Communications to the Editor

may curl back to protonate the leaving group or it may be hydrogen bonded
to the charged phosphate oxygens. Evidence that the roles of the imida-
zolium ions are those shown in Figures 2 and 3 is the finding that the
pH-rate maximum for 2 comes at approximately its titration pKj,, but that
for 6 is almost 1 pH unit higher than its titration pK, of 6.1. This would in-
dicate stabilization of the imidazolium ion by the bound phosphate anion
in 6, but not in 2. If the imidazolium ion in 6 catalyzes the hydrolysis by such
phosphate binding, it would be playing the role of lysine-41 in ribonuclease.
Because of the flexibility in § and 6, the specificity in the cleavage of 1 is
particularly striking.

For an earlier example in which high specificity accompanied relatively
modest catalytic acceleration, cf. Breslow, R.; Campbell, P. Bioorg. Chem.
1971, 71, 140-156.
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Synthesis of the Polyether Antibiotic Monensin. 1.
Strategy and Degradations!
Sir:

The polyether antibiotics constitute a growing class of nat-
urally occurring ionophores having a variety of useful biolog-
ical properties and a degree of stereochemical complexity as
yet unsurpassed by other natural products with an all-carbon
backbone.? One of these materials, a compound named mon-
ensin (1), has acquired special significance since it was the first
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polyether antibiotic to have its structure determined and also
to find its way to the marketplace.? The utility of monensin,
as well as its challenging array of 17 asymmetric centers, has
attracted considerable attention since its discovery, and during
the years 1977-1978 serious synthetic programs started up at
Harvard and here at Columbia. Earlier this year Kishi and
co-workers reported their results.* In this series of papers we
describe our work on a highly convergent synthesis of monensin
starting from simple optically active compounds.

As outlined in the Scheme I, our synthesis is designed to be
convergent at several levels. In addition to the usual logistical
attractions of convergency, this scheme has a distinct stereo-
chemical advantage. As applied here it allows monensin to be
broken down retrosynthetically into fragments (i, iii, and v)
containing only vicinal asymmetric centers so that most of the
remote stereorelationships may be built up synthetically by
coupling fragments having the proper absolute configuration.
The remaining remote asymmetric centers (C-9 and C-24) are
easily controlled by their environment on substituted six-
membered rings. To avoid potentially tedious resolutions of
the required intermediates, the synthesis begins with (—)-malic
acid (— iii) and (+)-8-hydroxyisobutyric acid® (— i, v,° and
vi).

The stereochemical problems in monensin are thus reduced
to the formation of vicinal stereorelationships with control by
preexisting asymmetric centers. One reaction which has proven
especially useful in this context is the chelation-controlled
nucleophilic addition shown in eq a.” We have studied this
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reaction in some detail and have found general methods for
controlling the stereochemistry of the addition to the extent
of =50:1 with Grignard reagents.? It should be noted that the
stereochemistry produced by this type of operation is opposite
to the usual Cram’s rule® (steric control) prediction in cases
where the chain bearing -OR is more sterically demanding
than methyl. For this reason, stereoselection of the type shown
has commonly been referred to as “anti-Cram™ as well as
*“chelation controlled”.

To secure materials for structure proof of advanced synthetic
intermediates and to enrich our supplies of these valuable
compounds, a monensin degradation-reconstruction program
was undertaken. The primary degradation was achieved by
chromic acid as reported with the original structure elucida-
tion!? (eq b).
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The lactonic acid 2 was converted into the left fragment of
monensin (i, Scheme 1) in six steps. Reduction via the mixed
carbonic anhydride (EtO,CCl, Et;N) with sodium borohy-
dride in wet ether!! (4 h, 25 °C) gave the corresponding pri-
mary alcohol which was protected with benzyl chloromethyl
ether (i-Pr,NEt). Saponification (LIOH-H>O-THF) followed
by acidification (excess NaH,POy, 0 °C) and immediate in
situ methylation (CH;N>) then gave the acylic ester 4 (78%
from 2) (eq ¢). Although the hindered secondary alcohol re-
sisted protection with trialkylsilyl chlorides under the usual
conditions, triethylsily! perchlorate!2 (CsHsN, CH3CN, 0 °C)
added cleanly and rapidly. Finally hydrogenolysis (10% Pd/C,
H,, Et,0) and oxidation (CrO3.2CsHsN, CH,Cl5) gave the
left fragment of monensin as the triethylsilyl ether 54 (86%
from 4).

© 1980 American Chemical Society



2118

(c)

To convert the tetracyclic dilactone 3 into intermediates in
our synthetic scheme, it was first necessary to chemically
distinguish the - and the 4-lactone. This operation was readily
effected with ethylene glycol (p-TsOH, HC(OMe);, 25 °C)
to give a monoortho lactone (6, 60%'3). As outlined in the
Schemes I and 111, 6 is a particularly useful material since it
is readily transformed into advanced intermediates on our
synthetic pathway. A key precursor of ii (Scheme 1) was pre-
pared as follows. Conversion into the methyl ketone (1.2 equiv
of MeLi, THF, =78 °C) and methylenation (Ph;PCH;Br,
BuLi, THF) gave the olefinic alcohol 7 in 73% yield. Simul-
taneous cyclization and deprotection was effected with N-
bromosuccinimide and p-toluenesulfonic acid (CH;Cl,, 0 °C)
to produce a synthetic intermediate,'4 the bromomethyl tet-
rahydrofuran 8 (96%).

Tetracyclic ortho lactone 6 is also useful for preparation of
the lower level bicyclic intermediate iv (Scheme I). The re-
quired degradation was accomplished by two sequential oxi-
dative cleavages of a 1,2-hydroxy ether. Thus addition of excess
methyllithium to 6 (Et,0, 80%) gave a dimethylcarbinol which
was fragmented (excess Cr0O3.2CsHsN, CH,Cl,, 10 h) into
the corresponding tricyclic ortho lactone 9 (74%). Repetition
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of the degradation sequence gave the bicyclic ortho lactone 10
(74%). Replacement of the missing carbon was readily ac-
complished by reduction (Dibal, PhCH3, ~78 °C) and Wittig
methylenation (PhsPCH3Br, Buli, THF) in 84% yield. Cy-
clization (V-iodosuccinimide, CH,Cls, 0 °C) gave the §-io-
domethyltetrahydrofuran with 4:1 stereoselectivity (B:« io-
domethyl)!3 (94%). The major isomer was separated by me-
dium pressure LC on silica gel and converted into the corre-
sponding alcohol by benzoate displacement (PhCO,H, DBU,
DMF) and reduction (LiAlHy, Et20) (40%). Finally, depro-
tection with p-toluenesulfonic acid in wet methylene chloride
(0 °C) gave 11 (98%).14

The accompanying communications describe intermediates
5,8, and 11 in terms of their synthesis and use for the prepa-
ration of monensin.
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Synthesis of the Polyether Antibiotic Monensin. 2.
Preparation of Intermediates!

Sir:
As described in the first paper of this series, our approach

to monensin is based on the synthesis and coupling of three
advanced, optically active fragments, compounds 1-3. In this
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