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Mild intramolecular hydroacylation of a,a-disubstituted 4-alkylidene-

cyclopropanals has been developed, avoiding decarbonylation and

affording cycloheptenones in good yields. The reaction is chemo-

selective in favour of the alkylidenecyclopropane moiety when

potential alkene or alkyne acceptors are tethered to the substrate.

Rhodium-catalysed intramolecular hydroacylation is a remark-

able example of atom-economical transformation.1–3 Early

experimental studies suggest that migratory insertion of the

terminal olefin into the rhodium–hydrogen bond of acyl-

hydridorhodium A leads to both pentarhodacycle B and hexa-

rhodacycle C (Scheme 1).4 Moreover, more recent theoretical

studies conducted with non-substituted 4-pentenal suggest

that pentarhodacycles B are the key intermediates leading to

decarbonylation of the substrate whilst hexarhodacycles C

would undergo productive carbon–carbon reductive elimination.5

To the extent that the Thorpe–Ingold effect6 would favour the

predominant formation of rhodacycle intermediates B over

hexarhodacycleC from a,a-disubstituted aldehydes (R1, R2aH),

these mechanistic considerations are in good accordance with

the notorious reluctance of a,a-disubstituted aliphatic aldehydes

to undergo intramolecular hydroacylation.2b,c,7 Hence, relatively

harsh reaction conditions are often required to promote the

usually low yielding formation of cyclopentanones,2c,7 with rare

exceptions,7c,e and products resulting from side reactions such

as carbon–carbon double bond migration and decarbonylation

have been observed.2c,7b

We found that treatment of a,a-disubstituted aldehyde 1

with [Rh((�)-BINAP)]BF4 (10 mol%) (BINAP = 2,20-

bis(disphenylphosphino-1,10-binaphthyl)) in acetone at room

temperature led to the smooth formation of cycloheptenone

2 in 89% isolated yield whilst no cyclopentanone was

observed (Scheme 2).8 This result is in good accordance with

the previous reasoning and suggests that migratory insertion

of the alkylidenecyclopropane moiety in A1 and formation

of pentarhodacycle intermediate B1 prevail over migratory

insertion of the terminal olefin and formation of hexarhoda-

cycle C1. Swift ring enlargement and reductive elimination

would then divert B1 from the decarbonylative pathway.

Presumably, the release of strain energy during the migratory

insertion from A1 toward B1 and during the subsequent ring

enlargement plays an important role in favouring this productive

reaction pathway.

However, it has been proposed that the turnover number

of rhodium-catalysed hydroacylation of 4-pentenals can be

improved by suppressing the decarbonylation pathway, either

in the presence of ethylene4a or by coordination of another

olefin.4b Accordingly, we wondered whether a second olefin

must be tethered to a,a-disubstituted 4-alkylidenecyclopropanes

in order to observe smooth conversion. Conversely, would the

Scheme 1 Formation of pentarhodacycle and hexarhodacycle inter-

mediates from a,a-disubstituted aliphatic aldehydes.

Scheme 2 Smooth formation of a,a-disubstituted cycloheptenones.

a: [Rh((�)-BINAP)]BF4 (10 mol%),8 acetone, 21 1C, 12 h. Positive

charge and ligand sphere on rhodium are omitted for simplicity.
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reaction be similarly chemoselective if the second tethered

olefin in 1 is replaced by other alkenes or an alkyne?

We first examined the generality of the transformation

depicted in Scheme 2 with substrates which did not pose

an issue of chemoselectivity and found that treatment of

aldehydes 3a–d led to the formation of a,a-disubstituted
cycloheptenones 4a–d in good to excellent isolated yields

(Table 1). In general, reactions were complete within few

hours. As shown with 4a (entries 1 and 2), it was possible to

decrease the catalyst loading from 10 mol% to 3 mol%

without observing a decrease of isolated yield, although the

reaction rate was slower. Alkyl and phenyl substituents were

suitable for the reaction (entries 1–5). Moreover, silyl and

benzyl ethers were also tolerated (entries 3–5). Conversely,

aldehyde 3e was not stable at room temperature, even in the

absence of a catalyst, which explains the lower yield obtained

with this substrate (entry 6).

A similar instability was observed with 1,3-keto-aldehyde 6

and 1,3-bisaldehyde 9 derived from oxidation of diols 5 and 8,

respectively (Schemes 3 and 4). However, it was possible to

treat 6 and 9 with the optimised catalyst after only minimal

purification by filtration over celite and aqueous work up using a

saturated solution of CuSO4,
9 respectively, enabling the rapid

formation of spiro-bisketones 7 and 10 in 80% and 82%

isolated yields over two steps, respectively. It is noteworthy that

the bidirectional intramolecular hydroacylation of 9 into 10

represents an advantageous synthetic shortcut when compared

to the longer linear sequence consisting of functional group

manipulations of diol 8 into aldehyde 11, followed by a first

intramolecular hydroacylation giving ketone 12 in 88% yield,

and further functional group manipulations toward 13, which

revealed itself very difficult to handle and led to irreproducible

results during the second incomplete intramolecular hydro-

acylation toward 10.

Having established that a tethered olefin is not required for

the reaction to proceed smoothly, we then turned our attention

to the study of the chemoselectivity of this reaction when several

carbon–carbon multiple bonds present in the substrate are

capable of undergoing intramolecular migratory insertion into the

rhodium–hydrogen bond of acylhydridorhodium intermediates.

Substitution of the alkene moiety did not change the chemo-

selectivity initially observed with 1. Hence, treating aldehydes

14a–c with the rhodium catalyst at room temperature afforded

cycloheptenones 15a–c in good isolated yields (Table 2, entries

1–3). As it was the case for 9, aldehydes 14a and b obtained after

Swern oxidation10 were not purified otherwise than by CuSO4

aqueous work up,9 this procedure giving better results over two

steps with those substrates. It is noteworthy that unsubstituted

4-pentenal gave the fastest turnovers in Bosnich’s initial

studies on intramolecular hydroacylation catalysed by cationic

rhodium catalysts.2c Hence, the exclusive formation of cyclo-

heptenone 15a from 14a, as opposed to the possible formation

of a cyclopentanone, attests to the chemoselectivity of the

reaction in favour of the alkylidenecyclopropane moiety. This

complete chemoselectivity does not appear to depend on the

substitution in the a position of the starting aldehyde, since

cycloheptenone 15d was obtained exclusively from aldehyde

14d in much shorter time (entry 4). Finally, we examined the

chemoselectivity of the reaction in the presence of an alkyne

with substrate 14e. Partial decomposition and incomplete

conversion were observed after twelve hours. Nevertheless,

cycloheptenone 15e was obtained in 58% isolated yield (entry 5).

Incomplete conversion and a complex mixture of products were

also obtained when aldehyde 14f, tethered to a simple methyl-

substituted alkyne, was treated with [Rh((�)-BINAP)]BF4.

However, using [Rh(dppf)]BF4 as a catalyst restored the

Table 1 General preparation of a,a-disubstituted cycloheptenonesa

Entry R1 R2 Product Time/h Yieldb (%)

1 Ph Me 4a 2 85c

2 Ph Me 4a 14 86d

3 CH2OTBS Me 4b 2 87
4 CH2OTBS CH2Ph 4c 3 93
5 CH2OCH2Ph Me 4d 4 77
6 CH2Opiv Me 4e 8 54e

a All reactions were performed at 60 1C except otherwise noted. The

active catalyst was prepared prior to use by hydrogenation of

[Rh(nbd)2]BF4 (10 mol%) (nbd = norbornadiene) in the presence of

(�)-BINAP (10 mol%) at room temperature.8 b Isolated yields. c At

21 1C. d 3 mol% of catalyst was used. e 15 mol% of catalyst was

used.TBS = tert-butyldimethylsilyl. Piv = pivaloate.

Scheme 3 Formation of spiro-1,3-bisketone. Reaction conditions:

a: Dess–Martin periodinane, NaHCO3, CH2Cl2; b: [Rh(BINAP)]BF4

(10 mol%),6 acetone, 60 1C.

Scheme 4 Bidirectional formation of spiro-1,3-bisketone. Reaction

conditions: a: (COCl)2, DMSO, Et3N, CH2Cl2; b: [Rh((�)-BINAP)]-

BF4 (10 mol%),8 acetone, 21 1C, 82% over two steps; c: TBSCl, DMAP,

Et3N, CH2Cl2, 83%; d: (COCl)2, DMSO, Et3N, CH2Cl2, 97%;

e: [Rh((�)-BINAP)]BF4 (10 mol%),8 acetone, 60 1C, 88%; f: TBAF,

THF, 85%; g: (COCl)2, DMSO, Et3N, CH2Cl2; h: [Rh((�)-BINAP)]BF4

(10 mol%),8 acetone, 60 1C, incomplete conversion.
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chemoselectivity and cycloheptenone 15f was obtained in good

isolated yield (Scheme 5), whilst catalysts prepared with other

bisphosphines (e.g. dppe, dppp, dppb) were mostly inactive.11

In conclusion, we have demonstrated that rhodium-catalysed

intramolecular hydroacylation of a,a-disubstituted 4-alkylidene-

cyclopropanals is a smooth process in contrast to the same

reaction conducted on a,a-disubstituted 4-pentenals. In both

cases, a pentarhodacycle intermediate is likely formed prefer-

entially. This intermediate can rearrange toward productive

carbon–carbon bond formation in the case of alkylidenecyclo-

propanals whereas decarbonylation and double bond migration

are the dominant pathways in the case of 4-pentenals.2c,7b

Moreover, the reaction is chemoselective in favour of the

alkylidenecyclopropane moiety when an alkene or an alkyne

are tethered to the substrate, a fact which remained to be

established before the present study.
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Table 2 Chemoselectivity favouring alkylidenecyclopropanes over
alkenes and alkynesa

Entry Substrate Product
Yieldb

(%)

1 75c,d

2 70c

3 75

4 99e

5 58

a [Rh((�)-BINAP)]BF4 (10 mol%),8 acetone, 21 1C, 12 h. b Isolated

yields. c Yield over two steps including Swern oxidation for the

preparation of the aldehyde. d 4 h. e NMR yield after 1 h.

Scheme 5 Alternative reaction conditions for chemoselective hydro-

acylation of alkylidenecyclopropanes in the presence of simple internal

alkyne.
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