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Abstract

The synthesis of (-)-salinosporamide A, a proteasome inhibitor, is described. The synthesis
highlights the assembly of a densely decorated pyrrolidinone core via an aza-Payne/
hydroamination sequence. Central to the success of the synthesis is a late stage C—H insertion
reaction to functionalize a sterically encumbered secondary carbon. The latter functionalization
leads to an enabling transformation where most of the prototypical strategies failed.

Graphical Abstract

The total synthesis of salinosporamide A is accomplished via a late stage C-H insertion. The core
of the molecule was assembled via an aza-Payne/hydroamination sequence of an enantiomerically
enriched azidiridine alcohol to yield the pyrrolidinone, with functionalities in place for further
elaboration into the target molecule.
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(-)-Salinosporamide A (1), a potent inhibitor of 205 proteasome, was isolated in 2003 by
Fenical and co-workers from marine sources found in the ocean sediments.[1] Due to its
unique anticancer activity, (-)-salinosporamide A was entered into human clinical trials for
treatment of multiple myeloma.[?] Along with its significant biological properties,
salinosporamide A contains a highly functionalized skeleton that provides a unique
opportunity for reaction discovery. Featuring a bicyclic g-lactone within a highly decorated
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pyrrolidinone core containing five contiguous stereocenters, salinosporamide A’s structural
features has stimulated tremendous activity with diverse strategies for its preparation within
the synthetic community.[3]

A year after its isolation, the first total synthesis of salinosporamide A was reported by
Corey and coworkers.[3"] A highlight of this ground breaking synthesis is their ingenious
endgame strategy that installs the cyclohexenyl moiety. This has become the standard
strategy adopted in most of the successful syntheses that followed. Strategically, most of the
reported syntheses of salinosporamide A differ in their approach to access the pyrrolidinone
core. While Corey and coworkers employed the Baylis-Hillman reaction, the majority of the
bioinspired synthetic strategies utilized an intramolecular aldol type reaction that yields the
pyrrolidinone. Our approach to the pyrrolidinone core, with the appropriate functionalities in
place for completion of the synthesis, differs significantly from previous reports. We aimed
to utilize the tandem aza Payne/hydoamination reaction,[*] highlighted in the dashed box in
Scheme 1, to create the of pyrolidinone core contained in salinosporamide A.

Initially, our retrosynthetic plan called for C5 acylation of 3 to yield the general structure 7,
poised for B-lactone formation with the C4 hydroxyl group (Scheme 1). Pyrrolidinone 3
would be derived from the Lewis acid activated opening of the epoxide in 4, which would
also pave the path for intoduction of the C3 allyl group. The aforementioned aza-Payne/
hydroamination of 5, obtained from 6 through functional group manipulations and
Cordova’s enantioselective aziridination protocol, would provide 4. As will be detailed
briefly below, attempts to functionalize C5 via anionic, cationic, and radical routes failed.
The C5 substitution was achieved through a C—H insertion reaction from the vinyl bromide 2
via /n situ generation of a vinyl carbene, yielding a bicyclic system with an embedded olefin
that could be converted to the requisite carbonyl functionality. Functional group
interconversions of the latter yield the target compound 1.

Our synthesis commenced with the commercially available alcohol 6, which was protected
as a TBS ether, followed by allylic oxidation to furnish the a,8-unsaturated aldehyde 8 in
high overall yield (Scheme 2). Asymmetric aziridination of 8 was carried out utilizing
Cordova’s protocol,[°] delivering the chiral aziridinal 10 in 88% yield and excellent
enantioselectivity. We have previously demonstrated that the chelation-guided addition of
ethynyl magnesium bromide to aziridine aldehydes similar to 10 proceeds with high levels
of stereocontrol.[®] As such, reaction of ethynylmagnesium bromide with 10 provided the
aziridine alcohol 5 as a single diastereomer (structure of 5 was confirmed via x-ray
crystallography). The aza-Payne/hydroamination sequence was initiated with the addition of
the Corey-Chaykovsky reagent, pretreated with NaH to yield the enamide 4. The crude
enamide was readily ozonolyzed to deliver the pyrrolidinone 11 in nearly quantitative yield
over two steps. The crude product 11 was subsequently exposed to magnesium bromide in
ether, resulting in a highly regio and diastereoselective bromide addition to the epoxide
moiety. Bromohydrin 12 was isolated in high overall yield from the propargyl alcohol 5
(86% over three steps), and its structure was further verified by x-ray crystallography.

Radical mediated allylation of the a-bromo lactam 12 with allyl-#rbutyl stannane (13)
installed the three-carbon appendage at C3, favoring the desired diastereomer 15 by a 3:1
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ratio. The stereochemical outcome of this reaction is presumably controlled by the large
TBS protecting group on the primary alcohol (see dashed box in Scheme 2). Protection with
the smaller benzyl group (12a) led to a more equal distribution of diastereomers (14a:15a
43:57), while having a Lewis acid present reversed the selectivity (14:15 67:33, see ZnCl,
mediated allylation of 12, dashed box, Scheme 2). As shown in the proposed complex 12x,
the putative coordination of the Lewis acid with the C4-OH blocks the a-approach, and thus
favors addition of the allyl group from the opposite face. Since the selectivity attributed to
the steric effect of the neighboring groups on the kinetic process of the allylation reaction
led to 15 as the major product, we surmised that a similar intrinsic selectivity could apply to
the thermodynamics of C3 epimerization. In light of this notion, the mixture of
diastereomers was treated with catalytic DBU at room temperature, leading to complete
epimerization of C3 to yield 15, exclusively. Removal of the tosyl group with magnesium in
methanol with sonication’ provided 16 (structure verified by x-ray crystallography), poised
for acylation at C5.

With 15 in hand, installation of the carbonyl or a functionally equivalent moiety on C5 was
pursued (Figure 1a). Our initial approach was to deprotonate C5-H for nucleophilic
substitution of an activated acyl group (17). Various analogs of compound 15 were prepared
to expose an acidic hydrogen on C5. Although with an ester substituted at C5 (see
R1=CO,Me in 18) one might argue that the C3 a-H of the lactam moiety might be more
acidic, the choice of an aldehyde (R{=CHO in 18) was to ensure effective competition.
Nonetheless, under many different conditions, deprotonation/functionalization of C5 failed.
Major issues were the kinetic acidity of the C3 proton that would result in the elimination of
hydroxyl group (protected and unprotected) from C4 along with acylation of C3.
Additionally, leaving the hydroxyl group at C4 unprotected led to significant retro-aldol
when C5 carried an electron withdrawing group, thus unraveling the pyrrolidone core.
Alternatively, efforts to intramolecularly remove the C5 hydrogen atom were met with
disappointing results. Examples 19a and 19b, shown in Figure 1a, utilized radical relay
groups to initiate the hydrogen atom removal (see 19a + AIBN), although in most cases the
dehalogenated molecules were observed as the major product. Equally disappointing were
efforts to use enamine 20 to exploit a cationic based strategy for introducing an acyl
equivalent as a nucleophile at C5 (20 + E™); enamine 20 was not stable and underwent rapid
loss of water to yield a conjugated diene.

As described above, polar approaches to C5 functionalization were fraught with
complications that led to undesired pathways, while the neutral radical approach seemed to
not engage with the C5-H bond, although it minimized degradation via other pathways.
Based on these observations, we opted to pursue the neutral activation path, but in lieu of
radicals we explored C-H insertion reactions to functionalize C5 (Figure 1b).[¢] An in situ
generated tethered carbene8€:8M in the vicinity of C5 could lead to the installation of a
carbonyl surrogate. The pyrrolidinone nitrogen atom was chosen as a handle to deliver the
carbene, thus 16 was reacted with allyl bromide 21 to obtain vinyl bromide 2 in high yield
(Figure 1b).[%] Exposure of 2 to basic conditions presumably yields intermediate 2a, leading
to the bicyclic product 22. A thorough optimization of the reaction conditions (see Table S1
for details) revealed that employing potassium bis(trimethylsilyl)amide (KHMDS) in toluene
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at low temperature delivers 22 in high yield. The reaction efficiency was highly dependent
on the temperature of the reaction. At higher temperatures the isolated yield of the product
and the mass balance of the reaction were significantly lower. This observation is not
surprising since the pyrrolidinone core was susceptible to elimination under basic
conditions, a process that is retarded at lower temperatures.

Oxidative cleavage of the newly installed double bond in 22 would yield the requisite
carbonyl moiety on C5. On the other hand, oxidative cleavage of the terminal olefin on C3
would provide a path to introduce the chloride group on the carbon side chain. Given the
concurrent oxidation of both olefins in 22 led to a complex mixture of products, a sequential
oxidative cleavage of the two olefins was pursued. Chemoselective cleavage of the
monosubstituted alkene was achieved using the Lemieux—Johnson oxidation protocol
(Scheme 3). The resulting hemiacetal was directly converted to acetal 23 by reacting with
methanol under acidic condition, yielding a separable 1:1 diastereomeric mixture, although
the stereochemistry of the newly formed center is inconsequential. For simplifying NMR
analyses, the two diastereomers of 23 were carried through the final steps of the synthesis
separately, although it should be noted that the yields and selectivities for the products of the
reactions that followed were the same (only one diastereomer is shown from 24 to 30).

The remaining olefin in 23 was ozonolyzed, leading to the installation of the aldehyde group
on C5, however, removal of the residual ketone on the pyrrolidinone nitrogen atom proved
problematic. Allylic oxidation of the cycloalkene with CrO3[19] led to the a,B-unsaturated
imide 24, which was readily cleaved to the dicarbonyl 25 with the desired aldehyde on C5
(see Table S2 for optimization of oxidation conditions). Pinnick-Kraus oxidation of the
aldehyde proceeded smoothly, not only delivering the carboxylic acid that was subsequently
esterified with (trimethylsilyl)diazomethane, but also hydrolyzing the dicarbonyl group. The
resulting lactam was Boc protected, delivering 26 in high yield from aldehyde 25. Removal
of the TBS group required care to maintain the Boc group. Tetrabutyl ammonium fluoride
buffered with acetic acid[11] provided alcohol 27 in high yield (see Table S3 for details),
which upon Dess—Martin periodinane (DMP) oxidation led to the aldehyde 28. Following
the strategy reported by Corey and coworkers,[3"] treatment of aldehyde 28 with the
cyclohexenyl zinc chloride delivered alcohol 29 in high yield with complete
diastereoselectivity. Removal of the Boc group and hydrolysis of the acetal were achieved by
treating 29 with aqueous trifluoro acetic acid (TFA).3U The resulting hemiacetal was reduced
with sodium borohydride to yield diol 30. Hydrolysis of the methyl ester employing
[Me,AlTeMe], delivered the corresponding carboxylic acid, which upon treatment with
BOPCI led to installation of the g-lactam in 31.[39] Chlorination of the primary alcohol in 31
with triphenylphosphine dichloride provided the target molecule.

In conclusion, we report the enantioselective synthesis of (-)-salinosporamide A. The
synthesis highlights the utility of a key aza-Payne/hydroamination reaction to install the
pyrrolidinone core, and an epoxide opening/allylation sequence that decorates the densely
functionalized ring. Application of the C—H insertion reaction highlights the use of vinyl
carbene chemistry to overcome challenging C-H functionalizations. Although not immune to
unwanted side reactions, the power and efficacy of a neutral, but reactive carbon center, in
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addressing issues that often exists with classical approaches to carbon functionalization in a
structurally complex system that could suffer many unproductive pathways is noteworthy.
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