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ABSTRACT: A Lewis acid catalyzed regioselective C−C
bond is constructed through β-addition of deconjugated
butenolides with p-quinone methides in a 1,6-conjugate
addition manner. Interestingly, Lewis acid catalyzed vinylogous
Mukaiyama−Michael reaction of silyloxyfurans with p-QMs
proceeds selectively through the α or γ position exclusively.
The reaction is mild with broad substrate scope, thus allowing
easy access to a wide range of bis-arylated α-/β-/γ-substituted
butenolides.

Butenolides are structurally important scaffolds in various
biologically active molecules, natural products, and

synthetic intermediates.1 Among various unsaturated γ-lactone
derivatives, the butenolide-derived diarylmethane unit appears
as a privileged structural motif in various complex lignans and
secolignans.2 The regioselectively functionalized sites of
butenolide-derived diarylmethane constitutes an important
structural feature of a diverse range of natural and unnatural
products, exhibiting a wide spectrum of biological activities
(Figure 1). Owing to the prevalence and significance of
butenolides and its congeners, the development of streamlined

strategies to exploit the nucleophilicity of all the positions (α, β,
γ) of butenolide regioselectively remains an active area in the
realm of exploratory synthetic research.3

A deconjugated butenolide, α-angelica lactone, has emerged
as a valuable building block for the construction of butenolide
derivatives.4 It has been synthetically exploited through in situ
conversion to dienolate intermediates and silyloxyfurans for the
electrophilic attack at the γ-position. A few reports for α-attack
of silyloxyfurans are also available in the literature. However,
the nucleophilicity of the β-position has not been explored
rigorously (Scheme 1).
In contrast to the well explored γ-attack of deconjugated

butenolides or silyloxyfurans, only two reports by Mukaiyama5

and Lavilla6 were found for nucleophilic attack of α-angelica
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Figure 1. Natural and unnatural products containing γ-butenolide-/γ-
butyrolactone-derived diarylmethane scaffolds.

Scheme 1. Regioselectivity of Deconjugated Butenolides and
Silyloxyfurans toward 1,6-Conjugate Addition Reaction
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lactone from the β-position. However, the initial attack from
the β-position in both reports led to skeletal rearrangements of
the butenolide framework in a reaction cascade. With our
ongoing interest and endeavors in butenolide chemistry,7 we
envisioned a regioselective β-attack of deconjugated buteno-
lides in an enol ester-type reactivity (unexplored).
Among various reports on α-addition,8 only a few were based

on Lewis acid catalyzed α-addition with retention of a double
bond without isomerization toward more stable α,β-unsatu-
rated butenolide. Toward this goal, Boukouvalas et al.9 have
successfully achieved the α-addition of 2-furanolates regiose-
lectively using an Sn-enolate-based chelation-controlled strat-
egy. Recently, Hartwig and co-workers exquisitely demon-
strated Ir-catalyzed regio- and enantioselective α-allylation of
trimethylsilyloxyfuran.10 In fact, in a few synthetic method-
ologies, α-addition with silyloxyfurans was reported as a minor
product but not explored to a large extent.11 Recently, Zhou
and co-workers reported an enantioselective α-addition/
transesterification of deconjugated butenolides with o-quinone
methides.12 To the best of our knowledge, there is no report of
Lewis acid catalyzed nucleophilic addition from the α,β,γ-
positions of butenolides on a p-QMs as a single substrate.
In recent years, p-quinone methides have been explored

extensively due to their unique ability as powerful Michael
acceptors with a variety of nucleophiles.13 In 2004, Eklund and
co-workers14 elegantly showed the oxidative metabolism of
plant lignan hydroxymatairesinol to its corresponding butyr-
olactone lignins, isohydroxymatairesinol and epi-isohydroxyma-
tairesinol, via a p-QMs intermediate. Recently, our group also
reported a Tf2NH-catalyzed 1,6-conjugate addition reaction of
p-QMs with vinyl azide.15 In continuation herein, we report a
highly efficient and regioselective 1,6-conjugate addition of
deconjugated butenolides and silyloxyfurans to p-QMs
catalyzed by Lewis acid, leading to a diversely substituted
butenolide-derived diarylmethane scaffold.
To investigate our hypothesis, we started our exploration of

an β-addition reaction using α-angelica lactone 2a and p-QMs
1a as a model substrate. Table 1 summarizes the effect of
several parameters on this reaction. Initially, when 20 mol % of
BF3·OEt2 was used to catalyze the reaction between 1a and 2a
in CH2Cl2 at 0 °C, it resulted in the formation of undesired
hydrolyzed product 4 exclusively in 5 min only via β-attack
(entry 1). The formation of product 4 gave us the idea about
the reaction proceeding via an enol ester-type reactivity. The
intermediate oxonium ion thus formed was quenched due to
the presence of traces of moisture, thus accounting for the
formation of hydrolyzed product 4. To rationalize our concept
and to minimize the side product, we attempted the reaction
using activated molecular sieves (entry 2). Though this has
resulted in the formation of desired product 3a in 33% yield
along with product 3a′16 having an isomerized exo-double bond
in 11% yield, the formation of hydrolyzed product 4 in 37%
yield could not be suppressed. Use of other Lewis acids seemed
to be the best alternative for improving yields and selectivity of
product 3a. Interestingly, 20 mol % of Bi(OTf)3 afforded 74%
yield of product 3a with the formation of a trace amount of 4
(entry 3). Screening of other Lewis acids such as Cu(OTf)2,
Sc(OTf)3, AgOTf, and La(OTf)3 was ineffective in terms of
product selectivity and yields (entries 4−7). With the
promising result of Bi(OTf)3, we further screened its efficacy
in other solvents such as THF and CH3CN but ended with
unsatisfactory results (entries 8 and 9). As this reaction led to
the formation of product 3a in a nearly racemic form, we

considered attempting the asymmetric version of same β-
addition reaction. To this end, we tested chiral phosphoric acids
containing bulky groups on the BINOL backbone such as (S)-
TRIP catalyst, but unfortunately, the reaction did not work
(entries 10 and 11).
This could probably be attributed to the inefficiency of the

catalyst to activate p-QMs toward nucleophilic attack. A similar
set of disappointing results was obtained on switching to chiral
metal phosphates with a view to activate p-QMs through the
interaction of its lone pair with the Lewis acidic metal (entry
12).
After having attempted the chiral catalysts in triggering the β-

addition, we considered inducing chirality employing a chiral
auxiliary. Accordingly, we prepared (−)-menthol-incorporated
p-QMs17 and subjected it to the standardized reaction
conditions, but to our dismay, we ended up obtaining the
undesired auxiliary-cleaved product 5 in 91% yield. The
formation of 5 may be attributed to steric crowding toward
the incoming nucleophile, thus facilitating intramolecular 1,6-
conjugate addition by ester carbonyl followed by elimination of
the menthol moiety (Scheme 2). On the other hand, BF3·OEt2
worked well in the case of chiral p-QMs to deliver the required
product 6 in 74% yield with dr ∼ 1:1 (1H NMR analysis).
The effect of temperature on 1,6-conjugate addition reactions

was also studied. To our surprise, the reaction did not work at
lower temperature (−78 °C). Interestingly, though the reaction
failed to proceed at 0 °C for more than 2 days, as soon as it was
brought to room temperature the formation of product 6 was
observed within 5 min. Thus, we observed that the influence of
chiral auxiliary on the reactive site is minimal, which can be
attributed not only to the presence of spacer (−CO2−), thus

Table 1. Optimization Studiesa

yieldb

entry catalyst solvent temp (°C) time (min) 3a 4

1 BF3·OEt2 CH2Cl2 0 5 83
2c,d BF3·OEt2 CH2Cl2 0 15 33 37
3e Bi(OTf)3 CH2Cl2 0 5 74 <5
4 Cu(OTf)2 CH2Cl2 0 15 45 28
5 Sc(OTf)3 CH2Cl2 0 5 − 67
6 AgOTf CH2Cl2 0 10 8 78
7f La(OTf)3 CH2Cl2 0 15 6 14
8 Bi(OTf)3 THF 0 15 12 69
9 Bi(OTf)3 CH3CN 0 5 86
10 BH*a toluene 25 24 h NR
11 BH*a toluene 60 24 h NR
12 BH*b toluene 25 24 h NR

aUnless otherwise stated, the reaction was performed with p-QMs 1a
(0.17 mmol, 50 mg), α-angelica lactone 2a (0.17 mmol, 15 μL), and
Lewis acid/BH* (20 mol %) in 2 mL of solvent at the specified
temperature. bIsolated yields. c4 Å molecular sieves (50 mg).
dFormation of 3a′ was observed in 11% yield. eNo reaction when
performed in the presence of 4 Å molecular sieves, and the yield of 3a
with 10 mol % of Bi(OTf)3 was 55%. fYields brsm 1a. NR = no
reaction. BH* = Appropriate chiral phosphoric acid (for the structure
of BH*, see the SI).
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orienting the auxiliary away from the reactive site, but also to
the short reaction time giving no scope for chiral induction.
The reaction of butenolides with diversely substituted p-QMs

1a−l was examined for both compatibility and wide substrate
applicability under the reaction conditions. The reaction was
found to be very facile with α-angelica lactone and its
derivatives.
Interestingly, p-QMs with electron-withdrawing substituents

1h−l furnished the desired products 3h−l in good yields (69−
82%), in comparison with electron-donating substituents,
which gave only moderate yields (45−74%) of the products
3a−g (Scheme 3). In the case of 3,4,5-trimethoxy-substituted p-

QMs 1f, product with tricyclic core 3f was obtained in 61%
yield, and the structure was further confirmed by single-crystal
X-ray analysis. The formation of tricyclic product can be
attributed to [3 + 2] cycloaddition of the oxonium ion formed
after an initial β-attack. The characterization of this product
validates the enol ester-type reactivity of the butenolide.
Surprisingly, when the tert-butyl groups at the 2- and 6-
positions of phenol were replaced with a methyl group to give
p-QMs 1q, yields of product 3g reduced drastically to 45%,
suggesting that bulky substituents are crucial for the stability of
p-QM. The scope of the reaction was further investigated with

α-angelica lactones bearing different substituents at the γ-
position. Both electron-donating and electron-withdrawing
groups on the aryl ring attached to α-angelica lactone, as well
as alkyl substituents, were well suited to furnish the products
3m−q in 58−68% yields. It is noteworthy that −CH2Ph-
substituted lactone resulted in the formation of product 3m
with an exo double bond in 60% yield due to the elimination of
competing acidic proton at the benzylic position. Moreover,
lactone 2e having −F group gave 3q in a crude yield of 66%.
However, attempts to purify 3q on a column gave two fractions
of 3q and 3q′ in 28% and 30% yields, respectively. This was
probably due to epimerization of acidic proton at the α-position
of the product during silica gel column chromatography due to
the −ve inductive effect of the −F group. The structure of
products 3e and 3m was further confirmed by single-crystal X-
ray analysis (see the Supporting Information (SI).
On the basis of the experimental results, a plausible

mechanism for the formation of various products during β-
addition is proposed. Bi(OTf)3-catalyzed activation of p-QMs
followed by 1,6-conjugate addition by deconjugated buteno-
lides, when R, R1 = H, leads to the formation of oxonium
intermediate A (see SI), which undergoes deprotonation
affording product 3 (endo double bond) and 3′ (exo). On the
other hand, if oxonium intermediate A is quenched by
moisture it leads to the formation of undesired hydrolyzed
product 4. Finally, the [3 + 2]-cycloaddition on deconjugated
butenolides takes place when the oxonium ion of intermediate
B is intercepted with a highly electron-donating aromatic ring
of p-QMs.
After having explored the β-attack, we sought to access the γ-

position of butenolides via Lewis acid catalyzed vinylogous
Mukaiyama−Michael reaction18 of γ-unsubstituted silyloxyfur-
ans on p-QMs. After having standardized the reaction
conditions (see SI optimization Table), we studied the
substrate scope of the p-QMs and silyloxyfurans (Scheme 4).
The presence of electron-donating and electron-withdrawing

substituents on p-QMs and silyloxyfurans has very little impact
on the product 8a−i yields (78−93%) and diastereoselectivity.
The structure of product 8b was further confirmed by single-
crystal X-ray analysis.

Scheme 2. Attempts for Chiral Induction

Scheme 3. Substrate Scope for β-Addition

Scheme 4. Substrate Scope for γ-Additiona

atert-Butyldimethylsilylfuran 7b was used in the case of 8i.
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Structural variation in the silyloxyfuran system at the γ-
position gave surprising results with exclusive α-attack (Scheme
5), which has not been observed with other electrophiles, with

γ being the preferred site of the attack. Thus, it gives us deeper
insights and the need for better understanding of the reactivity
and substrate selectivity of p-QMs. A series of substrates having
linear alkyl groups attached to the γ-position of the
silyloxyfuran moiety readily underwent efficient Mukaiyama−
Michael reaction under the optimized reaction conditions to
furnish the product 9a−e in good yields (58−69%).
The synthetic utility of this method was further explored by

carrying out de-tert-butylation of 3l using anhydrous AlCl3 to
deliver product 10 in 77% yield, which represents the important
structural motifs of various butenolide-derived natural products
(Scheme 6).

In spite of the above advantages, this method has some
defined limitations (see SI). For example, p-QMs 1f underwent
homodimerization19 under the reaction conditions to give
product 11 in 88% yield. These results were consistent, even in
the presence of other Lewis acids such as BF3·OEt2 and Tf2NH.
Highly reactive butenolides such as furan-2(3H)-one 2f and
furan-2(5H)-one 2g underwent decomposition under the
reaction conditions.
In conclusion, we have explored the electrophile-driven

selectivity of p-QMs toward nucleophilic reactivity of the α-, β-,
γ-positions of butenolides. This protocol allows synthesis of
diversely substituted butenolide-derived diarylmethane units
embedded in various natural products belonging to the lignan
and secolignan families. The enol ester reactivity of butenolide
was one of the key findings of this work. Further efforts toward
asymmetric induction in the unexplored β-attack and [3 + 2]-
cycloaddition reactions of deconjugated butenolides and their
applications in organic synthesis are currently in progress.
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