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Rhizopodin (1, Scheme 1) is a structurally complex macro-
cyclic polyketide,' isolated from the myxobacterium Myxo-
coccus stipitatus by Hofle and Reichenbach in 1993.F%
Rhizopodin exhibits potent antiproliferative activity and
exerts a strong cytostatic effect against a range of cancer
cell lines. This activity is mediated through highly selective
actin binding, inhibiting actin polymerization and leading to
capping of the growing microfilament, severely disrupting
cytoskeletal dynamics in vivo.®! The principal progenitors of
this specific actin-recognition and antimicrofilament function
are rhizopodin’s characteristic N-methyl-N-vinylformamide-
terminating side-chain tails, while the macrocyclic head serves
to stabilize the protein-bound complex, modulating the
precise biological response. These tails are highly conserved
within a number of related macrolides but the unique dimeric
nature of rhizopodin, which presents two side-chains, elicits
extraordinary antimicrofilament activity through the forma-
tion of a ternary actin complex.’®! With growing recognition
of actin as an alternative therapeutic target to tubulin,?!
rhizopodin represents a unique and important lead structure
for the treatment of cancer and other diseases such as stroke
and cystic fibrosis, as well as a novel molecular probe for study
of the cytoskeleton.

Originally characterized as a monomeric macrolide, the
C,-symmetric dimeric structure of rhizopodin was established
through subsequent X-ray crystallographic studies of its actin-
bound complex.”” This also enabled the full configurational
assignmentd of rhizopodin’s 18 stereocenters, 14 of which
are embedded within its 38-membered macrodiolide core
together with two oxazole rings and two diene motifs, while
the remaining stereocenters reside on the side-chains. Despite
the intensity of research efforts,” it is testament to the severe
challenge presented® ® that only a single completed synthesis
has been claimed."*! We now report a modular total synthesis
of rhizopodin, which reveals some remarkable and unpredict-
able macrocyclic behavior, making its successful execution
critically dependent on the choice of protecting groups.
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Scheme 1. Retrosynthetic analysis and key fragments for the synthesis
of rhizopodin (1). TBS =tert-butyldimethylsilyl, TES =triethylsilyl,
TMS =trimethylsilyl.

Scheme 1 depicts the main retrosynthetic disconnections
and key fragments 26 devised for rhizopodin. Principal
simplification was made by disassembly of the C,-symmetric
macrocycle into truncated monomer 2 and side-chain subunit
3. Macrocycle formation might then occur through either
direct or sequential esterification, followed by bidirectional
aldol coupling of the known methyl ketone 3% to the
preformed macrodiolide core. The oxazole and diene motifs
of monomer 2 would be exploited as ideal sites for mild and
effective fragment coupling; amide-bond formation between
C14-C22 carboxylic acid 4 and C8-C13 amino alcohol 5
followed by cyclodehydration would generate the oxazole,
while Pd-mediated coupling of vinyl iodide 6 and a suitable
C8 vinyl metal derivative would forge the (6E,8E)-diene.
Importantly, the selection of various silyl ethers to differ-
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entiate the hydroxy groups (TBS at C3 and C22, TES a) (—)-Ipc,Ballyl

. A) O OTBS  p)NaH, Mel O  OMe OTBS
at C16 and TMS at C18) was critical, made on the M i
basis of an iterative series of studies which each failed H c) O3; PPhs H
to generate rhizopodin in the final deprotection 7 46% >< 8
sequence, as discussed later. In particular, the choice o0 _
of the labile TMS ether at C18 to be carried through TMSO)W 9 2'2;',(:'4
many steps was certainly high risk and would greatly o 9

limit our selection of reagents and reaction condi-

tions. o (E)Me OTBS  ¢) K,CO;3 MeOH O O OH gMe OTBS
As shown in Scheme 2 A, the synthesis of carbox- HO™ ¥ E f) tBuNH*BH; O

ylic acid 4 utilized Roche ester-derived aldehyde 7 as T 79% 10

the source of the C21 methyl-bearing stereocenter.”!

Brown allylation[m] of 7 provided the. corresponding 7% ﬁg[iEB?-IC:,I MeOH

homoallylic alcohol (>20:1 d.r.), which was methy-

lated (NaH, Mel, >95%) and subjected to ozonol- o O/TE%H oMe oTas ) TMSCI; K;COy, TES TMS

MeOH 0] O (o} ?Me OTBS

ysis (Os; PhsP, 74 %) to provide aldehyde 8. Chela-
tion-controlled (TiCl,) Mukaiyama aldol addition of . i) RuO,, Nalo, HO™™ .
silyl ketene acetal 9 installed the C18 stereocenter ;2 ’ 72% ’ 4
and the adjacent gem-dimethyl moiety as part of
dioxinone 10 with excellent stereocontrol (20:1 B)
d.r.)."! Methanolysis (K,COs;, MeOH, 90%) of 10

22

led to a O-lactone, which then underwent stereo- b) LiAlH4

selective reduction (BuNH,-BHj3, 88 %) to afford f3- 13 % SAEO 14 (84% ee)

hydroxy lactone 11 as a 10:1 mixture of chromato- 19% d) Cl3CCN, DBU

graphically separable diastereoisomers.'>* Silyla- 89% | &) Me,AIC

tion of the hydroxy group (TESCI, imid, 93%) and OH R

reductive opening of the &-lactone (LiBH,, THF/ w Me g) NaH, Mel o/\:/l\/

MeOH, 83 %)™ afforded 1,5-diol 12. Protection as Ho/\z)\//8 h) HCI, MeOH >:r§]

its bis-TMS ether (TMSCI, imid) followed by con- NHsCl 91% ClsC

trolled methanolysis (K,CO;, MeOH) then gave the 5 f) TBAFI::gf E - LMQSW

corresponding primary alcohol. Testament to the ... ST, _(Dee)

lability of the TMS ether was its immediate incom- o

patibility with conventional Pinnick oxidation con- C) o) a)(gg_%'ﬁ\%l‘_ OH OXO

ditions to generate the C14 carboxylic acid. Fortu- | /\)]\H | MO

nately, this was overcome using catalytic RuO, and 17 >< 19

NalO,, which provided enantiomerically pure frag- 18;\/1 b) MeOH, A

ment 4 in 10 % overall yield. OTMS c) Et;BOMe
Amino alcohol § was prepared from propargylic 66% 4% d) ﬁggg‘l‘

alcohol 13 (Scheme 2B)."! Copper-mediated cou- o oo e) TBSOTY

pling with TMS acetylene led to a diyne (Cul, K,CO,, e G f) PPTS ey

74 %), which underwent regioselective reduction 17 1OMe gy Me;0BF, ! OMe

with LiAlH, to afford the corresponding (E)-allylic 6 67% 20

31c9h0[1181(> 2(.):] .E:Z)' Sharpless asymmetric epo;(i- Scheme 2. A) Preparation of carboxylic acid 4. B) Preparation of amino alcohol 5.
8221/0026) tég;(;f‘;)géd((;g(;gng" tgﬁl(():f(l)f}al(,:lhgtztgo(i C) Preparation of vinyl iodide 6. Reagents and conditions: A) a) (—)-Ipc,BOMe,
> allylIMgBr, Et,0, —78°C, 65% (d.r.>20:1), b) NaH, Mel, THF, >95%,; c) O;, CH,Cl,,
incorporation of the requisite nitrogen at C12  _78°C; PPh,, 74%; d) TiCl,, 9, CH,Cl,, —78°C, 52% (d.r. 20:1); €) K,CO;, MeOH,
through regioselective Me,AlCl-mediated epoxide 90%; f) tBuNH,-BH;, citric acid, MeOH, 88% (d.r. 10:1); g) TESCI, imid, CH,Cl,,
opening of the derived trichloroacetimidate 93%; h) LiBH, THF/MeOH, 839%; i) TMSCI, imid, CH,Cl,; K,CO;, MeOH, 87% (over
(CL,CCN, DBU) to provide oxazoline 15 (89%).!"! %l\jltsegi)c :") RDUI\(/IDE ’;lj!y04i3)cf'k||[\|ﬂecgi\lbpggl/b?gezr’ 8;?1 )B) ;)(il;lblflgioT}"(g?F!’)
=CH, , 74%; b) LiAlH,, Et,0, 29% (E:Z>20:1); c -DIPT, Ti(OiPr),,
fig}gl’&:ﬁ;ﬁ; VTVI}\:iICShgvzzlsllzeig}?:ﬁigﬁ?&;&gg BUOOH, CH,Cl,, ~30°C, 87% (84% cc); d) CLCCN, DBU, CH,Cl, 0°C; ) Me,AIC]
. :) (14] B CH,Cl,, 0°C to RT, 89% (over 2 steps); f) TBAF, THF, 77%; g) NaH, Mel, THF,
material of 96% ee.™ Methylation (NaH, Mel, - 959%: h) HCl, MeOH, 96%; C) a) Ti(OiPr),, (R)-BINOL, CaH,, 18, CH,Cl,, —20°C,
95%), followed by hydrolysis of the oxazoline 66% (94% ee); b) MeOH, PhMe, reflux, >95%; c) NaBH,, Et,BOMe, THF, —78°C,
(HCI, MeOH, 96 % ) then delivered 5 in 12 % overall ~ 86% (d.r. 10:1); d) TESCI, imid, CH,Cl,, —10°C, 66 % (76 % brsm); e) TBSOTH, 2,6-
yield. lutidine, CH,Cl,, —78°C, 85%; f) PPTS, MeOH/CH,Cl, (1:7), 93%; g) Me;O-BF,,
Proton Sponge, 85%. (R)-BINOL= (R)-(+)-1,1"-Bi(2-naphthol), DBU =1,8-diaza-
conveniently assembled through a catalytic asym- t[;iailsg.:.opndec-%en‘e, DIPT:.d“SOprOPJI tartrae, D.MF:.N'thimgth).'lfoimamide’
.. . 0] =4-(dimethylamino) pyridine, DMP = Dess—Martin periodinane, imid = imid-
metric vinylogous Mukaiyama aldol reaction™ of azole, Ipc=isopinocampheyl-borane, PPTS = pyridinium para- toluenesulfonate,
(E)-iodoacrolein 177" with silyl ketene acetal 18 SAE =Sharpless asymmetric epoxidation, TBAF =tetrabutylammonium fluoride.

The polyacetate structure of vinyl iodide 6 was
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Scheme 3. Preparation of monomers 24 and 25. Reagents and con-
ditions: a) HATU, iPr,NEt, 5, CH,Cl,, 0°C, 89%; b) DMP, NaHCO;,
CH,Cl,; c) Cl,C,Br,, iPr,NEt, PPh;, DBU, CH,Cl,, 78 % (over 2 steps);
d) NBS, AgNO,, Me,CO, 86%; €) Bu,SnH, Pd,(dba),, PPh,, THF, 83%;
f) 6, [Pd(PPh,),], CuTC, Ph,PO,NBu,, DMF, >95%; g) DIBAL-H,
CH,Cl,, —78°C, 87%; h) NaClO,, NaH,PO,, tBuOH/H,0, 89% for 24,
37% for 23; i) PPTS, MeOH/CH,Cl, (1:19), 78% (88 % brsm). dba=
dibenzylideneacetone, HATU = O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-
tetramethyluroniumhexafluorophos-phate, NBS = N-bromosuccinimide,
TC=thiophene-2-carboxylate.

(Scheme 2C), which afforded dioxinone 19 in 94% ee.*>>!
Methanolysis of 19 followed by Narasaka reduction”
provided the corresponding 1,3-syn diol (86%, 10:1 d.r.).
Regioselective silylation of the allylic alcohol effected diol
differentiation and provided f-hydroxy ester 20. Silylation of
the remaining alcohol (TBSOTY, 2,6-lutidine, 85%) and
removal of the TES ether (PPTS, MeOH/CH,Cl,, 93%) led
to an allylic alcohol, which upon methylation with Meerwein’s
salt (Me;O-BF,, Proton Sponge, 85 % ) afforded vinyl iodide 6
in 23 % overall yield.

With an effective means to prepare multi-gram quantities
of each of these fragments, their union and formation of the
targeted monomer 2 was tackled (Scheme 3). Amide coupling
of carboxylic acid 4 with amino alcohol 5 was smoothly
executed (HATU, iPr,NEt, 89 %), where the lower operating
temperature of HATU proved critical to avoid competing
TMS removal/lactonization.” Oxidation of the ensuing
alcohol with DMP®! followed by cyclodehydration under
the modified Robinson—-Gabriel conditions developed by
Wipfl*"! afforded oxazole 21 (78 % ). Forging the C6-C9 diene
commenced through preparation of the corresponding bro-
moalkyne (NBS, AgNO;, 86 %), which then enabled a highly
regioselective Pd-catalyzed hydrostannylation ([Pd,(dba);],
Ph;P, Bu,SnH, 83%)® to afford the requisite (E)-vinyl
stannane coupling partner 22 for vinyl iodide fragment 6.
Pleasingly, the anticipated Stille cross-coupling reaction
proceeded in excellent yield under Fiirstner conditions.”

Angew. Chem. Int. Ed. 2013, 52, 65176521
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g) 3, c-Hex,BCl
Et3N; 28

h) Burgess

i) [Ph3PCuH]g

1: rhizopodin

Scheme 4. Completion of the total synthesis of rhizopodin (1).
Reagents and conditions: a) TCBC, DMAP, PhH, 67%; b) PPTS,
MeOH/CH,Cl, (1:19), 69%: c) NaClO,, NaH,PO,, tBuOH/H,0, 78%;
d) TCBC, Et;N, THF; DMAP, PhH, 63%; €) HF-py/py, THF, 58%;

f) DMP, NaHCO;, CH,Cl,, 88%; g) 3, c-Hex,BCl, Et;N, Et,0, —78 to
0°C, 94%; h) Et; NSO,NCO,Me, THF, 81%; i) [Ph,PCuH];, PhMe, 91%;
j) HF-py, THF, 67 %. py = pyridine; TCBC=2,4,6-trichlorobenzoyl chlo-
ride.

Reduction of the ester by treatment with DIBAL-H then
afforded aldehyde 2, thus completing this key truncated
monomer intermediate in 18 steps. Oxidation adjustment was
necessitated by the lability of the TMS ether to ester
hydrolysis conditions.

At this stage, our attention turned to the challenging
assembly of the 38-membered rhizopodin macrocycle. Initial
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studies, focused on the direct dimerization of the truncated
seco-acid 23, were discouraging, delivering a mixture of
oligomers containing predominantly the corresponding
monomeric macrocycle.’ In response, a more controlled,
sequential approach was undertaken, for which 2 was
processed through separate oxidation (NaClO,, 89%) or
controlled silyl deprotection (PPTS, MeOH/CH,Cl,, 78 %,
88% brsm) to give carboxylic acid 24 or alcohol 25,
respectively.

As shown in Scheme 4, fragment linkage was then
initiated through acylation of the C18" hydroxy by exposure
of a mixture of 24 and 25 to TCBC and DMAP to provide
ester 26.°") Removal of the remaining TMS group (PPTS,
MeOH/CH,Cl,, 69%) to reveal the C18 hydroxy and
oxidation of the aldehyde (NaClO,, 78 %) afforded a trun-
cated seco-acid, which under Yamaguchi macrolactonization
conditions (TCBC, DMAP)P pleasingly delivered macro-
diolide 27. At this stage, installation of the characteristic side-
chains could be undertaken.®! This required selective cleav-
age of the primary TBS groups (C22/C22’), which proved an
extremely delicate operation, owing to the comparable
lability of the C16/C16’ TES ethers.”! After some optimiza-
tion, access to the requisite 22,22'-diol was achieved through
carefully controlled exposure of 27 to HF-py/py, which, after
a sequence of recycling, proceeded in 58 % overall yield.
Oxidation with DMP then afforded dialdehyde 28, in read-
iness for bidirectional aldol coupling with methyl ketone 3.
In the event, exposure of 28 to the dicyclohexylboron enolate
of 3 (c-Hex,BCl, Et;N) delivered the double aldol adduct in
excellent yield. Controlled dehydration of this bis-f3-hydroxy
ketone with Burgess reagent® followed by conjugate reduc-
tion of the ensuing bis-(E)-enone! then afforded the
protected rhizopodin derivative 29.

In earlier studies,* we had prepared other protected
versions of rhizopodin by synthetic routes analogous to that
described above. Deprotection of the corresponding tetra-
PMB ether was complicated by accompanying oxidation of
the CS5 allylic ether (DDQ) and general lability under Lewis-
acidic conditions sufficient for complete PMB cleavage.”"*")
The tetra-silyl ether 30 (Scheme 5 A, regioisomeric to 29)
presented a further synthetic impasse, owing mainly to the
remarkable stability of the C16/C16" TBS ethers, which,
despite an exhaustive search of deprotection conditions
(including neat HF-py) could not be successfully removed.
Notably, 30 is almost identical to the final intermediate
reported by Menche (tetra-TBS) which was claimed to afford
rhizopodin upon treatment with TBAF*! In our hands
however, compound 30 had failed to yield any detectable
rhizopodin under such conditions, providing instead only the
doubly eliminated macrodiolide 31, having (15E,15E)-
alkenes in conjugation with the oxazole rings.*”! By contrast,
the comparable acyclic monomer 32 (Scheme 5B) underwent
silyl deprotection to give tetraol 33 with TBAF, without any
observed elimination, suggesting a subtle macrocyclic con-
formational effect may be operative, in which the bulky TBS
ethers adjacent to the C17 gem-dimethyl group favor an
elimination pathway to give 31.

This surprising and highly frustrating background had led
us to carefully reassess our protecting group strategy, leading

www.angewandte.org
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Scheme 5. Global deprotection studies with: A) Rhizopodin derivative
30 (isomeric to 29) and B) acyclic truncated monomer 32.

to 29 (Scheme 4) bearing the more labile TES ethers at C16/
C16’ which might be successfully removed under sufficiently
mild conditions to circumvent the accompanying elimination.
Gratifyingly, submission of this second-generation tetra-silyl
ether to HF-py in THF proved fruitful in this task, delivering
the previously elusive (—)-rhizopodin (1, 67 %, [a]3=-39.6
(c=0.25, MeOH) vs Ref. [3c] [a]¥=—-53.4 (c=1, MeOH)).
To our satisfaction, all "H and *C NMR spectroscopic data for
this synthetic material correlated with those reported for
natural rhizopodin A B4

In conclusion, we have achieved a highly convergent total
synthesis of the actin-binding macrodiolide rhizopodin (1),
proceeding in 29 steps and 0.2 % yield from aldehyde 7. This
route features a uniformly high level of stereocontrol
combined with expedient fragment assembly, and should be
amenable to the synthesis of useful quantities of this other-
wise scarce anticancer agent, along with analogues and
hybrids, for evaluation as new tools for the study of the
actin cytoskeleton and as potential therapeutic agents.
Surprisingly, the selection of TES rather than TBS ethers,
located at C16/C16" within the macrocycle and close to the
oxazole rings, proved crucial to enable the final deprotection.
This finding further underscores the unknown challenges that
are often faced in tackling the chemical synthesis of such
complex polyketides.
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