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A concise and straightforward 14-step total synthesis of
(±)-salinosporamide A, based on a diastereoselective acid-
catalysed intramolecular cyclisation of 6 to the pyrrolidinone
7, and a regioselective reduction of the malonate derivative 8b
to the aldehyde 9, is described.

Salinosporamide A (1) is a potent proteasome 20S inhibitor
recently isolated from a marine bacterium of the new genus
Salinospora, by Fenical et al.1 The metabolite is unique, but is
related to the b-lactone pyrrolidinone-based terrestrial natural
product omuralide (also know as clasto-lactacystin b-lactone) 2,2

which is formed by lactonisation of the more familiar proteasome
20S inhibitor lactacystin 3.3 Salinosporamide A is reported to
be approximately thirty five times more effective at proteosome
inhibition than omuralide. The special proteasome inhibitory
properties of the natural pyrrolidinones 1, 2 and 3 have heightened
interest in their potential in therapy for various types of cancer,
also Alzheimer’s disease, arthritis and asthma. It is not surprising
therefore that these compounds have been attractive targets for
total synthesis.4

The first total synthesis of salinosporamide A (1) was described
by Corey et al.,5 using a route starting from S-threonine. A year
later Corey et al.6 published a modified route to salinosporamide
A from S-threonine and, simultaneously, Danishefsky et al.7

presented an alternative synthesis of the natural product starting
from a known chiral pool pyroglutamate derivative.8 In earlier
investigations we described a synthetic route to (+)-lactacystin 3,
which was based on a novel radical cyclisation of an a-ethynyl
substituted serine as the key step.9 We now present a concise and
straightforward 14-step total synthesis of (±)-salinosporamide
A, which is outlined in Scheme 1. Our synthesis of 1 hinges
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on: i) a stereocontrolled acid catalysed intramolecular cyclisation
of the substituted amide 6 leading to the pyrrolidinone 7, ii) a
regioselective reduction of the malonate derivative 8b producing
the key aldehyde intermediate 9, and iii) installation of the
cyclohexenyl side chain, from 9. Although no biosynthesis studies
have been published, our synthetic approach has features in
common with the most likely origin of the pyrrolidinone ring in
salinosporamide A in vivo, i.e. an intramolecular aldolisation from
a substituted b-keto amide intermediate derived from a b-keto acid
and an a-amino acid.10,11

Thus, protection of the a-substituted b-keto ester 412 as its
dioxolan 5a, followed by hydrolysis to the corresponding car-
boxylic acid 5b and treatment with dimethyl 2-aminomalonate
first gave the substituted amide 6. When a solution of 6 in 4 : 1
acetic acid–water13 was heated at 65 ◦C for 4 days, it underwent
deprotection of the dioxolan and in situ intramolecular cyclisation
leading to a single diastereomer of the (±)-pyrrolidinone 7,
which was obtained as colourless crystals, mp 82–83 ◦C. X-Ray
crystallographic analysis showed that the pyrrolidinone had the
expected anti arrangement between the C3–C4 alkyl chains shown
in structure 7.14 Treatment of the tertiary alcohol 7 with excess
TMSOTf in CH2Cl2 containing 2,6-lutidine at −78 ◦C to 0 ◦C,
followed by 1 M HCl, gave the corresponding TMS ether 8a
in 91% yield.15 The nitrogen centre in the pyrrolidinone 8a was
next protected as its PMB derivative 8b which, to our satisfaction,
underwent regioselective reduction using Super-hydride in CH2Cl2

at −78 ◦C producing the aldehyde 9 in 78% yield.16

The stage was now set to carry out the difficult operation of
attaching the 2-cyclohexenyl side-chain to the aldehyde group
in 9, at the same time installing the correct stereochemistry for
the newly introduced stereogenic centres. Fortunately, an elegant
solution to this problem had already been worked out by Corey
et al.,5 and this protocol was also followed by Danishefsky et al.,
in their synthesis of salinosporamide A. Thus, the aldehyde 9,
was treated with 2-cyclohexenylzinc bromide in THF at −78 ◦C,
according to the protocol of Corey et al., and we were delighted to
find that the addition was essentially diastereoselective producing
the adduct 10 in 87% yield.17 Sequential deprotection of the TMS
and benzyl ether groups in 10, followed by the PMB group,
then gave the triol ester 11, which is the same intermediate in
the synthesis of salinosporamide A presented by Corey et al.,5

Hydrolysis of the methyl ester in 11, followed by treatment of
the resulting b-hydroxy acid, in situ, with BOP–Cl to give the
corresponding b-lactone, and then chlorination with Ph3PCl2

finally gave (±)-salinosporamide A (1), as a colourless solid, mp
169–172 ◦C. The synthetic salinosporamide A showed 1H and 13C
NMR spectroscopic data and mass spectrometric data which were
identical to those presented for the natural product.

We have therefore developed a conceptually straightforward
synthetic route to (±)-salinosporamide A (1), which uses 14 steps
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Scheme 1 Reagents and conditions: (i) ethylene glycol, p-TSA, PhH, 110 ◦C, 14 h; (ii) 2 M NaOH, EtOH, 70 ◦C, 3 h; (iii) dimethyl aminomalonate.HCl,
HOBt, EDC.HCl, CH2Cl2, NMM, 0 ◦C to RT (82% over 3 steps); (iv) 4 : 1 AcOH–H2O, 65 ◦C, 4 days (71%); (v) excess TMSOTf, 2,6-lutidine, CH2Cl2,
−78 ◦C to 0 ◦C, then 1 M HCl (91%); (vi) PMB–Br, NaH, DMF, 0 ◦C to RT, 14 h (82%); (vii) Super-hydride (1.0 M in THF), CH2Cl2, −78 ◦C, 3 h (78%);
(viii) 2-cyclohexenylzinc bromide, THF, −78 ◦C (87%); (ix) BCl3.DMS, CH2Cl2, 24 h, 0 ◦C to RT; (x) 48% HF in H2O–MeCN (1 : 9), RT, 22 h; (xi) CAN,
MeCN, H2O (3 : 1), 0 ◦C, 1 h (87% over 3 steps); (xii) [MeTeAlMe2]2, PhMe, RT, 24 h; (xiii) BOP–Cl, CH2Cl2, pyridine, RT, 3 h; (xiv) PPh3Cl2, MeCN,
pyridine, RT, 4 h (45% over 3 steps).

from the substituted b-ketoester 4. The key features of the synthetic
route are the diastereoselective acid-catalysed cyclisation of 6 to
7, and the facile regioselective reduction of the malonate 8b to
the aldehyde 9, using Super-hydride at −78 ◦C. There are a range
of options available to develop the route into an enantioselective
synthesis of (+)-salinosporamide A, and some of those options
are now being pursued.

We thank AstraZeneca for financial support (studentship to
N. P. M.). We also thank Dr A. J. Blake of this School for the
crystal structure determination of 7.
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