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High-level ab initio molecular orbital calculations at the G3(MP2) level of theory were carried out
to investigate the effects of substituents on the energetics of the uncatalyzed Mukaiyama aldol
reaction between trihydrosilyl enol ether and formaldehyde. The concerted pathway, via a twist-
boat six-membered ring transition state, is strongly favored over the stepwise pathway which
involves a four-membered ring oxetane intermediate. Six substituents (CH3, NH,, OH, F, SH, and
CHO) on trihydrosilyl enol ether and eight substituents (CH3, CF3, NH,, F, CHO, COOCHj;, CH=
CH_, and C¢Hs) on formaldehyde were considered. We find that the reaction exothermicity is the
main factor that dominates reactivity. The calculated barriers vary considerably from 30 to 131 kdJ
mol 1. With the exception of halogen substitution, the nucleophilicity of silyl enol ether and the
electrophilicity of the aldehyde are important in promoting the reactivity of this class of aldol
addition. The roles of frontier molecular orbital interactions and electrostatic interactions are also
discussed. In addition, our study has revealed that employing substituents on both reactants can
act in a cooperatively manner to reduce the activation barrier further. In particular, we predict
that the reactions between NHs-substituted enol silane and CHO-, COOCH3;-, and CFs-substituted
aldehydes have remarkably low barriers (<12 kJ mol™1). Thus, these reactions may proceed readily
without a catalyst below room temperature. Several substitutions on the silicon group, namely
SiF;, SiCl;, SiMes, and silacyclobutyl, were considered. In agreement with experiment, the
O-(silacyclobutyl) and O-(trichlorosilyl) derivatives are found to promote aldol reactivity.

Introduction

The Mukaiyama aldol reaction, a catalyzed aldol
reaction between a silyl enol ether and a carbonyl
compound, has emerged as an important and versatile
synthetic tool in organic and biochemical domains.! It
provides a synthetic route for S-hydroxylcarbonyl com-
pounds via carbon—carbon bond formation (Scheme 1).

Most Mukaiyama aldol reactions involved the use of
Lewis acids to activate the carbonyl compounds. The first
reaction was reported by Mukaiyama and co-workers,
which utilized titanium tetrachloride (TiCly) as catalyst.?

(1) (@) Modern Aldol Reactions; Mahrwald, R., Ed.; Wiley-VCH: New
York, 2004. (b) Miura, K.; Hosomi, A. In Main Group Metals in Organic
Syntheses; Yamamoto, H., Oshima, K., Eds.; Wiley-VCH: Weinheim,
Germany, 2004; Vol. 2, pp 409—592. (c¢) Palomo, C.; Oiarbide, M.;
Garcia, J. M. Chem. Soc. Rev. 2004, 33, 65. (d) Carreira, E. M. In
Comprehensive Asymmetric Catalyst III; Jacobsen, R. N., Pfaltz, A.,
Yamamoto, H., Eds.; Springer-Verlag: Berlin, 1999. (e) Groger, H.;
Vogl, E. M.; Shibasaki, M. Chem. Eur. J. 1998, 4, 1137. (f) Chan, T.-
H. In Comprehensive Organic Synthesis; Trost, B. M., Ed.; Pergamon
Press: New York, 1991; Vol. 2.
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This aldol addition occurred even at —78 °C with high
yield (Scheme 1). In recent years, many efficient catalysts
have been developed which give high selectivities and
good yields.? Current research efforts focus mainly on the
development of asymmetric Lewis acid/base catalysts to
yield an enantioselective product.*

(2) (a) Mukaiyama, T.; Banno, K.; Narasaka, K. J. Am. Chem. Soc.
1974, 96, 7503. (b) Mukaiyama, T.; Izawa, T.; Saigo, K. Chem. Lett.
1974, 323. (¢) Mukaiyama, T.; Narasaka, K.; Banno, K. Chem. Lett.
1973, 1011.
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Myers et al.,’ Denmark et al.,® and Miura et al.” have
independently shown that the Mukaiyama aldol reactions
can proceed without a catalyst by increasing the acidity
of silicon on the silyl enol ether. Uncatalyzed reactions
under high pressure® and in water® have also been
reported. Both experimental®6210 and theoretical®»1!
investigations have been carried out to elucidate the
mechanism of the uncatalyzed silicon-directed aldol reac-
tions. Based on an elegant double-label crossover experi-
ment, Denmark et al. have established convincingly that
the uncatalyzed Mukaiyama aldol reactions proceed
through a direct intramolecular silicon group transfer.t?
Gung et al. have reported the transition state for the
concerted mechanism of the reaction between enol silane
and formaldehyde, which has a boatlike six-membered
ring geometry with a pentavalent trigonal bipyramid
silicon.! From the calculated structural changes, they
deduced that the silicon-directed aldol reaction is mainly
driven by the nucleophilicity of the enol double bond.

To further shed light on the reactivity of this class of
silicon-directed aldol addition reaction, we have carried
out a systematic study on several uncatalyzed Mu-
kaiyama reactions using the high-level G3(MP2) theory.
Our objectives of this paper are 4-fold. First, we inves-
tigated other plausible mechanisms, such as a stepwise
pathway, of the uncatalyzed aldol reaction. Second, we
examined the effects of substituents in order to under-
stand the governing factors of the reactivity. To this end,
we have considered various substituents on trihydrosilyl
enol ether (SiH;0—CH=CH,) and formaldehyde (CHy=
O) (Scheme 2). The substituents studied here represent
various degrees of electron-withdrawing and -donating
properties. Third, we investigated the effect of substitu-
tion on the silicon group of enol silane. Previous experi-
mental studies have demonstrated that substituents on
silicon have a dramatic effect on the reactivity of aldol
reactions.’”” Finally, we wish to design appropriate
substituents so that the uncatalyzed aldol reaction can

(3) For examples, see: (a) Oisaki, K.; Suto, Y.; Kanai, M.; Shibasaki,
M. J. Am. Chem. Soc. 2003, 125, 5644. (b) Wadamoto, M.; Ozasa, N_;
Yanagisawa, A.; Yamamoto, H. J. Org. Chem. 2003, 68, 5593. (c)
Palomo, C.; Oiarbide, M.; Garcia, J. M. Chem. Eur. J. 2002, 8, 36. (d)
Dias, E. L.; Brookhart, M.; White, P. S. Chem. Commun. 2001, 423.
(e) Mikami, K.; Matsukawa, S.; Nagashima, M.; Funabashi, H.;
Morishima, H. Tetrahedron Lett. 1997, 38, 579. (f) Loh, T. P.; Pei, J.;
Cao, G. Q. J. Chem. Soc., Chem Commun. 1996, 1819. (g) Chen, J.;
Sakamoto, K.; Orita, A.; Otera, J. Synlett 1996, 877. (h) Carreira, E.
M.; Singer, R. A.; Lee, W. J. Am. Chem. Soc. 1994, 116, 8837. (i)
Kobayashi, S.; Uchiro, H.; Shiina, I.; Mukaiyama, T. Tetrahedron 1993,
49, 1761.

(4) (a) Machajewski, T. D.; Wong, C.-H.; Lerner, R. A. Angew. Chem.,
Int. Ed. 2000, 39, 1352. (b) Denmark, S. E.; Stavenger, R. A. Acc. Chem.
Res. 2000, 33, 432. (c) Kobayashi, S.; Ueno, M.; Saito, S.; Mizuki, Y.;
Ishitani, H.; Yamashita, Y. Proc. Natl. Acad. Sci. U.S.A. 2004, 101,
5476.

(5) (a) Myers, A. G.; Widdowson, K. L. J. Am. Chem. Soc. 1990, 112,
9672. (b) Myers, A. G.; Kephart, S. E.; Chen, H. J. Am. Chem. Soc.
1992, 114, 7922.

(6) (a) Denmark, S. E.; Griedel, B. D.; Coe, D. M.; Schnute, M. E. J.
Am. Chem. Soc. 1994, 116, 7026. (b) Denmark, S. E.; Griedel, B. D. .
Org. Chem. 1994, 59, 5136. (c¢) Denmark, S. E.; Griedel, B. D.; Coe, D.
M. oJ. Org. Chem. 1993, 58, 988.

(7) Miura, K.; Sato, H.; Tamaki, K.; Ito, H.; Hosomi, A. Tetrahedron
Lett. 1998, 39, 2585.

(8) Bellassoued, M.; Reboul, E.; Dumas, F. Tetrahedron Lett. 1997,
38, 5631.

(9) (a) Lubineau, A.; Meyer, E. Tetrahedron 1988, 44, 6065. (b) Chen,
S. L.; Ji, S. J.; Loh, T. P. Tetrahedron Lett. 2004, 45, 375.

(10) Myers, A. G.; Widdowson, K. L.; Kukkola, P. J. JJ. Am. Chem.
Soc. 1992, 114, 2765.

(11) Gung, B. W.; Zhu, Z.; Fouch, R. A. J. Org. Chem. 1995, 60, 2860.
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occur under mild conditions. Eliminating the need for a
catalyst or drastic conditions (e.g., high pressure) is
highly beneficial as the catalysts used are generally
expensive and difficult to recover after the reaction.

Computational Details

Standard ab initio and density functional calculations were
performed using the Gaussian 98 suite of programs.’? The
structures and energies of the reactants (silyl enol ethers and
aldehydes), transition states, and products were examined by
the G3(MP2) theory.!? This method was employed as it gives
accurate energies while requiring significantly less computa-
tional effort compared to the G3 theory.!* The G3(MP2) theory
corresponds effectively to the QCISD(T)/GTMP2Large//MP2-
(full)/6-31G* energy. This is achieved through a series of single-
point energy calculations at the QCISD(T)/6-31G* and MP2/
GTMP2Large levels, together with the additivity approximation
at the MP2 level. Zero-point energy (ZPE) correction (HF/6-
31G*) together with a higher-level correction (HLC) are also
included in the G3(MP2) energies. The nature of the calculated
stationary points was verified by frequency calculations.
Equilibrium structures are characterized by all real frequen-
cies, while transition states have one and only one imaginary
frequency. Atomic charges were obtained using the natural
bond orbital (NBO) analysis,!® based on the MP2(full)/6-31G*
wave function. NBO atomic charges of small molecules have
recently been demonstrated to agree well with experimental
values obtained from X-ray diffraction data.!® The effect of
solvent was studied using Onsager’s reaction field model
(SCRF).!” The hybrid density functional BSLYP'® method in
conjunction with the 6-31G* basis set was employed for the
solvation calculations as the G3(MP2) method does not allow
us to take into consideration solvent effects. A scaling factor
of 0.9804'° was used to correct for the calculated zero-point
energies at the B3LYP/6-31G* level.

(12) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
B. B,; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian 98; Gaussian, Inc.:
Pittsburgh, PA, 1998.

(13) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Rassolov, V.;
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(14) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.;
Pople, J. A. J. Chem. Phys. 1998, 109, 7764.
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Results and Discussion

1. Mechanism of Uncatalyzed Reaction. Let us first
examine in detail the mechanism of the uncatalyzed
Mukaiyama aldol reaction of the parent system, i.e.,
between trihydrosilyl enol ether and formaldehyde. The
concerted pathway has been examined previously by
Gung et al.™ and Denmark et al.52 However, they did not
consider the alternate stepwise mechanism. Several
reports have suggested that the Mukaiyama aldol reac-
tions proceed via a stepwise mechanism with an open
transition state.?? In particular, [2 + 2]-addition inter-
mediates have been observed for reactions which involved
a chiral europium catalyst.?! Here, we have investigated
both concerted and stepwise pathways of the uncatalyzed
aldol reaction (Scheme 3).

The conformational behaviors of the reactant trihy-
drosilyl enol ether and the product 3-(silyloxy)propanal
have been studied by Gung et al.!! They showed that the
s-cis conformation is the preferred structure based on
MP2/6-31G* calculations. Our G3(MP2) calculations
confirm that the s-cis form is slightly more stable, by 3.5
kJ mol~!. Both conformers are calculated to have signifi-
cantly different dipole moments, 0.71 and 1.30 D (MP2-
(full)/6-31G*), for s-cis and s-trans conformers, respec-
tively. The difference in dipole moment results from the
different orientations of the C=C and OSiHj; group
dipoles: they are opposed in the s-cis conformer while
they are additive in the s-trans form. The calculated
rotational barrier between the two conformations is very
small, 5.7 kJ mol~'. This result demonstrates that the
silyl group has an extremely flexible rotational potential.

SiH3

Re o] Re

R¢ Ry

Rg Ry

s-trans s-Cis

For 3-(silyloxy)propanal, a detailed study by Gung et
al. has shown that there are several low-lying conforma-

(19) Wong, M. W. Chem. Phys. Lett. 1996, 256, 391.

(20) (a) Reetz, M. T.; Raguse, B.; Marth, C. F.; Huegel, H. M.; Bach,
T.; Fox, D. N. A. Tetrahedron 1992, 48, 5731. (b) Denmark, S. E.; Lee,
W. dJ. Org. Chem. 1994, 59, 707. (c) Aggarwal, V. K.; Masters, S. J.;
Adams, H.; Spey, S. E.; Brown, G. R.; Foubister, A. J. J. Chem. Soc.,
Perkin Trans. 1 1999, 155. (d) Zhao, C.; Bass, J.; Morken, J. P. Org.
Lett. 2001, 3, 2839. (e) Grimmins, M. T.; King, B. W.; Tabet, E. A;
Chaudhary, K. J. Org. Chem. 2001, 66, 894.
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tions." The global energy minimum we located at the G3-
(MP2) level is similar to that reported by Gung et al. The
structures corresponding to the first-formed product and
the global energy minimum for the aldol reaction between
trihydrosilyl enol ether and formaldehyde are shown in
Figure 1. The first-formed reaction product lies 6 kJ mol !
above the global minimum.

The aldol reaction between s-cis trihydrosilyl enol ether
and formaldehyde is predicted to be exothermic, by 95
kJ mol™l. In agreement with the results obtained by
Gung et al.,'! a boat-shaped six-membered-ring transition
state (T'S¢, Figure 1) is located for the concerted pathway.
This concerted transition state involves a simultaneous
C—C bond formation and SiHjz shift, which is character-
ized by a pentacoordinate silicon. At the G3(MP2) level,
the calculated activation barrier of 77 kJ mol™! is
significantly higher than that reported previously at the
MP2/6-31G** level (56 kJ mol™1).! For the s-trans
conformation of trihydrosilyl enol ether, it is a more
exothermic reaction (—104 kJ mol™!) but inhibited by a
higher activation barrier of 83 kJ mol™!.

Analysis of the frontier orbitals indicates that there is
a favorable in-phase orbital overlap between the HOMO
of trihydrosilyl enol ether and the LUMO of formaldehyde
(Figure 2). The most favorable overlap occurs when the
0,CsC,0p atoms are coplanar, where the Cy+++C, and O,
+*Op interactions are maximized. Indeed, the calculated
torsional angle in T'S¢ is close to planarity (—3.6°). This
readily explains the preference of a twisted boat geometry
of the cyclic transition state (Figure 1). The key structural
changes on going from the reactants to the transition
state TSc are as follows: (1) the lengthening of the Si—
O, bond from 1.683 to 1.807 A, (2) the shortening of the
0,—C, bond from 1.371 to 1.295 A, (3) the lengthening
of the C,—Cj bond from 1.337 to 1.378 A, and (4) the
lengthening of the C,—Og bond from 1.220 to 1.279 A
The Cg+-C, and Ogp- Sl forming bonds in the transition
state are calculated to be 2.076 and 2.004 A, respectively.
The optimized geometry and the normal mode vibration
of the imaginary frequency of TS¢ clearly indicate that
the C—C bond formation is well in advance of the
formation of the new O—Si bond. In other words, this
concerted transition state is best considered as asynchro-
nous. The “concerted” nature of TSc¢ is confirmed by
intrinsic reaction coordinate (IRC) calculations. The
pericyclic reaction described here resembles that of a
typical [4 + 2] cycloaddition such as Diels—Alder reaction,
of which 6x [47m + 27] electrons are participated in the
cyclic transition state. However, in the silicon-directed
aldol reaction, 4 and 20 electrons [(27, 20] + 2 7] are
involved.

|H3 ,-SiH3 *

This uncatalyzed aldol reaction may proceed via a
stepwise mechanism, either through the formation of a
zwitterionic type of intermediate or a four-membered-
ring intermediate (Scheme 3). Attempts to locate the two

(21) Ellis, W. W.; Bosnich, B. J. Chem. Soc., Chem. Commun. 1998,
193.
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FIGURE 1. Optimized geometries (MP2(full)/6-31G*) of the equilibrium structures and transition states for the concerted and
stepwise pathways of the uncatalyzed aldol reaction between trihydrosilyl enol ether and formaldehyde. Bond lengths are given

in A.

FIGURE 2. Molecular orbital diagram showing the favorable
interaction between the HOMO of trihydrosilyl enol ether and
the LUMO of formaldehyde.

plausible zwitterionic intermediates at the MP2/6-31G*
level failed. This is perhaps not surprising as these
intermediates are highly polar and we do not expect their
formation to be favorable in the isolated state. However,
these zwitterionic intermediates can be stabilized in the
presence of a Lewis acid catalyst.

On the other hand, a stable oxetane intermediate
(Figure 1) and its associated transition states were
successfully been located. The four-membered ring in-
termediate is stable with respect to the reactants, by 45
kJ mol~!. The first step of this stepwise process corre-
sponds to a [2 + 2] cycloaddition with a simultaneous
C—C and C—O bond formation, via transition state TSg;.
As expected, this symmetry-forbidden process is inhibited
by a substantially higher energy barrier of 207 kJ mol 1.
The second step of the stepwise pathway involves a
simultaneous C—O cleavage and 1,3-SiHj3 shift, via
transition state TSss. This occurs with a relatively lower
activation barrier of 114 kJ mol~!. The optimized geom-

Energy TSs1

(kJ mol™)

207

reactant

oxetane

intermediate
product product

concerted pathway ! stepwise pathway

<
[

Reaction Coordinate

FIGURE 3. Schematic potential energy diagram showing the
concerted and stepwise pathways of the uncatalyzed aldol
reaction between trihydrosilyl enol ether and formaldehyde.
G3(MP2) relative energies are given in kJ mol™.

etries of the oxetane intermediate and the corresponding
transition states (T'Sg; and TSgs) are shown in Figure 1.

The calculated relative energies of both concerted and
stepwise pathways are summarized in a schematic
energy diagram, as shown in Figure 3. It is obvious that
the concerted pathway is strongly preferred for the
uncatalyzed Mukaiyama aldol reaction. Hence, our cal-
culations readily confirm the experimental finding that
a direct intramolecular silicon group transfer is involved.2
For all subsequent substituted Mukaiyama aldol reac-
tions, we will consider only the concerted mechanism.
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TABLE 1. Calculated G3(MP2)* Barriers and
Enthalpies (kJ mol1)?

Ra Ry R. Rq Re barrier  enthalpy
H H H H H 76.6 -94.9
CHj H H H H 82.9 -77.3
CHj; CH; H H H 92.8 —66.1
CF3 H H H H 54.9 —-117.2
NH H H H H 131.4 -11.9
F H H H H 103.2 —54.5
CHO H H H H 63.8 —100.3
COOCH; H H H H 60.9 —-108.5
CH=CH, H H H H 85.9 —69.9
CgHs; H H H H 78.1 —73.9
H H CH3 H H 63.7 —-102.8
H H NHy, H H 30.1 -162.0
H H OH H H 37.8 —161.1
H H F H H 54.3 —154.4
H H SH H H 50.5 -132.9
H H CHO H H 79.0 —89.5
H H H NH, H 70.2 —99.3
H H H H NH, 82.4 —-103.5
CHO H NHy, H H 11.6 —165.8

@ G3(MP2) E, values; the G3(MP2) energies of the reactants,
transition states, and products are given in Tables S1 and S2
(Supporting Information). ® Unless otherwise noted, the s-cis
conformation of trihydrosilyl enol ether and the first-formed
product were employed in all energy calculations.

2. Effects of Substituents. To provide further in-
sights into the governing factors of the reactivity of the
silicon-directed aldol reactions, we have examined the
effects of several prototypical substituents on both silyl
enol ether and aldehyde (Scheme 2). The calculated
barrier heights and reaction enthalpies are summarized
in Table 1, and the structural parameters of the equi-
librium structures and transition states are presented
in Tables S5 and S6 (Supporting Information), respec-
tively.

2.1. Transition States. The transition structures
obtained for the various substituted aldol reactions are
similar to those calculated for the parent system. They
exhibit the simultaneous C—C bond formation and SiHj;
shift. The key structural parameters are summarized in
Table S6 (Supporting Information). In all cases, the
geometry shows lengthening of the C,—Cp, Si—0O,, and
C,—Og bonds and a shortening of the O,—C, bond.
Interestingly, the bond distances of the Cg:+-C, and Og:
++Si forming bonds have a rather wide range, 1.881—2.242
A and 1.847-2.267 A, respectively. These transition
states also exhibit asynchronicity similar to that of the
parent system (TSc). There are strong correlations
between the barrier height and the Cg-:C, and Op+-Si
forming bond distances. Excluding the R, = F case, the
correlation coefficients are 0.87 and 0.80 for Cy*+-C, and
Ogp+++Si bond distances, respectively. These correlations
are not unexpected as reaction enthalpy is a key govern-
ing factor of the reactivity. The unexpectedly short Cg--
+C, bond length for the exceptional halogen case (R, =
F) can be explained in terms of the charge distribution
in the transition structure (see section 2.5).

2.2. Exothermicities. As evident in Table 1, all the
substituted aldol reactions are predicted to be exothermic.
However, the exothermicity depends strongly on the
nature of the substituent, ranging from 12 to 162 kJ
mol~!. A strong correlation is found to exist between the
calculated barrier and enthalpy (R? = 0.97, Figure 4). In
particular, an excellent correlation is calculated for the
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FIGURE 4. Plot of barrier height against reaction enthalpy.

substituted aldehydes reacting with trihydrosilyl enol
ether (R? = 0.99). These high correlation values indicate
that the exothermicity has a substantial influence on the
reactivity of these systems.

2.3. Barriers. Let us first consider the effects of
substituents on formaldehyde. As evident in Table 1,
introduction of an electron-donating substituent (CH3 or
NH,) on formaldehyde increases the energy barrier, while
substituting of an electron-withdrawing group (CFj,
CHO, or COOCHj3;) reduces the energy barrier. The effect
of dimethyl substitution, comparing to the monomethyl
substitution, indicates that ketone is less reactive than
aldehyde. This result is consistent with experimental
observation. Unexpectedly, the fluoro substituent, being
electron-withdrawing in nature, increases the activation
energy of the reaction. Among the reactions of various
aldehydes with trihydrosilyl enol ether, CF5 substitution
leads to the lowest activation barrier of 55 kJ mol™'. In
general, a vinyl group (CH=CHy) is used to model the
effect of phenyl substitution. A slightly higher barrier (by
10 kJ mol™?) is predicted for a vinyl substitution. On the
other hand, a direct calculation of phenyl substitution
shows little effect (Table 1). Thus, caution is required to
interpret the results using a simple model. Here, we
conclude that s-electron-donating substituents on alde-
hyde have minor energetic consequence on the aldol
reaction.

A reverse pattern is observed for the substituent effects
(at Re) on trihydrosilyl enol ether. Electron-donating
substituents (CHs, NH,, OH, and SH) decrease the
energy barrier, while an electron-withdrawing substitu-
ent (CHO) increases the energy barrier. Again, the
exceptional behavior of fluorine substitution is noted.
This electron-withdrawing substituent decreases the
activation energy of the aldol reaction. Among the various
substituents considered, amino (NH;) substitution has
the lowest energy barrier of 30 kJ mol 1. It is important
to note that substitution at C, on the trihydrosilyl enol
ether has a more pronounced effect on the energy barrier
than substitution at Cs (i.e., Rq or Re), as evidenced in
the NH; substitution at various positions (see Table 1).
Experimentally, silyl enol ethers of ester, thioester, and
amide (i.e., R, = OR, SR, and NR,, where R = alkyl
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TABLE 2. Calculated NBO Atomic Charges of the Transition States®

R, Ry R, Rq R, c, 0y Si Oq Ca Cy CT
H H H H H 0.08 —0.70 1.26 —0.71 0.29 —0.61 0.23
CH; H H H H 0.27 ~0.72 1.26 ~0.70 0.30 ~0.61 0.24
CHj CHj H H H 0.48 ~0.74 1.26 ~0.71 0.30 ~0.60 0.24
CF; H H H H 0.15 ~0.67 1.25 -0.71 0.30 ~0.61 0.31
NH, H H H H 0.40 ~0.81 1.26 ~0.65 0.34 ~0.65 0.28
F H H H H 0.62 ~0.75 1.25 ~0.70 0.35 ~0.63 0.35
CHO H H H H 0.15 ~0.70 1.25 ~0.69 0.29 ~0.59 0.32
COOCH; H H H H 0.16 ~0.68 1.25 ~0.69 0.30 ~0.59 0.31
CH=CH, H H H H 0.23 ~0.73 1.26 ~0.68 0.30 ~0.60 0.27
CeHs H H H H 0.25 ~0.73 1.26 ~0.69 0.30 ~0.60 0.28
H H CHj H H 0.09 ~0.69 1.26 ~0.74 0.48 ~0.59 0.22
H H NH, H H 0.13 ~0.66 1.27 ~0.81 0.61 ~0.67 0.18
H H OH H H 0.13 ~0.66 1.27 ~0.81 0.74 ~0.66 0.17
H H F H H 0.11 ~0.67 1.26 ~0.75 0.85 ~0.68 0.17
H H SH H H 0.11 ~0.67 1.26 ~0.76 0.27 ~0.61 0.18
H H CHO H H 0.07 ~0.70 1.25 ~0.69 0.34 ~0.56 0.23
H H H NH, H 0.07 ~0.69 1.25 ~0.72 0.29 ~0.19 0.24
H H H H NH, 0.03 ~0.77 1.24 ~0.73 0.26 ~0.11 0.31
CHO H NH, H H 0.20 ~0.64 1.27 ~0.80 0.61 ~0.65 0.26

@ Based on MP2(full)/6-31G* wave function. ® Charge transfer (CT) from the enol silane moiety to the aldehyde unit in the transition

state.

group) were commonly employed for the silicon-directed
aldol addition.’® Since OR, SR, and NR; are better
electron-donating groups than OH, SH, and NH,, respec-
tively, these substituents are expected to have a strong
influence on the aldol reactivity. In particular, Myers et
al. have shown that O-silyl enol derivatives of amides
can undergo facile uncatalyzed aldol addition.® It is
important to note that the hydroxyl- and amino-substi-
tuted silyl enolates may react as an enol and enamine,
respectively. A detailed study of the reaction pathways
of these competitive reactions is beyond the scope of the
present paper.

2.4. Frontier Orbital Interactions. Our finding on
the importance of the nucleophilicity of enol is consistent
with the experimental result of Rathore et al.?? They
showed that silyl enol ethers are excellent electron donors
as these compounds react readily with quinones to form
electron donor—acceptor complexes. Hence, the frontier
molecular orbital (FMO) interactions of the reactants are
expected to play a significant role in the understanding
of the energetics of these reactions. In all cases, the
energy difference between the HOMO of silyl enol ether
and the LUMO of aldehyde (AEsa) is smaller than the
energy difference between the HOMO of aldehyde and
the LUMO of silyl enol ether (AEss) (Table S4 in the
Supporting Information). We have examined the correla-
tion between AEs, and the calculated barrier. Correlation
values (R?) of 0.82 and 0.85 are obtained for the substi-
tuted aldehydes and substituted enol silane series,
respectively. These results support in general the idea
that enol silane serves as a nucleophile while aldehyde
acts as an electrophile to some extents. However, a
smaller barrier is not always associated with a smaller
AE s value, as expected from the FMO theory. This is
reflected in the substituted aldehyde series. Hence, we
may conclude that the frontier molecular orbital interac-
tion may not be the main factor in governing the
reactivity, and there is/are additional factor(s) that may
influence the energetics of the reaction. We have shown,

(22) Rathore, R.; Kochi, J. K. Tetrahedron Lett. 1994, 35, 8577.

for instance, that the reaction enthalpy is one of such
important factors.

2.5. Charge Distributions. An NBO analysis was
carried out for all the transition states. The atomic
charges of the key six atoms in the transition state are
given in Table 2. First, we note that strong charges are
predicted for most of these atoms. For the Cs-+:C, and
Si-++Op forming bonds, the charges of the two bonding
atoms are of different sign. Thus, electrostatic attraction
may contribute significantly in stabilizing the transition
state. The fluoro-substituted aldehyde (R, = F) represents
the extreme case, where both carbon atoms bear large
charges, +0.62 and —0.63 for C, and Cg, respectively. As
a consequence, it has a rather short Cg---C, bond distance
(1.881 A) in the transition state (Table S6, Supporting
Information). The charges on Si, O, and Op are found to
be relatively uniform throughout both substituted enol
and aldehyde series (Table 2). The extent of charge
transfer from the enol silane moiety to the aldehyde
moiety in the transition state is significant in all cases
(Table 2), range from 0.17 (R, = OH) to 0.35 (R, = F).
These data reinforce the importance of the nucleophilicity
of enol and the electrophilicity of aldehyde in influencing
the reactivity of this class of aldol additions. On going
from the reactant (Table S7, Supporting Information) to
the transition state, there is a significant increase in the
electron populations of both C, and Oy in the aldehyde
subunit. However, the corresponding decrease of electron
population of the enol silane moiety comes mainly from
C. and O,. Unexpectedly, the electron population of Cg
increases.

3. Cooperative Substituent Effects. From the above
discussion, it is apparent that the formyl-substituted
aldehyde and the amino-substituted silyl enol ether (R,
= NH;) are among the better candidates for facile
uncatalyzed Mukaiyama aldol reaction. So, it is intrigu-
ing to ask whether there is a cooperative influence
between substituents on both reactants. Indeed, the
activation energy for the reaction with R, = CHO and R.
= NH; is predicted to be just 12 kJ mol ! (Table 1). The
combined substituent effect results in a substantial
reduction of the activation barrier, by 65 kJ mol™!

J. Org. Chem, Vol. 70, No. 1, 2005 129



JOC Article

compared to the parent system. Interestingly, the mag-
nitude of reduction is greater than the expected value of
58 kJ mol~1, estimated from the sum of the individual
substituent effects. With such a small barrier of 12 kJ
mol !, we expect this aldol reaction to proceed readily at
room temperature and possibly at temperatures well
below 0 °C.

Besides the above combination of substituents, we
predict also that the reaction between COOCHj3- or CFs-
substituted formaldehyde with NHy-substituted (R, =
NH,) silyl enol ether to occur readily. The activation
energies of these two reactions are likely to be lower than
12 kJ mol ™1, as both substituted aldehydes have a lower
activation barrier than the CHO-substituted formalde-
hyde in the reaction with silyl enol ether (Table 1). In
summary, our calculations show that substitutions on
both reactants may lead to a cooperative influence on the
energy barrier. With the right combination of substitu-
ents, it is possible for uncatalyzed Mukaiyama reaction
to take place readily under mild experimental conditions.

4. Effect of Substitution on the Silicon Group. It
is important to note that most Mukaiyama aldol reactions
are carried out using trimethylsilyl enol ether ((CHj)s-
Si0O—CH=CH,) derivatives instead of trihydrosilyl enol
ether (SiH;0—CH=CH,) derivatives examined here. Tri-
hydrosilyl enol ether was chosen in this study as the
system is smaller and the computational effort required
is less demanding. To compare the effect of Si(CHj3); with
the simple SiH; model, we have computed also the
activation and reaction energies between trimethylsilyl
enol ether and formaldehyde at the G3(MP2) level. The
calculated barrier (97 kJ mol™) is 20 kJ mol~! higher
and the reaction enthalpy is 3 kJ mol~! more exothermic
than the corresponding trihydrosilyl system. The lower
barrier of SiHj; is consistent with the experimental
observation that the O-Si(CHj); system is less reactive
than O-Si(CHj3);H derivative.” Thus, this information
should be taken into consideration when interpreting the
values reported herein for the trihydrosilyl enol ether
system.

Previous experimental studies have shown that the
rate of uncatalyzed aldol reaction is highly dependent on
the spectator substituent of silicon. For instance, Den-
mark et al.’® and Myers et al.® have demonstrated
dramatic accelerations of aldol reactions using O-(sila-
cyclobutyl) ketene acetals. To explore further the role of
silicon group, we have examined here the aldol reaction
of O-(silacyclobutyl) ketene acetal with formaldehyde.
Compare to the corresponding O-(trimethylsilyl) deriva-
tive, the calculated reaction enthalpy (—96 kJ mol™) is
similar but it has a significantly smaller energy barrier
of 65 kJ mol~1, by 32 kJ mol . Thus, our result supports
the experimental findings that incorporation of the silicon
atom within a four-membered ring is more efficient than
the “normal” trimethylsilyl derivative in promoting aldol
reactions.

Denmark et al. have also employed O-(trichlorosilyl)
ketene acetal successfully to improve the reaction rates
of aldol reactions.?? Our calculation on the O-SiCl; system
predicts a lower energy barrier of 65 kJ mol™!, 32 kJ

(23) (a) Denmark, S. E.; Fan, Y. J. Am. Chem. Soc. 2002, 124, 4233.
(b) Denmark, S. E.; Winter, S. B. D.; Su, X.; Wong, K. T. J. Am. Chem.
Soc. 1996, 118, 7404.
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TABLE 3. Calculated® Barriers and Enthalpies (kJ
mol 1) for the Aldol Reactions of Various RO-CH=CH,
Derivatives with CH,=0

O-R barrier enthalpy
O-SiHj 76.6 (63.9) —94.9 (—96.8)
O-Si(CHzs)s 96.8 —98.5
O-SiF3 46.9 —103.8
0-SiCls 64.9 —105.9
O-silacyclobutyl 65.4 —96.0
0O-GeHs (49.2) (—95.7)

@ G3(MP2) values, with the B3LYP/6-31G* results in parenthe-
ses.

mol~! less than the corresponding O-SiMe; analogue.
Again, theory convincingly confirms the importance of
using an appropriate silicon group to promote the reac-
tivity of aldol reaction.

From above calculations, it appears that electronega-
tive substituent on the silicon has a favorable effect on
the reactivity. To confirm our speculation, we investi-
gated the aldol reaction involving an O-(trifluorosilyl)
derivative. Indeed, this reaction has the smallest activa-
tion barrier (47 kJ mol™!) among all the silicon groups
considered here. Based on DFT calculations, we also
predict that a germanium group is more effective than a
silicon group in promoting aldol reaction. At the BSLYP/
6-31G* level, the O-GeHj; derivative (i.e., GeH;0—CH=
CHy) has a smaller activation barrier than trihydrosilyl
enol ether, by 15 kJ mol™! (Table S3, Supporting Infor-
mation). The calculated barriers and enthalpies for the
aldol reactions of various RO-CH=CH, derivatives with
formaldehyde are summarized in Table 3.

5. Effect of Solvent. The Mukaiyama aldol reactions
are commonly carried out in a solvent (e.g., CHyCly; with
dielectric constant (¢ = 8.93)). Experimentally, it has been
reported that the reaction proceeds favorably in solvents
that are poor o-donors, such as CH;Cl,, hexane, benzene,
and CH3CN. No reaction occurs when tetrahydrofuran,
diethyl ether, or N,N-dimethylformamide is used.21%-24
The computed gas-phase and solution-phase (based on
SCRF theory)!” barriers and enthalpies of the various
substituents obtained at the B3LYP/6-31G* level are
tabulated in Table S3 (Supporting Information). For the
parent reaction, there is a small decrease in the activa-
tion energy from 64 kJ mol~! (¢ = 1) to 60 kJ mol~! (e =
9, represents nonpolar solvent) and to 60 kJ mol™! (¢ =
40, represents aprotic solvent). Small changes of reaction
barriers upon solvation are calculated for other substi-
tuted systems (Table S3, Supporting Information). These
results suggest that the influence of solvent on the
reactivity of the uncatalyzed aldol reactions is likely to
be small.

Conclusion

The uncatalyzed Mukaiyama aldol reaction between
trihydrosilyl enol ether and formaldehyde is confirmed
to proceed via a concerted mechanism. An alternate
stepwise pathway via the formation of a four-membered
ring oxetane intermediate is calculated to be significantly
higher in energy. In general, the aldol reaction is found
to be more favorable with electron-donating substituents

(24) Munoz-Muniz, O.; Quintanar-Audelo, M.; Juaristi, E. JJ. Org.
Chem. 2003, 68, 1622.
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on trihydrosilyl enol ether (at R.) and electron-withdraw-
ing substituents on formaldehyde. The notable exception
is the fluoro substituent. The study of the effects of
substituents on silyl enol ether and aldehyde reveals the
following factors in influencing the reactivity of the
silicon-directed aldol reactions: (1) exothermicity, (2)
nucleophilicity of enol silane, (3) electrophilicity of alde-
hyde, (4) frontier molecular orbital interactions, and (5)
electrostatic interactions. Substitution on both reactants
is found to have a cooperative influence on the activation
barrier. We predict that the reactions between NHo-
substituted (R. = NHy) trihydrosilyl enol ether and CHO-,
COOCHj3;-, and CF3-substituted aldehydes will proceed
readily without a catalyst at temperature below 0 °C. In
accord with experimental findings, the O-(silacyclobutyl)
and O-(trichlorosilyl) derivatives increase the reactivity
of aldol reaction. In addition, we predict that O-SiFs and
0-GeH3; are potential silyl group replacement for facile
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aldol reactions. Hence, this study demonstrates clearly
that the reactivity of the silicon-directed aldol reaction
can be increased considerably by introducing appropriate
substituents on the reactants.
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