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Analogs of salinosporamide A with variations of the C2 and C5 substituents are prepared in 8-10 steps
using as the first and key transformation a diastereoselective Mukaiyama aldol reaction between the chi-
ral 5-tert-butyldimethylsiloxy-3-methyl-1H-pyrrole-2-carboxylic ester depicted and various aldehyde
substrates, promoted by tert-butyldimethylsilyl triflate. In this transformation, the 4-trimethylsilyl-3-
butyn-2-ol ester functions to direct the formation of predominantly one of four possible diastereomeric
aldol products. Introduction of the C2 appendage by a later-stage, stereocontrolled alkylation reaction
permits the construction of analogs variant at this position. Results from in vitro and cell-based assays
of proteasomal inhibition are reported. Mass spectrometric studies provide mechanistic details of prote-
asomal modification by salinosporamide A and analogs.

© 2013 Elsevier Ltd. All rights reserved.

Salinosporamide A (1, Table 2) is a marine natural product with
antiproliferative effects in human cancer cells grown in culture.’
These effects correlate with and are thought to derive from the
ability of salinosporamide A to inhibit the chymotryptic-like sub-
unit of the proteasome.? In light of the potential therapeutic bene-
fits of proteasomal inhibitors for the treatment of multiple
myeloma and other cancers, many laboratories have sought to
develop chemistry to access analogs of the densely functionalized,
stereochemically complex salinosporamide natural product family.
Corey and co-workers® reported the first laboratory synthetic route
to salinosporamide A subsequent to their pioneering achievements
in the lactacystin-omuralide class.* Since then, an extraordinary
diversity of innovative developments in many laboratories have
permitted access to 1,” dihydrosalinosporamide A" (2, Scheme 1)
and structural analogs.?®® In this work we provide details of a
new process that permits stereocontrolled synthesis of salinos-
poramide analogs with structural variations at positions C2 and C5.
The key step in the sequence establishes the contiguous stereogenic
centers C4, a quarternary carbon center, and C5 by a diastereoslec-
tive Mukaiyama-type aldol addition reaction between 5-tert-butyl-
dimethylsilyloxy-3-methyl-1H-pyrrole-2-carboxylic esters and
different aldehyde substrates. A strategically related bond forma-
tion was earlier demonstrated by Baldwin and co-workers’ in the
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key step of their synthetic route to lactacystin, depicted in Figure 1.
The present work differs from that precedent in that the pyrrole
ester we employ as substrate bears a C3-methyl substituent
(present in salinosporamide A but not lactacystin-omuralide) but
no C2 substituent, carries C15 in its proper oxidation state, and
most significantly, uses a simple chiral alcohol in ester linkage at
that same position to direct stereoselective aldol bond formation
at C4-C5, rather than a cyclic scaffolding element.

The basis for the present route was the preliminary finding that
methyl 5-tert-butyldimethylsilyloxy-3-methyl-1H-pyrrole-2-car-
boxylate (1.0 equiv) and cyclohexanecarboxaldehyde (1.5 equiv)
react in the presence of tert-butyldimethylsilyl triflate (2.0 equiv)
in dichloromethane at —78°C to afford a racemic mixture of
Mukaiyama aldol addition products that substantially favors the
C4-C5 anti stereoisomer over the syn diastereoisomer (20:1, 67%
combined yield, Table 1, entry 1). As salinosporamide A is a C4-C5
anti stereoisomer, we were encouraged that a route to various
salinosporamide analogs might be developed provided that the
issue of absolute stereochemical control could be addressed. To
enable an enantio- as well as diastereocontrolled synthesis of
salinosporamide analogs we investigated Mukaiyama aldol
addition reactions of cyclohexane-carboxaldehyde with a number
of esters derived from 5-tert-butyldimethylsilyloxy-3-methyl-1H-
pyrrole-2-carboxylic acid and simple chiral alcohols (Table 1).
We observed that a preponderance of one of the four possible
diastereoisomeric Mukaiyama aldol addition products was formed
in each case, on the basis of "H NMR analysis of the crude reaction
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Scheme 1. Synthesis of dihydrosalinosporamide A (2).

mixtures, although differing proportions of the three alternative
diastereomeric addition products were also evident (Table 1).
While we believe that in each case the major product was likely
an anti diastereomer, we did not rigorously establish this, but
instead focused on identifying the most useful substrate in terms
of the net diastereoselectivity of the aldol addition reaction and
the ease of purification of the major product. This proved to be
the 4-trimethylsilyl-3-butyn-2-ol ester substrate of entry 10. The
parent chiral alcohol used to prepare this substrate is readily avail-
able in gram amounts in both enantiomeric forms by asymmetric
hydrogenation of 4-trimethylsilyl-3-butyn-2-one using the Noyori
protocol .

In one larger-scale implementation of the transformation of
entry 10 (Table 1), we added tert-butyldimethylsilyl trifluorometh-
anesulfonate (9.6 mL, 42 mmol, 2.0 equiv) to a solution of the
pyrrole ester substrate 3 (7.9 g, 21 mmol, 1 equiv) and cyclohex-
anecarboxaldehyde (3.8 mL, 31 mmol, 1.5 equiv) in dichlorometh-
ane (104 mL) at —78 °C. After 6 h, triethylamine was added, and
the product mixture was isolated by extraction. Diastereomerically
pure anti aldol addition product 4 (4.4 g, 43% yield) was obtained
by flash-column chromatography, then trituration with hexanes.
X-ray crystallographic analysis (Fig. 2) established that the product
we obtained was the (4S,55)-anti stereoisomer.

CHjz
5, iprcHo  CHats \S.oH
OL =\, SnCl, OL ” 12 steps
EEE— _—
SN TCHs ether N CHs 23%
Ph gec PhH
OoTBS (0]
55% Lactacystin

Figure 1. A diastereoselective Mukaiyama aldol reaction featured in a prior
synthesis of lactacystin,” numbered to correspond with salinosporamide A.

To transform the aldol addition product 4 into enantiomerically
pure dihydrosalinosporamide A (2), we developed the 7-step
sequence shown in Scheme 1. The sequence began with transeste-
rification of 4 in the presence of 2-trimethylsilylethanol and titanium
isopropoxide® (recovery of the volatile chiral alcohol by-product
was not attempted) affording the 2-trimethylsilylethyl ester 5
in 93% yield. Alkylative introduction of the C2 substitutent
was then achieved in one operation by in situ N-tert-butyldimeth-
ylsilylation (PhLi; TBSCI) followed by formation of an extended
enolate at -78 °C with LDA and trapping with 2-chloroethyl tri-
flate. The alkylation reaction was position- and stereo-specific, pro-
viding exclusively the a-adduct 6. Stereoselective epoxidation then
occurred in the presence of trifluoroperacetic acid to provide the
epoxide 7 in 65% yield (two steps, from 5). Epoxide opening with
Mgl,'° gave rise to the iodohydrin 8. Exposure of the latter product
to triflic acid led to cleavage of the 2-(trimethylsilyl)ethyl ester
function as well as the tert-butyldimethylsilyl ether; selective
deiodination of the resulting iodo acid then occurred in the pres-
ence of Raney nickel.'" Lastly, the p-lactone ring was formed in
the presence of BOP-CI and triethylamine,* completing the synthe-
sis of dihydrosalinosporamide A (2, 7 steps from 4, 38% yield).

Salinosporamide analogs with 5-cyclopropyl and 5-benzyl
substituents in place of cyclohexyl were synthesized using cyclo-
propanecarboxaldehyde and 2-(cyclohexa-2,5-dien-1-yl)acetalde-
hyde,'? respectively, as alternative substrates in the Mukaiyama
aldol coupling with the pyrrole ester substrate 3 (Scheme 2).
Although the yields of the diastereomerically pure anti-aldol
products were only modest (due to need for extensive purification),
the transformations nevertheless provided sufficient material to
permit further processing of these products by sequences analo-
gous to Scheme 1 to produce the corresponding salinosporamide
analogs (compounds 17 and 18, respectively, Table 2) for
evaluation of proteasomal inhibition (8-9 steps, 6-10% yield, see
Supplementary data for details).

In addition to variation of the aldehyde coupling partner, we
employed alternative electrophiles for enolate trapping and so pro-
duced analogs with different C2-substituents. For example, use of
3-chloropropyl triflate as the electrophile provided access to the
homologated dihydrosalinosporamide analog 16 (Scheme 3 and
Table 2) whereas allyl bromide provided access to the aldehyde
and ester analogs 19 and 20 by selective oxidation of the allyl
side-chain (11 — 12, Scheme 4). The latter a-allylation reaction
employed a different protocol for in situ N-tert-butyldimethylsily-
lation, using N-tert-butyldimethylsilyl-N-methyltrifluoroaceta-
mide, which allowed us to isolate and vacuum-dry the N-protected
lactam prior to adding LDA. All three analogs (16, 19, and 20, see
Table 2) were prepared with the goal of exploring alternative
modes of cyclization of the hydroxyl group that is liberated upon
opening of the B-lactone function by the N-terminal threonine
residue of the chymotryptic subunit of the proteasome (see
Fig. 3), which has been suggested to be an important factor in
the functioning of salinosporamide A.2>6%13

To evaluate the ability of each salinosporamide analog to inhibit
the chymotryptic site of the 20S proteasome, an in vitro assay was
conducted using purified human 20S proteasome and a commer-
cial fluorogenic substrate'* (assays conducted by Dr. Sridevi Pond-
uru and Mr. Ronald Paranal, laboratory of Prof. James Bradner,
Dana Farber Cancer Institute). The ICso values that were obtained
are listed in Table 2. Dihydrosalinosporamide A was found to be
somewhat less potent (one to threefold) than an authentic sample
of salinosporamide A (in a prior study, dihydrosalinosporamide A
(2) was found to be ~eightfold less potent than 1 in an assay of
the chymotryptic activity of rabbit 20S proteasome).?" Interest-
ingly, we found that the 5-cyclopropyl analog 17 and 1 displayed
similar potencies while the 2-(3-chloropropyl) analog 16 was
two to threefold less potent than 1.'° In contrast, the 5-benzyl
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Table 1

Mukaiyama aldol addition reactions of various pyrrole ester substrates and cyclohexanecarboxaldehyde
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12 HoCogi = 16.3:5.4:1.2:1
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2 All ratios were established by integration of 'H NMR spectra of unpurified product mixtures. Only the stereochemical assignments
of the major products of entries 1 and 10 were rigorously established.

salinosporamide analog and the analogs bearing aldehyde and
methyl ester functions on the C2 side-chain were >10-fold less
potent than salinosporamide A. To evaluate our synthetic analogs
in a cell-based assay, an image-based screening method!® was
employed that assayed proteasomal inhibition by fluorescence
readout from a stably transfected HEK cell line expressing a GFP-
tagged proteasomal substrate. The 5-cyclopropyl analog 17 failed
to perform as well in this assay as it did in the prior extracellular
assay, whereas dihydrosalinosporamide A (2) and the 2-(3-chloro-
propyl) dihydrosalinosporamide analog 16 functioned to inhibit
the proteasome in both the cell-based assay and the in vitro prote-
asomal inhibition assay.

In light of the fact that the 2-(3-chloropropyl) dihydrosalinos-
poramide analog 16 was active in both the in vitro and cell-based
assays of proteasomal inhibition, we were curious to learn if the
chloropropyl side-chain underwent cyclization to form a tetrahy-
dropyran ring after acylation of the N-terminal threonine residue
of the chymotryptic site (in analogy to the tetrahydrofuran ring
formation that occurs with salinosporamide A)'” and if so, at what
rate. To address these questions, we developed a protocol to mon-
itor the acylation reactions by mass spectrometry. This is possible
because the unmodified proteasome, its direct acylation product
(without secondary cyclization), and the putative fully cyclized
acylated product all have different molecular weights. We were
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Table 2

Assays evaluating proteasomal inhibition by salinosporamide analogs

Analog ICso (nM) ECs0 (nM)

Chymotryptic site HEK 293
22° ND
232, 77° 10°
50°, 67° 90°
28* 360"
500" 332¢
330° ND
500" ND

Figure 2. A 3-dimensional representation of the solid-state structure of the major
diasteromeric Mukaiyama aldol addition product, based on X-ray crystallographic

TMS
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0.0
TBSO CHg

HN\
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¢ Assays performed by Dr. Sridevi Ponduru, Bradner Laboratory.
b Assays performed by Mr. Ronald Paranal, Bradner Laboratory.

successful in developing two different mass spectrometric proto-
cols to monitor each step of proteasomal modification by salinos-
poramide A and its analogs (results are summarized in Figs. 3
and 4). Briefly, purified human 20S proteasome (1.4 pM) was incu-
bated with a 10-fold molar excess of salinosporamide A or an ana-
log in pH 7.5 buffer solution (10 mM Tris/HCL, 1 mM EDTA, 1 mM
DTT, <1% DMSO) at 23 °C for varying times before a denaturing
quench and sample cleaning using a C4 ‘ZipTip’ (Millipore, Bille-
rica, MA), eluting with 70:30:0.1 acetonitrile-water-formic acid.
In the first method static nanospray experiments were conducted
using a glass capillary emitter (NewObjective GlassTip, model
BG12-94-4-N, Woburn, MA) and a solariX 12T FTMS (Bruker Dal-
tonics, Billerica, MA). Due to the complexity of the sample, contin-
uous accumulation of selected ions (CASI) from m/z 1000-1200
was performed, and ions were detected from m/z 150-3000, aver-
aging 200 scans per sample. Maximum Entropy deconvolution was
performed on the complex mass spectrum using DataAnalysis 4.0
(Bruker Daltonics, Billerica, MA). Later, in a second method, we
replicated these experiments using a glass insert with sample
introduction into an ESI-TOF (Agilent) by electrospray. Maximum
Entropy deconvolution was performed on the complex mass spec-
trum using Mass Hunter.

analysis.
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Scheme 2. Synthesis of intermediates to 5-cyclopropyl and 5-benzyl analogs of
salinosporamide A (compounds 17 and 18, respectively, Table 2).
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Scheme 4. Synthesis of a common intermediate (alcohol 15) to aldehyde and
methyl ester analogs 19 and 20.

Both methods allowed us to identify the unmodified proteaso-
mal subunit (B5), the immediate (non-cyclized) product of its acyl-
ation by salinosporamide A (1) or an analog, and the fully cyclized
acylated protein product (when this occurred). By varying incuba-
tion times, we observed that B-lactone ring-opening of 1 by the
proteasome is relatively rapid under the conditions of our experi-
ment; complete reaction occurred within ~5-10 min at 23 °C.
Cyclization of the resulting adduct to form a tetrahydrofuran ring
was nearly as rapid, and therefore competitive; complete reaction
occurred in <20 min. Results for dihydrosalinosporamide A (2)
were quite similar to those obtained with 1. In marked contrast,

5-10 min

23°C

<20 min

23°C

Q
OCHg.,

Figure 3. Inhibition of the 20S proteasome by salinosporamide A (1).

5-10 min
23°C

No evidence of futher reaction (within 48 h), cyclization or hydrolysis

Figure 4. Inhibition of the 20S proteasome by 2-(3-chloropropyl) dihydrosalinos-
poramide A (16).

we found that while B-lactone opening of the 2-(3-chloropropyl)
analog 16 was rapid, no evidence for any subsequent second cycli-
zation was observed even after 48 h. Furthermore, and impor-
tantly, no evidence for hydrolysis of the acylated, non-cyclized
product was observed within 48 h.

Our mass spectrometry studies confirm the established mecha-
nism of inhibition of the proteasome by salinosporamide A (1,
Fig. 3) and provide for the first time detail concerning the relative
rates of the first and second steps, which are comparable under the
conditions of our experiment. Interestingly, the 2-(3-chloropropyl)
analog 16 rapidly acylates the proteasome, but shows no evidence
for second-step cyclization nor hydrolysis, which would re-activate
the proteasome. In this regard, analog 16 behaves much like
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omuralide?® and non- or slowly cyclizing analogs of salinospora-
mide such as 2-(2-fluoroethyl) and 2-n-propyl derivatives reported
by Potts and co-workers.®!”
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