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Geminal bond participation in the uncatalyzed
Mukaiyama aldol reaction
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Abstract—We predicted that uncatalyzed Mukaiyama aldol reactions are under the control of the geminal bond participation. At
the transition state of the model reaction, addition of CH2@O and CH2@CH(OSiH3), the interbond energy IBE is negative
between the r-bonding orbital at the Z-position of the enolate terminal and p�C@O, and positive between that at the
E-position and p�C@O. These results led us to predict that the electron-donating r-bond at the Z-position enhances the reactivity.
We calculated the enthalpies of activation of the reactions of a variety of the R-substituted silyl enolates and confirmed the predic-
tion by showing that the reactivity of the Z-isomers relative to that of the E-isomers increases with the energy of the bonding orbital
of the r bond at the Z-position (the axial position at the transition state of the chair form). We demonstrate that the geminal bond
participation is general not only to the pericyclic reactions but also to the aldol reaction, which is one of the most fundamental C–C
bond forming reactions.
� 2006 Elsevier Ltd. All rights reserved.
r-Bonds vicinal to the reaction centers have been
proposed so far to participate in the reactions.1,2 In the
Felkin–Anh model,3 the nucleophile attacks the carbonyl
carbon on the opposite side of the most electronegative
atom X at the a-position (Fig. 1a). The electrophilic
attack is promoted by the electron-donating bond of
the a-substituent at the backside (the anomeric effect,
Fig. 1b).4 The substituent effects are based on the inter-
actions with the r-bond vicinal to the reacting bonds.

We proposed that the r-bonds geminal to the reaction
centers should control the reactivity/selectivity in the
pericyclic reactions.5–10 For example, an electron-donat-
ing geminal r-bond at the Z-position of the diene termi-
nal enhances the reactivity in the Diels–Alder reaction.5
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Figure 1. Vicinal bond participations.
The enthalpies of activation of the Cope rearrange-
ments6 and sigmatropic [1,5]-hydrogen shifts7 are low-
ered by electron-donating geminal r-bond at the Z-
position. An electron-donating geminal r-bond was
shown to prefer the inward rotation in the ring-opening
reactions of cyclobutenes8 and the cheletropy reactions.9

An electron-donating r-bond at the Z-position of the
enophile olefin terminal enhances reactivity in the Alder
ene reactions.10

The geminal bond participation is associated to the
cyclic orbital interaction or the orbital phase continuity
property (Fig. 2). Cyclic orbital interaction is required to
meet the orbital phase continuity conditions:11 (i)
electron-donating orbitals are out of phase; (ii) the elec-
tron-donating orbital and the electron-accepting orbital
are in phase; (iii) electron-accepting orbitals are in
phase. When the geminal r-bonds are donors, both of
the r orbitals combined out of phase cannot be in phase
with the vacant orbital a* simultaneously (Fig. 2). For
a*

σ σ

Figure 2. Orbital phase in the geminal bond participation.
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Figure 3. The transition structure (B3LYP/6-31G(d)).

Table 1. IBE values (a.u.) at the transition state (RHF/6-31G(d)//
B3LYP/6-31G(d))

Bond interaction IBE/a.u.

pC1–C2–p�C6–O5 �2.500
pC6–O5–p�C1–C2 0.008
nO–r�Si4–H=O �0.697
rC1–HZ

–p�C6–O5 �0.039
rC1–HE

–p�C6–O5 0.048
pC6–O5–r�C1–HZ

0.003
pC6–O5–r�C1–HE

�0.043
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Figure 4. IBE values (a.u.) at the transition state.
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example, at the transition state in the Diels–Alder reac-
tion, the interaction of the LUMO (a*) of the dienophile
is bonding with the r-bonding orbital at the Z-position
of the diene and antibonding with that of the r-bonding
orbital at the E-position.5

Here, we expand the scope of the applicability of the
geminal bond participation beyond the pericyclic reac-
tions. Now we predict the reactivity of the unanalyzed
Mukaiyama aldol reaction.12,13 As a model we chose the
addition of silyl enolate 1 to formaldehyde 2 (Scheme 1).

The uncatalyzed Mukaiyama reaction proceeds via the
six-membered ring transition state.12 The transition
Table 2. The difference in the enthalpies of activation (kcal mol�1) in the unc
enolates

Substrate DH zZ
a DH zE

b

4a (R@CH3) 18.0(22.5) —
4b (R@BH2) 21.1(24.8) 23.4(27.1)
4c (R@NH2) [9.2(13.2)] [9.9(14.3)]
4d (R@OH) [14.5(19.6)] [16.6(20.8)]
4e (R@F) 22.0(25.1) 17.3(22.0)
4f (R@SiH3) 19.8(23.9) 21.5(25.8)
4g (R@PH2) 19.7(24.2) 21.3(25.9)
4h (R@SH) 18.9(22.9) 19.8(24.1)
4i (R@Cl) 21.6(25.5) 18.7(23.1)
4j (R@CN) 23.5(26.9) 22.1(26.0)

B3LYP/6-31G(d) and B3LYP/6-311++G(3df,2p)//B3LYP/6-31G(d), ZPE c
a DH zZ ¼ DH z ðRZ ¼ R; RE ¼ CH3Þ.
b DH zE ¼ DH z ðRZ ¼ CH3; RE ¼ RÞ.
c See Ref. 18.
d The incipient C1–C6 bond length at the transition state.
state of the model reaction,14 addition of vinyloxysilane
1 to formaldehyde 2 (Fig. 3),13 was subjected to the
bond model analysis.15 We used the interbond energy
IBE to evaluate the interactions between the bond
orbitals.16

In the aldol reaction, the enolate is a donor and the
carbonyl group is an acceptor. In fact, the bond model
analysis showed that the interactions between pC1–C2

and p�C6–O5 (IBE = �2.500 a.u.) and between nO5 and
r�Si4–H=O (IBE = � 0.697 a.u.) are the most important in
stabilizing the transition state (Table 1). The interaction
of pC6–O5 with p�C1–C2 is weak (0.008 a.u.). The IBE
value is negative (�0.039 a.u.) between the geminal
r-bonding orbital at the Z-position and p�C@O and posi-
tive (0.048 a.u.) between that at the E-position
and p�C@O (Fig. 4). The geminal bond participation
makes a significant difference (0.087 a.u.) through the
rCH ! p�C@O interaction. The IBE difference is
smaller (0.046 a.u.) between the interactions of pC@O

with the geminal r�CH orbitals at the Z- and E-positions
(see Table 1).

An electron-donating r-bond at the Z-position of the
reacting C1 atom in the enolate is predicted to enhance
the reactivity. To test our prediction, we calculated the
atalyzed Mukaiyama aldol reactions between the E- and Z-substituted

DH zZ � DH zE ¼ DDH z rCC
d

Z E

0.0 2.012
�2.3(�2.4) 2.349 2.415

c — —
c — —

4.7(3.1) 2.042 2.010
�1.7(�1.9) 2.004 2.043
�1.6(�1.7) 2.060 2.038
�0.8(�1.2) 2.367 2.072

2.9(2.4) 2.220 2.027
1.0(0.9) 2.407 2.352

orrected.
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Figure 5. The dependence of the difference DDH� in the reactivities
between the E- and Z-enolates on the rCR energy (B3LYP/6-
311++G(3df,2p)//B3LYP/6-31G(d), ZPE corrected).
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transition states of the reactions of the R-substituted
silyl enolates 4a–j with one substituent fixed to a methyl
group to reduce unwanted steric bias (Scheme 2).

The differences in the reactivity or the difference in the
enthalpy of activation of E/Z-isomers ðDDH z ¼ DH zZ�
DH zEÞ are shown in Table 2 and are compared with the
rCR orbital energies (Fig. 5). The difference in reactivity
is in a good correlation with the rCR orbital energy.17

This result confirmed the prediction that the electron-
donating geminal r-bond at the Z-position in the eno-
late should promote the uncatalyzed Mukaiyama aldol
reactions. Furthermore, the incipient C1–C6 bonds
(Fig. 3) at the transition states are shorter for the more
electron-donating geminal r-bond at the Z-position, as
are expected from the geminal bond participation except
4g and 4h, for which the carbonyl carbon shifts toward
the vinyl a-carbon (C2 in Fig. 3) at the transition states
due to the lone pair on the phosphorus or sulfur of the
substituents.

In conclusion, the geminal bond participation controls
the reactivity in the uncatalyzed Mukaiyama aldol reac-
tion as well as the pericyclic reactions. The reactivity is
enhanced by the electron-donating geminal r-bond at
the Z-positions in the enolates.
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