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Salinomycin has found renewed interest as an agent for prevention
of cancer recurrence through selectively targeting cancer stem cells.
Strategies for generation of improved salinomycin analogs by indi-
vidual modification of its hydroxyl groups are presented. An evalua-
tion of the dose-response effects of the resulting library on breast
cancer cell lines shows that acylation of the C20 hydroxyl can be used
to improve ICsq values down to one fifth that of salinomycin.

Cancer stem cells (CSCs) are a subpopulation of cancer cells that
have been invoked in recurrence, multi-drug resistance, and
metastasis of cancer.' Some of these effects are likely related to a
reduced sensitivity to conventional chemotherapy in these cells.’*
Small molecules that selectively target the CSC population, either
by inducing a phenotypical change or by inhibiting growth, thus
constitute an important new avenue for preventing recurrence and
metastasis of cancer as most current therapies do not address
stem-like cancer cells. Methods to identify such compounds by
high-throughput screening have been developed.? Salinomycin
(SA, 1)>* was recently identified as the most selective in a library
of more than 16 000 compounds in reducing the proportion of
putative CSCs in breast cancer cell lines as well as inhibiting
mammary tumor growth in vivo.> The mechanism by which SA
influences the CSC population is not fully understood.’®?
Proposed modes of action include inhibition of P-glycoprotein
gp170,% interference of the Wnt signaling cascade,’ increased
DNA damage and reduction of the protein p21 level,> over-
coming ABC transporter-mediated multidrug and apoptosis
resistance,” increasing oxidative stress,” and increasing levels
of reactive oxygen species.’®” The recent surge of activity related
to SA in the biomedical field has yet to transgress to the synthetic
community; a report of C1 amides of SA being the exception.’®
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Semi synthesis of analogs through selective chemical modifica-
tion of SA constitutes an attractive avenue for identifying com-
pounds with improved selectivity against CSCs and equally
important, for advancing the structural understanding of the
mode of action of SA against them. In particular, perturbation of
the ion transport properties of SA by systematic manipulation of
the substructures involved in ion binding is of value to this end
as the antiporter properties of SA has been suggested as an origin
for its CSC activity.” Herein, we describe general and selective
synthetic strategies for the individual modification of all hydroxyl
groups in SA,* as well as an evaluation of the resulting analog
library in breast cancer cells. Significantly, SA analogs acylated at
the C20 hydroxyl displayed ICs, values down to one fifth that of
the native structure against breast cancer cells in an MTT-based
dose-response assay. The synthetic procedures described are of
value for the development of improved SA derivatives as well as
for the exploration of SAR for its CSC selectivity.’

Pioneering work detailed the use of aliphatic acid anhydrides
to esterify the C20 hydroxyl group.’”'® General access to such
structures would be of particular value in a CSC context as such
modifications resulted in an enhanced ion binding and activity in
antibiotic assays.* In our hands, this method was however limited
to unhindered acid anhydrides and we were only able to isolate a
subset of such structures in homogenous form in low yields.
Towards circumventing these problems, reversible masking of the
carboxylic acid of SA is a key enabling modification. Protection of
this moiety enhances the stability of intermediates and facilitates
both purification and characterization of intermediates in analog
synthesis. Conversion of SA into the known methyl ester 3a was
accomplished in good yield with TMSCHN, (Scheme 1). Attempts
to hydrolyze this ester under basic conditions however proved to
be unsuccessful. Also milder protocols including the use of
Me;SnOH™ resulted in decomposition of the sensitive structure.
A suitable protective group for the carboxylate, TMSEt-, could
however be introduced in 61% yield, also on a multi-gram scale,
using TCFH" as the coupling reagent. This result is noteworthy in
light of the comparatively low nucleophilicity of TMSEtOH and
the steric inaccessibility of the acid; the difficulty of using
coupling reagents with SA has been commented on'? and a range
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Scheme 1 Alkylation and deprotection of the carboxylic acid of SA. Conditions
(a) TMSCHNS,, toluene-MeOH 2: 1; (b) TMSEtOH, TCFH, DIPEA, CH,Cl,, 0% (c) Cs,COs3,
allyl bromide, DMF.

of conventional coupling reagents (DCC, EDC/HOBt, HATU,
PyBOP etc.) failed to give even trace amounts of ester 3b.
Importantly, SA could be quantitatively and tracelessly released
from the TMSEt-ester 3b with TBAF in THF. Washing the crude
product with Na,CO; (aq.) gave the SA-Na salt (2), indistinguishable
from the natural product, and pure by "H- and "*C-NMR spectro-
scopy. For an orthogonal alternative to TBAF deprotection, allyl
ester 3c was also prepared by treatment of 2 with allyl bromide
in the presence of Cs,CO;. Cleavage of this ester with Pd(0)
returned SA in moderate yield (41%).

In contrast to the SA or the SA-Na salt, protected 3b can be
reacted cleanly and selectively with a variety of acid chlorides at the
C20 hydroxyl (Scheme 2). Reactions of unprotected SA (or its
Na salt) with BzCl, DMAP, and Et;N or Bz,0 gave either no reaction
or extensive side product formation. We were unable to isolate
benzoate 5b from any of these experiments. The TMSEt-esters of
4a-q could all be cleanly cleaved with TBAF and the products
isolated as their sodium salts. In addition, C20 carbonates
were readily formed from reactions with chloroformates.
A C20-carbamoylated product was formed from the reaction
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Scheme 2 Selective acylation at the 20-position. Conditions (a): RCOCI, DMAP,
EtsN, CH,Cl, (5a-5); (b) RNCO, CH,Cl, (5m); (c) RNCO, CuCl, DMF (5n, 50); (d) ROCOC],
DMAP, Et3N, CH,Cl, (5p and 5q). ?Isolated yields over three steps.

This journal is © The Royal Society of Chemistry 2013

View Article Online

\
Conditions A TESCI, |,,,, S i R TR )
Im, CH,Cly
Conditions B: TESCI, o Conditions ‘RI R2 R3 R
Im, DMF
A6 (quant) | TES H H EtTMS

BB ——— » RO

. B 7a(52%) |TES H  TES Alyl
B:7b(63%) |TES H  TES EtTMS
OR 8 (14%) |TES TES TES EtTMS

‘?.H 1) Conditions a RNCO (1 equiv.)
. Conditions b. RNCO (exc.)
"""" CuCl, DMF |
2) TBAF, THF s
3) Na,COg

e — o

9aR' =H; R2="Ph, b (46%)

,,,,, 9bR' =H;R2=Et, H
a(9%; borsm 83%)

9c R = H; R2 = C(O)NHE, b (26%)
Isolated yields over three steps

A 1) Triphosgene, pyridine,
N CH,Cl,, MeOH, 83%
2) TBAF, THF
3) Pd,dbag, DPPE,
morpholine, CH,Cl,
RO 4)Na,COs

~ 58% over three steps
o

Scheme 3 Acylation of the C9 and C28 hydroxyls.

with PhNCO. Less reactive isocyanates (Et- and ¢Bu-) required
addition of catalytic amounts of CuCl to react."* After deprotec-
tion, carbamates and carbonates 5m-5q were isolated in good
yields over three steps. To enable selective derivatization of the
C9 and C28 alcohols, silyl groups were introduced (Scheme 3).
Selective silylation of the C20 hydroxyl was accomplished quanti-
tatively with TESCI and imidazole in CH,Cl,. Somewhat surpris-
ingly, the most reactive alcohol of 6 was the tertiary alcohol at
C28. Treatment of 6 with an excess of PANCO and CuCl in DMF
carbamoylated this position selectively. Excess EtNCO with CuCl
gave allophenate 9c under the same conditions. By limiting the
amount of isocyanate, ethyl carbamate 9b could also be isolated
in low conversion. Removal of the protective groups with TBAF
gave carbamates 9a/b and allophenate 9c in good yields over two
steps. The position of the acyl groups at C28 was confirmed by
diagnostic downfield shifts of the C28 signal in the respective
3C-NMR spectra (15.6-10.2 ppm)."” Towards modifying the least
reactive C9 hydroxyl, bis-silylation of both the C20 and C28
alcohols of 3b/e was accomplished with TESCI in DMF. Minor
amounts of tri-TES side-product were also isolated under these
conditions. Global deprotection of tri-TES 8 with TBAF corroborated
the retained stereochemical integrity of this compound; all four
protective groups were cleanly removed and the SA-Na salt was
obtained as a single diastereomer indistinguishable from the
natural product by "H-NMR.

Acylation of the C9 alcohol was accomplished by reacting
bis-TES 7a/b with triphosgene followed by addition of methanol
to give the corresponding methyl carbonates. Removal of the
TMSEt-group with TBAF however proved to be incompatible
with this modification due to competing elimination of the
carbonate.'® Instead, the use of allyl ester 7a provided a milder
alternative; removal of the TES-groups by brief exposure to TBAF,
followed by release of the carboxylic acid under Pd(0) catalysis
gave carbonate 10 in 58% overall yield. The position of the
carbonate at C9 was confirmed by a diagnostic HMBC correla-
tion from the C9 proton to the carbonate carbonyl carbon.'®
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Table 1 Antiproliferative activity of acylated analogs of SA evaluated by an MTT-based dose-response assay’
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a.b.c

Salinomycin C1 Ester C9 Carbonate C20 Carbamates
Rl = R2= o R3 = o} o (o} /@
. 3 CHs 3)1\0/ ;JKN/\ )LNJ< %N
T . H H H
SA, (2) 3a 10 5n 50 5m
o JIMT-1 (uM) 0.52 + 0.09 >20 167+0.21 0.26 +0.04 0.38£0.01 0.41£0.06
MCF-7 (uM) 0.59 + 0.08 >20 1.85+0.48 0.16 £ 0.02 0.42 £ 0.06 0.81£0.14
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: 5g 5h 5i 5j 5e N 5k
C20 Carbonates €28 Carbamates/allophenate 0.11+0.01 0.15+0.04 0.23£0.02 0.39+0.07 0.24+0.08 0.16 £ 0.05
0.11£0.02 0.19.£0.02 0.17 £ 0.04 0.61+0.08 0.23+0.04 0.13+0.03
R¥= o o ( j Rt= O o 2 8 i i g i i g i
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5 5p 9b 9a 9¢c 5a 5b 5¢c 5d 5f
0.09 +0.02 0.20 +£0.02 0.69 £0.29 0.62 £0.10 243+0.27 0.36 £ 0.12 0.34 £0.10 0.47 £0.13 0.30+0.03 0.45 + 0.09
0.13 £ 0.01 0.24 £0.02 1.17£0.14 0.67 £0.14 5.56 £0.28 0.20 +0.02 0.40 £ 0.07 0.50 + 0.05 0.24 + 0.04 0.38 £0.03

“ ICs, values are the mean (£SE) for 50% reduction of MTT compared to control. MTT reduction is assumed to be directly proportional to the cell
number. For all entries (except for 3a) n=3. * R' = Na and R>™ = H, unless otherwise stated. © Analog 5l is not soluble in DMSO and thus not tested.

The antiproliferative activity of the O-acylated analogs and
methyl ester 3a was evaluated in MCF-7 and JIMT-1 breast cancer
cells using an MTT assay (Table 1). The C20-acylated analogs
displayed ICs, values lower or similar to that of SA in both cell
lines. The enhancement of activity in antibiotic assays for C20 esters
is thus carried over to cancer cells. The most potent C20 analogs in
this assay proved to be those with the least bulky substituents in
each series, ethyl carbonate 5¢, acetate 5g, and ethyl carbamate 5n.
Analogs deprived of a stabilizing interaction between the carboxylate
and the C9 hydroxyl (3a and 10) exhibited a significantly reduced
activity. The retained activity of the C28 carbamates 9a/b is in line
with the previous suggestion that in membranes, unlike in the solid
state, this group does not contribute to the ion-binding of SA by
hydrogen bonding to the carboxylate."”

In summary, acylation of the C20 hydroxyl groups of the
therapeutically promising compound SA gave analogs with ICs,
values down to one fifth that of the native structure against cancer
cells. Selective introduction of protective groups enables diverse
access to analogs individually modified at the C9, C20, and C28
hydroxyl groups. Certain acyl derivatives of the C28 hydroxyl retain
the activity of the parent compound whereas derivatization of
positions directly involved in ion-binding reflects in a reduced
activity. The strategies presented should be of significant value
also for more elaborate modifications of SA. An extensive bio-
logical investigation of the CSC selectivity of these and related
compounds and the correlation of this selectivity with antiporter
activity is currently underway and will be reported in due course.
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