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ABSTRACT: The organocatalytic enantioselective synthesis
of methanobenzodioxepine derivatives bearing a 6,6,5-bridged
ring system is presented. The m-CPBA-triggered in situ α-
oxidation of β-oxoesters to provide the required but unstable
α-hydroxy-β-dicarbonyl substrates is the key to this three-step
sequence, providing the desired cyclic acetals with excellent
stereoselectivities containing two bridgehead and one fully
substituted stereocenters. It is noteworthy that the absence of
m-CPBA furnished the acetal products bearing a 6,6,6-bridged
ring system with similar good results from the same starting
materials.

The chiral methanobenzodioxepine scaffold, containing
two bridgehead carbon stereogenic centers, constitutes a

privileged structural unit in many bioactive natural products
and pharmaceuticals.1 As a result, it has received considerable
attention from chemists for the synthesis of this bridged cyclic
acetal skeleton.2 However, although a number of strategies
have been developed, it has been found that the
enantioselective construction of such a cyclic acetal moiety is
quite challenging since almost no asymmetric catalytic
approaches have been reported, which may be ascribed to
the structural complexity and rigidity of the bridged cyclic
system.3

In 2016, Jørgensen and co-workers reported the first
example of an asymmetric iminium-catalytic Friedel−Crafts
reaction to prepare chiral methanobenzodioxepine scaffolds.4

However, the reaction was demonstrated as a competitive
process between the synthesis of fused cyclic ketal and bridged
cyclic acetal and thus limited to particular substrates bearing an
aryl side chain for the regioselectivity. To the best of our
knowledge, there is no other report on the enantioselective
construction of chiral methanobenzodioxepine derivatives.
Therefore, given their biological relevance, asymmetric
synthetic strategies to construct chiral methanobenzodioxepine
scaffold in a practical and efficient manner are still in great
demand.
As shown in Scheme 1, a general retrosynthetic analysis of

the methanobenzodioxepine scaffold possessing 6,6,5-bridged
ring system leads to the key intermediate bearing a hemiacetal
moiety and a free hydroxy group, which can be accessed by
iminium-catalyzed conjugate addition of 2-hydroxycinnamal-

dehyde to a hydroxy-containing nucleophile followed by the
acid-catalyzed intramolecular acetal formation.
We recently focused on the application of hemiacetals in

asymmetric organocatalysis5 and found that 2-hydroxycinna-
maldehyde could serve as a precursor of the 6,6-fused ring
system in the synthesis of chiral polycyclic architectures via
hemiacetal-containing intermediates.6 We thus proposed that
the application of α-hydroxy-β-dicarbonyl compounds as
hydroxy-containing nucleophiles to react with 2-hydroxycinna-
maldehyde seemed promising,7 since α-hydroxy-β-dicarbonyl
compounds have emerged as valuable synthons in many
important chemical transformations.8 It should be noted that
α-hydroxy-β-dicarbonyl compound has never been used as a
competent nucleophile in analogous reactions pathways.9

However, from the outset of our studies, the concept is
considered to be particularly challenging because we found
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Scheme 1. Retrosynthetic Analysis for the Synthesis of the
Methanobenzodioxepine Scaffold
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that α-hydroxy-β-dicarbonyl compound 2 was quite unstable
toward air oxidation and easily converted into α,β-
dioxocarbonyl 7 during the purification process by silica gel
column chromatography (Scheme 2). We envisioned that the

challenging issue could be addressed via the in situ oxidation of
β-oxoesters 1 by m-chloroperbenzoic acid (m-CPBA),10 where
the byproduct m-chlorobenzoic acid (m-CBA) can further act
as an acidic additive in the aminocatalyst 4 triggered iminium
catalysis11 to promote the reaction of 2-hydroxycinnamalde-
hyde 3a and the in situ formed 2, thus enabling a milder access
to target the chiral methanobenzodioxepine scaffold 6 after
oxocarbenium ion induced ring closure of the key intermediate
5. Herein, we report our efforts to address this issue, which led
to chiral methanobenzodioxepine scaffolds with a wide
substrate scope in good yields and with excellent stereo-
selectivities. Nevertheless, there are still several issues with this
design: (1) the undesired side reaction Baeyer−Villiger-type
oxidation of β-oxoesters; (2) the oxidation of aminocatalyst
resulting in complete loss of catalytic activity; and (3) the
stereocontrolled creation of two bridgehead and one fully
substituted stereocenters.
With these considerations in mind, we initially investigated

the in situ oxidation of ethyl benzoylacetate 1a with m-CPBA
in 1,2-dichoroethane (DCE) at 60 °C (Scheme 3a). However,
upon complete consumption of 1a, the subsequent conjugate
addition of 3a and 2a catalyzed by aminocatalyst 4 (20 mol %,

TMS = trimethylsilyl) at 25 °C in DCE did not provide the
expected key intermediate hemiacetal 5a. Meanwhile, most of
2a was oxidized into 7a. However, this is rather surprising
because the electron induction of the hydroxy moiety could be
expected to increase the acidity of the hydrogen atom at the α-
position and the propensity toward an alkylation pathway.12

Indeed, when the preformed α-hydroxy-β-dicarbonyl 2b,
which was somewhat stable because of the strong electron-
donating effect of the methoxy group, was used in the
sequential reaction with 3a in the presence of catalyst 4 and
without acidic or basic additives (Scheme 3b, Ar = 4-
MeOC6H4), the desired product 6b was obtained in 80%
yield with excellent stereoselectivity (97% ee, dr >20:1). When
m-CBA (20 mol %) was used as the acidic additive, the
reaction became sluggish (19 h, 33% yield), albeit with a high
level of stereocontrol (97% ee, dr >20:1). Almost no reaction
occurred (>48 h) when 100 mol % of m-CBA was used.
Additionally, it is proposed that an active aminal intermediate
8 was formed from the reaction of 3a with catalyst 4 in an
almost quantitative yield,13 and we also found that the
preformed 2b could be converted cleanly into 6b by the
reaction with aminal 8 (Scheme 3c, Ar = 4-MeOC6H4), and
similar good results were obtained as compared to the direct
sequential reaction path, which indicates that aminal 8 is
involved in the catalytic process. However, to our surprise, a
large amount of acidic additives, such as 100 mol % of m-CBA,
significantly suppressed the reaction rate for the generation of
the active aminal intermediate 8, while the reaction between 3a
and catalyst 4 led to a mixture of 8 and o-quinone methides
8′,14 which is inactive for the conjugate addition with α-
hydroxy-β-dicarbonyl 2 (Scheme 3d). In fact, this could
explain why no hemiacetal 5a was obtained due to the
existence of 2.4 equiv of m-CBA in the reaction mixture as the
byproducts.
Based on the above observations, we envisioned that the use

of base would be essential, which plays two roles: (1)
accelerating the formation of the active aminal intermediate 8
and (2) the deprotonative activation of α-hydroxy-β-
dicarbonyl 2. Much to our delight (Scheme 4), with the

addition of N,N-diisopropylethylamine (DIPEA) to neutralize
the byproducts m-CBA, the in situ oxidation triggered
sequential reaction proceeded smoothly, providing the key
intermediate 5a, and the subsequent BF3·Et2O-catalyzed acetal
formation via oxocarbenium ion delivered the desired bridged
cyclic acetal product 6a in good isolated yield with excellent
enantioselectivity as a single diastereoisomer.
Inspired by the success of the above model reaction, we next

explored the substrate scope of the reaction sequence between
2-hydroxycinnamaldehydes 3 and the in situ formed 2. As
shown in Scheme 5, regardless of the electronic properties and
the position of substituents on the phenyl ring of 1, the
reaction proceeded smoothly, providing products 6a−f in good
yields with good to excellent stereoselectivities. The heteroaryl-
and naphthyl-substituted 1 also worked well in the reaction

Scheme 2. Design of Synthetic Strategies

Scheme 3. Control Experiments
Scheme 4. Sequential Synthesis of Chiral
Methanobenzodioxepine Scaffold
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sequence, delivering the bridged cyclic products 6g and 6h in
good results. It should be noted that 6g was obtained as two
inseparable diastereoisomer (3:1), while by using an alkyl
group instead of an aryl group, the desired product was
obtained as two separable epimers, 6i and 6′i, with slightly
decreased enantioselectivity. Furthermore, the benzyl and tert-
butyl benzoylacetates were tolerated in this sequential process
(6j and 6k), albeit with slightly lower enantioselectivities. For
the 2-hydroxycinnamaldehyde substrates, both electron-donat-
ing and electron-withdrawing groups at different positions on
the aromatic rings were compatible with this transformation,
affording the products 6l−q in good yield with excellent
enantioselectivity. It should be noted that no reaction (NR)
was observed with 3-Cl-substituted 3, probably for steric
reasons (6r) Furthermore, Boc- and Ts-protected 2-amino-
cinnamaldehyde 3 were also found to be suitable substrates,
and the desired bridged aminal-containing product 6s and 6t
were obtained with excellent stereoselectivity, albeit in lower
yield.
Indeed, during the optimization of reaction conditions for

the synthesis of 6a, a small amount of the undesired enol-
containing bridged cyclic acetal 10a was observed when there
was an incomplete oxidation of ethyl benzoylacetate 1a, and
this original structure attracted our attention, which possesses a
6,6,6-bridged ring system. We then tested the reaction of 2-
hydroxycinnamaldehyde 3a and ethyl benzoylacetate 1a in the
presence of catalyst 4 in DCE at 25 °C (Scheme 6), leading to
the hemiacetal intermediate 9a, which was distinguished from

the hemiketal isomer 9′a by NMR spectroscopy (characteristic
carbon of the ketone carbonyl moiety at δ 196.2 ppm).15

Unexpectedly, when 9a was treated with an excess of BF3·Et2O,
the reaction mixture showed two new spots on TLC, and the
more polar one gradually converted to the less polar one,
which was confirmed to be the expected bridged cyclic acetal
10a (92%, 53% ee, dr >20:1), while the more polar
intermediate 11, which was somewhat unstable to isolation,
was characterized to be the dimer of 9a by mass spectroscopy.
Interestingly, we found that, in the presence of BF3·Et2O, the
dimer 11 was first hydrolyzed to give 9a, followed by ring-
closure to afford 10a.16

Encouraged by these initial results, we next focused on the
scope of this sequential cascade transformation, involving a
Michael addition, ketalization, and dehydration reaction
sequence. As shown in Scheme 7, ethyl benzoylacetate 1,

bearing electronically different substituents at various positions
of the aromatic ring, reacted smoothly with 2-hydroxycinna-
maldehyde 3, affording the enol-containing bridged cyclic
acetal in good yield with high enantioselectivity as a single
diastereoisomer (10a−e). This reaction sequenced is appli-
cable to alkyl-substituted β-dicarbonyl (10f). Similar good
results were also obtained regardless of the substituents on the
aryl moiety of 2-hydroxycinnamaldehyde (10g−j).
As previously mentioned, the β-dicarbonyl moiety has

emerged as a valuable synthon in many important chemical
transformations, and then selected transformations were
performed to demonstrate the synthetic utility of the
corresponding cascade products 6b and 10a (Scheme 8). By
using LiAlH4 in THF at 0 °C, the reduction of 6b gave the
dihydroxy-bridged acetal 12 with an additional stereocenter

Scheme 5. Substrate Scope of the Sequential Reaction of 2-
Hydroxycinnamaldehydes 3 and in Situ Formed 2a

aAll reactions were carried out using 1 (0.2 mmol, 2.0 equiv) and m-
CPBA (0.24 mmol, 2.4 equiv) in DCE (0.2 mL) at 60 °C for 20 h to
give the required α-hydroxy-β-dicarbonyl compound 2. Then DIPEA
(0.24 mmol, 2.4 equiv) was added to remove m-chlorobenzoic acid
followed by the addition of 3 (0.10 mmol, 1.0 equiv) and 4 (20 mol
%) to afford product 5, which was cyclized in the presence of BF3·
Et2O (1.0 equiv) at 0 °C in CH2Cl2 (1 mL) leading to product 6.
Isolated yields are given. Enantiomeric excesses (ee) are determined
by chiral HPLC analysis. Diastereomeric ratios (dr) are determined
by 1H NMR spectroscopy of the crude reaction mixture. Boc = tert-
butoxycarbonyl; Ts = 4-toluenesulfonyl.

Scheme 6. Sequential Synthesis of Chiral 6,6,6-Bridged Ring
Scaffold

Scheme 7. Substrate Scope of the Sequential Reaction of 2-
Hydroxycinnamaldehydes 3 and β-Oxoesters 1a

aPerformed on 0.2 mmol scale with 1.1 equiv of 1 and 1.0 equiv of 3.
Isolated yields are given. Enantiomeric excess (ee) are determined by
chiral HPLC analysis. Diastereomeric ratios (dr) are determined by
1H NMR spectroscopy of the crude reaction mixture.
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with complete stereocontrol. Compound 12 reacted with
(dimethoxymethyl)benzene and 2,2-dimethoxypropane, re-
spectively, in the presence of p-TsOH to produce 13 and 14,
both of which contained a spiro fully substituted stereogenic
center. Notably, 13 was obtained as a single diastereoisomer
with the creation of one new asymmetric center. Additionally,
the regioselective tosylation of the primary hydroxyl group in
12 followed by n-BuLi-triggered ring closure via intramolecular
O-nucleophilic substitution provided the spirocyclic product15
containing a four-membered oxetane ring in 47% total yield
over three steps. The Bayer−Villiger oxidation of the aryl
ketone functionality with m-CPBA as the oxidant delivered the
acyl-protected ketal 16 in 67% yield, maintaining excellent
stereoselectivity. Moreover, a highly chemo- and stereo-
selective reduction of the ketone group with NaBH4 resulted
in secondary alcohol product 17, followed by TiCl4-catalyzed
intramolecular transacetalization to generate 6,6,6-benzannu-
lated bridged cyclic acetal 18 containing a fully substituted
stereogenic center with a free hydroxy group. It is noteworthy
that the newly formed bridged stereocenter of 18 can be
introduced with complete stereoselectivity. Furthermore, in the
presence of Et3SiH and BF3·Et2O, compound 17 was smoothly
dehydroxylated to give enantiopure bridged acetal 19. On the
other hand, Pd/C-catalyzed hydrogenation of the double bond
in 10b yielded 20 as the only stereoisomeric product with two
new chiral centers. Additionally, hydrolysis of 10b afforded
acid 21, and when acid 21 was exposed to blue LED in the
presence of PhI(OAc)2 and I2, oxidative cross coupling
between C−H and O−H took place to afford the polycyclic
coumarin-containing product 22 in 57% yield (two steps) with
excellent stereoselectivity.17 It should be noted that, starting
from 3a and 4-hydroxycoumarin 23, product 22 could also be
obtained, however, with poor results (45%, 28% ee).

The structure and stereochemistry of 6p (CCDC 1878221)
were unambiguously determined by single-crystal X-ray
analysis (Scheme 5; the H atoms are omitted for clarity). All
other compound structures were assigned by analogy to 6p
assuming a uniform reaction pathway. The absolute config-
uration of compounds 6i, 13, 18, and 20 was determined by
chemical correlation (see the Supporting Information for
details).
In summary, we have developed a highly efficient organo-

catalytic three-step sequence for the construction of chiral
methanobenzodioxepine derivatives containing two bridgehead
and one fully substituted stereogenic centers with a wide
substrate scope and with high stereoselectivity. The key to the
success of this strategy was the in situ formed α-hydroxy-β-
dicarbonyl 2 via the metal-free α-hydroxylation of α-
unsubstituted β-dicarbonyl compounds by using m-CPBA as
the oxidant. For the first time, α-hydroxy-β-keto esters were
used in asymmetric organocatalytic cascade reactions to
construct polyheterocyclic compounds bearing a 6,6,5-bridged
ring system. Interestingly, the reaction sequence could proceed
smoothly in the absence of m-CPBA, leading to different types
of polycyclic acetals that possess a 6,6,6-bridged ring system.
Moreover, based on the dicarbonyl functionality, several
valuable transformations were realized to furnish spiro-bridged
polycyclic acetals with high levels of structural complexity. The
application of this in situ oxidation strategy to construct
complex heterocyclic compounds is currently underway in our
laboratory and will be reported in due course.
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