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ABSTRACT: A concise, organocatalytic, enantioselective route to
the γ-lactam core of the oxazolomycins was developed. Key steps
include a Lewis base-catalyzed, Michael proton transfer−lactamiza-
tion organocascade, a one-pot N-methylation and diastereoselective
α-alkylation, a diastereotopic group-selective reduction, a substrate-
directed allylic hydroxylation, and a lanthanide-mediated organo-
lithium addition to append the side chain. A formal synthesis of
(+)-neooxazolomycin via interception of a Kende intermediate,
accessed in 10 steps (previously 24 steps from α-D-glucose), enabled
confirmation of the relative and absolute stereochemistry.

S ince the isolation and structural assignment of the
peptide−polyketide natural products oxazolomycin A1

and neooxazolomycin2 by Uemura and co-workers in 1985,
several congeners have been identified from both marine and
terrestrial Streptomyces bacteria and are known collectively as
the “oxazolomycins” (Figure 1).3 Across the various congeners

that have been identified to date, the main structural
differences are substitution at C16 of the spiro-β-lactone, the
geometry of the conjugated triene, and the terminal group of
the side chain. The stereochemically rich spiro-β-lactone
pyroglutamate core is common to all oxazolomycin family
members with the exception of neooxazolomycin, which
instead possesses a fused γ-lactone. The only reports regarding
the bioactivity of neooxazolomycin, to the best of our
knowledge, include the original isolation paper that reports
in vivo activity against Ehrlic ascites tumor cells but without
quantitative data.2 In addition, a study evaluating the inhibition
of plant tumorigenesis by oxazolomycin A states that
neooxazolomycin did not display this activity.4 In contrast,

there are many reports of spiro-β-lactone-containing oxazolo-
mycins that demonstrate a wide range of bioactivities,
including antiviral, anticancer, and antibacterial activity.5

Thus, an efficient, stereoselective synthetic route to access
both spiro-β-lactone and fused γ-lactone γ-lactam core
structures of the oxazolomycins and neooxazolomycins,
respectively, is desirable for a more complete understanding
of the structure−activity relationship of these natural products.
Numerous elegant synthetic strategies targeting the densely

functionalized γ-lactam core have been described,6 culminating
in a formal synthesis of neooxazolomycin by Taylor7 and total
syntheses of oxazolomycin A8 and lajollamycin9 by Hatakeya-
ma and neoxazolomycin by Kim,10 Hatakeyama,11 and
Kende.12 Despite these various synthetic strategies, only a
few studies directed toward an understanding of the biological
mode of action13 of the oxazolomycin family have been
reported. Futhermore, no catalytic, enantioselective routes to
the oxazolomycin core have been described. Previous synthetic
routes employed chiral pool starting materials and required
redox manipulations to invert the C4 or C7 carbinol
stereocenters. In contrast, our approach sets all six stereogenic
centers in the C1−C17 core with a high degree of
stereocontrol and with the natural configurations.
Toward our goal of elucidating the cellular target(s) and

delineating the minimal structural features required for the
bioactivity of the oxazolomycin family, we report herein a
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Figure 1. Structures of selected oxazolomycin family members and
neooxazolomycin.
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scalable, organocatalytic, enantioselective approach to the
pyroglutamate core of the oxazolomycins. A vinyl iodide
intermediate 2 utilized by Kende in the first total synthesis of
neooxazolomycin was intercepted in 10 steps (longest linear
sequence; previously obtained in 24 steps from glucose) from
the known sulfonamido malonate 7.14 This enabled correlation
of the absolute stereochemistry of the C1−C9 core of the
oxazolomycins obtained through the described synthetic route.
We adopted a common retrosynthetic disconnection for all

oxazolomycins utilized to date, namely the side-chain amide
bond that appends the core (C1−C17) to the conjugated
triene oxazole fragment (C1′−C13′). With a goal of
methodically increasing the complexity of the side chain in a
version of pharmacophore-directed retrosynthesis,15 we next
chose a C9−C10 disconnection of the diene,16 leading to the
initial synthetic target of our study, Kende’s vinyl iodide 2 that
would enable correlation of the absolute and relative
configuration corresponding to that of neoxazolomycin and
by extension oxazolomycin (Figure 2). Disconnection of the

C4−C5 bond through a facially selective addition to aldehyde
3 of an alkylmetal species derived from a C5−C9-bearing
iodide 4 builds on precedent from the Donohoe lab.6d The
appropriately functionalized aldehyde-bearing γ-lactam 3
would be derived from diol 5, in turn derived from
substrate-controlled alkylation and functional group manipu-
lation of diester 6. Finally, our previously described
nucleophile (Lewis base)-catalyzed Michael proton transfer
lactamization (NCMPL) organocascade17 would deliver die-
ster lactam 6 in enantiopure form from aminomalonate 714 and
acid chloride 8, each accessible in one step from commercial
materials. The single C3-stereogenic center would impart
diastereoselectivity during α-methylation at C2 and guide a
diastereotopic group-selective reduction18 of the geminal
diester. The styrenyl moiety in the NCMPL was chosen to
control the regioselectivity for the allylic C−H hydroxylation at
C3 and serve as a masked aldehyde.
Our synthesis commenced with the NCMPL, employing

acid chloride 8 and N-tosyl aminomalonate 7 as substrates with
20 mol % TMS-quinine (TMSQN) as the chiral Lewis base,
reliably delivering γ-lactam 6 on a 20 g scale in 72% yield

[>99:1 er (Scheme 1)]. Sufficiently pure, crystalline lactam 6
could be obtained by simple trituration (MeOH) of the crude

solid following aqueous workup. The absolute stereochemistry
was confirmed by X-ray analysis as recently described.17a

Desulfonylation of lactam 6 on a decagram scale by stirring
with Mg0 turnings in cold MeOH/THF19 was followed by a
one-pot N-methylation on the pyrrolidinone nitrogen and
highly diastereoselective methylation at C2 to deliver dimethyl
γ-lactam 9 on a multigram scale in 73% yield (>19:1 dr). A
diastereotopic group-selective monoreduction of the more
sterically accessible methyl ester was possible through use of a
bulky hydride source (LiEt3BH, superhydride) at a low
temperature, giving an intermediate aldehyde that was directly
reduced with NaBH4 to the targeted β-hydroxy ester 10. A
subsequent allylic CH hydroxylation with SeO2, presumably
directed by the adjacent primary alcohol,20 provided multigram
quantities of pyroglutamate diol 5 with the desired C3
configuration [confirmed by X-ray analysis of an acetonide
derivative 11 (Scheme 1, inset)]. Notably, diester 9, upon
being exposed to SeO2, led to the desired stereochemistry at
C3 but as a 4:1 mixture of epimers, supporting the directing
effect of the C16 primary alcohol. Simple trituration of crude
diol 5 with CH2Cl2 provided sufficiently pure material for use
in subsequent reactions.
With pyroglutamate diol 5 available in gram quantities, the

stage was set for exploration of the key C4−C5 alkylmetal
addition reaction, which required a careful choice of a C3,C16
alcohol protecting group scheme. Initially, we studied the
formation of acetonide from 5 and the styrenyl moiety was
oxidatively cleaved with ozone to yield aldehyde 12. Exposure
to several Grignard or organolithium reagents led to only
reduction or no reaction, respectively (Scheme 2). The
sterically hindered nature of the C4 aldehyde presumably led
to low reactivity; therefore, we turned to the use of anhydrous
lanthanide halides, known to assist in nucleophilic additions to
hindered carbonyls through Lewis acid activation of the
carbonyl oxygen and/or the in situ generation of an

Figure 2. Retrosynthetic analysis of the γ-lactam core of the
oxazolomycins intercepting Kende’s vinyl iodide intermediate 2.

Scheme 1. Scalable, Enantioselective Synthesis of
Pyroglutamate Core 5a

aThe inset shows an ORTEP representation of the single-crystal X-ray
structure of dioxane 11, with 50% probability ellipsoids, PhCH
omitted for the sake of clarity.
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organolanthanide of enhanced nucleophilicity and reduced
basicity.21 A combination of excess allylmagnesium bromide22

and anhydrous CeCl3
23 in THF led to a single diastereomer of

γ-lactone 14 through a nucleophilic addition/γ-lactonization
sequence (Scheme 2). Spectroscopic analysis, including
NOESY, unfortunately indicated that γ-lactone 14 had the
undesired C4 configuration, presumably the product of
addition to the re face of aldehyde 13 induced by formation
of seven-membered chelate 13 with the pendant ester. We
speculated that the gem-dimethyl group in the acetonide of
diol 5 sterically precluded the C3-ether oxygen from
coordination to the cerium(III) ion that would induce the
desired facial selectivity. An acetal protecting group bearing a
pendant methoxy functionality was next considered with the
aim of templating the chelation of the cerium(III) ion onto
aldehyde 16 via chelated intermediate 15 (Scheme 2), leading
to si face addition to the aldehyde; however, this tactic did not
override the competing seven-membered chelate. The NOESY
spectra and X-ray single-crystal analysis of lactone 17
confirmed that the undesired C4-relative configuration was
again formed during the allylation.
Building on work by Donohoe, we considered the possibility

that the C3-tertiary alcohol, once deprotonated, could enforce
a chelated α-hydroxy aldehyde intermediate [cf. 22 (Scheme
3b)], which would be expected to deliver the desired facial
selectivity. This chelated α-alkoxy aldehyde was first proposed
by Donohoe employing a similar α-hydroxy aldehyde and a
primary alkylcerium reagent generated in situ.6d We studied
this tactic beginning with selective silyl protection of 1,3-diol 5,
yielding silyl ether 21, followed by ozonolysis to afford the α-
hydroxyaldehyde 3. Initial studies with allylmagnesium bro-
mide were inconclusive with regard to the stereochemical
outcome at C4 so we proceeded to correlate the stereo-
chemical outcome by comparison to Kende’s intermediate 2
through addition of the required side chain as described below.
The required enantioenriched C5−C9 iodide 4 was

synthesized through application of an Evans anti-aldol

reaction24 utilizing oxazolidinone25 18 and the β-triisopropyl-
silyl acrolein26 19 [63% yield, >19:1 dr (Scheme 2a)]. Silyl
protection of the resulting secondary alcohol and reductive
cleavage of the auxiliary gave a primary alcohol that was
converted to iodide 4 under typical Appel conditions.27

The optimized procedure for this key fragment coupling
involved lithium−halogen exchange of the primary iodide 4 at
−78 °C in a mixture of dry hexanes and ether.28 α-
Hydroxyaldehyde 3 was dissolved in a solution of LaCl3·
2LiCl in THF,29 and this mixture was then slowly added to the
alkyllithium solution maintained at −78 °C (Scheme 3b). The
desired fused γ-lactone γ-lactam 24 was generated through a
highly diastereoselective nucleophilic addition/γ-lactonization
sequence, and the conformational rigidity of lactone 24
enabled the initial determination of the C4 stereochemistry
through NOESY analysis (blue arrows). The relative and
absolute stereochemical assignment of this fragment was
further corroborated by intercepting Kende’s vinyl iodide
intermediate 2. Iododesilylation of the vinylsilane in 24 with
NIS and Ag2CO3 in hexafluoroisopropanol30 (HFIP) at 0 °C
delivered (E)-vinyl iodide 2 (87% yield, >19:1 E:Z) and
spectroscopicaly correlated well with that previously reported
(see Table S1).
In summary, we developed a scalable, organocatalytic,

enantioselective route to a versatile pyroglutamate diol 5 that
is serviceable for the synthesis of the oxazolomycin family of
natural products. Diol 5 was converted in four steps to an
advanced vinyl iodide 2 first synthesized by Kende in the first
total synthesis of neooxazolomycin, confirming the relative and
absolute stereochemistry of the C1−C17 fragment.12 A
simplified procedure involving a lanthanide-mediated alkyl-
lithium addition, building on work by Donohoe, enabled a
highly diastereoselective installation of the C4−C5 bond that
initiates construction of the oxazolomycin side chain. This
C4−C5 bond disconnection will allow for variation of the side
chain in the synthesis of simplified derivatives toward
facilitating a more in-depth understanding of the structure−
activity relationships and the various reported biological

Scheme 2. Facially Selective Additions to Aldehydes 12 and
16 and Stereochemical Assignments through nOe and X-ray
Analysisa

aThe inset shows an ORTEP representation of single-crystal X-ray
structure of lactone 17, with 50% probability ellipsoids. Methoxy-
methylene side chain omitted for the sake of clarity.

Scheme 3. (a) Enantioselective Synthesis of the C5−C9
Fragment of the Oxazolomycins and (b) Formal Total
Synthesis of (+)-Neooxazolomycin (1)
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activities for this family of unique peptide−polyketide natural
products.
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