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H),5.48 (d, J = 15.6, 1 H). 13C NMR: 4 28.02, 29.64, 32.73, 34.38,
51.32, 122.49, 142.83, 173.61. IR (CDCly): 1730, 1465, 1380, 1215
em™. Anal. Cald for C,oH;30s: C, 70.55; H, 10.66. Found: C,
70.65; H, 10.84.

Calculations. All calculations were conducted on an IBM PC
fitted with an 8087 math coprocessor utilizing “PCMODEL”, a
modified version of Prof. C. Still’s (Columbia University) MODEL
software program (VAX version 1.1) by Serena Software, Box
3076, Bloomington, IN, 47402-3076, 1987 Edition. MMX calcu-
lations for all pentanolides were based on at least 200 iterations
to a minimized change of 0.02 kcal/mol. Bond angles were ob-
tained from these minimized structures.
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Synthetic efforts directed toward two different structures suggested for the macrocyclic bis(lactone) colletodiol
are detailed. The initial approach to an incorrect structure (C;; epi) relies upon the manipulation of methyl
a-D-glucopyranoside to set the required stereochemistry for the Cg-C,, segment of the Cy; epi structure. The
second approach, initiated after structural revision based upon X-ray crystallographic evidence, employs a Lewis
acid mediated addition of allylstannane 33 to 3-alkoxy aldehyde 34 to set the stereochemistry of the Cg-Cy4 subunit.
This route, which employs a number of new synthetic reactions developed specifically for this problem, gives
(+)-colletodiol in nine linear operations and 8.2% overall yield.

Colletodiol is a macrocyclic bis(lactone), which has been
isolated as a metabolite of the fungi Colletorichum capsici
by Grove? and from Chaetomium funicola by Powell;® the
gross structure has been elucidated by both Powell® and
McMillan.* McMillan has also reported on the absolute
stereochemistry of colletodiol® (1) and three more come-
tabolites of Colletotrichum capsici: colletoketol (2), col-
letol (3), and colletoallol (4), although this assignment was
later revised.

This class of compounds went largely unnoticed until
1980 when Ronald® reported the isolation and structure
determination of grahamimycin A; (5) and also described
significant antibacterial activity against a variety of pa-
thogenic microorganisms.

In 1982, Seebach established the absolute configuration
of grahamimycin A, by total synthesis of the enantiomer
from tartaric acid” and also reported a revised structure
(7) for colletodiol based upon X-ray crystallographic
analysis.® Structures for two other similar macrocyclic
antibiotics, grahamimycin A (8) and B (9) have also been
determined;® the most potent of these, grahamimycin A

(1) This paper is respectfully dedicated to my postdoctoral mentor,
Professor E. J. Corey, on the occasion of his 60th birthday and in ap-
preciation of the opportunity to have worked with him and his excep-
tional research group.

(2) Grove, J. F.; Speake, R. N.; Ward, G. J. Chem. Soc. C 1966, 230.

(3) Powell, J. W.; Whalley, W. B. J. Chem. Soc. C 1969, 911.

(4) MacMillan, J.; Pryce, R. J. Tetrahedron Lett. 1968, 5497.

(5) MacMillan, J.; Simpson, T. J. J. Chem. Soc. Perkin Trans. 1 1973,
1487.

(6) Ronald, R. C.; Gurusiddaiah, S. Tetrahedron Lett. 1980, 21, 681.

(7) Seidel, W.; Seebach, D. Tetrahedron Lett. 1982, 23, 159.

(8) Amstutz, R.; Hungerbuehler, E.; Seebach, D. Tetrahedron Lett.
1984, 25, 2209.

(9) Gurusiddaih, S.; Ronald, R. C. Antimicrob. Agents Chemother.
1981, 19, 153.
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(which is in fact identical with colletoketol'?), exhibited
activity against 36 species of bacteria, eight species of
blue-green algae, two species of green algae, and five fungi.

Colletodiol has been synthesized by both Seebach!! and
Mitsunobu.!? Both groups experienced considerable
difficulties, particularly in performing the final macro-

(10) We thank Professor R. C. Ronald of the Washington State
University for supplying samples of grahamimycin A and its sodium
borohydride reduction product.

(11) Schnurrenberger, P.; Hungerbiihler, E.; Seebach, D. Tetrahedron
Lett. 1984, 25, 2209.

(12) Tsutsui, H.; Mitsunobu, O. Tetrahedron Lett. 1984, 25, 2159 and
2163.
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lactonization, which in the Seebach route proceeded in only
2% yield. In the Mitsunobu route, esterification under
standard Mitsunobu conditions!® required 5 days at low
temperature and gave the known acetonide of colletodiol
in 45% yield.

Antithetic Analysis. The route that we initially se-
lected for the construction of colletodiol was based upon
the preparation and union of two appropriately protected
segments corresponding to the two different w-hydroxy
acids present in colletodiol. However, it was necessary to
rather carefully consider protecting group strategy and the
timing of various a priori independent operations. Thus,
for example, the synthesis of colletodiol (assuming that
macrolactonization is chosen for preparation of the 14-
membered ring) requires one bimolecular esterification
event and one macrolactonization event, which could in
principle be employed to form either the 1-14 or 7-8 ester
linkages.

Although it was difficult to assess in an a priori fashion
which macrolactonization event would be more successful,
the route involving the 7-8 linkage was judged to be the
more promising. The alternate possibility would require
an intermediate which appeared vulnerable to intramo-
lecular Michael addition to form a pyran, a process that
would be facilitated if an acetonide moiety was chosen for
protection of the C,; and C,; hydroxyls, as was our in-
tention. In addition, 11 would seem to be more vulnerable
to acid- or base-catalyzed elimination of the Cg oxygen
substituent than would an intermediate such as 10
(Scheme I). Thus a target such as 10 was selected as the
penultimate precursor to colletodiol (McMillan structure).

Numerous protecting group strategies and approaches
to the preparation of an intermediate such as 10 have been
investigated in the course of this work, and we will not
detail those here.’* The optimal protocols (vide infra)
have been incorporated into a “second generation” ap-
proach to colletodiol, initiated after the structure was re-
vised by Seebach. Here, we note simply that an approach
in which R and R’ are cleaved (to give the hydroxy acid
precursor for macrolactonization) in one operation pos-
sesses obvious advantages. In addition, the group R’ must
be chosen such that cleavage to the acid can be accom-
plished without 8-elimination of the Cg oxygen substituent,
cleavage of the other ester moiety, or Michael addition to
either the C3-C, or C4-C,, enoates. These requirements
are more formidable than they may appear upon casual
inspection. For example, a silyl protecting group cannot

be employed as “R” in 10 due to facile elimination upon
attempted removal with fluoride ion under a variety of

(13) (a) Kurihara, T.; Nakajima, Y.; Mitsunobu, O. Tetrahedron Lett.
1976, 2455. (b) Mitsunobu, O. Synthesis 1981, 1. (c) Tsutsui, H.; Mit-
sunobu, O. Tetrahedron Lett. 1984, 25, 2163.

(14) For complete details, see: Boden, E. P. Ph.D. Thesis, University
of Utah, 1985.
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conditions, including “buffered” procedures.!* Seebach
encountered similar difficulties, which, as previously noted,
severely compromised his own approach to colletodiol.!!
We describe below our approaches to both “MacMillan
colletodiol” (1) and colletodiol (7) itself.

Synthetic Studies on “MacMillan Colletodiol”.!%
Our approach to the Cyg—C,y segment of “MacMillan
colletodiol” (1) was based upon the use of a carbohydrate
precursor to establish the C,;, Cys, and Cy,; hydroxyl sub-
stituents with correct absolute and relative configuration.

The approach selected, as indicated in Scheme II, relied
on Wittig chain extension of an intermediate lactol 13 (via
the corresponding hydroxy aldehyde), which could in
principle be prepared by deoxygenation of the appropriate
sugar (allose) at the C, and C; positions. In practice, such
an approach proved unsatisfactory.* However, the glu-
cose-based route described below proved highly efficient
and also provided some surprises.

In this approach, the well-known'® 4,6-benzylidene de-
rivative of a-D-methylglucopyranoside was first converted
to the bis(tosylate) 16. Although this is a known opera-
tion,}” a modified and higher yielding procedure was em-
ployed here. The benzylidene moiety was then converted
to bromobenzoate 17 according to the general procedure
of Hanessian.!® Deoxygenation at Cg was most efficiently
accomplished (97% yield) via a two-step procedure (rou-
tinely performed without purification of intermediates):
(1) conversion of bromide to iodide (sodium iodide in re-
fluxing acetone) and (2) hydrogenolysis (Pd/C, H,, Et-
OAc/EtOH/H,0, 8:2:1).1

With 15 in hand, we were prepared to effect cleavage
of the benzoate with concomitant epoxide formation to
yield 14. Trans diaxial reductive epoxide opening was then
expected to result in hydride delivery at C, to give the
desired relative stereochemistry at C, and C;. However,
this well-precedented® approach proved unexpectedly
difficult. Instead of solely 14, three epoxides (14, 18, and
19) were formed under almost all basic conditions surveyed
to accomplish this transformation.? Thus, mixtures of
all three epoxides are formed using a variety of alkoxides
(NaOMe, KOMe, NaOEt, KOBut, and NaO(iPr)) and a
variety of solvents (MeOH, EtOH, iPrOH, THF, and
‘BuOH). After extensive experimentation, however, con-
ditions that afforded solely the desired epoxide 14 were
identified. Exposure of 15 to lithium hydroxide under
carefully controlled conditions (dioxane, methanol, water,
3:1:1, 23 °C) gave 14 in 85% isolated yield after purification
by recrystallization (Scheme III). Hence crystalline 14
is available from 16 in 70% overall yield and without
chromatographic purification at any stage. Moreover, all
transformations involved in the route are very simple and
amenable to large-scale work.

The expected trans diaxial ring opening proceeded
cleanly when 14 was treated with lithium aluminum hy-

(15) We do not intend to disparage the efforts of MacMillan and
co-workers in elucidating the structure of this compound by referring to
1 as “MacMillan colletodiol”. This serves merely as a convenient means
of placing our own synthetic work in perspective with respect to time.

(16) Richtmyer, N. K. Methods Carbohydr. Chem. 1962, 1, 107.

(17) (a) Richtmyer, N. K.; Hudson, C. S. J. Am. Chem. Soc. 1941, 63,
1727. (b) Rosenfeld, D. A,; Richtmyer, N. K.; Hudson, C. S. J. Am. Chem.
Soc. 1948, 70, 2201.

(18) Hanessian, S.; Plessas, N. J. Org. Chem. 1969, 34, 1035.

(19) Siewert, G.; Westphol, O. Justus Liebigs Ann. Chem. 1968, 720,

171.
(20) (a) Peat, S.; Advances in Carbohydrate Chemistry; Academic:
New York, 1946; Vol. II, pp 38-103. (b) Wolfrom, M. L. Ibid. 1969; Vol.
XXIV, pp 139-198. (c) Schuerch, C.; Ibid. 1981; Vol. XXXIX, pp
157-211,

(21) The structures assigned to epoxides 18 and 19 were established
by unambiguous independent synthesis.



898 J. Org. Chem., Vol. 54, No. 4, 1989 Keck et al.

Scheme 1
CH, o]
7 0NN 01
0%~ T74°CHy
HO
o} OR 0 CH,

OR: OJWIIl'cH3 RnoWo OR
ooNF I cH, oNF TcH,
o 10 11 07\
Scheme II

< ~-o
o o OH 0.
RO~ ““CH, p——
o} HOY N0 NCH,
12 13

OTs OTs U

TSO:,, “‘OYPh TSO,,I “\OBZ Tso,'l ‘\’9
o e &&—— m
MeO™ "0 MeO” ~0” “CH, MeO’ ~07NCH,
16 15 14
Scheme III®
OTs OTs
a TsO,, ~OBz b, ¢ TsO,, OBz
16 — .
MeO™ ~0 MeO ™ 0" NeH,
17 Br 15
d

#"9 OH o
o, A g, h RO,, (1 e, f Tso.,,(j
HO MeO"" 0" NCH, MeO"" 0" NCH,

07 NCH,

14
22 R=Ts- 20

R=H .21 Qo OH Ho, 3

\)?\ M 0"'(1 (j\
PhyPy 0" "0” *CH;  Me0"S0”"“CH,

OMe 18 19

OXO OH

s
% N

“CH,

°(a) NBS, CCly; (b) Nal, acetone; (c) H,, Pd/C; (d) LiOH, dioxane, methanol, water; (e) LiAlH,; (f) NaOMe, MeOH; (g) Dowex H* resin,
H,0; (h) Dowex H* resin, acetone.



Total Synthesis of (+)-Colletodiol

Scheme IV
CHgl;,, OEt CHS""NOEt
R ——
HO 0 MTMO (o}
24 25
CHS,,,'NH CHg'.,,MrOR
MTMO (o] MTMO 0
2
6 R = Et - 27a
R= H- 27b

dride in tetrahydrofuran at 0 °C for approximately 30 min
to give a nearly quantitative yield of syrupy alcohol 20.
Although this material can be crystallized for analytical
purposes, in practice the crude material was treated with
a slight excess of sodium methoxide in methanol to effect
cleavage of the tosylate.?? The resulting diol was then
isolated by Kugelrohr distillation in 71% overall yield from
14.

The remaining steps to lactol 22 proved routine and were
best accomplished in a two-step procedure without isola-
tion of an intermediate triol. Treatment of 21 with Dowex
50 w H* resin in refluxing water for 45 min, filtration of
the resin, concentration, and azeotroping with toluene
afforded a virtually quantitative yield of triol, which was
subsequently exposed to Dowex 50 w H* resin and 3-A
molecular sieves in dry acetone to afford acetonide 22 in
85% overall yield from 21.

Wittig chain extension with (carbomethoxy-
methylene)triphenylphosphorane in refluxing THF pro-
ceeded in accord with expectations based upon literature
precedent?®® to give a 44:56 mixture of cis and trans «,3
unsaturated esters. At this point, however, we knew that
we were directing our efforts toward an incorrect structure,
and we attempted to remedy the incorrect Cy; (colletodiol
numbering) stereochemistry. After protection of the C,,
(colletodiol numbering) hydroxyl substituent as it’s tert-
butyldimethylsilyl ether, numerous attempts to epimerize
C,; were made.'* Unfortunately, none of these proved
successful. Thus although a reasonably efficient (but
somewhat lengthy) route to the Cg—Cyy subunit of
“colletodiol” had been developed, we were unable to rem-
edy the stereochemical deficiency of this route, which had
of course arisen from circumstances beyond our control.

In the meantime, however, several other studies relevant
to the current investigation were in progress. Particularly
germain was the identification of a serviceable C,—Cq
subunit, namely the (methylthio)methyl (MTM) protected
ester 27a, which could be prepared in good overall yield
from commercially available ethyl (R)-3-hydroxybutyrate.
Reaction of ethyl (R)-8-hydroxybutanoate (24) with di-
methyl sulfoxide and acetic anhydride in the presence of
acetic acid,?* followed by aqueous workup and Kugelrohr
distillation, gave the MTM-protected derivative 25 in 72%
yield (Scheme IV). Reduction with diisobutylaluminum
hydride in methylene chloride at —-90 °C, followed by
quenching with methanol and stirring with saturated
aqueous Rochelle salt, gave aldehyde 26 in 75% yield after
purification by distillation. Wittig reaction with (carbo-

(22) The tosylate could also be cleaved by conducting the LAH re-
duction under more forcing conditions, but yields were inferior to those
obtained by the two-step protocol described.

(23) Zhdanov, Y. A.; Alexeev, Y. E,; Alexeeva, V. G. Adv. Carbohydr.
Chem. Biochem. 1972, 27, 227.

(24) (a) Ho, T. L.; Wong, C. M. J. Chem. Soc., Chem. Commun. 1973,
224. (b) Pojer, P. M.; Angyal, S. J. Aust. J. Chem. 1978, 31, 1031.
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ethoxymethylene)triphenylphosphorane in chloroform
then gave the o,8-unsaturated ester 27a (9:1 trans/cis) in
76% yield. Hydrolysis of this ester with lithium hydroxide
in THF/MeOH (2:1) proceeded smoothly, and with no
elimination detectable, to give the corresponding acid 27b
in 93% yield. Moreover, the MTM protecting group in
27a could be removed under mild conditions without
complications from competing elimination. Specifically,
the MTM ether was cleaved upon exposure to excess
methyl iodide in aqueous acetone buffered with sodium
bicarbonate or upon reaction with mercuric trifluoroacetate
in methylene chloride buffered with disodium hydrogen
phosphate.?? These observations suggested the use of a
thiol ester or other sulfur-based protecting group for the
Cs carboxylate, so that both groups could be cleaved in the
same operation.

Of a number of such groups surveyed,'* by far the best
results were realized by using an ethylthiol ester. The
crystalline Wittig reagent 28 was easily prepared from
bromoacetic acid and reacted smoothly with lactol 22 in
refluxing chloroform to yield the cis and trans thiol esters
29 in a ratio of 1:4, respectively. A serendipitous obser-

-
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vation made during the next step of the route to
“MacMillan colletodiol” proved extremely valuable. When
the 4:1 trans/cis mixture of a,8-unsaturated thiol esters
was subjected to Steglich? esterification (DCC, catalytic
DMAP, CH,Cl,) with carboxylic acids, only trans «,8-un-
saturated thiol ester products were isolated. Clearly,
isomerization of the cis material must have occurred under
the reaction conditions. Indeed, it was found that exposure
of the pure cis a,8-unsaturated thiol ester (isolated by
column chromatography of the mixture) to a catalytic
amount of DMAP in CH,Cl, at room temperature resulted
in quantitative conversion to the trans material. In con-
trast, simple alkyl esters (carbomethoxy, etc.) were unaf-
fected by such treatment. Hence the use of the thiol ester
ylide 28 very nicely solves the problem associated with the
ca. 1:1 cis/trans mixtures commonly obtained upon reac-
tion of lactols such as 22 with more conventional stabilized
Wittig reagents.*

(25) (a) Ho, T. L.; Wong, C. M. J. Chem. Soc., Chem. Commun. 1973,
224. (b) Pojer, P. M.; Angyal, S. J. Aust. J. Chem. 1978, 31, 1031. (d)
Wade, L. G.; Gerdes, J. M.; Wirth, R. P. Tetrahedron Lett. 1978, 731.

(26) Nieses, B.; Steglich, W. Angew. Chem., Int. Ed. Engl. 1978, 17,
522.

(27) (a) Keck, G. E.; Boden, E. P. Tetrahedron Lett. 1984, 25, 2656 and
1879. (b) Keck, G. E.; Abbott, D. E. Ibid. 1984, 25, 1883. (c) Keck, G.
E.; Abbott, D. E.; Boden, E. P.; Enholm, E. E. Ibid. 1984, 25, 3927.

(28) Reetz, M. T.; Kesseler, K.; Jung, A. Tetrahedron Lett. 1984, 25,
729. Reetz, M. T.; Jung, A. J. Am. Chem. Soc. 1983, 105, 4833.

(29) Keck, G. E.; Castellino, S.; Wiley, M. R. J. Org. Chem. 1986, 51,
5478.

(30) (a) Evans, D. A,; Andrews, G. C.; Buckwalter, B. J. Am. Chem.
Soc. 1974, 96, 5560. (b) Still, W. C.; MacDonald, T. L. J. Am. Chem. Soc.
1974, 96, 5561.
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Total Synthesis of Colletodiol. At this point, a route
to C4—Cy4 of Ci-epi-colletodiol was in hand, and consid-
erable progress had been made in the synthesis of the
C¢—C,o segment and in identifying viable protecting group
strategies. However, a new route to the Cg—C,, “bottom”
half was clearly desirable in view of the structure revision
by Seebach. Although a simple modification of our car-
bohydrate-based approach was possible, simply by starting
from the proper sugar (in this case mannose) we also de-
sired a shorter, more direct approach to this segment. A
solution emerged from parallel studies in our laboratories
on stereocontrolled additions of allylstannanes to alde-
hydes.

For some time, we had been investigating potential
control elements for the addition of various allylstannanes,
such as crotyltri-n-butylstannane,? to a- and g-alkoxy
aldehydes and had enjoyed some success in defining var-
iables that contribute to the stereoselectivity realized in
such reactions. It was thus natural for us to consider an
intermediate such as aldehyde 31 as arising from oxidative
cleavage of a vinyl unit in an intermediate such as 32. This
material, with a syn disposition of the vicinal hydroxyl
substituents, could arise from a Lewis acid mediated ad-
dition of a stannane such as 33 to a simple 8-alkoxy al-
dehyde derivative (34). The issue of diastereofacial se-
lectivity was of concern here (vis a vis the relative dispo-
sition of the C,; and C,, stereocenters (colletodiol num-
bering), but all that would really be required is a reasonable
level of diastereofacial selectivity in such an addition, ir-
respective of its sense. That is, since 30 was to be coupled
at C,4 with a carboxylic acid, we could choose an esteri-
fication procedure, which proceeded either with retention
(e.g. the Steglich? procedure) or inversion (e.g. the Mit-
sunobu!® procedure) of configuration at C,,. Considerable
precedent suggested that synthetically useful levels of
diastereoselectivity should be realized in such a bond

(31) (a) Stork, G.; Paterson, L; Lee, F. K. L. J. Am. Chem. Soc. 1982,
104, 4686. (b) Schreiber, S.; Sommer, T. Tetrahedron Lett. 1983, 24,
4781.

(32) Significant side products were also observed in the esterification
of 27b with simple alcohols such as isopropyl alcohol.

(33) Blanchette, M. A.; Choy, W.; Davis, J. T.; Essenfeld, A. P.; Ma-
samune, S.; Rousch, W. P.; Sakai, T. Tetrahedron Lett. 1984, 25, 2183.

(34) Lombordo, L.; Taylor, R. J. K. Synth. Commun. 1978, 8, 463.

(35) Benzene proved to be a superior solvent for this reaction rather
than THF, the standard solvent for Mistunobu esterifications.!?

(36) (a) Masamume, S.; Hayase, Y.; Schilling, W.; Oran, W. K.; Bates,
G. S. J. Am. Chem. Soc. 1977, 99, 6756. (b) Masmune, S. Aldrichimica
Acta 1978, 111, 23.

(37) Corey, E. J.; Bock, M. G. Tetrahedron Lett. 1975, 3269.

(38) Boden, E. P.; Keck, G. E. J. Org. Chem. 1985, 50, 2394.

(39) This procedure is thus superior to the aqueous CF;CO,H proce-
dure utilized by Mitsunobu (57% yield). See ref 12.

(40) Keck, G. E.; Boden, E. P.; Maybury, S. J. Org. Chem. 1985, 50,
709.
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construction event. Reetz had shown that allyltri-
methylsilane adds to 34 (R = CH,Ph) in the presence of
TiCl, as Lewis acid with very good (95:5) diastereoselec-
tivity for production of the anti 1,3-diol derivative.”® Our
own work had shown that the same was true of allyl-
stannanes,” hence the prospects for success here seemed
relatively high (Scheme V).

The requisite stannane 33 was very easily prepared.
Metalation of the TBDMS derivative of allyl alcohol
(sec-BuLii, HMPA-THF, -80 °C) and quenching of the
resulting anion with triphenyltin chloride afforded 33 in
82% yield after purification by column chromatography.
It should be noted that the material so produced is ex-
clusively cis, as might be expected® based upon its mode
of preparation.

With respect to the 8-hydroxybutyrate 34, the only
decisions involved the choice of protecting group. Previous
work in our laboratories® had shown that to realize high
levels of diastereofacial selectivity in Lewis acid mediated
additions of stannanes to such materials, two requirements
must be met: (a) the protecting group must be chosen so
as to permit effective bidentate chelation between the
aldehyde carbonyl and ether oxygen, and (b) the protecting
group must be sufficiently bulky to force the methyl
substituent into an axial position in the six-ring chelate
formed upon bidentate complexation of the Lewis acid.

Of three protecting groups surveyed (CH,Ph,
CH,0CH,Ph, and CH3SCHy3), similar levels of diastereo-
selectivity and chemical yield were obtained, ca. 4-6:1 facial
selectivity for production of the anti diol derivative (com-
plete simple diastereoselectivity) and 46-65% chemical
yields on large scale.! Thus, the levels of diastereose-
lectivity are modest compared to those in which TiCl, can
be utilized as Lewis acid and the reaction conducted at low
(ca. —80 °C) temperatures. Unfortunately, reagents such
as 33 are unstable in the presence of such strong Lewis
acids, and their relatively low nucleophilicity requires ca.
room temperature for MgBr,-mediated reactions to pro-
ceed at a convenient rate. Hence the choice of protecting
group here was based solely upon practical considerations
(i.e. ease of installation and removal) and thus the
(methylthio)methyl (MTM) protecting group was em-
ployed for preparative work.

Although the diastereomers produced upon reaction of
33 with 35 were inseparable at this point, MTM cleavage
(Mel, aqueous acetone, NaHCO,) afforded an easily se-
parable mixture of diols from which the major (anti) diol

(41) Keck, G. E.; Abbott, D. A,; Wiley, M. R. Tetrahedron Lett. 1987,
28,139. The higher yields and ratios reported in this communication were
for small scale reactions (0.2-1.0 mmol). Unfortunately, both stereose-
lectivity and isolated yields were somewhat compromised upon scale up.
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°Reagents: (a) stannane 33, MgBr,-OEt,y; (b) Mel, aqueous acetone, NaHCOy; (¢) Dowex H* resin, MeOH; (d) Dowex H* resin, acetone;
(e) 0sO,, NalOQy; (f) ylid 28, CHCI;, A; DMAP; (g) P(Ph)s;, DEAD, benzene; (h) aldehyde 26, LiCl, (iPr),NEt, CH,CN; (i) AgNOj,, 2,6-lutidine,

aqueous THF; (j) DCC, DMAP, DMAP-HCI, CHCl,.

37 was obtained in analytically pure form. This material
was then converted to acetonide 32 in a two-step procedure
deliberately designed to avoid aqueous workup or isolation
of the intermediate triol. The TBDMS protecting group
was hydrolyzed by exposure to methanol and Dowex 50
w H* resin at room temperature. After consumption of
starting material was complete, the mixture was filtered
and concentrated, and the residue was taken up in acetone
and reexposed to Dowex 50 w H* resin to give acetonide
32 in 92% overall yield. The isomeric 1,3-dioxane, a po-
tential side product of this sequence, was not detected,
presumably since this dioxane would possess an axial
substituent at either C, or Cg,% while the 1,3-dioxolane 32
enjoys a trans disposition of the C, and C; substituents.

Conversion to the key unsaturated thiol ester 30 pro-
ceeded without incident along the lines previously re-
corded: oxidative cleavage of the olefin (0sOy; NalOy),
immediate Wittig reaction of the crude aldehyde so pro-
duced with phosphorane 28, and DMAP-catalyzed olefin
isomerization afforded 30 in 72% isolated yield (Scheme
VI).

At this point the stage was set for union of 30 with the
“top-half” carboxylic acid 27b. Since this transformation
required inversion of configuration at C,, (colletodiol
numbering) the Mitsunobu®® procedure was employed.
However, esterification reactions with 27b proved unex-
pectedly difficult and resulted in the formation of signif-
icant quantities of side products. This problem was def-
initely unique to “top-half” materials containing the MTM

protecting group as other protected derivatives of this unit
could be coupled with the “lower half” material under both
Steglich and Mitsunobu conditions without incident.%?

It was thus clear that an alternative strategy for the
union of “top” and “bottom” halves of the structure was
necessary. At this point our attention was drawn to the
Rousch-Masamune conditions® for Emmons reactions,
which appeared to be sufficiently mild to be compatible
with the rather sensitive substrates necessary for our
purposes. Thus, in a somewhat unusual step, alcohol 30
was coupled with the known, readily available 8-phosphono
acid 38% under Mitsunobu®® conditions to give the phos-
phonate 39 in 80% isolated yield after purification by
column chromatography. Although the use of DBU in the
Rousch-Masamune coupling with aldehyde 26 led to ex-
tensive elimination of the Cg alkoxy substituent, the pro-
tocol employing diisopropylethylamine as base afforded
the key intermediate 40 in 80% isolated yield. All that
remained in the route to colletodiol was cleavage of the
MTM and thiol ester protecting groups, macro-
lactonization, and hydrolytic removal of the acetonide
protecting group from the Cy; and C;, hydroxyl substitu-
ents.

Cleavage of the MTM and thiol ester using mercuric
ion® under a wide variety of conditions proved excep-
tionally difficult and capricious and gave at best only 50%
yields of hydroxy acid. This reaction was also difficult to
reproduce. Finally it was found that the desired hydrolysis
could be accomplished very cleanly by reaction of 40 with
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silver nitrate and 2,6-lutidine in THF-water (4:1).>” Ma-
crolactonization of the resulting hydroxy acid was then
accomplished according to our previously reported® me-
thod (which was developed specifically for this case) to give
the known? acetonide derivative of colletodiol (42) in 82%
isolated yield after purification by column chromatogra-
phy. The richly detailed 300-MHz 'H NMR spectrum of
this material was indistinguishable from that of a spectrum
obtained on naturally derived material. Finally, acetonide
hydrolysis by exposure to Dowex H* resin in methanol
gave (+)-colletodiol in 76% yield.?® This material was
indistinguishable from a sample of natural material by
optical rotation, TLC R;, melting point, and IR, '"H NMR,
and 13C NMR analyses.

The route described finishes synthetic (+)-colletodiol
in nine linear operations (some of which are quite trivial)
and 8.2% overall yield. The only yield below 80% (46%)
fortunately occurs in the first linear step of the route,
namely the coupling between stannane 33 and aldehyde
35.

Summary and Conclusions

The work described in this paper summarizes the
highlights of our synthetic work on colletodiol and related
members of this family of structures. It has become clear
to us in the course of this work that synthetic challenges
are not always measured merely by conventional criteria
such as size, number of asymmetric centers, or estimates
of molecular complexity. By these standards, colletodiol
is a very simple structure whose laboratory reconstruction
should prove to be a straightforward exercise. In our
hands, at least, this has not proven to be the case, par-
ticularly if one demands a reasonably streamlined syn-
thesis. Several new methods were developed during the
evolution of this work in response to problems posed by
this rather simple structure, among them the use of thiol
ester ylide 28 to afford trans «,8-unsaturated thiol esters,*
the use of stannane 33 for reaction with alkoxy aldehydes,*
and a simple and highly efficient procedure for macro-
lactonization.®® The coupling of 8-phosphono acid 38 with
alcohols to generate complex phosphonates may also find
further application in synthesis, particularly in view of the
success of Nicolaou and others in applying intramolecular
Emmons reactions for the construction of macrocycles.*?

Given the difficulties encountered by others who have
successfully synthesized colletodiol or 11-epi-colletodiol
in accomplishing the macrolactonization event,''? it seems
likely that the procedure developed in the course of our
work will prove applicable in other demanding situations.
It should be mentioned that Stork and Rychnovsky have
applied this procedure in their synthesis of erythronolide
B with quite satisfactory results.*®

The successful approach described herein should, in
principle, and with minor modifications, be applicable to
the synthesis of a number of natural and unnatural ma-
crolides related to colletodiol in quantities adequate to
allow for biological evaluation of the antibiotic and anti-
fungal efficacy of these compounds. The results of such
studies will be reported in due course.

Experimental Section

General Procedures. All reactions were carried out under
an atmosphere of argon. Solvents were purified according to the
guidelines in Purification of Common Laboratory Chemicals
(Perrin, Armarego, and Perrin, Pergamon: Oxford, 1966).

(42) Nicolaou, K. C.; Seitz, S.; Puria, M.; Petasis, N. J. Org. Chem.
1979, 44, 4011.
(43) Stork, G.; Rychnovsky, S. J. Am. Chem. Soc. 1987, 109, 1565.

Keck et al.

Reagent-grade DMSO, Ac,0, AcOH, MeOH, and acetone were
purchased and used without further purification. Ethanol-free
CHCI; was prepared by passing reagent-grade CHCl; over a
column of activated alumina. Yields were calculated for material
judged homogeneous by TLC and NMR. TLC was performed
on Merck Kieselgel 60 Fy5, plates, visualizing with a 254-nm UV
lamp and staining with an ethanol solution of 12-molybdo-
phosphoric acid. Column chromatography was performed with
use of W. G. Grace Davisil 62 silica gel, slurry packed in glass
columns. MPLC was performed with Altex columns packed with
W. G. Grace Davisil 633 silica gel. Solvents were pumped with
an FMI lab pump operating between 60 and 100 psi, and fractions
were collected with Gilson fractionators. Capillary GC analyses
were carried out on J and W DB-5 or DX-4 columns 30 m in length
with a film thickness of 1 um (DB-5) and 0.25 um (DX-4), with
He as the carrier gas (80 psi) and a flame ionization detection.

Melting points are uncorrected. Optical rotations listed in italics
are corrected for the 79.9% ee in the ethyl 8-hydroxybutyrate
starting material.#* 13C NMR spectra were acquired at 75 MHz.
Exact mass values were calculated by peak matching with an
internal standard whose mass was within £10% of the unknown
compound.

Preparation of (R)-Ethyl 3-[(Methylthio)methoxy]-
butyrate (25). To a solution of dimethyl sulfoxide, acetic an-
hydride, and acetic acid (560 mL, 15:10:3 volume ratio) was added
(R)-ethyl 8-hydroxybutyrate* (19.8 g, 0.15 mol), and the solution
was allowed to stand for 48 h. The mixture was then poured slowly
into 1 L of saturated aqueous NaHCO, with stirring, and then
solid NaHCOj; was added until the acid was neutralized. The
layers were separated, and the aqueous phase was extracted four
times with dichloromethane. The combined organics were dried
with MgSO,, filtered, and concentrated. The low-boiling im-
purities were distilled at 40 °C (0.9 mmHg) and then the products
at 78 °C. The product mixture was then chromatographed over
silica gel, eluting with a solvent gradient from hexanes through
15% EtOAc/hexanes. The product-containing fractions were
concentrated to yield 14.5 g (50%) of colorless oil. The same
procedure was employed with (S)-ethyl §-hydroxybutyrate*
(79.8% ee) to give the epimer of 25: (25) [a]p +39.5° (¢ 17.2,
CHCly), (epi-25) [a]p —49.5° (¢ 20.0, CHCl3); R; 0.61 (35% Et-
OAc/hexanes); 300-MHz 'H NMR (CDCly) 6 4.65 (AB q, 2 H),
4.23 (m, 1 H), 4.14 (q, J = 7.1 Hz, 2 H), 2.59 (dd, J = 7.5, 15.1
Hz, 1 H), 2.42 (dd, J = 5.6, 15.1 Hz, 1 H), 2.14 (s, 3 H), 1.27 (t,
J =17.1Hz 3 H), 1.23 (d, J = 6.2 Hz, 3 H); 1*C NMR (CDCly)
6171.2,72.8, 69.5, 60.5, 41.9, 19.6, 14.2, 13.8; IR (neat) 2980, 2920,
1730, 1430, 1370, 1300, 1250, 1180, 1060, 1040; mass spectrum (CI,
methane), m/z (relative intensity) (M + 1) 193 (0.26), 145 (100),
115 (13.6), 73 (9.3), 61 (55.7). Anal. Calcd for CgH;504S: C, 49.97;
H, 8.39. Found: C, 50.06; H, 8.43.

Preparation of (R)- or (S)-3-[(Methylthio)methoxylbu-
tanal (35 or 26). To a stirring solution of 25 or epi-25 (5 g, 26.0
mmol) in methylene chloride (150 mL) at -90 °C, was added a
1.5 M solution of diisobutylaluminum hydride in toluene (22.5
mL, 34 mmol) via syringe pump over 2 h. After complete addition
and 15 min, methanol (5 mL) was added and the flask was allowed
to warm to room temperature. The mixture was poured into
saturated aqueous Rochelle salts (500 mL) and stirred for 8 h.
The layers were separated, and the aqueous phase was extracted
three times with ethyl acetate. The combined organic phase was
dried with MgSQ,, filtered, and concentrated. The aldehyde was
isolated by MPLC with a solvent gradient from hexanes through
20% EtOAc/hexanes. The product-containing fractions were
concentrated, and the product was Kugelrohr distilled at 50 °C
(0.3 mmHg) to yield 2.9 g (75%) of colorless oil: (35) [a]p +100.7°
(c 28.5 CHCly), (26) [a]p -127° (c 38.9, CHCly); R, 0.25 (35%
EtOAc/hexanes); 300-MHz 'H NMR (CDCly) 6 9.80 (dd, J = 1.7,
2.7 Hz, 1 H), 4.65 (AB q, 2 H), 4.37 (ddq, J = 4.9, 7.7,6.2 Hz, 1
H), 2.66 (ddd, J = 2.7, 7.7, 16.4 Hz, 1 H), 2.53 (ddd, J = 1.7, 4.9,
16.4 Hz, 1 H); 2.14 (s, 3 H), 1.26 (d, J = 6.2 Hz, 3 H); *C NMR
(CDCly) 6 201.1, 72.7, 67.7, 50.3, 19.5, 13.9; IR (neat) 2970, 2920,
2840, 2720, 1720, 1430, 1370, 1300, 1260, 1080, 1040, 725, 680, mass
spectrum (EL, 70 V), m/z (relative intensity) (M) 148 (0.6), 101
(100), 71 (64.9), 61 (60.0), 48 (30.9), 43 (79.1); exact mass caled

(44) Seebach, D.; Ziiger, M. Helv. Chim. Acta 1982, 65, 495.
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for C¢H,,0,S 148.05580, found 148.05563.

Preparation of Ethyl (2E,5R)-5-[(Methylthio)meth-
oxy]-2-hexenoate (27a). A solution of 0.239 g (weight based on
a theoretical yield from the Dibal reduction, vide supra) of crude
aldehyde 26 and 0.870 g (1.5 equiv) of (carbethoxymethylene)-
triphenylphosphorane in 8 mL of chloroform was stirred for 16
h. The solution was then concentrated in vacuo and distilled
(Kugelrohr) at 150 °C (0.7 mmHg) to yield 0.268 g (76.0% overall
yield from ester 25) of a clear colorless liquid: [a]p —35.2° (¢ 1.39,
chloroform); 90-MHz 'H NMR (CDCl,) 6 6.93 (dt, J = 15, 7 Hz,
1H),6.18 (dt,J = 15, 1.5 Hz, 1 H), 4.62 (5, 2 H), 4.15(q,J =7
Hz, 2 H), 3.93 (q, J = 6 Hz, 1 H), 2.38 (t, J = 7 Hz, 2 H), 2.14
(s, 3 H), 1.28 (t,J = 7 Hz, 3 H), 1.18 (d, J = 6 Hz, 3 H); *C NMR
(CDCly) 6 166.0, 145.1, 123.6, 72.6, 70.8, 60.0, 39.2, 19.3, 14.3, 13.7;
IR (neat) 2980, 2920, 1715, 1650; mass spectrum, EI exact mass
measurement, observed (calculated) 170.0923 (170.0943, loss of
CH;S), 141.0915, loss of CH;SCH,0).

Preparation of (2E,5R)-5-[(Methylthio)methoxy]-2-hex-
enoic Acid (27b). To a solution of 0.206 g of ester 27a in 9 mL
of THF /methanol (2:1) was added 3.0 mL (5 equiv) of an aqueous
solution of LiOH (1.57 M). After being stirred for 16 h, the
solution was poured into 30 mL of water, extracted once with
methylene chloride, acidified with 10% HC], and then extracted
three times with methylene chloride. The latter organic phases
were dried over Na,SO, and concentrated in vacuo to yield 0.178
g (99%) of a clear colorless oil: 90-MHz 'H NMR (CDClg) 4 11.02
(1 H), 7.06 (dt, J = 16, 7 Hz, 1 He, 5.83 (dt, J = 16, 1.5 Hz, 1 H),
4.60 (s, 2 H), 3.93 (q, J = 6 Hz, 1 He, 2.40 (t, J = 6 Hz, 2 H), 2.11
(s, 3 H), 1.19 (d, J = 6 Hz, 3 H); IR (neat) 3700-2400 (br), 2960,
2920, 1690, 1640, 1420.

Preparation of Methyl 4,6-Benzylidene-2,3-bis(tolyl-
sulfonyl)-a-D-glucopyranoside (16). A solution of 24.75 g of
(+)-4,6-benzylidene-a-D-methylglucopyranoside and 42.0 g (2.5
eq) of p-toluenesulfonyl chloride in 95 mL of pyridine was heated
at 80 °C for 48 h. The solution was then poured slowly into 500
mL of water, which was being stirred vigorously with a mechanical
stirrer. The tan granular crystals that formed were isolated by
filtration, dissolved in a minimal amount of chloroform, and
diluted with two volumes of methanol. This produced 4.5 g of
fluffy colorless crystals (mp 155-156 °C). A second crop was
similarly isolated (5.25 g, mp 155-156 °C) to give a combined yield
of 92.2% (lit” mp 154-155 OC). Anal. Calced for CstaoOmSzI
C, 56.94; H, 4.97. Found: C, 56.93; H, 5.12.

Preparation of Methyl 4-Benzoyl-6-bromo-6-deoxy-2,3-
bis(tolylsulfonyl)-a-D-glucopyranoside (17). A 1000-mL
three-necked flask equipped with a reflux condensor and me-
chanical stirrer was charged with 23.10 g of 16, 9.06 g (1.3 equiv)
of NBS, and 4.40 g (0.57 equiv) of BaCOjy in 500 mL of carbon
tetrachloride and heated at reflux for 2 h. The solution was then
filtered, and the cake was washed several times with hot carbon
tetrachloride. The filtrate was concentrated in vacuo, redissolved
in ether, washed with water and brine, then dried over Na,SO,,
and concentrated in vacuo to a solid foam. This foam was dis-
solved in 250 mL of methanol and 60 mL of ether and allowed
to stand at =10 °C for 16 h to yield 9.68 g of colorless crystals (mp
88-99 °C). A second crop was similarly isolated (13.76 g, mp 104-5
°C)* to give a combined yield of 89.5%: [alp +9.2° (¢ 1.0,
chloroform); 90-MHz 'H NMR (CDCly) 6 8.0-6.9 (m, 13 H), 5.31
(t,J =9Hz 1 H),513(t,J =9Hz, 1H),496 (d,J =3Hz 1
He, 4.34 (m, 2 H), 4.03 (m, 1 H), 3.06 (s, 3 H), 3.02 (m, 1 H), 2.39
(s, 3 H). 2.21 (s, 3 H); 1*C NMR (CDCly) 6 164.7, 145.4, 144.6, 133.6,
132.3,130.1, 129.8, 129.5, 128.6, 128.2, 127.5, 97.0, 76.5, 75.6, 70.6,
68.9, 60.5, 55.9, 30.9, 21.65, 21.5; IR (HCCly) 2920, 2860, 1720, 1600,
1450, 1370, 1260, 1190, 1175.

Preparation of Methyl 4-Benzyl-6-deoxy-2,3-bis(tolyl-
sulfonyl)-a-D-glucopyranoside (15). A solution of 10.22 g of
17 and 6.87 g (3.0 eq) of Nal in 110 mL of acetone was heated
at reflux for 16 h. The reaction was then partially concentrated
in vacuo and partitioned between chloroform and water. After
separation of the layers, the aqueous layer was washed twice with
chloroform, and then the combined organic layers were dried over

(45) Although each of these crops of crystals are analytically pure,
their melting points are different due to difference in crystal structure
(i.e., the former crystals are needles and the latter are more granular).
For a similar case see ref 17.
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Na,S0, and concentrated in vacuo to 11.5 g of a light yellow oil.
This iodide was immediately subjected to hydrogenolysis as de-
scribed below: 90-MHz 'H NMR (CDCl,) § 8.24-74.11 (m, 13 H),
5.44 (t,J = 9Hz, 1 H),5.19 (t,J =9 Hz,1 H),5.10 (d, J = 2 Hz,
1H, 4.44 (m, 2 H), 3.94 (dt,J = 9, 3 Hz, 1 H), 3.5 (s, 3 H), 3.18
(m, 1 H), 2.46 (s, 3 H), 2.28 (s, 3 H).

A solution of this iodide, 0.5 g of 10% palladium on carbon,
and 2.50 g of NaOAc in 275 mL of EtOAc/EtOH/H,0 (8:2:1) was
vigorously stirred under an atmosphere of hydrogen for 16 h. The
solution was then filtered through Celite, and the cake was washed
several times with ethyl acetate. The fitrate was then washed
with saturated aqueous sodium thiosulfate solution, water, and
brine, dried over Na,SO,, and concentrated in vacuo to give 9.15
g (100%) of a colorless solid foam (mp 75-78 °C): [alp —9.9° (¢
1.20, chloroform); R 0.33 (35% ethyl acetate/hexanes); 90-MHz
H NMR (CDCl,) 6 8.26-7.08 (m, 13 H), 5.44 (t,J = 9 Hz, 1 H),
5.16 (t,J =9 Hz,1H),508(d,J =4Hz,1H),446 (dd,J =9,
4 Hz, 1 H), 4.07 (m, 1 H). 3.16 (s, 3 H), 2.49 (s, 3 H), 2.29 (s, 3
H), 1.21 (d, J = 7 Hz, 3 H); 3C NMR (CDCl;) 6 164.9, 145.3, 144.5,
134.0, 133.4, 132.6, 129.9, 129.8, 129.5, 129.0, 128.2, 127.5, 97.2,
77.0,76.2, 73.3, 65.5, 55.7, 21.5, 21.4, 17.1; IR (HCCl,) 2950, 1720,
1595, 1445, 1365, 1260, 1190, 1171; mass spectrum (CI, isobutane),
m/z (relative intensity) 559 (100), 405 (7), 387 (11), 233 (7). Anal.
Calced for CZBH3001082: C, 5694; H, 5.12. Found: C, 5674, H,
5.05.

Preparation of Methyl 3,4-Anhydro-6-deoxy-2-(tolyl-
sulfonyl)allopyraneside (14). A solution of 9.15 g of 15 and
3.26 g (3.0 equiv) of LiOH in 100 mL of dioxane/MeOH/H,0
(60:20:20) was stirred for 16 h. The mixture was then partitioned
between chloroform and water. After separation of the layers,
the aqueous layer was washed twice with chloroform, the organic
layer was dried over Nay,SO, and partially concentrated in vacuo
to approximately 9 g of a colorless liquid. After being diluted
with 110 mL of methanol and allowed to stand at -10 °C for 20
h, 3.78 g of colorless saltlike crystals were isolated (mp 124 °C).
A second crop was similarly isolated (0.28 g, mp 123-4 °C) to give
a combined yield of 84.6% based on bromide 17: [a]p +19.3° (¢
1.84, chloroform); R; 0.23 (35% ethyl acetate/hexanes); 90-MHz
H NMR (CDCl,) 6 8.06 (d, J = 9 Hz, 2 H), 7.54 (d, J = 9 Hz,
2 H), 498 (dd, J = 5,3 Hz, 1 H), 4.65 (d, J = 5 Hz, 1 H), 4.22
(q,J = 7 Hz, 1 H), 3.46 (m, 1 H), 3.33 (s, 3 H), 2.5 (s, 3 H), 1.36
(d, J = 7 Hz, 3 H); 13C NMR (CDCl,) 4 144.7, 133.8, 129.5, 127.5,
96.0, 73.8, 63.1, 58.0, 56.2, 49.2, 21.1, 18.2; IR (HCCly) 3010, 2915,
2820, 1590, 1445, 1365, 1210, 1190, 1175; mass spectrum (CI,
isobutane), m/z (relative intensity) 283 (100). Anal. Caled for
C.H506S: C, 56.66; H, 5.47. Found: C, 53.44; H, 5.78.

Preparation of Methyl 4,6-Dideoxy-2-(tolylsulfonyl)-
ribo-hexopyranoside (20). To a solution of 0.472 g (1.3 equiv)
of lithium aluminum hydride in 30 mL of THF at 0 °C was added
3.0 g of crystalline 14. The solution was stirred at 0 °C for 30
min, the ice bath was removed, and the reaction was quenched
30 min later with Na,SO,10H,0/Celite. After being stirred for
2-3 h, the slurry was filtered through Celite, and the cake was
washed several times with THF. The filtrate was concentrated
in vacuo to give a quantitative yield of alcohol, which was used
crude for the next step. However, this compound may be crys-
tallized from ether/pentane to afford an 84% yield of colorless
saltlike crystals (mp 88-88.5 °C): [a]p +43.5° (c 1.58, chloroform);
R;0.75 (5% MeOH/HCCly); 90-MHz 'H NMR (CDCly) 6 8.07 (d,
J=9Hz 2H),7.56 (d,J =9Hz, 2H), 483 (d,J =4 Hz, 1 H),
4.56 (t,J = 4 Hz, 1 H), 4.42-3.92 (m, 2 H), 3.46 (s, 3 H), 3.42 (m,
1 H), 2.51 (s, 3 H), 1.97 (ddd, J = 15, 3, 3 Hz, 1 H), 1.56 (ddd,
J =15,12,3 Hz, 1 H), 1.19 (d, J = 6 Hz, 3 H); 13C NMR (CDCly)
5 144.9, 133.6, 129.7, 127.5, 98.6, 75.9, 66.5, 59.0, 55.6, 40.0, 21.4,
20.0; IR (HCCl,) 3500 (br), 2920, 1590, 1350, 1190, 1170. Anal.
Caled for C,H;s0S: C, 53.32; H, 6.07. Found: C, 53.06; H, 6.16.

Preparation of Methyl 4,6-Dideoxy-ribo-hexopyranoside
(21). A solution of 3.02 g of crude 20 and 2.6 g (5.0 equiv) of
commercial NaOMe in 75 mL of methanol was heated at reflux
for 24 h. TLC analysis in 10% MeOH/HCCl; indicated the
presence of starting material, so another 1.0 g of NaOMe (2.0
equiv) was added, and the reaction was heated at reflux for another
24 h. The solution was then diluted with 100 mL of water and
continuously extracted with chloroform for 16 h. Concentration
in vacuo yielded 2.62 g of a yellow oil. Distillation (Kugelrohr)
of this material at 125 °C (0.35 mmHg) afforded 1.10 g (71.1%)
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of a viscous, colorless oil: [a]p +111° (¢ 1.97, MeOH); R, 0.26 (6%
MeOH/HCCI;); 90-MHz *H NMR (CDClg) 6 4.77 (d, J = 4 Hz,
1 H), 4.03 (m, 2 H), 3.60 (t, J = 4 Hz, 1 H), 3.47 (s, 3 H), 3.10 (br,
2 H), 1.97 (ddd, J = 15, 3, 3 Hz, 1 H), 1.58 (ddd, J = 15, 12, 3
Hz, 1 H), 1.20 (d, J = 6 Hz, 3 H); 13C NMR (CDCl;) 6 101, 68.4,
67.9, 58.5, 55.5, 39.3, 20.3; IR (neat) 3700-3000 (br), 2960, 2920,
2840. Anal. Caled for C;H,,04 C, 51.84; H, 8.70. Found: C,
51.86; H, 8.64.

Preparation of 4,6-Dideoxy-2,3-isopropylidene-ribo-hexose
(22). A solution of 0.1705 g of 52 and 0.050 g of Dowex 50W-8
H* resin in 3.0 mL of water was heated at reflux for 45 min, cooled,
and filtered through a plug of glass wool. The reaction flask and
resins were washed with acetone, andd the aqueous acetone so-
lution was diluted with toluene and concentrated in vacuo to yield
0.152 g (97.6%) of solid triol. An analytical sample may be
obtained by recrystallization from a combination of ethanol, ether,
and hexanes (mp 103 °C). Due to the mixture of anomers and
to the presence of three hydroxyls, the proton NMR is very
uniformative: [a]p —46.1° (¢ 0.86, MeOH); R; 0.22 (15%
MeOH /HCCl,); 90-MHz H NMR (DMSO-dg) § 6.29-5.93 (1 H),
5.03-4.40 (3 H), 3.97-3.70 (2 H), 2.99-2.87 (1 H), 1.80-1.27 (2 H),
1.08 (d, J = 6 Hz, 3 H); IR (neat) 36003000 (br), 2960, 2910, 2890.
Anal. Caled for CgH,,0,: C, 48.64; H, 8.16. Found: C, 48.73;
H, 8.00.

A solution of 0.152 g of crude triol, 0.050 g of Dowex 50W-8
H* resin, and 8-10 3-A (8-12-mesh beads) MCB molecular sieves,
which had been dried prior to use, in 8 mL of acetone was stirred
for 16 h. Thin-layer chromatographic analysis in 15% MeOH/
HCCI; revealed a trace of starting material; however, the reaction
was worked up at this point. This workup consisted of filtering
the mixture through Celite, washing the cake with acetone, and
concentrating in vacuo to afford 0.189 g (95.5% overall yield from
21) of a light yellow oil: R;0.57 (156% MeOH/HCCly); 90-MHz
'H NMR (CDCl3) 6 4.92 (d, J = 6 Hz, 1 H), 4.52 (m, 1 He, 4.07
(m, 1 H), 3.88 (t, J = 6 Hz, 1 H), 2.02 (ddd, J = 15, 3, 3 Hz, 1
H), 1.70 (ddd, J = 15, 10,4 Hz, 1 H), 1.56 (s, 3 H), 1.08 (s, 3 H),
1.27 (d, J = 6 Hz, 3 H), 3C NMR (CDCl,) § 109.1, 96.2, 76.3, 72.9,
66.6, 34.4, 27.9, 25.9, 21.1; IR (neat) 3700-3100 (br), 2980, 2930,
1450, 1375; mass spectrum (EI, 70 eV), exact mass caled for
CgH 1304 (loss of CHg) 173.0814, found 173.0834.

Preparation of Ethyl (2E,4S,5R,7R)- or
(2Z,4S,5R,7R)-7-Hydroxy-4,5-(isopropylidenedioxy)-2-oc-
tenethioate (29a or 29b). An 8-mL vial sealed with an NMR
cap was charged with 0.189 g of crude 22 and 0.732 g (2.0 equiv)
of 28 in 4 mL of chloroform and heated at 80 °C for 2 days.
Thin-layer chromatographic analysis in toluene/dioxane/acetic
acid (40:10:1) revealed a small amount of cis material (29b) (R,
0.54), and the trans product (29a) (R, 0.40). Thin-layer analysis
in 35% THEF /hexane differentiated the cis (R 0.44) from the trans
(R;0.36) product but not the trans from the starting material (R,
0.36). The solution was concentrated in vacuo and chromato-
graphed on a 30 ¢cm X 1.5 cm silica gel column (slurry packed in
hexane and collecting 7-mL fractions), eluting with hexane (50
mL), 5% THF in hexane (100 mL), 10% THF in hexane (100 mL),
and finally 15% THF in hexane (200 mL). Fractions 24-29
contained pure cis product (0.032 g), 30-33 contained cis/trans
overlap (0.0355 g), and 34-36 contained pure trans product (0.1485
g) for a combined yield of 78.4%. Spectral data for trans isomer:
300-MHz 'H NMR (CDCly) 6 6.72 (dd, J = 5.7, 15.5 Hz, 1 H), 6.35
(dd, J = 1.4, 15.5 Hz, 1 H), 4.72 (dt, J = 1.4, 6.7 Hz, 1 H), 4.46
(ddd, J = 10.2, 6.6, 3.6 Hz, 1 H), 4.00 (m, 1 H), 3.49 (br, 1 H),
2.97 (q,J = 7.4 Hz, 2 H), 1.55 (s, 3 H), 1.43 (s, 3 H), 1.30 (t, J
= 7.4 Hz, 3 H), 1.20 (d, J = 6.2 Hz, 3 H); 13C NMR (CDCl,) 5 180.2,
138.6, 129.8, 109.5, 104.9, 77.6, 77.3, 66.8, 39.3, 28.0, 25.5, 23.3,
14.7; IR (neat) 3700-3100 (br), 2980, 2930, 2870, 1665, 1630, 1370,
12.15; mass spectrum (EI, 70 eV), exact mass caled for C;,H,405
(loss of CHj), 259.1004, found 259.1005.

Preparation of (Z)-1-[(tert-Butyldimethylsilyl)oxy]-3-
(triphenylstannyl)-1-propene (33). To a stirring solution of
tert-butyldimethylsilyl allyl ether (15 g, 94 mmol) in dry THF
(250 mL) at —78 °C was added sec-butyllithium (72 mL of 1.3 M
in cyclohexane, 94 mmol) followed by hexamethylphosphoramide
(15 mL). After 30 min a solution of triphenylchlorostannane (33
g, 86 mmol) in THF (75 mL) was added via an addition funnel.
After 12 h the reaction was diluted with ether (200 mL) and water
(200 mL). The layers were separated, and the organic phase was
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washed three times with water (150 mL). The organic phase was
dried with MgSO,, filtered, and concentrated. The product was
chromatographed over a silica gel column (30 em X 7 ¢m), eluting
with hexanes through 5% EtOAc/hexanes. The product-con-
taining fractions were combined and concentrated to give 36 g
(82%) of a thick colorless oil, which formed an amorphous solid
upon standing. The reagent was used directly, but an analytical
sample was prepared by recrystallization from ethanol to give
colorless needles: mp 39-40 °C; R; 0.69 (20% EtOAc/hexane);
90-MHz 'H NMR (CDCl,) 6 7.17-7.57 (m, 15 H), 6.05(d, J = 6
Hz, 1 H), 4.70 (dt, J = 6,9 Hz, 1 H), 2.38 (d, J = 9 Hz, 2 H), 0.90
(s, 9 H), 0.00 (s, 6 H); '*C NMR (CDCl) 6 138.9, 136.8, 136.5, 128.5,
128.0, 106.3, 25.6, 18.2, 7.6, -5.4; IR (neat) 3040, 2950, 2925, 1640,
1425, 1250, 1145, 1085, 855, 830, 765, 720, 695; mass spectrum (CI,
methane), m/z (relative intensity) (M + 1) 522 (6.3), 443 (10.1),
351 (100), 272 (2.8), 197 (9.7), 73 (54.1). Anal. Calcd for
CyH3,08iSn: C, 62.20; H, 6.57. Found: C, 62.06; H, 6.50.

Preparation of (3R,4R,685)-3-[(tert-Butyldimethyl-
silyl)oxy]-4-hydroxy-6-[ (methylthio)methoxy]-1-heptene (36).
To a stirring suspension of MgBry,-OEt, (5.1 g, 19.6 mmol) in
methylene chloride (100 mL) at -23 °C was added 35 (2.9 g, 19.6
mmol), and the solution was allowed to stir for 30 min. To this
mixture was added via cannula a solution of stannane 33 (12.5
g, 24.5 mmol) in methylene chloride (20 mL) at -23 °C. The cold
bath was then left unattended to slowly warm to room temper-
ature. After 12 h, the reaction was quenched by addition of
saturated aqueous NaHCO; (5 mL). The aqueous layer was
separated and extracted two times with ethyl acetate, and the
combined organic phase was concentrated and redissolved in ether
(150 mL). To this solution was added saturated aqueous KF (25
mL), and after stirring for 30 min the mixture was flushed through
a column of alumina with ether. The solvent was removed under
reduced pressure, and the product was isolated by MPLC with
a solvent gradient of hexanes through 20% EtOAc/hexanes. The
product-containing fractions were concentrated to yield 2.8 g
(46%) of a colorless oil (4.1:1 mixture of inseparable diastereo-
mers): R; 0.45 (35% EtOAc/hexanes); capillary GC (DB-5,
200-225 °C, 1 °C/min) (major) 13.36 min, (minor) 13.56 min,
(DX-4, 175-200 °C, 1 °C/min) (major) 7.83 min, (minor) 8.00 min;
300-MHz 'H NMR (CDCl,) 4 5.78-5.89 (m, 1 H), 5.16-5.27 (m,
2 H), 4.66 (AB q, 2 H), 3.91-4.06 (m, 2 H), 3.65-3.72 (m, 1 H),
2.66 (d, J = 4.2 Hz, 1 H), 2.17 (s, 3 H), 1.58-1.66 (m, 1 H), 1.46
(ddd, J = 3.2, 10.3, 14.3 Hz, 1 H), 1.19 (d, J = 6.2 Hz, 3 H), 0.91
(s, 9 H), 0.09 (s, 3 H), 0.06 (s, 3 H); 'C NMR (CDCly) 4 137.9,
116.7,77.7, 73.1, 70.9, 70.0, 39.9, 25.9, 20.0, 18.2, 14.1, -4.1, -4.8;
IR (neat) 3320-3640 (br), 2970, 2940, 2870, 1470, 1380, 1300, 1260,
1010-1170 (br), 930, 840, 780; mass spectrum (CI, methane), m/z
(relative intensity) (M + 1) 321 (8.4), 273 (14.1), 215 (10.6), 171
(16.2), 141 (62.6), 61 (100). Anal. Caled for C,5Hz,05SiS: C, 56.20;
H, 10.06. Found: C, 56.22; H, 10.35.

Preparation of (3R,4R,65)-3-[(tert-Butyldimethyl-
silyl)oxy]-4,6-dihydroxy-1-heptene (37). To a stirring sus-
pension of NaHCO; (1.0 g, 12.3 mmol) in acetone/methyl iod-
ide/water (50 mL, 15:1:1 volume ratio) was added 36 (1.3 g, 4.1
mmol). The solution was heated at reflux for a period of 20 h.
The mixture was flushed through a column of alumina with ether,
and the solvent was removed under reduced pressure. The ste-
reoisomers were separated by MPLC by using a solvent gradient
from 10% EtOAc/hexanes through 50% EtOAc/hexanes. The
product-containing fractions were combined and concentrated
to yield 0.71 g (84 %) of a colorless oil: [alp +14.6° (c 19.4, CHCl,);
R 0.22, Ry of minor isomer 0.29 (35% EtOAc/hexanes); 300-MHz
'H NMR (CDCl,) 6 5.74 (ddd, J = 7.1, 10.4, 17.4 Hz, 1 H), 5.21
(ddd, J = 0.9,1.7,17.4 Hz, 1 H), 5.16 (ddd, J = 0.9, 1.7, 10.4 Hz,
1 H), 4.07 (m, 1 H), 3.92 (ddt, J = 6.8, 7.1, 0.9 Hz, 1 H), 3.68 (m,
1 H), 2.73 (brs, 2 H), 1.53 (dd, J = 5.4, 6.1 Hz, 2 H), 1.18 (d, J
= 6.3 Hz, 3 H), 0.87 (s, 9 H), 0.10 (s, 3 H), 0.06 (s, 3 H); 13C NMR
(CDCly) 6 137.7,117.5, 77.9, 72.1, 65.1, 40.2, 25.9, 23.5, 18.2, 3.9,
—-4.8; IR (neat) 3140-3640 (br), 2950, 2930, 2850, 1460, 1400, 1300,
1030-1160 (br), 925, 870, 830, 770; mass spectrum (CI, methane),
m/z (relative intensity) (M + 1) 261 (19.8), 243 (6.4), 227 (6.6),
185 (100), 172 (49.2), 111 (98.5). Anal. Caled for C;3H.50481: C,
59.95; H, 10.84. Found: C, 59.74; H, 10.84.

Preparation of (3R,4R,68)-6-Hydroxy-3,4-(iso-
propylidenedioxy)-1-heptene (32). To a stirring solution of 36
(1.23 g, 4.7 mmol) in methanol (100 mL) was added Dowex 50W-8
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H* resin (50 mg). After 60 h the mixture was filtered and con-
centrated, and the product was dissolved in acetone (100 mL).
To the stirring solution was added Dowex 50W-8 H* resin (50
mg). After 12 h the reaction was filtered and concentrated. The
product was purified by MPLC with use of a solvent gradient from
hexanes through 35% EtOAc/hexanes. The product containing
fractions were combined and concentrated to yield 0.81 g (92%)
of a colorless oil: [alp +16.3° (¢ 34.4, CHCly); R; 0.54 (50%
THF/hexanes); 300-MHZ 'H NMR (CDCly) 4 5.80 (ddd, J = 7.3,
10.3,17.2 Hz, 1 H), 5.37 (ddd, j = 1.0, 1.3, 17.2 Hz, 1 H), 5.27 (ddd,
J =1.0, 1.3, 10.3 Hz, 1 H), 4.03-4.11 (m, 1 H), 3.93 (ddd, J = 3.7,
7.5, 8.6 Hz, 1 H), 2.43 (brs, 1 H), 1.73 (ddd, J = 3.7, 7.5, 14.4 Hz,
1 H), 1.65 (ddd, J = 3.5, 8.0, 14.4 Hz, 1 H), 1.44 (s, 3 H), 1.43 (s,
3 H), 1.24 (d, J = 6.3 Hz, 3 H); 3C NMR (CDCly) § 134.6, 119.2,
108.8, 82.3, 77.8, 65.0, 39.3, 27.3, 27.0, 23.7; IR (neat) 3180-3620
(br), 2980, 2929, 1370, 1240, 1170, 1080, 1040; mass spectrum (CI,
methane), m/z (relative intensity) (M + 1) 187 (13.7), 171 (17.2),
129 (26.5), 111 (100), 98 (29.7), 69 (28.8); exact mass calcd for
C10H1505 187.13341, found 187.13318.

Preparation of Ethyl (2E, 4R ,5R,7S5)-7-Hydroxy-4,5-(iso-
propylidenedioxy)-2-octenethioate (30). To a stirring solution
of 32 (1.0 g, 5.37 mmol) in THF /water (100 mL, 2:1 volume ratio)
was added a solution of OsO, in THF (50 drops, 0.01 g/L) followed
by NalQ, (2.4 g, 11.1 mmol). After being stirred for 16 h (this
reaction was monitored by TLC eluting with 10% MeOH/CHCl;),
the mixture was diluted with ethyl acetate (50 mL) and the layers
were separated. The aqueous layer was saturated with NaCl and
extracted three times with ethyl acetate. The combined organic
phases were dried with MgSOQ,, filtered, and concentrated. The
crude was redissolved in chloroform (50 mL), and to this stirring
solution was added ylide 28 (1.93 g, 5.3 mmol). The reaction was
heated at reflux for 12 h and then returned to room temperature.
To this stirring solution was added 4-(dimethylamino)pyridine
(0.050 g, mmol), and after 20 h, the solution was partially con-
centrated and then diluted with hexanes until cloudiness persisted.
After having stood for 24 h, the solution was decanted off, and
the precipitate was then washed with hexanes. The solution was
concentrated and chromatographed over a silica gel column (32
cm X i cm), eluting with a solvent gradient from hexanes through
20% EtOAc/hexanes. The product containing fractions were
combined and concentrated to yield 1.06 g (72%) of a thick
colorless oil: [a]p +32.8° (¢ 15.5, CHCl3); R, 0.53 (50% THF/
hexanes); 300-MHz 'H NMR (CDCly) § 6.79 (dd, J = 5.5, 15.5
Hz,1H),6.39 (dd, J = 1.4, 15.5 Hz, 1 H), 4.23 (ddd, J = 1.4, 5.5,
8.6 Hz, 1 H), 3.97-4.11 (m, 1 H), 2.97 (g, J = 7.4 Hz, 2 H), 2.36
(brs, 1 H), 1.76 (t, J = 4.2 Hz, 1 H), 1.46 (s, 3 H), 1.43 (s, 3 H),
1.29 (t, J = 7.4 Hz, 3 H), 1.25 (d, J = 6.3 Hz, 3 H); °C NMR
(CDCly) 6 189.7, 138.9, 129.3, 109.7, 79.8, 77.9, 65.0, 39.8, 27.2, 26.6,
23.8, 23.5, 14.7; IR (neat) 3180-3620 (br), 2980, 2970, 2930, 1665,
1630, 1450, 1370, 1180-1290 (br); mass spectrum (CI, methane),
m/z (relative intensity) (M + 1) 275 (6.9), 259 (9.5), 217 (9.5), 199
(14.8), 186 (17.3), 155 (77.5), 128 (100). Anal. Caled for Cy3H0,S:
C, 56.91; H, 8.08. Found: C, 56.54; H, 8.19.

Preparation of Ethyl (2E,4R,5R,7R)-10-(Diethyl-
phosphono)-4,5-(isopropylidenedioxy)-7-methyl-9-0x0-8-0x-
adecanethioate (39). To a stirring solution of 30 (260 mg, 0.95
mmol), phosphonate 38 (315 mg, 1.6 mmol), and triphenyl-
phosphine (419 mg, 1.6 mmol) in dry benzene (20 mL) was added
a solution of diethyl azodicarboxylate (279 mg, 1.6 mmol) in
benzene (5 mL) dropwise via an addition funnel. After 1 h the
reaction was concentrated under reduced pressure and diluted
with ethyl acetate (3 mL), and then hexanes was added until
cloudiness persisted. After standing for 48 h the solution was
decanted off and concentrated. The product was isolated by
MPLC, eluting with a solvent gradient using 200-mL portions of
10% EtOAc/hexanes, 20%, 35%, 50%, 63%, and finally 75%
EtOAc/hexanes. Fractions of 20 mL were collected, and pure
product was found in fractions 44-57. The product was con-
centrated to yield 344 mg (80%) of a clear colorless oil: [a]p +23.1°
(c 57.5, CHCly); R; 0.29 (50% THF /hexanes); 300-MHz 'H NMR
(CDCly) 6 6.75 (dd, J = 5.6, 15.4 Hz, 1 H), 6.39 (dd, J = 1.4, 154
Hz, 1 H), 5.16 (m, 1 H), 4.17 (quintet, J = 7.1 Hz, 4 H), 4.17 (m,
1 H), 3.81 (dt, J = 3.7, 8.3 Hz, 1 H), 2.97 (q, J = 7.4 Hz, 2 H),
2.95(d,J =21.5 Hz, 1 H), 2.94 (d, J = 21.5 Hz, 1 H), 1.98 (ddd,
J = 6.2,8.3,14.3 Hz, 1 H), 1.81 (ddd, J = 3.7, 6.7, 14.3 Hz, 1 H),
1.43 (s, 3 H), 1.40 (s, 3 H), 1.35 (¢, J = 7.1 Hz, 6 H), 1.31 (d, J
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= 6.3 Hz, 3 H), 1.29 (t, J = 7.4 Hz, 3 H); *C NMR (CDCly) 6 189.5,
165.1 (d, J = 6.4 Hz), 138.6, 129.6, 109.8, 79.9, 77.4, 69.6, 62.6 (d,
J = 6.2 Hz), 37.5, 35.4, 33.7, 26.9 (d, J = 43.9 Hz), 23.3, 19.6, 16.3
(d, J = 6.2 Hz), 14.6; IR (neat) 2980, 2940, 2910, 1735, 1670, 1640,
1450, 1380, 1370, 1200-1320 (br), 1170, 1000-1070 (br), 970; mass
spectrum (FAB, glycerol), m/e (relative intensity) (M + 1) 453
(5.6), 395 (2.4), 333 (15.7), 197 (97.5), 178 (100), 169 (10.6), 151
(40.9), 137 (40.5); exact mass calcd for C;gH3,05PS 453.17119,
found 453.17224.

Preparation of Ethyl (2E,4R,5R,7R,10E,13R)-4,5-(Iso-
propylidenedioxy)-7-methyl-13-[ (methylthio)methoxy]-9-
oxo-8-oxatetradeca-2,10-dienethioate (40). To a stirring so-
lution of 39 (222 mg, 0.49 mmol) in acetonitrile (10 mL) was added
LiCl (43 mg, 1.1 mmol), followed by diisopropylethylamine (81.8
mg, 0.63 mmol) and finally aldehyde 26 (117 mg, 0.79 mmol). After
being stirred for 20 h, the reaction mixture was concentrated under
reduced pressure, and the product was isolated by MPLC, col-
lecting 20-mL fractions and using a solvent gradient from hexanes
through 20% EtOAc/hexanes (1 L total solvent volume). The
product was found in fractions 18-26 and concentrated to give
176 mg (80%) of a clear colorless oil: [a]p +2.8° (¢ 18.0, CHCly);
R;0.77 (50% THF /hexanes); 300-MHz 'H NMR (CDClg) 6 6.95
(dt,J = 15.6, 7.4 H), 1 H), 6.76 (dd, J = 5.6, 15.5 Hz, 1 H), 6.38
(dd, J = 1.4, 15.5 Hz, 1 H), 5.87 (dt, J = 15.6, 1.4 Hz, 1 H), 5.17
(m, 1 H), 4.64 (AB q, 2 H), 4.18 (ddd, J = 1.4, 5.6, 8.4 Hz, 1 H),
3.96 (m, 1 H), 3.82 (m, 1 H), 2.97 (q, J = 7.4 Hz, 2 H), 2.40 (m,
2 H), 2.15 (s, 3 H), 1.99 (ddd, J = 6.4, 8.0, 14.2 Hz, 1 H), 1.82 (ddd,
J = 3.8,6.2,14.2 Hz, 1 H), 1.42 (s, 3 H), 1.39 (s, 3 H), 1.30 (d,
J =6.2Hz, 3H),1.29 (t,J = 7.4 Hz, 3 H), 1.18 (d, J = 6.2 Hz,
3 H); 13C NMR (CDCl,) 4 189.6, 165.5, 145.3, 138.7, 129.5, 123.7,
109.7,79.9, 77.4, 72.6, 710.8, 67.9, 39.1, 37.6, 27.2, 26.6, 23.4, 19.9,
19.3,14.7, 13.8; IR (neat) 2990, 2940, 1720, 1680, 1460, 1380, 1330,
1270, 1225, 1050, 980; mass spectrum (FAB, p-nitrobenzyl alcohol
+ NaCl), m/z (M + Na) 469; exact mass caled for Cy;H3NaOgS;
469.16944, found 469.16953.

Preparation of (2E,4R,5R,7R,10E,13R)-13-Hydroxy-
4,5-(isopropylidenedioxy)-7-methyl-9-0x0-8-oxatetradeca-
2,10-dienoic Acid (41). To a stirring solution of 40 (164 mg, 0.37
mmol) in THF /water (5 mL, 4:1 volume ratio) was added 2,6-
lutidine (296 mg, 2.76 mmol) followed by AgNO; (937 mg, 5.52
mmol). The mixture was heated to reflux for 20 h and then cooled
to room temperature. The mixture was acidified with acetic acid,
diluted with ether (20 mL), and filtered through Celite. After
washing the Celite with ether (75 mL), the combined organic phase
was washed two times with saturated aqueous CuSQO, (15 mL)
and once with brine. The solvent was evaporated, and the product
was isolated by chromatography over a silica gel column (1.5 cm
X 15 cm) eluting with 100-mL portions of 1% AcOH/CHCI; and
AcOH/MeOH/CHCI,; (1:1:98 volume ratio). Fractions of 7 mL
were collected, and the product was found in fractions 12-23. The
solvent was removed under reduced pressure, and the residual
acetic acid was removed as an azeotrope with toluene to yield 99
mg (79%) of a colorless oil: [a]p +0.6° (¢ 50.0, CHCly); R, 0.33
(toluene/dioxane/AcOH, 20:10:1 volume ratio); 300-MHz 'H
NMR (CDCly) 8 6.96 (m, 1 H), 6.91 (dd, J = 5.8, 15.6 Hz, 1 H),
6.9 (brs, 1 H), 6.13 (dd, J = 1.2, 15.6 Hz, 1 H), 5.88 (dt, J = 15.7,
1.2 Hz, 1 H), 5.13 (m, 1 H), 4.21 (ddd, J = 1.2, 5.8, 8.4 Hz, 1 H),
3.99 (m, 1 H), 3.88 (m, 1 H), 2.37 (t,J = 7.1 Hz, 1 H), 2.37 (t, J
= 5.6 Hz, 1 H), 2.06 (dt, J = 14.2, 7.0 Hz, 1 H), 1.87 (dt, J = 14.2,
5.2 Hz, 1 H), 1.43 (s, 3 H), 1.40 (s, 3 H), 1.31 (d, J = 6.3 Hz, 3
H), 1.24 (d, J = 6.2 Hz, 3 H); 13C NMR (CDCl;) é 169.8, 165.7,
145.6, 145.5, 123.8, 122.5, 109.7, 79.7, 77.3, 68.0, 66.8, 41.7, 37.5,
27.1, 26.5, 23.0, 19.9; IR (neat) 2400-3600 (br), 2970, 2940, 1690,
1650; mass spectrum (FAB, glycerol), m/z (relative intensity) (M
+ 1) 343 (48.2), 285 (43.4), 185 (100), 155 (86.7); exact mass calcd
for C1;Hg;0, 343.17494, found 343.17564.

Preparation of (3E,6R,9E,11R,12R,14R)-11,12-(Is0o-
propylidenedioxy)-6,14-dimethyl-1,7-dioxacyclotetradeca-
3,9-diene-2,8-dione (42). To a stirring solution of dicyclo-
hexylearbodiimide (288.9 mg, 1.4 mmol), 4-(dimethylamino)-
pyridine (171 mg, 1.4 mmol), and 4-(dimethylamino)pyridine
hydrochloride (222 mg, 1.4 mmol) in ethanol-free chloroform (20
mL) at reflux was added via syringe pump a solution of 41 (99
mg, 0.29 mmol) in ethanol-free chloroform (1 mL) over a period
of 16 h. The residual contents of the syringe and needle were
rinsed into a tared flask and concentrated to give 16 mg of re-
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covered starting material. The solution was cooled to room
temperature and quenched by the addition of methanol (3 mL)
and 10 drops of acetic acid. The solution was transferred to a
100-mL round-bottom flask and concentrated to a volume of 5
mL, diluted with ether, and filtered through a pad of Celite. The
solvent was removed under reduced pressure, and the product
was isolated by MPLC, collecting 8-mL fractions and eluting with
hexanes (80 mL), 5% EtOAc/hexanes (80 mL), 10% EtOAc/
hexanes (120 mL), and 20% EtOAc/hexanes (200 mL). The
product was found in fractions 40-49 and concentrated to give
65 mg (82%) of a colorless oil: [a]p —68.3° (¢ 32.5, CHCly); R
0.70 (toluene/dioxane/AcOH, 20:10:1 volume ratio); 300-MHz 'H
NMR (CDCl,) 6 6.73 (ddd, J = 4.8 11.1, 15.7 Hz, 1 H), 6.57 (dd,
J = 6.6, 15.6 Hz, 1 H), 6.14 (dd, J = 0.9, 15.6 Hz, 1 H), 5.74 (br
d,J =15.7Hz,1H), 529 (ddq, J = 3.6, 11.1, 6.3 Hz, 1 H), 4.89
(ddg, J = 4.8, 6.6, 6.3 Hz, 1 H), 4.04 (ddd, J = 0.9, 6.6, 8.6 Hz,
1 H), 3.90 (ddd, J = 5.1, 5.8, 8.6 Hz, 1 H), 2.55 (dddd, J = 1.4,
3.6, 4.8,12.8 Hz, 1 H), 2.29 (br dt, J = 12.8, 11.1 Hz, 1 H), 1.99
(ddd, J = 5.1, 6.8, 15.0 Hz, 1 H), 1.89 (ddd, J = 4.8, 5.8, 15.0 Hz,
1H), 1.49 (s, 3 H), 1.43 (s, 3 H), 1.39 (d, J = 6.3 Hz, 3 H), 1.35
(d, J = 6.3 Hz, 3 H); 1*C NMR (CDCly) 5 166.1, 165.4, 144.4, 142.1,
125.5, 125.4, 109.2, 79.0, 78.6, 69.1, 68.3, 40.9, 35.3, 27.2, 26.8, 20.5,
19.8; IR (neat) 2980, 2930, 1715, 16560, 1440, 1370, 1310, 1220, 1165,
970, 750; mass spectrum (FAB, p-nitrobenzyl alcohol), m/e
(relative intensity) (M + 1) 325 (55.8), 309 (20.5), 289 (8.3), 279
(14.8), 267 (100e, 183 (55.5); exact mass caled for C;;Hy504
325.16511, found 325.16486.

Preparation of Colletodiol, (3E,6R,9E,11R,12R,14R)-
11,12-Dihydroxy-6,14-dimethyl-1,7-dioxacyclotetradeca-3,9-
diene-2,8-dione (7). To a stirring solution of 42 (63 mg, 0.19
mmol) in methanol (10 mL) was added Dowex 50W-8 H* resin
(50 mg), and the reaction mixture was heated at reflux for a period
of 36 h. The solution was cooled to room temperature, filtered,
and concentrated. The product was purified by MPLC, collecting
7-mL fractions and eluting with 125-mL portions of 20% Et-
OAc/hexanes, 35% EtOAc/hexanes, 50% EtOAc/hexanes, and
finally 75% EtOAc/hexanes. The product was found in fractions

50-59 and concentrated to give 41 mg (76%) of colletodiol, which
was identical in every way with a natural sample: mp 165 °C (lit.?
mp 164-167 °C); [a]p +36.9° (¢ H), CHCly) (lit.? [a]p +36° (c 1.0,
CHCly)); R;0.37 (toluene/dioxane/AcOH, 20:10:1 volume ratio);
300-MHz 'H NMR (CDCl,) 6 6.74 (dd, J = 5.6, 15.7 Hz, 1 H), 6.72
(ddd, J = 4.9, 11.1, 15.6 Hz, 1 H), 6.14 (dd, J = 1.2, 15.7 Hz, 1
H),5.73 (brd, J = 15.6 Hz, 1 H, 5.32 (ddq, J = 3.1, 11.1, 6.4 Hz,
1 H), 5.18 (ddq, J = 2.0, 4.5, 6.7 Hz, 1 H), 4.08 (ddd, J = 1.2, 5.6,
9.0 Hz, 1 H), 3.67 (ddd, J = 1.6, 5.9, 9.0 Hz, 1 H), 2.6 (br s, 2 H),
2.52 (dddd, J = 1.3, 3.1, 4.6, 12.6 Hz, 1 H), 2.24 (br dt, J = 12.6,
11.1 Hz, 1 H), 2.02 (ddd, J = 1.6, 4.5, 15.8, Hz, 1 H), 1.50 (ddd,
J =20,5.0,15.8 Hz, 1 H), 1.37 (d, J = 6.3 Hz, 3 H), 1.36 (d, J
= 6.7 Hz, 3 H); 13C NMR (CDCly) 6 166.5, 165.1, 146.2, 144.1, 125.7,
123.9, 73.9, 71.8, 68.7, 67.9, 41.1, 36.2, 20.4, 18.1; IR (CHCl,)
3240-3620 (br), 2980, 2950, 2860, 1715, 1655, 1445, 1350, 1315,
1260, 1170, 1105, 1055, 980; mass spectrum (CI, methane), m/z
(relative intensity) (M + 1) 285 (3.4), 267 (6.3), 249 (5.9), 201 (4.0),
183 (13.7), 155 (11.0)e, 137 (16.0), 113 (100), 95 (14.8).
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Phospholipid analogues with sulfur-containing functional groups that replace the ester at the 2-position of
the glycerol backbone have been prepared. Thiophosphonate analogues in which one of the nonbridging phosphonate
oxygens is replaced by sulfur were synthesized by a newly developed route. Both phosphorus stereoisomers were
prepared. The synthesis involves the reaction of phosphoroamidites with hydrogen sulfide in the presence of
tetrazole to give thiophosphites, which react with terminal olefins in the presence of a radical initiator to give
thiophosphonates. A phospholipid analogue in which the ester at the 2-position was replaced with a thicamide
was found to readily cyclize to the thiazoline. To circumvent this problem, amide and thicamide analogues were
prepared that contain a phosphonate group linked to carbon 3 of the glycerol backbone in place of the phosphate

group.

Introduction

Recently we reported that a phospholipid analogue 1
containing a phosphonate in place of the ester at the 2-
position of the glycerol backbone was a tight-binding in-
hibitor of phospholipase A,.! Compound 1 binds some
2000-fold tighter to the enzyme than the analogous ester
substrate. Others have reported that amide analogous such

(1) Yuan, W.; Gelb, M. H. J. Am. Chem. Soc. 1987, 110, 2665.

as 2 are also good inhibitors, binding some 40-fold tighter
than the substrate.?
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