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Abstract: We have developed a powerful concept for the
rapid assembly of a series of twenty-four homochiral
building blocks from simple racemic trans-2,4-dimethyl-8-
oxabicyclo[3.2.1]oct-6-en-3-one. The series comprises
eight stereochemical pentades of anomeric [3.3.1]lactone
acetals, eight stereochemical tetrades of anomeric carbo-
hydrate mimics, and eight stereotetrades of acyclic
polypropionate units. The utility of these enantiopure
materials (average 94 % ee) in natural product synthesis is
demonstrated and shown to complement the popular
aldol method.
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Introduction

In general, the formation of a racemic mixture in a classical
total synthesis is undesirable and a considerable drawback
indicating lack of stereocontrol and necessitating separation
of the enantiomers by additional steps with loss of one half of
material. Another path to enantiomerically pure compounds
employs the chiral pool! which although often very effective,
is of limited scope since the choice of absolute configuration is
generally limited by the configuration of natural enantiomer.

Developing the concept of the “early racemic switch” we
have deliberately avoided using enantiomerically pure start-
ing material.> 3! Instead the racemic mixture is regarded as
two key single isomers which are elaborated simultaneously to
structurally different bioactive natural products in a modified
mix-and-split combinatorial strategy. The first steps involve
the selected racemic material. In further steps reaction paths
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involving several sites are generated thanks to the presence of
pro-stereogenic sp? centers. Finally individual building blocks
are formed. These are easily separated and isolated. As both
enantiomers are used from the beginning, there is no loss of
material. Moreover, fewer steps have to be carried out overall
(Scheme 1).

Using this general approach we have previously reported
the synthesis of two seven carbon segments of (—)-discoder-
molide and phorboxazole A and B.P! Starting from the
racemic oxabicyclic system with anti-2,4-dimethyl groups 1
and ent-1, we generated the two diastereomeric monocyclic
tetrahydropyran units 15 and 18 (Scheme 2). Disregarding the
anomeric center which is removed at a later stage both 15 and
18 contain four stereocenters. They were prepared in high
enantiomeric purity and are cyclic polyketide equivalents.

Currently, the most important approach to polyketides is
through a directed aldol reaction and auxiliary control
involving chiral enolates.!!

We now describe a modular polyketide synthesis of all 23 =
8 oxabicyclic, monocyclic, and acyclic systems with anti-2,4-
dimethyl groups that is 24 building blocks altogether. The 23
systems with syn-2,4-dimethyl groups should be available
through desymmetrization of meso-compounds using similar
chemistry. The general advantage of our approach is outlined
in Scheme 3. The popular symmetry-breaking of meso com-
pounds requires two diastereomeric compounds with syn-
dimethyl groups (equatorial, equatorial, and axial, axial) as
precursors and separate desymmetrization of the two o-
symmetric molecules. The present approach allows us to begin
with the simple racemic starting material 1 and ent-1 as two
distinct compounds in one flask, reducing number of steps,
cutting waste and gaining time.

The artificial chiral pool—A library of polyketide fragments
and carbohydrate mimics: Reduction of the racemic [3.2.1]oxa-
bicyclic ketone 1 and ent-1° with either DIBAH or SmL!
provides the axial (89%) and equatorial alcohol (85%),
respectively, each as a racemic mixture (Scheme 1). Reduc-
tion with Sml, gives access to the series of syn-diol equiv-
alents, reduction with DIBAH to the series of anti-diol
equivalents (cf. Scheme 2). After protection as a benzyl ether
(95 %199 % ) under standard conditions a second bifurcation is
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Scheme 1. One racemic ketone rac-1 is transformed into eight separable lactone acetals by cooperative substrate and reagent control. i) 1. Sml,,
isopropanol, THF, reflux, 2 h, 85%; 2. NaH, THF, BnBr, reflux, 15 h, 95%; ii) 1. DIBAH, THF, —78°C, 11 h, 89 %; 2. NaH, THF, BnBr, reflux, 16 h, 99 %;
iiii) 1. (=)-(Ipc),BH, THF, —25 — — 10°C, 7 d, then NaOH, H,0,, 2 h, 83%; 2. PCC, 4 A MS, NaOAc, CH,Cl,, rt, 1.5 h, 97 %; 3. m-CPBA, NaHCO;, CH,Cl,,
rt, 15h, 83% (6:39%, ee=96%;7: 44 %, ee =89 %); iv) 1. (—)-(Ipc),BH, THF, —15°C, 14 d, then NaOH, H,0,, 3 h, 98 %; 2. PCC/SiO,, CH,Cl,, rt, 15 h,
96 %; 3. m-CPBA, NaHCO;, CH,Cl,, rt, 15h, 85% (10: 47 %, ee > 95 %; 11: 38%, ee =93 %); v) 1. (+)-(Ipc),BH, THF, —25 — —10°C, 7 d, then NaOH,
H,0,, 2 h, 87%; 2. PCC, 4 A MS, NaOAc, CH,Cl,, 1t, 1.5 h, 98%; 3. m-CPBA, NaHCO;, CH,Cl,, rt, 15 h, 83% (8: 47%, ee =91%; 9: 40%, ee=94%);
vi) 1. (+)-(Ipc),BH, THF, — 25 — —10°C, 7 d, then NaOH, H,0,, 2 h, 82 %; 2. PCC, 4 A MS, NaOAc, CH,Cl,, 1t, 1.5 h, 99 %; 3. m-CPBA, NaHCO;, CH,Cl,,
rt, 15h, 82% (12: 37 %, ee =95 %; 13: 45%, ee =96 % ). DIBAH: Diisobutylaluminum hydride, Ipc: isopinocampheyl, PCC: pyridinium chlorochromate,
m-CPBA: meta-chloroperoxybenzoic acid.
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Scheme 2. Further development of synthetic tree (see Scheme 1). Eight anomeric tetrahydropyran esters and eight polypropionate stereotetrades: 8+8 = 16.
i) MeOH, H,SO,, rt, 15 h; ii) 1,3-propanedithiol, TMSOTT, MeCN, —40 — —10°C, 1 h. TMSOT{: Trimethylsilyl trifluoromethanesulfonate.

introduced doubling the number of stereoisomers from four
to eight: Reagent-induced asymmetric hydroboration!® of the
double bond with (—)-(Ipc),BH and also (+)-(Ipc),BH
followed by oxidation with H,O, furnishes a total of four
different mixtures of two diastereomeric alcohols each (82—
98%). Two further oxidations, first with PCC furnish the
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ketones (96-99 %) and then regioselective Baeyer— Villiger
oxidative rearrangement (82-85%) gives the series of eight
lactone acetals (four pairs of lactones) (+)-6 and (—)-7/(+)-8
and (—)-9/(—)-10 and (—)-11/(+)-12 and (+)-13 which at this
stage are separated by simple flash chromatography (e.g.,
silica gel, petrol ether/EtOAc 5:1). At this stage elaborate
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Scheme 3. Strategy for stereochemical diversity from racemic and meso-
configured substrates.

separation techniques such as HPLC are unnecessary. The
resulting anomeric [3.3.1]lactone acetals are versatile syn-
thetic building blocks and are now elaborated separately.
Acidic methanolysis gives eight monocyclic acetal esters 14—
21 (84-99%), each as an anomeric mixture (Scheme 2). A
simple further step that is frans-thioacetalization with 1,3-
propanedithiol and equimolar trimethylsilyl triflate in solvent
acetonitrile (the less polar dichloromethane does not allow
tetrahydropyran opening) yields eight individual acyclic
polyketide segments with a backbone of seven carbon atoms,
that is (4)-22, (+)-23, (—)-24, (—)-25, (+)-26, (+)-27, (—)-28,
and (—)-29 (73-87 % ).I'l The enantiomeric excess is very high for
all reactions and ranges from 89-96% ee (average 94 % ee).

Thus, the artificial chiral pool contains 8 x 3 =24 homo-
chiral building blocks and has been built up in only 32 steps!
The sequence from ketone rac-1 as starting material to an
acyclic polypropionate unit comprises seven steps. Conven-
tional synthesis of all eight diastereomeric acyclic fragments
would require 7 x 8=56 steps. In fact, our approach to
stereochemical diversity saves 24 steps in total. Thus, there
results a theoretical number of 16:8=2 steps for each
[3.3.1]lactone acetal, 24:8 =3 steps for each anomeric acetal
ester and 32:8 =4 steps for each acyclic polypropionate unit.

Traditional calculation of the yield of a classical organic
synthesis presupposes that half of the racemate is lost and that
in the separation step the yield cannot rise above 50 %. In our
case, both enantiomers of the racemate are used and there is
no loss of substance. We consider the enantiomeric pair as two
specific starting materials giving different targets in single
flask operations. Once several chiral centers are present in a
floppy molecular ensemble the separation of diastereomeric
mixtures may become troublesome or even impossible. In our
case the special array and confrontation of five contiguous
stereocenters at the anomeric [3.3.1]lactone stage allows easy
separation into single isomers by conventional chromatogra-
phy. The average yields are 54 % ([3.3.1]lactone acetals), 50 %
(anomeric acetal esters), and 46 % (acyclic polypropionate
units).

The resulting eight stereochemical pentades (there are
eight stereoisomers, since the two stereocenters at the bridge-
head cannot be inverted independently) and the 8+8 stereo-
tetrades may be taken as precursors for segments of natural
products such as lonomycins A —C[® spongistatins,”! rifamy-
cin S, phorboxazole A and B,'Y! (+)-discodermolide,!?! and
apoptolidin.[*3!
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Application to marine metabolite synthesis: To exemplify our

approach, we have targeted three segments of prominent

polyoxygenated marine natural products i) phorboxazole A

and B, ii) (+)-discodermolide and iii) spongistatin 1. Each

type of bicyclic, monocyclic, and acyclic building block has
been used as starting material, that is [3.3.1]lactone acetal

(—)-10, monocyclic acetal ester 16, and acyclic polypropionate

building block (+)-27, respectively.

i) For the synthesis of the C18-C27 segment of phorbox-
azole A and B (Scheme 4) a nitrile group was introduced
into oxabicyclic [3.3.1]lactone (—)-10 giving a-anomer
(+)-30 exclusively and in quantitative yield in solvent
acetonitrile.l' Again, the polar solvent acetonitrile and
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Scheme 4. C18—-C27 segment (+)-34 of phorboxazole A and B.
i) TMSCN, TMSOTY, MeCN, —40 — —20°C, 100%; ii) 1. BH;- THF,
CH,Cl,, 0°C, 3 h, 94%; 2. TIPSCI, imidazole, DMAP, CH,Cl,, rt, 15 h,
100 %; iii) MeMgBr, toluene, rt, ultrasound, 15 h, then 1x HCI, 0.5 h, 76 %
(93% based on recovered starting material); iv) 1. TBAF, THF, rt, 1h,
97%; 2. DBU, CH,Cl,, reflux, 48 h, 89%, R:S>40:1; 3. Dess—Martin
periodinane, CH,Cl,, rt, 1 h, 96 %; v) Ph;PCHCN, LiCl, toluene, rt, 15 h,
89%, E:Z>10:1. TIPSCI: Triisopropylsilyl chloride, TBAF: tetra-n-
butylammonium fluoride, DBU: 1,8-diazabicyclo[5.4.0Jundec-7-ene.

equimolar trimethylsilyl triflate are important for C-
glycosidation. After reduction of the carboxylic acid to
the alcohol (94 %) and quantitative protection of the
alcohol as TIPS-ether (+)-31 the nitrile group was
converted into methyl ketone (+)-32 using MeMgBr in
toluene, ultrasound and then 0.5N HCI (76 %, 93 % based
on recovered starting material). After deprotection of the
alcohol (97 %) the 2,6-trans-C-glycoside was epimerized
to its 2,6-cis-epimer with DBU under reflux in 89 % yield.
Interestingly in model work a carbohydrate mimic
epimerized spontaneously when using the methylation
protocol (Scheme 5). Conversion of nitrile 35 into the
methyl ketone gave the 2,6-cis-epimer 36 directly, where-
as the methyl ketone from nitrile (+)-31 undergoes a ring
flip and adopts the conformation with equatorial keto
function as in (+)-32 and with tAree rather than two axial
substituents.[!”]
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Scheme 5. Conformational and configurational effects in model cyano-
glycosides. i) MeMgBr, toluene, rt, ultrasound; ii) 1Nn HCL.

Oxidation of the alcohol with Dess—Martin period-
inanel'! furnished aldehyde (+)-33 (96%) which was
converted into a,B-unsaturated nitrile (4)-34 with cya-
nomethylidene triphenylphosphinel'”! in excellent yield
and selectivity (89 %; E:Z > 10:1). Starting from lactone
(—)-10 the fully resolved central C18-C27 unit of
phorboxazole A and B (five stereocenters, one E-
configured double bond) was obtained in eight steps in
53% yield (ee >95%).08

ii) The C1-C7 segment of natural (+)-discodermolide was
synthesized in only two steps in 75% and 91 % ee from
anomeric pseudoglycoside 16 (Scheme 6). Acidic hydrol-
ysis in aqueous acetic acid and TPAP/NMO oxidation!"!
of the resulting lactol furnished lactone (—)-37 with four
stereocenters.2’!

Scheme 6. C1-C7 segment (—)-37 of natural (+)-discodermolide: i) H,O,
AcOH, 45-50°C, 87 h, 80%; ii) TPAP, NMO, 3 A MS, 6 h, 94%. TPAP:
Tetrapropylammonium perruthenate, NMO: N-methylmorpholine-N-ox-
ide.

iii) Polyketide unit (+)-27 was used as starting material for
the C11-C18 segment of spongistatin1l (Scheme 7).
After protection of the hydroxyl group as TBDMS ether
(+)-38 in 89 % yield the methyl ester was reduced with
DIBAH (87 %) and the resulting primary alcohol pro-
tected as TBDPS ether (+)-39 (91 %). Deprotection of
the dithiane unit with HgCl,/HgO furnished the aldehyde
(+)-40 (91%).21 Reaction with MeMgBr (96%) and
PCC oxidation of the secondary alcohol (90%) gave
methyl ketone (+)-41.

Altogether the C11-C18 segment of spongistatin 1 was
synthesized in six steps from polyketide building block
(+)-27 in an overall yield of 55 % with an ee of 93 %.1%

3316 ——
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Scheme 7. C11-C18 Segment (+)-41 of spongistatin 1: i) TBDMSOTH,
2,6-lutidine, CH,Cl,, rt, 5h, 89%; ii) 1. DIBAH, THF, 0°C, 6 h, 87%;
2. TBDPSCI, imidazole, DMAP, CH,Cl,, rt, 3 h, 91 %; iii) acetone, H,O,
HgO, HgCl,, 60°C, 3 h, 91%; iv) 1. MeMgBr, THF, rt, 4 h, 96 %; 2. PCC,
NaOAc, 4 A MS, 1h, 90%.

iv) We have already synthesized the C1-C9 segment of
bryostatin 124 from the a,a-dimethylated oxabicyclic
ketone.?*! Again, the mirror image isomer need not be
discarded, but serves as valuable precursor of the natural
product pederin (Scheme 8).’]

mirror plane

i i
,‘//%LO O\D\

C11-C18 segment
of pederin

C1-C9 segment

separation at of bryostatin

anomeric lactone
stage or earlier

Scheme 8. Oxabicyclic ketone with two stereocenters and three pro-
stereogenic sp? centers.

v) The a-monomethylated ketone has been elaborated to
the C1-C16 segment of lasonolide A% (Scheme 9). The
mirror image is a precursor of ratjadone,””! miyakolide, 28l
and spongistatinl”! (Scheme 8). Chromatographic separa-
tion at an early stage is straightforward, since we are
dealing no longer with diastereomers, but constitutional
isomers.

vi) Glycosidic tetrahydropyrans 15 and 18 (Scheme 2) have
been elaborated to the non-natural C1-C7 discodermo-
lide,” and the central phorboxazole segments,”! respec-
tively.

vii) A variety of carbohydrate mimics are readily accessible,
from anomeric lactone acetals, as shown for the trans-
formation (—)-10 — (+)-30. Furthermore, various mono-
cyclic methyl acetals, here exemplified by eight stereo-
chemical tetrades 14 — 21, serve as precursors of C-
glycosidic tetrahydropyrans.['* 2]
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16 h, 45+45 %; ii) 1. O;, CH,Cl,, MeOH, —78°C; 2. Me,S, then —10°C; 3. CH,N,; 4. NaBH,, —10°C — rt, 1 h, 75%. For the synthesis of the northern
segment (partially bold frame) see M. Nowakowski, H. M. R. Hoffmann, Tetrahedron Lett. 1997, 38, 1001.

Conclusion

We have developed and applied a unified and powerful
concept for generating stereochemical diversity which is
directly relevant to biodiversity and to polyketide and natural
product synthesis in general. Starting from one simple racemic
substance a cascade of stereoisomeric high-quality building
blocks has been generated. 24 Stereoisomers are available in
quantity by robust methodology and are built in a total of only
32 steps. The stereoisomers are individually separable and
obtained with an average enantiomeric excess of 94 %. The
synthetic utility of a bicyclic, a monocyclic, and an acyclic
building block has been shown by elaboration into three
different segments of various marine natural products with
excellent yields. Key stereocontrolled reactions have been
carried out by taking advantage of cyclic substrates with three
pro-stereogenic sp? centers. A chiral auxiliary need not be
appended. Various structural and stereopatterns are gener-
ated and are equivalent to those of multiple aldol additions.
Of the eight different stereopatterns listed in Scheme 2 the
framed patterns are currently known as constituents of
natural products. The stereopattern of [3.3.1]lactone acetal
(—)-10 and its derivatives 18 and (+)-26 has also appeared in
enzymic work with various polyketide synthases (PKS).F% All
natural and non-natural polyketide segments prepared by us
are of obvious interest for combinatorial synthesis. They also
serve together with construction or degradation and spectro-
scopic studies to identify the relative and absolute stereo-
chemistry of polyketides with unassigned stereocenters. The
building blocks are rapidly accessible from very few [3.2.1]oxa-

Chem. Eur. J. 2000, 6, No. 18
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bicyclic ketones (Schemes10 and 11). Further progress
towards automated procedures and solid-phase methodology
is expected.
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Lert. 1983, 24, 3873; b) T. Oishi, T. Nakata, Acc. Chem. Res. 1984, 17,
338; ¢) T.F.J. Lampe, H. M. R. Hoffmann, J. Chem. Soc. Chem.
Commun. 1996, 1931.

Structure elucidation: a) N. Otake, M. Koenuma, H. Miyamae, S. Sato,
Y. Saito, Tetrahedron Lett. 1975, 4147; b) S. Omura, M. Shibata, S.
Machida, J. Sawada, N. Otake, J. Antibiot. 1976, 29, 15; ¢) C. Riche, C.
Pascard-Billy, J. Chem. Soc. Chem. Commun. 1975, 951; d) N. Otake,
M. Koenuma, H. Miyamae, S. Sato, Y. Saito, J. Chem. Soc. Perkin
Trans. 21977,494; ¢) N. A. Rodios, M. J. O. Anteunis, Bull. Soc. Chim.
Belg. 1978, 87,447; f) N. A. Rodios, M. J. O. Anteunis, Bull. Soc. Chim.
Belg. 1979, 88, 37; g) H. Seto, K. Mizoue, N. Otake, J. Antibiot. 1980,
33, 979; h) J. C. Beloeil, C. Le Cocq, V. Michon, J. Y. Lallemand,
Tetrahedron 1981, 37,1943. Total synthesis: i) D. A. Evans, A. M. Ratz,
B. E. Huff, G. S. Sheppard, J. Am. Chem. Soc. 1995, 117, 3448.
Structure elucidation: a) G. R. Pettit, Z. A. Cichacz, F. Gao, C. L.
Herald, M. R. Boyd, J. M. Schmidt, J. N. A. Hooper, J. Org. Chem.
1993, 58, 1302; b) G. R. Pettit, Z. A. Cichacz, F. Gao, C. L. Herald,
M. R. Boyd, J. Chem. Soc. Chem. Commun. 1993, 1166; c) G. R. Pettit,
Z. A. Cichacz, C. L. Herald, F. Gao, M. R. Boyd, J. M. Schmidt, E.
Hamel, R. Bai, J. Chem. Soc. Chem. Commun. 1994, 1605; d) N.
Fusetani, K. Shinoda, S. Matsunaga, J. Am. Chem. Soc. 1993, 115,
3977; e) M. Kobayashi, S. Aoki, H. Sakai, K. Kawazoe, N. Kihara, T.
Sasaki, I. Kitagawa, Tetrahedron Lett. 1993, 34,2795 f) M. Kobayashi,
S. Aoki, I. Kitagawa, Tetrahedron Lett. 1994, 35, 1243. Total syntheses:
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Zn, reflux, 1 h.

¢) D. A. Evans, P.J. Coleman, L. C. Diaz, Angew. Chem. 1997, 109,
2951; Angew. Chem. Int. Ed. 1997, 36,2737, D. A. Evans, B. W. Trotter,
B. Coté, P. J. Coleman, Angew. Chem. 1997, 109, 2954; Angew. Chem.
Int. Ed. 1997, 36, 2741; D. A. Evans, B. W. Trotter, B. Coté, P.J.
Coleman, L.C. Diaz, A.N. Tyler, Angew. Chem. 1997, 109, 2957,
Angew. Chem. Int. Ed. 1997, 36, 2744 (Spongistatin 2); h) J. Guo, K. J.
Duffy, K. L. Stevens, P. 1. Dalko, R. M. Roth, M. M. Hayward, Y.
Kishi, Angew. Chem. 1998, 110, 198; Angew. Chem. Int. Ed. 1998, 37,
187; M. M. Hayward, R. M. Roth, K.J. Duffy, P.I. Dalko, K.L.
Stevens, J. Guo, Y. Kishi, Angew. Chem. 1998, 110, 202; Angew. Chem.
Int. Ed. 1998, 37,190 (Spongistatin 1). Other synthetic efforts: i) A. B.
Smith III, L. Zhuang, C. S. Brook, A. M. Boldi, M. D. McBriar, W. H.
Moser, N. Murase, K. Nakayama, P. R. Verhoest, Q. Lin, Tetrahedron
Lett. 1997, 38, 8667; j) M. M. Claffey, C. H. Heathcock, J. Org. Chem.
1996, 61, 7646; k) 1. Paterson, R. M. Oballa, R. D. Norcross, Tetrahe-
dron Lett. 1996, 37, 8581;1) L. A. Paquette, D. Zuev, Tetrahedron Lett.
1997, 38,5115; m) L. Paterson, L. E. Keown, Tetrahedron Lett. 1997, 38,
5727; n) C. J. Hayes, C. H. Heathcock, J. Org. Chem. 1997, 62, 2678;
o) L. Paterson, R. M. Oballa, Tetrahedron Lett. 1997, 38, 8241; p) R.
Dunkel, M. Mentzel, H. M. R. Hoffmann, Tetrahedron 1997, 53,
14929; q) S. Lemaire-Audoire, P. Vogel, Tetrahedron Lett. 1998, 39,
134;r) S. A. Hermitage, S. M. Roberts, D. J. Watson, Tetrahedron Lett.
1998, 39, 3567; s) T. Terauchi, M. Nakata, Tetrahedron Lett. 1998, 39,
3795; t) R. Zemribo, K. T. Mead, Tetrahedron Lett. 1998, 39, 3895;
u) E. Fernandez-Megia, N. Gourlaouen, S.V. Ley, G.J. Rowlands,
Synlett 1998, 991; v) L Paterson, D. J. Wallace, R. M. Oballa, Tetrahedron
Lert. 1998, 39, 8545; w) P.D. Kary, S. M. Roberts, D.J. Watson,
Tetrahedron: Asymmetry 1999, 10, 213; x) P. D. Kary, S. M. Roberts,
D. J. Watson, Tetrahedron: Asymmetry 1999, 10, 217; y) R. Dunkel, J.
Treu, H. M. R. Hoffmann, Tetrahedron: Asymmetry 1999, 10, 1539;
z) H. Kim, H. M. R. Hoffmann, Eur. J. Org. Chem. 2000, 2195.
Chemistry, biosynthesis and biological activity of ansamycins: a) W.
Wehli, Top. Curr. Chem. 1977, 72, 22. Total synthesis: b) H. Nagaoka,
W. Rutsch, G. Schmid, H. lio, M. R. Johnson, Y. Kishi, J. Am. Chem.
Soc. 1980, 102, 7962; c) H. lio, H. Nagaoka, Y. Kishi, J. Am. Chem.
Soc. 1980, 102, 7965. See also M. Lautens, Pure Appl. Chem. 1992, 64,
1873; A. V.Rama Rao, J. S. Yadav, V. Vidyasagar, J. Chem. Soc. Chem.
Commun. 1985, 55; J. S. Yadav, C. S. Rao, S. Chandrasekhar, A. V.
Rama Rao, Tetrahedron Lett. 1995, 36, 7717.

Structure elucidation: a) P. A. Searle, T. F. Molinski, J. Am. Chem.
Soc. 1995, 117, 8126; b) P. A. Searle, T. F. Molinski, L. J. Brzezinski,
J. W. Leahy, J. Am. Chem. Soc. 1996, 118, 9422; c) T. F. Molinski,
Tetrahedron Lett. 1996, 37, 7879. Total synthesis: d) C. J. Forsyth, F.
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Ahmed, R.D. Cink, C.S. Lee, J. Am. Chem. Soc. 1998, 120, 5597.
Other synthetic efforts: e¢) C. S. Lee, C. J. Forsyth, Tetrahedron Lett.
1996, 37, 6449; f) R. D. Cink, C.J. Forsyth, J. Org. Chem. 1997, 62,
5672; g) C. J. Forsyth, F. Ahmed, Tetrahedron Lett. 1998, 39,183;h) T.
Ye, G. Pattenden, Tetrahedron Lett. 1998, 39, 319; i) G. Pattenden,
A.T. Plowright, J. A. Tornos, T. Ye, Tetrahedron Lett. 1998, 39, 6099;
j) L. Paterson, E. A. Arnott, Tetrahedron Lett. 1998, 39, 7185; k) D. R.
Williams, D. A. Brooks, K. G. Meyer, M. P. Clark, Tetrahedron Lett.
1998, 39, 7251; 1) G. Pattenden, A. T. Plowright, J. A. Tornos, T. Ye,
Tetrahedron Lett. 1998, 39, 6099; m) P. Wolbers, H. M. R. Hoffmann,
Tetrahedron 1999, 55, 1905; n) P. Wolbers, H. M. R. Hoffmann,
Synthesis 1999, 797; o) D. R. Williams, M. P. Clark, M. A. Berliner,
Tetrahedron Lett. 1999, 40, 2287; p) D. R. Williams, M. P. Clark,
Tetrahedron Lett. 1999, 40, 2291; q) ref. [3]; r) P. Wolbers, A. M.
Misske, H. M. R. Hoffmann, Tetrahedron Lett. 1999, 40, 4527, s) D. A.
Evans, V.J. Cee, T. E. Smith, K. J. Santiago, Org. Lett. 1999, 1, 87;
t) A. B. Smith IIL, P. R. Verhoest, K. P. Minbiole, J. J. Lim, Org. Lett.
1999, 7, 909; t) A. B. Smith III, K. P. Minbiole, P. R. Verhoest, T. J.
Beauchamps, Org. Lett. 1999, 1, 913.

Structure elucidation: a) S. P. Gunasekera, M. Gunasekera, R. E.
Longley, J. Org. Chem. 1990, 55, 4912; b) S.P. Gunasekera, M.
Gunasekera, R. E. Longley, J. Org. Chem. 1991, 56, 1346. Total
syntheses of (—)-antipode: c)J. B. Nerenberg, D.T. Hung, P.K.
Somers, S.L. Schreiber, J. Am. Chem. Soc. 1993, 115, 12621,
d) A. B. Smith III, Y. Qiu, D. R. Jones, K. Kobayashi, J. Am. Chem.
Soc. 1995, 117,12011; e) S. S. Harried, G. Yang, M. A. Strawn, D. A.
Myles, J. Org. Chem. 1997, 62, 6098. Total syntheses of (+)-antipode:
f) D. T. Hung, J. B. Nerenberg, S. L. Schreiber, J. Am. Chem. Soc.
1996, 118, 11054; g) J. A. Marshall, B. A. Johns, J. Org. Chem. 1998,
63, 7885. Other synthetic efforts: h)J. M. C. Golec, S.D. Jones,
Tetrahedron Lett. 1993, 34, 8259; i) J. M. C. Golec, R.J. Gillespie,
Tetrahedron Lett. 1993, 34, 8167; j) P. L. Evans, J. M. C. Golec, R. J.
Gillespie, Tetrahedron Lett. 1993, 34, 8163; k) 1. Paterson, S. P. Wren,
J. Chem. Soc. Chem. Commun. 1993, 24, 1790; 1) D. L. Clark, C. H.
Heathcock, J. Org. Chem. 1993, 58, 5878; m) G. Yang, D. C. Myles,
Tetrahedron Lett. 1994, 35, 1313; n) G. Yang, D. C. Myles, Tetrahedron
Lett. 1994, 35, 2503; o) L. Paterson, A. Schlapbach, Synlett, 1995, 498;
p) J. A. Marshall, Z.-H. Lu, B. A. Johns, J. Org. Chem. 1998, 63, 817,
q) ref. [3]; r) see also A.B. Smith III, M. D. Kaufman, T.J. Beau-
champ, M. J. LaMarche, H. Arimoto, Org. Lett. 1999, 1, 1823.
Structure elucidation and biological activity: a) J. W. Kim, H. Adachi,
K. Shin-ya, Y. Hayakawa, H. Seto, J. Antibiot. 1997, 50, 628; b) Y.
Hayakawa, J. W. Kim, H. Adachi, K. Shin-ya, K. Fujita, H. Seto, J.
Am. Chem. Soc. 1998, 120, 3524. Synthetic effort: c) J. Schuppan, B.
Ziemer, U. Koert, Tetrahedron Lett. 2000, 41, 621.

a) O. Gaertzen, A. M. Misske, P. Wolbers, H. M. R. Hoffmann, Synlett
1999, 1041; b) O. Gaertzen, A. M. Misske, P. Wolbers, H. M. R.
Hoffmann, Tetrahedron Lett. 1999, 40, 6359.

The conformation was confirmed by a 500 MHz NOESY spectrum.
a) D. B. Dess, J. C. Martin, J. Org. Chem. 1983, 48, 4155; b) D. B. Dess,
J. C. Martin, J. Am. Chem. Soc. 1991, 113, 7277; J. A. Marshall, G. P.
Luke, J. Org. Chem. 1993, 58, 6229.

S. Trippett, D. M. Walker, J. Chem. Soc. 1959, 3874.

Data for phorboxazole segment (2E)-4-((2R,3R4S,5R,6R)-6-acetyl-4-
benzyloxy-3,5-dimethyltetrahydropyran-2-yl)-but-2-ene-nitrile ~ (+)-
34: colorless oil; E:Z>10:1; [a]p=+126.8° (c=1.3 in CHCL;); IR
(CHCI,): 7= 3067, 2976, 2936, 2861, 2437, 1718, 1637, 1603, 1497, 1456,
1419, 1388, 1355, 1308, 1230, 1163, 1142, 1111, 1096, 1073, 1028, 966,
909, 844 cm!; 'H NMR (400 MHz, CDCl;, TMS): 6 =7.34 (m, SH),
6.71 (ddd, J=16.3, 7.8, 6.7 Hz, 1H), 5.44 (ddd, /=16.3, 1.5, 1.5 Hz,
1H),4.64 (d,J=11.4 Hz,1H), 4.37 (d,J=11.4 Hz, 1 H), 3.49 (ddd, J =
9.0, 44, 2.0Hz, 1H), 3.39 (d, /=10.7 Hz, 1H), 3.19 (dd, J=10.3,
4.5 Hz),2.59 (dddd, J =15.0,9.0, 6.7, 1.5 Hz, 1 H), 2.31 (dddd, /= 15.0,
7.8,4.4,1.5Hz, 1H), 2.18 (s, 3H), 2.09 (m, 1H), 1.81 (m, 1 H), 0.99 (d,
J=7.0Hz,3H),0.93 (d, J=6.5 Hz, 3H); *C NMR (100 MHz, DEPT,
CDCl): 6 =206.1 (CO), 151.9 (=CH), 138.0 (ArC), 128.4 (ArCH),
128.4 (ArCH), 127.7 (ArCH), 117.1 (CN), 101.8 (=CH), 87.6 (HCCO),
82.6 (HCOR), 76.7 (HCOR), 70.3 (OH,CAr), 36.8 (CH,), 34.3 (CH),
32.3 (CH), 25.4 (H;CCO), 12.8 (CH,), 5.8 (CH;); MS (100°C): m/z
(%):327 (2) [M]*,301 (3), 284 (100), 261 (4), 226 (6), 198 (4), 178 (26),
153 (5), 136 (64), 108 (35); HR-MS: calcd for C,H,sNO; [M]*
327.1834, found 327.1834.

(19]
[20]

[21]

[22]
[23]

(24]

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

S. V. Ley, J. Norman, W. P. Griffith, S. P. Marsden, Synthesis 1994, 639.
Data for discodermolide segment (253R.4S,5R)-(4-benzyloxy-3,5-
dimethyl-6-oxotetrahydropyran-2-yl)-acetic acid methyl ester (—)-
37: colorless crystalline solid; m.p. 100°C; [a]p,=—44.7° (¢c=1.6 in
CHCL); IR (CHCLy): 7 = 2940, 2081, 1731, 1606, 1534, 1497, 1454, 1437,
1383, 1350, 1253, 1218, 1194, 1155, 1092, 1054, 1027, 995, 911, 868, 842,
795, 736, 699 cm~!; 'H NMR (400 MHz, CDCl;, TMS): 6 =7.33 (m,
5H), 4.81 (ddd, J=10.1, 7.5, 4.0 Hz, 1H), 4.65 (d, /=117 Hz, 1H),
4.46 (d, J=11.7Hz, 1H), 3.70 (s, 3H), 3.41 (dd, J=3.1, 3.1 Hz, 1 H),
2.93 (dq,J=75,3.1 Hz, 1H), 2.73 (dd, J =16.1, 4.0 Hz, 1 H), 2.58 (dd,
J=16.1,75Hz, 1H), 2.21 (ddq, /=10.1, 6.8,3.1 Hz, 1H), 1.03 (d, /=
75 Hz, 3H), 0.94 (d, J=6.8 Hz, 3H); *C NMR (100 MHz, DEPT,
CDCL,): 6=172.9 (C0O), 170.2 (CO), 137.5 (ArC), 128.3 (ArCH), 127.8
(ArCH), 1277 (ArCH), 79.8 (OCHR,), 775 (OCHR,), 71.6
(OCH,Ph), 51.8 (OCHs;), 394 (CH), 38.0 (CH,), 32.7 (CH), 16.1
(CHs;), 13.1 (CH;); MS (100°C): m/z (%): 306 (9) [M]*, 276 (2), 259
(3), 234 (18), 215 (42), 197 (19), 172 (12), 154 (100), 125 (31), 106 (31);
HR-MS: caled. for C;;H,,O5 [M]* 306.1467, found 306.1467.

a) P. C. Bulman Page, M. B. van Niel, J. C. Prodger, Tetrahedron 1989,
45, 7643; b) M. Schelhaas, H. Waldmann, Angew. Chem. 1996, 108,
2192; Angew. Chem. Int. Ed. 1996, 35, 2056.

M. Kassou, S. Castillon, J. Org. Chem. 1997, 62, 3696.

Data for spongistatin segment (3S5,45,55,6R)-4-benzyloxy-6-(tert-bu-
tyldimethylsilanyloxy)-8-(tert-butyldiphenylsilanyloxy)-3,5-dimethyl-
octan-2-one (+)-41: colorless oil; [a], =+ 14.5 (¢ =1.7 in CHCL;); IR
(CHCl,): v =3071, 2957, 2931, 2884, 2858, 1710, 1471, 1427, 1360, 1256,
1110, 1028, 1005, 941, 837, 614, 506 cm~'; 'H NMR: (400 MHz,
CDCL,): 6 =7.64 (m,4H), 735 (m, 11H), 4.58 (d,/=11.0 Hz, 1H), 4.43
(d, J=11.0 Hz, 1H), 3.98 (m, 1H), 3.94 (m, 1H), 3.77 (dd, J=8.2,
29Hz,1H),3.74 (t,J=6.7 Hz,2H), 2.88 (dq,/=7.0,7.0 Hz, 1 H), 2.16
(s,3H), 1.77 (m, 3H), 1.04 (s, 9H), 1.02 (d,/=7.0 Hz,3H), 0.95 (d, J =
7.0 Hz, 3H), 0.85 (d, /=70 Hz, 3H), 0.87 (s, 9H), 0.04 (s, 3H), 0.01 (s,
3H); BC NMR: (100 MHz, DEPT): 6 =212.2 (CO), 138.7 (ArC),
135.6 (ArCH), 135.5 (ArCH), 133.8 (ArC), 133.7 (ArC), 129.5
(ArCH), 129.5 (ArCH), 128.2 (ArCH), 127.6 (ArCH), 127.6 (ArCH),
1273 (ArCH), 1272 (ArCH), 82.3 (OCHR), 74.0 (OCH,Ph), 71.7
(OCHR), 60.4 (CH,OTBDPS), 49.7 (CH), 41.4 (CH), 35.9 (CH,), 30.9
(CH3), 26.8 (C(CH;);), 259 (C(CHj);), 19.1 (C(CH;),), 18.1
(C(CH,)3), 13.9 (CH3), 9.1 (CH3), —4.3 (CH,Si), —4.3 (CH;Si); MS-
FAB: 646 (18) [M+H]*; HR-MS: caled for C;Hy,O,Si, [M—
C(CHs);]* 589.3169, found 589.3171.

Structure elucidation: a) G. R. Pettit, Progr. Chem. Org. Nat. Prod.
1991, 57,153;b) G. R. Pettit, J. Nat. Prod. 1996, 59, 812. Total synthesis
of bryostatin 7: ¢) M. Kageyama, T. Tamura, M. H. Nantz, J. C.
Roberts, P. Somfai, D. C. Whritenour, S. Masamune, J. Am. Chem.
Soc. 1990, 112, 7407. Total synthesis of bryostatin 2: d) D. A. Evans,
P. H. Carter, E. M. Carreira, A. B. Charette, J. A. Prunet, M. Lautens,
J. Am. Chem. Soc. 1999, 121,7540; ¢) D. A. Evans, P. H. Carter, E. M.
Carreira, A.B. Charette, J. A. Prunet, M. Lautens, Angew. Chem.
1998, 110,2526; Angew. Chem. Int. Ed. 1998, 37,2354. Review: f) R. D.
Norcross, 1. Paterson, Chem. Rev. 1995, 95, 2041. Other synthetic
efforts: g) M. A. Blanchette, M. S. Malamas, M. H. Nantz, J. C.
Roberts, P. Somfia, D. C. Whritenour, S. Masamune, M. Kageyama,
T. Tamura, J. Org. Chem. 1989, 54, 2817; h) D. A. Evans, E. M.
Carreira, Tetrahedron Lett. 1990, 31, 4703; i) R. Roy, A. W. Rey,
Synlett 1990, 448; j) J. DeBrabander, K. Vanhessche, M. Vandewalle,
Tetrahedron Lett. 1991, 32, 2821; k) K. Ohmori, T. Suzuki, K.
Miyazawa, S. Nishiyama, S. Yamamura, Tetrahedron Lett. 1993, 34,
4981; 1) J. DeBrabander, M. Vandewalle, Synthesis 1994, 855; m) J.
DeBrabander, M. Vandewalle, Synlett 1994, 231; n) K. Ohmori, T.
Suzuki, S. Nishiyama, S. Yamamura, Tetrahedron Lett. 1995, 36, 6515;
0) K. Ohmori, S. Nishiyama, S. Yamamura, Tetrahedron Lett. 1995, 36,
6519; p) K. J. Hale, J. A. Lennon, S. Manaviazar, M. H. Javaid, C. J.
Hobbs, Tetrahedron Lett. 1995, 36, 1359; q) T. E. J. Lampe, H. M. R.
Hoffmann, Tetrahedron Lett. 1996, 37, 7695; r) T.F.J. Lampe,
H. M. R. Hoffmann, J. Chem. Soc. Chem. Commun. 1996, 1931,
s) M. Kalesse, M. Eh, Tetrahedron Lett. 1996, 37, 1767; t)J. De-
Brabander, M. Vandewalle, Pure Appl. Chem. 1996, 68, 715; u) S.
Kiyooka, H. Maeda, Tetrahedron: Asymmetry 1997, 8, 3371; v) J. M.
Weiss, H. M. R. Hoffmann, Tetrahedron: Asymmetry 1997, 8, 3913;
w) J. DeBrabander, B. A. Kulkarni, R. Garcia-Lopez, M. Vandewalle,
Tetrahedron: Asymmetry 1997, 8, 1721; x) J. Gracia, E. J. Thomas, J.
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H. M. R. Hoffmann and A. M. Misske

Chem. Soc. Perkin Trans. 1 1998, 17,2865;y) R. J. Maguire, S. P. Munt,
E. J. Thomas, J. Chem. Soc. Perkin Trans. I 1998, 17,2853; z) J. Baxter,
E. G. Mate, E. J. Thomas, Tetrahedron 1998, 54, 14359; aa) T. Obitu,
K. Ohmori, Y. Ogawa, H. Hosomi, S. Ohba, S. Nishiyama, S.
Yamamura, Tetrahedron Lett. 1998, 39, 7349.

Structure elucidation: A. Furusaki, T. Watanabe, T. Matsumoto, M.
Yanagiya, Tetrahedron Lett. 1968, 6301. Review on structure elucida-
tion and biological activity of pederin: b) J. H. Frank, K. Kanamitsu,
Med. Entomol. 1987, 24, 155. Total syntheses: c) F. Matsuda, N.
Tomiyoshi, M. Yanagiya, T. Matsumoto, Tetrahedron 1988, 44, 7063;
d) T. Nakata, S. Nagao, N. Mori, T. Oishi, Tetrahedron Lett. 1985, 26,
6461; e) T. Nakata, S. Nagao, T. Oishi, Tetrahedron Lett. 1985, 26,
6465; f) T. M. Wilson, P. Kocienski, K. Jarowicki, K. Isaac, P. M.
Hitchcock, A. Faller, S. F. Campbell, Tetrahedron 1990, 46, 1767; g) P.
Kocienski, K. Jarowicki, S. Marczak, Synthesis 1991, 1191. Other
synthetic efforts: h) J. Meinwald, Pure Appl. Chem. 1977, 49, 1275;
i) M. C. Pirrung, P. M. Kenney, J. Org. Chem. 1987, 52, 2335; j) A.
Vakalopoulos, H. M. R. Hoffmann, unpublished results.

Isolation and structural work: a) P. A. Horton, F. E. Koehn, R. E.
Longley, O.J. McConnell, J. Am. Chem. Soc. 1994, 116, 6015.

(27]

(28]

(29]

(30]

(31]

Synthetic efforts: b) H. Beck, H. M. R. Hoffmann, Eur. J. Org. Chem.
1999, 2991; c) M. Nowakowski, H. M. R. Hoffmann, Tetrahedron 1997,
53,4331,

a) K. Gerth, H. Schummer, G. Hofle, H. Irschik, H. Reichenbach, J.
Antibiot. 1995, 48, 787; b) D. Schummer, K. Gerth, H. Reichenbach,
G. Hofle, Liebigs Ann. 1995, 685; c) P. M. Schifer, H. M. R. Hoff-
mann, unpublished results.

T. Higa, J. Tanaka, M. Komesu, D. G. Gravalos, J. L. F. Puentes, G.
Bernardinelli, C. W. Jefford, J. Am. Chem. Soc. 1992, 114, 7587.

For further syntheses of P-, S-, and NC-pseudoglycosides see R.
Dunkel, H. M. R. Hoffmann, Tetrahedron 1999, 55, 8385.

Truly combinatorial biosynthesis has probably not yet arrived. For the
study of polyketide segment synthases (PKS) see: a) J. Staunton, B.
Wilkinson, Chem. Rev. 1997, 97, 2611; b) D. A. Hopwood, Chem. Rev.
1997, 97,2465; c) C. Khosla, Chem. Rev. 1997, 97,2577; d) R. L. Rawls,
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