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ABSTRACT

22 steps  HO,
=

COOEt e
demix

F
TBSO  OFTIPS detag

four isomers coded HC:) OH
with fluorous silyl groups
dictyostatin and three isomers

A mixture of four stereoisomers whose configurations are encoded by fluorous silyl protecting groups has been prepared and converted over
22 steps to a mixture of protected dictyostatins. Demixing by fluorous HPLC followed by removal of the fluorous protecting groups (detagging)
provides dictyostatin and three C6,C7 stereoisomers. Biological evaluation showed that the monoepimers of the natural product retained
highly potent activity.

(—)-Dictyostatin is a sponge-derived macrolactone that taxoid binding site. With the recent withdrawal of discoder-
exhibits potent anticancer activity (Figure1yor a decade, = molide from clinical developmerttthe importance of the
research moved slowly because of an incomplete (anddictyostatin family increases further.

ultimately incorrect) stereostructure proposal and because We have recently made several analogues of dictyostatin
only tiny quantities were available. Recent total synth&ses including the moderately active C15,18){alkene3% and
have confirmed the revised structdfeand provided samples  the highly active 16-normethyl analogdé® We have also

for further biological testing. made a number of stereoisomers of dictyostatin during our

In vitro testing on synthetic samples shows that dictyostatin WOrk toward its synthesis and structure confirmation.
exhibits anti-proliferative potencies, comparable or superior ~ With the structure ofl secured, we hypothesized that
to its open-chain cousin discodermol@lé |t is active against ~ Stereoisomers along the bottom chain, especially at C6 and
paclitaxel-resistant cell lines and is one of the best micro- C7, would be among the most interesting to make. This is
tubule stabilizers known, potently competing with radiola- because discodermolitigand, by inference, dictyostatin) is
beled paclitaxel, discodermolide, and epothilone B for the tolerant to changes in that region of the molecule.
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J. Tetrahedron Lett2004 45, 4253-4256. (d) Kangani, C. O.; Bokner, C.; Day, B. W.; Curran, D. FOrg. Lett.2002 4, 4443-4446. (b) Shin, Y.;
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Figure 1. Structures of dictyostatin, discodermolide, and selected
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four isomers coded to

Faced with a 26-25-step synthesis to make each stereo- ) o fourfluorous tags
isomer, we decided to use fluorous mixture syntifesis ~ Fi9ure 2. Key bond dissections in the synthetic plan.
prepare all four C6,C7 isomers together in a single set of
operations. The natural product dictyostatin is one of these
isomers and it serves as a control in the fluorous mixture
synthesis. At the same time, additional quantities of dic-
tyostatin were needed for further testing, and these were
provided by the synthesis. We communicate herein an
overview of this synthesis, which is by far the most ambitious
undertaking yet in the nascent field of solution phase mixture
synthesis with separation tagging.

The plan for the fluorous mixture synthesis, summarized

in Figure 2, is similar to that used for dictyostatin and its _

12a—d. Anti-configured alcohol (B,79-9 and its (&7R)
enantiomer are known compounr@ithat were prepared and
silylated with the indicated fluorous TIPS group3IPS =
Si(Pr)(CH,).Rf, where Rf is perfluoroalkyl}* This estab-
lishes the stereochemical codelfia (Rf = CsF7) and its
quasienantiomét 10b (Rf = C4Fg). Standard oxidative
cleavage to give aldehydddab followed by HWE olefi-

normethyl analogue with one significant change. In the earlier Scheme 1. Premix Stage of the Synthesis
work 26 we opted for a late introduction of the C2826 anti-configured o, f-unsaturated esters 12a,b
diene, but here we introduced it prior to fragment coupling 10s0

. - . - S
to increase convergenég:* L THOSI(Pr(CHRE i NMO.

Accordingly, the key intermediate is 18 and this is built © - g
from a top phosphonat&?2a middle alkyne7, and a bottom eSO on 2o TBSO  OSIFNACHRRRT 2)Nals

' i » Al e CHqCly ’ - %
Weinreb amide MB. Fragmentss and 7 are single com- e e (05 7100, R = o 80
pounds, while M8 is provided as a mixture of all four not shown
isomers coded by fluorous tags. . .

The premix stage of the synthesis is summarized in O (EtO)P(O)CH,CO-EL ookt
Scheme 1 and entails the synthesis of the four tagged estersresso  osi¢Pr),(CH,)Rf NaH TBSO  OSi(Pr)y(CHy),Rf

: ; 6S,7S)-11a, 90% (6R,7S)-12a, 79%

(7) Reviews and selected recent references: (a) Myles, D. Snhual ( g % g %
Reports in Medicinal ChepDoherty, A. M., Ed.; Academic Press: San (OR.7TR)-11b, 88% (6S7R)-126, 78%
Diego, CA, 2002; Vol. 37. (b) Smith, A. B.; Freeze, B. S.; LaMarche, M.

J.; Hirose, T.; Brouard, I.; Rucker, P. V.; Xian, M.; Sundermann, K. F.;  Syn-configured o, f-unsaturated esters 12c,d

Shaw, S. J.; Burlingame, M. A.; Horwitz, S. B.; Myles, D. Org. Lett. Bn Bn
2005 7, 311-314. (C) Smlth, A. B.; Freeze, B. S,; Xian, M.; Hirose, T. ’/—\ TfOSi(iPr)z(CHz)zRf ,/—\
Org. Lett.2005 7, 1825-1828. (d) Smith, A. B.; Freeze, S. B.; LaMarche, Y N__O N__O
M. J.; Hirose, T.; Brouard, I.; Xian, M.; Sundermann, K. F.; Shaw, S. J.; 6 Y 2 6-lutidine i ) T(
Burlingame, M. A.; Horwitz, S. B.; Myles, D. Grg. Lett.2005 7, 315— TBSO  OH O O choCl Ri(CHal (P8I0 O 0
318. (e) Curran, D. P.; FUrUkaWa, Drg Lett. 2002 4, 2233-2235. (f) (6R,7S)-13, series shown 22 (6R.7S)-14c, Rf = CgF 3
Choy, N.; Shin, Y.; Nguyen, P. Q.; Curran, D. P.; Balachandran, R.; (6S,7R)-13, series (6S,7R)-14d, Rf = CgF17
Madiraju, C.; Day, B. WJ. Med. Chenm2003 46, 2846-2864. (g) Minguez, not shown

J. M.; Kim, S.-Y.; Giuliano, K. A.; Balachandran, R.; Madiraju, C.; Day,

B. W.; Curran, D. PBioorg. Med. Chem2003 11, 3335-3357. ) )

(8) (@) Luo, Z. Y.; Zhang, Q. S.; Oderaotoshi, Y.; Curran, DSEience LiBH, (\‘/'\/OH I. TEMPO, NaOCI &~ CooEt

D. P, Am. Chem So2002 124 10443 10450, (0) Zharg, Warkivoe P CSPICHIRI N o OSSR
- P.J.Am. : s . » WATKIv (EtO),P(O)CH,CO,Et

2004 101-109. (d) Dandapani, S.; Jeske, M.; Curran, D.Poc. Nat. (6S,7S)-15¢, 58% from 13 ? 22 (6S.7S)-12¢, 72%

Acad. Sci. U.S.A2004 101, 12008-12012. (6R,7R)-15d, 59% from 13 (6R,7R)-12d, 66%

(9) The prefix “M” denotes a four-compound mixture.
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nation provided (R,79-12a and (657R)-12hb.*2 The syn mixture with NaBH, as a nonselective control reagent. The
configured silyl ethers were made through an Evans aldol fluorous HPLC traces of these two reaction mixtures are
reaction to give both enantiomers df3'* followed by compared in Figure ¥ The chromatogram of M-8 from
silylation as above to providé4c (Rf = CgF13) and 14d

(Rf = CgF17). Cleavage of crudd4cd with LiBH, gave _

alcohols15¢d.'® These were purified and then subjected to

TEMPO/bleach oxidation and olefination to provid&(65)- a) from NaBH,
12cand (6?,7R)'12d reduction
The synthesis of the bottom fragment was then completed
in a mixture mode, as summarized in Scheme 2. The four
OH OTIPSF
Scheme 2. Synthesis of the Bottom Fragment Mixture N
Wcooa DIBAL, 97% (Yﬁmoﬁ HF/pyr, 74% omin  10min 20 min 30 min 40 min
F- TrCl, DMAP F. Dess-Martin
TBSO  O'TIPS 93% TBSO  O'TIPS 86% b) from Noyori oSiR
M-12a-d M-16a-d reduction 8
TBSO.,
NaClO, |
NaH,PO, | oTr
= otrr —— _N = OTr :
OHC :
OF TIPS e 0 OfTIPs on o
DCC, Et3N, DMAP
M-17a-d 75% over 2 steps M-8a-d _‘ l ,\
F. _ ik T T T T T T T T
TIPS = Si(Pr);,CHaCHR! omin 10 min 20 min 30min 40 min

a, (BR,7S), Rf = C3F7 ¢, (6S,7S), Rf = CgF 3

b. (6S.7R), Rf = C4Fg d, (GR.7R), RT = CgF17 Figure 3. HPLC analyses of the mixtures ¥8a—d (ref 16) from

the nonselective (a) and selective (b) reductions at C9. Arrows show
the minor 3) epimers in the Noyori reduction mixture.

esters12 were blended in a ratio of 1.5:1:1:1.5, and the
resulting mixture M12a—d was reduced with DIBAL and
then tritylated to provide Mt6a—d. Selective desilylation
of the TBS group was accomplished with HF/pyr, and the
resulting alcohol was oxidized with the Dedglartin reagent
to furnish aldehyde Mtk7a—d. Further oxidation with

g_aCl% |Fr)1r0(;/ided| an acid, Whigg was CC?UDLed wit(I;,O In contrast, the chromatogram of the sample ofl Bfrom
imethylhydroxylamine to provide Mba—d. The products v, reduction showed that the four @@epimers were
of these mixture rt_aactlons were purified by_ star_1dard fla_sh formed with excellent selectivity>(15:1), with only very
chromatogr_aphy without demixing. At key _pomts, intermedi- small peaks for the corresponding G®pimers (see arrows
ates were isolated by small scale demixing-§lmg) and in Figure 3b). Thus, with only two reactions and without a

characterized by NMR spectroscopic analysis. _ preparative demixing, we learned that the Noyori reduction
The fragment coupling and completion of the synthesis gypipited high stereoselectivity that was not affected by the
are summarized in Scheme 3. The middl@nd bottom g ,psirates with assorted configurations at nearby C6 and C7.
M-8a—d fragments were coupled via alkynyllithium addition. The alkyne M18was reduced to theis-alkene by Lindlar
The resulting alkynyl ketone was then reduced Bk hydrogenation and the resulting secondary hydroxy group
Noyori catalyst® to give M-18a—d in 94% vyield. To  \yas protected as a TBS ether. The primary TES group was
determine the stereoselectivity of this catalyst-controlled then selectively cleaved with dichloroacetic acid to givel M-
reduction, we also reduced a small sample of the ketonejn 9o yield. Dess-Martin oxidation of the primary alcohol
to the aldehyde was followed by HWE coupling with the

the NaBH, reduction showed four pairs of peaks of about
equal area with the larger separation between pairs corre-
sponding to the demixing based on fluorous tag and the
smaller separation among pairs corresponding to the epimeric
alcohols at C9.

(10) (a) White, J. D.; Hong, J.; Robarge, L. A.Org. Chem1999 64, ; _ : 0
6206-6216. (b) Theodorakis, E. A.; Drouet, K. Ehem. Eur. J2000 6, top fragmentt to give thea.S-unsaturated ketone in 82%
1987-2001. yield for 2 steps. The C17C18 alkene was selectively

(11) The silane precursors of th&IPS triflates and the fluorous silica reduced with Stryker’s reagefit®1’The reduction of the
products were purchased from Fluorous Technologies, Inc. DPC holds an

equity interest in this company. C19 ketone was performeq by LiAI¢€Bu)3H,_ giving the
(12) zhang, Q. S; Curran, D. Rhem. Eur. J2005 11, 4866-4880. p-alcohol M203 as the major product. The-isomer was
15(13) Note the changes in CIP priorities betwelil1, 11/12, and 14/ removed by silica gel Chromatography of the mixture.
(14) (a) Phukan, P.; Sasmal, S.; Maier, M.Er. J. Org. Chem2003
1733-1740. (16) Early work was done with a TBS ether on C17 and traces for these
(15) (a) Matsumura, K.; Hashiguchi, S.; Ikariya, T.; Noyori, RAm. reactions are shown in Figure 3. Similar results were obtained with the
Chem. Soc1997, 119 8738-8740. (b) Haack, K.; Hashiguchi, S.; Fujii, TES ether.
A.; Ikariya, T.; Noyori, R.Angew. Chem., Int. Ed. Engl997, 36, 285— (17) Mahoney, W. S.; Brestensky, D. M.; Stryker, J. M.Am. Chem.
287. (c) Marshall, J. A.; Bourbeau, M. @rg. Lett.2003 31973199. Soc 1988 110, 291—-293.
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Scheme 3. Fragment Coupling and Completion of the Synthesis

1) n-Buli, 1) Hyp, Lindlar, 99%

M-8a-d, 88%  T1BSO.. -, 2) TBSOTf TBSO.,.
2,6-lutidine, 96%

OTES
1) Dess-Martin

2) (S,S)-Noyori | 3) CI,CHCO,H, 90% 2) Ba(OH),
73 2H, 90%
catalyst . 6 oTr y Z OTr Meg\ P 0 ~F
; H i MeO-
'PrOH, 94% OH oTIPSF TBSO  OTIPS® © 5t/ﬂ/f\/
! M-18 M-19 6 OPMB
FTiPs = Si('Pr),CH,CH,Rf 82% over 2 steps
a, (6R,7S), Rf = C3F7 ¢, (6S,7S), Rf = CgF13 3) [PPhaCuHlg, 96%
b, (6S,7R), Rf = C4Fg d, (6R,7R), Rf = CgF 17 4) LIAIOE-Bu)sH
TBS
1) TBSOTT, Et3N, ;g 283 91%
quant 3) Yamaguchi
2) ZnBry, 93% TBSO.,._~-.,, S, 59%, 2 steps
3 Dess-Martin 4) demix
4) Still-Gennari 5) 3N HCI
E 80% for 2 steps H MeOH, THF Y
OTIPS TBSO  OTIPSF HO OH
M-20a-d a-OH: 10% M-21a-d (6R,7S)-1, dictyostatin, 40%
M-20a-d 3-OH: 45% (6S,7R)-22, 6,7-bis-epi-dictyostatin 8%

(6S,7S)-23, 6-epi-dictyostatin 22%
(6R,7R)-24, 7-epi-dictyostatin 29%

The C19 hydroxy group was protected with TBSOTf, the ~ This work shows that fluorous mixture synthesis can be
trityl group was selectively removed by ZnBrand the used to leverage effort in a complex total synthesis by
resulting allylic alcohol was oxidized with the Deslartin
reagent. Stil-Gennari reactiolf then provided[),(2)-diene _
M-21 with good yield and selectivity. PMB removal with  Table 1. 50% Growth Inhibitory Concentrations (&) of
DDQ, hydrolysis of the conjugated ester by 1N KOH, then (C6,C7) Dictytostatin Diastereomers in 1A9/Ptx22 Human
macrolactonization under Yamaguchi conditifngave a  Ovarian Carcinoma Cells
mixture of major (Z),(4E) and minor (E),(4E) macrolac- compd Glso (nM)
tones in 59% vyield for the 2 steps.

Demixing of the final mixture was accomplished by Egg’;;;:;;dwtymatm) f;gig';
preparative chromatography over FluoroFlash-PF8his (68’73)_23 0.81 + 0.17
provided the four individual components, which were desi- (6R,7R)-24 47406

lylated with 3N HCI in MeOH to give dictyostatin §79-1
and the other three C6,Gpidictyostatin diastereomers in
the indicated yields after HPLC purificatidh The sample
of dictyostatin (&®,7S9)-1 was identical to previously syn-
thesized dictyostati?f, thereby confirming the success of the

providing more compounds without a proportional increase
in work. Here, 22 steps were conducted on fluorous mixtures,
whereas conducting the same syntheses in parallel to provide
fluorous mixture synthesis. the four target products would have required 88 steps. The

The antiproliferative effects of these compounds were use of fluorous HPLC was critical to the success of the

assayed against human ovarian carcinoma cells (Table 1)Project since it provided the opportunity to analyze inter-
The bisepi diastereomer, G7R)-22 was less active than mediate mixtures and characterize their underlying compo-

the other isomers. but still exhibited a mid-nanomolar N€Nts, as well as to demix the final mixture to provide the

potency. In contrast, the monoepimersS{&)-23 and  PUre target products.
(6R,7R)-24 showed potent antiproliferative effectsRER)-

24 was about equipotent to dictyostatinR89)-1, and
(65,79-23 was four times more potent. More detailed
biological characterization of the monoepimers is clearly
warranted by these exciting preliminary results.
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(19) Inanaga, J.; Kuniko, H.; Hiroko, S.; Katsuki, T.; Yamaguchi, M. Sgpportmg mformat'O'? Aya||ab|e- Full experimental .
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