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ABSTRACT: Rakicidin A is a cyclic depsipeptide that has
exhibited unique growth inhibitory activity against chronic
myelogenous leukemia stem cells. Furthermore, rakicidin A has
five chiral centers with unknown stereochemical assignment,
and thus, can be represented by one of 32 possible
stereoisomers. To predict the most probable stereochemistry
of rakicidin A, calculations and structural comparison with
natural cyclic depsipeptides were applied. A total synthesis of
the proposed structure was subsequently completed and
highlighted by the creation of a sterically hindered ester
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Rakicidin A (anti-CML stem cell)
5 unknown chiral centers
32 possible stereoisomers

5 chiral centers were determinated
as: 25, 3S, 14S, 158, 16R

bond (C1—C15) through trans-acylation from an easily established isomer (C1—C13). The analytic data of the synthetic target
were consistent with that of natural rakicidin A, and then the absolute configuration of rakicidin A was assigned as 2§, 3§, 14S,
1SS, 16R. This work suggests strategies for the determination of unknown chiral centers in other cyclic depsipeptides, such as
rakicidin B, C, D, BE-43547, and vinylamycin, and facilitates the investigations of rakicidin A as an anticancer stem cell agent.

B INTRODUCTION

Since cancer stem cells (CSCs) were first identified in leukemia
by Bonnet and Dick in the late 1990s,' CSCs have become an
intense focus of cancer research. In general, it is hypothesized
that CSCs play a key role in the initiation, resistance, relapse,
and metastasis of many types of cancers.>”® Therefore,
development of anti-CSCs drugs holds hope for improvement
of survival and quality of life of cancer patients, and compounds
that are able to selectively inhibit the growth of CSCs are
popular targets in medicinal chemistry. However, it is very
difficult to discover compounds that selectively ablate CSCs,
and the types of reported anti-CSCs compounds are still very
limited.”” For example, high-throughput screening of 16,000
compounds, including more than 100 anticancer drugs in
clinical use, has identified only a few compounds that selectively
inhibit breast CSCs.'® The anti-CSCs lead compound
salinomycin demonstrated high potential as new anticancer
drug in pilot clinical trial, since it was able to induce partial
clinical regression of heavily pretreated and therapy-resistant

11
cancers.
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Natural products rakicidins and BE-43547A1 are cyclic
depsipeptide compounds with rarely observed 4-amino-2,4-
pentadienoate moieties (Figure 1), and their chiral centers
remain to be characterized."”™" Rakicidin A can mediate
significant hypoxia-selective cytotoxicity in solid tumors' as
well as induce cell death in TKI-resistant chronic myelogenous
leukemia stem cells,"* a type of CSC. Due to the distinguished
structure and unique biological activity, interest in rakicidin A
has resulted in the synthesis of its nonchiral macrocyclic core.'®

Synthetic access to useful quantities of rakicidin A'* are
hampered by its unknown stereochemical configuration
assignment. With five chiral centers, rakicidin A is one of 32
possible stereoisomers, which deters further investigation of
rakicidin A as a potential lead against CSCs. Herein, the first
total synthesis and absolute stereochemistry determination of
rakicidin A are described.
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Figure 1. Structure of rakicidin A, B, C, D, BE-43547Al,
emericellaminde A, stevastelin C3, and arthrichitin.

B RESULTS AND DISCUSSION

Rakicidin A was isolated from a microorganism Micro-
monospora strain no. R385-2a, which was found in a soil
sample collected in at Andhra Pradesh, India.'” Thus, a
comprehensive literature search focused on cyclic depsipeptides
isolated from microorganism was undertaken. Depsipeptides
with three consecutive chiral centers and long hpophlhc side
chains, included emericellaminde A7 stevastelin C3,'® and
arthrichitin,® each which contain a 2,3-anti-3,4- -syn polyketide
carbon skeleton (Figure 1). Therefore, it was hypothesized that
rakicidin A may possess identical relative stereochemistry in the
corresponding fragment.

Scheme 1. Retrosynthetic Analysis of Rakicidin A
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Observed proton NMR coupling constants for the hydrogen
atoms close to the chiral centers have been reported for
rakicidin A as shown in Table 1. When the conformations of
16 relative stereoisomers of rakicidin A were predicted using
simulated annealing and DFT calculations (refer to SI), only
the conformations of 1'q (Table 1) and its enantiomer 1'n
might have the coupling constants close to the reported

Table 1. Calculation Results for Comparison of Dihedral Angles and Coupling Constants

(H14-C14)~(C15- (H15-C15)~(C16- (H2-C2)~(N34- (H2-C2)~(C3- (H3-C3)~(035-
H15) H16) H34) H3) H35)
(/=102 Hz) (J=0Hz) (J=100Hz) (J=18Hz) (J=62Hz)
(=20° ~ 20°, (=60°~—120°, (=20°~20°-160° (—60°~—-120°, (-10°~-80°,10°
—-160° ~ —180°, 60° ~ 120°)° ~—180° 160°~  60°~120°°  ~ 80°~100°~
160° ~ 180°)° 180°)° 170°, 100° ~
Geometries with the lowest energies" 170y
1'a (14R, 158, 16R, 28, 35) -55.0° -120.5 -149.6 -70.4 —65.0
1'b (14R, 155, 16R, 2R, 3R) +67.0 +175.1 +164.0 +165.5 -131.9
1'c (14R, 158, 16R, 2S, 3R) +44.8 -177.4 +122.8 -71.0 +133.6
1'd (14R, 158, 16R, 2R, 35) +55.4 +171.8 -116.5 +65.3 -134.7
1'e (14R, 158, 168, 28, 35) +59.5 +171.9 +154.7 —-168.1 -83.7
1'f (14R, 158, 168, 2R, 3R) -34.4 -71.2 +127.1 +139.5 -130.3
1'g (14R, 158, 1685, 28, 3R) =373 -72.3 +124.1 -73.7 +145.5
1'h (14R, 158, 168, 2R, 35) +59.7 +171.4 -35.4 -81.4 -60.1
1'i (14R, 15R, 16R, 28, 35) -109.4 +69.8 —-158.1 -59.8 -162.3
1'j (14R, 15R, 16R, 2R, 3R) —63.2 -173.5 +172.6 —66.6 +163.4
1'k (14R, 15R, 16R, 25, 3R) -173.5 —-173.5 +172.5 —66.5 +163.4
1'1 (14R, 15R, 16R, 2R, 35) -110.1 +70.4 +19.1 +178.0 -70.3
1'm (14R, 15R, 168, 28, 35) +169.9 +70.0 +172.6 +61.9 +178.9
1'n (14R, 15R, 168, 2R, 3R) +174.3 +64.3 +170.8 +66.4 -121.6
1'0 (14R, 15R, 165, 28, 3R) -84.0 +173.9 -161.2 -63.0 +69.2
1'p (14R, 15R, 165, 2R, 35) +164.8 +67.2 +175.5 —49.6 +93.3
1'q (148, 158, 16R, 28, 35) -168.8 +70.0 -175.7 +66.2 -159.3

“Compound 1’ is the core structure of rakicindin A (1). The 16 relative stereoisomers of compound 1’ were assigned as 1’a—1'p, and 1'q is the
enantiomer of 1'n. "Possible range of dihedral angles. “Dihedral angles out of the proposed range was marked in red.
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Scheme 2. Diastereoselective Synthesis of the Diol 10
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values.'”” Furthermore, in natural cyclic depsipeptides, the L-
threo-f-hydroxyasparagine (25,3S) moiety was found more
frequently than each of its other three stereoisomers;”°~>° and
the fragment with three consecutive chiral centers in compound
1'q is also characterized by 2,3-anti-3,4-syn relative stereo-
chemistry. Thus, the L-threo-f-hydroxyasparagine (2S,3S)
containing compound 1q was proposed as rakicidin A and
then was selected as the first synthetic target (Scheme 1).
According to the retro-synthetic analysis, rakicidin A can be
derived from primary alcohol 2, which may be obtained from

methyl ester 3, and disconnection of the lactam C—N bond in 3
may lead to precursor 4. Disconnection of compound 4
through C9—C10 subsequently results in two fragments of
phosphonate S and aldehyde 6. Disconnection of the latter
through the amide C—N bond further reveals C10—C12
subunit 7 and ester 8, where fragment 8 can be prepared from
protected L-threo-f-hydroxyasparagine derivative 9 and side
chain 10 (Scheme 1).

Synthesis began with the construction of the desired
polyketide C18—C30 fragment 10 in a diastereoselective
manner (Scheme 2). For this, chiral aldehyde 12 was groduced
by reduction of L-camphorsultam 11 with DIBAI-H.” A well
established type of Mukaiyama aldol condensation of aldehyde
12 with TBS enolate 14, which was derived from amide 13,
proceeded in good yield and reasonable diastereoselectivity (dr
= 10:1; Scheme 2).”" Reduction of the resulting chiral amide 15
with LiAIH, afforded diol 16, which was then coupled with the
known alkene 17 via cross-metathesis using Grubbs second-
generation catalyst, followed by palladium-catalyzed hydro-
genation to provide lipid side-chain 10.

Upon completion of the synthesis of coupling partner 10,
components 5 and 9 were synthesized in two and three steps,
respectively (Scheme 3). First, methylamine 18 was coupled
with bromoacetyl bromide 19 to give amide 20 in 39% yield.
Treatment of the resulting bromide 20 with triethyl phosphite
in toluene provided § in 87% yield. Second, synthesis of -
hydroxyasparagine derivative coupling partner 9 started with
known amino acid salt 21 (Scheme 3),** then selective
esterification of 21 was followed by protection with di-t-butyl
dicarbonate (Boc) to give alcohol 22.333% The remaining
secondary hydroxyl was then protected to afford triethylsilyl
(TES) ether 9.

After all of the coupling partners were generated, fragment
coupling was performed to complete the entire molecule as
shown in Scheme 4. First, acid 9 was coupled with diol 10

Scheme 4. Completion of Total Synthesis of Rakicidin A (1q)

HO™ 12 5 1)DMP, CH,Cl,
BocHN O 10, EDCI, DMAP TESO QO OH LiHMDS, THF o & 2) NaClO,, NaH,PO,,
HOw 1 Os 112 t-BuOH, H,0
o~ CH,Cly, 70% - MOWN 59% BocHNu, N w T
O OTES O  NHBoc = 30 76% for 2 steps
4 _OMe
TESO
9 23 o 8
:/OTBS =/oms _-oTBs
oTBS  HO__A oo | o© o
5/ ~"NH X SNH EtO, N\)J\ WNH
HO A DMP B0 Ot-Bu TFA, EtsSiH, CH,Cl
. NH, ] CH,Cl, O 0o e} 5 L ~ » ElgolH, 212
EDCI, HOB o 84% o 0 No o
, ] ] .
CH,Cly, 68%  BocHNu, N BocHN.., N LiC1, DBU, MeCN, 52% 4\ BocHN.,
OMe oM
TESO TESO © TESO OMe
o o o]
25 6 26
_OH _OH
o, f f
X NH NH
T\/\ Ow NH;, MeOH OW 1) MsCl, Et3N, THF
L N~ 0 HATU, DIPEA, THF N o —_— _\ o 2) DBU,THF
. - R 46% 0 .
HO" o o " 60% for 2 steps \( \( o " 55% for 2 steps
_ HalNu, N HNu, Ao
CF4C00 M NH
HO' OMe HO 2
o] o]
4 3 2 Rakicidin A (1q)
15789 dx.doi.org/10.1021/ja509379j | J. Am. Chem. Soc. 2014, 136, 15787—15791



Journal of the American Chemical Society

Table 2. 'H, *C NMR Date Comparison (DMSO-d;)

NH
HO” 3N 36 2
35

Rakicidin A

natural rakicidin A reported in synthetic rakicidin A

literature (compound 1q)
1 1
“C ppm " PIE?{Z()I;MQ ! “C ppm § PIEIII{IZ()I;NM
assignment (125 MHz) (500 MHz) (100 MHz) (400 MHz)
Cl1, CO 172.9 — 172.9 —
C2, CH 55.0 4.88 (dd, 1.8, 55.1 488 (dd, 1.8,
10.0) 10.0)
C3, CH 727 4.18 (dd, 1.8, 72.6 418 (dd, 1.8,
6.2) 6.2)
C4, CO 169.4 — 169.4 —
Cs, CO 167.8 — 167.8 —
C6,CH, 528 444 (d, 182) 52.7 445 (d, 182)
3.67 (d, 182) 3.68 (d, 18.2)
C7, CH, 36.8 2.94 (s) 36.8 294 (s)
C8, CO 166.2 — 166.2 —
C9, CH 119.0 6.15 (d, 15.0) 119.1 6.16 (d, 15.0)
Cl10,CH 1387 6.86 (d, 15.0) 1387 6.86 (d, 15.0)
Cl11, C 138.1 — 138.1 —
C12, CH, 117.3 543 (s) 531 (s) 117.3 543 (s) 5.32 (s)
C13, CO 172.6 — 172.7 —
Cl4,CH 420 2.89 (d, m, 419 2.90-2.85 (m)
10.2)
C15,CH 782 5.10 (d, 10.2) 783 5.10 (d, 10.2)
Cl6,CH 340 1.70 (m) 34.1 1.74—1.66 (m)
Cl7,CH, 330 1.32 (m) 1.12 33.1 1.36—1.07 (m)
m
C18—C26, 271292 123 (m) 123 270293  1.36—1.07 (m)
9xCH, (m)
C27,CH, 386 1.12 (m) 387 1.36—1.07 (m)
C28,CH 275 1.48 (m) 27.6 1.53—1.43 (m)
C29,CH, 226 0.83 (d, 6.7) 22.8 0.83 (d, 6.6)
C30,CH, 226 0.83 (d, 6.7) 228 0.83 (d, 6.6)
C31, CH, 158 1.04 (d, 6.9) 157 1.04 (d, 6.9)
C32,CH; 135 0.92 (d, 6.8) 13.5 092 (d, 6.8)
33.NH — 8.88 (s) — 8.88 (s)
34-NH — 8.05 (d, 10.0) — 8.04 (d, 10.0)
35-0H — 5.65 (d, 62) — 5.66 (d, 62)
36-NH, — 731 (s) 728 (s) — 7.30 (s) 727 ()

Table 3. IR, HRMS, [a];, Data Comparison

natural rakicidin A
reported in literature'”

synthetic rakicidin
A (compound 1q)

appearance colorless amorphous colorless
solid amorphous solid

HRMS (m/z) calculated for: 607.4075

C3,HssN,O;" [M + H]Y

found: 607.4071 (FAB) 607.4075 (ESI)

[a]p (benzene) - 335 —39.2%

IR (KBr) cm™ 1738, 1696, 1682, 1733, 1695, 1681,
1652 1652

“c = 0.25, 6% DMSO in benzene to improve the dissolubility of
synthetic rakicidin A (1q), 20 °C.

Table 4. Growth Inhibitory Activity of Rakicidin A and
Imatinib

Ks62 (ICs, uM)

natural rakicidin A reported in synthetic rakicidin A

compounds literature (compound 1q)*
rakicindin A 5.24 0.78

(1)
imatinib 1.36 0.99

“Cells were exposed to compounds for 48 h.

under EDCI and DMAP conditions, and 23 was the only
esterification product detected. Fortunately, treatment of
coupling product 23 with strong base LiHMDS induced
migration of the ester bond and afforded the desired ester 8 in
59% yield based on recovery of 30% of starting material 23.>
Next, alcohol 8 was transformed into carboxylic acid 24 by
sequential Dess—Martin and Pinnick oxidation reactions.*®
Subsequent EDCI/HOBt-mediated coupling of carboxylic acid
24 with amino alcohol 7 produced amide 25. Oxidation of the
primary alcohol with Dess—Martin periodinane afforded
aldehyde 6, which was subsequently subjected to a Horner—
Wadsworth—Emmons olefination with phosphonate § to
obtain compound 26 with excellent selectivity (E:Z >
25:1).”7 The four protection groups in compound 26 were
then removed with TFA, and the resulting crude product 4 was
used directly in the next macrolactamization under HATU and
DIPEA conditions to produce macrolactam 3 in 60% yield for
two steps. The compound 3 was then treated with NHj in
methanol to generate amide 2. Selective mesylation on the
primary alcohol was performed, and finally, the resulting
intermediate was eliminated under basic conditions to afford
synthetic rakicidin A (1q), which is not very stable in organic
solvents.

The analytic data of synthetic rakicidin A (compound 1q)
were compared with that of natural rakicidin A reported in the
literature, including 'H and "*C NMR data (Table 2), infrared
spectroscopy (IR), high-resolution mass spectrometry
(HRMS), and optical rotation (Table 3)."”> Cytotoxicity data
of the synthetic rakicidin A were also obtained and were
com3pared with that reported by Miki and co-workers (Table
4)." Liquid chromatography—mass spectrometry (LC-MS)
data also indicated that the retention time of the synthetic
rakicidin A (1q) matched that of rakicidin A in the extract from
culture broth.*” Overall, the analytic data of our synthetic target
were consistent with that of natural rakicidin A reported in the
literature,* and then the absolute configuration of rakicidin A
was assigned as 28, 3S, 14S, 155, 16R.

B CONCLUSION

Rakicidin A is a natural cyclic depsipeptide that possesses
unique growth inhibitory activity against chronic myelogenous
leukemia stem cells, and it represents a distinguished structure
among those anti-CSCs compounds.”~'* Rakicidin A has been
synthesized in an efficient and stereoselective fashion, and the
absolute stereochemistry of this molecule has been assigned as
2§, 38, 14S, 15S, 16R. The application of calculations and a
structural comparison of cyclic depsipeptides were the key
strategies in the prediction of the most probable absolute
configuration for rakicidin A. Furthermore, the key steps used
in this synthesis included the construction of an unstable 4-
amino-2,4-pentadienoate moiety in the last steps, and the
preparation of a sterically hindered ester bond through trans-

dx.doi.org/10.1021/ja509379j | J. Am. Chem. Soc. 2014, 136, 15787—15791



Journal of the American Chemical Society

acylation from an easily established isomer. This first total
synthesis of rakicidin A has not only determined the absolute
configuration of rakicidin A, but also proposed strategies for
further exploring the unknown chiral centers in other cyclic
depsipeptides, such as rakicidin B, C, D, BE-43547Al,
vinylamycin,*® and Microtermolides A.*' Moreover, it is
anticipated that this work will lead to further investigations of
rakicidins in both medicinal chemistry and chemical biology.

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures and spectral data are provided. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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