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The Disubstitution of Acetals to Prepare δ,δ-Bis(aryl) β-Keto Esters
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An efficient catalytic protocol for the synthesis of δ,δ-bis-
(aryl)-substituted β-keto esters has been developed. This
method involves the Lewis acid catalysed disubstitution reac-
tion of ester-substituted silyl enol ether acetals with a series

Introduction

Molecules containing two aromatic groups bonded to the
same carbon atom have found widespread use in organic
chemistry.[1] For example, bis(indolyl)-containing structures
(such as 1, Figure 1) have shown significant bioactivity in
a medicinal chemistry setting as peroxisome proliferator-
activated receptor γ (PPARγ) agonists, histone deacetylase
(HDAC) inhibitors and antimicrobial agents.[2] Further-
more, bis(phenyl) ketones have been prepared as highly
active analogues of the commercially available drug modafi-
nil (2, Figure 1), currently employed in the treatment of
sleep disorders but also showing potential for treating atten-
tion deficit hyperactivity disorder (ADHD) and opioid-in-
duced sedation.[3]

Figure 1. Bioactive molecules containing bis(aryl) functionality.

Several methods have been reported for the incorpora-
tion of the bis(aryl) functionality into target molecules. A
protocol involving the disubstitution of acetal 3 with indole
by employing a manganese catalyst was reported by Gu and
co-workers in 2011 (Scheme 1, top).[4] The catalytic disub-
stitution of aromatic and aliphatic ketones, aldehydes and
ethers has also been previously reported by a number of
groups.[5] These reactions, presumably involving the forma-
tion of an acetal-like intermediate, are facilitated by a cata-
lytic amount of trichloro-1,3,5-triazene[5a] or iodine[5b] in
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of aromatic nucleophiles to afford valuable functionalized β-
keto esters with several sites available for further derivati-
sation.

acetonitrile or by using lanthanide triflate catalysts in aque-
ous methanol or ethanol.[5c,2h] More recently, several palla-
dium-catalysed methods for the preparation of bis(phenyl)
ketones from acetophenones and aryl halides have been re-
ported.[6] In addition, a method facilitated by a combina-
tion of iodine and trifluoromethanesulfonic acid was used
to access bis(phenyl) ketones from acetophenone and elec-
tron-rich aromatic nucleophiles (Scheme 1, bottom).[7]

Scheme 1. Recent syntheses of bis(aryl) alkanes and ketones.

The development of new methods to prepare α-bis(aryl)
ketones, preferably by utilising mild conditions that do not
require high temperatures or expensive transition-metal cat-
alysts, is necessary to allow access to a wider variety of
building blocks for organic synthesis and medicinal chemis-
try. To this end, we herein report a new protocol for the
preparation of δ,δ-bis(aryl) substituted β-keto esters from
readily accessible enol acetals and electron-rich nucleophilic
aromatic species.

Results and Discussion

Our interest in this area of research began initially with
a focus on developing new asymmetric [4+3] cycloaddition
methodology. The [4+3] cycloaddition reaction involving
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heteroatom-stabilised allyl cations is a reliable and efficient
method for the preparation of bridged heterobicyclic scaf-
folds.[8] In particular, the cycloaddition of oxyallyl cations
with suitable dienes provides a very useful class of bicy-
clo[3.2.1]octene-based compounds that have been sub-
sequently employed in total syntheses of a range of impor-
tant natural products.[8c,9] To increase the utility of the
[4+3] cycloaddition reaction, it is essential that complete
diastereo- and enantiocontrol can be achieved during bond
formation. However, when compared to other C–C bond-
forming processes (including the Diels–Alder reaction), the
number of asymmetric [4+3] cycloaddition reactions re-
ported to date remains extremely limited.[10] The few exam-
ples of the asymmetric [4+3] cycloaddition that exist involve
the use of chiral substrates (see Scheme 2, Naph = naphthyl,
TMSOTf = trimethylsilyl trifluoromethanesulfonate),[11]

chiral transition-metal complexes,[12] or chiral organocata-
lysts.[13]

Scheme 2. The asymmetric [4+3] cycloaddition by using a chiral
auxiliary.

One method commonly utilised to access the requisite
oxyallyl cation for the [4+3] cycloaddition is through the
Lewis acid catalysed activation of an enol acetal.[14,8c] In
addition, several highly enantioselective transformations of
β-keto esters have been recently reported employing dicat-
ionic palladium catalysts.[15] As such, to further explore the
development of asymmetric [4+3] cycloaddition reactions
involving oxyallyl cations, we decided to investigate the use
of β-keto ester acetals (such as keto acetal 10). It was envis-
aged that such substrates would allow for the utilisation of
transition-metal catalysts that could complex the keto ester
moiety, which would induce enolisation and provide ste-
reocontrol during activation of the acetal and the ensuing
cycloaddition process.

To begin our investigation, β-keto ester acetal substrate
10 was prepared by Claisen condensation of ethyl acetate
with ethyl diethoxyacetate in the presence of sodium.[16]

Subsequently, a series of chiral dicationic palladium com-
plexes were trialled as catalysts in the proposed cycload-
dition reaction between keto acetal 10 and furan (to afford
11, Scheme 3); however, this substrate failed to undergo the
desired [4+3] cycloaddition process.

To allow additional investigations to be carried out, β-
keto ester acetal 10 was converted into silyl enol ether 12
by using TMSCl and triethylamine in toluene.[17] In an at-
tempt to first prepare racemic bicyclo[3.2.1]octene 11, ini-
tial reaction attempts of the [4+3] cycloaddition with enol
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Scheme 3. Attempted [4+3] cycloaddition of β-keto ester acetals.

acetal 12 were performed with furan (5.0 equiv.) and a cata-
lytic amount of TMSOTf in CH2Cl2 at –78 °C. Analysis of
the reaction mixture following a simple workup after stir-
ring for 16 h revealed that no cycloaddition (to form 11)
had taken place; however, complete conversion of acetal 12
into δ,δ-bis(furan-2-yl) β-keto ester 13 was observed
(Scheme 3). Bis(furyl) keto ester 13 was isolated in 92%
yield following column chromatography. When the reaction
was repeated in the presence of only one equivalent of
furan, bis(furyl) keto ester 13 was still the major product
formed. Additional studies revealed that the use of alterna-
tive solvents and Lewis acids led to much lower levels of
conversion to the product. A reduction in the amount of
nucleophile employed (to 3.0 equiv.) still afforded high
yields of the desired product (Table 1, entry 1).

The scope of the disubstitution of enol acetal 12 was then
investigated under the previously optimised reaction condi-
tions by using enol acetal 12 (0.25 mmol) and the aromatic
nucleophile (0.75 mmol) in CH2Cl2 (3 mL) in the presence
of a catalytic amount of TMSOTf. In addition to furan
(Table 1, entry 1), a range of nucleophilic aromatic sub-
strates were trialled in this process, and the results are sum-
marised in Table 1. 2-Methylfuran derivative 14 was ob-
tained in 81% yield (Table 1, entry 2). Furthermore, N-
methylpyrrole performed well in this reaction, as it provided
δ,δ-bis(pyrrol-2-yl) β-keto ester 15 in 72 % yield (Table 1,
entry 3). Activated phenyl substrates such as anisole, 1,3-
dimethoxybenzene and 1-methoxynaphthalene also reacted
cleanly to afford the corresponding δ,δ-bis(aryl) β-keto
esters 16–18 (Table 1, entries 4–6). Bis(indol-3-yl) β-keto
esters 19 and 20 were prepared using this method by em-
ploying indole and N-methylindole, respectively (Table 1,
entries 7 and 8). Mechanistically, the disubstitution process
is proposed to proceed in a stepwise fashion, whereby the
monoaromatic substrate is formed, and the monoethoxy-
substituted δ-carbon remains electron rich enough for a sec-
ondary substitution reaction to form δ,δ-bis(aryl) β-keto
esters 13–20.

The preparation of more densely functionalised δ,δ-bis-
(aryl) β-keto esters was then explored by using a series of
keto acetals containing α-aliphatic and aromatic functional-
ities, prepared from Claisen condensation reactions.[18] The
β-keto esters were subsequently converted into correspond-
ing silyl enol ethers[11b] 21–23 and subjected to the pre-
viously identified conditions by employing anisole as the
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Table 1. Investigation into the scope of suitable nucleophiles appli-
cable to the disubstitution of enol acetal 12.

aromatic nucleophile (Scheme 4). In each of these cases,
however, the δ,δ-bis(p-methoxyphenyl) β-keto esters did not
form, and degradation of the starting material was ob-
served.

Scheme 4. Additional attempts to prepare δ,δ-bis(aryl) ketones.

An additional attempt to prepare the δ,δ-bis(p-meth-
oxyphenyl) methyl ketone was carried out by using enol
acetal 24 and anisole (Scheme 4). Unfortunately, nucleo-
philic addition of the aromatic nucleophile did not occur,
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and the major product isolated was diketone 25 in 84%
yield, which was formed by dimerisation of enol acetal 24
(Scheme 4).

Derivatisation of the δ,δ-bis(aryl) β-keto esters was then
explored (Scheme 5). The preparation of modafinil ana-
logues 26 (43% yield) and 27 (90 % yield) was readily ac-
complished through reaction of β-keto esters 16 and 17,
respectively, with isopropylamine.[3] The preparation of
more highly substituted bis(aryl) β-keto esters 28, 29 and
30 could be achieved through reaction with sodium hydride
and alkyl halides (Scheme 5). The reaction employing only
one equivalent of propargyl bromide provided β-keto ester
alkyne 28 in 82% yield (the product was isolated as a 1:1.5
mixture of conformational isomers). A reaction protocol in-
volving two equivalents of benzyl bromide formed dibenzyl
β-keto ester 29 in an excellent yield of 95 %. In the presence
of an excess amount of sodium hydride and methyl iodide,
trimethylation of 2-methylfuran derivative 14 afforded β-
keto ester 30 in 79% yield.

Scheme 5. Additional derivatisation of the δ,δ-bis(aryl) β-keto es-
ters. DMAP = 4-(dimethylamino)pyridine, DMA = dimethylacet-
amide.

The investigation reported herein into the potential ap-
plication of β-keto ester acetals in the [4+3] cycloaddition
of oxyallyl cations has further highlighted the role that elec-
tronic factors play in the success of the cycloaddition pro-
cess. If unsubstituted enol acetal 24 is activated by a Lewis
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acid in the presence of furan, the cycloaddition proceeds
rapidly to afford bicyclo[3.2.1]octene 31 in excellent yield
with a high level of diastereoselectivity (Scheme 6).[14] If the
enol acetal contains an ester substituent, as in our case,
activation of acetal 12 in the presence of furan leads to δ,δ-
bis(furan-2-yl) β-keto ester 13 as the sole product through
disubstitution in excellent yield. In an analogous example,
Hsung and co-workers observed that the use of a chiral
aminal instead of the acetal moiety led to the formation of
a 1:1 mixture of cycloaddition product 33 and monoaddi-
tion product 34 (dr ≈ 9:1 for both products in the presence
of the chiral auxiliary).[19] As such, to allow further devel-
opments to be made in the asymmetric [4+3] cycloaddition
reaction, the electronic environment and stability of the req-
uisite oxyallyl cationic species is an important consider-
ation.

Scheme 6. Subtle electronic differences in the enol substrate affect
the outcome of the attempted [4+3] cycloaddition.

Conclusions

In summary, an efficient catalytic protocol for the prepa-
ration of δ,δ-bis(aryl) β-keto esters has been developed in-
volving the Lewis acid mediated disubstitution of enol acet-
als. This method proceeded well with a range of aromatic
nucleophiles to afford a valuable series of functionalised β-
keto esters, which are readily amenable to further derivatis-
ation.

Experimental Section
General Procedure for the Acetal Disubstitution Reaction: To an
oven-dried Schlenk tube under an atmosphere of argon was added
enol acetal 12 (73 mg, 0.25 mmol), the aromatic nucleophile
(0.75 mmol) and CH2Cl2 (3 mL). After cooling of this solution to
–78 °C, a few drops of TMSOTf were added. The reaction mixture
was stirred at this temperature for 2 h and then warmed to room
temperature and stirred for an additional 14 h. After this time, the
solvent was evaporated, and the product was purified by column
chromatography (pentane/ethyl acetate) to afford the bis(aryl) β-
keto ester product.
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Supporting Information (see footnote on the first page of this arti-
cle): Detailed description of the experimental procedures and ana-
lytical data for all compounds.
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