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ABSTRACT

It has been established that a cationic Rh(I)/dppf complex catalyzes the olefin isomerization/allyl Claisen rearrangement/intramolecular
hydroacylation cascade of di(allyl) ethers to produce substituted cyclopentanones in good yields under mild conditions.

The transition-metal-catalyzed intramolecular hydro-
acylation of 4-alkenals is a useful method for the synthesis
of substituted cyclopentanones.1�4However, the synthesis of
substituted 4-alkenals is sometimes troublesome. Further-
more, they are unstable under air and gradually oxidized to

the corresponding carboxylic acids. Therefore, the use
of readily prepared and stable 4-alkenal equivalents is
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highly desired. In 1995, Eilbracht and co-workers reported
the transition-metal-catalyzed olefin isomerization/allyl
Claisen rearrangement/intramolecular hydroacylation cas-
cade of di(allyl) ether A to produce substituted cyclopenta-
none D by using a neutral Rh(I)/dppe or Ru(II)/PPh3
complex (Scheme 1).5a In this cascade reaction, the metal-
catalyzed chemoselective olefin isomerization of the mono-
substituted alkene moiety of A proceeds to give alkenyl
ether B. Subsequent thermal allyl Claisen rearrangement
affords 4-alkenalC. Metal-catalyzed intramolecular hydro-
acylation of C affords cyclopentanone D. However, harsh
reaction conditions (140�220 �C under CO atmosphere)
were required and the yields of D were not satisfactory.
On the other hand, our research group reported the

cationic Rh(I)/bisphosphine complex-catalyzed olefin iso-
merization/propargylClaisen rearrangement/carbonylmi-
gration cascade of allyl propargyl ethers possessing the 1,
1-disubstituted alkene moiety at 80 �C.6 In this cascade
reaction, the olefin isomerization of the 1,1-disubstituted
alkene moiety proceeds smoothly. Thus, we designed the
following Rh(I)-catalyzed cascade reaction using di(allyl)
ether 1 possessing the 1,1- and 1,2-disubstituted alkene
moieties (Scheme 2). If the cationic Rh(I)/bisphosphine
complex catalyzes the chemoselective isomerization of the
1,1-disubstituted alkene moiety of 1, the corresponding
alkenyl ether 2 would be generated.7 The subsequent
thermal allyl Claisen rearrangement of 2, which would be
accelerated by the Lewis acidic cationic Rh(I) complex,
wouldproceedat a lower temperature to afford4-alkenal3.8

The Rh(I)-catalyzed intramolecular hydroacylation of 3
would afford cyclopentanone 4. Herein, we disclose our
success of the above-mentioned cascade reactionbyusing a
cationic Rh(I)/dppf catalyst under mild conditions.
We first investigated the reaction of di(allyl) ether 1a in

the presence of a cationic Rh(I)/dppe complex (10 mol%)
at 80 �C (Table 1, entry 1). Pleasingly, the desired cyclo-
pentanone 4a was obtained in moderate yield, while
3-alkenal 5a was generated as a byproduct. Screening of
bisphosphine ligands (entries 1�5) revealed that the use of

dppf afforded 4a in the highest yield without the formation
of 5a (entry 5). At rt, the chemoselective isomerization of
the 1,1-disubstituted alkene moiety of 1a proceeded to give
the corresponding alkenyl ether 2awithout forming dienesE
and F, while 4-alkenal 3a was generated in low yield and
cyclopentanone4awasnot generatedat all (entry 6).Finally,
the catalyst loading could be reduced to 5 mol % without
erosion of the product yield and ee value (entry 7).
With the optimized reaction conditions in hand, the

scope of this cascade reaction was examined (Table 2).9

With respect to substituents at the 1,2-disubstituted alkene
moiety (R1), di(allyl) ethers 1a�h possessing electronically

Scheme 2

Table 1. Optimization of Reaction Conditionsa

a [Rh(cod)2]BF4 (0.010 mmol), ligand (0.010 mmol), 1a (0.10 mmol),
and (CH2Cl)2 (1.5 mL) were used. b Isolated yield. c [Rh(nbd)2]BF4 was
used. dNMR yield. e [Rh(cod)2]BF4 (0.015 mmol), ligand (0.015 mmol),
1a (0.30 mmol), and (CH2Cl)2 (1.5 mL) were used.
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and sterically diverse aryl groups could be employed for
this process (entries 1�8). Heteroaryl-substituted di(allyl)
ether 1i could also be employed (entry 9). Unfortunately,
the reaction of alkyl-substituted di(allyl) ether 1j afforded
the corresponding cyclopentanone 4j in low yield due
to the formation of a mixture of undesired olefin isomer-
ization products (entry 10). With respect to substituents at
the 1,1-disubstituted alkene moiety (R2), phenyl-substituted
di(allyl) ether 1k afforded the corresponding cyclopenta-
none 4k in good yield (entry 11). Unfortunately, the

diastereoselectivities of 4j and 4k were low (entries
11 and10). The reactionofmonosubstituted 1,6-diene1lwas
examined, but a partial hydrolysis of the allyl ether moiety
was observed. The addition of MS4A suppressed the un-
desired hydrolysis to give the corresponding cyclopentanone
4l in 37% yield with high diastereoselectivity (entry 12).
In general, rhodium-catalyzed hydroacylation reactions

require high catalyst loadings due to the formation of
catalytically inactive rhodium carbonyl complexes3o and
the presence of small amounts of carboxylic acid impu-
rities. Especially, sterically demanding R,R-disubstituted
4-alkenals require a higher catalyst loading. Pleasingly, the
large-scale reaction of 1a proceeded in the presence of 1
mol % of the cationic Rh(I)/dppf complex to give 4a in
high yield, presumably as a result of the gradual in situ
formation of 4-alkenal 3a from 1a under an inert atmo-
sphere (Scheme 3).
Importantly, the present cascade process can also em-

ploy di(allyl) ethers possessing the trisubstituted alkene
moiety. The reaction of 3-(p-tolyl)but-2-en-1-ol derivative
1m, which was prepared from 1-(p-tolyl)ethanone (6) and
ethyl 2-(diethoxyphosphoryl)acetate (7) via ester 8, also
proceeded to give cyclopentanone 4m [(()-R-cuparenone10]
in good yield (Scheme 4).
The reaction of cyclopentadiene derivative 1n

proceeded to give spirocyclic cyclopentanone 4n in

Scheme 3

Scheme 4

Scheme 5

Table 2. Scope of 1,6-Dienesa

aReactions were conducted using [Rh(cod)2]BF4 (0.015mmol), dppf
(0.015 mmol), 1a�l (0.30 mmol), and (CH2Cl)2 (1.5 mL) at 80 �C for
16 h. b Isolated yield. cMS4A (100 wt % of 1l) was used.

(9) The reaction of di(allyl) ether 1p possessing two 1,2-disubstituted
alkene moieties afforded 4-alkenal 10 presumably through the chemo-
selective isomerization of the methyl-substituted alkene moiety to form
alkenyl etherH followed by a 1,3-allylic rearrangement. The reaction of
di(allyl) ether 1q possessing two 1,1-disubstituted alkene moieties
afforded di(alkenyl) ether 11.
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T.; Miyamae, F.; Yoshizuka, M.; Kaku, H.; Horikawa, M.; Inai, M.;
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A. L.; Matcha, K.; Lutz, M.; de Vries, J. G.; Minnaard, A. J. Chem.;
Eur. J. 2012, 18, 6907. (c) Zhang, P.; Le, H.; Kyne, R. E.; Morken, J. P.
J. Am. Chem. Soc. 2011, 133, 9716. (d) Shivakumar, I.; Salunke, G. B.;
Kumar, S. Synth. Commun. 2011, 41, 1952 and references therein.
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moderate yield (Scheme 5).11 Interestingly, that of
cyclohexadiene derivative 1o afforded spirocyclic
cyclobutanone 9o with perfect diastereoselectivity along
with spirocyclic cyclopentanone 4o, although the prod-
uct yields were low (Scheme 5). It is worthy of note that
this is the first example of the cyclobutanone synthesis via
the metal-catalyzed intramolecular hydroacylation of the
4-alkenal.12

In order to gain mechanistic insight into this reaction,
the reaction of a deuterated 1,6-diene in the presence of the
cationic Rh(I)/dppf complex was investigated. Deuterium
from di(allyl) ether 1a-d2 was incorporated into three
different positions of cyclopentanone 4a-d2 as shown in
Scheme 6.

Furthermore, we have established that the present cas-
cade reaction is an intramolecular process. Treatment of a
1:1 mixture of deuterated di(allyl) ether 1a-d2 and non-
deuterated di(allyl) ether 1c with the cationic Rh(I)/dppf
complex furnished deuterated 4a-d2 and nondeuterated 4c,
and thus nodeuterium crossoverwas observed (Scheme 7).
Scheme 8 depicts a plausible mechanism for the present

cascade reaction. The rhodium-catalyzed chemoselective
isomerization of the 1,1-disubstituted alkene moiety of
di(allyl) ether 1 proceeds to afford alkenyl ether 2 through
the intramolecular hydrogen migration.13 The thermal
allyl Claisen rearrangement of 2 affords 4-alkenal 3.14,15

An oxidative addition of the aldehyde C�H bond of 3 to
rhodium affords rhodium acyl hydride G. Endo addition
of the rhodiumhydride to the alkene followed by reductive
elimination furnishes cyclopentanone 4 and regenerates
the Rh(I) catalyst. On the other hand, in the reaction of 1o,
exo addition followed by reductive elimination also pro-
ceeds to give cyclobutanone 9o. Deuterium scrambling at
theR- andβ-positions of cyclopentanone4a-d2was already
explained by a reversible rhodium hydride addition/
β-hydride elimination sequence.3n

In conclusion, it has been established that a cationic
Rh(I)/dppf complex catalyzes the olefin isomerization/
allyl Claisen rearrangement/intramolecular hydroacyla-
tion cascade of di(allyl) ethers to produce substituted cyclo-
pentanones in good yields under mild conditions. Future
work will focus on further utilization of the cationic Rh(I)
catalysts for the development of novel cascade reactions.
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