ORGANIC
LETTERS

Total Synthesis of lonomycin Using e

Ring-Opening Strategies 18791882

Mark Lautens,* John T. Colucci, Sheldon Hiebert, Nicholas D. Smith, and
Giliane Bouchain

Davenport Research Laboratories, Department of Chemistrypéisity of Toronto,
80 St. George St., Toronto, Ontario M5S 3H6, Canada

mlautens@chem.utoronto.ca

Received March 13, 2002

ABSTRACT

lonomycin

The total synthesis of the polyether antibiotic ionomycin, a calcium ionophore, is described. The synthesis demonstrates the utility of ring-
opening methodologies as applied to the synthesis of polypropionate and deoxypolypropionate subunits, which are found in two of the four
fragments in the synthesis.

lonomycin, isolated in 1978 fro@treptomyces conglobattis Two previous total syntheses have been published by the
belongs to a class of natural products known as polyetherEvans and Hanessian lab8Both groups used synthetic
antibiotics. The ability to chelate inorganic cations and strategies they developed for the synthesis of polypropionate
transport them across lipid membranes has made theseand deoxypolypropionate subunits. Evans used the well-
“ionophores” of significant interest. lonomycin is unique developed chiral enolate chemistry, and Hanessian applied
among this family because of its high affinity for binding the chiron approach usingglutamic acid as the intial source
calcium and as such has been used extensively in neuro-of chiral information. Our goal was to show the utility of
chemistry as a tool for studying the effects of increasing the ring-opening of oxabicyclic alkenes as an alternative and/

intracellular C&" concentration&¢ or complementary approach to the synthesis of these
The structure of calcium-bound ionomycin was elucidated structural motifs.
by Gougoutas and co-workers in 197R.is highly oxygen- Our retrosynthetic analysis of ionomycin is similar to that

ated, as is typical of the polyether antibiotics. The presenceof the Evans and Hanessian syntheses. The three points of
of the two acidic functionalities, the terminal carboxylic acid disconnection are at thfediketone, the trans olefin, and the
and thes-diketone, allows the formation of the 1:1 complex first tetrahydrofuran ring (Scheme 1). We realized that the
with Ce*. It also contains three hydroxyl groups and two presence of the 1,8yn-dimethyl moiety, which is present
tetrahydrofuran rings in addition to 14 stereogenic centers, in three of the four fragments, made this molecule ideal for
making ionomycin a challenging synthetic target.
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the bridging oxygen bond, cycloheptenes with four or five
contiguous stereocenters can be obtained.

The utility of the asymmetric reductive ring opening is
powerfully shown in the synthesis of thg£ C,3 fragment
(Scheme 2), where three of the four stereocenters in the
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a(A) 5 mol % Ni(COD), 10 mol % §)-BINAP, toluene, 65C,
1.1 equiv of DIBAL-H (added over 20 h)B| (a) DMSO, (COCI,

the use of the ring-opening methodologies developed in our NEt,, CH,Cl,, —78 °C; (b) PhMe, DIBAL-H, —78 °C; (c) THF,

labs. In particular, fragment and5 can both be obtained
from the [3.2.1] oxabicyclic alken8.

Fragment3 can be synthesized frol, which is readily
prepared from an asymmetric addition of a hydrid&.tdhe

asymmetric reductive ring opening was developed in our labs

using a nickel-catalyzed addition of DIBAL-H to the
oxabicycle? Likewise, fragment can be obtained fror,

which comes from an asymmetric addition of a methyl group

to 8. A palladium-catalyzed asymmetric addition of a

dialkylzinc to an oxabicyclic alkene was recently developed
in our groufs and could be used to carry out this transforma-

tion.

The [3.2.1] oxabicyclic alkenes are easily prepared by a

[4 + 3] cycloaddition between furan and an oxyallylcatfon.

These substrates have been widely used to gain access to

both cyclic and acyclic moleculésTheir rigid bicyclic

structure can be used to introduce functional groups in a

highly stereoselective manner. If this functional group
introduction occurs in anp®' fashion with ring opening of

(4) (a) Lautens, M.; Chiu, P.; Ma, S.; Rovis, J..Am. Chem. S04995,
117, 532. (b) Lautens, M.; Rovis, 7. Am. Chem. S0d.997,119, 11090.

(5) (a) Lautens, M.; Renaud, J.-L.; Hiebert,J3Am. Chem. So000,
122, 1804. (b) Lautens, M.; Hiebert, S.; Renaud, JOLg. Lett.2000,2,
1971. (c) Lautens, M.; Hiebert, S.; Renaud, J3LAmM. Chem. So@001,
123, 6834.
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reviews on [4+ 3] cycloadditions, see: (a) Hosomi, A.; Tominaga, Y.
Comprehensive Organic Synthesisost, B., Fleming, I., Paquette, L. A.,
Eds.; Pergamon: Oxford, U.K., 1991; Vol. 5, Chapter 5.1, p 593. (b)
Hoffmann, H.Angew. Chem., Int. Ed. Engl984,23, 1 (c) Noyori, R.;
Hayakawa, Y.Org. React.1983,29, 163.

(7) For reviews on ' and S2'-like ring opening of oxa-cyclo
systems, see: (a) Vogel, P.; Cossy, J.; Plumet, P.; Arjonde®ahedron
1999,55, 13521. (b) Woo, S.; Keay, BBynthesid 996, 669. (c) Lautens,
M. Synlett1993, 177.
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KHMDS, PMBCI; (C) O;, MeOH/CHCI,, —78 °C then NaBH,
rt; (D) CH.Cl,, DDQ, mol sieves, rt; (E) (a) TrCl, Ngt DMAP,
CH.Cly; (b) CH.Cl,, DIBAL-H, —78 to O°C; (F) DMSO, (COCl},
NEts, CH,Cl,, —78 °C.

fragment are set using the ring-opening reaction. A slow
addition of DIBAL-H to 9 and the Ni(CODY(S)-BINAP
catalyst in toluene at 65C gavel0Oin 95% yield and 93
95% ee. The configuration of the hydroxyl at;@eeded to

be inverted in order to set the final stereocenter. Swern
oxidation and then reduction with DIBAL-H at 78 °C,
which proceeded with»30:1 selectivity, readily achieved
this goal. The hydroxyl was then protected as a PMB ether
to give 11in 82% for the three steps.

The cycloheptene ring was then cleaved by ozonolysis to
the dialdehyde, and after reductive workup di was
obtained in 85% yield. The critical task of differentiating
the two ends of the acyclic subunit was then addressed. The
problem was solved by employing a strategy previously used
by Oikawa® who showed that oxidation of the benzylic
position of ap-methoxybenzyl ether under anhydrous condi-
tions in the presence of an appropriately positioned hydroxyl
group would result in cyclization onto the cation to form an
acetal. When dioll2 was treated with DDQ in anhydrous
dichloromethane, selective cyclization occurred to afford the
PMP acetall3 in 93% vyield.

With the ends of the acyclic fragment differentiated the
other hydroxyl could now be protected as a trityl ether.

(8) Oikawa, Y.; Yoshioka, T.; Yonemitsu, Oetrahedron Lett1982,
23, 885.
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Regioselective reduction of the acetal under Takano’s

protocof using DIBAL-H gave the alcohdl4 in 94% yield Scheme 3
for the two steps. Finally, Swern oxidation of the primary

alcohol gave aldehyd8 in 90% vyield and completed the AN, - 5
synthesis of the G—C,3 fragment in 12 steps from furan in o HO,Q pevr TBSO,Q
16

19.6% overall yield. e = 94%
Whereas the stereochemistry in the-aC,; fragment was
set by an asymmetric addition of hydride to the oxabicycle,
the G—Cy fragment requires the introduction of a methyl
group at the @ position. This is accomplished using the
asymmetric nucleophillic ring opening catalyzed by a chiral

palladium catalyst.
The chiral catalyst, formed from a 1:1 mixture of Pd(&H

2 steps

CN).Cl, and the chiral ligandR)-Pr-(R)DIPOF.° was used H

together with 10 mol % Zn(OT$)for the addition of MeZn HOVKA{\ _c . |

to oxabicyclel5 in refluxing dichloroethane. The product 00 G2 Meo,C o ©
cycloheptendioll6 containing the 1,3,5-trimethyl subunit o PMP 22 PMP

with complete diastereocontrol was obtained in 80% vyield H 1 98%
and 94% ee (Scheme 3). The two hydroxyl groups could o - -
now be selectively protected as ttext-butyldimethylsilyl M J M I M
- i 0, 0, i 70% f %
ether anob methqubenzyl ether in 92% and 95% vyields, cope O 35tep(;r oMo OH ;23{6:)0; come OH OH
respectively, to givel7. 5 24 2
The cycloheptene olefin was now cleaved by ozonolysis .

to give the acyclic fragment8 in 90% vyield. The dif- X ;(A) 5 m?lﬁf;d[(g)ﬂp(R);EIPOF]Cf%’ 1?30 m(ol)"/%égﬁgg,

HY] H .0 equiv o e4n, dichloroethane, refriux; a ,
ferter?t'aéof gf t?e two htydTrOthl gro‘:pslévasftﬁag'sd outas idizole, DMF: (b) NaH, PMBB, BuNI (cat.), DMF: (C) O
In the L7—Lo3 Tragment. Treaiment 0Lo wi Qin MeOH/CHCl,, —78 °C then NaBH, rt; (D) () CHCl,, DDQ,
anhydrous dichloromethane gave selective formation of amol sieves, rt; (b) TBAF, THF, rt;§) TCDI, THF, 50°C; (F)
single PMP acetal and after TBAF deprotection of the silyl BusSnH, AIBN (cat.), toluene, reflux;@) (a) TPAP (cat.), NMO,
ether gave dioll9 in 90% for the two steps. This diol was ?l;zTCclslertT('_t;I): l\/5|t(?)O(z:CC(ZIEISTBPPSE:H(H'&IEKi (Pd(())H)z,I MeOH; f?)

. . L . 0 a , , 50°C; WBSnH, cat.), toluene, reflux;
tr_eated with th|ogarb9nyl dnmldazo.le (TCDI) to give a 95% (3) (@) TPAP (cat), NMO: (b) MeMgBr. THF: (c) Desddartin
yield of the cyclic thiocarbonat20 in order to set up the oxidation.
deoxygenation. Barton has shown that these cyclic thiocar-
bonates undergo radical-induced reduction to yield prefer-

entially the primary alcohol as a result of the greater stability Dess—Martin oxidation gave ketorieand completed the

of the secondary radical upon collapse of the intermediate synthesis of the - Cy, fragment in 18 steps from furan in
during the deoxygenatiot.Employing Barton’s protocol the 6.9% yield.

primary alcohol21 was obtained in 84% vyield.
A two-carbon extension was then carried out using a
stabilized Wittig reagent on the aldehyde obtained by TPAP was carried out using a sulfone anion addition to aldehyde

axi(cjiation Of. alC0h0|2|1' Lh% O\;edr?g ?’izld 0122dwa§ 770/‘;' h 3 (Scheme 4). The produ26 was obtained as a mixture of
ny.rogegatlon caltafyzhe PI\XP Ie tq re dgf['ogsg the diastereomers, and the phenyl sulfone could now be removed
olefin and removal of the acetal to give n 0 by a two-step oxidation/a-reduction sequence. Oxidation to

yield. . ketone26 was accomplished by a TPAP/NMO oxidation,
Removal of the remaining secondary hydroxyl group was 5 then Smiwas used to reductively remove thepheny
achieved in an identical fashion as before using Barton’s sulfoné? to give 27 in 61% for the three steps.

) X . 0
protocol. Formation of the thiocarbonate took place in 90% Formation of thetrans tetrahydrofuranyl ring was pro-

y!e:g, Whlle”reductlon gave tfhehprlmgry aIcoflﬁxlr:n|80%h jected to occur via a diastereoselective substrate-controlled
?/r:ith.ylFII(r;?ozésc\?vr;\;e;ilﬁigvz dtinethprrelzr:i?épz COOX? da;[tci)o; teo reduction of the _k_etor_1e followed by actiyation and intramo-
the aldehyde by TPAP/NMO was followed b‘y addition of Iecglar K2 etherlf_lcat|on. Fpr the reducuon_we chose to use
MeMgBr in THF at—78°C to give a mixture of isomers. A a diastereoselective sam_arlum-r?nedllated Tishchenko reaction
' developed by Evan.This reaction involves the reduction
(9) Takano, S.; Akiyama, M.; Sato, S.; OgasawaraCKem. Lett1983 of B-hydroxy kemne$ using Sin the. presence of benzal-
1593. dehyde (as the hydride source) to yield benzyloxy alcohols

(10) For the synthesis of 2(R)-(diphenylphosphino)-1-[4(R)-isopropyl- with high anti selectivities (typically 90—99%).
2-oxazolinyl)ferrocene (abbreviated aBr-DIPOF), see: (a) Richards, C.;
Locke, A. Tetrahedron: Asymmetr$998,9, 2377. (b) Nishibayashi, Y.;

With all four fragments in hand efficient methods of
coupling were exploretf. The formation of the &—C,4bond

Uemura, SSynlett1995, 79. (12) The synthesis of the other fragments along with other approaches
(11) (a) Barton, D. H. R.; Subramanian, R.Chem. Soc., Perkin Trans. to the coupling strategy will be discussed in a forthcoming paper.

11977, 1718. (b) Barton, D. H. R.; McCombie, 5.Chem. Soc., Perkin (13) Molander, G. A.; Hahn, Gl. Org. Chem1986,51, 1135.

Trans. 11975, 1574. (14) Evans, D. A.; Hoveyda, A. Hl. Am. Chem. S0d.990,112, 6447.
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Scheme 4
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a(A) 2 + BuLi then3, THF, =78 °C; (B) TPAP (cat.), NMO, mol sieves, GBI,; (C) Smk, MeOH, THF,—78 °C; (D) DDQ, H0,
CHCly; (E) 26 mol % Smj, 5 equiv of PhCHO, THF-10 °C; (F) (a) TsCl, DMAP (cat.), CkCly; (b) 1 M HCI, THF, 0°C; (c) NaH,
THF, 50°C; (G) (a) Pd(OH), C¢H1,, EtOH, reflux; (b) TPAP (cat.), NMO, mol sieves, GEl,; (H) KHMDS, 4, then add t@1, THF,—78
°Ctort; () DDQ, H0, CH,Cl,, O°C; (J) (a) DMSO, (COCH, NEt;, CH,Cl,, —78 °C; (b) BwBOTT, (i-Pr),(Et)N, 5, then add to aldehyde
from 33, CHCl,, —78 °C; (c) CrGs-Pyr, Celite, CHCIy; (K) (a) HF, H,O, MeCN, rt; (b) LiOH, HO, DME, 80°C, 7 h.; (c) CaGJ, H,0,
pH 9.

The -hydroxy ketone28 was obtained in 86% vyield by 4 was treated with KHMDS and then added to aldeh$ile
an oxidative removal of the PMB ether with DDQ. Applica- formation of olefin32 took place in 85% yield (exclusively
tion of Evans' protocol 028 using 26 mol % Smlprovided trans olefin by 'H NMR).
hydroxy benzoate&9 in 90% yield with no other isomer The final coupling involved an aldol reaction between
detectable byH NMR. The alcohol could now be activated fragment5 and the aldehyde obtained from alcoB8.. The
by formation of the tosylate under standard conditions. The boron aldol reaction developed by Evans and Dow in their
TMS ether was then removed with dilute HCI, and the crude synthesis provided us with the aldol product accompanied
hydroxy tosylate was treated with NaH in THF at 8D to by loss of the TBS protecting group. When the same reaction
yield the bis tetrahydrofuranyl produ80 in 76% vyield for was used with a modified workup procedure, however, the
the three steps. Finally, the trityl ether was removed, and silyl ether remained intact. After a Collins oxidation the
oxidation of the alcohol to the aldehy@& was carried out  S-diketone34 was obtained in 63% yield for the three steps.

in order to set up coupling with the;&-C,¢ fragment. Deprotection of the silyl ethers and hyrolysis of the two
Incorportation of the G—Cy6 fragment required selective  esters were also carried out using procedures slightly
formation of thetrans Ci6—Cy7 double bond. A Julia modified from those used in the Evans synthesis. Final

Lythgoe olefinatio?® is known to provide predominantly  treatment with CaGlgave ionomycin as the calcium salt,
transolefins, particularily when there ig branching onthe  which was identical to a commercially obtained sample.
aldehyde and/or sulfone. Both the Hanessian and Evans’

syntheses utilized this protocol, but we found that using the ~ Acknowledgment. We thank the Ontario Research and
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