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ABSTRACT

The non-aldol aldol reaction of the isomeric epoxy silyl ethers is controlled by the conformation of the transition states leading to an internal
hydride shift. One isomer rearranges to the β-silyloxy ketone whereas the other isomer gives a β-elimination product. Theoretical calculations
show that the substrates with substituents that favor the formation of the chairlike transition state rearrange normally while those that do not
undergo elimination instead.

Lewis acid induced rearrangements are useful syn-
thetic tools that provide access to unique and highly
functionalized systems. The non-aldol aldol rearrange-
ment is a semipinacol rearrangement of epoxy alcohols
that generates silyl-protected aldol products in high
yields.1,2 Reactions of optically active epoxy alcohols,
2, derived from the Sharpless asymmetric epoxidations3

of the allyl alcohols, 1, with a silyl triflate induce a 1,
2-hydride shift followed by formation of the silyl protected

aldols, 3, in excellent yields and enantioselectivities
(Scheme 1). The process has been implemented in the
total syntheses of several polyketide natural products,
including auripyrones A and B.4

Recently, the non-aldol aldol rearrangement was ex-
tended to cyclic systems to prepare silyloxycycloalkanones
from the corresponding 2,3-epoxy-cycloalkanols.5

This strategy is expected to succeed as long as an
antiperiplanar CH is available to migrate upon epoxide
opening in such conformationally constrained ring sys-
tems. However, in the course of our application of
this cyclic non-aldol aldol rearrangement to the total
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synthesis of N-methylwelwitindolinone C isothiocyanate,6

we have found that the facility of the reaction is a
sensitive function of substitution and that the conforma-
tion of the transition states is different from that of
substrates.7 We provide computational evidence that
stereoelectronic effects and a combination of ground
state destabilization and transition state stabilization
control the non-aldol processes in these systems and
competition between rearrangement and elimination
reactions.
As shown in Scheme 2, one of the two diastereomers of a

6-methyl-2,3-epoxycyclohexyl silyl ether, 4a, leads to the
non-aldol aldol rearrangement in good yield, while the

other diastereomer, 4b, undergoes mostly elimination and
decomposition. This result is surprising, since, as shown in

Scheme 2, the requisite antiperiplanar arrangement of the
migrating hydrogen is apparent in both reactants. The
axial methyl in the preferred conformer of 4a might have
been expected to disfavor the reaction. In fact, the opposite
is true.
Reaction of epoxide 4a with TESOTf and Hunig’s base

gave the non-aldol aldol product 5a.7 Surprisingly, how-
ever, treatment of the 6-methyl diastereomer 4b did not
afford the expected 5b, despite the hydride positioned
antiperiplanar to the epoxide at 161� in the crystal struc-
ture of the alcohol 4b. Rather, the exocyclic olefin 6b, the
product of elimination, was isolated (Scheme 3).7

Computational investigations provide the explanation
of these perplexing results.8 B3LYP/6-31G(d) calculations

Figure 1. B3LYP optimized geometries of 4a (A and B) and transition structures (C and D) for the non-aldol aldol rearrangement.
Values below each structure are relative energies in kcal/mol. Values enclosed in parentheses are relative single-point energies calculated
by the M06-2X method in kcal/mol.
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on the silylated epoxides and transition states for the
rearrangements were carried out for each case. The full
systems were computed, except that a TMS was substi-
tuted for each TES group.
The computed structures of silylated epoxides are shown

in Figures 1 and 2, and the computed relative energies are
shown below each structure. The full energetics for these
reactions are given in the Supporting Information. Each
stereoisomer involves two possible half-chair conformers,
Ah B (Figure 1) and A0 h B0 (Figure 2) that are in rapid
equilibrium. The ring opening of the epoxide is accompa-
nied by a hydride shift. As shown in Figure 1, 4a has two
possible half-chair conformers A and B. A leads to the
half-boat TS C that leads to the boat conformer of the
product, while conformer B proceeds via the half-chair
TS D to give the chair conformer of the product. The
preferred rearrangement pathway involves a confor-
mation flip of A to B and then to transition stateDwith
the overall activation energy of 5.2 kcal/mol, via a
Curtin�Hammett process. Transition state C and the
boat conformer of the product are both disfavored due
to torsional strain; both experience eclipsing interac-
tions. By contrast, the half-chair D and corresponding
product are more nearly staggered.
In Figure 2, the structures for the isomeric reactant, 4b,

are shown. The equatorial methyl ofA0 causes the silylated
epoxide,A0, to be 1.4 kcal/mol lower in energy thanA. The
preferred transition state D with an equatorial methyl

group (Figure 1) is more stable than D0 formed by 4b
by 0.9 kcal/mol (Figure 2). Consequently, the rearrange-
ment of the cis isomer 4a to give the non-aldol aldol
product has an activation energy of only 5.2 kcal/mol,
while the trans isomer 4b has a higher activation energy
of 7.5 kcal/mol (see Supporting Information: Figure S1).
Compound 4b will undergo the rearrangement almost
100 times more slowly than 4a. Experimentally, 4b gives
the alternative intermolecular elimination product 6b,
rather than the non-aldol aldol product 5b. Single-point
calculations with M06-2X using B3LYP-optimized geo-
metries leads to 5�6 kcal/mol higher activation energies,
but the energy difference calculated for 4a and 4b by the
M06-2X method is 2.9 kcal/mol, similar to the B3LYP
result of 2.3 kcal/mol.
The exploration of these results is essentially the same

as the F€urst�Plattner rule9 for nucleophilic ring-open-

ing of epoxides. Torsional effects favor formation of the

trans-diaxial product. In the case of 4a, transition states

C and D both lead to trans-diaxial epoxide opening, but

D leads to the preferred chair product, while C leads to

the twist boat product which is torsionally destabilized.

With 4b, the preference for D0 over C0 follows the same

pattern.
In order to investigate the competing elimination reac-

tion, trimethylamine was used instead of Hunig’s base to

Figure 2. B3LYP optimized geometries of 4b (A0 and B0) and transition structures (C0 and D0) for the non-aldol aldol rearrangement.
Values below each structure are relative energies in kcal/mol. Values enclosed in parentheses are relative single-point energies calculated
by M06�2X method in kcal/mol. A0 is 1.4 kcal/mol more stable than A (Figure 1) or 0.9 kcal/mol at the M06-2X level.
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model the reaction pathway. The most stable elimination
transition states of the two diastereomers 4a and 4b are
located, and the computed energetics for the elimination
reactions are compared to the non-aldol aldol transition
states (see Supporting Information: Figures S2�S4). The
elimination barriers of 7.4 and 6.5 kcal/mol (13.6 and 12.5
kcal/mol by M06-2X) are similar and are in between the
non-aldol aldol barriers of 4a and 4b.
The stereoisomer 4a has a higher activation energy (7.4

kcal/mol) for the elimination reaction than the barrier of
the non-aldol aldol pathway (5.2 kcal/mol) (see Support-
ing Information: Figure S3). This is consistent with the
experimental observation that 4a will undergo the desired
non-aldol aldol reaction instead of the elimination reac-
tion. M06-2X results give a similar prediction, with the
elimination barrier 2.8 kcal/mol above the non-aldol aldol
barrier.
However, the elimination pathway of the isomeric re-

actant 4b, which proceeds via TSM0 to give the elimination
product, has an activation energy of 6.5 kcal/mol, lower
than that for the non-aldol aldol pathway, which has a
higher barrier of 7.5 kcal/mol (see Supporting Informa-
tion: Figure S4). Again,M06-2X also predicts the elimina-
tion to be favored, by 1.2 kcal/mol.
The substituent effects on the migration of an alkyl

group were also investigated. Treatment of epoxide 7a10

with TESOTf afforded the expected rearranged product
8a (Scheme 4).7 However, exposure of the epoxide with
the equatorial methyl group 7b to TESOTf gave a 1:1
mixture of the methyl migration product 8b and the
product of the ring contraction 9b, via ring-carbon
migration.7

As shown in Figure 3, the transition state model for the
non-aldol aldol rearrangement of 7a has an equatorial
methyl groupwhich is favored, whereas theTSmodel of 7b
which is disfavored has an axial methyl group in the half-
chair structure.
These findings confirm the hypothesis that diastereo-

meric 5- and 6-substituted 2,3-epoxycyclohexyl silyl ether

substrates that can access the favored half-chair TS re-
arrange normally, while those which have disfavored axial
substituents in the TS undergo other reaction processes
instead. Further studies of this ‘remote control’ and appli-
cation of these findings to the total synthesis ofN-methyl-
welwitindolinones will be reported in due course.
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Scheme 4

Figure 3. Half-chair transition state models for the non-aldol
aldol rearrangement of 7a and 7b.
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