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ABSTRACT

A convergent total synthesis of the enantiomer of the
naturally occurring polyether antibiotic Lasalocid A (X-537A)
and preliminary results of the biological testing of this

compound are reported.
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Chapter 1.

BACKGROUND



BACKGROUND

An ionophore was defined, by Pressmanl'2 in 1964, as a
molecule that aids the transport of ions through a
lipophilic interface through prior complexation. Although
the ion transported is most often that of an alkali or
alkali earth metal, cases of iron(III), proton and biogenic
amines have also been reported.

The ionophores are a very broad class of molecules that
encompass a wide diversity of structural types and
biological properties. A common feature of all ionophores
is the presence of heteroatoms. These heteroatoms, usually
oxygen or nitrogen, are arranged in such a manner to allow
their 3-dimensional inward orientation in the proper
geometry to complex the ion, and the outward orientation of
the ionophore's lipophilic substituents. This property
alldﬁs the ions to appear greasy to the lipophilic interace,
and thus their passage is at least partially facilitated
through the membrane. Westley has divided the naturally
occurring ionophores into four classes based on their
structure3: 1) peptide ionophores, 2) cyclodepsipeptides,
3) macrotetrolides, and 4) polyether antibiotics. Examples
of these classes are shown on the following pages.

The peptide ionophores, such as the gramicidins,4
consist entirely of a linear or cyclic arrangement of amino
acids. The cyclodepsipeptides, of which valinomycin5 is the

best known example, are composed of alternating amino and
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hydroxy acid units. The macrotetrolides, such as nonactin,
are meso compounds consisting of an alternating sequence of
(+) and (-) tetrahydrofuranyl hydroxy acids.

The polyether antibiotics are diverse groups of
compounds whose common feature is the presence of a linear
chain of tetrahydrofuran and tetrahydropyran ring systems.
These systems include a carboxylic acid function at one end
and a hydroxyl at the other. The first representatives of
this class, Nigericin and Lasalocid A (X-537A), were
isolated in 1951.7 However, due to their considerable
complexity, structural elucidation of this class of iono-
phores has only been feasible in the last fifteen years.
The X-ray determined structures of monensin® and Lasalocid
A were not published until 1967 and 1970, respectively.
Although a relatively new class, it has been growing rapidly
in both numbers (now over 57) and applications, and has been
subdivided into the following categories on the basis of
structure and the type of ions transported: 1) monovalent
polyethers (i.e. monensin,a, nigericin10 and salinomycinll);
2) monovalent monoglycoside polyethers (i.e. lenormycin12
and antibiotic A-204A13):3) divalent polyethers (i.e., the
lasalocidsl4 and lysocellinls), and 4) divalent pyrrole
ethers (i.e., calcimycin (A23187)16), Of these
monensin17'18, 1asalocidlg'2°, and A23187,21 salinomycin and

narasin, have been prepared by total synthesis.



Pressman2? has proposed an alternate classification
that is based on the ionophore's mode of ion transport: 1)
neutral ionophores, such as valinomycin; 2) carboxylic iono-
phores like monensin and lasalocid A; and 3) channel forming
quasi-ionophores such as alamethecin, which simply cause
holes in the membrane and thus facilitate the diffusion of
ions.

Of all the classes of ionophores, the polyethers have
shown the greatest promise of utility. The only commercial
application of their biological activity has been the
marketing of monensin in 1971 and Lasalocid A (X-537A) in
19763 as coccidiostats and feed utilization enhancers. The
polyether antibiotics also show cardiotonic propertie523'24
which make them very interesting from a pharmacological
standpoint.

The effect of the polyether antibiotics on heart action
has been studied extensively by Pressman et al.22:25
Pressman first demonstrated that lasalocid A stimulates
isolated rabbit heart and then that a single dose (2mg/kg)
of lasalocid A administrated intravenously to an intact
sedated dog causes: 1) a two to three fold increase in
contractility, i.e. an "inotropic" effect; 2) a doubling of
cardiac output; 3) a small rise in aortic pressure and heart
rate; 4) a drop in peripheral resistance; and 5) a large
decrease in coronary resistance leading to as much as a

tenfold increase in blood flow through the coronary arteries



of the left ventricle?3. Since oxygen consumption remains
virtually constant, except for a small transient initial
rise, the latter two effects translate into a large increase:
in the pumping efficiency of the heart.

The stimulation of the pumping characteristics of the
heart without dramatic changes in pressure or rate may be
useful during pathological cardiovascular conditions, such
as those that occur in acute pump failure or shock. The
latter use was confirmed with dogs that had been sent into
shock by incision and ligation of their intestines.23
Increasing the efficiency of the heart may prove valuable
under conditions of limited oxygen supply, such as occurs in
coronary vessel disease (often accompanied by angina) or in
selected regions of the heart following an infarction.
These effects are in sharp contrast to those of the
catecholamines (i.e. epinephrine) which although they
increase cardiac work also increase oxygen consumption,
which is undesirable under conditions with accompanying
ischemia. This difference is interesting since lasalocid A
has been shown to transport catecholamineszs, and its
vaseodilatory effects are inhibited by B-blockers. This
inhibition indicates the participation of catecholamines.2’
However, since the other physiological properties of
lasalocid A are not affected, the mechanism of its action

must be multi-pronged.



The initial driving force for the testing of lasalocid
A was its ability to complex and transport ca2t and biogenic
amines. It was this ability that formed the basis of the
initial explanation of 1lasalocid A's physiological effects.
This has proven to be, at best, an oversimplification since
ionophores that cannot transport ca2t or catecholamines were
shown to be more effective at bringing about many of the
same effects as lasalocid A. Also, the ca2t specific
ionophore A23187's in yitro effects could only be
sporadically reproduced in anesthetized dogs. Since the
monovalent ionophores (i.e., monensin, X-204) are more ion
specific and their various effects can be differentiated on
the basis of dosage, the prevailing opinion is that they are
more suitable candidates for pharmacological development.28

Although the mode of action of the polyether
antibiotics is not clearly understood, it is believed that
the monovalent ionophores cause an influxvof Nat into the
cells activating either a passive release of ca2* from
sequestered pools in the cell or the influx of extracellular
ca?* via an exchange diffusion carrier, the so called "Baker
pumpﬂ29'3° An increase in intracellular Ca?*t is also
postulated as the mode of action of the cardiac glycosides
(i.e., digitalis) which are believed to increase
intracellular Na' by blocking the cells K*-Nat pump.3l
Since Ca2* gpecific ionophores can mimic physiological Ca2*

mediated cell activation by increasing the permeability of
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the cell's membrane to extracellular Caz*, and lasalocid A

is able to transport both Nat and Ca2+, its mode of action
may be a combination of the above pathways.

Monensin, a highly selective monovalent ionophore, has
been shown to cause the release of catecholamines from
adrenal cells in the absence of extracellular Ca2+,29 rthis
result indicates that an ionophore need not be able to
transport catecholamines in order to cause their release.
Monensin is believed to cause this release by freeing intra-
cellular Ca2*, by increasing intracellular Na*, which in
turn stimulates the release of catecholamines. Again, this
mechanism is possible for lasalocid A as well as the more
direct pathway of increasing membrane permeability to
catecholamines.

Lasalocid A's ability to transport ca2* also lead to
studies on its effect on numerous other Ca2?t dependent
processes. In addition to stimulating the release of

32 and its cardiotonic properties, lasalocid A

2+

catecholamines
has been found to modify insulin release,33 inhibit Ca

34 and

uptake by brain mitochondria in cats and in mice,
stimulate the release of acetyl choline.3% Recent
reviews30036-37 ,f the physiological properties of the
various polyether antibiotics are available.

The biological importance of the polyether antibiotics

has also led to numerous studies into the mechanism of

their complexation and decomplexation of ions and their
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.relationship with cell membranes. The conformations of
complexed and "free" ionophores have been studied utilizing
their C.D., N.M.R., I.R. and fluorescence spectra both in:
solutions of various polarity and with membranes of varying
phospholipid composition.38

These studies have 1led to the following proposed
model. At physiological PH (7.4), the carboxyl function of
the ionophores exists in its deprotonated state and is
complexed to the polar face of the membrane via the ammonium
functionalities present on the membrane face. When a
complexable cation 0®* comes close enough, complexation
begins by the formation of a solvated ion pair. The
ionophore now wrapé around the cation displacing the
molecules of the cation's primary solvation sphere with its
internaliy facing liganding functionalities. The complex
thus formed is capable of passively diffusing across the
lipophilic interior of the membrane where at the inside
interface it can release the cation by the reverse of the
complexation procedure. The ionophore is now held on the
inside of the membrane and can combine with a different

cation I1P*

and by the above sequence of events transport it
to the outside interface and release it. The net result is
an exchange of O™t and IM across the membrane with mainte-
nance of electrical neutrality. Thefefore, the polyether
antibiotics act as passive exchange carriers, possibly

similar to the previously mentioned "Baker pump”. Since an
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ionophore does not complex and transport all cations
equally, the exchange may not be on a one-for-one basis. An
example of this is monensin which transports Nat in and a
mixture of K* and BY out. The ability to transport protons
is very important physiologically. This transport is
possible since the protonated ionophore is neutral and
favors a conformation similar to that obtained when
complexing a cation. This has been demonstrated by the
X-ray determined structures of the free acids of monensin40
and a derivative of lasalocid A.41

The above mechanism assumes that the ionophores
interact only wigh the phospholipids of the membrane and not
with the membrane imbedded proteins, which compose up to 70%
of the membrane. The observed tissue selectivity of the
ionophores is, therefore, ascribed to differences in their
phospholipid composition. It should be noted that the
cation complexing selectivity of the ionophores in bulk
solvents is substantially different than the cation
transport selectivity observed with membranes. This is
thought to be due to two factors; first that the ionophore
interacts with the membrane in such a way as to modify its
selectivity; second, in order to transport cations, the
ionophore must complex and release the cations. Therefore, a
fine balance of complexation strength must be obtained in
order to transport cations. Too weak a complexation would

lead to the cation never forming a tight enough complex to
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enter the membrane, while too strong a complexation would
diminish the ionophore's ability to release the translocated
cation. In light of this, the nature of the ionophores
interaction with the membrane both in its "free"™ form and as
a complex assumes an important role in understanding the
effects of these compounds.

Lasalocid A, as stated previously, has too wide an
activity spectrum to be useful as a therapeutic agent.
However, this non-specificity may make it useful as a probe
into the importance of its various transporting abilities.
One of the most interesting properties of lasalocid A is its
ability not only to transport biogenic amines but also to
distinguish between the enantiomers of those with asymmetric
centers. Lasalocid has been shown to preferentially complex
the natural (R) enantiomer.4? Lasalocidis sufficiently
effective at enantiodiscrimination to warrant its being
patented as a resolving agent43 and its marketing as such by
Aldrich. It should, therefore, be possible to dissect out
the various ion transporting abilities of lasalocid A and
elucidate the nature of its interaction with cell membranes
by the synthesis of modified versions of this ionophore.

To this end, it was felt that the synthesis of the
enantiomer of lasalocid A (enantio-X537A) to study the
enantiodependence of its various physiological effects would

be a logical first step.
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If lasalocid A transports cations by simply forming a
lipophilic complex which then diffuses across the membrane,
the transport of metal cation and the effects due to this
transport should be unchanged with enantio-X537A. However,
if the transport involves interaction with membrane proteins
or phospholipids, both of which contain asymmetric centers,
some alteration of transport and physiological properties
should occur. While the transport of biogenic amines that
lack an asymmetric center (i.e., dopamine) should behave
similar to that of metal cations, the transport of those
with asymmetric centers should be affected toanoticeable
extent. Since lasalocid A complexes preferentially with the
natural B enantiomer of these amines, enantio-X537A should
not complex these amines as well. Therefore, the effects
elicited by the transport of these amines should be
accentuated or reduced.

A synthesis of enantio-X537A was designed and
sufficient quantities of enantio-X537A prepared to allow for
in vitro and in vivo testing of its properties. The
synthesis and the preliminary results of the tests are

presented in the next section.
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The Total Synthesis of Polyether Antibiotics.
1
The Synthesis of the Enantiomer of Lasalocid A (X-537A).

Robert E. Ireland,* Lawrence Courtney2a and

Brian J. Fitzsimmons2b

Pasadena, California 91125

Abstract: A convergent total synthesis of the enantiomer of
Lasalocid A (X-537A) and the preliminary results of the

biological testing of this compound are reported.
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In a previous teport3 from these laboratories, the
total synthesis of the antibiotic ionophore lasalocid A was
presented. The basic design of this synthesis was
predicated on a desire to define a synthetic strategy that
could be applied to the construction of other polyether
antibiotics, both natural and non-natural. An example of
the use of this strategy for the construction of a synthetic
lasalocid analog--enantio-X537A--is reported here.

Lasalocid A is among the least ion selective of the
polyether ionophores, for it complexes and transports the
cations of all alkali/alkaline earth metals, the
lanthanides, thallium and organic amines. The ability of
lasalocid A to transport ca2* and biogenic amines led to
numerous studies of its physiological effects.? Among many
other effects lasalocid A was shown to be a powerful cardio-
tonic agent.5 These effects were initially attributed to
the transport of ca2t and biogenic amines; however, later
evidence proved that hypothesis to be, at best, overly
simplistic. The contrary evidence arose from studies
involving polyether antibiotics which were able to transport
neither Ca2* nor biogenic amines (i.e., monensin and anti-

biotic X-204).5 These compounds were found to elicit many

of the same effects as lasalocid A. The physiological
effects of the polyether antibiotics are now believed to be
Primarily due to Ca2* and biogenic amine release induced by

disruption of the Na*/K* gradient across the cell
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‘membrane.b’7 The polyether antibiotics are thought to bring
about this translocation of cations by acting as passive
exchange diffusion carriers.8

The potential importance of the physiological
properties of the polyether antibiotics has generated
considerable interest in the synthesis of their non-natural
analogs.9 Such analogs may be designed to exhibit specific
properties or to provide information concerning the
mechanism by which these antibiotics act. An analog that
would test the dependence of the physiological activity of
the polyether antibiotics on their chirality would be the
enantiomer of the natural product.

If the'transport of cations across a membrane by
lasalocid A is affected only by the gross physical
properties (p, viscosity,u ) of that membrane, enantio-X537A
should exhibit.properties identical to those of the natural
ionophore. Since lasalocid A preferentially complexes the
natural R enantiomer of asymmetric biogenic amines,lo
enantio-X537A should not complex these amines as well.
Therefore, the activity of enantio-X537A should reflect this
diminished capacity for natural amine complexation and allow
a determination of the contribution the transport of these
amines makes to the overall effect of lasalocid A.
Therefore, a synthesis of the enantiomer of lasalocid A

(enantio X-537A) was devised and sufficient material
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prepared to allow for comprehensive testing of the
associated physiological properties.

The critical feature of the current synthetic scheme
was the development of syntheses for the enantiomers of key
subunits used in the earlier synthesis3 of the natural
ionophore. While it was expected that much of the
previously developed synthetic strategy.3 could be utilized,
efforts were made to improve and modify the technology
involved so as to provide an even more efficient overall
process.

A structural feature common to the polyether
antibiotics is the aldol-type linkage, and this assemblage
can be used antithetically to divide enantio-XS537A into the
aldehyde 2 and the ketone 3 (Scheme I). Technology used in
the synthesis of lasalocid A3 that re-established this
aldol-type linkage- was then available for the condensation
of "enantio left-aldehyde" 2 and "enantio right-half ketone"
3.

The pivotal point of this synthesis of "enantio right-
half ketone®™ 3 is the use of ester enolate Claisen
rearrangements for the formation of the C(14)-C(15) and
C(18)-C(19) bonds. This convergent building block approach
allows the use of preformed tetrahydrofuranoid and tetra-
hydropyranoid intermediates derived from readily available

monosaccharides.
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SCHEME 1

SCHEME Il

CH, CH, S

or ~ G2
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The synthesis of the "left-half aldehyde" 2 was
envisaged as proceeding through the addition of an
appropriate asymmetric side chain to a non-aromatic
precursor, and then the conversion of this adduct into the
desired tetrasubstituted aromatic moiety. Ideally, this
method would allow for the preparation of further analogs by
simple variation of the precursors utilized. The route used
to prepare left-half aldehyde in the synthesis of the
natural ionophore3 suffered from several shortcomings, the
most serious of which was its length. The length of the
previous route made it less flexible than desired and would
make a relatively large throughput of material difficult.
These problems made this first route unattractive for the
current work, and a new, more flexible and efficient
synthesis for the enantio-left half aldehyde 2 was
developed.

Synthesis of Enantio-Left Half 2. The genesis of the
approach used to prepare aldehyde 2 was a report by Grimme
and Papies that the cycloadduct 4 upon treatment with tetra
n-butylammonium fluoride (TBAF) gave the aromatic ester 5 by
facile alkoxide accelerated cycloreversion at room
temperaturell (Scheme II). 1In order to make direct usage of
. this reaction, the synthesis of the aldehyde 2 would require
a 3-alkyl propiolate. However, Grimme also reported that
the Diels-Alder cycloaddition of the diene 6 and methyl 3-

butynoate could not be realized.l2
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The preparation of the aldehyde 2 by such a strategy
would therefore require: 1) a dienophile that would
undergo the desired Diels-Alder condensation and allow for
the subsequent attachment of the alkyl side chain; and 2) a
2-methyl-l-silyloxy-1,3-cyclohexadiene derivative as the
diene.

Benzyl 3-bromopropiolate 7 appeared to be a suitable
candidate for the dienophile. The methyl ester has been

reported as a good dienophilel3

and the bromo functionality
would provide the necessary means to attach the alkyl chain.
The ester 7 was prepared from the known 3-bromopropiolic
acid,14 and used in a cycloaddition with 1,3-cyclohexadiene.
The model biéycloadduct 12 formed was used to test the
viability of the subsequent addition of the alkyl side
chain. The presence of an absorption band for the a,8
unsaturated estet»at Amax=248 nm in the ultraviolet spectrum
of this adduct 12 indicated that conjugate addition to this
molecule should be possible, and indeed it was found that
the bromo substituent was readily replaced when the
bicycloadduct 12 was treated with homoalkylcuprate or copper
catalysed Grignard reagents (Scheme III).

Although the preparation of the desired diene initially
appeared to be a simple matter, this did not prove to be the
case in practice. Treatment of 2 methylcyclohex-2-en-l-one
under a variety of conditions13s16,17,18 1e3 to the 3-

methyl-2-oxy-1,3-cyclohexadiene and/or intractable tars.
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Scheme III
201"'
w' a bore
—80% -
7 12 13a:R=CH,(76%)
136: R%,cu,cn@u)cncu.
8s
O(CH,
O:Br
def 9 b orh
s 1 14
ChBa
O . ™ with 18
_— Jke
91%
15:R=CH, (82%) ' 16:R=CH, 2
17 R=§)-cupu.cu(c&)cucu. 18: R=9-cu,cu,@:ugcuu4,(97x)
©8%)

(a) 1,3 cyclohexadiene, PhH, reflux; (b) Me,CuLi, ether,
0°C; (c) CH,=CHCH(CH3)CH,CH,MgBr/CuBr-DMS, “ether, r.t.;
(d) LiAlH,, ether, Tr.t.; e) NaIO,, MeOH/H,0, r.t.;
(f) KHE/TBSC1l, THF, r.t.; (g) 6:10 = 1:1.3, r.t.;
(h) (8) CH, = CHCH(CH3)CH,CHoMgBr/Cu(OAc),, ether, 0°C; (i)
160°C, sealed tube; “(3) nBu,NF, THF, r.t.; (k) 0g0,4/NMO,
THF/H,0, r.t.
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‘Only minor amounts (<5%) of the desired dienic product could
be detected. After the failure of other more direct
schemes, a less direct approach was utilized (Scheme III).
Hydride reduction of the Diels-Alder adduct of trans-
piperylene and methyl 2-acetoxypropenocate 8, and then sodium
metaperiodate cleavage of the resulting diol 9 afforded 2-
methyl-cyclohex-3-en-l-one 1019 in good yield. Addition of
a solution of this g,y enone 9 to a suspension of potassium
hydride in a THF solution of fert-butylchlorodimethylsilane
}at room temperature provided the desired diene 11 in
excellent yield.zo

When a mixture of this diene 11 and the dienophile 7
(1:1.3) was allowed to stand at room temperature under an
argon atmosphere for 12 h, a moderate yield21 of the desired
l-silyloxy-bicyclol2.2.2]loctadiene 14 was obtained as the
only Diels-Alder cycloadduct detected. The ultraviolet spec-
trum of this cycloadduct 14 exhibited a complete lack of an
absorption band due to the a,B8 unsaturated ester (Amax
248 nm). This is possibly due to the buttressing effects of
the bromine and silyloxy substituents on the carboxylate
forcing it out of the plane of the adjacent double bond.
While this apparent lack of conjugation cast some doubt on
the outcome of the subsequent copper catalysed addition
reaction, bromine displacement still proved to be quite
facile, for treatment of the cycloadduct 14 with lithio-
dimethylcuprate afforded the adduct 15 in excellent yield.
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The bicyclol2.2.2]octadiene 15 provided both a means
for ascertaining the tegidchemistry of the cycloaddition by
1g-NMR spectroscopy. Irradiation of the bridgehead proton
led to Nuclear Overhauser Enhancements (N.O.E.'s) of
approximately 25% and 10% of the signals due to the lone
olefinic proton and the protons of the C - 3 methyl substi-
tuent, respectively. No N.O.E. was detected for the
benzylic protons of the ester in this experiment.

The bicycloadduct 15 also provided a model compound for
testing the cycloreversion reaction. Treatment of a solu-
tion of 15 in THF with TBAF led to the deep burgundy color
described by Grimme}l but no trace of the desired aromatic
compound could be detected. 1In an effort to study the
alkoxide assisted cycloreversion directly, the silyl ether
of the adduct 15 was cleaved selectively with lithium tetra-
fluoroborate in acetonitrile and the alkoxide from resulting
alcohol formed with potassium hydride. This alkoxide also
failed to generate a phenol by cycloreversion even after a
period of several days at room temperature; indeed, the only
discernable reaction was a slow decomposition of the
starting material. Although the reported accelerated cyclo-
reversion could not be realized in this system, pyrolysis
the adduct 15 at 160° for 20 h did afford benzyl 3,6-
dimethyl-2-silyloxybenzoate 16 in quantitative yield.

The alkyl chain of enantio left half aldehyde 2 was
derived from S-bromo-3&-methy1-1-pentene.:3 Copper(I)-
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-catalysed addition of the Grignard reagent derived from this
bromopentene to the cycloadduct 14 again proceeded smoothly
and gave the alkylated product 17 in excellent yield. When
this adduct 17 was pyrolysed in a sealed tube at 160° for
22h, an excellent yield of the desired tetrasubstituted
aromatic system 18 resulted. The ester 18 had physical and
spectral properties (Rg, elemental analysis, 1B-NHR, IR)
that were entirely consistent with those of the
enantiomeric material derived from natural lasalocid A,
except that the optical rotation was equal in magnitude but
opposite in sign. Cleavage of the silyl ether of the ester
18 with TBAF, and then osmium tetroxide oxidation of the
olefin 19, afforded the diol 20. Treatment of this diol 20
with sodium metaperiodate provided the desired enantio left
half aldehyde 2, which exhibited physical and spectral
properties (Rg, elemental analysis, 1B-NHR, IR) that were in
excellent agreement with those obtained for the aldehyde
derived from the natural ionophore.3 As expected, the
optical rotation was equal in magnitude but opposite in
sign.

From commercially available starting materials, this
new scheme provided a 31% yield of left half aldehyde in 10
steps versus a 7% yield in 14 steps for the scheme used
'previously.3 This new scheme is also more convergent and
provides for the incorporation of the alkyl side chain only

5 steps from the end versus 1l steps for the previous
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scheme.3. The above synthetic scheme should not only allow
preparation of analogs of the aldehyde 2, but also other
substituted benzoates by variation of either the diene
component for the Diels-Alder condensation or the Grignard

reagent used to introduce the side chain.

Synthesis of Enantio Right Half 3. 1In order to take
advantage of as much of the synthetic methodology and stra-
tegy developed for the synthesis of lasalocid Al as
possible, the carbohydrate derivatives 27 and 39 (Scheme 1IV)
which are enantiomeric to intermediates in the synthesis of
lasalocid A3 were set as initial targets. The lactone 27 is
an L-carbohydrate derivative, and as such is not generally
readily available. However, the lactone 27 is a 2-C-methyl-
Erpentose derivative and a suitable precursor, E;arabinose,
is both available and inexpensive. The sugar 39 is 6-deoxy-
D-gulose and is a known compound.22

The synthesis of the lactone 27 was carried out as
shown in Scheme IV. The glycoside 22 was prepared by a
modification of the procedure of Fletcher,23 and the
remaining hydroxyl group was oxidized with oxalyl
chloride/DMSO in dichloromethane.?4 Due to the anomeric
effect, the resultant ketone 23 should exist predominantly
in the chair conformation with the benzyloxy substituent
axial. Examination of molecular models of this conformer
indicate that sterically controlled nucleophilic attack

should occur from the a-face. However, addition of methyl
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Scheme IV
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(a) BnOH/AcCl; 50°; (b) 2,2-Dimethoxymethane/H*, acetone;
(c) Swern; (d) MeMgBr, ether; (e) low halide MeLi, ether,

-789 (£) 0; (g) Br /CaCO (h) acetone/HY;
(1)(CH 0) Ca /P20 CH,C1 (]? DIBAL H, ether;
(k) (Me N) %

T F- then 1/NH ; (1) nBuLi (1.0 eq):
nPrCOCl D THF MPA; TMSCl; ~OH; C?! (m) H,/50% Pt-c,
ethyl acetate; (n) LiAlH,, ether- ?o) KH/BnBr, THF;
(p) Swern; then Ag,0/0H, H,0; (gq) NaH/Ts(imid), THF;
(r) KH/CH,0CH,C1, BF; (s) Li/NH3, THF; (t) oxalyl
chlorlde/B cat), benzene; (u) n-BuLi (1.0 eq), THF; (v)
LDA, THF; TMSCl; OH; CH DY (w) l P= CH , THF; (x) Raney Ni,
ethyl acetate; (y) MCPBA, CHZC12; (z LiMeZCu, pentane;
(aa) EtMgBr, THF.



33

magnesium bromide to the ketone 23 occurred exclusively from
the B-face and gave the alcohol 24. However, addition of
methyl lithium at -78° gave a 1:8 mixture of the alcohols 24
and 25, respectively.25 Molecular mechanics calculations
were employed26 in order to understand better this inter-
esting reversal of face selectivity between the methyl
magnesium bromide and the methyl lithium addition. MM2
calculations indicated that the chair conformer with the
benzyloxy substituent axial was only 0.8 kcal/mole lower in
energy than the alternate chair conformer with the benzyloxy
substituent equatorial. Therefore, the face selectivity of
the methyllithium addition may simply reflect the distri-
bution of these two chair conformers. Still?7 has suggested
that the face selectivity of the addition of methylmagnesium
bromide may be the result of the formation of an inter-
mediate in which the carbonyl and glycosidic oxygen of a
ketone such as 23 are complexed by magnesium. This
complexation is then followed by nucleophilic attack of the
organometallic reagent from the face opposite the complexing
alkoxyl functionality. This is similar to the mechanism for
the addition of Grignard reagents to simple a-alkoxy
ketones also proposed by Stil1.28

Hydrolysis of the adduct 25 with aqueous acid removed
the benzyl glycoside and acetonide and afforded 2-C-methyl-
L-ribose 24 in good yield.29 Oxidation of the free sugar 26

with excess aqueous bromine and calcium carbonate (1.1 eq)
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-and then treatment of the resultant calcium salt with
sulfuric acid in acetone gave the desired lactone 27,
Lactone 27 exhibited physical and spectral properties (m.p.,
Res 1g-NMR, IR, [alp) consistent with its being enantiomeric
with the corresponding intermediate utilized in the
synthesis of lasalocid a3

As stated previously, 6-deoxy-D-gulose 39 is a known
compound. However, a new, although conceptually similar,
route to the sugar 39 was developed (Scheme IV) in order to
improve the overall efficiency of the process. Addition of
a solution of the diol 3630 in THF to a mixture of sodium
hydride and tosylimidazolide3l in THF afforded the epoxide
37. Treatment of this epoxide 37 with excess lithium
tetrahydridoaluminate in ether led cleanly to the 6-deoxy
sugar 38. Hydrolysis of this 6-deoxy sugar 38 removed the
benzyl glycoside and the acetonide and afforded 6-deoxy-D-
gulose 34 in good yield.

The methodology developed for the synthesis of the
natural isomer was applied to the completion of the
synthesis of enantio right half 3 with one notable exception
as shown in SchemelIV. The enolization of the glycal
butanoate utilized in the ester enolate Claisen
rearrangement that converted the glycai 30 into the ester 31
was performed at -100° rather than at -78° This led to an
increased yield (67% vs. 54%) of the Claisen products 31la

and 31b and to a more favorable ratio of diasteriomers (6:1
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vs. 3:1). This reaction could be performed routinely on a
15 mmole scale.

The enantio right half ketone 3 that resulted from the
indicated operations (Scheme 1IV) exhibited physical and
spectral properties (Rg, elemental analysis, 1B-NHR, IR)
consistent with material derived from Lasalocid A, except
that the optical rotation (lalp = +23.6° (c=1.705, CHCl,y);
1it for enantiomer3, [alp?4 = -19.6° (c=1.02, CHC13)) is
equal in magnitude, but opposite in sign.

Synthesis of Enantio X-537A - Sodium Salt 1. Since the
conditions employed for the aldol condensation in the
synthesis of lasalocid a3 gave what were believed to be less
than optimum results, this reaction was reinvestigated.
These new experiments confirmed the previous results and
also led to an improved procedure for the aldol condensation
(Scheme V). Reaction of the zinc enolate of 3 with the
aldehyde 2 (2:1) in benzene at 0° gave a 64% yield of
isolated aldol products (98% based on recovered 3).
Chromatographic separation of the diasteriomers gave the
four products in a ratio of 61:20:11:7, of which the major
component represents a 39% yield of the desired diasteriomer
58a. The benzyl ester 58a and its diasteriomers were
separately converted to their corresponding sodium salts as
described in the synthesis of lasalocid A3 an interesting
difference between the lH-NMR chemical shifts of the
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Scheme V

azb:c:d = 61:20:11:7.
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(a) LDA (2.05 eq), @H, 0° C; (b) ZnCl, (1.1 eq), ether;
(c) 32/10% Pd-C, ethanol; (d) N82C03, CH2C12.
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aromatic protons of the desired diasteriomer and the other
diasteriomers (Scheme V) has become apparent. The lg-NMR
signals due to aromatic protons of the desired diasteriomer
58a shifted upfield by approximately 0.2 ppm on hydro-
genolysis of the benzyl ester, while the signals due to the
same protons of the other diasteriomers did not. The shift
of the lBE-NMR signals of the aromatic protons of the desired
diasteriomer on formation of the acid may be due to a head
to tail cyclic conformation with a hydrogen bond between the
carboxylic acid and the tertiary hydroxyl group33. The
lack of this shift on the formation of the acids of the
other diasteriomers indicated that the added steric inter-
actions along the backbone in these acids prevents the
formation of the cyclic conformation. Although the other
diasteriomers should not complex cations as well as
enantio-X537A, they do form complexes with Nat as indicated
by the upfield shift of the lg-NMR signals due to their
aromatic protons on formation of their sodium salts.

This synthesis of enantio-X537A by virtue of its
efficiency and convergency has led to the breparation of
more than 1 gram of the salt 1, and this fulfilled the
objective of preparing sufficient quantities of salt 1 for
physiological testing of its properties.

Preliminary results of the biological testing32 of
enantio-X537A indicate that both the cardiotonic and the
antimicrobial activity of enantio-X537A are very similar to
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those of the natural ionophore. These data indicate that
the aforementioned effects are probably due to a passive
disruption of inter/intracelular ion gradients. These
results are entirely consistent with the model of ionophore
mediated ion transport proposed by Painter and Pressman. a
detailed account of the biological testing of enantio-X537A

will be reported elsewhere.
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EXPERIMENTAL SECTIONS4

4-Acetoxy-4—-carbomethoxy-3-methylcyclohexene (8).19 A
degassed mixture of 5.0733 g (74.48 mmol), of trans-1,3-
pentadiene, 4.6974 g (32.59 mmol) of methyl-2-acetoxypro-

penoate35

and 0.4 g of pyrogallol in a sealed evacuated,
thick walled Pyre:@ ampule was heated to 160° C. After
20 h, the reaction mixture was cooled to room temperature;
the ampule was then opened and the excess 1,3 pentadiene was
removed under reduced pressure. Flash chromatography of
the residue on 500 g of silica gel with 10% ethyl acetate in
petroleum ether and then evaporative distillation of the
chromatographed material at 110° C (0.5 mmHg) gave 6.71 g
(97%) of the adduct 8: evaporative distillation 150° C (8
mmHg) ; 1 NMR (CDC13) & 0.89 and 1.03 (2 doublets, 3H total,
J=8 Hz diasteriotopic CHj3's), 2.05 (s, 3H, CH3, CO), 3.72
(s, 38, CH30), 5.60 (m, 2H, CH=CH).
4-Hydroxy-4-hydroxymethyl-3-methylcyclohexene (9) A9

To a stirred suspension of 4.0 g (105 mmol) of lithium
tetrahydridoaluminate in 100 mL of dry ether at 0° C under
argon was added a solution of 6.71 g (31.6 mmol) of the
ester 8 in 25 mL of dry ether over a period of 15 min.
After 1 h, the reaction mixture was cautiously treated with
4.0 mL of water, 4.0 mL of a 15% aqueous NaOH and then 12 mL
of water. The resulting suspension was stirred vigorously

for 15 min, dried (MgSO,) and filtered. Removal of the
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solvent under reduced pressure and flash chromatography of
the residue on 200 g of silicagel with 75% ethyl acetate in
petroleum ether gave 3.947 g (96%) of the desired diol 9{
evaporative distillation 110° C (5 mm Hg); IR (neat) 3380,
3010, 2975, 2962, 2935, 1450, 1095, 1045, 690 cm~1; 1H NMR
(CDC13) 6 0.93 and 1.05 (2 doublets, 3H-total, J=7.5 Hz,
diasteriotopic CH3's), 3.43 (bs, 2H, CH;0), 6.63 (m, 2H,
CH=CH) .

2-methylcyclohex-3-en-1-one (10).19 To a stirred
solution of 3.947 g (30.32 mmol) of the diol 9 in 40 mL of
methanol was slowly added a solution of 12 g (56.1 mmol) of
sodium metaperiodate in 40 mL of water. The resulting
mixture was stirred at room temperature for 1 h then
extracted with three 150mL portions of ether . The combined
organic extracts were dried (MgSO,) and the solvent was
removed under reduced pressure. Flash chromatography of the
residue on 150 g of silica gel with 10% ether in petroleum
ether and then evaporative distillation of the chromato-
graphed material at 100° C (25 mmHg) gave 2.469 gm (74%) of
the desired enone 10: evaporative distillation 100° C
(20 mmHEg); 1B NMR (CDC1l3) § 1.16 (4, 3H, J=7.5 Hz, CH3),
2.47 (bs, 4H, =CCH,CH,CO), 2.88 (m, 1H, CHCH3), 5.678 (ABX,
2H, CH=CH).

1-tert-Butyldimethylsilyloxy-2-methyl-1,3-cyclohexadiene
(11). To a stirred suspension of 1.74 g (43.5 mmol) of

potassium hydride in a solution of 6.502 g (43.1 mmol) of
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tert-butylchlorodimethylsilane in 25 mL of THF under argon
was added a solution of 1.582 g (14.36 mmol) of the enone 10
in 25 mL dry THF at a rate such that the temperature of the
reaction mixture was maintained at less than 35° C. The
resulting mixture was stirred at room temperature for 5 min,
then diluted to 400 mL with ether and the excess potassium
hydride destroyed by the careful addition of 2 mL of water.
The organic phase was washed with three 250 mL portions of
water, dried (MgSO4) and the solvent removed under reduced
pressure. Flash chromatography of the residue on 100 g of
silica gel with petroleum ether and then evaporative distil-
lation of the chromatographed material at 100° C (0.5 mmHg)
gave 2.888 g (90%) of the desired diene 11: evaporative
distillation 100°C (0.5 mmHg); 1H NMR (CDC1l;) & 0.14 (s, 6H,
(CH3) p81), 0.95 (s, 9H, (CH3)3C), 1.63 (bs, 3H, CH3C=), 2.20
(bs, 4H, CH,CH,), 5.07 (m, 1H, =CHCH,), 5.70 (4, 1H, J=6 Hz,
CH=CH-CH,) .

Benzyl 3-bromopropiolate (7). To a solution of 4.377 g
(29.4 mmol) of 3-bromopropiolic acid in 20 mL of benzene was
added 7 mL of benzyl alcohol and 20 mg of p-toluenesulfonic
acid monohydrate. The flask was then fitted with a Dean-
Stark trap and a condensor and the resulting mixture was
heated under reflux. After 21 h, the reaction mixture was
cooled to room temperature and diluted with 50 mL of ether.
The organic phase was then washed with two 50 mL portions of

saturated aqueous NaHCO3, dried (MgSO4) and the solvent was
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removed under reduced pressure. Chromatography of the
residue on 400 g of silica gel with 5% ether in petroleum
ether and then evaporative distillation of the chromato-
graphed material at 70° C (0.001 mmHg) gave 5.145 g (73%)
of the desired ester 7: evaporative distillation 70° C
(0.001 mmHg); IR (neat) 3025, 2200, 1705, 1215, 1000, 740,
695 cm™l; 1B NMR (CDC1l3) s 5.17 (s, 2H, ArCH,0), 7.38 (s,
5H, Ar):; Anal. Calcd. for C;3H90,Br: C 50.24; H 2.95; Br
33.42. Pound: C 50.15; H, 3.01; Br 33.51.

3-Bromo-2-carbobenzyloxybicyclol[2.2.2]octadiene(12). A
solution of 0.84 mL (0.84 mmol) of 1,3 cyclohexadiene and
0.85 g (0.42 mmol) of benzyl 3-bromopropiolate 7 in 10 mL
of dry benzene was heated to reflux under argon. After
5 days, the resulting solution was cooled to room temper-
ature and the solvent was removed under reduced pressure.
Column chromatography of the residue on 79 g of silica gel
with 4% ethyl acetate in petroleum ether gave 913 mg (80%)
of the desired adduct 12 as a white solid: evaporative
distillation 70° C (0.005 mmHg); IR (CHCl3) 2950, 1700,
1590, 1265, 1245, 1220, 1070 cm™~1; UV (CgHy2) max. 215 nm
(19,500, Ar),Ap,x 248 nm ( € ~12,300, 0,8 unsaturated ester);
lg NMR (CDC13) 8§ 1.15-1.70 (m, 4H, CH,CHp), 3.86 (m, 1H,
CHCBr=), 4.30 (m, 1H, CHC(CO,Bn)=), 5.20 (s, 2H, ArCH,0),
6.27 (m, 2H, CH=CH), 7.35 (bs, 5H, ArH). Anal. Calcd. for
chBISOZB“ C 60.21; H 4.74; Br 25.03. Found: C 60.04; H
4.64; Br 24.97.
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2-Carbobenzyloxy-3-methylbicyclol[2.2.2]octadiene (13a).

To a stirred suspension of 24 mg (0.59 mmol) of cuprous
bromide-dimethyl sulfide complex in 5 mL of dry ether at
0° C under argon was slowly added 0.29mL (0.58mmol) of 2.0M
methyllithium in ether. After 15 min, a solution of 119 mg
(0.373 mmol) of the B~-bromo ester 12 (0.373 mmol) in 5 mL of
ether was added and the resulting dark red solution was
stirred at 0° C. After 25 min, the reaction mixture was
quenched by the addition of 1 mL of water and then diluted
to 50 mL with ether. The organic phase was washed succes-
sively with two 50 mL portions of saturated aqueous NH,Cl
and one 50 mL portion of brine, dried (MgSO4) and then the
solvent was removed under reduced pressure. Column
chromatography of the residue on 10 g of silica gel with 5%
ethyl acetate in petroleum ether gave 72.1 mg (768) of the
alkylated adduct 13a: evaporative distillation 60° C
(0.005 mmHg); IR (CHCl3) 2970, 1695, 1390, 1355, 1270, 1260,
1075 cm™1; 1B NMR (CDC13) & 1.33 (bs, 4H, CH,CHp), 2.23 (s,
3H, CH3), 3.45 (m, 1H, CHC(Me)=), 4.2 (m, 1H, CHC(CO,Bn)=),
5.17 (s, 2H, ArCH,0), 6.30 (m, 2H, CH=CH), 7.37 (bs, 5H,
ArH); Anal. Calcd. for Cy9H;g05,: C 80.24; B 7.13. PFound:
C 80.12; H 7.01.

2-Carbobenzyloxy-3-(3-methyl-4-pentenyl)bicyclo-
[2.2.2]-octadiene (13b). To a stirred solution of 240 mg
(0.746 mmol) of the g-bromo ester 12 in 8 mL of dry ether

under argon was added a deep purple solution of the Grignard
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reagent derived from 5-bromo-3-methyl-1-pentene3 (1.2 mmol)
and 24 mg (0.12 mmol) of cuprous bromide-dimethylsulfide
complex (0.12 mmol) in 10 mL of ether. The resulting
suspension was stirred at room temperature. After 1 h, the
reaction mixture was quenched with 1 mL of water and then
diluted to 50 mL with ether. The organic phase was washed
successively with two 50 mL portions of saturated aqueous
NH4Cl and one 50 mL portion of brine, dried (MgSO4) and then
the solvent was removed under reduced pressure. Column
chromatography of the residue on 10 g of silica gel with 5%
ethyl acetate in petroleum ether afforded 99 mg (41%) of the
desired adduct 13b and 98 mg (41%) of the starting material
12: For 13b: evaporative distillation 75° C (0.005 mmHg);
IR (CHCl3) 2980, 1695, 1645, 1605, 1460, 1390, 1360, 1270,
1260 cm~!; 1B NMR (CDC1;) § 0.93 (d, 3H, J=6 Hz, CH3), 1.32
(bs, 4H, CH,CH,), 1.43 (m, 2H, CH,CH,CH), 2.02-2.96 (m, 3H,
CH,CH), 3.50 (m, 1H, CHC(R)=), 4.17 (m, 1H, CHC(CO,Bn)=),
4.85 (m, 2H, =CH,), 5.16 (s, 2H, ArCH,0), 5.62 (m, 1H,
CHCH=), 6.26 (m, 2H, CH=CH), 7.38 (bs, 5H, ArH); Anal.
Calcd. for C5,H,60,: C 81.95; H 8.13. Found: C 81.86; H
8.07.
3-Bromo-l1-tert-butyldimethylsilyloxy-2-carbobenzyloxy-

6-methyl-bicyclol2.2.2]octadiene (14). To a stirred mixture
of 310 mg of the diene 11 (1.38 mmol) and 50 mg pyrogallol
under argon was added 0.36 mL (506 mg, 2.12 mmol) of benzyl

3-bromopropiolate 7. The resulting mixture was stirred at
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room temperature for 12 hs Column chromatography of the
reaction mixture on 80 gm of silica gel with 2% ether in
petroleum ether provided 343 mg (54%) of the cycloadduct 14:
IR (CHC1l3) 2960, 1740, 1260, 1170, 950, 950, 840 cm~1; o.v.
(CgH13) Apax 212 nm (e-10,500, Ar); 1B-NMR § 0.20 (s, 3H,
CH;3si), 0.23 (s, 3H, CH3Si), 0.92 (s, 9H, (CH3)3C), 1.78 (4,
3H, J=1.5 Hz, CH3C=), 3.46 (dm, 1H, J=7.2 Hz, CHCH=), 5.15
(s, 2H, ArCH,0), 5.83 (dm, 1B, J=7.2 Hz, CH=), 7.30 (m, 5H,
ArH). Anal. Calcd. for C,3H3;03BrSi: C 59.60; H 6.74; Br
17.24. Found: C 59.75; H 6.70; Br 17.15. The yield of the
above Diels-Alder cycloaddition varied from 35 t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>