
Oxidative radical cyclisations for the synthesis of c-lactonesw

Luke H. Powell,
ab

Paul H. Docherty,
ab

David G. Hulcoop,
a
Paul D. Kemmitt

c
and

Jonathan W. Burton*
ab

Received (in Cambridge, UK) 13th February 2008, Accepted 31st March 2008

First published as an Advance Article on the web 21st April 2008

DOI: 10.1039/b802473a

The use of manganese(III) acetate in combination with copper(II)

triflate allows the synthesis of [3.3.0]-bicyclic c-lactones from

4-pentenylmalonates in excellent yields.

Substituted cyclopentanes form the core of many biologically

important natural products including the prostaglandins1 and

the brefeldins, and have been used as glycosidase inhibitors,2

as peptidomimetics3,4 and as ligands in catalysis.5 A variety of

methodologies have been developed to access these privileged

structures,1,6,7 including diastereoselective radical cyclisations8

most frequently using the ‘tin hydride’ method for radical

generation and termination with its attendant difficulties of

purification and stoichiometric tin waste.9 We became inter-

ested in developing tin-free oxidative radical cyclisations,

mediated by manganese(III), for the synthesis of biologically

active cyclopentane-containing natural products.10

Manganese(III) acetate has emerged as a powerful one-

electron oxidant for the generation of electrophilic C-centred

radicals from CH-acidic compounds.11 These educt radicals

readily cyclise to form adduct radicals which undergo a variety

of termination sequences.11 Snider and McCarthy have shown

that the cyclisation of dimethyl 4-pentenylmalonate 1 in the

presence of manganese(III) acetate delivers three different major

products depending on the reaction conditions (Scheme 1).12

Using manganese(III) acetate and copper(II) acetate in acetic

acid gives the [3.3.0]-bicyclic g-lactone 2 in 48% yield along

with the methylenecyclopentane 3 (20%).12–14 Using the same

reagents in DMSO provides the methylenecyclopentane 3 in

53% yield whereas using no copper(II) additive and ethanol as

solvent gives the methylcyclopentane 4 in 40% yield.12

[3.3.0]-Bicyclic g-lactones such as 2 are attractive intermediates

for synthesis as they contain adjacent quaternary and tertiary

stereocentres and differentiated oxygen functionality. Herein we

report that exposure of 4-pentenylmalonates to manganese(III)

acetate and copper(II) triflate gives [3.3.0]-bicyclic g-lactones in

excellent yield. This methodology is showcased in the synthesis of

a [5.2.1.01,5]-tricyclo bis-lactone bearing five contiguous stereo-

centres, including adjacent quaternary and tertiary stereocentres,

which we propose to use in the synthesis of a number of

biologically active natural products and analogues.

We used dimethyl 4-pentenylmalonate 1 to develop an efficient

procedure for the synthesis of [3.3.0]-bicyclic g-lactones. After
some optimisation we discovered that exposure of the malonate 1

to two equivalents of manganese(III) acetate, and one equivalent

of copper(II) triflate in acetonitrile at reflux delivered the [3.3.0]-

bicyclic g-lactone 2 in excellent yield (Table 1, entry 1).15

Conducting the reaction in deoxygenated solvent (0.2 M in

acetonitrile) is critical for attaining a high yield of the g-lactone 2.
The conditions developed for the efficient formation of 2

readily translated to more complex substrates (Table 1).16,17

Thus, the substituted 4-pentenylmalonate 5 gave the [3.3.0]-

bicyclic g-lactone 6 with good diastereocontrol (dr 413 : 1)18

in 88% yield (Table 1, entry 2). Similarly, exposure of

malonates 7 and 9 to manganese(III) acetate and copper(II)

triflate gave the corresponding [3.3.0]-bicyclic g-lactones 8 and
10 in excellent yields (Table 1, entries 3 and 4).18

Slight modification of literature conditions12 allowed the

synthesis of methyl and methylenecyclopentanes from the same

Scheme 1 Cyclisation of dimethyl 4-pentenylmalonate.

Table 1 Synthesis of [3.3.0]-bicyclic g-lactones

Entry Substrate Product Yield (%)

1 1 2 92
2 5 6 88

3 7 8 92a

4 9 10 90a

a Combined yield for a 5 : 1 mixture of diastereomers, major dia-

stereomer shown.
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substrates (Tables 2 and 3). Under reductive conditions (no

copper(II) additive, 0.02 M in ethanol) the malonate 1 gave the

methylcyclopentane 4 in an improved yield of 66%. Similarly the

methylcyclopentane 11 was synthesised with good diastereocon-

trol (dr413 : 1) in 66% yield (Table 2, entry 2). The malonates 7

and 9 gave the corresponding methylcyclopentanes 12 and 13 in

60% and 55% yields respectively as ca. 3 : 1 mixtures of

diastereomers; with the corresponding g-lactones 8 and 10

formed as significant by-products.

Treatment of the malonates with manganese(III) acetate and

copper(II) acetate in DMSO12 gave the methylenecyclopen-

tanes (319 and 14–16) in 50–80% yields (Table 3 entries 1–4).20

Under these conditions the corresponding g-lactones were also
formed as by-products in varying degrees.

The formation of [3.3.0]-bicyclic g-lactones from 1,2-disub-

stituted alkenes proved possible using our optimised reaction

conditions (Table 4).17 Thus exposure of the linear malonates

17 and 19 to manganese(III) acetate and copper(II) triflate,

under our standard reaction conditions, gave the correspond-

ing g-lactones 18 and 20 (Table 4, entries 1 and 2). Further-

more, cyclisation–lactonisation was possible with cyclic (21)

and trisubstituted (23) alkenes (Table 4, entries 3 and 4). In

order to achieve efficient cyclisation–lactonisation with 1,3-

diene substrates it proved necessary to use the substituted

malonic acid in place of the corresponding dimethyl malonate.

Thus, under our standard conditions the malonic acid 25 gave

the [3.3.0]-bicyclic g-lactone 26 in excellent yield after ester-

ification with TMS-diazomethane (Table 4, entry 5).

The g-lactone products are densely functionalised small

molecules which should find great utility in synthesis. For

example, the fused bicyclic g-lactone 6 contains three contig-

uous stereocentres, one of which is quaternary, differentiated

Table 2 Synthesis of methylcyclopentanes

Entry
Sub-
strate Conditions Product(s) (yield, %)

1 1 Mn(OAc)3,
0.02 M,
EtOH

4 (66)

2 5 Mn(OAc)3,
0.02 M,
EtOH

11 (66)

3 7 Mn(OAc)3,
0.02 M,
EtOH

12 (60a) 8 (29)

4 9 Mn(OAc)3,
0.02 M,
EtOH

13 (55a) 10 (29)

a Combined yield for a ca. 3 : 1 mixture of diastereomers.

Table 3 Synthesis of methylenecyclopentanes

Entry
Sub-
strate Conditions Product(s) (yield, %)

1 1 Mn(OAc)3,
Cu(OAc)2,
0.2 M,
DMSO

3 (77) 2 (7)

2 5 Mn(OAc)3,
Cu(OAc)2,
0.2 M,
DMSO

14 (71)

3 7 Mn(OAc)3,
Cu(OAc)2,
0.2 M,
DMSO

15 (80) 8 (13)

4 9 Mn(OAc)3,
Cu(OAc)2,
0.2 M,
DMSO

16 (50) 10 (13)

Table 4 Synthesis of bi- and tricyclic g-lactones

Entrya Substrate Productb Yield (%) drc

1 17 18 58 2 : 1

2 19 20 76 1.7 : 1

3 21 22 57 1 : 0

4 23 24 67 5 : 1

5d 25 26 90 1 : 1

a 2 equiv. Mn(OAc)3, 1 equiv. Cu(OTf)2.
b Isolated as a mixture of

diastereomers at the centre marked *, major diastereomer shown.
c Diastereomeric ratio. d The crude product was esterified with

TMSCHN2 prior to chromatography.

Scheme 2 Conversions of the [3.3.0]-bicyclic g-lactone 6.
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oxygen-based functionality, and is formed under mild condi-

tions. The utility of this g-lactone in synthesis is demonstrated

by the high yielding conversions shown in Scheme 2. The

silicon protecting group is readily removed under standard

conditions to give the primary alcohol 27. Hydrolysis of both

the g-lactone and the methyl ester in 6 followed by re-

lactonisation under acidic conditions gave the malonic-lactone

half acid 28 in excellent yield. The lactone-acid 28 readily

participated in a Curtius rearrangement to give the protected

a-amino acid 31, again in excellent yield. Krapcho decarboxy-

lation of the methyl ester 6 provided the g-lactone 30 which

underwent enolate alkylation to give the benzyl and allyl-

substituted g-lactones 29 with complete diastereocontrol.

Most importantly this methodology has allowed us to

synthesise the [5.2.1.01,5]-tricyclo bis-lactone 33 containing

adjacent quaternary and tertiary stereocentres and differen-

tiated oxygen-based functionality in one step from the

g-lactone 32. Thus, exposure of the g-lactone 3221 to our

standard reaction conditions (manganese(III) acetate and cop-

per(II) triflate in acetonitrile under reflux) delivered the

[5.2.1.01,5]-tricyclo bis-lactone 33 with good diastereocontrol

(dr 410 : 1) which on exposure to methanol gave the [3.3.0]-

bicyclic g-lactone 34 in good yield.17 It is noteworthy that the

lactones 33 and 34 contain five contiguous stereocentres and

that the allylic stereocentre is formed with high diastereocon-

trol. We are synthesising a range of tricyclic and bicyclic

g-lactones such as 33 and 34 which will serve as key inter-

mediates in the synthesis of biologically relevant targets

(Scheme 3).

In summary we have developed an efficient process for the

formation of fused bicyclic g-lactones by the oxidative radical

cyclisation of 4-pentenylmalonates. Application of this metho-

dology to the total synthesis of natural products and biologically

relevant targets is ongoing in our laboratory, in tandem with

efforts to render the above transformations catalytic in metal.
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