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ABSTRACT

A palladium-catalyzed tandem semipinacol rearrangement/direct arylation reaction using r-aryl isopropenyl-tert-cyclobutanols has been developed.
This reaction gives access to benzodiquinanes in moderate to good yields and tolerates alkyl-, alkoxy-, and halogen-substituted aryl groups.

Palladium-catalyzed reactions have had a great impact on
our ability to construct complex molecules. Traditionally,
palladium-catalyzed carbon-carbon bond forming cross-
coupling reactions have required the use of an oxidative
addition partner and an organometallic reagent.1 More
recently there has been significant focus on carbon-carbon
bond-forming reactions that do not require the use of an
oxidative addition partner, an organometallic partner, or
either. Research into direct arylation reactions involving aryl-
and benzylpalladium(II) intermediates has been particularly
intense.2 In contrast, reports of direct arylation reactions

proceeding through alkylpalladium(II) intermediates are
relatively rare,3 reflecting the difficulties resulting from
competitive �-hydride elimination processes.4 Not surpris-
ingly, alkylpalladium(II) intermediates incapable of �-hydride
elimination have been strategically utilized in direct aryla-
tions. Methods to generate these intermediates include
migratory insertion across a 1,1-disubstituted alkene and
palladium-catalyzed fragmentation of 2,2-disubstituted tert-
cyclobutanols.5

The indane and diquinane scaffolds are commonly occur-
ring features in pharmaceutical agents and natural products.
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In contrast, the benzodiquinane6 framework is relatively rare;
nevertheless, its synthesis has attracted some attention.
Sporadic reports of benzodiquinane synthesis initiated by
oxidative addition of Pd(0) across an Ar-X bond have
appeared.7 In addition, two methods for the synthesis of
benzodiquinanes via direct arylation have been developed.
In 2002 Toyota and Ihara8 reported a few examples of
the direct coupling of palladium enolates with tethered
aryl groups to generate benzodiquinanes (eq 1). One
drawback of this method is the need for stoichiometric
palladium. More recently, Willis9 reported an efficient
intramolecular direct arylation route to this class of
compounds (eq 2).

Our interest in expanding the chemistry of palladium
homoenolates10 and palladium-catalyzed strain-releasing
reactions, coupled with the relatively few methods available
for the synthesis of benzodiquinanes, prompted us to explore
a new strategy for their preparation. We envisioned that the
alkene function of an R-aryl substituted alkenyl tert-
cyclobutanol I would coordinate with an electrophilic pal-
ladium intermediate and promote a 1,2-alkyl shift11 to
generate a palladium homoenolate IV (Scheme 1). We
surmised that a certain degree of selectivity could be achieved
if the palladium electrophile could coordinate the alkene and
the hydroxy group simultaneously as in III.12 The resulting
palladium homoenolate could in principle participate in a
direct arylation reaction to generate the target compound V.

Substrates for this study could be readily prepared from
the corresponding benzaldehydes using a three-step sequence
involving methylenecyclopropane synthesis, oxidative rear-
rangement to an R-arylcyclobutanone, and diastereoselective
1,2-addition of an isopropenyl Grignard (eq 3).13 Importantly,
the synthesis of R-arylcyclobutanones is subject to enanti-
oselective synthesis.14

Initial experiments conducted on tert-cyclobutanol 1 and
using stoichiometric amounts of PdCl2 resulted in the
formation of the desired benzodiquinane product 2 in 10%
yield (Table 1, entry 1). A suite of NMR experiments was
used to establish the structure of the product, and NOE
difference experiments confirmed the cis-fusion of the
diquinane (inset). The use of 20 mol % Pd(OAc)2 and
molecular oxygen did not result in a significant improvement
(entry 2). A further increase in yield was observed when
Ag2CO3 was used as the base and oxidant in solvent mixtures
containing DMSO (entries 4 to 7). The use of DMSO in
toluene in an overnight reaction provided ketone 2 in 48%
yield accompanied with a 16% yield of the R,�-unsaturated
ketone 3 (entry 5). Under the same conditions, a 58% yield
of 2 was obtained after 1 h (entry 6). A comparable yield
was obtained when the reaction was conducted in DMSO
after 5 h (entry 7). When CH3CN was used as the sole solvent
ketone 2 was obtained in 56% yield; however the reaction
time was not practical (entry 8). Using a mixture of DMSO
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Scheme 1. Proposed Synthesis of Benzodiquinanes
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in toluene and reducing the reaction temperature to 85 °C
increased the overall yield (2 + 3) of the reaction to 77%
albeit over an extended reaction time (entry 9).

The scope of the reaction was explored using a toluene/
DMSO solvent mixture at 100 °C to maintain short
reaction times and avoid the formation of overoxidized
product (Table 1, entry 6). A variety of substrates bearing
methyl, alkoxy, and halogen substituents were readily
prepared. The preparation of substrates bearing electro-
philic substituents, (i.e., ketones or esters) on the aryl
groups is hampered by the low nucleophilicity of the
methylenecyclopropanes used for the synthesis of R-aryl
cyclobutanones. Furthermore, ketones and esters would
be subject to nucleophilic attack by the Grignard reagents
and were therefore not explored.

Substrates bearing a phenyl or p-tolyl ring provided the
benzodiquinane products in 48% and 66% yields, respec-
tively (Table 2, entries 1 and 2). Substrates bearing
p-fluorophenyl, p-chlorophenyl, and o,p-dichlorophenyl
groups provided the benzodiquinane products in 45%,
48%, and 56% yields, respectively (entries 3, 4, and 6).
A significantly lower yield was obtained with a substrate
bearing a p-bromophenyl substituent, presumably due to
an undesired oxidative addition to the aryl bromide (entry
5). Substrates bearing o-anisyl and 3,4,5-trimethoxyphenyl
groups provided the benzodiquinane products in 53% yield
(entries 7 and 8).

We explored the possibility of the halogen or alkoxy
substituents exerting a directing effect during the direct
arylation step (Table 3). Subjection of tert-cyclobutanol 20,
bearing a m-bromophenyl group capable of direct arylation
at two distinct sites, provided benzodiquinanes 22 and 23 in
a nearly 1:1 ratio and low yield. In contrast, the use of
substrate 21, bearing a 3-methoxy-4-ethoxyphenyl group,
provided benzodiquinanes 24 and 25 in a 1:3.4 ratio and 48%
overall yield.

The generally moderate yields observed in this reaction
suggest that at least one alternative reaction pathway leading
to undesired products is available. For instance, we have
observed the formation of products arising from a palladium-

Table 1. Reaction Developmenta

entry
PdX2

(equiv)
base and

oxidant (equiv) solvent
time (h),
temp (°C) yieldc,d(%)

1 PdCl2 (1.0) Cs2CO3 (1.1) DMA 48, 80 10
2 Pd(OAc)2

(0.2)
K2CO3 (1.0)

O2 (ballon) DMA 5, 100 23
3 Pd(OAc)2

(0.2) Ag2CO3 (2.0)
DMF/

DMSOb 4, 100 37
4 Pd(OAc)2

(0.2) Ag2CO3 (2.0)
CH3CN/

DMSOb 68, 75 48
5 Pd(OAc)2

(0.1) Ag2CO3 (2.0)
toluene/

DMSOb 14, 100 48 (16)d

6 Pd(OAc)2
(0.1) Ag2CO3 (2.0)

toluene/
DMSOb 1, 100 58

7 Pd(OAc)2
(0.1) Ag2CO3 (2.0) DMSO 5, 100 50

8 Pd(OAc)2
(0.1) Ag2CO3 (2.0) CH3CN 69, 75 56

9 Pd(OAc)2
(0.1) Ag2CO3 (2.0)

toluene/
DMSOb 72, 85 48 (29)d

a All reactions were conducted on 30 mg of substrate at 0.14 M
concentration. b A 5% solution of DMSO in the corresponding solvent was
used. c Isolated yields of benzodiquinane 2. d Yield of unsaturated ben-
zodiquinane 3 in parentheses.

Table 2. Scope of the Benzodiquinane Synthesisa,b

a All reactions were conducted on 30 mg of substrate and 20 mol % of
Pd(OAc)2 using the reactions conditions in Table 1, entry 6. b Isolated yields
of the benzodiquinane products.
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catalyzed �-carboelimination15 and �-hydride elimination
process using the reaction conditions developed by Stoltz16

for oxidative Heck reactions using electron-rich arenes (eq
3).

In conclusion, we have developed a new palladium-
catalyzed route to the benzodiquinane scaffold using
R-aryl isopropenyl-tert-cyclobutanols, proceeding through
a semipinacol rearrangement and direct arylation. A
variety of tert-cyclobutanols bearing alkyl-, halo-, and
alkoxy-substituted aryl groups participate in this reaction
and provide the desired products in moderate to good
yields.
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(15) For an early example of palladium-catalyzed �-carboelimination
of alkenyl-tert-cyclobutanols under oxidative conditions, see ref 5b. For a
related rhodium-catalyzed C-C activation of allenyl-tert-cyclobutanols, see:
(b) Seiser, T.; Cramer, N. Angew. Chem., Int. Ed. 2008, 47, 9294.

(16) Zhang, H.; Ferreira, E. M.; Stoltz, B. M. Angew. Chem., Int. Ed.
2004, 43, 6144.

Table 3. Regioselectivity of Benzodiquinane Synthesisa,b

a All reactions were conducted using 20 mol % Pd(OAc)2 using the
reaction conditions in Table 1, entry 6. b Isolated yields of the ben-
zodiquinane products.
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