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Abstract: In(OTf)3-catalyzed cyclization of nitrogen- and oxygen-tethered acetylenic mal-
onic esters provides various five- to seven-membered heterocycles in moderate to excellent
yield, and the reaction proceeds with no racemization and complete E-selectivity in the case
of chiral and nonterminal alkynes. The synthetic utility is demonstrated by the synthesis of
(–)-salinosporamide A, a highly potent 20S proteasome inhibitor, and (+)-neooxazolomycin,
a member of the oxazolomycin family of antibiotics.
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INTRODUCTION

The importance of nitrogen-containing heterocycles as drugs and other various chemical entities con-
tinues to inspire the development of tactical methods for their synthesis. In connection with a project
[1–4] directed toward the synthesis of biologically intriguing natural products [5] having a highly func-
tionalized pyrrolidinone core such as lactacystin, salinosporamide A, and neooxazolomycin, we became
interested in developing a novel approach which relied upon Conia-ene reaction of amidomalonate 1 to
give 3 via 2 (Scheme 1). We envisaged that the suitably functionalized pyrrolidinone skeletons useful
for the synthesis of the above-mentioned alkaloids would be accessible from 3 by the discrimination of
the geminal esters and stereoselective functionalization of the exo olefin. However, Conia-ene reactions
[6] usually require harsh conditions so that racemization of the product and isomerization of the exo
olefin from the β,γ- to α,β-position are serious matters of concern. Recently, in place of the original
thermal Conia-ene reaction, a number of metal-catalyzed reactions that are carried out under mild con-
ditions have been devised for the preparation of carbocycles [7,8] as well as heterocycles [9,10], al-
though the latter are largely limited to 3-methylene-pyrrolidines and tetrahydrofurans. However, it was
unknown whether metal-catalyzed versions of the Conia-ene reaction would be applicable to our en-
visaged transformation. This paper describes a new route to pyrrolidinones and other heterocycles based
on In-catalyzed Conia-ene type cyclization of nitrogen- and oxygen-tethered acetylenic malonic esters.
This paper also demonstrates the utility of this methodology by its application to the synthesis of
(–)-salinosporamide A [3,4] and (+)-neooxazolomycin [2,4].

*Paper based on a presentation at the 17th International Conference on Organic Synthesis (ICOS 17), 22–27 June 2008, Daejeon,
Korea. Other presentations are published in this issue, pp. 169–298.



INDIUM-CATALYZED CYCLIZATION

We first examined Au- [7a], Ni- [7c], and In-catalyzed [7f,8] reactions of amide 1a (Scheme 2).
Although Au- and Ni-catalyzed conditions did not give any satisfying results (methods A and B),
In(OTf)3 was found to effectively catalyze the cyclization to give pyrrolidinone 3a in nearly quantita-
tive yield (method C). The formation of 3b–3d revealed that this In(OTf)3-catalyzed reaction was also
applicable to nonterminal alkynes and racemizable chiral alkynes. It should be highlighted that the cy-
clization proceeds with complete E-selectivity and without serious racemization even at higher temper-
atures. Addition of an equimolecular amount of DBU relative to In(OTf)3 markedly accelerates the re-
action (method D) and, in particular, results in better yields in the reactions of nonterminal alkynes
(3a,b vs. 3c,d). Importantly, no endo cyclization and no isomerization of the olefinic double bond from
β,γ- to α,β-position were observed in this reaction. Treatment of 1e with In(OTf)3 or In(OTf)3-DBU did
not promote the cyclization at all, thus suggesting that a malonyl functionality is essential for this cy-
clization.
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Scheme 1 Approach to pyrrolidinones via Conia-ene reaction.

Scheme 2 Cyclization of amidomalonates 1 to pyrrolidinones 3.



Scheme 3 shows the substrate-scope of the In(OTf)3-DBU method. This method was found to be
applicable to the synthesis of other five- to seven-membered heterocycles such as piperidinone 5a,
azepanone 5b, pyrrolidines 5c and 5d, piperidine 5e, tetrahydroisoquinoline 5f, and even oxygen-con-
taining heterocycles tetrahydrofuran 5g and tetrahydropyran 5h in moderate to excellent yield. In the
case of carbamate 4c, the reaction turned out to be slightly sluggish possibly due to the tight coordina-
tion of indium(III) to the benzyloxycarbonyl group and the ester group. It should be stressed that even
basic amines 4d, 4e, and 4f cleanly underwent the cyclization to give 5d, 5e, and 5f in good yields.

Scheme 4 illustrates a plausible mechanism for the above-mentioned In(OTf)3-catalyzed reaction.
Nakamura et al. [8] proposed a reaction mechanism involving carbometalation of an indium enolate
with an acetylenic triple bond for the related intermolecular In(OTf)3-catalyzed reaction. Following this
reaction mechanism, we rationalized the observed complete E-selectivity as well as the indispensabil-
ity of a malonyl functionality. Namely, a malonic ester moiety of 1 reacts with In(OTf)3 to form indium
enolate 6 which in turn undergoes intramolecular carbometalation reaction with an alkyne to furnish
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Scheme 3 Substrate-scope of the In(OTf)3-DBU method. 

Scheme 4 Plausible reaction mechanism.



alkenylindium species 7. Intermediate 7 then undergoes protonation from another molecule of 1 to pro-
duce pyrrolidinone 3 of E-configuration with regeneration of indium enolate 6.

TOTAL SYNTHESIS OF (–)-SALINOSPORAMIDE A

Salinosporamide A [11], a secondary metabolite of the marine actinomycete Salinospora tropica, dis-
plays a very potent proteasome inhibitory activity (IC50 = 1.3 nM) that is 35 times more potent than
omuralide, a representative proteasome inhibitor. In addition, this compound shows very potent in vivo
cytotoxicity against many tumor cell lines and is, therefore, currently in clinical trials for the treatment
of cancers [12]. Structurally, salinosporamide A is related to omuralide and comprises a γ-lactam-β-lac-
tone bicyclic ring system substituted with cyclohexenylcarbinol, chloroethyl, methyl substituents. This
unique molecular structure brings about specific and mechanistically important interactions within the
proteasome active site [13]. The combination of the fascinating biological profile and structural com-
plexity has attracted intense interest in the chemical and biological communities [14].

Our strategy for the synthesis of salinosporamide A relies on racemization-free In-catalyzed cy-
clization of chiral amide 8 (Scheme 5). We envisaged that the C3 quaternary center could be constructed
stereoselectively from cyclized compound 9 by intramolecular delivery of an oxygen atom from the C2
substituent to the exo olefin, and another C4 quaternary center would be created by selective reduction
of the ester located in the convex face of the rigid bicyclic structure. Then, according to Corey’s proto-
col [14a], the synthesis of salinosporamide A would be achieved from advanced intermediate 10 via 11
by stereoselective cyclohexenylation followed by suitable functional group interconversions.

Our synthesis commenced with the preparation of amide 15, a precursor of the key In(OTf)3-cat-
alyzed cyclization, from chiral propargyl alcohol 12 (Scheme 6). Thus, according to the procedure de-
veloped by Marshall et al. [15], 12 was converted to the mesylate which was then reacted with
(tert-butyldimethylsilyloxy)acetaldehyde via the allenylzinc species to give alcohol 13 as a 90:10
epimeric mixture. The enantiomeric purities of both epimers were found to be equally 93 % ee by high-
performance liquid chromatography (HPLC) analysis. After removal of the p-methoxybenzyl group,
selective acetylation, and desilylation, exposure of 14 to CrO3 and HIO4 in aqueous acetone gave the
corresponding carboxylic acid, which was then condensed with dimethyl 2-(4-methoxybenzyl-
amino)malonate via the acid chloride. Surprisingly, during purification by silica gel column chro-
matography using hexane/AcOEt as eluent, amide 15 partially underwent cyclization to give an insep-
arable 72:28 mixture of 15 and 16. When this mixture was again subjected to silica gel column
chromatography conditions, pyrrolidinone 16 was obtained quantitatively. The enantiomeric purity
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Scheme 5 Strategy leading to salinosporamide A.



(90 % ee) of 16 suggested the production by a silica gel-promoted Conia-ene reaction rather than cy-
clization through the corresponding achiral allenylamide. Treatment of this mixture with a catalytic
amount of In(OTf)3 in boiling toluene led to complete conversion of 15 to 16 in almost quantitative
yield. It is important to note that, in this particular case, significant loss of the enantiomeric purity was
not observed. Since compound 16 was very labile under basic conditions [16], the acetoxy group was
hydrolyzed under mild lipase-catalyzed conditions to give alcohol 17, which was then oxidized to alde-
hyde 18. For the assembly of the C3 quaternary center, 18 was subjected to acetal-mediated cationic cy-
clization reported by Danishefsky et al [14c]. Thus, aldehyde 18 was treated with phenylselenenyl bro-
mide and AgBF4 in the presence of benzyl alcohol to give selenide 19 (dr = 93:7 at C13) which, upon
radical deselenenylation, afforded cyclic acetal 20. NaBH4 reduction of 20 resulted in excellent dis-
crimination of the geminal esters and aldehyde 21 was obtained as the sole product after Dess–Martin
oxidation. Reaction of 21 with cyclohex-2-enylzinc chloride under the Corey protocol [14a] yielded al-
cohol 22 as a single stereoisomer. Removal of the p-methoxybenzyl group of 22 and reductive opening
of the cyclic acetal of 23 led to known intermediate 24 [14a]. Finally, upon (Me2AlTeMe)2-promoted
dealkylative cleavage [14e,17] of the methyl ester, β-lactonization, and chlorination, 24 furnished
(–)-salinosporamide A.
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Scheme 6 Synthesis of (–)-salinosporamide A: (a) MsCl, Et3N, DMAP, CH2Cl2, 0 °C, 95 %; (b) Pd(OAc)2 (10 mol
%), PPh3 (10 mol %), Et2Zn, then TBSOCH2CHO, THF, –78 to –20 °C, 63 %; (c) DDQ, aq. CH2Cl2, 0 °C, 87 %;
(d) AcCl, collidine, CH2Cl2, –78 °C, 100 %; (e) TBAF, THF, 0 °C, 92 %; (f) CrO3, HIO4, aq. acetone, 0 °C; (g)
(COCl)2, DMF, CH2Cl2, 0 °C, then PMBNHCH(CO2Me)2, toluene, 75 %; (h) In(OTf)3 (5 mol %), toluene, 110 °C,
96 %; (i) lipase PS, phosphate buffer, acetone, 35 °C, 89 %; (j) Dess–Martin periodinane, CH2Cl2, 88 %; (k)
PhSeBr, AgBF4, PhCH2OH, CH2Cl2, –20 to 0 °C, 85 %; (l) AIBN, (n-Bu)3SnH, toluene, 100 °C, 83 %; (m)
NaBH4, THF-EtOH, 88 %; (n) Dess–Martin periodinane, CH2Cl2, 94 %; (o) cyclohex-2-enylzinc chloride, THF,
–78 °C, 88 %; (p) CAN, aq. MeCN, 0 °C, 83 %; (q) Na, liq. NH3, THF, –78 °C; (r) NaBH4, aq. THF, 71 % (2 steps);
(s) (Me2AlTeMe)2, toluene; (t) BOPCl, pyridine, CH2Cl2, 54 % (2 steps); (u) Ph3PCl2, pyridine, 77 %.



TOTAL SYNTHESIS OF (+)-NEOOXAZOLOMYCIN

Neooxazolomycin and oxazolomycin A, originally isolated from a strain of Streptomyces by Uemura
et al. in 1985 [18], constitute a family of structurally unique oxazole polyene lactam-lactone antibiotics
together with seven other congeners identified to date. These oxazolomycins were found to exhibit
wide-ranging and potent antibacterial and antiviral activities as well as in vivo antitumor activity. The
intriguing molecular architectures and biological activities make these compounds attractive targets for
synthesis [19,20]. In 1990, Kende et al. disclosed the synthesis of neooxazolomycin [21], and this su-
perb achievement is the first and only total synthesis of any member of this family; however, the stereo-
controlled construction of the right-hand core has remained an unanswered challenge.

In order to develop an effective and general method for the synthesis of the oxazolomycin family
of compounds, we selected neooxazolomycin as a target. Our synthetic plan for neooxazolomycin
makes the obvious disconnection at three positions based on Stille coupling, amidation, and
Nozaki–Hiyama–Kishi coupling giving four fragments 25, 26, 27, and 28 (Scheme 7). Since Kende et
al. have already demonstrated an effective methodology for the synthesis of the left-hand segment via
Stille coupling of 25 and 26 [21], the major challenge in the synthesis resided in the stereoselective con-
struction of the highly functionalized pyrrolidinone core 28. We assumed that if we were able to trans-
form 28 to oxazolomycin core 31 by cleavage of γ-lactone, methylation of the secondary alcohol, and
formation of the β-lactone, then we could utilize 28 as a common intermediate in the synthesis of the
oxazolomycin family of compounds. To expeditiously access 28, we envisioned the retrosynthesis
through dihydroxylation of 29 and E-selective In-catalyzed cyclization of amide 30. This approach is
particularly appealing since the three contiguous asymmetric centers including two quaternary centers
could be created by one dihydroxylation process.
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Scheme 7 Retrosynthetic analysis of neooxazolomycin.



Synthesis of the right-hand segment

Alkynol 33 was first prepared by coupling of alkyne 31 and triflate 32, both readily available from
(S)-hydroxy–2-methylpropanoate, followed by desilylation (Scheme 8). After Jones oxidation of 33, the
resulting carboxylic acid was condensed with dimethyl 2-(methylamino)malonate via the correspon-
ding acid chloride to give amide 34. Upon treatment of 34 with a catalytic amount of In(OTf)3 in the
presence of DBU in boiling toluene, regio- and stereoselective cyclization took place cleanly to produce
35 in good yield. It is important to note that in this particular case the reaction again occurred with com-
plete E-selectivity and without epimerization. In the subsequent crucial dihydroxylation of 35, we grat-
ifyingly found that OsO4-NMO conditions promoted highly α-face selective dihydroxylation accom-
panied by concomitant lactonization to yield lactone 36 as the sole product. The observed high
diastereoselectivity can be explained by assuming 44 as a preferred conformer, where the approach of
OsO4 is restricted to the α-face, on the basis of nuclear Overhauser effect (NOE) experiments [22] and
molecular mechanics calculations [23]. After hydrolysis of 36, the resulting carboxylic acid was
chemoselectively converted to 37 by Fujisawa reduction [24]. The stereostructure of 37 was unam-
biguously confirmed by X-ray analysis of tert-butyldimethylsilyl (TBS) ether 38. Upon protection as its
dioxasilinane, debenzylation, and Dess–Martin oxidation, 37 afforded aldehyde 39.
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Scheme 8 Synthesis of the right-hand segment: (a) n-BuLi, DMPU-THF, –78 °C; (b) TBAF, THF, 81 % (2 steps);
(c) H2CrO4, aq. acetone; (d) (COCl)2, DMF, CH2Cl2, 0 °C; (e) dimethyl 2-(methylamino)malonate, toluene, 0 °C,
61 % (3 steps); (f) In(OTf)3 (7.5 mol %), DBU (7.5 mol %), toluene, reflux, 83 %; (g) OsO4 (0.4 equiv), NMO
(4 equiv), aq. THF-H2O (3:1), 100 %; (h) 4 M LiOH, THF, then 1 M HCl; (i) [Me2N=CHCl]+Cl–, MeCN-THF
(1:4), 0 °C, then NaBH4, DMF, –78 °C to rt, 57 % (3 steps); (j) i-Pr2Si(OTf)2, 2,6-lutidine, ClCH2CH2Cl, reflux;
(k) H2, Pd-C, MeOH; (l) Dess–Martin periodinane, CH2Cl2, 83 % (3 steps); (m) 40 (2 equiv), CrCl2 (4 equiv),
NiCl2 (0.2 equiv), THF-DMSO (3:1), 73 %; (n) Dess–Martin periodinane, CH2Cl2, 87 %; (o) L-Selectride, THF,
–78 °C, 96 %; (p) 46 % HF-pyridine-H2O-MeCN (1:4:2:20), 0 °C; (q) Ac2O, pyridine, 92 % (2 steps).



After considerable experimentation under various conditions, Nozaki–Hiyama–Kishi reaction of
39 with 40 turned out to be best achieved by the conditions [25] using 4 equiv of CrCl2 and 0.2 equiv
of NiCl2 in THF-DMSO at room temperature to give 41 in satisfying yield. Although no diastereo-
selectivity was observed in this coupling, Dess–Martin oxidation followed by L-Selectride reduction al-
lowed the highly stereoselective production of 42 with the desired R-configuration. Exposure of 42 to
HF-pyridine followed by acetylation of the resulting triol furnished right-hand segment 43, almost
quantitatively.

Synthesis of the left-hand segment and completion of the total synthesis

The left-hand segment 57 was constructed by the method outlined in Scheme 9, which brought a re-
markable improvement of Kende’s procedure [21] in overall yield. 
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Scheme 9 Synthesis of the left-hand segment and completion of the total synthesis of (+)-neooxazolomycin: (a)
MeMgBr, CuI, Et2O, –5 °C then ICl, 65 %; (b) Me3SiCCH, PdCl2(PPh3)2 (2 mol %), CuI (8 mol %), i-Pr2NH,
THF; (c) MnO2, hexane-CH2Cl2, 92 % (2 steps); (d) 47, SnCl2, LiAlH4, THF, 87 %; (e) 30 % H2O2, LiOH, aq.
THF; (f) LiOH, aq. THF-MeOH, (g) CH2N2, Et2O, 0 °C, 60 % (3 steps); (h) t-BuMe2SiOTf, 2,6-lutidine, CH2Cl2,
0 °C, 94 %; (i) n-BuLi, I2, THF, –78 °C, 99 %; (j) o-(NO2)C6H4SO2NHNH2, Et3N, i-PrOH-THF (1:3), 74 %
(3 steps); (k) KSCN, conc. HCl, MeCN, reflux; (l) KH, n-BuI, THF, 79 % (2 steps); (m) t-BuLi, CuCN·2LiCl, THF,
–78 °C, then BrCH2CCSiMe3, –78 °C to rt, 94 %; (n) Raney Ni, acetone-EtOH (1:1), reflux, 92 %; (o) AgOTf,
CH2Cl2-MeOH-H2O (7:4:1), 73 %; (p) n-Bu3SnH, AIBN, 70 °C, 88 %; (q) PdCl2(MeCN)2 (3 mol %), DMF, 79 %;
(r) 47 % HF-MeCN, then recrystallization; (s) LiOH, THF-MeOH; (t) Ac2O, pyridine, then sat. NaHCO3, aq.
MeOH, 85 % (3 steps); (u) 43, DBU, CH2Cl2, add to the mixed anhydride (57, BOPCl, Et3N, CH2Cl2), 60 %; (v)
LiOH (10 equiv), THF-H2O (3:1), then 1 M HCl, 59 %.



Thus, aldehyde 46 was stereoselectively prepared from propargyl alcohol by a modified method
involving methyliodination [26] and Sonogashira coupling of 45 with (trimethylsilyl)acetylene fol-
lowed by MnO2 oxidation. Following Kende’s procedure [21], aldehyde 46 was then successfully con-
verted to iodoalkene 50 via Reformatsky-type aldol reaction although the final diimide reduction was
performed employing o-nitrobenzenesulfonyl hydrazide in place of hydrazine, which provides high re-
producibility. The preparation of stannane 25 required for Stille coupling with 50 started from 2,2-di-
ethoxyethanol (51). Thus, reaction [27] of 51 with KSCN under acidic conditions followed by butyla-
tion of the resulting oxazole-2-thiol afforded oxazole 52 in good yield. Cu-catalyzed propargylation
[28] of 52 cleanly produced 53 which, upon desulfurization, desilylation, and hydrostannylation, gave
25 as a 6:1 E/Z-mixture. It should be noted that although Stille coupling of 25 with 50 afforded triene
55 as an inseparable E/Z-mixture, the left-hand segment 57 was obtained in geometrically pure form
through recrystallization of 56. Finally, following the previous synthesis [21], condensation of 57 with
the free amine in situ generated from 43 followed by deacetylation of 58 furnished (+)-neo-
oxazolomycin.

CONCLUSION

We have developed a methodology that provides a new entry to heterocycles. The key In(OTf)3-cat-
alyzed reaction features broad applicability as well as atom economical efficiency and operational sim-
plicity. The synthesis of salinosporamide A and neooxazolomycin illustrates the power of the newly de-
veloped methodology for natural products synthesis.
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