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C-H bond functionalization enables strategically new approaches
to complex organic compounds including biologically active agents,
research probes and functional organic materials.1 Catalytic coupling
of sp3 C-H bonds and alkenes is an attractive strategy as it provides
an overall alkylation of saturated carbon centers under nonbasic
conditions. To complement transition metal-catalyzed processes,2 we
have developed a conceptually different approach to direct coupling
of sp3 C-H bonds and alkenes based on Lewis acid-promoted hydride
transfer (Scheme 1A).3 Although acid-triggered hydride transfer
reactions are known, there are only a few processes where hydride
transfer is coupled to C-C bond formation in a predictable manner.4

We here report a simple and economical method, based on the
generation of highly activated alkenyl-oxocarbenium intermediates,
which expands the scope and efficiency of hydride transfer-initiated
cyclization reactions and avoids the use of transition metal catalysts.

We have previously found that in the cyclization reactions shown
in Scheme 1A, substrates with less reactive C-H bonds (reactivity
can be estimated by considering the cation-stabilizing ability of adjacent
groups) required the use of expensive transition metal Lewis acids
such as PtCl4, or were altogether resistant to the hydride transfer.3 We
now provide additional evidence for this finding, illustrated by substrate
1 which undergoes a very slow cyclization under the preferred
conditions (BF3 ·Et2O, CH2Cl2, RT), taking four days to afford a low
yield of product 2 (Scheme 1B). To address this problem and avoid
the use of expensive Lewis acids, we examined the reactivity of the
corresponding alkenyl acetals, inspired by the high reactivity of alkenyl-
oxocarbenium intermediates toward Diels-Alder reactions and other
transformations.5 When submitted to the standard reaction conditions,
acetal 3 was consumed within one hour, providing a good yield of the
cyclic product 4; direct comparison of acetal 3 to the corresponding
aldehyde 1 revealed a dramatic increase in both reactivity and chemical
yield, as well as an improvement in diastereoselectivity. Remarkably,
a primary ether can undergo alkylation in the R-position at room
temperature!

The mechanistic rationale is depicted in Scheme 2; boron trifluoride
etherate opens the cyclic acetal, generating the oxocarbenium inter-
mediate II, which activates the conjugated double bond for the hydride
abstraction. Subsequent to the hydride transfer step, the resulting
oxocarbenium-enolether intermediate III undergoes rapid C-C bond
formation and the new oxocarbenium species reforms the acetal,
producing the desired product V and the Lewis acid catalyst. The
observed stereoselectivity can be explained by the favorable transition
state, IV, where all substituents are in equatorial positions.

We next examined the reactivity of different C-H bonds (in the
R-position to the ether oxygen) in the context of alkenyl acetal and
ketal substrates (Table 1). These compounds are readily available in
few synthetic steps where the alkenyl acetal moiety is installed by the
cross-metathesis between the homoallylic ether or alcohol and com-
mercially available 2-vinyl-1,3-dioxolane (or 2-methyl-2-vinyl-1,3-
dioxolane, Supporting Information). The activated benzyl ether 5
affords the cyclized product in excellent yield and diastereoselectivity

(90%, >20:1, Table 1). The acetal moiety also enabled efficient
cyclization of the allyl ether 7 and the crotyl ether 9 (Table 1, entries
2 and 3).6 As indicated by the cyclization of the ethyl ether 3 (Scheme
1B), less reactive alkyl ethers also underwent the desired cyclization
in high yield and excellent stereoselectivity, including the more
hindered isopropyl ether 11 and cyclohexyl ether 13, both readily
available from 2-propanol and cyclohexanol, respectively (Table 1,
entries 4 and 5). Comparable yields and stereoselectivity were obtained
with lower catalyst loading, which required longer reaction times (5
mol% BF3 ·Et2O, Table 1, entry 4). Other Lewis and protic acids were
examined (e.g., TMSOTf, TiCl4, Bi(OTf)3, MsOH) and proved inferior
to BF3 ·Et2O in terms of obtained yields (by >20%).

To explore the alkylation reaction in a more complex structural
context and to examine the effect of other chirality elements in the
molecule, we synthesized substrate 15 from (-)-menthol (Figure 1).
Under the standard reaction conditions, this compound gave product
16 as the only observed diastereomer. The molecular structure was
confirmed by X-ray analysis (Figure 1). Apparently, the stereoselec-
tivity of the C-C bond forming step is controlled by the adjacent center

Scheme 1. Compensating Lower Reactivity of C-H Bonds by
Increasing the Activation of the Alkene

a Isolated yield of diastereomeric mixtures. Diastereomeric ratio determined
by 1H NMR. b Contained varying amounts (<5%) of hydrolyzed products.

Scheme 2. Proposed Mechanistic Rationale
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bearing the isopropyl group. This example illustrates the synthetic
power of the hydride transfer-triggered cyclization: a tertiary center is
transformed in one step into a quaternary ether center under mild
conditions and with excellent stereocontrol, providing a novel and
structurally complex spirocyclic product from a readily available terpene.

We next considered the idea of generating the key alkenyl-
oxocarbenium intermediate (such as II, Scheme 2) from a ketone and
ethylene glycol in situ, which would eliminate the need for preparation
of the corresponding ketal. Indeed, addition of ethylene glycol to boron
trifluoride etherate in dichloromethane had a dramatic effect on the
reaction rate as demonstrated in the cyclization of enone 17; the reaction
was complete in less than 12 h, while the same conditions in the
absence of ethylene glycol required 96 h to reach completion (Table
2, the rate plot is shown in the Supporting Information). Optimization
of the reaction conditions showed that best results were obtained with
0.2 equivalents of ethylene glycol under standard conditions; other
diols including chiral diols were investigated and found to be less
effective than ethylene glycol (Supporting Information). Examining
the ethylene glycol effect with the benzyl ether substrate 19 showed
not only a 5-fold increase in rate, but also an improvement in the
isolated yield and stereoselectivity (Table 2, entry 2). Finally, the slow
trans-annular cyclization of cyclohexenone 21 was accelerated by the

addition of ethylene glycol, affording bicyclic product 22 in 79% yield
as a single diastereoisomer.

The use of boron trifluoride etherate as the Lewis acid and ethylene
glycol as the organocatalyst provides a highly active catalytic system,
presumably via the in situ formation of alkenyl-oxocarbenium inter-
mediates, which eliminates the need for expensive transition metal
Lewis acids or the preparation of acetal/ketal substrates.7,8 This binary
catalytic system expands the scope and improves the efficiency of the
hydride transfer-initiated alkylation reactions.
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Table 1. Cyclization of Alkenyl Acetal/Ketal Substrates

a Reactions performed at 0.02-0.03 M in CH2Cl2 with BF3 ·Et2O (0.5
equiv.) at room temperature (<1 h). The major diastereomer is shown.
b Isolated yield as an average of three runs. c Diastereomeric ratio
determined by 1H NMR or GC. d Isolated yield using 0.05 equivalents of
BF3 ·Et2O after 3 h.

Figure 1. Cyclization of menthol-derived alkenyl acetal 15. Molecular structure
of product 16 as revealed by X-ray analysis. Selected hydrogen atoms have
been added for clarity.

Table 2. Ethylene Glycol Serves as an Organocatalyst.

a Conditions A: BF3 ·Et2O (0.5 equiv). Conditions B: BF3 ·Et2O (0.5
equiv) and ethylene glycol (0.2 equiv). Reactions performed at 50 °C.
Isolated yield as an average of three runs. Diastereomeric ratio determined
by NMR or GC. b Reaction run at room temperature.
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