur via
antiperiplanar transition states because the Lewis acid is least
hindered near the silyl enol ether a-hydrogen, and a pro-syn
antiperiplanar transition state does not allow this placement.

To demonstrate the generality of the transition state models,
we calculated diastereomeric energy differences between the
lowest-energy pro-anti and pro-syn product pathways for two
other experimentally studied Mukaiyama aldol reactions. While
the aldol reactions of (E)-1 and (Z)-1 are difficult to assess
experimentally due to the technical difficulties in forming these
enol silyl ethers in isomerically pure form, the reaction of the
similar ethyl-substituted (Z)-silyl enol ether with benzaldehyde
has been shown to 7procluce a 60:40 ratio of syn:anti products
(Table 2, entry A).” Our calculations indicate that the pro-syn

Table 2. Comparison of Experimental and Calculated
Results for Additional Enol Derivatives

Silyl enol ether  Aldehyde  Catalyst  Selectivity: Predicted

syn/anti Energy

OTMS o Difference
A Z gt pn~ ~H BFsOEL 60:40 0.6 keal/mol
OTMS 0
B tBu\/\OEt Ph)J\H TiCly >928 2.0 kealimol

TS1 for this reaction is 0.6 kcal/mol more stable than pro-anti
TS3. As expected, replacement of the R® methyl group from
(Z)-1 with an ethyl group destabilizes TSI and biases the
reaction toward formation of more of the anti product by
creating a nucleophile slightly more similar to (Z)-3. Our data
for 2 compare well to analogous reactions in the literature, as
well. These calculations suggest a preference for syn product
formation, which is observed for the analogous ketene silyl
acetal reaction (Table 2, entry B).® Our calculated results for
the reaction of this ketene silyl acetal with benzaldehyde
indicate a 2.0 kcal/mol preference for the pro-syn TS1 over the
pro-anti TS3. Although the calculations were performed with
BCl; rather than the experimental catalysts, similar minor
changes have been suggested to have little influence on
diastereoselectivity.’® An optimized scan about the dihedral
angle of the forming carbon—carbon bond was used to verify
that TS1 and TS3 are the lowest energy transition states for
each product in this reaction (Supporting Information Chart
SS). The agreement between these calculations and exper-
imental data further strengthens our confidence in these
transition state models.

B SUMMARY AND CONCLUSIONS

We have devised an enhanced model for studying the transition
states in Mukaiyama aldol reactions based on a quantitative
computational approach. This model provides quantitative
information about the geometric and electronic structures of
the major and minor transition states responsible for the
selectivity in this reaction, demonstrating that computational
methods can be used to rationalize and ultimately predict
diastereoselectivities in these open transition states. The
calculated results allow the analysis of the relative contributions
of the steric effects of the Lewis acid and substituents on the
silyl enol ether and the relative effects of dipole—dipole
interactions. The reasons for and the extent of selectivity
differences for E and Z isomers of silyl enol ethers are also
rationalized. This work therefore adds to our knowledge of
aldol reaction transition states, as it represents the first
computational study of the Mukaiyama aldol reaction with
physically realistic systems, solvation modeling, and density
functional theory applied to substrates permitting a probe of
diastereoselectivity. While the interactions in the Mukaiyama
aldol reaction are complicated, and simple Newman projections
are not enough to answer all questions about diastereoselec-
tivity, the results presented here allow a better understanding of
such models. In particular, the experimental chemist might
make use of these findings to assist in predicting diaster-
eoselectivity using a relatively simple model based on the
relative sizes of the substituents on the enol and a-carbons of a
given silyl enol ether and comparing the interactions in TS1
and TS3 rather than the full set of possible conformers. Two
potential exceptions to this model are aldehydes with additional
coordinating groups that can force the Lewis acid into a trans
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configuration relative to the aldehyde hydrogen****~%* and

reactions involving aromatic substituents on both the aldehyde
and the silyl enol ether due to z-stacking interactions.'® A
future expansion of this study will be to investigate these effects
and to exploit such interactions in designing enantioselective
aldol reactions. This aim can be accomplished by the use of
quantum mechanical results for the parametrization of
transition state force fields® for the screening of Mukaiyama
aldol reactants and catalysts for the quantitative prediction of
diastereoselectivity and eventually of enantioselectivity.*®

B ASSOCIATED CONTENT
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Additional computational data, including coordinates and
energies for all described transition structures, and complete
ref 45. This material is available free of charge via the Internet
at http://pubs.acs.org.
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