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Abstract
In this manuscript we report that oxidative cleavage reactions can be used to form oxocarbenium
ions that react with pendent epoxides to form bicyclic epoxonium ions as an entry to the formation
of cyclic oligoether compounds. Bicyclic epoxonium ion structure was shown to have a dramatic
impact on the ratio of exo- to endo-cyclization reactions, with bicyclo[4.1.0] intermediates showing
a strong preference for endo-closures and bicyclo[3.1.0] intermediates showing a preference for
exo-closures. Computational studies on the structures and energetics of the transition states using the
B3LYP/6-31G(d) method provide substantial insight into the origins of this selectivity.

Introduction
Cascade reactions, in which multiple bond forming processes occur in a single operation,1
have been shown to be effective for executing rapid increases in molecular complexity, as
demonstrated by the biosyntheses of terpenes from polyolefins2 and cyclic ethers from
polyepoxides.3 In these pathways strict regiocontrol must be achieved in each cyclization step
to form products with high efficiency. Effective mimicry of these processes in the absence of
enzymatic mediation requires an understanding of the inherent reactivity patterns of the
relevant intermediates in these transformations and of the manner in which they can be
manipulated. Of particular importance is determining the structural features that promote
exo- and endo-cyclizations (Scheme 1).

Cyclic ether synthesis from polyepoxides has been demonstrated under acidic,4 basic,5 and
oxidative6 conditions. While exo-cyclizations are most commonly observed, recently several
reports have appeared in the literature that demonstrate favorable endo-cyclizations leading to
fused polyethers. In a series of papers, McDonald and coworkers have convincingly
proposed7 that bicyclic epoxonium ions, formed from nucleophilic attacks of epoxides on
Lewis acid-activated epoxides, are key intermediates in the formation of fused polycyclic
ethers. In these reactions endo-cyclizations were postulated to be favored due to the ring strain
accrued during bicyclic epoxonium formation through exo-pathways. Holton proposed6b that
endo-cyclizations can be promoted through the use of a polar solvent to promote the SN1-type
transition state, in accord with computational studies.8 We have undertaken a program in which
cascade cyclizations are initiated through intramolecular additions of epoxides to oxidatively
generated oxocarbenium ions9 to determine whether other factors such as epoxonium ion
structure and Lewis acid selection could also impact the outcomes of these processes. This

E-mail: houk@chem.ucla.edu; florean@pitt.edu.

NIH Public Access
Author Manuscript
J Am Chem Soc. Author manuscript; available in PMC 2008 October 6.

Published in final edited form as:
J Am Chem Soc. 2007 June 27; 129(25): 7915–7923. doi:10.1021/ja0709674.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



activation protocol diminishes the potential for product isomerizations that can complicate
mechanistic analyses of acid-mediated reactions,10 making it ideal for studying the inherent
reactivity patterns of epoxonium ions with various structures.

To elucidate the epoxonium ion structural features that impact cyclization regiochemistry, we
studied the effects of changing the degree of substitution in the precursor epoxide (disubstituted
vs. trisubstituted), the ring size of the epoxonium ion (bicyclo[4.1.0] ions vs. bicyclo[3.1.0]
ions), and the electrophilic alkyl group that reacts with the epoxide to form the epoxonium ion
(oxocarbenium ion vs. carbenium ion). In this manuscript we show that each of these features
can impact the partitioning of the reaction through exo- or endo-pathways. Transition structure
energies of the exo- and endo-cyclizations were studied computationally at the B3LYP/6-31G
(d) level, providing insight into the origins of the selectivity and a predictive model for the
design of future cascade reactions.

Results and Discussion
Substrate Design and Synthesis

We designed a set of mono- and diepoxide cyclization substrates to determine the impact of
changing several epoxonium ion structural features on cyclization regioselectivity (Figure 1).
Monoepoxide substrates 1-4 were designed to probe the importance of bicyclic epoxonium ion
ring size ([3.1.0] vs. [4.1.0]) and substitution pattern (disubstituted vs. trisubstituted) on
cyclization efficiency and product distribution when oxocarbenium ions are used as activating
groups (tethered Lewis acids). Diepoxide substrates 5-9 were designed to determine whether
regioselectivity in the terminal cyclization event is sensitive to the identity of the cationic
activating group since the relevant epoxonium ions are activated by unstabilized carbenium
ions rather than oxocarbenium ions. This study was also designed to determine whether
cyclization efficiency is affected by the relative stereochemical orientations of the epoxide
groups. Figure 2 illustrates the structural features of the intermediate epoxonium ions that will
be compared in this manuscript. The diphenylmethyl group was selected as the
electroauxiliary11 because it is more reactive than an unsubstituted benzyl group,12 as required
for cyclizations of weakly nucleophilic epoxycarbonates, and because it is easily introduced
through the addition of Ph2CHLi (prepared from inexpensive diphenylmethane and nBuLi) to
aldehydes.

The monoepoxide substrates were synthesized according to the straightforward sequences
shown in Scheme 2. These compounds were prepared as racemic mixtures since our sole
objective was to determine the cyclization regiochemistry and relative stereochemical
orientations in the reaction products. Disubstituted epoxides 1 and 2 were synthesized from
unsaturated aldehydes 10 and 11 by identical pathways that proceeded through aldehydes 12
and 13. Alkenylation, reduction, epoxidation, and carbonate formation13 provided the desired
substrates. The syntheses of trisubstituted epoxides 3 and 4 commenced by opening epoxide
1414 under Yamamoto's conditions15 and forming aldehyde 15 through a Claisen
rearrangement/reduction sequence. This aldehyde was either taken directly to 3 or was
homologated through methoxymethylenation and mercury-mediated enol ether hydrolysis.
16 The resulting homologated aldehyde was converted to 4 in an identical manner to the
conversion of 15 to 3.

The synthesis of diepoxide substrates 5-8 (Scheme 3) parallels the synthesis of 3 and 4, with
the exception that asymmetric epoxidation reactions were employed to assure high
diastereocontrol. Known epoxide 1617 was converted to aldehyde 17, which could either be
transformed to 5 and 6 or homologated and converted to 7 and 8. Substrates 5 and 7, with
(2R, 3R, 6R, 7R) stereochemical orientations, were formed from a double Shi epoxidation of
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dienes 18 and 19,18 while substrates 6 and 8, with (2S, 3S, 6R, 7R) stereochemical orientations
were prepared through sequential Sharpless19 and Shi epoxidations.

Substrate 9 was prepared (Scheme 4) through a convergent sequence that employed a Julia-
Kocienski olefination20 between sulfone 20 (5 steps from valerolactone) and aldehyde 15. The
resulting alkene was converted to the desired product through the sequence that was used for
the preparation of 5 and 7.

Cyclization reactions
The results of the oxidative cyclization reactions of monoepoxides 1-4 are shown in Table 1.
Essential components in these photochemical reactions (medium pressure mercury lamp, Pyrex
filtration) were N-methylquinolinium hexafluorophosphate (NMQPF6) as a catalytic oxidant,
21 O2 (from air) as the terminal oxidant,22 and toluene as a cosensitizer. Disubstituted epoxide
1 provided exo-product 21 as a mixture of anomers, as expected based on analogy to previous
studies.9 Cyclization of the homologated substrate 2 yielded in a mixture of exo-product 22
and endo-product 23, with the exo-pathway being slightly favored. The formation of 23 was
quite interesting since the difference between the reactions of 1 and 2 is simply that the initial
cyclization of 1 forms a bicyclo[3.1.0] epoxonium ion and the cyclization of 2 proceeds through
a bicyclo[4.1.0] epoxonium ion. Endo-cyclizations into bicyclo[4.1.0] epoxonium ions have
also been observed by McDonald and coworkers23 from Lewis acid mediated processes in
which epoxonium ions are formed by adding to non-stabilized carbenium ions and are opened
by epoxide nucleophiles. Trisubstituted epoxide 3 also produced a complex product mixture
upon oxidation, with both exo- and endo-cyclization products being formed. The stabilizing
effect of the methyl group on the cationic intermediate modestly impacted the regioselectivity
of the cyclization reaction but was insufficient to override the preference for the exo-pathway.
Also of note, the endo-cyclizations proceeded from both inversion and retention of the
epoxonium ion to form a mixture of trans- and cis-fused products. Homologous epoxide 4
proved to be the best substrate for this study, yielding endo-product 27 in 73% yield. Thus the
combined impacts of the methyl substitution and the bicyclo[4.1.0] intermediate lead to a
complete reversal of the exo-preference that was observed in the cyclization of 1.

The results of the cyclization reactions of the diepoxide substrates generally followed those of
the monoepoxide substrates, though some subtle but noteworthy differences were observed.
Diepoxides 5 and 6, in which the initial cyclization reaction produces a bicyclo[3.1.0]
epoxonium ion, yield only the products of consecutive exo- (28 and 30) or consecutive endo-
cyclizations (29 and 31), with the all exo-pathway being preferred. No products from an exo-
cyclization followed by an endo-cyclization or vice versa were isolated, indicating that bicyclo
[3.1.0] epoxonium ions that form from the addition of epoxides to carbenium ions show a
higher fidelity toward opening through the exo-pathway than those that form from the addition
of epoxides to oxocarbenium ions. Syn-products from the endo-cyclizations were not observed,
indicating either that epoxides are superior nucleophiles to carbonates or that carbonates react
with epoxonium ions reversibly prior to tert-butyl cation loss. Reactions of substrates 7 and
8, in which the initial cyclizations produce bicyclo[4.1.0] epoxonium ions, proceed exclusively
through consecutive endo-pathways to provide fused tricycles 32 and 33. The formation of
33 was remarkably efficient in consideration of the complexity of the product. The higher yield
for the cyclization of 8 relative to 7 presumably reflects diminished steric interactions in the
cyclization reactions. As expected, when disubstituted epoxide 9 was used in the initial
cyclization the level of regioselectivity dropped, though all endo-product 34 was formed in a
slight excess over all exo-product 35. Product regiochemical and stereochemical outcomes for
the cyclizations of 7 and 9 were confirmed by treating the acetals with BF3•OEt2, and m-CPBA,
then adding Et3N (Scheme 5).24 The structures of the resulting lactones 36 and 37 were
unambiguously confirmed through crystallographic analysis.25
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Computational studies
The results of the cyclization reactions demonstrate that the regiochemical outcomes of
intramolecular nucleophilic additions into bicyclic epoxonium ions are highly structurally
dependent. Activating epoxides through coordinating to oxocarbenium ions rather than
unstabilized carbenium ions erodes the strong preference for the exo-pathway in bicyclo[3.1.0]
epoxonium ions. Trisubstituted epoxide substrates show a higher preference for endo-
cyclizations relative to diepoxide substrates, as predicted by their enhanced ability to stabilize
positive charge, though the magnitude of effect is small. Most notable, however, is the dramatic
impact of ring size on cyclization regioselectivity. Bicyclo[3.1.0] epoxonium ions profoundly
favor reaction through the exo-pathway while bicyclo[4.1.0] epoxonium ions favor the endo-
pathway. While the exo-cyclizations can be understood based on analogies to Baldwin's rules,
26 the endo-cyclizations are difficult to rationalize. This led us to initiate computational studies
using the B3LYP/6-31G(d) method27 to explore the origin of the structural basis for our
experimental observations. The method applied here is known to overestimate the
exothermicity of the ring openings of the epoxonium ions by 2 to 3 kcal/mol when compared
to more accurate CCSD(T) or CBS-Q calculations, respectively.28 The calculations were
carried out by using Gaussian0329 program. All of the geometries were fully optimized and
ground state structures were verified to have no imaginary frequencies. The transition state
geometries with one imaginary frequency were verified to connect the desired reactants to the
desired products via IRC (imaginary rection coordinates) calculations.

Transition structures for the nucleophilic addition of dimethyl carbonate to the 1,2,2,3-
tetramethyloxiranium ion were computed to reveal the geometry of the transition state in the
absence of geometrical constraints. The nucleophile, dimethyl carbonate, can add either to the
secondary or tertiary carbon of the epoxonium ion in this model reaction. These two competing
pathways for the nucleophilic addition of the dimethyl carbonate to the 1,2,2,3-
tetramethyloxiranium ion are shown in Scheme 6.

The transition structures (TS) for the addition of dimethyl carbonate to the 1,2,2,3-
tetramethyloxiranium ion are shown in Figure 3. TS1 in Figure 3 corresponds to nucleophilic
addition to the secondary carbon and TS2 corresponds to the addition to the tertiary carbon.
The forming and breaking C-O distances at the transition states for TS1 and TS2 vary between
2.0 and 2.2 Å, indicating that both reactions proceed through SN1-like transition states. TS2
has longer C-O bond distances, with greater SN1 character resulting from the formation of a
partial tertiary carbocation. The greater stabilization that arises from the partial tertiary
carbocation results in TS2 being lower in energy than TS1 by 4.3 kcal/mol. The bond lengths
in Figure 3 are taken as reference points and the transition state structures that are shown in
subsequent studies with shorter bond lengths than the ones given in Figure 3 can be considered
to be indicative of SN2-like transition structures.

Bicyclo[4.1.0] epoxonium ions preferentially undergo intramolecular cyclization through the
6-endo cyclization pathway. The intramolecular cyclization/epoxide opening of the bicyclo
[4.1.0] epoxonium ion was mimicked with a model reaction shown in Scheme 7. The difference
between the model reaction and the actual reaction (4 → 27, Table 1) is the replacement of the
anomeric methoxy group with a hydrogen atom and the tert-butyl carbonate with a methyl
carbonate. This model is also relevant to the terminal ring forming events in the cyclizations
of 7 and 8 (Table 2).

The nucleophilic attack by the oxygen of the carbonyl group to the epoxide carbon generates
either 5- or 6-membered cyclic carbonates. The transition structures for the 5-exo (TS3_exo)
and 6-endo (TS3_endo) modes of the attack are shown in Figure 4 for the reaction shown in
Scheme 7. TS3_endo is lower in energy than TS3_exo by 4.6 kcal/mol. TS3_endo is an
SN1-like TS with relatively longer forming carbonyl oxygen–epoxide carbon, and breaking
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epoxide oxygen–epoxide carbon distances due to the formation of the partial tertiary
carbocation at the transition state. TS3_exo, however, adapts a more SN2-like TS with shorter
forming and breaking bonds. The oxygen–carbon–oxygen bond angle in TS3_exo is perturbed
to a greater extent from the unconstrained system (161.1° vs. 147.4°) than TS3_endo (135.5°
vs. 143.3°). The energy difference between TS3_exo and TS3_endo is nearly identical to the
energy difference in the unconstrained model.

The effect of the anomeric alkoxy group on the reaction energetics was explored with a second
model reaction, as shown in Scheme 8. In this model reaction, the methoxy group can be either
cis or trans to the epoxonium ring. The relative energies of the both cis- and trans-methoxy
isomers and the corresponding TSs for the 5-exo and 6-endo modes of cyclization for both
isomers have been modeled.

The gas phase transition structures for the 5-exo and 6-endo modes are shown in Figure 5. The
cis-methoxy epoxonium ion is 0.3 kcal/mol more stable than the trans-methoxy epoxonium
ion for the bicyclo[4.1.0] epoxonium ion. The activation enthalpy for the 6-endo cyclization
mode for the cis-methoxy isomer is 0.2 kcal/mol whereas the activation enthalpy for the
trans-methoxy isomer for the same mode is 1.4 kcal/mol in the gas phase. In general, methoxy
group incorporation results in negligible geometrical perturbations on the transition structures,
though TS4_trans_endo shows slightly enhanced leaving group departure and bond formation
relative to TS3_endo. The trans-methoxy isomer favors the 6-endo cyclization mode by 4.6
kcal/mol and the cis-methoxy isomer favors the same mode by 4.8 kcal/mol, also indicating
that the impact of methoxy group incorporation is negligible for bicyclo[4.1.0] epoxonium
ions.

To determine the extent to which the methyl group on the epoxide promotes the 6-endo
cyclization mode, as studied in the conversion of 2 to 22 and 23 (Table 1) a third model reaction
was studied (Scheme 9). In this model reaction, the methyl group on the epoxonium ion was
replaced by a hydrogen atom to equalize the capacity for carbocation stabilization for both 5-
exo and 6-endo cyclization transition structures.

The absence of the methyl group leads to significant perturbations of the 6-endo-transition
structures (Figure 6). The oxygen–carbon–oxygen bond angle widens significantly. Greater
bond formation and less leaving group departure are observed, indicating that the transition
structures have increased SN2 character. The absence of the methyl group has a negligible
impact on the transition structures of the 5-exo-transition structures. Calculations show that
the 6-endo cyclization mode is favored over 5-exo cyclization mode by 1.4 kcal/mol for both
cis- and trans-methoxy isomers, presumably because strain is released in the opening of the
bicyclo[4.1.0] system while the 5-exo TS retains the strain generated by the forming 1,3-
dioxolane ring. Although the experimental results show that the reactions proceed through the
exo- and endo-pathways to a nearly identical extent, these results support the observation that
bicyclo[4.1.0] epoxonium ions are more highly disposed toward the endo-pathway than bicyclo
[3.1.0] epoxonium ions.

Consistent with Baldwin's rules, and as observerved in the terminal ring forming steps in the
cyclizations of 7 and 8 (Table 2), intramolecular cyclization/epoxide ring openings of bicyclo
[3.1.0] epoxonium ions preferentially produce 5-exo cyclization products. This reaction was
mimicked with the model reaction shown in Scheme 10.

As shown in Figure 7, TS6_exo is nearly identical to the corresponding transition structure for
the bicyclo[4.1.0] epoxonium ion with respect to bond formation, leaving group departure, and
the oxygen-carbon-oxygen bond angle. TS6_endo, while showing a similar degree of bond
formation and leaving group departure relative to the transition structure for the bicyclo[4.1.0]
epoxonium ion, has a significantly diminished oxygen-carbon-oxygen bond angle (123.6° vs.
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135.5°). This energetically costly perturbation results in the 5-exo cyclization mode being
preferred over 6-endo cyclization mode (TS6_endo) by 2.7 kcal/mol in the gas phase.

To elucidate the role of the methoxy group on the regioselectivity, relevant to the cyclization
of 3 (Table 1) an additional model reaction (Scheme 11) was studied in the presence of cis-
and trans-methoxy group. For these epoxonium ion structures, the trans-methoxy isomer is
1.0 kcal/mol lower in energy than the substrate for the cis-methoxy isomer because the lone
pair of its epoxide oxygen is antiperiplanar to the σ* orbital of the methoxy group.

For the cis-isomer, methoxy group incorporation led to enhanced leaving group departure for
the exo-transition structure (TS7_cis_exo), but bond formation and the oxygen-carbon-oxygen
bond angle were essentially unchanged (Figure 8). TS7_cis_endo, however, has enhanced
bond formation and an oxygen-carbon-oxygen bond angle that is close to those that were
observed for endo-cyclizations in reactions of bicyclo[4.1.0] epoxonium ions. For the trans-
isomer, methoxy group incorporation had no impact on transition structure TS7_trans_exo.
The 6-endo transition structure (TS7_trans_endo), while geometrically similar with respect
to bond formation and leaving group departure, has the expanded oxygen-carbon-oxygen bond
angle that was seen in TS7_cis_endo. Energetically TS7_trans_endo is the lowest energy
transition structure, presumably because this transition structure allows the electron
withdrawing methoxy group to adopt an axial orientation with respect to the forming pyran
ring, thereby benefiting from a developing anomeric effect. Transition structures for exo-
cyclizations were found to be slightly higher in energy, and TS7_cis_endo, which does not
benefit from developing anomeric stabilization, was the highest energy transition structure.
The fascinating role of the methoxy group in these reactions explains the diminished selectivity
for exo-cyclizations when bicyclo[3.1.0] epoxonium ions form from the addition of epoxides
into oxocarbenium ions rather than non-stabilized carbenium ions. This is also interesting in
consideration of the isolation of endo-product 25 as a single anomer in which the methoxy
group has an axial orientation. Of note, while anomeric stabilization in the transition state
accounts for the formation of the endo-product for trisubstituted epoxide substrates, the effect
is not strong enough to promote endo-cyclization for disubstituted epoxides such as 1.

Conclusions
We have conducted an extensive study of intramolecular nucleophilic additions into bicyclic
epoxonium ions to determine the structural features that promote exo- and endo-selective
cyclization reactions. These results will serve as the basis for designing cascade processes that
lead to complex polycyclic ethers. In particular the effects of epoxide substitution pattern, the
structure of the carbocation that activates the epoxide, and the ring size of the bicyclic
epoxonium ion were examined. We observed that ring size has a significant impact on these
processes, with endo-cyclizations being preferred for bicyclo[4.1.0] epoxonium ions and exo-
cyclizations being preferred for bicyclo[3.1.0] epoxonium ions. This effect can be attributed
to the larger ring size accommodating a looser transition state that has significant SN1 character,
thereby promoting the endo-process, regardless of solvent polarity. The smaller ring size,
however, distorts endo-transition structure, thereby increasing its energy to an extent that
allows the exo-process to become favorable. Thus the superior efficiency for reactions that
proceed through bicyclo[4.1.0] epoxonium ions arises from the accessibility of the low energy
endo-pathway and not from the difficulty in forming bicyclo[3.1.0] epoxonium ions.30 The
substitution pattern of the epoxide also plays a substantial role in determining the regiochemical
outcome of the reactions, with the endo-pathway being promoted for cyclizations that result
from tertiary leaving group displacement due to the greater ability to stabilize the SN1-like
transition state. While the structure of the cationic activating group appears to have little impact
on the regioselectivity of reactions that proceed through bicyclo[4.1.0] epoxonium ions,
epoxide activation through addition into unstabilized carbenium ions to form bicyclo[3.1.0]
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epoxonium ions leads to a strong preference for exo-cyclizations while activation by addition
into oxocarbenium ions leads to a diminished preference for the exo-pathway. This was shown
to result from an intriguing anomeric stabilization that can develop in endo-cyclization
transition states when the alkoxy group has a pseudo axial orientation. While the effect is
modest, this result provides evidence that bicyclic epoxonium ion structure can potentially be
modified to promote tetrahydropyran formation through endo-cyclizations, as will be required
to design cascade processes that form ladder polyether structures. The results from these studies
clearly demonstrate that epoxonium ion structure is a significant determinant of kinetic
cyclization regioselectivity, and efforts to alter the outcomes of these reactions must exploit
thermodynamic differences in product energy or employ reactions that proceed through
different mechanisms.
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Figure 1.
Cyclization substrates.
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Figure 2.
Epoxonium ion substitution patterns to be compared in this study.
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Figure 3.
TS1 and TS2 for the addition of the dimethyl carbonate to the 1,2,2,3-tetramethyloxiranium
ion. Relative energies are given in kcal/mol and the distances are given in Å.
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Figure 4.
5-exo and 6-endo transition structures for the intramolecular cyclization of the bicyclo[4.1.0]
epoxonium ion. The energies are given in kcal/mol and the distances are given in Å.
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Figure 5.
Transition structures for the 5-exo and 6-endo cyclization modes of bicyclo[4.1.0] epoxonium
ion for the cis- and trans-methoxy isomers. The energies are given in kcal/mol and the distances
are given in Å.
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Figure 6.
Transition structures for the 5-exo and 6-endo cyclization modes of bicyclo[4.1.0] epoxonium
ion for the cis- and trans-methoxy isomers in the absence of the methyl group. The energies
are given in kcal/mol and the distances are given in Å.
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Figure 7.
5-exo and 6-endo transition structures for cyclizations of the bicyclo[3.1.0] epoxonium ion.
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Figure 8.
Transition structures for intramolecular cyclization/epoxide ring opening of bicyclo[3.1.0]
epoxonium ion with methoxy group incorporation. The energies are given in kcal/mol and the
distances are given in Å.

Wan et al. Page 16

J Am Chem Soc. Author manuscript; available in PMC 2008 October 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 1.
Exo- and endo-cyclizations using alkene and epoxide groups.
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Scheme 2.
Synthesis of monoepoxide substrates.
Reagents and conditions a) Ph2CH2, nBuLi, THF, 0 °C, 83% (n = 1), 70% (n = 2). b) NaH,
DMF, 0 °C, then MeI, 97% (n = 1), 95% (n = 2). c) O3, CH2Cl2, −78 °C, then Ph3P, rt, 96%
(n = 1 or 2). d) (EtO)2P(O)CH2CO2Et, NaH, THF, 0 °C, 94% (n = 1), 93% (n = 2). e) DIBAL-
H, THF, −78 °C. f) m-CPBA, NaHCO3, CH2Cl2, 0 °C 70% (n = 1), 91% (n = 2), two steps. g)
Boc2O, N-methylimidazole, PhMe, 0 °C, 90% (n = 1), 84% (n = 2). h) 2,2,6,6-
Tetramethylpiperidine, nBuLi, Et2AlCl, benzene, 0 °C, 90%. i) (EtO)3CCH3, propionic acid,
145 °C, 96%. j) DIBAL-H, CH2Cl2, −78°C. k) Ph2CH2, nBuLi, THF, 0 °C, 70% (n = 1), 79%
(n = 2). l) NaH, DMF, 0 °C, then MeI. m) Bu4NF, THF, 100% (n = 1), 97% (n = 2), two steps.
n) m-CPBA, NaHCO3, CH2Cl2, 0 °C, 95% (n = 1), 99% (n = 2). o) Boc2O, N-methylimidazole,
PhMe, 0 °C, 86% (n = 1), 89% (n = 2). p) Ph3P+CH2OMe Cl-, NaHMDS, THF, −78 °C, then
Hg(OAc)2, THF, H2O, KI, 82%.
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Scheme 3.
Synthesis of diepoxide cyclization substrates 5-8.
Reagents and conditions a) 2,2,6,6-Tetramethylpiperidine, nBuLi, Et2AlCl, benzene, 0 °C,
92%. b) (EtO)3CCH3, propionic acid, 145 °C, 94%. c) DIBAL-H, CH2Cl2, −78°C, 92%. d)
Ph2CH2, nBuLi, THF, 0 °C, 80% (n = 1), 80% (n = 2). e) NaH, DMF, 0 °C, then MeI. f)
Bu4NF, THF, 97% (n = 1), 98% (n = 2), two steps. g) Ph3P+CH2OMe Cl-, NaHMDS, THF,
−78 °C, then Hg(OAc)2, THF, H2O, KI, 91%. h) Shi catalyst, KHSO5, (MeO)2CH2, CH3CN,
H2O, 0 °C, 88% (5), 91% (6), 64% (7). i) Boc2O, N-methylimidazole, PhMe, 0 °C, 93% (5),
86% (6), 78% (7), 82% (8, two steps). j) (+)–Diisopropyl tartrate, tBuOOH, Ti(OiPr)4,
CH2Cl2, −25 °C, 96% (n = 1), 97% (n = 2).
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Scheme 4.
Convergent synthesis of epoxide 9.
Reagents and conditions a) DIBAL-H, CH2Cl2, −78 °C. b) Ph2CH2, nBuLi, THF, 0 °C, 82%
(2 steps). c) 1-Phenyl-1H-tetrazole-5-thiol, Ph3P, DIAD, THF, 97%. d) NaH, DMF, 0 °C, then
MeI, 85%. e) m-CPBA, NaHCO3, CH2Cl2, 0 °C, 95%. f) KHMDS, DME, −78 °C, then 15,
63%. g) Bu4NF, THF, 95%. h) Shi catalyst, KHSO5, (MeO)2CH2, CH3CN, H2O, −5 °C, 94%.
i) Boc2O, N-methylimidazole, PhMe, 83%.
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Scheme 5.
Lactone formation from acetals.
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Scheme 6.
Bimolecular epoxonium ion opening.
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Scheme 7.
Model reactions for bicyclo[4.1.0] epoxonium ion opening.
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Scheme 8.
Model reaction with methoxy group incorporation.
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Scheme 9.
Model reaction for the study of a methoxy-substituted bicyclo[4.1.0] epoxonium ion derived
from a disubstituted epoxide.
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Scheme 10.
Model reaction for the study of bicyclo[3.1.0] epoxonium ion ring opening.
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Scheme 11.
Model reaction for the bicyclo[3.1.0] epoxonium ion ring opening in the presence of an
anomeric methoxy group.
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Table 1
Cyclization reactions of monoepoxide substrates.

substrate products yield (%)a

59

30

22

33b

15b

73

a
Yields are reported for isolated materials unless otherwise stated. See the Supporting Information for procedures.

b
Yields are based on NMR analyses of product mixtures.

J Am Chem Soc. Author manuscript; available in PMC 2008 October 6.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wan et al. Page 29

Table 2
Cyclization reactions of diepoxide substrates.

substrate products yield (%)a

34b

6b

52b

9b

54

79

30

25

a
Yields are reported for isolated materials unless otherwise stated. See the Supporting Information for procedures.

b
See the Supporting Information for isolation protocols.
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