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Abstracy

The biosvntheses of two polyketide metabolites. tungichromin (2) from
Strepromyees cellulosae ATCC 12625 and dehydrocury ubanin (3 trom Alrernaria cinerariie
ATCC 11784, were imeestigated by incorporiation vl advanced precurnors.

Ethvl (Z)-16-phenyihexadec-9-enoate (61 un analogue of ethyl oleate (3), was
synthesized and administered to the cultures ot S, cellulosae which nomully produce
fungichcomin (2) as the principal polyene antibiotic. These cultures showed reduction ot
fungichromin biosyvnthesis but afforded four new polvene antibioties with truncated tour
carbon side chains, designated as isochainin (19) an isomer ot chainin (18)),
14-hvdroxyisochainin (2¢), I'-hydroxyisochuainin (21, and 1 13-dihydroxyisochainin
(22). The close correspondence of P3C NMR chemical shitts between these compounds
and fungichromin suggests that the stereochemismy aevery site is exactly analogous.
When two oxaoleate analogues, ethyl (Z)-13-butoxytridec-9-enoate (7) and ethyl (Z)- 16
methoxyhexudec-9-enoate (8) were synthesized and added 10 cultures of S. cellnlosae,
polyene production was drastically reduced and no new polvene was detected.

Transtormation of 14C-lubeled filipin 111 (d4a). which hus one oxygen atom less
than fungichromin (2), into fungichromin suggests that 2 is biosynthetically derived trom
4a by insertion of an oxygen atom at the C-14 position of 4a.

Biosynthesis of the polyketide dehydrocurvularin (3) by A. cinerariae was
examined by incorporation of N-ucetylcysteamine (NAC) thioesters of (35)-12,3-13Ca}-3-
hydroxybutyrate (34d). (7S.2E)-|2.3-13Ca]-7-hydroxyoct-2-encate (82d), and (7526
[6,7-13Ca. 7-hvdroxy-180]-7-hydroxyoct-2-enoate (82f), in conjunction with potential
B-oxidation inhibitors. into 3. These studies showed that the time of addition of these
compounds to cuitures of A. cinerariae was critical for their intact utitization. The use ot

B-oxidation inhibitors together with these compounds. s well as a high glucose



replacement medium for the culture. is thso crucial for the intact incorporation ot the
precursors.

Analyses of coupled resonances in the 13C NMR spectra of 3 indicate that the
incorporation of 82d and 821, in the presence of 3-retradecylthiopropanoic acid (86b) as 4
B-oxidation mnhibitor. proceeds with very litte it any. degradation ot the tetraketide i Co)
portion ot the molecule. These results suggest that the enzyme-bound intermediates

resembling 34d and 82d are the biosynthetic precursors ot 3.
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INTRODUCTION

MECHANISM OF POLYKETIDE FORMATION

The polvketides are members of a large and diverse cliss of nutural products that
includes substances such as pienols, quinones. xanthones. tlavonords. and numerous
myvotoxins. These compounds are generally secondury metbolites of bacteria tuny: or
plants. Many of them exhibit interesting biological properttes. Typieal examples of
polvketides exhibiting such properties are: daunorubicin - an anucancer agent
ervthromycin, oleandomycin, leucomycin, spiramycin and midecamycin - clinically usetul
antibiotics: FK 306 - an immunosuppressant: aflitoxins and ochratoxins - potent
CArcinOgenic agenis.

The diversity of polvketide structure is bound to a common origin: therr molecular
architecture is constructed according to a regular structural pattern. Colliet 1907 tound
that many “polvacetates” could undergo basic cvelization reactions to produce phenolic
compounds.! For example, when diacetylacetone (a rriacetic acidy is treated with strong
alkali, orcinol forms through intramolecular condensation (Scheme 1. path a). Under

weaklv alkaline conditions, intermolecular condensation predominates (Scheme I, path by

Scheme 1.
HQ OH
o o o orcinol
diacetylncetone
Jpamo
OH
OH O (@) oH OH O



Similarly, dehydroacetic acid, a tetraketide, rearranges to orsellinic acid under basic
conditions (Scheme 2). Collie suggested these and related experimental observations could

account for the biological formation of many natural products. but his theory was ignored.

Scheme 2.

COOH

H OH

dehydroacetic acid orsellinic acid

In the early 1950s, Birch suggested that in their biosyntheses, polvketides are
derived from B-polyketomethylene (or polyacetate), which itself originated from head-to-
tail linkage of acetates by a process similar to fatty acid formation.2 The "acetate
hypothesis” came largely from attempts to extrapolate the known biological si gnificance of
acetic acid as a building unit in the biosyntheses of fatty acids and sterols, to phenolic and
enolic compounds. In the original hypothesis. a B-polyketomethylene intermediate could
then undergo secondary reactions, such as aldo! or Claisen cvclizations, to form the ring
structure. Subsequent modifications of the molecule by oxidation, dehydration, or
alkylation would then afford the final polyketide product. An example of the application of

this hypothesis to the biosynthesis of orsellinic acid is shown in Scheme 3.

Scheme 3.

o] o]
o] -3HO o OH OH
4 — i
OH (o] o] H OH
polyketide orsellinic acid

intermed:ate



In 1955, Birch and coworkers utilized in vi. - incorporation of radiolabeled acetate
into specific locations in 6-methylsalicylic acid to provide the first expernimental evidence

for the "acetate hypothesis”.3
e COOH

Me OH
L4 L)

CH;'*COONa

®
6-metnylsalicylic acid
Since then, this idea has been supported by many experiments. Radioactive labeling in the
biosynthetic field, and the use of stable isotopes in combination with modern NMR
techniques have become powerful and standard operations for the elucidation of
biosynthetic pathways and have assisted in structure determination.*

It is now generallv accepted that polyketide biosynthesis occurs through a series of
condensations of two carbon units in 2 manner similar to that of formauon ot fatty acids as
proposed by Lynen.5 Faity acid synthase proceeds by condensation of a starter unit
(commonly acetite) to an extender unit (malonate) with concomitant decarboxylation

(Scheme 4). The B-keto group of the resulting extended chain is then fully processed

Scheme 4.
o 1 cycle o O oH O
)‘\ — el )l\)l\ "—""——"’[H] /k)']\
-
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COCH R SEnz R SEnz

fatty acids



(reduced), and the cycle resumes with the condensation of a new extender unit. However.
most polyketides contain structural complexities. These arise principally by the use of
different extender units at certain steps and variations in the extent of processing of the
B-carbon (B-keto reduction, dehydration, reduction) as shown in Scheme 4.

Two models for the first steps in the biosynthesis of polyketides have been
reported.6.7 Scott and co-workers used an acylated catechol model to mimic the
condensing enzyme complex in polyketide biosynthesis.® Catechol acetate malonate. upon
reatment with two equivalents of isopropyimagnesium bromide, undergoes an
intramolecular acety! ransfer reaction to form catechol monoacetoacetate (a chain elongation

product) (Scheme 5).

Scheme 5.

o]

o o/lk

2>—MgBr Mo o
C[ M OEWO - QOM

&9 b
~ Mg’
catechol acetate maionate catechol monoacetoacetate

In a second model. a similar intermolecular acety! transfer reaction was successfully
achieved by using a thiolmalonate-thiolacetate system.”

The nature of the polvketide synthases, which appear to be multienzyme complexes
that resemble the fatty acid synthases, still remains unclear. With the excepticn of
polyketide synthases that form simple aromatic compounds (e.g. 6-methylsalicylic acid
synthase, orsellinate synthase, and chalcone synthases),8 the cell free production of
complex polyketides or isolation of their assemnbly enzymes has not been reported. The
condensation process of simple building blocks 1s very complex and includes a whole array

of consecutive reactions which are still rather poorly understood. For example, in the



biosyntheses of curvularin (1) and curvularin-related compounds (Scheme 6 and 7). the
metabolites may result from different degrees of processing (e.g.. reduction and
dehydration) (Scheme 6)!1 and different folding (Scheme 7)9:10 of the polyketide

intermediates.

Scheme 6.

CH,;COSENz + 7 IHz COSEnz

\ OOH
|
e o -
v \ \
0\/
H H
(o) o)
HO O HO (@) OH

curvularin (1) 12-oxocurvuiarin 11-hydroxy-12-oxocurvuiann

(8]]



Scheme 7.

CH3COSEnz + 7 in COSEnz

I OOH
T B e m
' ' i
EnzS [o) o HO HO
SEnz o SEnz
(o) o ()
o] o 0
(o) o) F

curvularin (1) de-O-methyllasiodiplcdin resorcylide

Recently, some progress has been made regarding the roles of hypothetical
intermediates such as propionate-derived di- and triketides in the biosyntheses of
erythromycin, 12 tylactone. !3 nargenicin,!20-1% and nonactin.!3 In these investigations.
13C labeled di- and triketides. activated as the N-acetylcysteamine (NAC) thioesters were
fed to producing cultures of the relevant microorganisms. A small aortion of these key
precursors was incorporated intact into the antibiotics. Several branched chain fatty acids
and related ketones!6-20 which represent putative intermediates in the formation of the
parent aglycones for the sixteen-membered nng macrolides, tyiosin‘6 and mycinamicin.”
were isolated both from mutants and producing cultures of Streptomyces and
Micromonospora Species.

Genetic research has provided key insights into the mechanism of polyketide

biosynthesis.21-28 The sequence of the ervA gene of Succharopolyspora erythraea which



encodes the presumptive polyketide synthase responsible for the formation of the
erythromycin aglycone. 6-deoxyerythronolide B, was independently reported by two
groups.21.22 These genes are organized in six repeated units that encode farty acid
synthase (FAS)-like activities. Each of these genes uappeurs 1o encode a tunctional unit
which is responsible for one of the six chain elongaton steps required tor the tormation ot
this polyketide.

The work cited above centers on the biosvntheses ot propionate-derived
polyketides. However, intact utilization of functionalized acerare-derived polykeudes has
not been previously reported. Thus, we wish to incorporate advanced precursors mnto
acerate-derived polyketide antibiotics su * us fungichromin (2) and dehydrocurvularin (3)
(Figure 1) and therefore to determine their biosynthetic pathway. A part of this work

recently has been published.>?

Figure 1. Structures of fungichromin (2) and dehydrocurvularin (3)

OH OH OH OH OH

HO

HO o

FUNGICHROMIN, A POLYENE ANTIBIOTIC

Fungichromin (2) and the filipins (4) (Figure 2) belong to the group of macrocychic

polyene antibiotics, a class of over 200 compounds. produced by Strepromyces species.



that possess antifungal and antiprotozoal activity. 7051

Figure 2. Structures of filipins (4)

OH OH OH OH OH

PN N N N

tungichromin 2 R,=Ry=R; =OH

hhipsn 11 43 R,1= R, = OH, R3y=H
tittpin 11 4b Ry=Ry=H, R3=0H
tilipin | ac R.l:Rz:Rg:H

All the polyene antibiotics have certain common structural features. They contiin
macrolide lactone ring ranging from 13 o 43 atoms. The presence of the Lictone conters .
highly characreristic peak on the infrared spectru of these compounds. This ring hus a set
of three to eight conjugated double bonds on one side and a set of hvdroxyl groups on the
other side. The polvenes absorb very strongly in the ultraviolet, with the absorption
maxima depending on the length of the polyene chain. Accordingly, they cun be classitied
as tetraenes, pentaenes, hexaenes, or heptienes by the characteristic UV-visible absorptions
of their chromophore.32-37

Several members of this tamily have been in world-wide clinical use for many yeurs
despite their toxicity.38 For example, amphotericin B and nystatin (Figure 3) remain the
best tredtment for many fungal infections in humans, and some polyenes also act
synergistically with antitumor agents.”? Their activity is due to their ability to interact with
sterols in cytoplasmic membranes to generiate pores which allow loss of cellular

constituents. S



The isolation of pure polyene compounds is often difficult because they are mitably
present at very low concentrations, and in many cases, several structurally similar polyences
co-occur. They also display limited solubility in both aqueous solution and organic
solvents and tend to be non-crystalline and highly reactive. Despite the tong medical use of
these polyene antibiotics, until recently the only member of this cluss whose complete
stereochemical structure had been determined was amphotericin B (Figure 310 The lack
of stereochemical information is an obstacle to the study of structure-activity relationships.

which would assist development of therapeutically usetul compounds.

Figure 3. Structures of some polyene antibiotics

HO HO HO HO HO HO

mycoticin A R=H
mycoticin B R = Me

nysiatin A.
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However, great progress has recently been made on chemical synthesis. structure
clucidation, stereochemistry, and isolation of new polyene antibiotics.*!-30 For instance.
Nicolaou's group accomplished the total synthesis of amphotericin B in 1988.412 In recent
work, Schreiber ez al. elucidated the complete stereostructure of mycoticins A und B
(Figure 3).*Y NMR techniques have been used for the assignments of the stereostructure
of vacidin A 270 pimaricin,*8d and nystatin A%83 (Figure 3,. The stereochemical
assignments of pentaraycin, a polyene antibiotic from Strepromyces pentaticus with the
same gross structure i-5 fungichromin (2), have also been reported.>0

Riosynthetically. the polyene antibiotics are typical polyketide metabolites. Hence.
the macronyclic ring of poiyenes probably arises from acetate and propionate.f'l Birch er
al.52 first found good incorporation of [14C]-labeled acetate and propionate into nystatin
aglycone, and similar results have been obtained with amphotericin B,53 lucensomycin,>?
candicidin. 55 fungimycin,56 and levorin.>7

Fungichromin (2) is produced by Streptomyces cellulosae.310.31¢ The antibiotic is
identical with lagosin312 from Streptomyces roseolutews and with cogomycin312 from
Streptomyces fradiae. The structure of 2 has been independently determined by twe
separate gr0ups.58 Filipins (4), polyketide metabolites3I¢ from Strepromyces filipinensis
having very similar structures.59 co-occur with fungichromin (2) in S. cellulosae.

Studies by the Vederas group on fungichromin (2) were the first examples of the
use of NMR and stable isotope techniques to examine polyene antibiotic biosynthesis.®)
From this work, it is clear that fungichromin (2) is derived from one propionate unit,
rwelve acetate units, and one intact octanoate unit, condensed in the head-to-tail fashion
typical of polyketide biogenesis (Scheme 8).60 Interestingly, the side chain of 2 (C-1 to
C-6' fragment) is derived exclusively from oleate. as demonstrated by the incorporation of

ethyl [18-2H3] oleate into 2.60



Scheme 8.

) a
J) O, c¢xygen

on on on o o PSS

\/I\ /k |
o - /\/\/\/k,
propwonate acetate octanoate

DEHYDROCURVULARIN, A MACROCYCLIC PHYTOTOXIN
The macrocyclic lactone dehydrocurvularin (3) and closely related compounds
(e.g., curvularin (1)) (Figure 4) are produced by a number of fungal species, especially

members of the genus Alternaria which are potent plant pathogens.61

Figure 4. Structures of curvularin (1) and dehydrocurvularin (3)

HO

HO o

11
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This class of compounds possesses interesting biological properties.62 Robeson and
co-workers6!i identified the major phytotoxic component from Alternaria macrospora as
dehydrocurvularin (3); this fungus causes a cotton leaf spot and twig blight disease, and
has been found on cotton in China, Africa, India, South America, Israel, and the USA.63
Since this compound also attacks weeds, it has been suggested as a potential biocontrol
agent.54 Recently, dehydrocurvularin (3) and curvularin (1) have been reported to have
remarkable inhibitory activites against the proliferation of sea urchin embryo cells, and
therefore could be used potentially as regulators in studying the mechanisms of cell
growth.03

Curvularin (1) was isolared from the culture filtrate of a species of Curvularia in
1952, and its name was proposed by Musgrave in 1956.66 Chemical syntheses of 1 have
been reported by several groups,®7-70 and its biosynthesis was investigated by Birch and
coworkers in 1959.71 Incorporation of [1-14CJacetic acid into curvularin (1), and Kuhn-
Roth oxidation gave acetic acid from C-4 and the attached methyl group. Degradation of

this acetic acid demonstrated that all of its radioactivity is in the carboxyl carbon.

CH,''COONa - -——

A head-to-tail condensation of eight acetic acid units was proposed on the basis of these
results.

Secondary metabolites having structural features similar to 1 have also been
reported.%-10 Lasiodiplodin and de-O-methyllasiodiplodin were isolated from

Lasiodiplodia theobromae.9 Their structures were determined by chemical degradation and



o. o
RO (o}
H
o)
HO o HO
R = Me, lasicdiplodin
curvularin (1) R =H, de-O-methyltasiodiplodin

spectrometric methods. The fungal metabolites cis-resorcylide and rrans-resorcylide are
potent plant-growth inhibitors isolated from a Penicillium species. ! Two aliphatic
12-membered lactones, recifeiolide?2 and cladospolide A,73 were also reported.

Our group has described the unambiguous NMR assignments and biosynthesis ot
dehvdrocurvularin (3).7# Incorporations of sodium [2-2H3jacetate and | 1-13C,
180, ]acetate show that 3 is derived from eight acetate units in head-to-tail fashion, and thut
a number of intact carbon-deuterium bonds and carbon-oxygen bonds are derived from the
labeled acetates (Scheme 9). The acetate-derived deuterium occupies the pro-S positions
C-7 of 3. Interestingly, this stereochemical outcome is opposite to that obtained for fatty

acid biosynthesis in the same culture.”4

Scheme 9.

3\)<

I" v «"‘0

s N

HOOCCH ,

Very recently, compounds related to 3. 11-hydroxy- 12-oxocurvularin,
12-oxocurvularin, and citreofuran, have been isolated from a hybrid strain, ME 0005,
derived from Penicillium citreo-viride B IFO 6200 and 4692 (Figure 5).11 NMR analyses
of these metabolites after incorporation of sodium { 1,2-13Csacetate indicate that eight

acetates are utilized to construct each of these compounds.

13



Figure 5. Structures of curv ularin-type merabolites

-0 (o) o
HO HO \(

HO O HO

11-hydroxy-12-cxocurvularnn 12-oxgcurvilann cureofuran
Fungichromin (2) and dehvdrocurvularin (3) were selected for studies of the
mechanism of polyketide formation, not only becuuse both antibiotics have interesting
biological properties, butalso because of the variety of oxidation states present along their
acerate-derived polvketide chains. Furthermore. it also appeared possible that new polyene
antibiotics could be produced by S. cellulosae through incorporation of oleate analogues

into the side chain of fungichromin (2).

I



RESULTS AND DISCUSSION

BIOSYNTHETIC STUDIES ON FUNGICHROMIN
Syntheses of Oleate Analogues and Production of New Polyvene Antibiotics

Our previous biosynthetic studies®0 on funygichromin (2) indicate that itis a typieal
polyketide as detailed in Scheme 8. Analysis of the 13C NMR spectra of samples of 2
derived from lubeled acetiate revenls that, in contrast to the nonmal 2- 1o 3-told signal
enhancements observed in the macrocyclic ring ot 2. there wre no detectable enrichments in
the C-1' 1o C-6" portion. Indeed. no coupled satellites were observed for any of these
signals afier incorporation of {1.2- 3C-lacetate: this type of experiment has been shown o
be more sensitive to small incorporations of labeled precursors.”>-"0 Subsequently,
sodium |1-13Cloctanoate and sodium [3-13CJoctanoite were incorporated into
fungichromin (2) in two separute feeding experiments: the 13C NMR spectra showed C-}
or C-1' 10 be the sole site of enrichment (ca. 3%), respectively. Feeding sodium
[1-13C}hexanoate to cultures of S. cellulosae. 1o test the specificity of octanoate as a unit.
gave 2 in which none of the carbon atoms are labeled.

It seemed feasible that incorporation of chemically modified analogues of the
octanoate unit could give modified antibiotics. Since the incorporation rate of sodium
octanoate into fungichromin (2) is low, more etficient precursors were sought. Ethyl
[1-13CJoctanoate and the N-acetylcysteamine (NAC) thivester of [ 1-13Cloctanoate3! were

svnthesized.

o o
|
/\/\/\/‘o\ost /\/\/'\~)5L 57N\ NHAc

Ethyt {1 -‘3C]octanoate NAC thioester of [1 .13CJoctanoate
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The NAC thioester was chosen because it is thought to mimic the CoA ester and has
been used with success in incorporation studies with advanced putative intermediates in
polyketide biosynthesis.12:13 Both precursors were specifically incorporated into 1. but the
levels of enrichment were low, possibly due to rapid hydrolysis of their ester groups by the
organism. Further studies by Dr. Paul Harrison found that replacement of the fatty acid
source (e.g., Span 85, a mixture whose principal component is sorbitin tri-oleate) in the
medium, with a mixture of 10% ethyl [18-2H3loleate and ethyl oleute (5) gave
fungichremin (2) in which C-6' was extensively deuterated 2H;C. as determined by °H
NMR. These results, together with the observation that [U-13C]glucose is not incorporated
into the octanoate unit of 2, suggest that oleate acts us the sole carbon source for the C-1 10
C-6' portion of 2 (Scheme 10). This may also explain why oleate is required in order to

obtain good production of 2.77

Scheme 10.

oleate

B-oxidation

octanoate

™~

OH OH OH OH OH

It is known that oleate is catabolized by B-oxidation to form dodec-3-enoate, which is then
\somerized to docec-2-enoate. 7579 An enzyme-catalyzed 1.4-addition of water to the o.p-
unsaturated system then follows 1o give 3-hydroxydodecanoate. Further B-oxidation of
this compound to octanoate in S. cellulosae. would afford a plausible explanation for the

observed results.

(o)}



Hence it seemed that replacement of oleuate by an analogue in the normul
fermentation medium could result in new polyenes with a modified side chain (C-1" 1o
C-6"). A number of oleate analogues were then designed and synthesized, including ethyl
(2)-16-phenylhexadec-9-enoate (6), ethyi 14-oxaoleate [(2)-13-Putoxytridec-9-enoate] (7).
ethyl 17-oxaoleate [(Z)-16-methoxyhexadec-9-enoute (81, and ethyl I8-hydroxyoleate

[(Z)-18-hydroxyoctodec-9-enoate] (9).

PAV AV Ve SSVe Ve Ve S
COOEt
5

Ph ANANAN
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6 7a * 120

7b = =*c M

non

C
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/ == COOEt NN NN cooEt
8 9

The oleate analogus 6 wus sy athesized as depicted in Scheme 11, Commercially
available 5-phenylpentanol was transformed to its tosylate 10 and extended by two carbon

Scheme 11.
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atoms via malonic ester synthesis to give 7-phenylheptanoic acid (11), which was
converted to 7-phenylheptanal (13) by a reduction-oxidation sequence (22% overall vield).

The other half of 6 was prepared from 1.9-nonandiol. Treatment of this compound
with 48% HBr in refluxing benzene with the azeotropic removal of water gives
9-bromononanol (14) in 65% yield.80-82 Oxidation of the 9-bromononanol (14) with
concentrated HNO3 using a literature procedure afforded a complex mixture.¥3
Fortunately, sodium periodate together with a catalytic amount of ruthenium trichloride.®*
easily oxidizes 14 1o the corresponding acid 15 in 39% yield. Esterification (98%) with
thionyl chloride and ethanol®3 to 16, and hulogen exchange with NaI36 produced ethyl
9-iodononanoate (17) in 97% yield.

The triphenylphosphonium iodide salt, obtained from reaction of 17 with
triphenylphosphine, is treated with LiIHMDS 1o give the triphenylphosphionium ylide in
site, which condenses with 13 to give a 51% yield of the desired Z isomer of ethyl
16-phenylhexidec-9-enoate (6).87 The stereochemistry of the double bond in 6 is known
1o be c¢is from the 10.5 Hz coupling constant between the olefinic hydrogens. Although
these two protons have nearly identical chemical shifts, the coupling can be seen in the 'H
NMR spectrum at the small satellite signals arising from species bearing natural abundance
carbon- 13 at the olefinic carbons, provided that the allylic hydrogens are simultaneously
decoupled by homonuclear irradiation.

Compound 6 was added in varying amounts (0.5 t0 5.0 g per liter) to growing
cultures of S. cellulosae as a replacement for the oleate esters (e.g., Span 85 or 5) normally
used in the medium. Despite reasonably good growth of the organism, production of
fungichromin (2) was greatly depressed by 6. However, small quantities of four
previously undetected polyene antibiotics could be isolated in pure form by HPLC. Our
previous unambiguous assignment®0 of all 13C NMR resonances of fungichromin (2) was
the key too! for structure elucidation of these compounds. Comparison of the carbon

chemical shifts (Table 1) showed very close correspondence except for two or three areas
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of structural difference. This information together with the positive ion fast atom

bombardment mass spectra (POSFAB MS) and UV spectra characteristic of

Table 1. 13C Chemical shifts for fungichromin (2). isochainin (19). 14-hydroxyisochaimnin

(20). 1'-hvdroxvisochainin (21) and 1'.14-dihvdroxyvisochainin (22,

carbon 13C da.b 13C 34

2 19 20 21 22
29 11.74 11.45 11.80 11.08 11.70
6’ 14.38 ---
28 17.96 18.29 18.30 17.95 17.91
5 23.65 --- --- =
3 26.01 23.60 23.61 19.51 19.52
3’ 32.88 14.21 14.25 14.23 14.23
2 36.22 29.87 30.18 38.36 38.40
12 39.58 42.52 39.50 41.58% 39.54
4 41.38 42.70 42,33 42.86 41.34
10 44.34 14.20 44,15 44.18 34.36
6 45.17 4491 34.%83 45.17 45.21
8 45.33 45.11 45.16 45.26 45.36
2 60.35 54.26 54.40 60.31 60.46
13 70.34 67.50 70.26 67.47 70.38
11 71.45 71.00 71.35 71.12 71.46
1 72.59 30.60 30.57 72.28 72.21
26 73.25 73.15 73.44 73.15 73.30
3 73.41 73.29 73.55 73.60 73.30

7 73.92 73.38 73.56 73.65 73.90



5 74.08 73.55 73.64 73.65 74.08
9 74.20 74.24 74.02 73.91 74.17
27 75.25 74.47 74.58 75.10 75.25
14 78.31 45.21 78.20 45.29 78.32
15 80.43 75.63 80.32 75.83 %(.350
18 129.06 12%.04 129.25 128.35 129.05
17 129.91 129.57 129.79 129.31 12993
24 131.97 132.43 131.99 132.25 132.03
22 133.66 133.62 133.74 133.82 133.67
20 134.13 134.15 13396 134.12 134.13
23 134.21 139.19 134.32 134.12 134.17
25 134.28 134.44 134.37 134.28 134.27
21 134.81 134.57 134.45 134.59 134.85
19 135.36 134.68 135.18 134.96 135.41
16 138.55 140.64 138.71 140.34 138.53
1 172.98 175.43 175.37 173.02 173.01

2100.6 MHz '3C NMR spectrum in methanol-d4 with solvent reference at 49.00 ppm.

bEor details of spectral assignment of fungichromin (2) see ref. 60.

methylpentaenes (Amax 308, 324, 342, 358 nm) indicated that these polyenes are related

to chainin

(kindly provided by Professor K. L. Rinehart. University of Illinois) indicated that 19
possesses a very simil
two materials. Although an authentic sample of chainin (18) was not avail
in opticul rotation (for 19: (o] p25 -24.4 0 (¢ 0.16, MeOH). for 18: [olp2d -112.20 (¢

0.16. MeOH)) and decomposition point (for 19: ~ 190 oC; for 18: 222

(18).30247 Examination of IR and 60 MHz 'H NMR spectra of chainin (18)

ar structure, but we could not conclusively distinguish between the

-224 0C) suggest

20

able, differences



that they may be stereoisomeric at one or more centers. We theretore designated compound
19 as isochainin (Figure 6). The other new polyenes ure close relatives:

14-hydroxyisochainin (20), 1'-hydroxyisochainin (21), and 1'.14-dihvdroxyisochainin

Figure 6. Structures of isochainin (19), 14-hydroxyisochainin (200,

1'-hydroxyisochainin (21), 1'.14-dihydroxyisochuinin (22) and pentamycein (23)

OH OH OH OH OH

N NN N

OH

18 R1=R2=H
19 R1=R2=H

20 R1=0H, R2=H 23a
21 RA1=H, R2=0H 23b stereochemistry opposite
22 R1=R2=0H at C-14 and C-15

All compounds show antifungal activity roughly comparable to that of amphotenicin
B in preliminary tests. The great similarity in 13C NMR chemical shifts and the
coproduction of compounds 19, 20, 21, 22 and fungichromin (2) suggest that the
stereochemistry at every site is analogous. Recently, the absolute stereochemistry of
pentamycin (23) (Figure 6), an antibiotic from Strepromyces pentaticus with the same
gross structure as fungichromin (2), has been reported as being either 23a or 23b.50
Elucidation of the stereochemical relationship between pentamycin (23) and fungichromin
(1) should allow stereochemical assignment of isochainin (19) and its hydroxylated

derivatives 20, 21, and 22 with reasonuable confidence.
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The biochemical mechanism of action of 6 is presently unknown, but it may
undergo partiul B-oxidation to & truncated form which interferes with either octanoate
production or its attachment to the growing polyketide chain. Itis interesting that no
polyenes bearing phenyl groups in the side chain could be detected.

The next goal was to try to incorporate the oxa-analogues of oleate. Two oxa-
oleates, ethyl (Z)-13-butoxytridec-9-enoate (7). and ethyl (Z)-16-methoxyhexadec-9-enoute

(8) were synthesized by Dr. B. J. Rawlings (University of Alberta).

ANAIASANNN Coott AANNSANNN o0k
7a *'C 8
76 = Mc e
In order to determine the effects of 7a on S. celiulosae, fermentations were done
with different concentrations of this material, both with and without added ethyl oleate (5).
Despite poor growth of S. cellulosae (small amounts of mycelia), TLC monitoring of the
organic extracts still showed production of polyenes.
In subsequent studies, media with different fatty acids were employed: 1) Span ¥3:
2) ethyl oleate (5); 3) no added fatty acid: 4) 14-oxaoleate (7a); and medium with 13C/14C
labeled 14-oxaoleate (7b). Because 7a has a toxic effecton S. cellulosae. the amou=nrs
used for the fermentation were reduced to 66 mg/100 mL culture and the amount of ethyl
oleate (3) was also adjusted to the same level (66 mg/100 mL). During the fermentation
process, aliquots (2 mL) were removed from each of the flasks at 36 h, 60 h, 84 h. 108 h.
132 h, 156 h, and 204 h except the one containing 3C/!3C-labeled 7b. The extracts from
these aliquots were dissolved in MeOH (1.00 mL) and 5 uL portions of the resulting
solutions were analyzed by HPLC to check for the production of polyenes. The polyenes
were detected from their absorbance at 357 nm. These results are shown in Figure 7 and

Figure 8.
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tungichromin 2 R, =R, =R3 =0OH

tilipin i 4a R1=R;=0H, R3=H
titipin 4h Ry =Ry,=H, R3=0H
tilipin | 4c Ry=R;=R3=H

Figure 7. The production of polyenes with Spun ¥5.
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Figure 8. The production of polyenes with ethyl oleate (3).

150

100

2 (fungichromin)
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aThe productions shown in the graphs are relative amounts and are obtained by using the
amount of 2 (with Span 85) at 60 h as 1 unit; bAll the polyenes. except tfor 4¢. are
identified by injection of authentic samples on HPLC; ¢HPLC conditions: RP-18,
MeOH/H>0 = 60/40: flow rate = 0.5 mL/min; UV detection at 357 nm; retention time (Rp,

28.5 min for 2, 36.1 min for 4a, 45.2 min for 4b, 50.9 min for 4¢.

For the culture with Span 85 (Figure 7), fungichromin (2) and filipins (4) were not
produced in the initial lag phase (first two days). Small amounts of 2 and filipin III (42)
were detected in day 3. As soon as the bacterial cultures entered log phase (rapid growth).
the polyene antibiotic amounts increased rapidly. On day 5, filipin 11 (4b) and filipin I (4¢)
began to accumulate. Similar results were observed for the culture with ethyl oleate ().
Total amounts of polyenes produced (e.g. at 6.5 days) were about the same for both Span
85 and ethyl oleate (5) media.

For the cultures with 14-oxaoleate (7a), production of 2 and 4 were greatly

depressed and new polyenes were isolated. Fermentation with 8 showed that this
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compound was toxic to S.cellulosae, but less so thun 7 based on the appearance of the
cultures. Productions of polvenes were also low and no new polvenes could be detected

by HPLC. These results indicate that both oxuoleate compounds (7 and 8) are toxic to

N\o/\/\=/\/v\/\cooa /0\/\/\/\=/\/\/\/\
7a " ='%C 8
7b =3¢ Mc

COOE!

S. cellulosae. The biological mechunism tor the observed toxicity is not known, though 1
may be that such oxaoleates ure incorporated into lipids thereby interfering with their
normal functions. This idea is supported by literature precedent: both oxa-™ and thia-*
fatty acids are known to be utilized in triacylglycerols and phospholipids in place of
ordinary fatty acids. For example, 11-oxamyristate (10-(propoxy)decinoic) acid
incorporates into the glycolipid A of Trypanosoma brucei, the protozoan parasite
responsible for the African sleeping sickness, even more etficiently than myristate, the
normal fatty acid precursor.3? The incorporation inhibits the trypanosome growth and kilis
the parasite. Similarly, other oxygen analogues, 12-methoxydodecuanoic acid and 5-
octoxypentanoic acid, are also able to incorporate into glycolipids at least as etficiently as
myristate. In contrast, palmitate, stearate, and an oxyvgen-substituted analogue of palmitaie.
12-propoxydodecanoic acid, are not utilized. These results suggest that the speciticity of
tatty acid incorporation depends more on the chain length than on hydrophobicity. The
production of polyene antibiotics is lipid dependent. probably because the lipid metabolites
(e.g., acetates) act as precursors for antibiotic synthesis. Palmitic or oleic acid also alters
the cellular fauy acid profile and changes membrane structure which may affect the intlux
and efflux of various amino acids.9!

The last oleate analogue initially planned for this study was 18-hydroxyoleate (9).
The synthesis of 9 is illustrated in Scheme 12. Ozonolysis®0 of ethyl oleate (5) affords

ethyl 9-oxononanoate (24), which is required for the final Wittig reaction. The oxidation
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was done at -60 C (dry-ice/CHCl3) in ethanol or methanol to give 24 (65%) ulong with

25 as the other product in 62% yield.

Scheme 12.
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The other half of the molecule was constructed as follows. Protection (653%) of the
hydroxy! group of 9-bromononanol (14) as its TBDMS ether (26)92.93 followed by
halogen exchange with NaI86 produces ethyl 9-(rert-butyldimethylsiloxy)nonanyl iodide
(27) in 91% yield. Wittig condensation37 of the triphenylphosphonium ylide derived from
27 with 24 gives a 10% yield of the desired Z isomer of ethyl 18-(zer:-
butyldimethylsiloxy)- oleate (28).

Deprotection to 9 and incorporation experiments were not done because of the low
yield in the last steps and the disappointing results with other oleate anaolgues. Progress in

other more promising approaches to polyketide biosynthetic studies also discouraged plans

to synthesize 9 in labeled form.



Studies on the Biosynthetic Relationship of Fungichromin and Filipins

The filipins (4). as described in the introduction. belong 1o the class of pentaene
antibiotics. They were first isolated from Strepromyces Jilipinensiy in 19533 The filipin
structure?? was tirst proposed to be 4a (Figure 2) but was later found to be a mixture of

four structurally similar compounds.?3

OH OH OH OH OH

tungichromin 2 R, =R, =Rz = OH

tilipin i1 4a Ri1=R,=0H, Ry=H
tiliptn It 4b Ry=R,=H, R3=0H
tihpsn | 4c Ry=z=R;=R3=H

Bergy and Eble showed that crystalline filipin can be resolved into filipin [ filipin
1. filpin I, and filipin IV, which constitute 4. 25, 53, and 8%, respectively, of the
originul material.93 Filipin | was reported to be @ heptahydroxy, filipin IT an octahydroxy.
and filipin I1I and 1V nonahydroxy compounds by Pandey and Rinehart.96 Recently, from
Edward's study on filipin complex by direct liquid introduction LC-MS, the structure of
filipin I (4b) was proposed to be the 1'-deoxy-derivative of filipin i (4a).97

Since filipins (4) are coproduced with fungichromin (2) by S. cellulosue, they ure
aimost certainly biosynthetically related. For example, 2 could originate trom 4a by
insertion of a hydroxyl group at C-14. Similarly 4a could arise by oxidaution ot 4b
(Scheme 13). One approach to test this hypothesis is to feed a less oxidized polyene (e.g2.,

4a) in labeled form to S. cellulosae and then isolate the more oxidized products (e.g., 2).
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Scheme 13.
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Since the production of 4b and dc are normally low, a method was sought t0
increase the yields of these compounds. Hydroxylation is an important step during later
stages of the biosyntheses of many natural products such as erythromycin,93 rifamycin®”
and trichothecene. 1) The enzymes involved in these reactions are commonly believed 10
be cytochrome P-450 proteins. The P-450 enzymes have been investigated extensively 101
and inhibitors have been examined in biosynthetic or metabolic pathways in plants!92.103
nd mamrmals.101.104 Studies utilizing P-450 enzyme inhibitors in polyketide biosynthesis
were reported recently by Japanese researchers.103.106 Their work shows that when
ancvmidol (29), or S-3307 ((E)-1-(4-chlorophcnyl)-4,4-dimethyl—2-( 1.2,4-triazol-1-yl)-1-
penten-3-ol ) (30) are added 10 cultures of Phoma betae that produces betaenone B@3.a
deoxvgenated intermediate 32, which is not normally present in large amounts, is formed

in substantial quanuty.
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In an attempt 1o enhance the production of labeled flipins 1o be tested as precursers

of fungichromin (2), S. cellulosae cultures were treated with ancymidol (29). Filipin il
(da) and filipin [T (4b} were isolated and purified. Addiuon of labeled 4a 10 S. celludosac
gave a lubeled fungichromin (2), while a sumple of 4b from the same culture wirs not
labeled. This result shows that fungichromin (2) is biosynthetically derived from the
hydroxylation of filipin [ (day ar C-14.

Because S. cellulosae did not produce filipin | (4¢), an alternative method using 5.
filipinensis was examined. Untortunately, the cultures of S. filipinensis in the presence of
the P-450 inhibitors (29 and 30) tuiled to give culficient amounts of filipin I t4¢) tor us to

continue the studies.
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Syntheses and Incorporation of Advanced Precursors into Fungichromin

The biosynthesis of fungichromin (2) is believed to start with acetyl-CoA at the
hydroxyl end of the lactone rirg (C-27 to C-28), which upon condensation with
malonyl-CoA und reduction, gives the 3-hydroxybuwryate (34) (Scheme 14). According to
the polyketide hypothesis. this process is repeated to produce the 6-carbon unit 35. the
pentaene 36, and eventually filipin I {4a). This is then presumably oxidized 0
fungichromin (2). Incorporations of precursors such as 34, 35, and 36 (Scheme 14)

would provide direct evidence to suppo’’ +his hypothesis.

Scheme 14

o) o on
I - . JU\ OH OH OH OH
RS A RS
34

« C2, (H], -HXO
(o} OH
Ix [O
35 ]

OH OH OH OH OH

lax [+ Cp, [H),-HO}
l’ca-lﬂl--"zo

H
SI(QCZ,[H])
em————a—

RS NP N N N s  HO

36 4a
Unfortunately, catabolism of precursors larger than acetate or propionate is a
common problem with whole cell studies of polyketide biosynthesis. N-acetylcysteamine
(NAC) thioesters of pre slonate-derived diketides hive been shown to be incorporated

successfully 1nto tylactone!3 and erythromycin,!2 where the corresponding acids or normal
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esters are completely degraded by B-oxidation. These results prompted us to target the
synthesis of the NAC thioester derivatives of 34, 35 and 36 us potential precursors for
incorporation experiments with 2.

Throughout the following text. the letter ta. b. ¢. d. e. or ) after a number reter to
an unlabeled racemic (a). unlabeled optical active (b). monolabeled (¢). doubly lubeled «dh.
triply labeled (e or f) compound.

Synthesis of NAC [2.3-13C3]-(S)-3-hydroxybutyrate (34d) could be achieved by
rwo methods. In the first method (Scheme 15), designed by Dr. Y. Yoshizawa of our
eroup. labeled sodium [1-13Clacetate (isotopic purity 99% 13C) was converted to the
corresponding acetyl chloride (37) in 98% vyield.1V7 Sodium | 2-13Clacetate (isotopic

purity 99% !3C) was treated with triethylphosphute 1o give ethyl [2-D3Clacetate (38)

Scheme 15.
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(90%).108 The enolate resulting trom the reaction of 38 with LIHMDS was reated with

37 to afford ethyl [2,3-13Calacetoucetate (39d) (63 ) 109110 protection!ll of the
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hydroxy! group of ethyl [2,3-13C3]-(5)-3-hydroxybutyrate (40d), obtained in 89% yield
from Baker's yeast reduction of 39d,112 gave silyl ester 41d. Saponification (80%) 10
42d followed by esterification (72%) with N-acetylcysteamine (45d)113 and DPPA gave
the protected NAC thioester 43d.114 Finally, removall15 of the silyl protecting group with
boron trifluoride etherate yielded the desired labeled diketide precursor 34d (44%)
(isotopic purity 99% 13C5; optical purity 90% ee. Determination of the optical purity of
34d will be discussed after the synthesis of the tetraketide 82d).

In the second approach (Scheme 16),! 10 {nstead of a silyl protecting group. the

Scheme 16.
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terrahydropyranyl (THP) group was used to protect the hydroxy group of 40d. Treatment
of compound 40d with 3,4-dihydro-2H-pyran in the presence of a catalytic amount of
trifluoroacetic acid gave the THP ether 46d in quantitative yield. Hydrolysis of the esicr
group of 46d with sodium hydroxide afforded the sodium salt 47d, which was converted
directly to the mixed anhydride 48d by reaction with methy! chloroformate in the presence

of triethylamine. Reuction of the mixed anhydride 48d with N-acetylcysteamine (45)



followed by removal of the THP group with trifluoroacetic acid in methanol gave 34d
(32% overall yield from 40d) (isotopic purity Y9 I3Ca: optical purity 90 eel.

The doubly 13C-labeled compound 34d cun be obtained conveniently by both
methods. In the first approach (Scheme 15), all reuctions generally give vood vields,
except for the deprotection of the silyl ether by BF3-OEt2 (44d to 34d). which can be
problematic. In the second method, all the reactions procecd quite well provided care is
taken with the acid labile THP protecting group.!10

The second target compound, NAC 5-hydroxyhex-2-enoate (35e) was synthesized

(O9]

GJ

as illustrated in Scheme 17. Selective reaction! ! of the prinmury hydroxyl group of racenmiw

1.3-butanediol with benzoy! chloride gave the benzoyl ester 30a (¥2).

Scheme 17.
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The tertiary hydroxyl group was protected by tert-butyldimethylsilyl (TBDMS) chloride to
afford 51a in quantitative yield. Hydrolysis!!! of the benzoate with potassium hydroxide
yielded the alcohol 52a, which was then converted to the aldehyde 53a by Swern

oxidation (R9%).117.118 Wittig reaction of 33 with 34¢!1¥ guve the o, B-unsaturated
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methyl ester 55e (70%). Hydrolysis of the methy! ester with sedivm hydroxide! ! (71%)
followed by esterification of the resulting acid 56e using DCC!20 gave NAC thioester 57e
(39%). Removall2! of the silyl group with AG 50W-X8 (Bio Rad) cation exchange (H™)
resin in methanol produced the desired racemic triketide 35e in 74% vield.

The synthesis of the 1 5-carbon precursor 36, 13-hydroxy-2-methyl-2.4.6.8.10-
tetradecapentaene, could be accomplished by at least two methods. In the first method
(Scheme 18), the known allylic aldehyde 621! could react with the known
Horner-Emmons reagent 63410 1o yield a conjugated tetraene ester 61, which could then be
reduced :ind reoxidized to the corresponding tetraene aldehyde 58. Coupling of 58 with

the known Horner-Emmons reagent 59119 should give the desired pentaene 36.

Scheme 18.
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In the second approach (Scheme 19), the pentaene 36 would be constructed by the
reaction between the triene aldehyde 64 and the anion 65. which is derived trom 4-bromo-
2-mcthylcrotonaldehyde.‘23 Alternatively. the aldehyde 64 could first react with ylide 54.

and then 59 could be added after functional group modification to produce the final product
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36. In this method, two 13C lubels could eusily be placed into the C-2 and C-3 posinons

of 36 by using [1-13C]-labeled 54 and [2-13C]-labeled 59.

Scheme 19.
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The allylic aldehyde 62 (R = TBDMS) was generated by using Seebach's method

(Scheme 20).111 The 5-(zerr-butyldimethylsiloxy)hexenoate (332 or 692a) was obtained by

Scheme 20.
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36
using the same procedures described in Scheme 17. The ester group was then reduced by
DIBAL to generate the allylic alcohol (70) (93%), which was oxidized by manganese
dioxide (MnO») to the desired aldehyde 62 in 83% vield. Commercially available MnO2
was inactive in the oxidation reiction; however, active MnO2 was prepared by a literature
procedure! 2% and could be stored for muny months in a refrigerutor without losing its
activity.

The Horner-Emmons rexagent 63 is derived from 6-bromosorbate. Itisa versatile
reagent for the synthesis of conjugated double bond systems and has been used in the total
synthesis of amphotericin B.!12b [r appeared likely thut direct bromination of the aliylic
methyl (6-methyl) group of commercially available ethyl sorbate would readily produce
6-bromosorbate. However, this reaction was found to be more complex than we had
imagined: bromination using the literature procedure!25:136 gave a mixture of products
resulting from attack at the 6-methyl group and at the double bonds. Consequently, De
Koning's method was followed (Scheme 21).1224

Furan reacts with bromine in methanol at -45 °C to give the bisacetal 1,1.4.4-
tetramethoxy-2-butene 71 (789%).122b The removal of two methoxy groups at the one end
of the bisacetal 71 under acidic conditions produces 4 4-dimethoxycrotonaldehyde (72)
(72%).122¢ Wittig reaction of aldehyde 72 with 54a affords the conjugated diene ester 73
(64%).1223 Since compounds 71, 72 and 73 contain dimethoxy acetal groups, they are
acid labile. Trace amounts (2-10%) of the deprotected aldehydes were detected in the 'H
NMR spectra. Deprotection of the acetal group of 73 with aqueous acetic acid affords the
conjugated aldehyde 75 as a yellow solid (61%). Reduction of the aldehyde group of 73
by NaBHy in ethanol gives the desired methy! 6-hydroxysorbate (77) along with the
undesired ethvl 6-hydroxysorbute (78) as a 2:1 mixture (quantitative yield). The latter
compound results from the attack of ethoxy anion generated from the basic solution on the
methyl ester group of sorbate. Treatment of the mixed alcohol (77 and 78) with

phosphorus ribromide yields the 6-bromosorbates (79 und 80) (79%). The
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Scheme 21.

\ Bry
H. PO
é o> MeOH. (MeO)Z’CH\/\CH(OMe)z _3__4_. (MGO)ch\/\CHO

71 72

l 54a or 68a
AcOH, AcONa

H,0
oHET A COOR = (Me0),CH -~~~ COOR
75 R=Me 73 R=Me
76 R=Et 74 R=Et
NZBH‘
E1OH
P8ry , ethsr
HO\M/ COOR - Bf\/\/\\\/ COOR
77 R=Me 1) (EHO)P

Toluene, 79 R= Me
78 R = Et / 80 R = Et
o 2). KO'Bu

I
(E10); P "y~ Xy~ COOR

63a R =Me
63b R = Et

6-bromosorbates react with triethylphosphate, and treatment of the resulting phosphonute
with potassium rert-butoxide generates the anion 63 in vine. 10 This could be then coupled
with the aldehyde 62.

Since the Horner-Emmons reagents 63a and 63b, having mixed methyl/ethyl
ester groups were used in the last reaction for making 61, the products were difficult to
separate. However, the IH NMR spectra of the products indicated the formation¢ ¢
required conjugated double bonds. In order to avoid the formation of mixed esters in
future studies. the reduction of 75 should be carried out in methanol. Alternatvely, 76
could be used. This compound should be casily obtained from the condensation between
72 and 68a. Atthis point in the preparation of the advanced precursors 1o fungichromin

(2). feeding experiments with the precursors 34d und 33e were performed under various



conditions. Samples of labeled fungichromin (2), isolated after the administration of 34d
or 33e to cultures of S. cellulosae, gave only non-specific enhancements of their 13C

NMR signals. Thus, no intact incorporation of these precursors had been achieved.

The difficulties with intact incorporation of the di- and triketides into polyketides
cast doubt on the feasibility of successful utilization of large precursors such as 36.
Therefore, rather than completing the synthesis of this labeled precursor, artention was

focused on the problem of preventing degradation of advanced intermediates by whole cell

systems.

BIOSYNTHETIC STUDIES ON DEHYDROCURVULARIN AND INCORPORATIONS
OF ADVANCED PRECURSORS

Introduction: Intact Incorporation of Advanced Polyketide Intermediates

As described in the introduction, the biosyntheses of polyketides resemble those of
fatty acids. and it is believed that the polyketide is assembled in a stepwise manner. The
oxidation level and the stereochemistry of the growing polyketide chain are adjusted after

each condensation step, and prior to the addition of the next extender unit (malonyl-,
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methylmalonyl-, or (-:thylmulonyl-CoA).127 According to this hypothesis,

dehydrocurvularin (3) is formed as shown in Scheme 22.74

Scheme 22.

+Cy,[H] - H20, {H]
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One approach to test this hypothesis is to incorporate the putative intermediates
(e.g., 34 or 82) which have an identical stereostructure and oxidation state to the
polyketide metabolite (3). Low molecular weight acids such as acetic acid, propionic acid.
and butyric acid are easily incorporated into polyketide metabolites. Except for a tew cases
where the precursors serve as the starter units, 128 attempts to incorporite precursors larger
than 4-carbon atoms often fail due to the rapid catabolism of the precursors by
B-oxidation.!29 As a result, only incorporation of the label as acetate/malonate is observed
experimentally.‘29 Several intact incorporations of propionate derived di- and triketides
have been reported recently; 1215 however, in all these experiments, major portions of the
labeled precursors were degraded by B-oxidation buck 1o propionate prior to their
incorporation into the metabolites. As seen in the previous section, attempts 1o inCorporate

acetate-derived precursors such as 34d or 33¢ into fungichromin (2) tailed because ot
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degradation back to qcetates. Thus, the enzymes of B-oxidation would have to be

suppressed in order to achieve the desired intact incorporation of advanced precursors.

The B-Oxidation Pathway

B-Oxidation is a comnion pathway for the degradation of saturated and unsaturated
fatty acids in eukaryotes and prokuryotes.‘30 Fatty acids, stored as riacylglycerols, are the
main fuel reserves of animals and are readily used by most tissues, with a few specialized
exceptions such as nerve cells and erythrocytes. This degradation involves the successive
oxidative removal of acetyl groups from the carboxyl end of long chuin fatty acids.130-131
It was believed to occur only in the mitochondrial matrix in animal tissues until Lazarow
and de Duve reported the presence of a B-oxidation system in rat liver peroxisomes in
1976.132 Research interest in this area has been growing constantly since the identification
of this systern and the discovery of several inherited human diseases due to deficiencies in
B-oxidation enzymes,133-138

In the first step of the process, fatty acid esters can be hydrolyzed to the free fatty
acids by the catalytic effect of lipases. The free fatty acids are then transported across the
plasma membrane through the mediation of the membrane fatty acid binding
proteins,139-142 or by a spontaneous and nonspecitic diffusion across the plasma
membrane, 143144

The first of four reactions in the P-oxidation series is the dehydrogenation of acvl-
CoA to 2-trans-enoyl-CoA catalyzed by acyl-CoA dehydrogenase (Scheme 23). These
enzymes can be classified into three types according to their chain length specificities: short
chain. medium chain, and long chain dehydrogenases. 145-148 The cooperation of short
chain dehydrogenase, which acts on butyryl-CoA and hexanoyl-CoA, with medium chain
dehydrogenase, which is highly active toward substrates from hexanoyl-CoA to

dodecanoyl-CoA, and the long chain dehydrogenase, which preferentially acts on octanoyi-
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CoA and longer chain substrates, assures high rates of dehvdrogenation over the whole

spectrum of normal fatty acids and their chain shortened intermediates.

Scheme 23.
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The dehydrogenases are the most studied proteins among all the B-oxidation
enzymes. Structurally, acyl-CoA dehydrogenases, with molecular weights between
170.000 and 190,000, are homotetramers containing one equivalent of flavin adenine
dinucleotide (FAD) per subunit.!49-153 The dehydrogenation of acyl-CoA thioesters
occurs with loss of one o- and one B-hydrogen to torm the a,B-enoyl-CoA thioesters with
concomitant reduction of the FAD to FADH». The re-oxidation of the FADH> 10 FAD s a
verv complex process that involves several other mitochondrial flavoproteins and electron
transiers. 154155

The mechanism for the reductive half reactions in the dehydrogenation has been

extensively studied but is still not fully understood. 136167 The generally accepted catalyuc



mechanism ot the dehydrogenases involves inizial abstraction of the pro-R-proton at the
«-carbon of the substrate and hydride ransfer of the pro-R-hydrogen at the B-carbon of the
.ubstrate to the N-5 position of the flavin.

The second reaction of the B-oxidation process is the hyvdration of 2-trans-enoyl-
CoA 1o L-3-hydroxyacyl-CoA catalyzed by the soluble matrix enzvme enoyl-CoA
hydratase.!31.168 The third step is the dehvdrogenation of L-3-hydroxyacyl-CoA by L-3-
hydroxyacyl-CoA dehydrogenitse 10 3-ketoacyl-CoA. 131168 The final step is the thiolytic
cleavage of the 3-ketoacyl-CoA thioester 10 an acyl-CoA chain shertened by two carbon
atoms and acetyl-CoA 131,168

For unsaturated fatty acids, two additional enzymes are required to complete their

degradation by B-oxidation (Scheme 24). The enzymes are: 2.4-dienoyl-CoA reductase

0
AN 3\2 SCoA
reductase
R 4\3 SCoA
o
isomerase
R 3/2 SCoA
o

and A3-cis-AZ-trans-enoyl-CoA isomerise. !0 The first enzyme catalyses the
NADPH-dependent 1 4-addition of hydrogen across the 2.4-diene system; the remaining

double bond appeuring in the 3-position. The 3 double bond resulting from this reductive
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stage of B-oxidation is subsequently isomerized to the rrans-2-position by A¥-cis-A-rraes-
enoyl-CoA isomerase.'69:170 thus allowing B-oxidution to proceed in the conventional

manner.

Introduction to Inhibition of 3-Oxidation

Hypoglycin A (83)!7! (Figure 9) is probably the first example of a B-oxidation

inhibitor. and its mechanism of action ~as been studied tor more than 335 vears. This

Figure 9. Structures ot smire ol o :dation inhibitors
COOH R ,COOH R—=—=—=— COOH
H  NH
83 84 85
COOH
R. g~\~CO0H =T~~"“cooH R/\r
Br
86 87 88

unusual amino acid, (+)-2-amino-2-methylenecyclopropanepropionic acid (83), 1s present
in unripe ackee fruit and is the causative agent for Jamaican Vomiting Sickness. 72174
While the ripe fruit serves as a dietary staple in Jamuaica. ingestion ot the unripe frult causes
severe hypoglycemia and often death in man. During the efforts 1o examine mammalian
B-oxidation systems, many other inhibitors were discovered. Some of these compounds
are shown in Figure 9.

Hypoglycin A (83) is transaminated in animal cells 1o methylenecyclopropane
pyruvic acid (89) (Scheme 25) which is then oxidatively decarboxylated 1o (R1-2-

methylenecyclopropane acetyl-CoA (MCPA-CoA ) (90), an irreversible inhibitor of several

)



Scheme 25.
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acyl-CoA dehydrogenases.175.176 The inhibition of acyl-CoA dehvdrogenase by MCPA-
CoA is believed to proceed via a radical process that involves the opening of the
methylenecyciopropyl ring of MCPA-CoA (90) and formation of a covalent adduct with
the flavine adenine dinucleotide. thus inactivating the enzyme.!77.178

1.Pentenoic acid (87, Scheme 26), the first recognized 3-ketoacyl-CoA thiolase

Scheme 26.
N COOH e P cosCoA —-——-b( ==\n/\co'5CoA )____..anhibition
87 91 o
n\/\r COOH n\/ﬁ\(coscm £nz n\/ﬁ\( COSCcA
one—— ma——
Bt Br Enz
g8 92 inactivated

inhibitor, was discovered during structure-activity studies on hypoglycin (83). Itis
activated to 4-pentenoyl-CoA in animal cells, and then dehydrogenated to 2,4-pentadienoyl-
CoA (91) (Scheme 26),176 an inhibitor of 3-ketoucyl-CoA thiolase. Similarly, 2-
bromooctanoic acid (88, R = CsHog, Scheme 26) is metabolized 10 92 it is believed that

subsequent nucleophilic displacement of bromide resulis in the inactivation of the

thiolase. 170
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Some other potential B-oxidation inhibitors (93, 94, 95. und 96) were designed
and svnthesized in our laboruatory; the rationale for possible enzyme inhibitnon by these

compounds is presented in Scheme 27.

Scheme 27.
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The 2- and 3-alkynoic acid derivatives (84 und 85, Scheme 28) are also inhibitors

of acyl-CoA dehvdrogenase.!79 Deprotonation at the a-position of 84 by the

dehydrogenase would result in the anion 98, which could isomerize to - . Love ullemc
compound 99. The double bond in the allenic intermediate is conjuy oo 2D the curbony
group, and thus 99 behaves us « strong Michael acceptor. Nucleoe . - tack on the

conjugated allene by the enzyme would result in enzyme inactivation (Scheme 28). 159180

Scheme 28.
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Esterification of the 2-alkynoic acid 85 to an akynoyl-CoA derivarive wouid activate the
riple bond, and the Michael attack by the enzyme on the triple bond wouid inhibit the
enzyme (Scheme 28).18!

From the inhibition studies that will be discussed below. we found that the alkynoic
acid type compounds generally give better inhibition results. 4-Pentynoic acid (101),
ethyl 3-hydroxy-34-pentynoate (102) and the 4-pentynoic acid derivative (103) (Scheme
29) were also used in our studies. This class of compounds may be metabolized to the

activated form 106, which could react with and disable the enzyme.

Scheme 29.
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The 4-pentynoic acid derivative (103) (Scheme 30) was synthesized because it is

similar to N-acylglycinate and therefore it might have a better chance to pass through the

Scheme 30.
eocsn . e = "
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plasma membrane. To obtain this compound, pentynoic acid (101) was aeated with

benzyl glycinate (p-TsOH salt) in the presence of diphenylphosphoryl azide (DPPA) and
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triethylamine to give 107 (94¢-),182 which was then selectively hydrolyzed to remove the
benzyl group to afford 103 in 15% yield.

Ethyl 3-hydroxy-4-pentynoate (102) was svnthesized by Dr. Fionna M. Muartin of

our group (Scheme 31). Trimethylsilylacetylene (108) was tirst treated with cthyi

Scheme 31.
1). EtMgBr
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110 102
magnesium bromide, and the resulting intermediate wus quenched with DMF 1o give the
acetylene aldehyde 109 (80%).183 Aldol-type condensation ot 109 with the enolate
derived from the reaction of ethyl acetate with LIHMDS afforded the silyl protected
alkynoate 110 (77%).110 Deprotection!8% of the trimethylsilyl group by
tetrabutylammonium fluorids in THF gave the desired ethyl 3-hydroxy-3-pentynoate (102
in 77% yield.

The syntheses of 3-alkynoic acids (84) from direct oxidation of the corresponding
3-alkynols proved to be troublesome. Several commercially available 3-alkynols (111 (R
= H. Me, Et) (Scheme 32) were treated with sodium persulfate and catalytic amounts ot
ruthenium michloride in basic solution according to the literature procedure. 199 All the
reactions failed to give the desired products. but insteud produced complex mixtures
of unidentified compounds. The allenic intermediates (112) probuably torm in these
reactions and react with nucleophiles (e.g.. hydroxide). In contrast, 5-hexynol (1135 wis

easily transformed into the 5-hexynoic acid 1114) (Scheme 32) using the same method.* ™"



Scheme 32.
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Because the alkylthiopropionic derivatives (86) were reported to be very potent
inhibitors for the acyl-CoA dehydrogenase,‘3‘16 they were subsequently synthesized from
the reaction of alkyl bromides (115) with 3-mercaptopropionic acid (116) under basic

conditions by Dr. Fionna M. Martin (Scheme 33).187

Scheme 33.
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The well-known P-oxidation inhibitor, hypoglycin A (83). was isolated from the
unripe ackee fruit,’¥8 which was brought from Jamaica by Dr. Evon Bolessa of our
group. Since the active derivative of hypoglycin A (83) is MCPA-CoA (89), the
syntheses of its analogs, methylenecyclopropaneacetic acid (121) (MCPA) and the NAC

thioester derivative of MCPA (122) were undertaken (Scheme 34).139 The carbenoid

48

generated in situ from 1.1-dichloroethane and BuLi added to the double bond of THP ether

117 to afford the cyclopropyl derivative 118 (33%). The starting material 117 was

available from the treatment of 3-butenol with 2.3-dihydropyran under acidic conditions

(92%). Basic elimination of HCI from 118 produced the methylenecyclopropyl compound

119 (86%). The THP group was remc  d (quantitative yield) under acidic conditions, and

the free alcohol 120 was oxidized by Jones' reagent to the MCPA 121 (78%). Finally.



121 was converted to th2 thioester 122 in 446 yield using the method developed tor the

synthesis of 34d.

Scheme 34.
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Intact Incorporation of Advanced Precursors into Dehydrocurvularin (3)

With the previously prepared doubly 13C-labeled 3-hydroxybutanoate thioester 34d

and a variety of B-oxidation inhibitors in hand. the feeding experiments with A cinerariae
were initiated. However, analysis of the 13C NMR spectra of labeled dehydrocurvularin

(3) isolated from these fermentations indicated that all the initial experiments tailed to give

o) o

HO o



intact incorporation of the labeled precursor 34d. but rather showed the incorporation of

labeled acetates, derived from the 3-oxidation of 34d.

It is known that a high concentration of glucose cun partially suppress the
B-oxidation puthway in mammualian systems because their acetate replicement can be met
by the catabolism of glucose. 168 A replacement medium with high glucose was thus used.
The precursor 34d and B-oxidation inhibitor (4-pentynoic acid (101). or ethyl
7.bromoacetate (93)) were added to the cultures of A. cinernariae with the replacement
medium. Again, intact incorporation of the lubeled precursor was not observed. To
overcome this problem, other measures had to be taken to reduce the degradative ability of
B-oxidation enzymes.

One approach would involve the use of a mutant of A. cinernariae having limited B-
oxidation capacity compared to the wild-type organism. A mutant lacking the ability to
grow on fatty acids as the sole curbon source may have a low B-oxidation capability.
Therefore. mutagenesis of A. cinerariae was attempted. A mutant unable to grow well on
fatty acid (oleic) culture was generated by Dr. Yuko Yoshizawa of our group and another
precursor incorporation experiment was performed. Labeled 34d, along with the B-
oxidation inhibitor, 4-pentynoic acid (101), were administered 1o the replacement medium
of the mutant A. cinernariae. In the 'H decoupled '3C NMR spectrum of labeled
dehydrocurvularin (3) isolated from this experiment, two small coupled signals were
clearly observed for the resonances of C-5 and C-4 (Figure 10). In addition, there were
also large singlet peaks due to the natural abundance of I13C and breakdown of 34d to
labeled acetates before incorporation. The coupled 13C-13C doubiets in C-4 and C-5 are

unequivocal evidence that some 34d had been incorporated into 3 as an intact unit.
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Figure 10. Expansions of IH-decoupled 13C NMR spectra of 3 after incorporation ot

34d

c-4 ‘\t C-5
] | I |
73.0 725 350 345
PPM PPM

With the success of this preliminary experiment, other B-oxidation inhibitors were
tested in order to improve the inwact incorporation rite for the precursor 34d. The results
from these experiments are listed in Table 2.

Intact incorporation was observed in certain cuses. and it appears that d-pentynow
acid (101) is the best of the B-oxidation inhibitors tested (Table 2). Interestingly, the best
intact incorporation rate (5%) with 101 as inhibitor is less than half that observed by Dr
Yoshizawa (12%) with the same inhibitor. In Dr. Yoshizawa's experiment the precursor
34d and inhibitor 101 were fed to the mutant A. cinerarige in two portions at 12 h
intervals starting at 96 h. In the above experiment. 34d and 101 were added four times
24 h intervals starting at the same time. Itappears that the timing of teeding the precursor
(34d) and inhibitor (101) is crucial for the intact utilization of 34d. This idea was
confirmed by a better intact incorporation (>12%) of 34d in the presence of 101 witha

new feeding protocol (fed four umes beginning at 96 h at & h intervals).



Table 2. Effect of B-oxidation inhibitors on intact incorporation of 34d into

dehydrocurvularin (3).

COOH H— COOH = ,COOH ==‘\\/\COOH
H o5 M2 84a 85a R =CgHi7 87
ﬁ COOH
101 o 103 114
Inhibitor 83 84a 85a 101 103 114
s intact 5 <] 5 5 <l 3

*Inhibitors (total 0.16 mmol) and precursor 34d (40 mg) were added togetherat 24 h

intervals in 4 equal portions in 98% EtOH (total 1.6 mL) 1o 96 h cultures of mutant A.

cinerariae in high glucose replacement medium (125 mL).

**Minimum % intact incorporation is obtained by comparison of the area of coupled

signals and the area of the singlet peak. Absolute incorporation rate in each case is 1-2%.
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The incorporation of the diketide precursor 34d into dehydrocurvularin (3) by wild

type A. cinerariae was then explored. Since the precursor 34d beurs 4 hydroxy group at
the B-position, one of the first degradative enzymes to operate on this compound would

probubly be a B-hydroxyacyl-CoA dehydrogenase, which would oxidize the hydroxy!

group to a keto functionality. Based on this idea, it appeared that ethyl 3-hydroxy-4-

pentynoate (102) might irreversibly inactivate this enzyme through mechanism-based

formation of a highly reactive enzyme-bound Michael acceptor, 3-oxo-4-pentynoate.

OH
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! H
/o\.)l\s/SE/NY
. o)



(04}
[89]

Addition of the precursor 34d, in the presence of 102 as a B-oxidation inhibitor, to the
normal or replacement medium of A. cinerariae allows 9% or 14 respectively, of the
labeled diketide (34d) to be incorporated intact into dehydrocurvularin (3) .

As a result of the success of the ubove experiments with a 4-carbon atom precursor
(34d), the syntheses and incorporation of larger precursors (e.g.. 35d and 82d) were

undertaken.

NHAc

35d g2d ©
Prepuaration of the triketide 35d begun with the conversion of {2-13Clbromoacetic
acid (isotopic purity 99% 13C) to its methyl ester with dinzomethane (quantitative yield)
followed by sequential reatments with triphenylphosphine and sodium hvdroxide to attord

the Wittig reagent 54b in 86% yield (Scheme 35).11Y

Scheme 35.

1). PhyP 0
o) CH, N, o 2). NaOH P\/LL
Br — Br\/LL —————— I
<~ ~OH v~ OMe s OMe
54b

Ethyl [1-13Clacetoacetate (39¢) was then svnthesized using the same procedures developed
for the synthesis of 39d. Thus, ethyl [1-13Clacetate (38b), obtained from sodium [ 1-
13Cacetate (isotopic purity 99% !*C) and triethylphosphate, is coupled with acetyl chlonide
1o afford 39¢ (62%).109.110 Buker's yeust reduction (50%) gives 40¢.!12 which is then
treated with TBDMS chloride (99%) to give the silyl ether ester (41¢).  Reduction (877
of 41¢ by DIBAL according to Seebach’s method ! followed by Swern oxidation

(79%)!117 produced the | 1-13Cj-aldehyde 52¢ (Scheme 36).



Scheme 36.
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o o Bakar's yeast DIBAL TBDMSO
¢ "OEt
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O L4
39%c TBOMSCI 40c R=H Swern 52c X = CH,OH

imidazole 41c R = TBDMS cxidation E 53¢ X = éHO

Condensation of the aldehvde 53¢ with 54b gives the o, P-unsaturated ester 55d
(61%) as an inseparable mixture of Z and E isomers (Z/E = 4.5/93.5), as determined by
13C NMR spectrometry. Hydrolysis (95%) of this mixture with sodium hydroxide by a
literature method! ! followed by esterification (93%) of the acid 56d with

N-acetyleysteamine (NAC)!20 leads to the NAC thioester 57d (Scheme 37).

Scheme 37.
T RO,
TBDMSO Ph, p=-_-zucooM¢ BOMSO, NHAC
(/o 54b . /. OR NAC, DCC /. S\)
s . .
] o o
53c 55d R = Me 57d R = TBDMS
NaOH E 56d R= H AG 50W-X8 E 3sd R=H

Attempts to remove the silyl group of $7d with boron trifluoride, 113
tetrabutylammonium fluoride, 199 or a hydrogen fluoride-pyridine complex failed.#1P
However, treatment of 57d with AG 50W-X8 resin in methanol at 40 °C by Corey's
procedure 21 cleaves the sily! group to produce the [2,3-13C]-labeled precursor 35d in
789% vield (isotopic purity 99% 13C5: optical purity 90% ee. Determination of the opticul

purity of 35d will be discussed after the synthesis of the tetraketide 82d).



To synthesize the tetraketide precursor 82d. monolubeled 69¢ wus produced In
79% vield by reaction of the Wittig reagent 68b with aldehyde 33b (Scheme 38), which

wis obtained from the commercially available (8)-1.3-butanediol in the same manner as

Scheme 38.

TBDMSO . TBDMS
“(/ Ph,pZ ~COOE! 0\[/\
0 —
Z A cooEt

68b
53b 69¢
Hy ‘Pd-Cl
TBOMSQ
TBDMSO OIBAL
X Et00
Swern 12ac X = CH,OH 193¢
oxiaation[ — 1550 x = ZHO

shown earlier in Scheme 17.11! The a,B-unsaturated ester 69¢ was then hydrogenated
(95%) to the saturared ester 123¢,191 reduced by DIBAL (80%). and reoxidized

(78%) to the corresponding aldeliyde 125¢.19! The aldehyde 125¢ condensed with Wittig
reagent 54b in raethunol to give & mixture of E-und Z-isomers (67/35) (126d and 127d.
respectively), in quantitative yield (Scheme 39).192 The rjor product 126d was
separated from the minor Z-isomer 127d and converted to the corresponding acid 128d
(quantitativé yield) by treatment of sodium hydroxide.!!? Conversion of 128d to the
NAC thioestar 120d (56%) with NAC and DCC. foilowed by the removal of the silyl

protecting group with boron trifluoride etherate,! !5 produced 82d (53%) (along with

recovered silvi ether 130d (47%)) .



Scheme 39.
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The Z-isomer 127d iz more difficult o hydrolyze than the E-isomer 126d. All
atternpts to obtain the NAC thioester of the Z-isomer failed since the reaction of the Z-acid
129d with NAC resulted in isomerization 0 the E-isomer 130d.

The optical purities of the precursors 33d. 35d, and 82d were determined usiny
the optically active NMR shift reagent. trisl3-(hepmﬂuoropropylhydroxymcthylcne)—(+)-
camphorato), europium (111) derivative {Euthfc)a).193 To determine the optical purities of

34d and 35d (both derived from the silyl ether ester (41d and 41¢)H). the unlabeied

Ey OR OR
_A_~ COOE! _A_ COOE! _A_~COOE!
40aR=H 40bR=H 40c R=H
41a R = TBOMS 41b R = TBDMS 41c R = TBDMS
OR OH J
AN CO0Et  —= — A COSR, OH
L J 2 [)
40d R = H 3ad * e
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racemic material 41a was treated with the NMR shift reagent. Several peaks in the 'H
NMR spectrum then separated (e.g., the CH3 of the ethyl group. Figure 11). When the
optically active labeled 41¢ (for 35d). 41d (for 34d) and unlubeled 41b were treated
with the reagent, only a single isomer could be detected in the corresponding 400 MHz TH

NMR spectra. Subsequently. the unlabeled 41b from both veast reduction of acetoacetite

Figure 11. Expansions of TH NMR spectra of 41a after addition of optically acuve sty
reagent Eu(hfc)3. The amounts of Eu(hfc)s added 1o 3 mg of 41a in 0.3 mL CDCls were

a) O mg: by 1.5 mg: and ¢) 2.1 my)

racemic 41a

P

rro v 11 rl7||IIXIIﬁITIII‘T1

1.40 1.30

and from the lipase catalyzed resolution of the racemic material (41a) were mixed with
known amounts of racemic 41a, and the expected peak separations in the corresponding
IH NMR spectra were observed upon the addition of the NMR shitt reagent. Since the
peaks are not well resolved, the calculated enantiomeric excess tor 41a trom yeast
reduction (95%) and from the lipase resolution (99% ) may not be totally accurate.
However, judging by the optical rotations of the corresponding ethyi (§)-hydroxybutyrute

(402) (+38.70 (veast-reduction) and +341.99 (lipase-resolution); for literature: ~37.29 tor



85% eel96 and +41.60 for 96.7% eel97) both compounds appear to have at least 90% ce
and 95% ee, respectively. Lubeled compounds 41c¢ and $1d were also treated with the
NMR shift reagent, but no expected peuak separation was observed. Theretore. they sheould
ne nilar optical activity (90% ee) to the unlabeled material (from veast reduction). The
p._cursors 34d and 35d, derived from 41d and 41¢, respectively, should posses an
enantiomeric excess of approximately 90%.

The precursor 82d is derived from 51b: treatment of $1b with the NMR shirt

TBDMSO TBDMSO OH
H i crar—— H COSR
OCOCgHs ~ I —""0C0oCeHs AN
51a s1b 82d

reagent Eu(hfc)s produced splitting of the C-4 methyl signal and this result was confirmed
by the same peuak separation on the IH NMR spectrum of the racemic material 51a (Figure

12). The enantiomeric excess for 82d was found to be 70%.

Figure 12. Expansions of lH NMR spectra of 51 after addition of optically active shitt
reagent Eu(hfc)3. The amounts of Eu(hfc)s added o0 3 mg of 51 in 0.4 mL CDCl3 were:
a) 0 mg: b) 0.9 mg; and ¢) 1.5 mg. Since S1b i< derived from commercially available

(3S)-1.3-butanediol , the major peaks (upfield) on specrum ¢ correspond to the S-1somer.

RS 51a f\ ’\ S 51b
- I




The triketide derivative 35d and the tetraketide derivative 82d were then
administered 1o cultures of A. cinerariae. The additions were sinular 1o the previous
method. but were done using i combination of three B-oxidation inhibitors, 102, 364 and

86b. in an attempt to rapidly obtain intict incorporation of these relatively large precursers

HO\|/ HO

L
ke sn RS ‘\.
35d O O god

R = AcNHCH ;CH,

==—\__ COOEt 86a R = Me(CH3);

102 86b R = Me(CH,) ,
Although the isoluted yield of dehvdrocurvularin (3) was fow, P3C NMR analsses
of the lubeled 3 trom these experiments indicated greater thun 30% mact icorporation ot
the tetraketide 82d into 3. However, intact incorporation of triketide 33d wis not
observed. To determine which of the three inhibitors wits most effective 1 assisung the
intact incorporation of 82d. further sxperiments with 82d employved euch of the three
compounds individually as well us hypoglycin (83). The results (Table 3y indicate that the
tetradecyl-3-thiopropionic acid (86b) is remarkably effective at enhancing intact utthization
of 82d. Although the yield of dehydrocurvularin (3) is low ( 1/3 of the normal amount).
there is little if any degradation of the tetraketide precursor. This is evident trom the
coupled resonances in the 13C NMR spectrum of 3 at C-% und C-9 (Figure 135 and also

from the high recovery ot the unutilized precursor 82d (RP-HLPC).

(93}



Table 3. Effect of B-oxidation inhibitors on intact incorporation of 82d into

dehydrocurvularin ¢3).

Rl .~ COOH OH
S
COOH —_— |
v 86a R = Me(CH,), - COOE
NH, 86b R =Me(CH )1, 102
83
Inhibitor no 83 86a 86b 102 86a. 80b
and 102
e Intact 7 7 7 70 16 50

*For 8Ga, there was little preduction oF 3. 7% is an estimated number.

Figure 13. Expansions of IH-decoupled '3C NMR spectra of 3 after incorporation of

82d (i signals due 10 contamination by 82d)

i
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In order to confirm that the other end of the precursor w.s not undergoing un unexpected

degradation, the NAC thioester of (§)-12.3-13CH. T-invdroxy-180]-7-hvdroxyoct-2-enoate



(82f) was synthesized. Incorporation of this precursor w ould confimm that the oxy gen

atomn attached to C-4 of 3 originites from the temraketide.

HOL
3 ,D B
. HO—(- HO
NHAc e 6
S
(o]
(o)

82f 343e

Ou

The same reasoning suggested that the mply lubeled precursor (3e) could help detectany
unexpected changes in the oxidation state with the dikeude precursor.

To ohtain the key intermediate for the preparation of 3de. cthyl 12.3-13C, 324 3
hydroxybutyrate (40e). was generated by sedium horodeuteride (2Hg. Y9 veductuion ot

ethyl 12.3-13C|acetoucetate (39d) (97% vield, Scheme 40). The resulung racenue mistiie

Scheme 406,

() (o] NaBDg4 K D 0O
)’\)j\ o k/u\
" ok - 7T o
39d 40e

30e wus resolved by porcine ancreatic lipase (PPL) catalyzed wransesterificaton with
3 F b

trichloroethyl butyrate (131) {Scheme 41 ) 193 Separation of the desired S-isomer 40f

Scheme 41.

0]
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(16%) from the reaction mixture proved to be difficult, butin a preliminary experiment

ate (402) was isolated in 329% vield with over 93% ce.

unlubeled ethyl (S)-3-hvdroxybutyr c
Thus. the target compound 3de (isotopic purity 99¢¢ 13Ca, 99 2Ha: optical purity 95%
ee; (13¢% overall yield from 30f) was prepared from 401 by a procedure analogous that
used to synthesize 34d (Scheme 16). Unfortunately, the produt 40f was contaminated

ch proved roublesome 10 remove from the small amount ot

with 13% mc.hlorovth.mol whi

lubeled matertal.
Introducing an oxygen-1 g atom into the molecule is the keyv step for the synthesis vt

ven exchanyge rapidly 1n water. preparauon

the tetraketide 82f. Since ketones undergo oxy
of the keto compound 135d was targeted (Scheme 42). The sily! ether 126e, obtained

Scheme 42.

TBDOMSO TBDMSO
* / o
53d L MeQ A
‘ 126d
TBDMSC HO
BF 3 oe«z
CHz
MeO N
O 43ad O 13sd

126e

from |2,3-‘3Cl~3-terr-butyldimcthylsilox_vbumnul (53d) using methods similar to those tor
acts with boron tritluoride etherate 10 give the hydroxy

the prepuration of 126d, re
of 126e). The oxidation of 134d

compound 134d in R7% vield (with 12% recovery
with pyridinium chlorochrosiut (PCC)*b gives the desired keto compound 133d in Y0
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vield. The ketone oxygen of 135d exchanges with SO-wuter under acidic conditions,

to give the 130 lubeled keto compound 135e (Scheme 43). This compound ts immediateis

Scheme 43.
18
H \/
NaBH 4 Q
MeOH
MeO
€ MeO =
O 134e

/\/'\c)c..|2cc'3 fipase

HO:./ TBDOMSO,
:k < TBDMSC!
HAc I wmidazole
s DOl

o 82t o1 25f 1344

P

reduced to the corresponding hydroxy product 134e with sodinm porohyvdride in methanod
(89¢%). The oxygen-13 lubeled racemic 134e is then resolved by Lipase catulyzed
transesterification!93 to afford the S-isomer 134f (19%). This reacts with TBDMS
chloride in the presence of imiduzole to produce the silvl ether 126f (72%) (Scheme 43
The desired thioester 82f (isotopic purity 99 13C», 66% %0) 1> obtuined trom 12061 1
au overall 24% yield using the same strategy developed tor the synthesis of 11y anulogue
82d.

The precursor 82f, and inhibitor $6b, were then administered to 4 culture of
wild-type A. cinerariae as previously described. A portion of the 'H-decoupled B3C NMR

spectrum of the resulting dehydrocurvuiann (3) (C-5 and C-3) is shewn in Figure 14,
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4-decoupled '3C NMR spectra of 3 afier incorporation of
p P

Figure 14. Expansions of
13C.16Q 1Y

13C-1%0 have upfield shifts compuring to signals due o

82f Signals due to

C-a C-5
e 2o
e 2o \
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Integration of the coupled und uncoupled signals tor C-5 and C-4 indicates that no less than

biosynthesis of 3 s incorporated 1ntict. Viore interestingly.

70% of the 82f utilized in the

all the oxveen label is retained in 3 within experimental error.

Untortunately, when the diketide 34e was added 1o the culture of A. cinerdriue, no

intact incorporanon was observed. This is probubly due 0 the fuct that, because of the
ately one-seventh of the normal

small amount of the material, 34e was added in approxim

amount.

CONCLUSIONS

The results from the biosynthetic studies on fungichromin (2) suggest that new

modified polyene antibiotics, such as isochainin (19). 14-hydroxyisochainin 2m.
1'-h_vdrox_\‘isochuinin 2. and 1'.14-d hydroxyisochainin (22). can be produced by
Such an approach.

S. cellulosae through the incorporation of vleate anulogues (e.2. 6).



incorporation of unusual stirter or terminater units into polvketides. potentially could be
applied to other systers und allow production of new antibiotivs,

The results from the biosynthetic studies on dehvdrecurvularin (3) indicate that
NAC thioesters of functionalized diketide and tetraketide precursors cun be incorporated
into acerate-derived polvketides such as dehydrocuryularin (3 by wild-ty pe tungal cultures
under appropriate conditions. Key features tor the success of such experiments appear to
be: 1) timing of precursor addition: 2) use of replacement media for the incorporinon: and
3) simultaneous addition of B-oxidation inhibitors 10 suppress precursor degradation.
Although it s likely that different inhibitors may be suitable for particular precursors, in the
present work ethyl 3-hydroxy-4-pentynoute (102) and 3-tetradecylthiopropanoic acid
(86b) proved especially effective. The reasons for the tuilure of intact incorpo:uron ot
triketide 35d into dehvdrocurvularin (3) are unknown, but the possibility ex..s that the
stereochemistry of the double-bond in the precursor should be cuy instead of trans.
Alternatively. the polyketide synthase machinery may permit loading of external precursors
only at certain chain lengths or oxidation states. Such experiments, in addition 1o
confirming the structures of hypotheticul enzyme-bound intermediates. promuse to atlow
incorporation of altered precursor analogues for biosvnthetic generation of new polyketde

antibiotics.

1]



EXPERIMENTAL

General

All non-ugueous reactons were pertormed in oven-dried glasswire under a positive
pressure of argon. All solvents were distilled. Solvents for anhvdrous reactions were
dried according to Perrin ¢f 4l 9% All reagents employed were of American Chemical
Society (ACS) grade or finer. Air sensitive reagents were handled under an atmosphere ot
dry Ar. Commercial organometallic reugents were obrained from Aldrich Chemical Co.
n-Butyllithium solution was periodicatly frrated aguinst menthol/phenunthroline. Amino
acids and amino acid derivatives ased as storting materials were obrained from Sigma
Chemical Co. Porcine pancreatic lipase was obtained from Sigma and stored at 0 oC.
Freeze-dried specimens of Strepromyces cellidosae ATCC 12625 and Alrernaria Cinerariae
ATCC 11784 were purchased from American Type Culwure Collection (ATCC) (Rockviile.
Muarviand). All commercially available labeled compounds were purchuased from
Cambridge lsotope Laboratories (Woburn, MA). The removal of solvents refers to
evaporation in vdcuo ond rotary gvaporator followed by e\vucuation 10 constnt sample
weight (<0.03 mm Hg). All reactions were followed by thin layer chromatography (TLO)
and visualized using UV tluorescence. iodine staining, dodecamolybdophosphoric acid.
and/or ninhydrin spray (for amino acids). Commercial thin layer and preparative layer
chromatography plates were: normal silica (Merck 60 F-254) or reverse-phase (Merck RP-
R F-254S). Silica gel for column chromatography wus Merck type 60, 70-230 mesh. Flash
chromatography was performed according to Still ¢t al. using Merck type 60, 230-420
mesh silica gel.199 Normal phase medium pressure liquid chromatography (MPLC) used a
column of Merck Kieselgel 60 H (ca. 55¢.2.5x 30 cm). Reverse phase MPLC was
performed on Merck Lobar Lichroprep RP-% column. size B. All solvent mixtures are
listed as volume ratios, and all medium pressure liguid chromutography was performed

using solvents which were previously degussed ander vacuum. The cation exchange resin

86



used wias Bio-Rad AG 50, 30 x 8 (H* form, 30-100 mesh). Water was obtained trom a
Milli-Q reagent water system.

High pressure liquid chromatography (HPLC) was pertformed on either Hewlen
Packard 10828, or Beckman System Gold instruments with variable wavelength UV
detector set at 357 nm (for polyenes) or 293 .. (tfor dehydrocurvularin). Columns were
Waters pt-Bondapuak Radial-Pak cartridges (two reverse phase Radial-Pak Cyg columns. 1
10 and 2.5 x 100) used with a Waters Z-module compression unit. HPLC grade
acetonitrile (190 nm cutoft) and methanol were obtained tfrom Terochem (Edmonton. Al
All HPLC solvents were prepared fresh daily and filtered with a Millipore tiltration sy stem
under vacuum betfore use.

Gas chromatography (GC) was performed on u Hewlett Parkard 3890A insurument
fitted with 2 RSL-300 (10 M x 0.53 bonded FSOT) column (Alltech) with helium as the
carrier gas. Compounds were detected using a flame ionization detector (FID).
Temperatures for kugelrohr distiilation were those of the air bath surrounding the
distillation tlask. and did not necessarily represent true boiling points (bp).

All literature compounds had IR, 'H NMR, iind mass spectra consistent with the
assigned structures. Melting points are uncorrected and were determined on a Thomas
Hoover or Buchi oil immersion apparatus using open capillary tubes. Optical rotations
were measured on Perkin Elmer 241 or 141 polurimeters with a microcell (100 mm. 1 ml
All specific rotations reported were meusured at the sodium D line. Ulraviolet (UV)
spectra were determined on 4 Cuary 210 or u Pye Unicam SP1700 instrument. Infrared
spectra (IR) were recorded on a Nicolet 7199 FT-IR spectrometer. Muass spectra (MS)
were recorded at an ionizing voltage of 70 ¢V on an AEI MS-50 instrument for high
resolution electron impact (ED) ionization and on an MS-12 instrument tor low resolution k1
and for ammonia and isobutane chemical ionization (Ch. Fast atom bomburdment niitss
spectra (FABMS) were recorded on an MS-9 spectrometer. Microunulyses were obtuined

using a Perkin Elmer 230 CHN anulyzer.
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Nuclear magnetic resonance (NMR) spectra were measured on Bruker WH-200.
AM-300, WM-360, WH-300. or Varian 500 instruments in the specified solvent with
tetramethylsitune (TMS) as internal standard for 'H NMR. For !3C NMR spectry, the
deuterated solvent peak was used as the reference with its position set relative to TMS.

Radioactivity was determined using standard liquid scintillation procedures in
plastic 10 mL scintillation vials (Terochem) with Amersham ACS liquid scintillation
cockrail. The instruments used were 4 Beckman LS100C and Beckman 1801, With the
Beckman 1801, the automatic quench control wus employed to directly determine
decompositicns per minute (dpm) in single and dual label samples by comparison aguinst i
quench curve prepared from Beckmuan SH and '4C quenched standards. This automatically
calculates 3H/1AC ratios but the results were confirmed by analyzing random samples with
the addition of standardized 14C-toluene and 3H-toluene solutions (ICN Radiochemicals).
The values obtained always agreed within 5% of those calculated by the instrument.

Radioactive tlc plates were analyzed with a Berthold LB2760 tlc-scanner.

NMR Method for Determine the Enantiomeric Excess of 41 and 51.
'H NMR spectra were determined on a Bruker WH-400 instrument. A solution of tris|3-
(heptatluoropropyl hydroxymethylene)-d-camphoruto], europium (IIH 193 in CDCl3 (30.0
mg/500 ub, 60.0 pg/ul) was added in portions to an NMR tube containing compound 41
or 51 (3 mg/0.4mL) until a peak separation could be distinguished in the 'H NMR
spectrum. For ethyl 3-(tert-butyldimethylsiloxy)butyrate (41), peuk separation appeared
when 25 uL (1.5 mg) of the chiral shift reagent was added. For 3-(tert-

butyldimethylsiloxy)butyl benzoate (51) (3 mg/0.4 mL), the peak separation started when

15 pL (0.9 mg) of the chiral shift reagent was added.

General Procedure for Growth of Streptomyces Cellulosae, and

[solation of Fungichromin (2).00 One treeze-dried specimen of Streptomyces
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cellulosae (ATCC 12625) was soaked in H2O (1 mL) tor 5 min. und the resulting spore
suspension was added to 10 slants (2-3 drops per slant), prepared trom bacto-yveast malt
extract agar (19 g) and H20 (500 mL) which had been sterilized at i 21 C tor 20 min. The
inoculated slants were incubated at 23 OC tor 7 cavs and then stored at 4 9C unul needed.
The resulting mycelium from one slant was suspended in H20 (2 mbL). and the suspension
was added to 2 Erlenmeyer flasks (500 mL), each containing liquid media (100 mL)
prepared from bactopeptone (5 g), DIFCO yeast extract (2.5 ¢). NaCl (4 g), glucose (10 o
and Span 85 (Sigma, 10 mL) made up to ! L with H2O. buttered to pH 7.0 with NaHCOx,
and then autoclaved at 121 ©C tor 20 min. The precultures were incoebated in a fermenter at
26 °C and 165 rpm in the dark for 48 h. A 2 mL portion of the resulung suspension was
then transterred to each of 10 flasks containing medium prepared as above (100 mL/tlask).
the flasks were then incubated under the same conditions. After 3-4 days, the contents
became yellow, and isotopically lubeled precursors were added asepticali= in 4 portivns
24 h intervals. At 24 h after the last feeding, the mycelium (ca. 25 g tresh weight) vwas
collected by vacuum filtration. The filtrate was extracted (hexanes 66%/benzene 34 28
500 mL. then EtOAc, 2 x 300 mL). The mycelium was gently boiled in hexunes
66% /benzene 34% (500 mL, 30 min). The cooled mixture was filtered , and the filter cake
was extracted with boiling EtOAc¢ (500 mL, 10 min). The combined EtOAc extracts were
concentrated in vacuo to afford ca. 1.3 g, of vellow solid, which was taken up in MeOlH,
and filtered. The filtrate was concentrated in vacuo. Column chromatography ot the
residue on Sephadex LH-60 (MeOH) afforded U V-uctive tractions which were
concentrated in vacuo. The residue was taken up in MeOH (5 mL), H0 (2.7 mbL) was
added, and the thick precipitate was removed on a centrifuge. Medium pressure liquid
chromatography (reverse phase, MeOH 63%/H>0 35%, 1 mL/min, 6 mL fractions) ot the
supernatant (5 mL) afforded 20-40 mg of 2 trom fructions 35-40) after azeotropic removal
of solvent in vacuo with EtOH: Ry (silica, CHCI3 229 /MeOH 22%/EtOAC 45%/H2O 117,

lower phase) 2, 0.31; 4a, 0.38. Ry (RP-¥. MeOH 65%/H20 35%) 2, ().35:4a, 0.27. ¢
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NMR wpecual dats is given in Tuble 1: FAB-MS culveerol-sultolune matrix) 693 (MNu,

670 1M,

Fermentation of S. Celliiosae with ethyl [(11-13C.13C]-Butoxytridec-
renoate (7b) and 7a. Fermenraton of S, celluiosae was done in the sume manner 4s
1bove. but oleate analogues 7b und 72 were added 1o the production caltures (66 mg/100
ALy, The culiures were extracted atday 8 in the usuul fashion to isolate labeled the polyene

fractions. No sufficient amount ot poalyenes was isoluted.

Fermentation of S. Cellulosae for Production of 13C. 13C Labeled <.
Fermentation ot S cellulosae was done in the usual rashion with Span ¥3: labeled sodium
[1-1Clacetate 100 my ), sodium 12-13Cacetate (104 mg). sodium [1-1+Clacetate (25 uCh
in 70 E1OH (10 mL) were fed to 10 tlasks (100 mL each) in 5 portions ut 24 h intervals
starting at day 2 together with the P-150 inhibizor anes midol (29) 1256 my) in 70% EtOH
(10 mLy. The cultures were exracted at aay X in the usual fashion to isolate lubeled 40 und
b, After atiad purifivation on MPLC. the fracuons contuning 4a were further puriticd
on HPLC and 4a (931 mg, 3.45 mCi/mole) was isolated. For unitoeled compounds. 4u:
(R (acetone cast) 3264 (bry, 1725 (my, 1075 (m) cm- ' TH NMR (200 MHz, CD30D) o
6056050 (. T i), 6.02 (m. 2 Hy 388 (m, L Hp 383425 0m, X Hy 322 (m. 1 Ho.
257 (m. 1 Hy, 173 €5, 3 FD. 0.20-1.63 (m, 23 Ho 092 3H./=7.0Hz): P3C NMR
data given in Tuble 3 (below): positive tun FAB MS (gheerol) caled for CastsxG P\
67739, found 677.73 (MNuay: b IR tacetone cist 3360 (brj. 1729 (ny, 1077 (n). 1050
Cemels TH NMR (200 MHz, CD3OD) 8 6.30-6.60 tm. 7 H), 6.08(d, 1 H, /=110
Hzo 302 (ddl 1 HL /= 150,60 Hz) 270 tm. 1 Hy 3019 (dd. H./ = 10.5 3.4 Hz..
307.308 (m. 5 HD. 385 tm. L HLL 330 emo 1 Ho. 236 (m. 1 H), 1.2-1.8 {m, 27 H,
097 (. 3 H. /7 = 7.0 Hz): 13C NMR duta ginen in Taple 4 (beiow): positive jon FAB 515

(ohveerob caled tor CisHaxOppNa 661 39 round 6o STOMINQ)



Table 4. 13C Chemical shifts tor fungichromin (). filipin 14y, and nlipin 1 idby

carbon P gub
2 4a 4b

29 11.73 1107 RS
6 13,39 1439 {4 3y
28 17.96 1T oay PN 33
5 23.65 23.67 2302
3 26.01 26.003 MR RS
4 2289 1209 3283
2 3622 In.20 Ay 23
12 3938 41 5% 1280
1 113X 1285 42 68
10 1433 1317 4412
6 4517 1515 11 %53
R 1533 2328 45.07
2 60,33 £t 20 3120
13 7003 7,45 o7 46
il 7145 71012 HERYE
1 7259 72.63 ) 26
26 73.23 7324 73015
3 73.41 7363 73 a1
7 73.92 71 6h 73 39
s 73.0% 770 7T35%
9 74.20 BRICL 740R
27 75.25 7310 74.45
i4 78.31 1328 4516



15 %(0).43 T3.83 73.63

1% 129 .06 12835 12%.07
17 12991 12931 129.36
24 131.97 132.20 [32.3¥%
22 123.66 133.%2 133605
20 13413 13414 RS
23 13421 13429 13322
25 134.2% 12337 131,45
21 134,81 [R1.64 133.3%
19 P 25,00 123u7 13371
16 138.55 140.35 140.60
i 172.9% 17298 175.40

f\

2100.6 MHz 13C NMR spectrum in methanol-dg with solvent reference ot 39.00 ppm.

bFor details of spectral assignment of fungichromin (2) see ref. 6.



Fermentation of S. Cellulusae for Conversion of 42 to 2. Fermentaton ot »
cellulosae wis done in the usaai! fashion with Spun 830 the PO abeled da0d 75
5.53 x 107 dpm. 3.5 mCiymole: 1n 98% EOH (10 mbly wasted to 2 lashs cio0 mil. e
in 3 portons at 23 hontervals strung at day 2. The cultures were entracted atday N oas

usual 1o isolate 2. 4a. and 4b. Atter initial puriticanon on MPLC. i

Wolracuons conbiinin o

2. 4a. and 4b were turther puritied on HPLC:

The specific activity of fungichromin 23

solvents retention ume NESSHTURIG IR
MeOHMH-O LTV cuCnoles

62 3% 24 K26

60 : 30 33 TIN

58 :42 192 TS A

56: 34 355 7404

"HPLC conditions: W cers prepak 23 mm x 10 cm C- 18 columin, flow rate = 4 mbonun

Fermentation of S. Cellulvsae for Incorporation of 34d and 33e¢.
Fermentation of S. cellulosae was done in the usual tashion with Spun ¥5: the labeled
precursor was fed to the production culture (100 mL eichy tn equal poritons to cach thisk
every 24 h for 5 days beginning at 2 duys (For 34d a totial of 102 my was ted 1o 5 thisks

for 35e a total of 20 mg was fed to 4 thusks).

Fermentation of Alternaria Cinerariae to Produce Dehydrocurvularin
{3). The cultures of A. cinerariae ATCC 117%4 were maintained on slunts composed ot
Difico potato dextrose agar (39 ¢/L). Spore suspensions from these were used 1o nocubaie

media contiining Difico potato dextrose broth (24wl The moculated tlasks €125 ol



medium per 300 mL tlusky were placed on a rotary fermenter incubuating at 26 °C (165 rpm
for 7 days. The cultures were filtered and the filtrate was extracted with EtOAC (3 < 100
mL/125 mb of rilirite) to give. atter concentration ot vacto, & vellow gum e, 200 mg,
which was chromatographed on silica (15%% EiOAC in CHClyy 10 vive dehydrocur ulann
(3) (vield 13-30 mg/125 mby IR (KBrjy 3428 ¢bry). 1712 (s 1636 i om b THONMR
(200 MHz, acetone-dg) 0 ©.75 (m. | Hj. 6.5% tm.  Hi 630 am. 2 Ho 270 omud H.
380 (m. 2 H)y. 2.32 (m, 2 Hy, 1.5-2.2 0m. 4H) 1.21«d. 2 H. /=63 Hz) F3C NMR
(300 MHz. acetone-dg) 8 19811 (C-101. 15247 (C-20, 16592 (C-11), 163.31(C-15.
130 35 :C-8y. 139 63 (C-15) 133011 C-on Hio 2 (C-160 113,90 (C-14). 103.16.C-
L2, 7309 (Cady, 2339 0C-1 383 (C 5, 3318 (COTy 23090 0C-A, 2023 1A Men MS

(ED) caled for CrpHxOs5 2901157, found 290118 (N1

Fermentation of Mutant A. Cinerariae for incorporation Experiments.
A mutant isolated by Dr. Yuko Yoshizawa wits used. Fermentations employed the sume
conditions as above except that after 96 h. the myveelin from two Tlasks ea. 10 g)were
filtered and washed with replacement medium consisting of glucose (100 g NaoHPO: ¢
@), MgSO47H20 (0.5 2). KCl (0.5 g): FeSO17H20 (0.01 g) per iter. The myvcelia were
transterred to a 300-mL Erlenmeyer flask contuining 125 mL of rhe replacement mediun.
Labeled precursor (34d 40 mgo) in 0.8 mL of 98% E1OH together with B-oxidation
inhibitor in 0.8 mL of 98% EtOH were added equallyin 4 poitions ut § h intervals.
[ncubation on a rotary shaker at 25 ©C tor 96 h followed by extraction und purification

procedures described above gave 3.

Fermentation of Wild Type A, Cinerariae for Incorporation
Experiments. The procedure outlined above for the mutant was followed. Labeled
precursor (for 34a. 30 mg: 35d. 20 mg: 82d and 821, 153 mg:» in 0.8 mL of 98% EtOH

and B-oxidation inhibitor (for 102, 36 my: tor 86b. 15 mg) in 0.8 mL of Y8% EiOH were

fa



added equally in 4 poruons at ¥ hintenvals. Extraction and puisccation as descrbed above

gave dehydrocurvularin (3).

Ethyl Z)-16-Phenylhexadec-9-enoate (6. A moditication the method o
Anderson and comorkers” was tollow ed. >’ Triphenyiphosphine (330 g0 L2 ommob
17 (3.60 g. 11.5 mmol) in toluene 120 mL) were heuted rettux for 12 h The muinture
was cooled 1o 20 9C, most of the toluene was removed by syringe. DME (100 mba s
added. and the solution was cooled o -60 ©C. To this wus added a ~olunon of

LiN(SiMesin prepare by adding buny Hithium (7 10 mb, 120 Mo hexaned o

nexwmcthy disthazane (23 bl VU nob i THE (0l ot 700 The yhde solution

wis treated with aldehyvde 13 (173 ¢ 9 10 mmoly in D MFE 20 mbo. stirred T hoat 60 e
4nd then warmed to 20 9C. Acetic acid 1 N. 6 mii was udded followed by water {00
mL). The product wis extiuted into hexune (3 < 130 mbL i, dried (Nu2S0s). and
concentrated i cio. The residue was separated by column chromutography esihica 2ot
using hexane/ EIOAC (98/21 10 give 6 (1.65 ¢, 19 IR GCHCH custr 2930 i 7

(m, 1737 (son 1em 3 ey o PHONDMIR (200 MHz. COCly 37 26 0m, 2 HL Ark 7 17

(m. 3 H. ArH). 534 (. 2 H, /= 1.6 Hz, CH=CH). 411 g, 2 H./ =71 Hz, OCHL.

v

60 (1.2 H./ = 7.8 Hz, PhCH»>). 2.28 (1. 2}, J = 7.6 Hz, CH-COOEy, 1.23 (3 H

PO O

St

7.1 Hz. OCH-CH; ., 2.00 (m, 4 11, 2 x Chia), 1.60 tm, JH.2x CHoy B3 omo 14 HOT
x CHa): 13C NMR (75 MHz. CDCl4) 8 17382 (COOED. 14283, 129.82 (2 x C).
128,34, 128 16. 125.51, 60.09 (OCH2), 35304, 3434, 3144, 29.64. 2917, 2914,
39.07, 27.14, 24.93, 14.22 (CH3): MS (ED caled for CaiH3gO2 3582872, found

358.2919 (M): Anal. Caled tor CasiigO2: C.X0.390 H. 10.6%. Found: C 30.%1: H
10.70.

5-Phenyipentyl p-Toluenesulfonate (10). A solution of 3-phenvipentano!

(24.3 g. 148 mmol) in CH2Cla (200 mi.) and nyridine (15.% g, 200 mmol) at O OC WS



=

(o]

reated with p-toluenesulfonyl chloride (31.1 g, 163 mmol). and surred for 12 hat 20 ©C.
The solution was concentrated in vacuo. the residue was dissolved i hexane-EtOAC (600
mL. 9:1), and the resulting solution -as cooled 1o -78 ¢C and “liered to give 10 (317 ¢,
S8 ). IR (CHCls casty D398 15), 1359 (m), 1177 6 em- b THONMR (200 MHz. CDClxy

S 7.80 ¢m, 2 H.ArH), 7.3%-7.10 (m. 7 H.ArHL 203 2HO = 6.% Hz. CH-OTs).

19

35 (1. 2 H. ./ = %.0 Hz, PhCH . 513 (s, 3. OT>-CHp. 1.70-1.36 tm, 6 Ho 3 X

e

Ho): 13C NMR (100 MHz, CDCl3) 8 144,35, 142,02, 13205, 129,70 12820, 125,15,
127.72. 125.61. 70.36. 35.30. 30.56, 28.53. 2434, 21.46: MS (ED caled for
CxHA»OR5 3t "2 "Ctound 31%.1275 (Mo Anal. Caled for CisH22028: C. 67.89: H.

697 ~ o7 boand: Cooex i Hl 6955, 10.27.

7-Phenyiheptanoic Acid (1. A solution of sodium ethoxide (made by
adding soditini (331 g, 143 mmoh o sthanol (150 mLn wos added dropwise to & mixuure
of diethyl majonate (23.1 g. 134 mmol) and 10 (31.7 ¢. 131 mmol) at 80 °C. and heatiny
At 80 OC was condinued for 12 h. The mixture was cooled and a solution of KOH (22.0 2.
392 mmol) in H-O (130 mL) was added. The solution wiis heated an additional 3 h at 30
oC. cooled. and then acidified with 6 (v HCland extracie. with ether (3 x 200 mL). The
dried extracts (Na2SO4) were concentrated (n vacuo and heated at 160 ©C tor 3 h.
Distillation (0.5 mm Hg) at 1347-150 ©C afforued the known2 qcid 11 (19.0 g, 70%). IR
(CHCl3 cast) 3300-2500 (br), 1708 (s) cm-1: TH NMR (400 MHz, CDCl3) 6 10.3 (brs. |
H. COOH). 7.32-7.12 (m. 5 H, ArH), 2.61 (1, 2 H./ = 7.6 Hz. CHoCOOH), 2.32
H./ = 7.4 Hz. PhCH»), 1.70-1.30 im, 8 H. 4 x CH»): }3C NMR (75 MHz, CDCl3) B
180.50 (COOH), 142.60, 128.35, 128.22, 125.59. 315.82, 34.04. 31.21, 28.84 (2 x C.

2154 MS (ED caled for Cyp3H 802 206.1307. found 206.1308 (M).

7-Phenylheptanc! (12). Lithium aluminum hydride (5.0Q g, 130 mmo!) in

THEF (100 mL) was added dropwise to a solution ot 11 (189 g, v2.it mael) o THE (30



mbL) at 0 ¢C over 1 h. The solution was warmed o 20 9C tor 1 h, methanol (30 mio we
added. and the mixture was poured ino 1N HCH 200 mby, This was tiltered and
extructed with ether (3 x 130 mL). The dried (Nu2501) extracts were concentrated o

vacuo and distilled <1 13-116 9C. 0.35 mm Hg) 1o give the known="! 7-pheny theptanol

—
L g
I
o

(1)

S8, IR (CHC casty 3540 tbry, 1030 (o ey’ PO NOVIR 200 N2,
CDCl3) 8 7.25-7.13 tm, 2 H. AJH), 3537 . 2 Ho /= 08 Hz, CH SO, 238 ML

R.0 Hz. PhCH-), 2.20 (br s. 1 H. OH). 1.05-! 2 m 10 H, 3 Chb e VRO NMR oo

AMHz. CDCl3) 8 142,67, 128.25. 128,10, 17545, 62.67. 38 X

>

I 37T D O, A1 A

20.17.29.14.23.57: MS (ED caled tor CpzHanO 1920514 tound (L2 1313 (M

7-Phenyiheptanal (13). A solution of onabyvi chloride (20,0 mb. 230 mmol. o
CH-Cl» (250 mL) was treated with DAMSO (34.0 mbL. 40 mmol) at -60 2C. The muxture

wils surred S i at -o0 ~C and o soiutivi el 7 he

phonsthoptanol (12y 0 1 37 2, 22 7 mmoh
in CH-Cl> (20 mL) was added over 10 min. Strring wis continued tor 13 min.
triethylamine (70.0 mL. 500 mmol) was added. and the mixture was allowed 1o wanm to
OC. This was we 1ed consecutively with water (300 mbLy, 1 N HCL300 mlo, and 37

N CO5 (300 mL). The dried (MgSO1» organic phise was concenurated (1 vacuo and
distilled (130 0C, 0.5 mm Hg) to afford 13 (1.73 ¢, 30%). IR tCHC!z cast) 1726 (5.
1179 (m) cm- ! TH MR (200 MHz, CDCl3) 6 977 '+ 1 H /=30 Hy CHO), 7.33-7 |
(m, 5 H. ArH), 2.60 (1, 2 H. / = 8.0 Hz, PhCH2). 241 (dr. 2 H, /= 7.0, 3.0 Hz,
CH,>CHO), 1.72-1.28 (m, 8 H. 4 x CH>): 13C NMR (75 MHz, CDCl3) 6 20275 «CHO
142.74, 128.40, 128.30, 125.63. 3593, 31.37. 29.1. 2¢ 0 2%.31,25.77. MSHED

caled for CiaH 130 199.1358, found 190.1 336 (M,

y.Bromononanol (14). The inethod of Kang ¢r al. was tollowed. 30 A mixtarc
of 1.9-nonandiol (99.4 ¢, 621 mmol) and HBr (18% . 85 mL) in benzene (250 mb) was

heated under reflux for 30 h with continuous remaoy alof H-0 (ca. 83 mly, The solvernt



was rermoved in vacuo, and the residue wis recrystutlized from hexane at - 10 0C 10 give

14 (90.0 g, 65%). Mp 32.33 vC: IR (CHCl3 casty 3326 (br). 2966 (s), 2932 (5). 2R3 ()

-1 TH NMR (300 MHz, CDCl3) 8 3.64 (1. 2 H.J = 6.7 Hz, CH-OH), 3.40 (t, 2 H.J
€7 He. BrCHay. 1.85 (m. 2 Hy, 1.36 (m. 2 H), 147-1.25 (m. 10 H): 13C NMR (75
Mtz CDCl) 3 62.78 (CH2OH), 3391, 32,70, 32.57. 29 27. 29.20). 28.58. 25.03,
25.60: MS (ED caled for CyH = 79Br 204.0514. found 204.0512 (M-H-0): caled for

CyHy75! Br 206.0493, found 206.0491 (M=2)-H-O).

9.Bromononanoic Acid (15). A solution of sodium meta-periodate (87.7 ¢.
110 mmolb) in water (300 mL; was added to a <olution of Y-bromononanol (22.3 g, 100
mmol) in CH3CN (200 mbL) and CCls (200 mbL). Ruthenium trichloride rinydrate
{RuCl3y-3H>0) (380 mg, 2.20 mmob) was added. ¥ the mixture was stirred at 20 0C tor 23
h. and the solution was then extracted with CHACla (3 < 200 mb). The dried extracts
(N12SOy) were concentrated in vacuo, redissolved in ether (300 mbL), filtered through u
Celite 545 column (5 x 15 ¢m), and again concentrated in vacuo. The resulting solid was
distilled (143 0C, 0.25 mm Hg) to afford the known acid 13 (21.1 g, 89%). Mp 36.0-
36.3 0C (1it.202 mp 36.0-36.5 vC); IR (CHCl3 casy 3300-2500 (br), 1699 (s) em- i 1id
NMR (200 MHz, CDCl3) 8 9.14-8.94 (brs. | H. COOH). 3.40 (1. 2 H.J =7.0 Hz,
CH-Br), 2.35 (1,2 H, / =80 Hz CH-COOH). 1.80-1.96 (m. 2 H. CH»>), 1.75-1.24 tm.
10 H. 5 x CH»h); '3C NMR (75 MHze, CDCl1) & 180.86 (COOH), 34.43, 34.24,33.11,
29.37. 29.25, 28.88, 28.42, 24.93; MS (El) caled for CoH779BrO2 236.0412, found

236.0416 (M): calced for CyH 781Br0O> 238.0392. found 233.04350 (M+2).

Ethyl 9-Bromononanoate (16). A solution ot 153 (21.0 g, 88.6 mmol) in
ether (150 mL) was treated with thionyl chloride (12.7 g, 107 mmol) and heated to retlux
for 4 h.86 The cooled solution was concentrated (1 vacto. redissolved in ether (150 mbL).

cooled 10 0 °C, and treated with excess ethanoi (10 mL). The mixture wis concentrated i



vacuo and distilled (bp 113 2C. 0.2 mm Hy) to give the Known=0% ester 16 (230 g, U870
IR (CHCI3 cast) 2932 (. L7353 (s, 1180 () et THE NAIR (300 Mz CDCEo & 3 18
(q. 2 H,/ =7.2 Hz, OCH>). 332 H, S =69 Hz, BrCH~. 223wt 2 HL 7 =7 3t
CH-COOED, 1.85-1.62 (m. 4 H, 2 x CH2), 1.30-1.20m X H. 4~ CH 2o 3 HL
=7.2 Hz. CH3): 13C NMR (75 MHz, CDCl) § 172 2 (€00, 3970 10OCH ), 3391,
33,42, 22,17 28.74. 28.67, 28.24. 27.76. 2450, L3 v (CHA MS (ED caled tor
Ci1H2179Br0» 264.0725. found 263.0730 (M cated tor CyHASIBrO-~ 265 0703 ton

266.0709 (N +2).

Ethyl 9-lodonunanoate (17), A mixwre of 16 (23.0 ¢, 6.7 mmol) and
sodium iodide (15.6 ¢, 104 mmol) in 2-butanone (200 mL; was heated o retlux with
stirring for 18 h.86 H2O (200 mL) was added to the cooled mixture. and the solution was
extracted with CHACla €3 x 10 mL). The dried extracts (Na2SOys) were concentrated on
vacuo and distilled (131 0C. 0.2 mm Hg) to give 17 (26.3 ¢ 977 IR (CHCly cast) 29249
(m). 1735 ts), 1177 (my em b TH NMR (200 MHz, CDClyp 6412 0g, 2 HL /=72 Ho.
OCH»: %.19(t. 2 H.J = 7.0 Hz, BrCH2). 2.29 (1. 2 H. / = 7.4 Hz. CH-COOED. 1.52-
1.62 (m, 4 H. 2 x CH»), 1.50-1.20 (m, 8 H. 4 x CH». 127 (. 3 H. ./ = 7.2 Hz. CHxi
13C NMR (75 MHz. CDCl3) § 173.62 (COOED. 60.04 (OCH»). 34.23, 3342, 30.33,
28.93 (2 x C), 28.23, 24.81, 14.21 (CH3). 7.04 (ICH2): MS (E) caled for CpH2102
312.0388, tound 312.G6390 1),

Production and Isolation of 19, 20, 21, and 22. Fermentation of §.
cellulosae was done in the usual Fashion® except that in the tinal culture (700 mL) 6 was
added in varving amounts (0.5, 1.0, 2.0, and 5.0 ¢/L)as a replacement tor oleate esters
(e.g., Span 83). After 7 days of fermentation the yellow orange cultures were extracted

and the polyene fraction was purified through the LH-20 suge s betore® 1o give 140 my

of pale yellow solid. This was dissolved 1n meihunol (3 mbL), water was added (2.7 ml.,
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and the resulting precipitate wis removed By centritugation. HPLC separation (Waters
C1% Radial Pak column. 60:340 methanol:water, flow 1.00O mL/min) ot the supernatint
atforded 22 (1 O mg, retention time (R = 8.37 miny. 21 (3.3 myg. Ry = 10.43 min), 2
(2.1 mg, R = 16.1 min), 20 (1.0 mg, Ry = 16.1 min), and 19 (2.7 mg, R, =25.8 min).
To separate 2 and 20, which have identical retention times under these conditions, HPLC

was repeated using 50:50 methanol:water (for 2: Ry = 34.7 min: rfor 12: Ry = 37.3 miny.

Isocnainin (19): mp 190 ©C (dec) [a]p -24.4 0 (¢ 0.16, MeOH): UV ANTAY
(THF/H-0. 1/9) nm () 307 (18,337). 321 (25.323). 338 (30.885), 357 127.286) IR
(MeOH cast) 3350 (br), 1723 (s), 1700 (s), 1046 (m), 848 (m) cm-i: TH NMR (400 MHz,
CD:OD) 3 651 (dd, 1 H../ = 114.6, 11.0 Hz), 6.25-6.43 (m, 6 H). 6.06 (d. 1 H. J =110
Hz), 5.92 (dd, 1 H,J = 14.6. 6.0 Hz). 4.89 (m. 1 H), 4.15(dd. | H.J = 10.4, 1.4 Hz).
301-4.04 (m. 5 H), 3.30 (m. 1 H). 3.81 (m, 1 H).3.30 (m. 1 Hy, 231 ¢dd, 1 H./ =
11.0, 7.0. 2.0 H2), 1.77 (5. 3 H). 1.2-1.5 ¢m. 21 H), 0.90 (1. 3 H, / = 7.0 Hz): see Tuabic
1 for 13C NMR; positive ion FAB MS (glycerol) caled for CazHs3O0Na 633.36 , tound

633.56 (MNaj: caled for C33Hs530¢ 610.37, tound 610.45 (M),

14-Hydroxyisochainin (20): UV Amax (THE/H20. 1/9) nm (g) 307
(27.180). 322 (35.789), 339 (45.313), 358 (41,4031 IR (MeOH cast) 3260 (br), 1720
(). 1705 (s), 1046 (m), 849 (m) cm': TH NMR (200 MHz, CD30D) 8 6.24-6.53 (m, 7
H), 6.06 (brd. 1 H,/ = 11.4 Hz), 5.98 (dd. ' H./ = 14.8, 5.2 H2), 483 (m, 1 H), 3.69-
14.04 (m, 8 H), 3.25 (m, 1 H), 2.34 (ddd. 1 H,/ = 11.0. 7.0, 4.0 Hz), 1.78 (s, 3 1), 1.2-
1.6 (m 19 H), 0.90 (t, 3 H,J = 7.0 Hz): see Table 1 for 132 NMR: positive ion FAB MS
(glycerol) caled for C33Hs301 1 Va 649.36. found 649.55 (MNa); caled for C33Hs301
626.36. found 626.50 (M).



us

1'-Hydroxyisochainin (21): UV Azvpax (THEH-0O, T 9y nm ey 3060
(12.197), 321 (16.360). 340 (17.045), 357 (15,6821 IR (MeOH vasp 3343 (b, 17238
(o 1705 (s). 845 (mu em- b THNMR (200 MHz, CDODY S 0.25-0.53 (L 7 Hh, 003 by
d.1H.J =116 Hz), 3598 (dd. l H.J =146, 50 Hz), 433 un. 1 O 12 «dd t HLJ
=104.56Hz). 107 (brd, Il H,/=3530Hz), 382421 tm. o th, 322 ddu il J =
10.0. 2.5 Hz), 2.53 (dd. 1 H./ =7.6, 7.2 Hz), 1.78 (s, 3 H), 1L.27-1.534 am 19 tHh, vy
(t, 3 H,J = 7.0 Hz): see Table 1 for 13C NMR: positive ion FAB MS (glycereh caled tor
C33H<3011Nu 649.37, found 64951 (MNw): caled tor C3:Hs104 626.30. tound 626 50

(M),

1',14-Dihydroxyisochainin (22): UV Aypax (THE/HO. 1/9) nm (g) 306
£30,128). 322 (42.005), 330 (47.840), 358 (452181 IR (MeOH casty 3335 (br), 1723
(s), 1705 (s), 1049 (m), 845 (m) em- VH NMR (400 MHz, CD:;OD) 6 6.22-6.51 tm. 7
H). 6 *1H.J=118Hz),601dd. 1 H, /=144 50H2. 479 m, 1 th. 4 10
(brd. ! ... =346Hz), 390 (brd. 1 H./ =90 Hz), 3.¥2-4.22 (m. 6 Hy, 371 «dd, 1L
J=90. 1.8 Hz). 3.27 (brd. 1 H.J = 11.0 Hz), 2.56 (dd. 1 H, / = 7.6, 7.0 Hz), 1.79 t~.
3H), 1.11-1.70 (m, 17 H), 0.90 (1, 3 H./ = 7.0 Hz): see Table | for 13C NMR: positive
ion FAB MS (glycerol) caled for 663.69 C33H51012Na 66535, found (MNu); caled tor
C33Hs51012 642.36, found 642.48 (M).

Preliminary Tests of Antifungal Activity of Compounds 19-22. The
disk diffusion method of Boyer2U# was used to compare the antitungal activity of 19. 20,
21, 22, and amphotericin B (Sigma Chemicul Co.). Five fungal strains, obtained from
Professor Michael A. Pickard (University of Alberta Microbiology Depurtment), were
examined: Aspergillus terrews 327, Cryptococcus ater 163, Mucor spp.. Tolvpocladiun
nivetum UAMH2742, and Taorulopsis wnios var major 1VI33552. The surfiaces of stertle

agar plates (Difco potato dextrose ugar, 3 2Ly were inoculated with suspensions ot these
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organisms and paper disks contuining cencentrations of 40 wg/mL, 10 ug/mb., and 3
pg/mL of antibiotic were placed on the surface. Plites were allowed to predifruse at 4 ©C
for 2 h before incubation at 30 ©C. Diunmeters of inhibition zones were measured after 1o
h. 24 h. and 32 h. All compounds showed antifungal activity at 3 ug/mLb against all
organisms with the following exceptions: C. atrer was resistant in this assay 10 ail
compounds tested including amphotericin B; compounds 21 and 22 did not inhibit T. wtiliy
at up to 40 pg/mlb.; A. rerreus was only inhibited at 20 ug/mL (or more) by 19 and 20 and

at 40 pg/mL by 21, 22, and amphotericin B.

Ethy! 9-Oxononanoate (24). The procedure of Crombie ez al. was used.30
Ozone (12-16 mg O3/min) was bubbled through a solution of ethyl oleate 5 (7.00 g, 23.0
mmol) in EtOH (100 mL) at -60 oC for 2.5 h (until the solution wrned a small amount of
iodine in acetic acid from blue to colorless). Oxygen wis passed through the solution for
10 min to remove the excess ozone betore addition of dimethylsultide (8.00 mL, 111
mmol). The reaction was stirred tor 1 hat -10 oC and 12 h at room temperature. After
removal of the solvent, the resulting residue was dissolved in hexanes (100 mL), washed
with saturated NaHCO3 solution (3 x 100 mL), H>O (3 x 100 mL), dried (Na2SOa4), and
concentrated in vacuo te give a clear liquid (3.80 g), which was purified by flash column
chromatography (silica, 10% EtOAc in hexanes) to give 24 (3.00 g, 67%) along with
nonanal (23) ( .01 g, 63%). For 24: IR (CHCl3 cast) 2980 (m), 2933 (m), 2857 (m),
1735 (s) crm!; TH NMR (200 MHz, CDCl3) §9.79 (1. | H,J = 1.7 Hz, CHO), 4.12 (q, 2
H. f = 7.1 Hz, OCH»), 2.42 (m, 2 H, CH>CHO). 227 (1. 2 H,J = 7.0 Hz, CH2COOE).
1.50 (m. 4 H), 1.30 (m, 6 H), 1.24 (t, 3 H./ =7.1 Rz. CH,CH3); 13C NMR (75 MHz.
CDCl3) & 202.46 (CHO), 173.52 (COOE). 59.94 (OCH»), 43.62 (OHCCH»), 34.06,
29.00. 28.79. 28.69, 24.66, 21 T8, 14.05 (CH3): M5 (ED caled for CoHoagdz 200.1365

found 200.13635 (M).
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For (25): IR (CHCI3 cast) 2956 (m), 2926 (m), 2872 (m), 1710 () emrts TH NMR

(300 MHz, CDCl3)89.75 (1, L H, / = 1.7 Hz, CLIO), 243 «dt. 2 1./ = 7.2, 1.7 He,

W

CH>CHO), 1.63 (m, 2 H), 1.42-1.20 (1, 1O BV OX8 (i 3 HL /= 0.9 Hz, CHa P30
NMR (75 MHz, CDCl2) 8 202,533 (C1 M, 4378 (OHCCH2, 31.70, 29.23, 29,07,
28.84, 22.32.21.98, 1410 (CH3y: Ay vaded tor CoH7O-1H 141 1279, tound

141.1281 (M-H).

9-(tert-Butyldimethylstiosy)nonyl biomide (26). A moditication ot the
procedure of Corey ez al. was v+ 192 A mixture of 9-bromononunol (14) (3.35 g, 15.0
mmol), rert-butyldimethylsilyl chloride (2.71 g, 18.0 mmol), and imidazole (2.55 g, 37.5
mmol) in DMF (23 mL) was stirred for 24 h at room temperiature. Hexane (250 mL) was
added to the mixture and this was washed with aqueous 5% NaHCO3 (500 mil), HoO (2 x
500 mL), dried (Na2SO4). and concentrated in vacto to afford a yellow liguid (4.00 g).
The residue was purified on an alumina column (20% ether in hexane) to give 26 (3 29w
65%). IR (CHCI3 cast) 2953 (s). 2929 (s), 2856 (s) , 1101 () em!: TH NMR (300 Mtiz.
CDCl3) 8 3.35 (. 2 H, / = 6.7 Hz, CH20S1), 3.48 (1, 2 H, / = 6.7 Hz, BrCH»), 1.72 tm.
2 H), 1.50-1.20 (m, 12 H). 0.88 (5. 9 H. (CH3)3C), 0.05 (s, 6 H. (CH3)281): 13C NMR
(75 MHz, CDCl3) 8 63.28 (CH»0Si), 45.10, 32.88, 32.68, 29.47. 29.35, 28.87, 2691,
26.00 ((CH3)30), 25.79, 18.39 ((CH3)3C). -5.25 and -5.63 ((CH3)2S1): positive ion FAR
MS (glycerol) caled for CsH3307YBrSi, found 336.97 (M): caicd tor CsH33081BrSi,
found 338.99 (M+2) .

9-(tert-Butyldimethylsiloxy)nonyt lodide (27). The procedure of
Crombie er al. was used.%6 A mixture of 26 (670 mg, 2.00 mmol) and Nal (360 mg,
2.40 mmol) in 2-butanone (10 :nL) was heated under retflux for 20 h, then H2O (20 mL,)
was added to the mixture. The aqueous phase was then extracted with CHaCla (3 x 20

mL). The dried (Na2SOy) organic phases were concentrated and the residue wis disulled



in vacuo to afford 27 (600 mg, 91%). Bp 170 ©C (2.7 mm Hg); IR (CHCl;3 cast) 2954
($). 2928 (s). 2856 () , 1255 (), 1101 () cmby THEN MR (300 Mz, CDCl 8 355 (1, 2
H.J =6.5Hz, CH>OSi), 3.16 (1, 2 H, J = 7. Hz. I[CH), 1L.78 (m, 2 tD, 1.o0-1.20 (.
12 Hy, 0.88 (3.9 H. (CH3)3O), 0.06 (s, 6 H, (CH312S1): 13C NMR (75 MHz, CDCla 8
63.32 (CH»OS1), 33.62, 32.90, 30.54, 29.43, 29.36, 28.33. 26.63 ((CH3)3CY, 2580,
18.41 ((CH3)30), -5.23 ((CH3)~Si);, MS(ED caled for CH2301S1 3270644, tound
327.0643 (M-C3Ho).

Ethyl 18-(tert-Butyldimethyisilyoxyjoleate (28).  The method used tor
prepariation of 6 was adopted. Thus, the Wittig reagent ( 0.680 mmol) derived from 27
reacted with the aldehyde (24) (130 myg, 0.670 mmol) to atford 28 (30.0 mig, 10%). atter
column chromatography (silica. 10% EtOAc in hexanes, Ry 0.85). IR (CHCl3 cast) 2954
(s), 2928 (s), 2856 (s), 1255 (s), 1101 (s) cm~t; TH NMR (400 MHz, CDCl3) 6 5.35 (m.

-

[, CH=CH). 4.13 (q, 2 H. J/ = 7.4 Hz, OCH»>). 3.60 (1. 2 H, / = 6.7 Hz, CH20501).

[ES]

28 (1. 2 H,J = 8.0 Hz, CHACOOE®). 2.01 (m, 4 H), 1.65-1.47 (m, 4+ H), 1.30 (m, ¥
H), 1.24 (t, 3 H,/ = 7.4 Hz, CH2CH3), 091 (s, 9 H, (CH3)3C), 0.04 (s, 6 H,
(CH3)>Si); 13C NMR (75 MHz, CDCl3) 8 173.89 (COOE), 130.00. 129.81, 63.37
(CH>0Si), 60.16 (OCH?2), 34.43, 32.94. 29.80. 29.73, 29.58. 29.46, 29.30, 29.21 (2 x
C), 27.26, 27.22, 26.03 ((CH3)3C), 25.85, 25.03, 18.41 ((CH3)30), 14.30 (CH3), -5 21
and 5.54 ((CH1)2Si); MS (CI, NH3) 441 (MH*, 100).

NAC (S)-[2,3-13C>]-3-Hydroxybutyrate (34d). A procedure similar to
that of Martin was used. 10 [n a typical experiment, to a solution of labeled THP ether
49d (2.36 g, crude) in dry MeOH (20 mL) was added CF3COOH (3 drops) and the
resulting solution was stirred for 17 h at 220C. After removal of the solvent in vacuo,

yellowish oil (1.82 g) was obtained. Purification of the residue by column

chromatography (silica, 3.5 x 14 cm, EtOAC) artorded the labeled B-hydroxy thioester 34d

pos
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(880 mg, Ry 0.151n EtOAcC. 32% vyield). IR (CHCl3 cast) 1633 (), 15350 (m;, 1290 (mj,
1037 (m) em- b TH NMR (400 MHz, CDCl3) 8 6.22 (brs. I H. NH), 4,45 uand 4.06 (dm.
1 1, J = 145 Hz, 13CHOH))., 3.43 (m, 2 H, CH2NH), 3.05 . 2 H. S = 6.4 4.2 Hz.
SCHo»). 2.8% und 2.37 (dm. 2 H. J = 129 Hz, 13CH»), 2.84 (br s. 1 H, OH). 2.00 (s. 3
H. COCH3). 1.24 (dt, 3 H.J = 6.2, 4.7 Hz. CH3!3CH(OH)): '3C NMR (100 MHz,
CDCl3) 8 199.31(d, J = 46.0 Hz, COS). 170.4% (NHCO). 64.45 (d. J = 36.0 Hz.
enriched, CH313CH(OH)), 52.46 (d. J = 36.0 Hz, enriched, I3CHA). 39.22 (COCH2z).
28.78 (SCH»). 23.16 (CHaNH), 22.70 (1, / = 19.6 Hz. CH3!3CH(OH)); MS (Cl. NH3)
208 (MH*, 100), 225 (MNH17, Y0).

For unlubeled racemic material (34a): IR (CHClz cast 3280 (br), 1687 (). 1637
(s), 1351 (m), 1290 (m), 1004 (M) et TH NMR (400 MHz, CDCl3) 8 6.12 (br s, 1 H.
NH), 4.26 (1g, | H, J = 6.3, 1.3 Hz, CH3CH(OH)). 3.45 (m, 2 H. CH>NH), 3.05 (dt. 2
H. /= 6.3. 3.6 Hz, SCH»). 2.75 (m, 2 H, CH2COO), 1.95 (brs. 3 H, COCH3), 1.35 (d.
3H. ./ = 6.3 Hz, CH3CH(OH)): 13C NMR (100 MHz, CDCl3) 8 199.25(CO0S), 170.55
(NHCO). 61.98 (CH3CH(OH)). 52.46 (CH>COS). 39.18 (COCH2), 28.74 (SCH»).
23.12 (CH-NH), 22.69 (CH3CH(OH)): MS (CI, NH3z) 206 (MH*. 59), 223 (MNH4™.
100): Anal. Calcd for C11H2004: C, 46.81: H. 7.37. N, 6.82. Found: C, 46.72: H,
7.28: N, 6.51.

NAC (S)-[2,3-13C1,3-2H]-3-Hydroxybutyrate (34e). The method for the
conversion of 49d to 34d was used. Thus, 49e (27.0 mg, 0.0994 mmol) gave 34e
(15.0 mg, 13% overall yield trom 4€f), after preparative TLC (silica, EtOAc) purification.
IR (CHCl3 cast) 3300 (br), 3080 (m), 2968 (m), 2920 (m), 1682 (sh), 1659 (s), 1550 (m)
em-! : 'H NMR (400 MHz, CDCl3) 8 5.85 (brs. 1 H, NH), 3.46 (m, 2 H, CHaNH),
3.05 (t. 2 H, / = 6.4 Hz, SCH»), 2.89 and 2.56 (dm, 2 H, / = 128 Hz, 13CH»), 2.84 tbr
s. 1 H. OH), 197 (s. 3 H. COCH3). 1.24 (brd. 3 H./ = 4.5 Hz, CH3'3CD(OH)); 13C
NMR (100 MHz. CDCl3) § 199.42 (1. / = 23 2 Hz. COS), 170.46 (NHCO), 64.62 (dt,



o))

8
J = 36.6, 22.3 Hz, enriched, CH313CD(OH)), 52.31 «d. / = 36.5 Hz. enriched, '’CH .
39.30 (COCH3), 28.82 (SCH~). 23.20 (CHANH), 22,56 (1. / = 19.7 Hz,

CH313CD(GH)): MS (CL, NHz) 209 (MH*, 895, 226 (MNH.*. 67).

NAC (S)-[2,3-13C21)-5-Hydroxyhex-2-envate (35d). The method of
Corev eral. wus used.12! The silyl ether 37d (308 mg. 2.33 mmoly and AG SOW-XN won
exchange resin (Bio-Rad, 1.7 meg/mL, 8. 10 mL. | 3.¥ mmob were added to a tlask
containing MeOH (60 mL). The mixture was heated ut 40 VC tor 30 min and filtered. The
filtrate was concentrated to give a liquid residue ¢ 670 mg). which atter puntication by thash
chromuatography (silica. 2 x 6 cm. EtOAC) gave 35d (425 mg. 78%. Ry 0.15). [aulp +x.0v
(¢ 0.48, CHCl3): IR (CHCl3 cast) 3280 (br), 1656 (s), 1379 (m), 1350 (m) cm b TH
NMR (360 MHz, CDCl3) 8 7.16 and 6.73 (ddt. | H. ./ = 136, 15.0. 7.7 Hz.
13CH=!3CHCOS), 6.45 and 6.00 (ddt, 1 H, J = 154, 15.0, 1.9 Hz, 13CH=13CHCOS).
591 (bhrs, TH.ONH), 413 im, ! H, CHOH), 217 «dr, 2 H /=634 55 Hz CH-NH -
311 (r, 2H./ =6.4 Hz, SCH»>). 2.38 {m, 2 H. CHA~!3CH), 197 (5, 3 H. COCH3). | 23
(d, 3 H,J = 6.3 Hz, CH3CH(OH)CH~): !3C NMR (90 MHz, CDCl3) 8§ 190.04 (d. / =
62.0 Hz. COS), 170.57 (COCH3). 142.53 (d. J = 69.6 Hz. enriched. 13CH=13CHCOS).
130.25 (d. J = 69.6 Hz, enriched, 13CH=!CHCOS). 66.40 (CH(OH)), 41.65 (d. / =
42.6 Hz, CH»13CH), 39.53 (COCH3). 28.19 (SCH»), 23.27 «d. / = 3.7 Hz,
CH3CH(OH)CH2), 23.04 (CHaNH): MS (CL NH3) 234 (MH™, 100). 251 (MHa*, 83

For unlabeled racemic material (35a): IR (CHCIx cast) 3285 (br), 1660 (5), 1632
(m), 1550 (m) cm-!; TH NMR (360 MHz, CDCl3) d 6.94 (dt, IH./ = 15.6, 7.6 Hz,
CH=CHCOS), 6.21 (dt, IH, J = 15.6, 1.4 Hz, CH=CHCOS), 592 (br s, IH, NH), 4 00
(m, 1H, CHOH). 3.47 (dt, 2H, / = 6.3, 5.6 Hz, CHaNH), 3.10 (1. 2H, / = 6.3 Hz,
SCH»), 2.37 (m., 2H, CH>CH=CH), 1.97 ts. 3H. COCHz), 1.26 (d, 3H. ./ = 6.4 He,
CH3CH(OSi)CH>); 13C NMR (90 MHz, CDCly) S 190.12 (COS), 170.51 (COCH3).

142.51 (CH=CHCOS). 130.40 (CH=CHCOS). 66 4% «CHIOH)). 41.70 (CH2CH=CH .



39.57 (COCH?z), 28.22 (SCH2). 2330 (CH3CH(OSHCHa), 23.06 (CH>NH): MS (CL
NH3) 232 (MH~, 100): Anzl. Caled for CioH17NO3S: Co51.920 H. 7.41: N, 6.06: S,

13.86. Found: C,51.22: H, 7.43: N\ 6.03: S, 1392,

NAC (S)-[1,2-13C 5,1-14C]-5-Hydroxyhex-2-enoate (35e). The
method for conversion of 37d to 35d wus used. Thus. the silvl ether 37e (1349 1 &
0.430 mmol) afforded 35e (74.0 mg, 74%). IR (CHCI3 cast) 3285 tbri. 1655 15 163
(S), 1600 (mj, 1552 (m) cm- L I'H NMR (200 AMMHz, CDCl3) 8 6,94 (dt, IH ./ =156.7
Hz. CH='3CH). 6.64 and 5.83 (dm. 1H./ = 160 Hz. CH=!3CH). 5.92 (brs. IH, NH .
4.03 (m. 1H, CH(OH)), 3.47 ¢m, _H. CH2NH), 3.13 (m. 2H. SCH2). 2.38 (m, 2H
CH~CH=13CH). 1.97 (s, 3H. COCH3), 1.26 (d. 3H. / =6.4 Hz, CH;CH(OSi): 13C
NMR (100 MHz, CDCl3) 8 190.07 (d. ./ = 61.4 Hz, enriched, '*C0O), 170.23 (COCH3),
14218 (d. J = 69.4 Hz. CH=13CH), 130.54 (d. / =614 Hz. CH=13CH), (6.72
(CH(OH), 41,74 (. / = 1.0 Hz, CH~CH=13CH). 2974 (COCH~). 2%.38 (SCH~).
23.41 (CH3CH(OH)), 23.21 (CHaNH): MS (Cl. NH3) 234 (MH~, 42), 251 (MNHa™.

10M).

(1-13C)Acetyl Chloride (37). The method used by Townsend er al. wis
followed. 197 Sodium [ 1-13Clacetate (4.23 g. 50.9 mmol) (isotopic purity 99% 13C) wus
carefully added to a flask containing phosphorus pentachloride (15.9 ¢, 76.4 mmol) to
avoid a vigorous reaction. The mixture was heated to 80 ©C under retlux for 10 min and

then cooled to room temperature. Distillation under a stream of argon gave 37 (3.98 g,

98%). Bp 52 °C; 'H NMR (360 MHz, CDCl3) 8 2.66 (s, 3 H, CH3).

Ethyl [2-13C]Acetate (38a). The procedure of Ropp et al. was used. 108
Sodium | 2-3Cacetate (4.06 g, 48.9 mmol) tisotopic purity 99% 13C) and triethyl

phosphate (13.4 ¢, 73.3 mmol) were mixed and heated to reflux at 180 ©Cfor 3 h.
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Distillation under a stream of argon gave 38a (3.90 g,90%). Bp 76-789C; 'H NMR (200
MHz, CDCl13) 8 4.10(q. 2 H./ =73 Hz. OCH~». 2.33 uand 1.70 «d. 3 H./J = 128 t1..
13CH3), 1.24 (1. 3 H. J = 7.4 Hz. CH2CH3): 13C NMR (Y0 MHz, CDCl 8 17096 (4. /

= 60.0 Hz, CO0), 60.27 (CHaCH3). 20.90 (enriched. 13CH3), 14.10 (CH-CH1),

Ethyl [1-13C]Acetate (38b). The method used to prepare 38a from sodium
acetate was used. Thus, sodium [1-13CJacetate (4.06 g, 38.9 11 mol) Gisotopic purity VO

13C) gave 38b (4.06 g, 93%). Bp 76-78 ©C.

Ethyl [1-13CJAcetoacetate (39¢). The procedure used 1o prepare 39d was
adopted. Thus, ethyl [ 1-13Clacerate (4.06 g, 45.6 mmol) afforded ethyvl [ 1-13C)
acetouacetate (39¢) (3.73 g, 62%), after disullation. Bp 53-55 °C (7 mm Hg): IR (nean
2977 (m), 2929 (m), 1729 (s). 1691 (s), 1255 (miycm-1: TH NMR (360 MHz. CDCl3) 8
4.20 (m. 2 H. OCH»). 3.45(d. / =2 H. 7.3 Hz. CH->!3C0O). 227 {s. 3 H. CH:CO). 1 2~
(t, 3 H,J = 7.0 Hz, CH»CH3); 13C NMR (90 MHz. CDCl3) & 200.65 (CH3CO), 167.14
(enriched, 13C0OO0), 61.35 (OCH»), 50.07 (d, J = 58.6 Hz. CH>!13C00), 30.08 (CH;3;CO).
14.05 (CH>CH3): MS (ED caled for 13C|CsH O3 131.0663, found 131.0663 (M).

Eihyl [2,3-13Cs]Acetoacetate (39d). A procedure similar to that emploved
by Cane und Block was used. 109 LiIHMDS was tormed by the addition of n-BuLi (1.53
M, 115 mL, 177 mmol) to HMDS (38.0 mL, 29.2 g, I81 mmol) indry THF (40 mL) at
-78 ©C. Ethyl [2-13Clacetate 38a (7.16 g, 80.4 mmol) was added to the LIHMDS solution
at -78 °C and stirred for 15 min. |1-13CJAcetyl chloride 37 (8.87, 112 mmol) was
introduced dropwise over 10 min at -78 ©C, and the mixture was stirred tor Th. The
mixture was then treated with 2N HCI (200 mbL) at -78 ©C. After warming 1o 20 ©C, the
reaction solution was extracted with ether (3 x 100 mbL). The organic phuses were

combined. wished with 1| N HCI (100 mL), saturated soluton of NaHCO3 (100 mL),
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brine (100 mL), dried ((Nu2SOa3). and concentrated in vaciw. The resulting yellow residue
(14.0 g) was distilied 1o aftord 39d (6.70 g, 63%). Bp 78-309C (15 mm Hg): IR (CHCl:
cast) 2960 (m), 1740 (s), 1679 (m), 1138 (m) cm-1 TH NMR (400 MHz, CDCl3) 8 4.21
(q, 2 H.J = 7.1 Hz, OCH»), 3.62 und 3.29 (dd. 2 H.J = 130. 6.3 Hz. V3CH»). 2.28 (dd.
3H. /=61, 1.4 Hz, CH3!3CO). 1.29 (1. 3H.J = 7.0 Hz. CH2CH3): 13C NMR (100
MHz, CDCl3) 8 200.63 «d. / = 38.0 Hz, enriched, '3CO). 167.02 (COO). 61.37 (OCH:.
50.13 (d, J = 38.0 Hz, enriched, 13CHa). 26.93 (CH3!13CO). 14.06 (CHaCH3): MS (ED

caled for 12C113CaH 1903 132.0697, found 132.0698 (M.

Ethvi (5)-11-13C}-3-Hydroxybutyrate (30c). The method used to prepare

10d from 39d was used. Thus, 39¢ (2.60 g, 19.0 mmol) gave 30d (1.33 g, 50%). Bp

L
=0
=

61 0C (3.0 mm Hg): [alp +33.09 (¢ 1.49, CHCI3): IR (CHCl3 casn) 3440 (bry, 2975 (my.
2873 (m). 1691 (s) cm-1; 'H NMR (360 MHz, CDCI3) §4.3-4.1 (m. 3 H, CH(OH) and
OCH»). 2.43 (m, 2 H. CH»13C0), 1.24 (1, 3H. /= 7.0 Hz. CH2CHy3y), 1.17(d. 3 H. /=
6.0 Hz. CH3CH(OH)); 13C NMR (90 MHz, CDCl3) & 172.75 (enriched, 13C0O0). 64.15
(CH(OH)). 60.51 (d, J = 2.4 Hz. OCH>), 42.60 (d. J = 57.4 Hz, CHA13C0Q), 22.37 «d.
J = 4.9 Hz. CH3CH(OH)), 14.05 (CH2CH3): MS (El) caled for 13C;CsH 1203 133.0820.

found 133.0801 (M).

Ethyl (5)-[2,3-13C;]-3-Hydroxybutyrate (40d). A modification of the
procedure of K. Mori was employed.!!Z In a typical experiment, the labeled ethyl [ 2-
l3C]acetoac‘etme (1.60 g, 12.1 mmol) in 98% EtOH (10 mL) was added to a vigorously
stirred solution of gluccse (22.0 g) and buker's yeast (20.0 g) in 0.1 M potassium
phosphate buffer (320 mL, pH 7) at 3() OC. The solution was stirred at 30 °C forca. 4 h
until there was no starting material left as determined by TLC. Celite 545 (20 g) and ether

(100 mL) were added to the solution, and the mixture was filtered through a pad of Celite

545. The filtrate was then extracted with ether (6 x 200 mL). The combined organic phases
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were washed with brine (200 mL), dried (Na28Qu). and concentrated. The resulting Liguid
residue (ca. 100 mL) was distilled under reduced pressure to vield 40d (1.55 g, 957 Bp
70-72 0C (10 mm Hg); [a]p +36.20 (¢ 1.00, CHCl3) IR (CHCl3 cast) 3440 (bry, 2978
(m), 2933 (m), 1735 (s) ecm-1: 'H NMR (400 MHz, CDCl3) 0 438 and 3.02 «dm. 1 HL
= 155 Hz, 13CH(OH)). 4.18 (. 2 H, / = 7.2 Hz. OCH>). 2.06 and 2.33 «dddd. 1 H. / =
128, 16.6, 3.3, 2.6 Hz. '3CHH), 2.57 and 2.25 tdddd. | H./ = 123, 16.6. 8.7, 5.0 He.
13CHH). 2.50 (brs, ] H, OH), 1.28 (1.3 H. J = 7.1 Hz. CH2CHw. 1.23 (du 3 HLJ =
6.3. 4.7 Hz, CH3 13CH(OH)); 13C NMR (100 MHz, CDClI3) 6 172.97 (1, / = 2¥.5 Hz.
COO0). 64.23 (d, J = 38.2 Hz. enriched. YCH(OH)). 60.66 ( OCH, 42,49 (d, / = X2
Hz. enriched. '3CH5), 22.36 (1. / = 19.6 Hz. CH3SCH(OH)). 1415 (CH2CH 1y MS
(CI, NH3zj 135 (MH*+, 41, 132 (MNHs*, 100).

For unlabeled material 40b (ethyl (5:-3-hvdroxybutyrate): [afp +36.40 (¢ 1.06,
CHCI> ; IR (CHCI3 cast) 3443 (br), 2978 (m). 2929 (), 1735 (s) cm-1: 'H NMR (400
MHz, CDCl3) 8 4.20 (m, | H, CH(OH)). 3.19 (q. 2 H,/ =7.1 Hz, OCH2. 2.49 (dd. |
H.J = 16.5. 3.6 Hz. CHHCO). 2.41 (dd. I H./ = 16.5. 8.7 Hz. CHHCO). 1.28 (1. 3 1.
J =7.1 Hz. CH-CH3). 1.23 (d. 3 H. /J = 6.3 Hz, CH3CH(OH)): '3C NMR (100 MHz.
CDCl3) 8 172.39 (COO0), 64.07 (CH(OH)), 60.41 ( OCH2), 42.82 (CH>CO,). 22.32
(CH3CH(OH)). 13.95 (CH2CH3); MS (ED) caled for CeH 1203 133.0865, found 133.0%63
(M).

Ethyl [2,3-13C;, 3-2H]-3-Hydroxybutyrate (40e). A modification of the
method of De Koning er al. was adopted.!=3% Thus. the B-ketoester 39d (900 myg, 6.¥1
mmol) was dissolved in dry EtOH (5 mL). and to this solution NuBDg4 (107 mg, 10.2
mmol) (isotopic purity 99% 2Hys) in EtOH (3 mL) was udded at ¢ ©C. The MiXure was
stirred for 1.5 h at 0 °C and 3.7 . at room temperuture. Aqueous Q3N HCHS0 mb) was
added to the reaction mixture. The aqueous phise was extracted with ether (5 x 50 mL).

the combined organic phases were dried over NuaSOs and concentrated to afford a vellow



liquid (5.3 g), which upon distiliation guve 40e (370 mg 7). IR (CHCl3 casy 3430
(bry. 2980 (m). 2932 (m), 2918 (m), 1734 (s) cm- 12 TH N IR (400 MHz. CDCl3) 8 4.17
(q. > H,J = 7.2 Hz, OCHa), 2.65 and 2.34 (ddd. | H./ = 130, 16.5. 2.5 Hz. I3CHH .

> 57 and 2.26 (dddt, 1 H. J = 130, 16.5. 5.5, 1.1 Hz, '3CHH). 2.20 (br s. 1 H. OH),
2% (L 3 H.J =7.1 Hz, CH~CH35. 122 (br 1. 3 H, J = 3.7 Hz, CH:'3CD(OH)): 13C
NAMR (100 MHz, CDCly) 8 172 96 ¢ = 28.7 Hz. COO). 63,81 (di. ./ = 37.9. 22.1 Hz.
enriched. 13CD(OH)). 60.66 ( OCH2). 42.30 (d. J = 36.9 Hz, enriched. 13CH>). 22.24 (1,
J = 19.8 Hz. CH313CD(OH))1. 14.13 (CH2CH3): MS (CI, NH3) 136 (MH™, 100). 153

(MNH4s*, 82)

Ethyl (§)-[2,3-13Ca, 3-2H]-3-Hydroxybutyrate (40f). A modification ot
the procedure of Klibanov und coworkers was used. 193 A mixture of racemic ethyl
3-hydroxybutryate 40e (670 mg, 4.96 mmol). trichloroethyl butyrate 131¢1.31 g, 5.97
mmol), and porcine pancreatic lipase (5.10 g, predried 3 days w high vacuum befors use)
in dry ether (20 mL) was stirred at room temperature for 20 h tuntil 50% of the 40e wus
gone by GC). The mixture was filtered and the filtrate was concentrated o give a liquid
(1.95 ¢), which was chromutographed (silica, 3 x 20 ¢, 50% ether in pentane) to afford
301 (104 mg, 16%. Ry0.66) (contaminated with 10-20% trichloroethanol), and pure 133e
(340 mg, 67%, Rf0.74). For 133e: {a]p -0.92 (¢ 1.19. CHCI3): IR (CHCIl3 cast) 2958
(m). 2929 (m). 1739 (s) cm-!; TH NMR (400 MHz, CDCl3) 8 4.15 (1, 2H. /= 7.1 Hz.
OCH,CH3), 2.78 and 2.46 (ddd, 1 H.J = 130. 15.5. 6.0 Hz, '3CHH), 2.65 and 2.32
(ddd. 1 H, J = 128, 15.5, 3.5 Hz, I3CHH), 2.25 (1, 2 H, / = 7.5 Hz, OOCCHD»). 1.62
(m. 2 H, OOCCH,CHb), 1.29 (brt, 3 H./ = 4.5 Hz, CH3'3CD(O), 1.25 (1. 3H, /=7 1
Hz. OCH-CH3). 0.92 (1, 3 H, / = 7.5 Hz. CH2CHaCH3): 13C NMR (100 MHz, CDCl3)
$ 172.72 (OOCCHa). 170.17 (r. / = 29.2 Hz. 13CHACO), 66.65 (dt. J = 39.7, 23.0 Hz.
enriched, CH3!3CD(OH)), 60.47 (OCH2). 40.75 (d. / = 39.6 Hz, enriched, 13CH2),
36.26. 10,70, 18.34, 14.06. 13.48; MS (CI. NH1) 206 (MH*, 53), 223 (MNH4*, 100).



For unlabeled compound: racemic ethy! 3-hydroxybuty rate (40a) (0o0me, 4 99 mmob
was used and ethyl (8)-3-hydroxyvbutyrate (40b) (210 mg, 327) was obtained. which
showed identical MS, IR, 1H and 13C NMR spectra with racemic 40a. [a]p +41.90 (¢

1.46, CHCl»).

Ethyl (S)-[1-13C]J-3-(tert-Butyldimethylsiloxy)butyrate (41c).  The

procedure used by Seebach er al. was tollowed. 11 To u stirred solution of hydroxy ester

40c (1.17 g. 879 mmol) in - v mb) was sequentially added tert-
butyvidimethvlsilyl chloride (1.6G ., 1+ mmol) and innue - Coeo 132 mmwol). The

solution was stirred for 2 davs it room temperature and pourece .o hexanes (1O mlo.
This was washed with HxO (3 x 100 mL), dried (Nu2SOg), and concentrated in vacuo wo
give pure silyl ether #1c (2.15 ¢, 99%). [olp +22.3¢ (¢ 0.72. CHCl: IR (CHCla cast)
2007 (w), 2930 (m), 2890 (m), 2858 (m). 1698 (s). 1255 (my em- s TH NMR (360 Mits.
CDCl3) 8 4.25 (m. | H, CH(OSi))., 4.10 (m. 2 H, OCH>). 2.6-2.3 (m, 2 H. CHa! 3CO.
1.23 (t. 3 H.J = 6.8 Hz, CH>CH»). 1.17 (d. 3 H, / = 5.8 Hz, CH:1:CH(OSH), 0.88 (5.
H, (CH33C). 0.08 (s, 6 H, (CH1)2Si): '3C NMR (90 MHz. CDClz) & 171.66 (enriched.
13C00), 65.84 (CH(OSi)), 60.20 (1, / = 2.4 Hz, OCH»). 4495 (d. / = 57.4 Hz,
CH»13C00). 25.71 ((CH3)3C). 23.89 (d, J = 3.7 Hz. CH3CH(OSi), 17.93 (CH3):(h.
14.16 (CH2CH3), -4.53 and -5.05 ((CH3)2Si): MS (CI, NH3) 248 (M™*, 100).

Ethyl (S)-[2,3-13C1]-3-(tert-Butyvldimethylsiloxy)butyrate (41d). The
method for the conversion of 40c¢ to 41¢ was used. Thus, the hydroxy compound 406d
(1.54 g, 11.5 mmol) gave 41d (2.83 g, 99%). IR (CH2Clz cusy 2057 (m), 2930 (m),
2858 (m). 1740 (s), 1255 (m) cm-t: TH NMR (300 MHz, CDCl3) 8 4.46 and 4.11 (dm. |
H, / = 140 Hz, '3CH(OSi)), 4.12 (dq, 2 H. / = 7.1, 4.0 Hz, OCH2), 2.63 and 2.31 (dm.
1H, / = 130 Hz, 13CHH ), 2.52 and 2.21 (dm. | H,/ = 127 Hz. 13CHH). 1.27 (. 311,/
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=71 Hz, CHACH3). 1.20 (dt. 3 H, J = 6.0, 4.4 Hz, CH3!3CH(OSi)), 0.89 (s. 9 H.
(CH3)3C). 0.08 (s, 6 H, (CH3)2Sh): 13C NMR (100 MHz, CDCl3) §171.68 1./ = 28.5
Hz. CO0). 65.84 (d. J = 38.% Hz, enriched, 13CH(OS1)). 60.23 (OCH2), 44.95 (d. J =
38.9 Hz. '3CH=), 25.70 ((CH3)30), 23.70 (1. J = 19.5 Hz, CH3!3CH(0Si)). 17.92
((CH13):C). 14.16 (CHaCH3). -4.54 and -5.07 («CH3)2S1): MS (Cl. NHz) 249 (MH~™.

18).

~, S-Diacetyl-B-mercaptoethyiamine (44). The procedure of Gerstein ¢!
al. was used. 132 To a solution of 2-mercaptoethylamine hydrochlororide (36.8 g, S00
mmol) in H20 (150 mL) at -5 ©C was added acetic anhvdride (153 ¢, 130 mmol) and
agueous 8M KOH simultaneously over 110 min in such a way that the pH was maintained
at 8. The mixture was stirred for 1 h at room temperature and extracted with ether (3 x 200
mL). The combined organic phases were dried over Na2SO4 and concentrated to atford 4
colorless liquid (78.4 g). which was distilled ar reduced pressure to give pure 44 (67.7 ¢.
84%). Bp 138-141 ¢C (0.5 mm Hgj IH NMR (260 MHz. CDCl3) 8 6.33 (brs. 1 H.
NH). 3.37 (m. 2 H, CHaNH), 299 (. 2H. / = 6.4 Hz. SCH»), 2.30 (s, 3 H, CH3COS).
1.95 (s. 3 H, NHCOCH3): 13C NMR (90 MHz, CDCl3) 8 196.01 (SCO). 170.32 (NCO).

39.36 (NCOCH3). 30.46 (CH3COS), 28.64 (SCH2), 2298 (CH>NH).

N-Acetylcysteamine (45). A modification of the method of Schwab er al. was
followed. 1130 To a 0 9C solution of 44 (8.00g, 49.6 mmol) in H20 (150 mL) was added
solid KOH (9.00 g, 160 mmol) over 40 min. The mixture wis stirred under argon for 2 h
at room temperature, then neutralized to pH 7 with 2 N HCI and saturated with NaCl. The
mixture was extracted with CH2Clz (5 x 50 mL). The combined organic phases were dried

(N1>SOy) and concentrated to give essentially pure 43 (5.49 g.93%). IR (CHClj3 casv



3288 (br), 1652 (s), 1549 (s), 1373 (m), 1280 (m): TH NMR (360 MHz, CDC13) 8 6.05
(brs, 1 H, NH), 3.43 (dt,2 H, /=64 59 Hz. CH>oNH), 2.6% (ddt. 2 H, J = 8.3, 6.4,
1.9 Hz, SCH»), 2.02 (s. 3 H, COCH3), 1.36 (t. L H./J = 8.3 Hz, SH): 13C NMR (90
MHz. CDCl3) 8 170.2 (CO), 42.03 (COCH3). 23.50, 22.28: MS (ED caled for CiHONOS
119.0405, found 119.0402 (M).

Ethyl (5)-{2,3-13C2]-3-[(2-Tetrahydropyranylhoxy]butyrate (46d). A
procedure similar to the literature method was used.!!3 To u stirred solution of hydroxy
ester 40d ( 1.80 g, 13.4 mmol) in dry CH2Cla (20 mL) at 0 oC was added 3 4-dihydro-
2H-pyran (5.64 g, 67.1 mmol) over 5 min. followed by trifluoroacetic acid (2 drops). The
solution was stirred overnight at room temperature. The volatile solvent was removed
vacuo to give essentially pure 46d in quantitative vield. For unlabeled racemic material
(46a): [R (CHCIl3 cast) 2925 (m), 1737 (s), 1032 (m), 1022 (m) em- b TH NMR (400
MHz, CDCl3) 8 4.75 and 4.69 (2 xd, | H,J = 4.7. 3.3 Hz, OCHO). 425 (m, | H,
CH3CH(OCHO)), 3.95-3.81 (m, 1 H, CH-CHHO). 3.48 (m, 3 H, CH2CHHO +
OCH-CH3). 2.67 and 2.56 (dd. | H,/ = 15.1, 7.4 Hz, CHHCOQO), 2.42 and 2.39 (dd. |
H, /= 15.1, 6.0 Hz, CHHCOO), 1.9-1.47 (m, 6 H. 3xCH-. 13- 182 xt+ 2xd.o
H,J = 7.2, 6.3 Hz, OCH2CH3 + CH3): 13C NMR (100 MHz, CDCl3) 8 171.08 and
171.04 (COO0), 98.89 and 95.54 (OCHO), 70.32 und 68.20 (CH3CH(OCH)), 62 34 and
61.68 (OCH2CH3), 59.91 (OCH2CH3), 42.45 und 41.47 (CHACO0O0), 30.69 and 30.62,
25.15, 21.56 and 19.51, 19.07 and 19.00, 13.89 (CH>CH3): MS (CIL. NHy) 217 (MH*.
15). 234 (MNH4+, 47); Anal. Culcd for Ci1H~0s: C.61.09. H, 9.32. Found: C.
60.65: H, 9.01.

Ethyl (S)-[2,3-13Ca, 3-2H]-3-[(2-Tetranhydropyrianyljoxy |butyrate (46e). The
method for the conversion of 40d to 46d was used. Thus, 40f (100 mg, 0.651 mmol)

afforded 46e (170 mg, 99%), which was used without purification.



THP Ether of Sodium (§;-[2,3-13C2]-3-Hydroxybutyrate (47d). A
procedure sinular to that of Martin was used. 110 To an ice-cooled solution of THP ether
46d (13.4 mmol, based on 100% conversion) in NMeOH (25 mL) was added 2 N NaOH
(10.1 mL, 20.2 mmol) over 10 min. The cooling buth wus removed, and the solution
stirred at 22 OC for 14 h. The MeOH wus removed in vacuo, the residue was redissolved
in H~0O (30 mL), und the aqueous phase was extracted with hexanes (2 < 50 mL.
Removal of the HyO in vacuo from the aqueous phase attorded 47d. which was carrizd on
to the next reaction without further puritication.

Sodium (8)-12.3-13C2.3-2H]-3-[(2-Tetrahydropyranyhoxy [butyrate (47e). The
method for the conversion of 46d to 47d was employed. Thus. 46e (100 my. 0.651

mmol) gave 47e (170 mg, 99<%), which was used without puritication.

Methoxycarbonyl (S)-12,3-13C1]-3-[(2-Tetrahydropyranyloxy]
butvrate (48d). A procedure similar to that of Martin was used. !0 To a suspension of
the sodium salt 47d (13.4 mmol, based on 100% conversion) in THF (50 mL) was added
methy! chloroformate (2.30 mL., 29.7 mmol) and a catalytic amount of triethylamine (3
drops). A copious precipitate formed after the addition of the methyl chlorotormate. The
reaction was stirred for 20 h at room temperature. and then filtered through a pad of Celite
545. The filtrate was concentriated in vacuo to atford the mixed anhydride 48d, which was
immediately used for the next reaction.

Methoxycarbonyl ($)-{2,3-13C2,3-2H}|-3-{(2-Tztrahydropyranyloxy] butyrate
(48e). The method for the conversion of 47d to 18d was used. Thus, 47e (ca. 0.631
mmol. based on 100% conversion) gave 48e (170 mg, 99%). which was used without

purification.

NAC thioester of (S)-[2,3-‘~‘C3]-3-[(2-Tetrahydrop_vran_vl)ox_v]

butyrate (49d). A procedure similar to that of Martin wis used.!'10 To a cold (0 °C)



solution of the mixed anhydride 47d (134 mumob i dey THE CHmby was adided
N-acetyleysteanune (479 g, +0.2 mumol) and triethy Linine 03 2 hml 2 T 2o mmeh
simultaneously over 10 min. The mixture was warmed 1o room emperiure, stiered
overnight and the THE was removed in vacuo. The resulting residue was dissolvedin
EtOAc (100 mL) and washed with cold aqueous 1N RO S0 mb Concentration ot the
dried (Na2SOy) organic phuse atfordeu the crude product 49d (2 0w Foranlabeled
racemic material (49a): IR (CHCly cust) 378 (hry, 2930 (), TORY (0, TeSo (v 139
(m). 1120 (m), 1021 (m) em-b TH NMR (400 Mz, CDCIHD S 012 and 395 (2 b~
H, NH), .70 and 4.65 (m, 1 H, OCHO). 4.25 (m, I H, CH3CHIOCHO ), 392377
(m, 1 H, CH>CHHO), 3.55-3.46 (m. 3 H. CH>CHHO + CLL2NED, 305 (m, 2 H,
SCH»). 2.9-2.6 (m, 2 H, CH>COO), 1.95 (br s, 3 H, COCH1), 1.9-1.5(m, 6 H, 3N
CH»), 1.3-1.2(2x d, 3H, /=63 Hz CHACH(OCHO)): 13C NMR (100 MHez, CDCly o
197.80 and 197.61 (COS). 170.2% and 170.20 (NHCM) 9% 04 and V6 32 COCHO).
70.84 and 69.08 (CH3:CH(OCH)), 62.70 and 62.60 (CCH-CH»), 51.68 and 51.00.
39.60 and 39.49 (CH>COS), 31.05 and 30.84, 28.62 and 28.55, 2536 and 25 33, 23 1o,
21.80. 19.69 and 19.56; MS (CI. NH3) 290 (MH*. 7). 307 (MNH4*, 30); Anal. Caled
for Cy1H2004: C, 53.96; H, §.01: N.4.84: S, 11.08. Found: C,53.33H, $.17. N,
4.82; S, 11.11L

NAC (S)—[2,3-‘3C:,3-3H|-3-l(2—Tetruhydropyrunyl)oxy| butyrate (49e¢). ihe
method for the conversion of 48d to 49d was used. Thus, I8e (ca. 0.651 mmol. based

on 100% conversion) gave 49e (170 mg, 99%), which wis used without puniticaton.

(S)-3-Hydroxylbutyl Benzoate (30b). The method used by Seebach and
coworkers was employed. ! To a solution of (35)-1.3-butanediol (7.21 g, 80.0 mmol,
and dry pyridine (9.60 mL, 119 mmol) in CH>Cl> (70 mL) was added benzoyl chloride
(11.3 g, 80.0 mmol) in CH2Cl2 (25 mL) over 20 min at -45 ©C. The reaction mixture wus

stirred for 2 h between -35 ©C to -20 0C and then overnight at room temperature. The



e e oured it e cold TN HCTEES0 mb., and the agueous phase was
ey red wath CHECTH CV S0, The combined organic phases were dried (NaaSQOy)
et ated o attord seotorless liquid (18.9 @), Disullation in vacuo yielded S0b
Y e s Hp o 2 ed .S mm Hy): falp +30.00 (¢ 1.35. CHCl3): IR (CHCla
W A AS b, 970ty 1719 600 1603 (wo, TSR0 (), 127% () enm b THENMR (360
S C e AN 00 o Y H 2 A D, 7.6-7.4 o 3H.3-ArH). .62 and 440 (2 xm. 2
LECTOn Yoo o, T HL CLLORD), 2,36 (bros, 1 H, OH), 2.0-1.8 (m. 2 H. CH-CH20).
P oxoad, Ve 2 0.0 Hz, CHAUHWOH)); 13C NMR (90 MHz, CDCl3) 8 166.78 (COO).
L3284 0N, 12006 (ATC), 12820 (ArQ), 128.26 (ArQ). 64.53 (WHOH)). 62.06
CCH O, 3T 0 CHLCH2 Oy, 23,34 (CHi3CH(OHM): MS (CL NH3) 195 (MH™*, 100

Anal Caled tor Cpp Oy Co68.02:0 H, 7.26. Found: C, 67.67. H, 7.04

(S)-3-ttert-Butyidimethylsiloxy)butyl Benzoate {51b). The procedure
o Secbuch and coworkers was followed. 1 The alcohol 30b (11.7 ¢, 60.2 mmol).
mdazole (6 17 g, 90.6 mmol), and tert-butyldimethylsilyl chloride (10.9 g, 72.3 mmol)
were dissolved in dry DMF (120 mL). The mixture was stirred for 2 days at room
wemperature, then diluted with hexanes (500 mL) and washed with H>O (3 x 150 mL). The
organic phise was dried over MgSO4 and concentrated in vacuo to give 51b as a colorless
liquid in quantitative yield. {alp +29.10 (¢ 1.39, CHCI3): IR (CH»Cla cast) 2958 (m).
2035 (m), 2855 (m), 1722 (s5. 1603 (w), 1276 (s) cm-l: lH NMR (200 MHz, CDCl3) &
X 05 (m, 2 H. 2-ArH), 7.6-7.36 (m, 3 H, 3-ArH). 4.38 (m. 2 H, CH20), 4.05 (m, 1 H,
CH(OSi)), 1.95-1.78 (m, 2 H, CH2CH20), 1.20 (d. 3 H, J = 6.0 Hz, CH3CH(OS),
0.87 (5. 9 H. (CH3)30). 0.05 (5, 6 H, (CH3)2Si); H3C NMR (90 MHz, CDCl3) 8 166.47
(COON. 132.73 (ArQ). 130.44 (ArQ), 129.44 (ArC), 128.26 (ArC), 65.29 (CH(OS)).
62.08 (CH~0), 38.41 (CH2CH20), 25.78 ((CH3)30), 24.04 (CH3CH(OS1)), 17.98
(CHIQ). -+.43 and -4.97 ((CH3)28i): MS (Cl, NH3) 309 (MH*, 41); Anal. Calcd for
C1-Ha01Si: C., 66.19: H.9.15. Found: C, 65.84: H. 9.20.



(S)-3-(tert-Butyldimethylsiloxy)butanol (52b). The method of Seebach
and coworkers was used.!'!! To a suspension of S1b (18.0 ¢, 58.4 mmol) in MeOH (78
mL) and H2O (12.4 mL) was added a solution of KOH (4.20 ¢, 749 mmol) in H>O (12 4
mL) over 20 min at 45 °C. The mixture became ciear 3 min atter the addition and wus
stirred for 3 h at 45 °C. H20 (100 mL) was added 1o the mixture and the aqueous phase
was extracted with CH2Clo (3 x 100 mL). The combined organic phases were washed
with saturated solution of NaHCO3 (3 x 100 mL), H2O (2 x 100 mL). dried over Na>SO..
and concentrated in vacuo to atford a liquid residue (13.2 g) which was disulled to give
52b (7.75 g, 65%). Bp 79 9C (1.4 mm Hg): [a]p 24.2 0 (¢ 0.83. CHCIR): IR (CH-C1>
cast) 3355 (br), 2957 (m). 2950 (), 2838 (m), 1256 (s) em . 'H NMR (360 MHz,
CDCl3) 0 4.12 (ddt, 1 H, / =6.8, 6.4, 3.9 Hz, CH(OS1)), 3.85 and 3.74 (2 x m, 2 H,
CH20H), 2.56 (1. IH.J = 5.4 Hz, OH), 1.80 and 1.65(2 x m, 2 H, CH2CH20OH), .22
(d, 3H.J

6.4 Hz. CH3CH(OS1)), 0.88 (5. 9 H, (CH3)3C). 0.09 (s, 6 H, (CH3)2S1):
13C NMR (90 MHz, CDCl3) 8 68.35 (CH(OSi)). 60.48 (CH20OH). 30.48 (CH>CH>OH).
25.79 ((CH31)3C), 23.42 (CH1CH(OS1)). 17.93 ((CH:)3C), -4.37 and -3.96 ((CH1)2Si:
MS (CI, NH3) 205 (MH*, 100); Anal. Caled for CyyH2305Si: C. 58.77: H, 11.84.
Found: C, 58.57: H, 11.61.

(S)-[1-13C1-3-(tert-Butyldimethylisiloxy)butano! (52¢). A modification
of the method of Nicolaou er al. was used.*! To a solution of 41¢ (2.07 g, 8.37 mmol) in
CH»Cly (15 mL) was added DIBAL (7.14 g, 50.2 mmol) in CH2Cl3 (15 mL) over 15 min
at -78 ©C. The reaction mixture was stirred tor 2 h at -78 ©C, and then 30 min at -30 °C.
which point MeOH (4 mL) was added to quench the excess of DIBAL. Then it was diluted
with ether (300 mL), and the ether phase was washed with saturated aqueous potassiums-
sodium tartrate (4 x 100 mL), and brine (3 x 100 mL), drnied over Na2SOag, and

concentrated to give 52¢ (1.50 g, 87%). [ulp =1v.64v ¢ 1.1, CHCl3): IR (CHLCls cast)
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3260 (br), 2959 (m), 2930 (my, 2858 (m), 1255 (m) cm-l TH NMR (400 MHz, CDCl53 0
4.10 (m, 1 H, CH(OSi)). 4.02 and 3.91 (dm. ] H. ./ = 30.0 Hz. CHH!3CHO). 3.63 and
349 (dm. 1H, J = 50.0 Hz. CHH!3CHO), 2.55 (br 5. | H. OH), 1.8-1.56 (m. 2 H.
CHb). 1.18 (d, 3 H. J = 5.7 Hz, CH3CH(OS1)), 0.88 (s, 9 H, (CH3)3C), 0.08 (s. 6 H.
(CH3)2Sij; 13C NMR (90 MHz, CDCl3) S 68.36 (CH(OS1)). 60.50 (enriched. 13CH2OH).
40.45 (d. J = 36.6 Hz. CH»), 25.79 ((CH3)3C), 23.43 (CH3CH(OS1H). 17.93 ((CH3)3L).
-4.35 and -4.97 («(CH332Si): MS (EI) calcd for 13CCyH»3072S1 204.1051, found 204.1379

(M-H).

(S)-(2,3-13C3)-3-(rert-Butyldimethylsiloxy)butanol (52d). The method
for the conversion of 41¢ to 52¢ was used. Thus. 41d (2.80 g, 11.3 mmol) gave 52d
(1.88 g. 81%). IR (CHaCl2 cast) 3360 (br). 2959 (m), 2929 (m), 2858 (m), 1255 (m)
cm-1: TH NMR (400 MHz, CDCl3) 8 4.29 and 3.94 (dm. | H.J = 140 Hz, I3CH(O0Si)),
3.85 and 3.73 (dm, 2 H, J = 48 Hz, CH>OH). 1.94 and 1.84 (dm. 1H. ./ = Hz, I3CHH.
1.63 and 1.43 (dm. | H./ = Hz, 13CHH), 1.21 (dt. 3 H./ = 6.3, 4.3 Hz.
CH3!3CH(OS), 0.90 (s, 9 H, (CH3)3C). 0.10 (s, 6 H, (CH3)>Si); 13C NMR (100 MHz,
CDCl3) 8 68.30 (d, J = 39.7 Hz, enriched, I3CH(OS1)), 60.50 (1, / = 18.9 Hz, CH>OH).
40.52 (d. J = 39.7 Hz, 13CH>). 25.80 ((CH3)3C), 23.42 (1. J = 19.6 Hz,
CH3!13CH(OSi)), 17.95 ((CH3)30). -4.36 and -4.95 ((CH3)2Si); MS (CI, NH3) 207
(MH*, 100).

(S)-3-(tert-Butyldimethylsiloxy)butanal (53b). The method for
conversion of 52¢ to 53¢ was used. Thus, 52b (2.75 g, 13.5 mmol) gave 53b (2.43 ¢.
89%). Bp 59-60 0C (2 mm Hg): [alp +13.9¢ (¢ 0.90, CHCl3); IR (CHCI3 cast) 1957
(m), 2930 (m), 2897 (m), 2858 (s), 1714 (s), 1472 (m) cm-!: 'TH NMR (360 MHz,
CDCl3) 89.78 (1, | H./ =24 Hz, CHO), 433 (m. 1 H, CH(OS1)), 2.48 (m, 2 H, CH»>).

1.24 (d. 3 H./ = 6.4 Hz, CH3CH(OS1)). 0.837 (5. 9 H. (CH3);0), 0.07 (s, 6 H,
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(CH3):S1); 13C NMR (90 MHz, CDCl3) § 20214 (CHO), 64 53 (CH(OSi)). 3208
(CHa), 25.71 (CH3)3C). 24.16 (CH3CH(OSi). 17.93 (CH 3O, -4 1 and -4 90
((CH3)5Si): MS (CL NH3) 203 (MH*, 59), 220 (MNH3*, 251 Anal. Caled for

Ci1oH240-Si: C. 59.35; H. 10.96. Found: C, 39.65: H, 10.77.

(S)-{1-13C)-3-(tert-Butyldimethylsiloxyibutanal (33¢). The procedure
of Swern and coworkers was employed.!!7 DMSO (1.10 mL, 14.5 mmob in CH>Cl> (3
mL) was added to a solution of freshly distilled oxalyl chloride (630 uL, 7.25 mmol) in
CH»Cl> (10 mL) over 10 min at -78 ©C. After 5 min, the alcohol 32¢ (890 my, 4.24
mmoi) in CH>Cl> (7 mL) was added over 10 mun. A coptous white precipitate was
formed. The mixture was stirred tor 30 min at -60 ©C 1o -30 ©C before triethylumine (2.20
mL. 15.7 mmol) was added. The mixture was wamed to room temperature over X0 mun,
and H-O (100 mL) was added. The orgunic phase was washed with IN HCH3 x 50 mlL)
and H>O (50 mL), dried over NSOy and concentrated in vacuo to give a pale yellow
residue (1.16 g). The residue was chromutographed on silica (109 etherin pentance. Ry
0.85) to afford 53¢ (680 mg, 79%). IR (CH2Cl> cast 2959 (), 2930 imj, 2858 (m),
1688 (s), 1258 (m) cm-!: 'H NMR (360 MHz, CDCl3) 6 10.03 and 9.56 (dt. 1 H, J =
170, 3.5 Hz, 13CHO). 4.44 (m, 1| H, CH(OSi)), 2.48 (m. 2 H, CH>), 1.19(d. 3 H, / =
6.4 Hz, CH3CH(OSi)), 0.87 (5.9 H, (CH3)3C), 0.07 (s, 6 H. (CH3)>S1): 13C NMR (90
MHz, CDCl3) 8 204.66 (enriched, 13CHO), 64.54 (CH(OSI)), 52.95«d, J = 39.1 Hz.
CH»), 25.71 ((CH3)30), 24.13 (CH3CH(OSi)). 17 7 ((CH3)3C). -4.39 und -14.96
((CH3)2Si); MS (CI, NH3) 204 (MH*. 100).

(S)-[2,3-13C_'-3-(tert-Butyldimethylsiloxy)butanal (53d). A
modification of Nicolaou's procedure wis used. >0 To o solution of the alcohol 52d 1 x4
g, 8.92 mmol) in CH2Clz (40 mL) was added 4 A molecular seives (3 ) and PCC (2.60) .

12.1 mmol). The mixture was stirred for 80 mun at room temperature, then poured into
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3d (1.533

L

ether (300 mL) und filtered. The filrate was concentrited to give

1S

.13%). IR

[§

(CH-Cla casty 2957 (m), 2930 (m), 2838 (m), 1713 (5). 1255 (m) em- s TH NMR (200
MHz. CDCl3y) 8 9.83 and 9.77 tdm, | H./ =230 Hz, CHO) 448 and .18 (dm. | H.J
= | 30 Hz. 13CH(0Si)). 2.66 and 2.36 (dm, 2 H./ = 126 Hz, 13CH»). 1.24(dt. 3 H./ =
6.0. 4.4 Hz, CH3!3CH(OSi). 0.88 (5.9 H. (CH3)3C), 0.07 (5.6 H. (CH3)2Si): 13C
NMR (100 MHz, CDCl3) 8 202.12 (1. J = 20.2 Hz. CHO), 64.35 «d. / = 38.1 Hz.
cnriched. 13CH(OSi)), 52.98 (d. J = 38.0 Hz. '3CH2). 25.71 ((CH3)30), 2417 (L J =
19.6 Hz. CH3!3CH(OSI)), 18.17 ((CH3)30), -4.39 and -4.96 ((CH3)2S1): MS (CIL. NHz)
205 (MH*. 3.3), 221 (MNH4*, 100).

(Carbomethoxymethylene)triphenylphosphorane (54a). The method of
(sler ef al. wiis used 119 A mivrure of methyl 2-bromoacetate (76.5 ¢. 500 mmol) and
triphenyvliphosphine (138 g, 525 mmol) in toluene (300 mL} was heated at 120 OC tor i h.
The solvent was removed in vacuo, and the resulting solid (2035 g) was washed with
hexane (200 mL). The residue was dissolved in H~O (2 L) 2t 0 ©C, and a solution of
NaOH (22 g) in H20 (250 mL) was added over I h. The mixture was stirred for 30 min.
and then filtered. The white crystals were collected and dried to afford 54b (145 g, 87%).
Mp 169-171 °C; MS (EI) caled for Ca1H1902P 334.1123, found 334.1103 (M); Anal.
Caled for C2 Hj902P: C.75.43; H, 5.73. Found: C, 75.33: H, 53.90.

[2-13C](Carbomethoxymethylene)triphenylphosphorane (54b). The
same method as for preparation of S4a was used. To obtain methyl {2-13Clbromoacetate.
dinzomethane was added to a cold (0 ©) solution of {2-13C)bromoacetic acid (4.00 g, 28.6
mmol) (isotopic purity 99% 13C) in ether (50 mL) until the mixture retained a pale-yellow
coloration. The mixture was allowed to stand tor 2 h at room temperaure, formic acid

(88%%. 2 drops) was added to destroy the excess CH-N> Removal of the solvent atforded
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pure methyl [2-13C]bromoucetate (4.40 g, 100%%). Thus. methyl [2-13Clbromoacetite
(4.21 g. 27.3 mmol) gave 54b (7.92 g, 86%). Mp 163-165 °C: IR (CHClz casy 1018
(s), 1436 (m). 1327 (s), 1103 () el TH NAMR (360 MHz, CDCLyy o 7.09 um. 6 H,
ArH). 7.47 tn. 3 H. ArH), 7.41 (m, 6 H, ArH), 3.48 (bros. 3 H.CHy. 288 ¢broso L HL
13CH); MS (El) caled for I3CCaH190~P 335,113, found 335 1139 (M. Formethyl
[2-13CJbromouacetate: 'H NMR (360 MHz, CDCl3) 53.83d.2H. /=156 Hz V3CH.
3.78 (s. 3 H, CH3); 13C NMR (90 MHz, CDCl3) § 167.66 (d. / = 66.0 Hz, COy, 5314
(OCH3), 25.45 (enriched, 13CH2): MS (ED calcd for 13CCaHs@BrO2 152.9506, found

152.9497 (M): caled for 13CC2Hs31BrO» 1539486, found 1549479 (M+2).

[1.2-13C», 1-14C](Carbomethoxymethylene)triphenylphosphorane
(54c¢). The same method as for preparation of S4a was used. Thus, a mixture of methyl
{1,2-13Ca|bromoacetate and methyl | 1- I4Cibromoacetate (1.36 g, .77 mmol) gave S4¢

(2.70 g, 92%).

Methyvl (S)-[2,3-13C2]-3-(rert-Butyldimethylsiloxy)hex-2-enoate
(55d). The method of Seebach and coworkers was used. ! The uldehyde 53¢ (930
mg, 4.57 mmol) and the Wittig reagent 54b (1.66 g, 3.95 mmotl) were dissolved in dry
benzene (35 mL), and the resulting solution was heuted to reflux at 83 9C tfor 8 h. The
mixture was cooled to room temperature and stirred overnight. The solvent was removed
by distillation and the residue was washed thoroughly with pentane. Upon concentration
of the filtrate. a yellow residue (solid + liquid) (1.70 g) was obtained. The residue was
purified on flash silica (10 x 4.5 ¢m) (10% ether in pentane, Ry 0.66) to yield 55d (730
mg, 61%) as a mixture of inseparable isomers (Z.E = 3.5/95.5). [a|p +8.3° (¢ 0.95.
CHCI3): IR (CHCl3 cast) 2953 (m), 2930 (m). 2890 (m). 2857 (m), 1726 (s), 1605 (m.
1313 (m). 1258 (m), 1220 (m). 1171 (nm. | 130 (my. 1066 (m), 1057 (m), 1905 (m). 336

(m). 775 (m) cmr s TH NMR (360 MHz. CDCly 3717 and 6.76 (dddt, 1H, / = 156,
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15.6. 7.5, 1.95 Hz, 13CH=!3CHCO), 6.07 and 5.62 (br dt, IH. /=162, 15.6 Hz,
13CH=!3CHCO), 3.94 (m, 1H. CHOSI), 3.76 (5. 3H, OCH3), 2.34 (m, 2H, CH->13CH).
1.15 (d. 3H, / = 5.4 Hz, CH3CH(OSi)), 0.87 (s. 9H, (CHj3)3C). 0.06 (s, 6H. (CH3)2Sh:
13C NMR (90 MHz, CDCl3) 8 166.60 (d, J = 74.46 Hz, CO), 146.03 (d, J = 69.58 Hz.
13CH=13CHCO), 122.72 (d. / = 69.58 Hz, 13CH=!3CHCO). 67.51 (CH(OS1)), 51.15
(OCH3), 42.33 (d, J = 41.51 Hz, CH2!3CH). 25.69 ((CH3)3C), 23.62 (CHRCHOSHC.
17.93 ((CH3)3C), -4.66 und -+.95 ((CH3)2S1); MS (CI, NH3) 261 (M*, 50), 262(MH~.
9), 278 (MNH4*, 100).

For unlabeled racemic material (33a): IR (CHCI3 cast) 2954 (m), 2930 (m),
2890(m). 2858, (r1), 1728 (). 1680 (m) -t TH NMR (360 MHz. CDCl3) 3 6.96 (ddt.
{H. J =15.¢. 6.5. 1.5 Hz, CH=CHCO). 5.84 (dt, IH. / = 15.6. 1.5 Hz, CH=CHCO).
3.97 (dq, | H./ = 5.9, 5.9 Hz. CHOSi), 3.74 (5, 3 H, OCH3). 2.34 (ddd. 2H. J = 6.8.
59.1.5 Hz, CHaCH=CH), 1.18 (dt, 3H, J = 5.9. 1.5 Hz. CH:CH(OSHCH2). 0.90 (s.
9H, (CH3)3C), 0.06 (s, 6H, (CH3)2Si); 13C NMR (90 MHz, CDCl3) 8 166.73 (CO),
146.21 (CH=CHCO), 122.76 (CH=CHCO), 67.54 (CH(OS1)), 51.25 (OCH2). 42.40
(CHACH=CH), 25.74 ((CH3)3C). 23.66 (CH3CH(OS)CH2), 18.00 ((CH3)30), -4.62
and -4.89 ((CH3)2SH: MS (CI, NH3) 276 (MH*, 100): Anal. Culed for C3H2603S1: C.
60.42: H, 10.14. Found: C, 60.18; H. 10.00.

Methyl [1,2-13C2,1-14C]-5-(rert-Butyldimethylisiloxy)hex-2-envute
(35e). The method for conversion of 53¢ to 55d was used. Thus, 3-(tert-buty wdimethy |
siloxy)butanul. (83a) (650 mg, 3.21 mmol) and | 1.2-13CH[(carbomethoxy
methylene)triphenylphosphorane (S4¢) (800 mg, 2.38 mmol) atforded 55e (430 my,
70%). 'H NMR (400 MHz, CDCl3) 8 6.95 (m. 1 H, CH=!3CH). 6.03 and 5.63 (m, | H.
CH=!3CH). 3.90 (m. | H, CH(OS1)), 3.72 (d. 3 H, / = 4.0 Hz, OCH23), 2.40 (m, 2 H.
CH-CH=13CH), 1.16 (d. 3 H.J = 6.2 Hz, CH3CH(OSi)), 0.8% (s, 9H, (CH3)3C), 0.06
(s. 6H, (CH3)2Si): 13C NMR (75 MHz. CDCl3) 6 166.88 (d. ./ = 75.4 Hz, enriched,
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13/13C0), 146.25 (d. J = 70.5 Hz, CH='3CH), 122.75 (d. J = 75.4 Hz. enriched.
CH=13CH). 67.65 (CH(OS1)). 51.38 (OCH3), 42.47 (d, / = 6.1 Hz. CH-CH=!3CH),
25.75 ((CH3)3C). 23.76 (CH3CH(OS)), 18.10 ((CH3):C). -4.52 and -4.80 (CH1Si 1

(S)-12.3-13C]-5-ttert-Butyldimethalsiloxy thex-2-cnoic  Actd  (36d).
The procedure of Seebach and coworkers was adapted. ' To a solution of the methy |
ester 33d (720 myg, 2.77 mmolj in THF (19.7 mbL) and H20 (4.90 mL) was added
aqueous NaOH (3.3 mL, 3.3 mmol) over 15 min. Then the reaction mixture was heated to
30 0C und stirred for 3 h. Half of the THF was removed in vacuo, the remaining mixture
was stirred at 30 9C for 20 h. and eventually became u clear solnon. The solvent was
removed. and the aqueous phase was aciditied to pH 2 by 2N HCL and extracted with
CHCl3 (3 x 530 mL). The combined organic phase was dried over NuzSO5 and
concentrated to yield pure 36d (644 mg, 95%). {ulp +5.99 (¢ 0.59, CHCi3y, IR (CHCiy
cast) 2400-3300 (br), 2956 (m), 2930 (m), 2885(m), 2858, (m), 16Y5 (s), 1601 (m),
1418(m), 1312 (m), 1291 (m). 1276 (m), 1257 (m), 1131 (m). TO8S (m), 1004 (m), 836
(my, 775 (m) ecm- b TH NMR (360 MHz, CDCl3) 6 7.31 and 6 .86 «dddt. 1 H. J = 156,
15.6, 7.7. 1.95 Hz. 13CH=!3CHCO), 6.08 and 5.63 (brdt, | H,/ =163, 15.6 Hz,
13Cti = "CHCO), 3.94 (dg, | H.J =5.9,59 Hz. CHOSI), 2.36 (m, 2 H, CH>!3CH),
1.20 ¢, * H,J = 5.9 Hz, CH3CH(OS1)), 0.89 (5. 9 H, (CH3)3C), 0.06 (s, 6 H,
(CH3)2Si); 13C NMR (90 MHz, CDCl3) 8 171.76 (d. / = 72.0 Hz, CO). 148.90(d, J =
69.6 Hz, 13CH=13CHCO), 122.60 (d, / = 69.6 Hz. 13CH=1CHCO), 67.51 (CH(OSi)).
42.48 (d, J = 42.73 Hz, CH»!3CH), 25.78 ((CH3,3C), 23.75 (CH3CH(OS1)CHa), 18.04
((CH3)30), -4.57 and -4.84 ((CH3)2Si): MS (Cl, NH3) 247 (MH*, 52), 264 (MNH1*.
95).

For unlabeled racemic material (36a): IR (CHCI3 cast) 3400-2400 (br), 2956 (m),
2930 (m), 2885(m), 2858, (m), 1699 (s), 1654 (m) cm-!; TH NMR (360 MHz, CDCl3) o

7.08 (dt, 1H.J = 15.6,7.7 Hz, CH=CHCO). 585 tdt. I1H./ =15.6, 1.4 Hz,
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CH=CHCO). 395 (m, | H. CHOS1), 2.35 (m, 2H. CH»>CH=CH). 1.18 (dt. 3H. J = 6.2
Hz, CH3CH(OS1)), 0.87 (s, 9H. (CH3)30), 0.06 (s. 6H, (CH3)aSi): 13C NMR (90 MHz.
CDCl3) 8 171.50 (CO). 149.00 (CH=CHCO), 122.53 (CH=CHCO). 67.49 (CH(OS1)).
42.19 (CH-CH=CH), 25.77 ({CH3)30), 23.78 (CH3CH(OSiN. 18.03 ((CH3):0). -4.58
and -4.85 ((CH3)2Si); MS (C1 NH3) 276 (MH™. 100); Anal. Caled for Ci3H2603S1: C.

58.97: H.9.90. Found: C. 38.98: H, 9.52.

[1,2-‘3C3,1-“(3]-5-(tert-Butyldimeth_vlsiloxy)hex-.’.-enoic Acid
(56e). The method for conversion of 53d to 36d was used. Thus, $3e (430 mg. 1.65
mmol) afforded 36e (290 my. 71%). IR (CHCl3 cast) 3300-2400 tbr), 2957 (m). 2929
(m), 2857 (m), 1660 (s), 1622 (m). 1257 (m) em-1: 13C NMR (75 MHz, CDCl3) 8 171.23
(d. J = 72.4 Hz. enriched. 13%14C0), 149.05 (d. / = 69.9 Hz, CH=''CH), 122.50 d. / =
79 9 Hz. enriched, CH=13CH), 67.54 (CH(OS1)). 42.57 (d. J = 6.2 Hz, CH>CH=!3CH).
25.85 ((CH3)30), 23.85 (CH3CH(OSi)), 18.11 {(CH3)3C). -4.57 and -4.85 ((CH3)2S1):
MS (CI, NH3) 247 (MH*, 20), 264 (MNH4™, 100).

NAC (5)-[2,3-13C32]-5-(tert-Butyldimethylsiloxy)hex-2-enoate (57d).
A modification of the method used by Purker wis tollowed.!20 To a solution of the acid
56d (624 mg, 2.53 mmol) in CH2Cla (5 mL) were added N-acetyl cysteamine 45 (320
mg, 2.69 mmol) in CH»Cl» (5 mL), DCC (560 mg, 2.71 mmol). and
4-dimethylaminopyridine (10 mg) in CHCl> (4.2 mL) simultaneously over 5 min at -10
oC. The solution became a cloudy white and was stirred overnight at room temperature.
The mixture was concentrated to afford a yellow oil. which was puritied by flash
chromatography (silica, 2 x 14 cm, EtOAc. Ry 0.37) 10 give 57d (815 mg, 93%). |alp
+7.59 (¢ 0.531, CHCIl3): IR (CHCl3 cast) 3279 (br). 2956 (m), 2928 (m), 28535 {m), 1658

(s), 1630 (m). 1581 (m), 1559 (m), 1254 (). 1004 ), 895 (m), 775 (m) cm-1: TH
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NMR (360 MHz, CDCl3) 8 7.14 and 6.73 (ddt, | H./ = 136, 15.6. 7.8 Hz.
I3CH=!13CHCOS), 6.37 and 5.92 (brdt. | H.J = 154, 15.6 Hz, 1 ’\CH=13CHCOS). 5 3%
(brs, 1 H, NH). 3.96 (m. | H. CHOSI), 3.47 (dt. 2 H, J = 6.4, 5.5 Hz, CHaNH), 311
(t, 2 H.J = 6.1 Hz, SCH»), 2.34 (m, 2 H. CH2!3CH). 1.9% (. 3 H. COCH3). 1.17 (d. 3
H, J = 6.4 Hz, CH3CH(OSi)CH2), 0.88 (5. 9 H, (CH3)3C). U.07 (s. 6 H, (CH3)28i: 10
NMR (90 MHz. CDCl3) 8 190.15 (d. J = 61.0 Hz. COS), 170.23 (COCH ), 14343 (. /
= 70.0 Hz, 13CH=13CHCOS), 130.22 (d. J = 70.0 Hz, 3 CH=13CHCOS), 67.43
(CH(OS1)), 42.32 (d, J = 41.5 Hz. CH213CH). 39.79 (COCH3), 28.13 (SCH», 25.74
((CH3)3C). 23.86 (CH3CH(OS1)CH2), 23.15 (CHaNH), 17.98 ((CH3)30). -4.55 and -
4.85 ((CH3)2Sij: MS (CL. NH3) 348 (MH*. 100), 365 (MNHa*. 510 MS (ED caled for
13C>C3H31NO3SSi 347.1861. found 347.1833 (M),

For unlabeled racemic material (37231 IR (CHCIz casty 328K (br), 2955 (m), 29209
(m). 2858(m). 16€8 (<), 1637 (m), 1552 (my em-i; 'H NMR (360 MHz, CDCly) 8 6.9
(dt, 1H. ./ = 1562,7.7 Hz, CH=CHCOS), 6.13 (brd. 1H, / = 15.6 Hz. CH=CHCO>).
5.95 (br s. IH. NH), 3.93 (m. IH, CHOS1). 3.44 (dt, 2H, / = 6.4, 5.5 Hz, CH>aNH),
3.07 (1. 2H, J = 6.4 Hz. SCH»), 2.30 (m, 2H, CH2CH=CH), 1.95 (s, 3H, COCH3),
1.15 (d, 3H. / = 6.2 Hz, CH3CH(OSi)CHa). 0.88 (s. 9H, (CH1)3C). 0.07 (s. 6H,
(CH3)2Si): 13C NMR (90 MHz. CDCl3) & 190.24 (COS), 170.23 (COCH3y), 143.53
(CH=CHCOS), 130.15 (CH=CHCOS). 67.45 (CH(OS1)), 42.39 (CH2CH=CH), 39.X4
(COCH3). 28.15 (SCH»), 25.76 ((CH3)3C). 23.67 (CH3CH(OS1)CH2), 22.83
(CH>NH), 18.00 ((CH3)3C), -4.55 and -4.84 ((CH3)2Si): MS (Cl. NH3) 346 (MH*, 571
Anal. Caled for C1gH3 1 NO3S8Si: C,55.61: H, 9.04: N, 4.05. Found: C, 55.21; H, 9.00:
N, 3.23.

NAC [1,2-13C3,1-13C1-5-(tert-Butyldimethylsiloxy)hex-2-enoate
(537e). The method for conversion of 36d to 37d was used. Thus, 56e (283 myg, .13

mmol) afforded 37e (157 myg, 39%). IR (CHCl3 cast) 3240 (br), 2928 (m), 1640 (s).
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1603 (m). 155° (m) em-1: TH NMR (200 MHz. CDCl3; 6 6.94 (dt. 1 H, ./ =15.6.7.7 Hz.
CH=!3CH), 6 36 and 5.78 (ddm. | H./ = 160. 15.6 Hz, CH=!'ICH). 5.90 {brs. 1 H.
NH), 3.93 (m. | H, CH(OSi)). 3.44 (4, 2 H, J = 6.2 Hz, CHaNH), 3.10 (1, 2 H. J = 6.3
Hz. SCHa). 2.32 (m. 2 H, CHoCH=!3CH), 1.97 (5, 3 H, COCH3). 1.17(d. 3H. /= 6.2
Hz. CH3CH(OSi)). 0.88 (5.9 H. (CH3)3C). 0.07 (s. 6 H, (CH3)2Six 1PC NMR (90
MHz. CDCl3) 8 190.24 (d. / = 61.8 Hz, enriched, 3COS). 170.21 (COCH3). 143.56 (d.
J =70.3 Hz, CH='3CH), 130.12 (4, / = 61.8 Hz. enriched. CH=13CH). 67.52
(CH(OSi)), 42.45 (d, J = 6.0 Hz, CH .CH=13CH), 39.88 (COCH3). 28.22 (SCH).
25.79 ((CH1)3C). 23.82 { CH:CH(OSH 1, 23.20 (CHaNH)L 18510 ((CH3)30), -4.51 and -

4.80 ((CH3)>Si): MS (C1 NH3) 348 (MH*R 67), 365 (MNHs*. 100).

5.(tert-Butyldimethylsiloxy)hex-2-enal (62). The method of Seebach and
coworkers was used. | TT A mixture of methyl 3-uert-buty ldimethy Isiloxy jhex-2-enol 70
(461 mg, 2.00 mmol) and active manginese dioxide 2% (870 mg, 20.0 mmol) in CH2Cl»
(10 mL) was stirred for 12 h and filtered. The filrate was concentrated to give the
known! 1! aldehyde 62 (370 mg, 51%). IR (CHCl3 cast) 2956 (s), 2930 (s), 2930 (s).
2858 (5). 1728 (s). 1697 (m), 1473 (m) em~1: 'H NMR (200 MHz. CDCl3) 39.62 (d, 1
H, J = 8.0 Hz, CHO), 6.98 (m, 1 H, CH=CHCHO), 5.84 (m. | H. CH=CHCHO), 3.92
(m. 1 H, CH(OSi)). 2.30 (m. 2 H, CH2CH=CH), 1.13 (d. 3H.J=6.0Hz
CH3CH(OS1)). 0.85 (s, 9 H. (CH3)30). 0.04 (s. 6 H, {CH21)2Si): MS (CIL. NH3) 246
(MNHa*, 46).

(Carbethoxymethylene)triphenylphosphorane (68a). The same method
as for the preparation of 54a was used. Thus. ethyl bromoacetate (16.7 g, 100 mmol)
gave 68a (31.9 g, 92%). Mp 128-130 0C: MS (ED) caled for CaaH-0aP 348.1279,
found 3458.1267 (M)
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[1-13C)(Carbethoxymethylene)triphenylphosphorane (68b).  The same

method as for preparation of 34a was used. Thus. ¢t SCIbromoacetate (2.00 g,

11.9 mmol) (isotopic purity 99% 13C) gave 68b (3.3% ¢, ¥1%). Mp 123125 9C: IR

(CHCl3 cast) 1600 (s), 1379 (). 1437 (m), 1322 (m, 1102 (o e b MS (ED caled tor

13CCHH190-P 349.1315. round 349.1301 (M),

Ethy!l (S)-[1-13C]-5-(rert-Butyldimethyisiloxy)hex-2-enoate (69¢). A
similar procedure to that for the conversion of 53¢ to 33d was used. Thus, the aldehyde
53¢ (2.24 g, 11.1 mmol) attforded 69¢ (1.85 g, 70% ). atter column chromatography
(silica, 10% EtOAC in hexanes, Ry 0.55). IR (CH2Cla cast) 2957 (nm), 2930 (m), 2857

-

(m), 1685 (s), 1651 (m)yem-!; TH NMR (3600 MHz, CDCl3) 8 692 (dt, | H. /=156, 7 7

h

Hz, CH=CH!3CO0), 5.81 (dt. 1 H./ =156, 1.5 Hz, CH=CH!CO), 4.15 tm. 2
H,OCH>). 3.88 (m, 1 H. CH{OSi)), 2.28 (m. 2 H, CH>CH=CH), 1 23 (1. 3 H.J =71
Hz. CH-CHzx). 1.13 (d. 3 H. / = 6.4 Hz, CH3CH(OSi). 0.87 (5. 9 H, (CH1)3C). 0.07
(s, 6 H, (CH3)Si); 13C NMR (90 MHz, CDCl3) 8 166.43 (enriched. COOQ), 145.99
(CH=CHI3CO), 123.18 (d. / = 74.5 Hz, CH=CH!3CO), 67.66 (CH(OS1}). 60.11
(OCH»), 42.43 (d, / = 7.32 Hz, CH>CH=CH), 25.79 ((CH3)3C). 23.77 «CH3CH(OS11 .
18.06 ((CH3)3C), 14.26 (CHaCH3), -4.54 and -4.85 ((CH3)2Si): MS (CI, NHz) 274
(MH*, 55), 291 (MNH4*, 100).

For unlabeled racemic material (69a): IR (CHCl3 cast) 2957 (m), 2930 (m),
2887(m), 2855, (m), 1724 (s), 1659 (m) cm-}; TH NMR (360 MHz, CDCl3) 8 6.89 (dt.
1H, J = 15.6, 7.8 Hz, CH=CHCO), 5.83 (dt. IH. / = 15.62, 1.5 Hz, CH=CHCO), 4.19
(q, 2H, J = 7.3 Hz, OCH~), 3.92 (ddt, 1 H./ =59, 5.9, 1.5 Hz, CHOSi), 2.36 (m. 2H.
CH-CH=CH). 1.28 (1, 3 H./ =7.3 Hz, CH-CH3). [.18 (d. 3H. J = 5.9 Hz,
CH3CH(OS)), 0.90 (s, 9H, (CH3)3C), 0.06 (5. 6H, (CH3)2Si): 13C NMR (90 MHz,
CDCl3) & 166.40 (CO), 145.98 (CH=CHCO), 123.21 (CH=CHCO), 67.64 (CH(OSi)).

60.09 (OCH»), 42.43 (CH,CH=CH). 25.79 (1CH1z)3C), 23.76 (CH3CH(OSHCHa),
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18.05 ((CH3)30), 14.24 (CH2CH3), -4.56 and -4.35 ((CH3)2S1); MS (EI) caled for
CioH903Si 215.1104, found 215.1 104 (M-CsHy).

Ethy! (.S')-[4,5-HC3]-5-(tert-But_vIdimelhylsilox)‘)hex-?.-enoute
(69d). The method for the conversion of 53¢ to 55d wus used. Thus, the aldehyde 33d
(1.32 g, 6.46 mmol) afforded 69d (1.06 g, 609%). IR (CH2Cl2 cast) 2938 (m). 2929 (m.
2858 (m), 1724 (s), 1655 (m) cm-1; TH NMR (400 MHz. CDCl3) 3695 (ddt, 1 H./ =
15.6 Hz, CH=CHCO), 5.83 (dt, 1 H, J = 15.6 Hz. CH=CHCO), 419, 2H. /=71
Hz, OCH»). 1.09 2nd 3.74 (dm. | H./ = 140 Hz. \3CH(OSi)), 2.47 and 2.15 (dm. 2 H.
J = 128 Hz. !3CH»~), 1.28 (t. 3 H. ./ = 7.1 Hz. CH->CH3), 1.16 (dt. 3 H. / = 6.0. 4.4 Hz.
CH3!3CH(OS1;3, 0.87 (s, 9 H, (CH3)30), 0.07 (s, 6 H. (CH3)>Si): 13C NMR (100 MHz.
CDCl3) 8 166.43 (d, J = 6.0 Hz, CO0), 146.04 (1, / = 21.5 Hz, CH=CHCO), 123.20 (d.
J = 3.2 Hz, CH=CHCO). 67.65 (d, J = 38.6 Hz, enriched, I3CH(OS1)). 60.12 (OCH?).
42 .43 (d. J = 38.6 Hz, enriched, 13CH>), 25.79 ((CH3)3C), 23.77 (1, / = 19.7 Hz.
CH;'3CH(0S)). 18.07 ((CH3)3C), 14.25 (CHaCH3). -4.55 and -4.85 ((CH=3)2Si): MS

(CL. NH1j 275 (MH*, 85). 292 (MNH4*, 100).

5.(tert-Butyldimethylsiloxy)hex-2-enol (70). The method tor the
conversion of 41¢ to 52¢ was used. Thus, methyl 5-(rert-butyldimethylsiloxy)hex-2-
enoate (552) (2.78 g, 10.8 mmol) gave the known!!! compound 70 (2.30 g, 93%). IR
(CHCl3 cast) 3340 (br), 2956 (s), 2930 (). 2858 (), 1470 (m) cm-!; TH NMR (300
MHz, CDCl3) & 5.66-5.58 (m. 2 H, CH=CH), 4.04 (m, 2 H. CH»OH), 3.79 (m, 1 H,
CH(OSi)), 2.20-2.05 (m, 2 H, CH2CH=CH). 1.09 (d, 3 H, J = 6.0 Hz, CH3CH(OS1).
0.85 (s. 9 H. (CH3)3C), 0.04 (s, 6 H, (CH3)2Si): 13C NMR (75 MHz, CDCl3) 6 131.29
and 12948 (CH=CH). 68.45 (CH(OSi)), 63.55 (CH20H), 42,51, (CHCH=CH), 25.86
(CH1)30). 23.26 (CH3CH(OS)). 18.14 (CH3)3C). -4.53 und -4.72 (CH3)2S1): MS (CL.
NH3) 231(MH*, 68). 248 (MNH4*, 100).



1,1.4,4-Tetramethoxy-2-butene (71). The procedure of Makin er al. was
used. 1226 To 4 cold (-45 ©C) solution of turan (34.0 g, 500 mmob) in MeOH (250 ml.)
was added liquid bromine (79.9 g, 500 mmoly in MeOH (200 ml) over 40 nun. ‘The
reaction mixture was stirred tor 1.5 h between -10 10 -3 VC and cooled to 30 0C agan.
The mixture was neutralized with gaseous ammonia to pH X, the anunonium bronude
precipitate generated was then tiltered and washed with ether. The filtrate was concentrated
to give an orange-red liquid (79.5 g), which was distilled to atford the knownt=2b
compound 71 (68.7 g, 78%). Bp 92-94 0C (6.5 mm Hy): IR (CHCL3 cast 2989 (n,
2938 (5). 2908 (m), 2%30 (s). 1368 (m), 1445 (m), 1036 (s) emvb FHONMR (300 Mide.
CDCl3)85.482(dd. 2 H,/ =22, 1.2 Hz), 4.84 (dd. 2 H. / = 2.2, 1.1 Hz), 333 (s, 12

H, 4 x OCHz): '3C NMR (75 MHz, CDCl3) 8 130,93 (CH=CH). 101.94 (2 x CHIOMo).

52.69 (4 x OCH3); MS (EI) caled for C7H 1303 145.0865, tound 145 0869 (M-OCH3).

4,4-Dimethoxycrotonaldehyvde (72). The procedure ot Yanovskaya er ul.
was followed.!22¢ A mixture of the bisacetal 71 (68.0 g, 386 mmol), 6% phosphoric acid
(3.9 mL), and H-O (3.4 mL) was heated for 80 min at 100 ©C. During this process,
MeOH (ca. 8 mL) was distilled out of the mixturz. The reaction mixture was then disulled
to produce the known!22¢ aldehyde 72 (50.0 g, 72%) (It was contaminated with ca. 227
starting bisacetal 71 as showed by 'H NMR). Bp 60-61 °C (1 mm Hg): IR (CHCl3 cast)
2993 (m), 2940 (m), 2911 (m), 2833 (m), 1726 (m), 1697 (s). 1468 (m), 1445 (m), 1053
(s) cm-1; TH NMR (300 MHz. CDCl3) 8 9.63 (d, | H./ = 8.1 Hz, CHO), 5.63 (dd. | H.
J =159, 4.0 Hz, CH=CHCHO), 6.37 (ddd. I H,/ =159, 8.0, 1.4 Hz, CHCHO), 5.06
(dd, 1 H, / = 4.0, 1.4 Hz, (OMe)2CH), 3.47 (s. 6 H. 2 x OCH3): !3C NMR (75 MHz.
CDCl3) 8 193.08 (CHO), 150.33 (CH=CHCHO). 134.19 (CH=CHCHO), 100.46
(CH(OMe), 52.98 (2 x OCH3); MS (ED) caled for CsH702 99.0446, tound 99.()446 (M-
OCH3).



Methyl 60,6-Dimethoxy-2,4-hexadienoate (73). A modification of the
method of De Komng eral. was used. '2-% A mixture of 72 (39.5 ¢, crude, ca. 237 mmol)
aned the Wittig reagent (34a) (79.5 ¢, 238 mmob) in toluene (225 mL.) was heated to retlux
tor 1 h The solbvent was removed in vacuo, the resulting residue was dissolved in hexunes
OO0l and filtered. The filirate was concentrited and the resulting brown liquid was
distlled to attord the known!2=4 compound 73 (28.0 g, 64%). Bp §2-84 9C (0.1 mm
P TR CCHCL3 cast) 2953 (m), 2833 (m), 1722 (50, 1639 (m), 1054 (m) em-t: MS (ED

cialod for Coll 304 186.0892, tound 186.0890 (M),

Methyl 6-Oxo0-2,4-hexadienoate(75). The procedure of Koning er al. was
follomed. 1279 A mixture of the acetal (73) (27.5 g, 148 mmol) and sodium acetate (13.4
¢, 162 mmol) in acetic acid (135 mL) and H2O (10 mL) was heated for 2 h at 100 °C. The
minture was poured onto crushed ice (500 mL), and the resulting aqueous selution was
extructed with ether (3 x 200 mL). The combined organic phases were dried over Na>SO.
and concentriuted to give 73 (12.6 g, 61%) as a vellow solid. Mp 69.0-71.0 ©C: IR
facetone cast) 1725 (m), 1678 (s). 1326 (mi, 1233 (3), 1010 (m) cm it TH NMR (300
MHz, CDCl3) 8 9.68 (d, | H,/ =8.7 Hz, CHO), 7.44 (ddd, 1 H,/ = 15.4, 11.4, 0.6
Hz), 7.17 (ddd, | H, /=154, 11.4, 0.6 Hz), 6.42 (ddt, t H. / =154, 11.7, 0.6 Hz).
6.32 (dt. J = 15.4, 0.6 Hz). 3.82 (s, 3 H, OCH3): 13C NMR (90 MHz, acetone-dg) 8
193.97 (CHO). 166.46 (COOCH3), 148.25, 141.77, 138.11, 12992, 52.09 (OCH3); MS
(ED caled for C7HGO3 140.0473, 140.0476 (M).

NAC [1,2-13C,}-7-Hydroxyoct-2-enoate (82d). A similar procedure to
that of Kelly ¢t al. was used.!15 To a solution of the silyl ether 130d (290 mg, 0.772
mmol) in dry CH>Cl2 (10 mL) was added distilled BF3-OEt (1.6 mL) at 0 °C and the

resulting mixture was stirred 3 h at 0 ©C. The mixture wis poured into aqueous 10%
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NaxCO3 (20 mL) and exiracted with CHaClz (3 x 20 mbL). The organic extracis were dried
(Na2S03) and concenrtrated in vacuo 1o give an otly residue. which was puritied by column
cnromatography (silica, 30% EtOAc in hexanes. then EtOAC) 1o attord the B-hyvdrosy
thioester 82d (106 mg, 33%) with recovery ot the sturting silyl ether 130d (136 my.
47% . IR (CHCl3 cast) 3280 (hry, 2918 (m), 1633 ¢s), 1332 (my em ! HHONMR (300
MHz, CDCl3) 8 7.18 and 6.72 (dm, | H,J = 134 Hz. I’CH=1CHCO). 638 and 3.94
(dm. 1 H, J = 161 Hz, 13CH=!3CHCO). 5.90 (br s. | H. NH). 3.80 (dt. | H,/J = 5.9,
5.4 Hz, CH(OH)), 3.47 (dd. 2 H.J = 6.4, 5.4 Hz, CHoNH). 3.09 (1. 2 H. J = Hz,
SCH»). 2.24 (m. 2 H. CH~'3CH), 1.97 (5. 3 H, COCHw. 1.7 -1.4 tm. 4 H.
CH(OH)CHACH>). 1.138 (d, 3 H. / = 6.4 Hz, CH:CH(OH)): 13C NMR (75 MHz,
CDCl3) 8 190.34 (d. / = 62.0 Hz. COS), 170.35 (COCH3), 136,183 (d. / = 70.0 Hz.
enriched. 13CH=13CHCO), 128.53 (d. / = 70.0 Hz. enriched. ' *CH=1CHCO), 67 70
(CH(OH)). 39.79 (COCH3), 38.55 (d. J = 3.0 Hz. CH(OHHCH~), 3210 (d. J = 31.0 Hy,
CH»13CH), 28.26 (SCH»). 24.12 (dd. / = 4.0, 2.0 Hz, CH>CH>1 CH). 23.64
(CH;CH(OH)). 23.18 (CHaNH): MS (ED) caled tor 13CACoHA~NORS 2611275, tound
261.1218 (M.

For unlabeted marerial (82a): IR (CHCI3 cast) 3238 (br). 2949 (m), 1663 (5,
1653 (shoulder), 1338 (m)cm-!: 'H NMR (360 MHz. CDCl3) 0 6.92 (dt. | H./ = 13.n.
7.1 Hz. CH=CHCO}), 6.30 (br s, 1 H, NH), 6.12(dt, 1 H,/ = 15.6, 1.5 Hz,
CH=CHCO). 3.78 (m, 1 H, CH(OH)), 3.42 (dt. 2 H. 7 = 6.8, 5.4 Hz, CHoNH). -.07 .
2 H,/ =6.8 Hz, SCH»). 2.02 (m, CH>CH=CH), 1.93 (s, 3 H, COCHy), 1.7 -1.4 . m_ 4
H, CH(OH)CHACH>), 1.15 (d. 3 H, / = 6.3 Hz, CH3CH(OH)): 13C NMR (75 MHz,
CDCl3) 8 190.22 (COS), 170.39 (COCHj). 146,13 (CH=CHCO). 128.41 (CH=CHCO).
67.46 (CH(OH)), 39.61 (COCH?3y), 38.46 (CH:OH)CH>), 32.03 «CH2CH=CH), 28.14
(SCH»), 24.02 (CH2CH>CH=CH), 23.31 (CHiCH(OH)), 23.07 (CHaNH): MS (CL
NH3) 260 (MH*. 100): Anal. Culed for C12H2 1 NORS: C 53577 HO 8160 N, 5.40.
Found: C. 54.71. H, 8.07: N. 5.02.



NAC (S)-[6,7-13C1,7-hydroxy-1801]-7-Hydroxyoct-2-enoate (82f).
The method for the conversion of 37d 10 35d was used. Thus 130f (32.9 mg, 0.0875
mmol) gave 82F ¢ 23.1 mg . 100%). IR (CH-Cla cust) 3378 (brj, 2930 (m). 1658 (s).
1633 (m). 15358 (m) em-!1; TH NMR (400 MHz, CDCl3) 5693 (dt. 1 H,/ =15.6,7.0 Hz.
CH=CHCO). 6.15 (dt, 1 H./ = 15.6. 1.5 Hz, CH=CHCO), 5.87 tbrs. 1 H. NH), 3.9%
and 3.63 (dimn, 1 H, /= 141 Hz. 13CH(!8/160H)). 3.46 (q. 2 H./ = 6.2 Hz. CH2NH).
3.09 (. 2 H.J = 6.3 Hz, SCH>2), 2.23 (m. 2 H, CH2CH=CH), 1.97 (s, 3 H. COCH3).
1 7-1.4(m. 4 H, 13CH>CH), 1.21 (dt, 3 H./ =6.0. 44 Hz. CH3'3CH(I8/160H)): 1°C
NAR (100 MHz, CDCly) 8 190.240 (COS), 170.23 (COCH3), 116.18 d, ./ = 2.6 Hz.
CH=CHC™), 128.55 (CH=CHCQ), 67.76 (dd. / = 38.3, 2.0 Hz, enriched,
13CH(18/160H)). 39.82 (COCH3), 38.52 (d. J = 38.4 Hz, enriched. I3CH»). 32.20 (d, J
= 4.2 Hz, CH>CH=CH), 28.29 (SCH>). 24.12 (1. / = 17.3 Hz, I3CH,2CHb), 23.67 (1. J
= 19.2 Hz. CH3!3CH(18/160H)), 23.23 (CHaNH): MS (CL. NH3) 262 (MH*(160),

11.3), 263 (MH* (180). 77.8) .

Isolation of Hypoglycin (83) from Ackee Fruit Seeds. The method
reported by Billington and coworkers was followed. 882 The ackee fruit seeds (1 kg) were
ground to a fine power with a grinder, extracted with 80% EtOH (2 L), and then filtered.
The brown syrup (ca. 50 g) atter the concentration of the filtrate was taken up in 0.1 N HC!
to 150 mL and centrifuged, the resulting supernatant was, chromatographed on AG 30W-
X8 (H* form. 500 g, 4.5 x 35 ¢m) with 0.1N HCI (300 mL) followed 1 N pynidine. The
fractions ( 100 mL/fraction) were followed by TLC (silica, propanol/H20 = 70/30, Ry 0.61
for 83, ninhydrin spray detection). Crude 83 (from fractions 19 10 23) (2.30 g ) was
obtained and further purified on an ion exchange column (AG 1-X8, ACO- form, 4.5 x 30
¢m) by eluting successively with H20 ( 250 mL). 0.1 N AcOH (250 mL), 0.5 N AcOH

(300 mLY. 1 N ACOH (300 mL) and 3 N AcOH. Hypoglyein (83) (1.61 g) was obtained



from concentration of fractions 32 to 60 (25 mL/fraction), which was turther puntied by
recrystallization from 70% EtOH/H>O. Mp 230 ©C (dec): IR (KB 340 (brm), 3424 by
m), 1583 (br s), 1516 (m)ycm-': TH NMR (200 MHz, D-O) 8 336 (m. 2 H, 3.70-3 30
(m, 1 H). .75 (m, 2 H), 1.25 (m., 1 H), 0.75 (m. I Hy 13C NMR (50 MHe2. D-O) 8
176.00 (reference). 136.23, 105,539, 56.58, 35,30, 12,33 153 MS (ED caled tor

C7H1oNO> 140.0711, found 140.0709 (M-H).

3-Octyithiopropanoic Acid (86a). A procedure similar to that of Spydeveld
and Bremer was used.!37 1-Bromooctane 113a (3.20 g, 80.0 mmol) was added o a
solution of 2-mercaptopropanoic acid 116 (169 ¢. 160 mmol) und KOH (17.2 g, 307
mmol) in methanol (200 mL) over 30 min. The resulting mixture was strred overnight at
room temperature and filtered to remove the white precipitate (KBrj. The tiltrute was
concentrated in vacuo and the resulting white solid was redissolved in H2O (100 mL).
This was acidified by 2N HCI, the white crystals were collected and dried to attord the
known!87 acid 86a (17.1 g. 98%). Mp 41.0-42.0 vC; IR (KBr disk) 3600-2400
(br),2957 (m). 2918 (s). 2850 (s). 1685 (s) cm-t: TH NMR (200 MHz. CDCl11) 8 2.75
(m.2H).2.67 (m.2H). 2541, 2H./=7.3Hz, CH-COOH), 1.3% tm. 2 H), 1.40-
1.17 (m, 10 H), 0.87 (m, 3 H, CH3): 13C NMR (50 MHz, DMSO-dg) 8 17293 (COOlH .
34.61, 31.30. 31.12, 29.13, 28.66 (2 x C), 28.29, 26.45. 22,12, 1392 (CH3): MS (ED
caled for Cp1H220,S 218.1340, found 218.1339 (M).

3-Tetradecyithiopropanoic Acid (86b). The method for making of 86a was
followed. Thus, 1-tetrradecylbromide 115b (27.9 ¢, 100 mmol) and 3-mercaptopropanoic
acid 116 (27.6 g, 260 mmol) gave the known!87 ucid 86b (28.6 g, Y57). Mp 69.0-70.0
oC: IR (KBr disk) 3600-2500 (br),2955 (m), 2918 (s). 2847 (m), 1685 (s) cm-}: 'H
NMR (200 MHz, CDCl3) 8 2.75(m, 2 H), 2.67 (m. 2 H), 2.52 (1, 2 H./ = 7.3 Hz,

CH>COOH), 1.58 (m, 2 H), 1.48-1.20 (m. 22 t1). 0.%5 1m, 3 H, CH3», 13C NMR (30

{a



MHz, CDCl3) & 177.85 (COOH), 33.67, 32.23, 31.94, 29.66 (very strong), 29.55 (2 x
C). 29.36, 29.22, 28.69, 26.61. 22.71. 14.11 (CH3): MS (ED) caled for Cy7H3102S

302.2279, found 302.2290 (M).

Ethyl 3-Hydroxypent-4-ynoate (102). A procedure similar to the method of
Takahata was used.!8% A mixture of tetrabutylammonium tluoride (1.47 g.7.95 mmol)
and the silyl compound 110 (1.13 ¢, 5.30 mmol) in THF (15 mL) was stirred at room
temperature for 1 h and diluted with ether (20 mL). This was washed with brine (2 x 20
mL), dried (MgSOz). and concentrated to afford u brown oil. which was distilled to give
102 (530 mg, 77%). Bp 559°C (0.01 mm Hg); IR (neat) 3600-3200 (br), 2964 (m). 2937
(m), 2876 (m), 1732 (s), 1467 (m), 1448 (m), 1398 (m) cm-t TH NMR (200 MHz,
CDCl3) 8 4.61 (dt, 1 H, J =7.0. 2.5 Hz, CH(OH)), 4.09 (q. 2 H,./=7.2 Hz, OCH»),

2 60 (d, 2 H. J = 7.0 Hz. CH2COOEw), 1.12 (1, 3 H,/ = 7.2 Hz, CH2CH3): I13C NMR
(50 MHz. CDCl3) 8 170.46 (COOE), 90.35, 72.87. 60.57 (CH(OH)), 57.94 (OCH»),

11.85 (CH-COOEW), 13.67 (CH3): MS (CI, NH3) 143 (MH~*, 24.1). 160 (MNH4*, 100).

N-(4-Pentynoyl) Glycine (103). An aqueous solution of 1 N NaOH (1.3
mL) was added dropwise to the benzyl ester 107 (317 mg, 1.29 mmol) in THF-H»0 (9.1
mL/2.3 mL) over 5 min. The reaction mixture was stirred at room temperature for 30 min.
and was then acidified with 0.1 N HC! (20 mL). The aqueous layer was extracted with
CHCl3 (3 x 50 mL). The combined organic phases were dried over Na»SOg4 and
concentrated to give a yellowish solid (180 mg). The solid residue was chromatographed
on silica gel (Et” ., then 1% MeOH in EtOAc) to give 103 (31.0 mg. 15%). Mp 110-

112 9C: IR (acetone cast) 3300-3200 (br), 3281 (). 1728 (), 1642 (s), 1552 (m) cm-l;

TH NMR (300 MHz, CDCl3) 8 7.45 (brs. 1 H. NH), 3.94(d. 2 H, / = 5.7 Hz, NHCH.).

2.60-2.40 (m, 4 H, CH>CH>CO), 2.34 (1, | H.J = 2.0 Hz, acetylenic-H); 13C NMR (90



MHz. acetone-dg) 6 171.76. 171.29, 814.00, 70.05. 35.33, 35329, 15.00: MS (ED caled

DY P

for C7H9NO3 155.0382, found 135.0576 (M).

Benzyl N-(4-Pentynoy!l) Glycinate (107). The procedure of Yokovamu
and coworkers was used.'®2 To u cold (0 °C) solution of 4-penty noic acid 101 (300 my.
3.06 mmol) und benzyl glycinate ( p-TsOH salt) (105 mg. 3. 10 mmob in DME (10 mi.)
was added diphenylphosphoryl azide (668 pL. 833 mg, 3.10 mmol). The reaction mixture
was then reated with Et3N (8336 pL) in DMF (10 mL) and stirred for 3 h at O ©C. The
mixture was diluted with benzene (1(X) mL) and EtOAc (200 mL), and wus washed
sequentally with 3% HCI (2 x 100 mL). H>O (100 mL). 10% Na~2CO3 (2 x 30 mL), and
H->O (100 mL). The organic phase wias dried (Nu2SOy) and concentrated to give a
colorless liquid (1.20 g), which was puritied chromatographically silica, 404 EtOAC in
hexanes, Ry 0.24) 1o atford 107 (716 mg, 94%). Mp 60.2-62.0) ©C:. IR (CHCl3, cast)
3314 (m), 1736 (s), 16355 (s), 1545 (m), 1416 (m) cm-l; 'H NMR (200 MHz, CDCly) 6
7.38 (m, 5 H, ArH), 6.18 (br s, I H, NH), 5.22 (5. 2 H. OCH»), 4.13«d, 2 H, /=30
Hz, NHCH»), 2.55 (m, 4 H, CH2CH»CO), 2.04 (1. | H. / = 2.0 Hz, acetvlenic-H): 1'C
NMR (90 MHz, CDCl3) 8 171.64, 170.34, 137.11, 129.24, 128 .88, 128.85, 70.04,
66.92, 41.72, 35.27, 14.96: MS (EI) caled for C1sHsNO3 2451052, found 245.1049
(M).

3-Trimethylsilyl-2-propynal (109). The method of Kruithot was
followed.!83 Trimethylsilylacetylene 108 (5.00 g, 50.9 mmol) in THF (40 mL) was
added to ethylmagnesium bromide [made by adding ot ethyl bromide (8.39 g, 77.0 mmo!)
to magnesium turnings (1.68 g, 70.0 mmol) in THF (20 ml.)| over 20 min at ) ®C. The
mixture was stirred at room temperature tor | h, wansterred into a dropping tunnel, and
added 1o a solution of DMF (14.0 g, 191 mmol) in ether (25 mL) over 45 min at -25 ©C.

The mixture wias warmed to room temperature and stirred tor 1 h, poured into ice cold 5%

(0}]
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H>SO4 (100 mL), and the agueous solution was extracted with ether (3 x 100 mL). A truce
of hydroquinone was udded to the organic extracts. and this wus concentrated 1o afford 2
brown oil, which was distilled at 45-46 °C (water pump) 0 give the known!83 the
aldehvde 109 (4.82 g, 80%). IR (near) 1682 (s), 1668 (s). 1234 (m). 1000 (s) em-!: 'H
NMR (200 MHz, CDCl3) 89.11 (s, 1 H, CHO). 0.18 (5.9 H. (CH3)35i): I3C NMR (50
MHz, CDCl3) 8 176.38 (CHO), 102.49, 102.08. -1.14 ((CH3)3Si): MS (ED caled for

CeH100Si 126.0501, found 126.0446 (M).

Ethyl 5-Trimethylsilyl-3-hydroxypent-4-ynoate (110). A procedure
similar to the method of Marzin was used. !0 EtOAc (734 mg, 8.33 mmol) was added 1o
LiHMDS |freshly made by adding of 1.00 M a-BulLi (8.33 mL., %.33 mmol) in hexanes 1o
HMDS (1.34 g, 8.33 mmol) in THF (5§ mL) at O °C| over 15 min at -78 ©C. The enolate
colution was stirred for 30 min betfore addition of the aldehyde 109 (1.05 ¢, 8.33 mmol) at
-78 ©C. The reaction was continued for 30 min at -78 ©C and then allowed to warm o
room temperature for a further 30 min. The mixture was poured into saturated ammonium
chloride (100 mL). and the resulting aqueous solution was extracted with ether EtOAc (3 x
50 mL). The combined organic phases were dried over Mg504 and concentrated to give
110 (1.37 g, 77%). IR (neat) 3600-3200 (br), 2961 (m), 2937 (m), 2876 (m), 1739 (s).
1466 (m), 1448 (m), 1397 (m), 1374 (m) cm}!; 'H NMR (200 MHz, CDCl3) 3 4.70 (du. |
H, J = 6.0, 2.1 Hz, CH(OS)), 4.09 (q, 2 H, / = 7.1 Hz, OCHb»), 2.66 (d, 2H,/J =60
Hz, CH,COOEY. 0.90 (t. 3 H, J = 7.1 Hz, CH2CHz3), 0.06 (s, 9 H, (CH3)3S1); 13C
NMR (56 MHz, CDCl3) 8 171.16 (COOED), 106.47. 104.48. 60.82 (CH(OS1)), 59.03
(OCH»), 42.15 (CH>COOE), 14.09 (CH3), -0.33 ((CH3)3S1): MS (CI, NH3) 215
(MH*, 91.5).

5-Hexynoic Acid (114). A moditicanon of the method of Green er al. was
used. 185 To a cold (0 ©C) solution of sodium persulfate (5.30 g, 22.3 mmol) in aqueous

IN NaOH (100 mL; was sequentially added ruthenium trichloride trihydrate (RuCl3-3H-On



118
(130 mg), and 5-hexynol (113) (1.04 g, 10.6 mmol) in CCly (20 mbL). The reaction was
continued for 3 h at O C and the mixture was then extracted with ether (100 ml). After
removal of ether, the organic phase gave the starting ulcohol (127%). The aqueous phase
was acidified 1o pH 3 with 6N HCl and extracted with ether (3 x 50 mL). The extracts
were combined, dried (Nu>SO41), und concentriated to atford FI4 (883 mg, 76%). IR
(CHCl3 cast) 3400-3200 (br), 3285 (m), 1709 (s) el TH ONDMR (300 MHz, CDCly o

2.52 (.2 H,/ =7.3Hz, CH>CO), 229 (dt. 2 H,/ =69. 2.6 Hz. CH2CH2CH2CO).

1.99 (1, 1 H.J = 2.6 Hz, acetylenic-H), 1.72 (tt. 2 H. J = 7.2, 6.9 Hz, CH2CHCOy: V¢
NMR (90 MHz, CDCl3) 8 179.64, 82.99, 69.30, 32.58, 23.24, 17.71: MS (ED caled for

CeHgO2 112.0524, found 112.0516 (M).

2-Tetrahydropyranyl 3-Butenyl Ether (117). The procedure of Kohn er al.
was followed. 1890 A mixture of 3-butenol (7.21 g, 100 mmoD), dihydropyran (101 ¢,
120 mmol). and conc. HC1 (50 pL) was stirred for 3 h it room temperature. The mixture
was distilled to give 117 (14.3 g,92%). Bp 63-65 °C (4 mm Hg); IR (CHCl3 casy) 242
(s), 2870 (m), 1123 (m), 1077 (m), 1035 (s) cm-!; 'H NMR (200 MHz, CDCl3) 6 5.92-
5.70 (m, 1 H, CH;=CH), 5.10-4.94 (m, 2 H, CH=CH>), 4.55 (m, | H, CH>OCHO).
3.90-3.66 (m, 2 H. CH20), 3.50-3.30 (m, 2 H, CH;0). 2.26 (m, 2 H), 1.90-1.30 (m. ©
H); 13C NMR (90 MHz, CDCl3) & 135.18, 116.11, 98.60, 66.65, 62.10, 33.08, 30.5%,

25.39, 19.44; MS (EI) caled for CoH1602 156.1150), found 156.1115 (M).

2-[2-(1-Chloro-1-methylcycloprop-2-yl)ethoxyltetrahydro-2H-pyran
(118). The procedure of Baldwin et al. was used. 398 To a mixwre of 117 (13.5 ¢,
86.4 mmol) and 1. l-dichloroethane (10.3 g, 103 mmol) in ether (20 mL) was added
n-BuLi (1.5 M, 63.0 mL, 94.0 mmol) in hexanes over .5 h at -340 ©C. The reaction
mixture was stirred at room temperature tor 12 h. H20 (20 mL) was added to the reaction

mixture, the organic phase was separated. dried (Nu2S03), und concentrated to give a
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yellow liquid (17.0 g). Distillaton of the residue at reduced pressure afforded the
known 893 compound 118 (6.28 g, 33%) with recovery of the starting alkene (8.68 g,
64%). Bp 93 9C (1.5 mm Hg), lit!89a bp 50-55 9C (0,05 mm Hg): IR (CHCl3 cast) 2942
(s), 2890 (m). 1201 (m), 1184 (m), 1036 (s) cm-t: TH NMR (360 MHz, CDCl3) 8 4.65
(m, 1 H, CH>OCHO), 3.98-3.30 (m, 2 H, CH~0). 3.62-3.42 (m. 2 H, CH20). 2.00-
1.50 (m, 13 H), 1.00-0.87 (m. 1 H); 13C NMR (90 MHz, CDCl3) 6 ; MS (EI) caled tor

C11H19ClO 218.1074, found 218.1061 (M).

2-[2-(Methvlenecycloprop-2-yhethoxyjtetrahydro-2H-pyran (119).
The procedure of Baldwin er al. was used. 1890 A mixture of potussium rerz-butoxide (3.30
g, 29.4 nunol) and 118 (6.00 g, 29.6 mmol) indry DMSO (10 mL) was heated for 6 h at
70 ©C and 8 h at room temperature. The mixture was poured onto crushed ice (ca. 200
mL) and extracted with ether (200 mL). The ether phase was washed with brine (3 x 100
mL), dried (Na2SO4). and concentrated to give a brown liquid (.70 g), which was flash
chromatographed on silica gel (10% EtOAc in hexanes, Ry(.33) to atford the known!3%2
compound 119 (4.28 g. 86%). IR (CHCl3 cast) 2930 (m). 2863 (m). 2360 (m), 2328
(m), 1122 (m), 1036 (s) cm-¥; TH NMR (200 MHz, CDCl3) 8 5.48-5.34 (m, 2 H,
CH>=C), 4.65 (m. 1 H, CH20CHO), 4.00-3.78 (m, 2 H, CH20), 3.60-3.43 (m, 2 H.
CH»O). 1.92-1.45 (m, 9 H), 1.34-1.20 (m, 1 H), 0.97-0.66 (m, 1 H); 13C NMR (90
MHz, CDCl3) 8 136.26, 102.83, 98.72 and 98.67 (CH2OCHO), 67.16 and 67.13
(CH20), 62.14 and 62.05 (CH-0), 33.29 and 33.21, 30.67, 25.47, 19.52 and 19.45,
12.90, 9.29 and 9.21; MS (EI) caled for Cj1H; 302 182.1307, found 182.1304 (M).

3-(Methylenecycloprop-2-yl)ethanol (120). The procedure of Baldwin e:
al. was used.'892 The THP ether 119 (4.01 g, 22.0 mmol) was dissolved in MeOH (100
mL), and p-toluenesulfonic acid monohydrate (1.20 g, 6.51 mmo) was added. The

mixture was stirred for 21 h at room temperature. and then K2CO3 (1.20 g) was added.



120
Solvent was removed in vacuo, the resulting restdue was dissolved in H2O (200 mL) and
extracted with CHCl3 (3 x 50 mL). The dried (Nua2SOy) organic phuases were concentrated
to give the known 8% ylcohol 120 (2.16 g, 99%). IR (CHCI3 cast) 3270 (b, 2931 (nn,
2877 (m). 1442 (m), 1380 (m), 1030 (m) cm-!: TH NMR (200 MHz, CDCly) 8 3.35 (m. 2

H, CH>=Cj. 3.75«t. 2 H, J = 6.0 Hz, CH>0), 2.13(br 5. 1 H, OLb. 1.RO-1.30 cmu 3 H,

1.28-1.13 (m. 1 H), 0.88-0.60 (m, 1 H): 13C NMR (90 MHz, CDCl3:) 8 135.85, 103.00,

62.56 (CH-OH), 35.89, 12.41,9.09; MS (ED caled tor CoH O 98.0732, found
08.0727 (M).

Methylenecyclopropaneacetic Acid (121). The procedure of Baldwin er af.
was used. %94 To the alcohol 120 ¢2.03 g, 20.6 mmol) in acetone was added Jones’
reagent (16 mL) over 30 min at -20 °C. The mixture was then keptat -59C tor 4 h.
2-Propanol (2 mL) and conc. HCI (2 mL) were added 1o the reaction mixture. The
supernatant was decanted into a separatory funnel and extracted with ether (3 x 100 mL).
The combined organic phases were extracted with aqueous 10% NaOH (200 mL). The
basic solution was acidified to pH 1 with conc. HCI and extracted with ether (3 x 100 mL..
The dried ether phases were concentrated to give the known!8Y% qeid 121 (1.82 g, 78% .
IR (CHCI3 cast) 3300-2400 (br), 1710 (s), 1420 (m) el TH NMR (300 MHz, CDCl3) 6
5.58 (m, 1 H, CH»>=C), 5.48 (m, 1 H, CH»=C). 2.41 (brd.2 H,/J =7.2 Hz, CH»). 1.73
(m, 1 H), 1.40 (ddt, 1 H,J = 9.0, 2.3, 1.8 Hz), 0.91 (ddd. | H, / =9.0, 5.0, 2.4 Hz):
13C NMR (90 MHz, CDCl3) 6 179.01 (COOH). 133.99, 104.33, 37.62, 10.20, 9.40: M5

(EI) caled for CeH1gO2 112.0524, found 112.0517 (M).

NAC Methylenecyclopropaneacetate (122). The method for conversion ot
56d to 57d was used. Thus, the acid 121 (800 mg, 7.10 mmol) gave 122 (670 mg,
44%) as a gum after column chromatography (silica, E1OAc¢, R70.33). IR (CHCl3 cast)

3288 (m), 3077 (w), 2930 (m). 1687 (s), 1653 (5). 15352 (m), 1288 (m), 1030 (m) cm- b
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IH NMR (300 MHz, CDCl3) 8 5.85 (brs, 1 H, NH), 5.85 (m. | H, CH»=C), 5.45 (m, |
H. CH»=C), 3.46 (dt, 2 H, / = 6.4, 5.7 Hz, CHoNH). 3.03 (t, 2 H. / = 6.4 Hz, SCH»).
258 (brd, 2 H. / =7.2Hz, CH»), 1.73 (m, 1 H), 1.41 (ddt, 1 H./ =9.0, 2.3, 1.8 Hz).
0.93 (ddd. 1 H, J =9.0. 5.0, 2.4 Hz); 13C NMR (90 MHz. CDCl3) 3 198.98 and 198.94
(COS). 170.24 und 170.22 (COCH3), 133.66, 104.59, 47.06 and 47.05, 39.61 and
39.55, 28.43, 23.15, 11.37, 9.51: MS (CI, NH3) 214 (MH*, 100).

Ethyl (S)-[1-13C]-5-(tert-Butyldimethylsiloxy)hexanoate (123¢). The
procedure of Ernst er al. was used. !9t The o -unsaturated ester 69¢ (1.82 ¢, 6.66
mmol) was dissolved in EtOAc (30 mL). and 3% palladium carbon (180 mg) was added.
Hydrogenation was continued for 3 h at room temperature and then the mixture was
filtered. Concentration of the filtrate gave 123¢ (1.72 g, 95%). IR (CH3Clz cast) 2957
(m). 2930 (m), 2857 (m). 1697 (s) cm~'; TH NMR (360 MHz, CDCl3) § 4.08 (dg, 2 H. /
= 7.0, 3.1 Hz, OCH>), 3.76 (m. | H, CH(OSi)), 2.23 (m, 2 H, CH»>COQ), 1.6-1.3 (m. 4
H, CH(OSi)CH>CH>»), 1.19 (1, 3H, J = 7.0 Hz, CH2CH3). 1.12 (d. 3 H. / = 6.1 Hz.
CH3CH(OSi)), 0.87 (s, 9 H, (CH3)3C), 0.06 (s, 6 H, (CH3)2S1): I3C NMR (100 MHz.
CDCl3) 8 173.68 (enriched, COO), 68.18(CH(OS1)), 60.12 (OCH2), 38.97
(CH(OS1)CH»), 34.33 (d. J = 57.4 Hz, CH13CO00), 25.87 ((CH3)3C), 23.70
(CH3CH(OS1)), 21.29 (CH2CH13CO0O0), 18.11 ({CH3)30), -4.41 and -4.77 ((CH3)2Si»:
MS (CI, NH3) 276 (MH*, 51).

For unlabeled racemic material (123a): IR (CH2Cls cast) 2958 (m), 2929 (m),
2858 (m), 1740 (s) cm!; 'H NMR (360 MHz, CDCl3) 3 4.12(q, 2 H,/ =7.1 Hz,
OCH>), 3.78 (ddq. 1 H, / = 6.4, 5.9, 5.4 Hz, CH(OSi)), 2.29 (t, 2 H, J = 7.6 Hz,
CH~COO). 1.6-1.3 (m, 4 H, CH(OSi)CH>CH»). 1.24 (1, 3 H,J = 7.1 Hz, CH2CH3y).
1.12 (ddd, 3 H. J = 5.9, 1.5, 0.98 Hz, CH3CH(OSi)), 0.87 (s, 9 H, (CH3)30), 0.06 (5. 6
H. (CH3)>Si); 13C NMR (100 MHz, CDCl3) 8 173.69 (COOQ), 68.18(CH(OS1)), 60.15
(OCH»), 38.99 (CH(OSi)CH»). 34.38 (CH213COO0). 25.87 ((CH3)3C), 23.71
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(CH3CH(OS1)). 21.28 (CH2CH-COO), 1811 («tCH3)3C), 14.23 (CH2CHy, -4.31 and -
3.77 ((CH3)2Si): MS (CL, NH7) 275 (MH*, 75): Anal. Caled tor C3HzpO038i: C.o1.26:
H, 11.02. Found: C, 61.06: H. 11.10.

Ethyl (S)-[4,5-13C1]-5-(tert-Butyldimethylsiloxy thexanoate (123d).
The method tor the conversion of 69¢ to 123¢ wus used. Thus. the «.B-unsaturated ester
69d (1.05 g, 3.83 mmol) gave 123d (1.06 g, 1007%). IR (CH2Cl> custy 2958 (., 2920
(m), 2858 (m), 1740 (s) cm ! TH NMR (400 MHz, CDCl3) d 4.14 (g, 2 H.J = 7.1 He.
OCH>). 3.97 and 3.63 (dm, | H, ./ = 140 Hz, I CH(OS1)), 2.31 tm. 2 H, CH2COO),
1.7-1.5 tm, + 1. 13CH2CH2), 1.27 (1, 3 H, J = 7.1 Hz. CH2CH3y), 1. 14 (dt. 3 H, J =
6.0, 4.4 7. CH:B3CH(OS)), 0.87 (5.9 H. (CH1)3C). 0.07 (s, 6 H, (CH3)>2Siy; 13C
NMR (100 MHz, CDCl3) 8 173.74 (d. / = 2.6 Hz, COQ), 68.25(d, J = 39.2 Hz,
enriched. V3CH(OSI)), 60.17 (OCH>), 38.99 (d. / = 39.7 Hz, enriched, ’CH»), 33.38
(d, J = 4.0 Hz, CH>COO), 25.89 ((CH3)3C), 23.72 (1. J = 19.6 Hz. CH! 3CH(OS1).
21.30 (t, / = 17.5 Hz, 13CHACHa), 18.12 ((CH3)3C), -4.40 and -4.76 (CH1)2Si): MS
(CI, :vH3) 277 (MH*, 72).

(5)-[1-13C]-5-(tert-Butyldimethylsiloxy)hexanol (124¢). A similar
method to that used by Nicolaou ¢r al. wus employed.*'P To u solution of the ester 123¢
(1.69 g, 6.14 mmol) in CH>Cl> (15 mL* was added DIBAL (2.62 ¢, I8.4 mmol) in
CH>Cl, (10 mL) over 10 min at -78 ©C. The reaction mixture was stirred for 2 h at -78
oC, and 30 min at -30 ©C. Then MeOH (2 mL) was added to quench the excess of DIBAL.
The mixture was diluted with ether (3(X) mL) and the ether phase was washed with
saturated potassium-sodium tartrate (4 x 100 mL), und brine (3 x100 mL), dried over
Na»2SQOy. and concentrated to give a liquid residue (1.40) g), which was puritied by column
chromatogruphy (silica, 4.5 % 10 cm, 20% ether in pentune, Ry0.16) to afford 124¢ (1. 14

g, 80%). [alp +11.10 (¢ 0.49 CHCIl3): IR (CHACl2 cust) 3335 (br), 2951(m), 2930 (m).
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2858 (m), 1255 (m) cm-!: 'H NMR (360 MHz, CDCl3) 8 3.80 (m, 1 H, CH(OS1)), 3.45
(m, 2 H, 13CHA0OH), 1.64-1.24 (m, 6 H, CHoCH>CH>»). 1.121d, 3 H.J = 6.4 Hz,
CH3CH(OSi)), 0.87 (s, 9 H, (CH3)3C), 0.07 (s, 6 H, (CH3)251): 13C NMR (90 MHz.
CDCl3) 8 6%.49 (CH(OSI)), 62.98 (enriched, 3CH>0H), 39.47 (CH(OH)CH2), 32.79
(d. J = 36.6 Hz, CH213CH>). 25.90 ((CH3)3C), 23.75 (CH3CH(OS1)). 21.85
(CH2CH213CH»), 18.15 ((CH3)30), -4.39 and -4.64 ((CH3)281): MS (CL NH3) 234
(MH*, 100).

For unlabeled racemic material (124a): IR (CH2Cl2 cast) 3380 (br), 2958 (m),
20930 (m), 2858& (m), 1255 (m) em-': TH NMR (360 MHz, CDCl3) 8 3.81 (m, 1 H,
CH(OSi)). 3.66 (dt. 2 H. J = 6.8, 5.4 Hz. CH2OH), 1.6-1.3 (m, 6 H, CH2CH2CH2).
1.13 (d. 3 H. / = 5.9 Hz, CH3CH(OS1)), 0.87 (5.9 H, (CH3)3C), 0.07 (s, 6 H,
(CH3)~Si): '3C NMR (90 MHz, CDCl3) 8 68.49 (CH(OS1)), 62.63 (CH20H), 39.32
(CH(OH)CH>). 32.68 (CH2CH»OH), 25.83 ((CH3)3C), 23.68 (CH3CH(OS1)), 21.82
(CHACH>CH»OH). 18.06 ((CH3)30), -4.49 and -4.79 ((CH3)28i): MS (Cl, NH3) 233
(MH*. 7). 257 (MNH4*. 13): Anal. Caled for Cy2Hag02Si: C, 61.01: H. 12.14. Found:
C. 60.96: H, 12.23.

(S)-[4,5-13C]-5-(tert-Butyldimethylsiloxy)hexanol (124d). The
method for the conversion of 123¢ to 124¢ was used. Thus, 123d (1.05 g, 3.80 mmol)
gave the aldehyde 124d (501 mg, 57%) along with the recovery of 123d (214 mg, 23%).
IR (CH>Cl> cast) 3381 (br), 2956 (m), 2930 (m), 2857 (m), 1255 (m) cm-!; TH NMR
(400 MHz, CDCl3) 8 3.96 and 3.61 (dm, 1 H./ = 130 Hz, 13CH(OS1)), 3.64 (1,2 H,J =
6.6 Hz, CH2OH), 1.65-1.3 (m, 6 H, 13CH2CHaCH2), 1.12 (dt, 3 H, / = 6.0, 4.3 Hz,
CH3!3CH(OSi)). 0.87 (s, 9 H, (CH3)30). 0.07 (s, 6 H, (CH3)2S1); 13C NMR (100 MHz,
CDCl3) 8 68.49 (d, J = 39.5 Hz, enriched, I3CH(OS1)), 62.99 (CH,OH), 39.39 d.J =

39.4 Hz. enriched, 13CH»), 32.82 (d. J = 4.1 Hz. CH2CH20H), 25.90 ((CH3)3C), 23.76
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(t. ] = 19.6 Hz, CH3!3CH(OSi)), 21.85 (1, / = 17.5 Hz, ICH2CHL I8 ((CH O,
4.38 and -4.72 ((CH3)2S1): MS (CI, NH3) 235 (MH*, 100).

(S)-[1-13C]-5-(tert-Butyldimethyisiloxy)hexanal (1235¢). The method
for conversion of 52¢ to 53¢ was used. Thus, 124¢ ¢ 1.12 g, 4.830 mmol) gave 125¢
(870 mg, 78%), atter column chromatography (silica, 107 etherin pentane, K 0.5, IR
(CH>Cls cast) 2956 (m), 2929 (m), 2857 (m), 1688 (), 1255 (m) cmly THONMR (00
MHz, CDCl3) 8 9.97 and 9.54 (dt, | H, J = 170, 1.7 Hz, 13CHO), 3.8tam, | H.
CH(OSi)), 2.43 (m, 2 H, CH2!3CHO), 1.7-1.4 (m, 4+ H, CH(OSHCH>CH). 113 (d, 3
H, J = 6.2 Hz, CH3CH(OS1)), 0.87 (s, 9 H. (CH3)30). 0.07 (s, 6 H. (CH3281): 1¥C
NMR (90 MHz, CDCl3) 8 202.57 (enriched, 3CHO), 68.16 (CH(OSi)), 43.87 (d. / =
39.1 Hz, CH21'3CHO), 38.99 (CH(OSHCH»), 25.87 ((CH3)3C). 23.69 (CHiCH(OSH),
18.33 (CH2CH»!3CHO), 18.09 ((CH3)3C), -4.37 and -4.74 (««CH3)2Si) MS (CI, NH3y)
232 (MH*, 100).

For unlabeled racemic material (123a): IR (CH»Cla cast) 2954 (m), 2929 (m),
2857 (m), 1714 (s), 1255 (m) cm-!: TH NMR (400 MHz, CDCl3) § 9.77 (&, | H. J = 1.7
Hz, CHO), 3.81(ddq, 1 H, ./ = 6.7, 6.1, 5.3 Hz, CH(OSi), 243 (dt. 2 H, J = 7.3, 1.8
Hz, CH>CHO), 1.7-1.4 (m, 4 H, CH(OS1)CH>CH»), 1.13 (dt, 3 H. / = 6.1, 1.6 Hz,
CH3CH(OSIi)). 0.87 (s, 9 H, (CH3)3C), 0.07 (s, 6 H, (CH3)2Si): P3C NMR (90 MHz,
CDCl3) 8 202.43 (CHO), 68.08 (CH(OSi)), 43.83 (CH2CHO), 38.89 (CH(OS1H)CH>).
25.80 ((CH3)30), 23.63 (CH3CH(OS1)), 18.27 (CH2CH>CHO), 18.01 ((CH3)3C), -4.43
and -4.82 ((CH3)2Si); MS (CI, NH3z) 231 (MH*, 22).

(S)-[4.5-13C3]-5-(tert-Butyldimethylsiloxy)hexanal (125d). The
method for the conversion of 52d to 53d was used. Thus, 124d (208 myg, 0.887 mmob
gave 125d (163 mg, 79%). IR (CH2Cla cast) 2958 (m), 2929 (m), 2857 (m), 1711 (s),
1255 (m) cm-1; 1H NMR (400 MHz, CDCl3) §9.77 (1, | H,/ = 1.7 Hz, CHO), 3.98 and
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363 (dm, | H, /= 140 Hz, '13CH(OS1)), 2.44 (m, 2 H, CH2CHO), 1.75-1.25 (m. 4 H.
NCHACHay, 113 (dy 3 H.J = 6.0, 4.4 Hz, CH3!3CH(OS1)), 0.87 (s. 9 H. (CH3)30).
(.07 (., 6 H. (CH3)2Si): 13C NMR (100 MHz, CDCl3) 8 202.72 (CHO), 68.14 (d. / =
39.3 [z, enriched, 13CH(OS1)), 43.89 (d, J = 4.1 Hz, CH>CHO). 38.94 (d, / = 39.2 Hz.
enriched, 13CH»), 25.86 (CH3)3C), 23.70 (1, J = 19.5 Hz, CH3!3CH(OSI)), 18.33 (1. J
= 17.6 Hz, V3CH>CH»), 18.08 ((CH3)3C), -4.38 und -34.77 ((CH3)2Si): MS (Ci. NH3)

233 (MH*, 47).

(F£ and Z) Methyl (5)-(2,3-13C3]-7-(tert-Butyldimethylsiloxy)oct-2-
enoates (126d and 127d). The method used by House er al. was followed.!92 In a
typical experiment, unlabeled (carbomethoxymethylene)triphenylphosphorane S4a (802
mg, 2.40 mmol) was added to a soiution of unlabeled aldehyde 125a (460 mg, 2.00
mmol) in MeOH (10 mL) at 20 °C and stirred overnight. Removal of the solvent followed
by tlash column chromatography (silica, 5% ether in pentane) afforded the Z-isomer 127a
(137 mg, 24%), E-isomer 126a (292 mg, 51%). and Z+E isomers (106 mg, 19%). For
the labeled compound, 125¢ (472 mg, 2.04 mmol) and [2-13C|(carbomethyoxymethylene)
triphenylphosphorane 54b (867 mg, 1.27 mmol) were used; Z-isomer 127d (190 mg.
32%) (Ry 0.58. 5% ether in pentane) and E-isomer 126d (392 mg, 67%) (Ry 0.43), was
obtained. For labeled E-isomer (126d): [a]p +10.00 (¢ 0.56, CHCl3); IR (CHCI3 cast)
2951 (m), 2929 (m), 2857 (m), 1726 (s), 1605 (m) cm-i; 'H NMR (360 MHz, CDCl3) o
7.18 and 6.75 (dddt, 1| H, / = 154, 15.6, 6.7. 1.5 Hz, !3CH=13CHCO), 6.04 and 5.59
(ddt. 1 H, J = 162, 15.6, 1.8 Hz, !3CH=13CHCO), 3.78 (m, CH(OSi)), 3.73 (s, 3 H,
OCH3), 2.18 (m, CH2!3CH), 1.6 -1.3 (m, 4 H, CH(OSi)CH2CH>»), 1.10(d. 3 H,J =64
Hz, CH3CH(OS1)), 0.87 (s, 9 H, (CH3)3C). 0.05 (s, 6 H, (CH3)2Si); 13C NMR (90
MHz, CDCl3) 8 167.13 (d, J = 74.5 Hz. COOCH3). 149.42 (d, / = 70.8 Hz, enriched,
13CH=!3CHCO). 120.93 (d. / = 70.8 Hz. enriched, 13CH=13CHCO), 68.24 (CH(OSi)).
51.33 (OCH3), 39.09 (d.J = 2.5 Hz. CHIOH)ICH»). 32.21 (d. / = 41.5 Hz, CH>13CH).
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25.90 ((CH3)3C), 24.18 (brs. CHACHAI3CHY, 23,51 tCH3CHOSIN, 15,10 ((CH 1.
-1.37 and -4.70 («CH3)2Si): MS (CL NH3) 289 (MH*. 65 306 ¢ MINHy+. 100).

For unlabeled racemic muaterial (E-1somer. 126a3: IR «CHCly cast) 2US2 (), 2929
(m). 2%57 (m). 1728 (3), 1638 (m) emli TH NMR (360 MHz. CDCo § 707 (di. 1 HL Y
=15.6.6.7 Hz. CH=CHCO), 583 (brd. I H. 7/ = 13.6 Hz. CH=CHC . 353 (m.
CH(OSi)), 3.7% (s, 3 H, OCH3). 2.23 (m, CH-CH=CH), 1.6 -1.3 tm. 2 H.
CH(OSI)YCH-CH»), 1.12(d, 3 H, J = 6.4 Hz, CH:CH(OSin. 0.87 (5.9 H. (CH 31O,
0.05 (s. 6 H, (CH3)>Si): 13C NMR (90 MHz, CDCl3) 8 167.11 (COOCH3). 149.30
(CH=CHCO). 120.95 (CH=CHCQ), 68.21 (CH(OS1)). 51.32 (OCH ). 39.05
{CH(OH)CH»), 32.23 (CH>CH=CH), 25.85 «tCHz3C1. 24,17 (br s,
CHH>CH»2CH=CH), 23.81 (CH3CH(OSH), 13.09 (tCH):CH. -4.3% wnd -4.74 (tCHn51.
MS (CI. NH3) 287 (MH*, 91). 303 (MNHs7 100y Anal. Caicd tor CysHzygO3S1: C.
62.89: H. 10.36. Found: C, 62.71: H, 10.47.

For labeled Z-isomer (127d): [alp +8.29 (¢ 0.50, CHCly: IR (CHCl3 casty 2952
(m), 2929 (nm, 1726 (s), 15388 (m) cm-t: TH NMR (360 MHz, CDClz) 6 6.58% and 5.¥1
(ddm, 1 H. / = 154, 11.4 Hz. 13CH=13CHCO). 6.1% and 5.37 (ddm, | H, /= 163, 11 4
Hz, 13CH=13CHCO), 3.78 (m. CH(0OSi)), 3.72 ¢s. 3 H. OCH3). 2.65 tm, CH»!3CH).
1.62 -1.37 (m, 4 H, CH(OSi)CH>CH»), 1.12 (d, 3 H. / = 6.1 Hz, CH3;CH(OS1)), 0.7
(s. 9 H, (CH3)3C). 0.07 (s, 6 H. (CH3)2Si): '3C NMR (90 MHz, CDCl3) & 166.68 (d, /
= 75.7 Hz, COOCH3), 150.54 (d, J = 70.0 Hz, eariched, !3CH=13CHCO), 119.27 (d. J
= 70.0 Hz, enriched, 13CH=13CHCO), 63.22 (CH(OSi)). 50.82 (OCH3), 39.13 (d. J =
3.7 Hz, CH(OH)CH»), 28.82 (d. / = 40.3 Hz, CH>!*CH). 2583 («CH3)3C), 25.09 (br
s, CH>CH»!3CH), 23.73 (CH;CHI(OS)), 18.05 ((CH3)3C), -4.43 and -4.78 ((CH3) 2510
MS (CIL. NH3) 289 (MH~*. 100).

For unlabeled racemic material (Z-1somer. 127a): IR (CHCls casty 2953 (m), 2929
(m), 2857 (m). 1727 (s). 1648 (m). 1438 (m) cm-1: TH NMR (360 MHz, CDCl3) 8 6.24

(dt, 1 H./ = 11.7, 5.7 Hz. CH=CHCO). 5 sl «dt. i H. ./ =11.7. 17 Hz, CH=CHCO.
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386 (m. CH(QS:)), 3.77 (s, 3 H, OCH3). 2.70 (m. 2 H. CH>CH=CH), 1.6 -1.4 (m. 4
H, CH(OSi)CH>CH2), 1.14(d. 3 H. J = 6.3 Hz. CH3CH(OSi)). 0.90 (s. 9 H. (CH3)3C).
0.06 (s, 6 H. (CH3)2Si): 13C NMR (90 MHz, CDCl3) 5 166.80 (COOCHS3), 150.71
(CH=CHCO), 119.33 (CH=CHCO), 68.28 (CH(OS1)), 50.93 (OCH3), 39.17
(CH(OH)CH?2), 28.90 (CH-CH=CH), 25.88 ((CH3)3C), 25.52 (CH>2CH>CH=CH).
23.77 (CH3CH(OSi)), 18.11 ((CH3)30), -4.39 and -1.74 ({(CH3;281): MS (CI, NH3) 287
(MH*, 87); Anal. Calcd for CysH3pO03St: C. 62.89; H, 10.36. Found: C, 62.534: H,

10.34.

Methyl (§)-[6,7-13C2]-7-(tert-Butyldimethyls’ axyjoct-2-enoate
(126e and 127¢). The method for the conversion of 33¢ wu 35d was used. Thus,
(carbomethoxymethylene)triphenylphosphorane 54a (890 mg, 2.66 mmol) and the
aldehyde 125d (496 mg, 2.13 mmol) gave 126e (E-isomer, 759 mg., 93%), and 127e
(Z-isomer, 39.7 mg, 4.9%), after flash column chromatography (sihica, 3% ether in
pentane). For labeled E-isomer 126e: IR (CH»Cl> cast) 2952 (m), 2929 (m), 2857 (m).
1728 (s). 1658 (m) cm-!'; TH NMR (400 MHz, CDCl3) 8 6.97 (dt. | H. J =15.6,7.0 Hz.
CH=CHCO), 5.82 (dt, 1 H,/ = 15.6, 1.6 Hz, CH=CHCO), 3.96 and 3.61 (dm. 1 H./ =
140 Hz, '3CH(OS1)). 3.73 (s, 3 H, OCH3), 2.23 (m, 2 H, CH2CH=CH), 1.6-1.3 (m. 4
H. '3CH»CHa), 1.12 (dt, 3 H, J = 6.0, 4.3 Hz. CH3!3CH(OSi)), 0.87 (s, 9 H,
(CH3)3C), 0.07 (s, 6 H, (CH3)251): 13C NMR (100 MHz, CDCl3) 8 167.14 (COOCH?3).
149.95 (d, J = 2.2 Hz, CH=CHCO), 120.97 (CH=CHCO). 68.23 (d. J =39.4 Hz,
enriched, 13CH(OS)), 51.34 (OCH3), 39.06 (d../ = 39.6 Hz, enriched, 13CH»), 32.23
(d. J = 4.7 Hz, CH,CH=CH). 2588 ((CH3)3C), 24.18 (1, / = 17.8 Hz, 13CHaCH»).
23.60 (1. = 19.6 Hz, CH313CH(0S1)), 18.10 ({CH3)30), -4.37 and -4.73 ((CH3)25i):
MS (CI, NH3) 289 (MH*, 60), 306 (MNH3*, 56).

For lubeled Z-isomer 127e: IR (CH>Cla cast) 2955 (m), 2929 (m), 2857 (m).
1727 (). 1642 am em-l: TH NMR (400 MHz, CDCl15) 8 6.22(du 1 H. ./ = 11.5, 7.4 Hz.
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CH=CHCO), 5.78 (dt, | H, / = 11.5, 1.7 Hz, CH=CHCO). 3.96 and 3.61 (dm. | H./J =
140 Hz, 13CH(OS)), 3.71 (5. 3 H, OCH3), 2.65 (m. 2 H. CH2CH=CH), 1.65-1.25 m.

4 H, 13CH»CH»), 1.12 (dt. 3 H. / = 6.0, .3 Hz, CH3:!3CH(OSin, 0.87 (s, Y H,
(CH3)30). 0.07 (s, 6 H. (CH3)2S1); 13C NMR (100 MHz. CDCl3) 3 166.83 (COOCH 1,
150.72 (d, / = 3.7 Hz, CH=CHCO), 119.35 (CH=CHCQ). 68.29 (d. J = 38.7 Hz.
enriched. '3CH(OSH), 50.94 (OCH3z), 39.05 (d. ./ = 39.0 Hz. ennched, I3CHA), 28.02

(d, J = 4.5 Hz. CH>CH=CH), 25.89 ((CH3)3C). 25.15 (1. J = 17.5 Hz. 13CH>CH).
23.77 (1, J = 19.6 Hz, CH313CH(OSi)), 18.12 ((CH3)3C), -1.39 and -4.74 (CH3)2S10:

MS (Cl. NHj3) 289 (MH*, 72).

Methyl (S)-[6,7-13C1,7-siloxy-1801]-7-ttert-Butyldimethylsiloxy)oct-
2-enoate (126f). The method for the conversion of 40c 1o 41¢ wus used. Thus, 1341
(137 mg, 0.777 mmol) afforded 126f (163 mg, 72%). IR (CH2Cl2 cast) 2952 (m), 2929
(m), 2837 (m). 1728 (s), 1368 (m) cm-1: IH NMR (400 MHz, CDCl3) 8 6.97 (dt. 1 H. J
= 15.6. 7.0 Hz, CH=CHCO), 5.82 (dt. t H,/J =15.6. 1.3 Hz. CH=CHCO), 3.91 and
3.61 (dm, 1 H, ./ = 140 Hz, 13CH(!8/160Si}y), 2.23 (m. 2 H. CH>CH=CH), 1.6-1.3 (m_ 4
H, 13CH>CH»), 1.12 (dt. 3 H. / = 6.0, 4.4 Hz, CH3!3CH(®¥1008i), 0.87 (s, 9 H,
(CH3)3C). 0.07 (s, 6 H, (CH3)2Si); 13C NMR (100 MHz, CDCl3) & 167.18 (COOCH3).
149.58 (d. J = 3.0 Hz, CH=CHCO), 120.93 (CH=CHCO), 68.20 (dd, J = 39.2, 3.0 Hz,
enriched, 13CH(18/160Si)), $1.38 (OCH3), 39.11 (d, J = 39.4 Hz, enriched. '3CH2),
32.24 (d, J = 4.3 Hz, CH>CH=CH), 25.38 ((CH3)3C). 24.19 (1. / = 17.5 Hz,
13CH,CH5), 24.01 (1, / = 19.3 Hz, CH33CH(!8/160S8i)), 18.11 ((CH3)3C), -4.37 and -
4.73 ((CH3)2Si); MS (CL. NH3) 289 (MH*{160). 5.9). 291 (MH*(180), 9.3).

(§)-[1,2-13C1]-7-(terr-Butyldimethylsiloxy)oct-2-enoic  Acid (128d).
The method for the conversion of 55d to 56d was used. Thus, 126d (422 mg, 1.46

mmol) afforded 128d (401 mg, 99%). which was used directly in the next reaction
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without further purification. IR (CHCl3 cast) 3400-2400 (br), 2954 (m). 2929 (my, 2857
(m), 1695 (s), 1603 (m) cm': 'H NMR (360 MHz, CDCl3) S 7.29 und 6.89 (dddrt. | H. ./

=154, 16, 6.7, 1.8 Hz, 13CH=!3CHCO), 6.06 and 5.61 (ddt. 1 H./ = 163, 16, 6.1 Hz.

CH(OSi)CH~CH>), 1.13 (d, 3 H, / = 6.4 Hz, CH3CH(OS1)), 0.89 (s, 3 H. (CH3)30).
0.06 (s. 6 H, (CH3)2Si); 13C NMR (90 MHz, CDCl3) 8 171.75 (d. / =72 Hz, COOH).
152.04 (d, J = 70.0 Hz, enriched, 13CH=13CHCO), 120.73 (d, J = 70.0 Hz, enriched.
13CH=!3CHCO), 68.22 (CH(0Si)), 39.26 (CH(OH)CH»), 32.33 (d. J = 41.5 Hz.
CH»>3CH), 25.48 ((CHz)3C). 23.04 (br s, CH-CH»13CH), 23.25 (CH;CH(OS1)).
18.11 ((CH3)30), -4.37 and -4.73 ((CH3)2Si): MS (CL. NH3) 275 (MH™, 98).

For unlabeled racemic material (128a, E-isomer): IR (CHCl3 cast) 3100-2400
(br), 2955 (m), 2929 (m), 2848 (m), 1699 (s), 1657 (m) cm-!: 'H NMR (360 MHz,
CDCl3) 8 7.07 (dt, 1 H,J = 15.6, 7 Hz, CH=CHCO), 5.83 (dt. | H, J =135.6, 1.5 Hz,
CH=CHCO), 3.80 (m. CH(OS1)), 2.35 (m, CH2CH=CH), 1.62 -1.34 (m. 4 H.
CH(OSi)CH>CH>), 1.13 (d. 3 H, / = 6 Hz, CH3CH(0US1)), 0.89 (s, 9 H. (CH3)3C), 0.06
(s, 6 H, (CH3)2S1): 13C NMR (90 MHz, CDCl3) 8 171.46 (COOH), 152.17
(CH=CHCO), 120.62 (CH=CHC"™), 68.21 (CH(0OS1)). 39.03 (CH(OH)CH2), 32.34
(CH,CH=CH), 25.87 ((CH3)3L. 24.05 (CH2CH2CH=CH), 23.82 (CH3CH(OS1)),
18.11 ((CH3)3~ -4.37 and -4.74 ((CH3)»2Si); MS (CIL. NH3) 273 (MH*, 42), 287
(MNH4*. 72); Anal. Caled for C14H2803Si: C. 61.72: H, 10.36. Found: C,61.71; H.
10.41.

For uﬁlubeled racemic material (Z-isomer, 129a): IR (CHCl3 cast) 3400-2400
(br), 2956 (m), 2930 (m), 2857 (m), 1699 (s), 16341 (m) cm-; TH NMR (360 MHz,
CDCl3) § 6.33 (dt, 1 H,J = 11.5, 7.5 Hz, CH=CHCO), 5.30 (dt, | H, J = 11.5, 1.8 Hz.
CH=CHCO). 3.80 (m. CH(OS1)), 2.66 (m. 2 H, CH2CH=CH)., 1.6 -1.4 (m, 4 H,
CH(OSi)CH>CH>»), 1.12 (d. 3 H, J = 6.2 Hz, CH3CH(OS1)), 0.87 (s, 9 H, (CH3)30),
0.06 (s. 6 H, (CH3)2Si): 13C NMR (90 MHz. CDCl3) 8 171.61 (COOH), 153.26
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(CH=CHCO), 119.15 (CH=CHCO), 68.25 (CH(OS1)), 39.12 (CH(OH)CH>»). 29.10
(CH>CH=CH), 25.88 ((CH3)3C), 25.08 (CH>CH>CH=CH), 23.79 (CH3CH(OS.
18.11 ((CH3)3Q), -4.40 and -4.76 ((CH3)2S1: MS (CL NH3) 273 (MH*, 100, 287
(MNH4™, 41 Anal. Caled for C13HagO3Si: C.61.72: H. 10.36. Found: C.61.67: H.
10.21.

(S)-16.,7-13C1,7-siloxy- I80)-7-(tert-Butyldimethylsiloxyjoct-2-enoic Acid (1281,
The method tor the conversion of 55d to 56d wus used. Thus, 126f (190 mg, 0.655

mmol) gave 128f (180 mg, crude), which was used directly tor the next reaction.

NAC (5)-{1,2-13C1]-7-(tert-Butyldimethyisiloxy)oct-2-enoate
(130d). The method for the conversion of 56d to 37d wus used. Thus, crude 128d
(401 mg, 1.46 mmol) gave 130d (309 mg, 56%), after chromatographic puritication
(silica, EtOAc, Rf0.49). [alp +6.59 (¢ 0.26, CHCI3): IR (CHCI3 cust) 3283 (br), 2929
(m), 1657 (s), 1583 (m), 1538 (m) cm-}; 1H NMR (360 MHz. CDCl3) § 7.20 and 6.72
(dm, 1 H,J = 154 Hz, 13CH=!3CHCO). 6.42 and 6.00 (dm, 1 H./ = 160 Hz,
I3CH=13CHCO). 6.10 (br s, I H, NH). 3.85 (m. CH(OSi)), 3.60 (dt, 2 H, / = 6.4, 5.4
Hz, CH>NH), 3.21 (1, 2 H. / = 6.4 Hz. SCH>), 2.37 (m, CH»!3CH). 2,11 (s, 3 H,
COCH3). 1.75 -1.6 (m, 4 H, CH(OSi)CH»CH2), 1.23 «d. 3 H./ = 6.4 Hz,
CH3CH(O0S1)), 0.90 (s, 9 H, (CH3)30), 0.10 (s, 6 H. (CH3)2Si): 13C NMR (Y0 MHz,
CDCl3) 0 190.33 (d. J = 61.0 Hz, COS), 170.23 «COCH3y), 146.47 (d. J = 70.0 Hz,
enriched, 13CH=13CHCO), 128.83 (d.J = 70.0 Hz, enriched, ' 3CH=!3CHCO), 61.17
(CH(OSi)), 39.82 (COCH?3). 39.01 (d, / = 3.7 Hz. CH(OH)CH»), 32.22 (d. / = 40.3 Hz.
CH»13CH), 26 61 (SCH2), 25.87 ((CH3)3C), 24.01 (d. / = 2.4 Hz, CH2CH2!3CH),
23.77 (CH3CH(OS1)), 23.20 (CHaNH), 15.69 ((CH3)3C), -4.38 and -4.73 ((CH3)2S51):
MS (ED) caled for 13C2CgH35NO3SSi 375.2174 | found 375.2155 (M); MS (CI, NHy)
376 (MH*, 100).



For unlabeled racemic material (130a): IR (CHCl3 cast) 3325 (br), 2929 (m).
1663 (s), 1632 (m), 1557 Gmy eml TH NMR (360 MHz, CDCl3) 0694 (dt, 1 H,J =
15.6 Hz, CH=CHCO), 6.13 (dt, | H, J = 15.6 Hz. CH=CHCO), 5.94 (brs. 1 H, NH).
3.78 (m, CH(OSi)), 3.45 (dt, 2 H,J = Hz, CHaNH), 3.08 (1, 2 H, J = Hz, SCHb»), 2.22
(m, 2 H, CH~CH=CH), 1.97 (s, 3 H, COCH3), 1.7-1.4 (m, 4 H. CH(OS1)CH>CH»).
1.12 (d. 3 H. J = Hz. CH3CH(OSi)), 0.90 (s, 9 H, (CH3)30), 0.10 (s, 6 H, (CH3)2S i
13C NMR (Y0 MHz, CDCl3) 8 190.328 (COS), 170.28 (COCHj), 146.42 (CH=CHCO).
128.32 (CH=CHCO), 68.11 (CH(OS1)), 39.73 (COCH3), 38.97 (CH(OH)CH>), 32.20
(CH>CH=CH), 28.17 (SCH2), 25.81 ((CH3)50), 23.99 (CH-CH>CH=CH), 23.73
(CH3CH(OSi)). 23.14 (CHaNH), 18.03 ((CH3)3C), -+.43 and -4.79 ((CH3)2S1): MS (ED
caled for C1gH3sNO3SSi 373.2107, found 373.2083 (M): Anal. Calcd for
C13H35NO38Si: C, 57.86: H, 9.44; N, 3.75: S. 8.58. Found: C. 38.12; H, 9.40: N.

3.70. S. §.41.

NAC (S)-{6,7-13C1,7-siloxy-180]-7-(tert-Butyldimethylsiloxy)oct-2-
enoate (130f). The method for the conversion of 36d to 37d was used. Thus, 128f
(180 mg, 0.655 mmol) afforded 130f (59.1 mg, 24%). IR (CH»Cl» cast) 3288 (br), 2929
(m), 2887 (m), 1656 (s), 1552 (m) em-!: TH NMR (400 MHz, CDCl3) 8 6.93 (dt, | H. ./
= 15.6. 7.0 Hz, CH=CHCO), 6.15 (dt. 1 H, /= 15.6, 1.5 Hz, CH=CHCO), 5.87 (brs. 1
H. NH), 3.98 and 3.63 (dm, | H,/ = 141 Hz, 13CH(!8/1608i)), 3.46 (4, 2 H,J = 6.2
Hz, CHoNH), 3.09 (1, 2 H, / = 6.3 Hz, SCH»), 2.21 (m, 2 H, CH>CH=CH), 1.97 (s, 3
H, COCHa), 1.7-1.3 (m, 4 H, 13CH>CH>). 1.21 (dt, 3 H. J = 6.0 Hz, 4.4 Hz,
CH3!3CH(18/1608i)), 0.87 (s, 9 H. (CH3)30). 0.07 (s, 6 H, (CH3)2Si): 13C NMR (100
MHz, CDCI3) 8 190.37 (COS), 170.28 (COCH3), 146.51 (d. / = 3.0 Hz, CH=CHCO),
128.35 (CH=CHCO), 68.12 (br d. J = 39.9 Hz, enriched, 3CH('#/1608i)), 39.56
(COCH?). 39.00 (d. J = 39.3 Hgz, enriched. 13CH>»), 32.23 (d./ = 4.3 Hz, CH>CH=CH).
28.21 (SCH»), 25.84 ((CH3)30), 24.00 (1. / = 17.5 Hz, I3CH>CH32), 23.76 (1. J = 19.6
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Hz, CH33CH(!8/1608i)). 23.18 (CHaNH), 18.07 ((CH3):C), -3.40 and -1.76
((CH3)2S1): MS (CI, NH3) 376 (MH+(16 0V 8.8), 378 (MH*(180), 19.1).

2,2,2-Trichloroethylbutyrate (131). Trichloroethunol (45.0g. 301 mmol)
wis added dropwise to liquid butyvryl chloride (26.6 g, 230 munob over 23 min at O 0C.
The mixture was allowed to wurm to room temperature and was stirred overnight,. Vacuwmn
distillation gave 131 in quantitative yield. Bp 69-72 9C (2.8 mm Hy): IR (CHCl3 cast)
2960 (m), 2929 (m), 2858 (m), 1757 (s) em-1; TH NMR (200 MHz. CDCl3) 8 4.75 (s, 2
H, CH-CCl3), 243 (t. 2 H. ./ = 7.5 Hz,. CH>COO). 1.72 (tq. 2 H. ./ = 7.5. 7.5 He,
CH3CH»), 1.01 (1, 3H./ = 7.5 Hz. CH3z): '3C NMR (90 MHz, CDCl133) 8 171.95 (CO».
95.05 (CCl3). 73.82 (OCH»). 35.79 (CH-CO), 18.27 (CH3CH3). 13,538 (CH1): MS (El

caled for CeHoCl302 217.9668. found 217.9673 (M),

2,2.2-Trichlorolauroate (132). The method for preparation of 131 was
adapted. Thus, trichloroethanol (35.9 g, 240) mmol) and lauroyl chloride (43.7 g, 200
mmol) gave 132 in quantitative vield. Bp 140-142 0C (0.2 mm Hg): IR (CHCl3 cast)
2954 (m), 2925 (m), 2855 (m), 1759 (s) cm o TH NMR (200 MHz. CDCl3; 8 4.75 (s, 2

H, CH>CCl3), 2.48 (1, 2 H, / = 7.5 Hz, CH>CQO), 1.70 (m. 2 H), 1.23 (m, 16 H), 0.5~

(m, 3H., CH3): MS (EI) caled tor Ci3Ha5C1305 330.0920, tound 330.0925 (M),

Methy! (S)-[6,7-13C5]-7-Hydroxyoct-2-¢enoate (133d). The method tor
the conversion of 130d to 82d was used. Thus, the silyl ether 126e (753 mg, 2.61
mmol) afforded 134d (394 mg, 87%) along with recovery ot 126e (93.0 my, 12%), atter
column chromatography (silica, EtOAc, Ry 0.71. Ry .92, respectively). IR (CH2Cla casy)
3400 (m), 2929 (m), 1725 (s). 1658 (m) c- L TH N MR (300 MHz, CDCly) 8 6.97 (du. |
H,J =156, 7.0 Hz, CH=CHCO), 5.83 (dt. 1 H./ = 15.6, 1.5 Hz, CH=CHCO), 3.9%
and 3.63 (dm, 1 H, / = 140 Hz, 13CH(OH);. 3.73 (s, 3 H, OCH3), 2.24 (m. 2 H,
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CH2CH=CH), 1.6-1.3 (m, 4 H, !3CHa2CH>»), 1.20 (dt, 3 H,/ = 6.2, 4.4 Hz,
CH313CH(OH)); 13C NMR (100 MHz, CDCl3) 8 167.07 (COOCH3), 149.13 (d. J = 4.0
Hz, CH=CHCO), 121.20 (CH=CHCO), 67.78 (d./ = 37.9 Hz. enriched, CH(OH)).
51.36 (OCH3). 38.99 (d, J = 38.1 Hz, enriched. '3CH?2), 32.06 (d. / = 4.4 Hz,
CH->CH=CH), 24.19 (1, / = 17.6 Hz, 13CH2CH>), 23.60 (t,./ = 19.3 Hz.
CH3!3CH(OH)); MS (CI, NH3) 175 (MH*, 31), 192 (MNHa4™", 100).

For unlabeled racemic material (134a): IR (CH2Clz cast) 3400 (m), 2929 (m).
1725 (s), 1658 (m) cm-1; TH NMR (400 MHz, CDCl3) 3 6.97 (dt. 1 H,/ = 15.6,7.0 Hz.
CH=CHCO). 5.83 (d1, 1 H, / = 15.6, 1.5 Hz, CH=CHCO), 3.82 (m, 1 H. CH(OH)).
3.73 (s. 3 H. OCH3). 2.25 (m, 2 H, CH2CH=CH), 1.6-1.3 (m. 4 H. CH(OH)CH>CH).
1.20 (d. 3 H. / = 6.3, CH3CH(OH)); !3C NMR (100 MHz. CDCl3) 8 167.07 (COOCH3).
149.14 (CH=CHCO), 121.18 (CH=CHCO), 67.79 (CH(OH)), 51.37 (OCH?3), 38.58
(CH(OH)CH»). 32.06 (CH>CH=CH), 24.19 (CH(OH)CH>CH2), 23.61 (CH3CH(OH)):
MS (Cl, NH3) 173 (MH*, 67), 190 (MNHa*, 100).

Racemic Methyl [6,7-13C1,7-hydroxy-180]-7-Hydroxyoct-2-enoate
(134e). The method for the conversion of 39d to 40e was used. Thus, the keto
compound 135f (1.96 mmol, based on 100% conversion) afforded 134¢ (309 mg, 89%).
IR (CH>Cl cast) 3400 (m), 2929 (m), 1725 (s), 1658 (m) em-1: TH NMR (400 MHz,
CDCl3) 8 6.97 (dt, 1 H, J = 15.6, 7.0 Hz, CH=CHCO), 5.83 (dt, 1 H, J = 15.6, 1.5 Hz,
CH=CHCO), 3.98 and 3.63 (dm. | H./ = 140 Hz, ICH('%/10H)). 3.73 (s, 3 H.
OCH3), 2.24 (m., 2 H, CHaCH=CH), 1.6-1.3 (m, 4 H, 13CH>CH>»), 1.20(dt, 3 h. J =
6.2. 4.4 Hz, CH313CH(I8/160H)); 13C NMR (100 MHz, CDCl3) 6 167.07 (COOCH 3).
149.23 (d. J = 2.3 Hz. CH=CHCO). 121.06 (CH=CHCO), 67.62 (d, / = 38.1 Hz,
enriched, 3CH(1%160H)), 51.34 (OCH3), 38.50 (d, / = 38.3 Hz, enriched, 13CH>»),
32.02 (d, J = 4.4 Hz. CH2CH=CH), 24.12 (1. / = 17.5 Hz, 13CH2CH3), 23.51 (1, / =
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19.1 Hz, CH3!3CH(OH)): MS (CI, NH3) 175 (MH+(100), 10.7), 177 (MH+(130), 37.5),
192 (MNH4+(160), 15.3), 194 (MNH4+(130), 56.6).

Methyl (S5)-[6,7-13Ca, 7-hydroxy-180]-7-Hydroxyvoct-2-enoate
(134f). The miethod for the conversion of 40e to 40 was used. Thus. 134e¢ (288 my.
1.70 mmol) gave the hydroxy compound 133f (140.6 mg. 49%). IR, MS, TH NMR and

13C NMR were identical to the racemic material 134e.

Methyl [6,7-13C»]-7-Ox0-2-0ctenoate (1353d).  The method for the
conversion of 32d to 53d was used. Thus, the hydroxy compound 134d (387 myg. 2.2
mmol) gave the keto compound 135d (343 mg, 90%. Ry 0.78 in EtOAC). IR (CH2Cl:.
cast) 2929 (m), 1723 (s), 1674, 1271 (m) cm-1; ITH NMR (300 MHz, CDCl3) § 6.93 (dt. |
H,J = 15.6. 7.0 Hz, CH=CHCOQ), 5.84 (dt, 1 H. ./ = 15.6, 1.5 Hz, CH=CHCO), 3.73

H

(s, 3 H, OCH3), 2.62 and 2.31 (ddt, 2 H. / = 126, 7.2, 5.5 Hz, 13C

2), 2.23 (m, 2 H.

CH>CH=CH). 2.14 (dd, 3 H, J = 5.8, 1.4 Hz, CH3!3CO), 1.75 (ddt, 2 H. J = 147, 7.3,
3.7 Hz, 13CHACHa): 13C NMR (100 MHz. CDCl3) 8 207.97 (d. J = 39.0 Hz, enriched.
13C0), 166.39 (COOCHz3), 148.32 (d, / = 2.7 Hz, CH=CHCO), 121.65 (CH=CHCO).
51.42 (OCH?»), 42.54 (d, J = 39.6 Hz, enriched. 13CH»). 31.32 (d. / = 3.5 Hg,
CH>CH=CH), 29.78 (1, J = 17.8 Hz, CH3!3CH(OH)), 21.88 (r. ./ = 18.0 Hz,
13CH2CH2); MS (CI, NH3) 173 (MH*. 38), 190 (MNH4*, 100).

For unlabeled material (135a); IR (CH2Cla cast) 2929 (m), 1718 (s), 1658, 1272
(m) cm-l; IH NMR (400 MHz, CDCl3) § 6.93 (dt. | H. / =15.6, 7.0 Hz, CH=CHCO»,

5.84 (dt, 1 H,/ =15.6, 1.5 Hz, CH=CHCO), 3.73 (5, 3 H. OCH3). 246 (t, 2 H./ = 7.3

1.75 (1t, 2 H. J = 14.6, 7.3 Hz, COCH2CH>); 13C NMR (100 MHz, CDCl3) 6 208.05

(CH3CO). 166.92 (COOCH3), 148.34 (CH=CHCO), 121.59 (CH=CHCO), 51.43



135
(OCH3), 42.51 (COCH2), 31.30 (CHCH=CH), 29.96 (CH3;CH(OH)), 21.82
(COCH2CH>): MS (El) caled for CyH 1303 170.0943, found 170.0947 (M).

Methy! [6,7-13C2,7-0x0-180]-7-Oxo-2-octenoute (135e). A modification of the
procedure of Diakur was used.!9% A mixture of the keto compound 135d (338 mg, 1.96
mmol), H2!30 (97%, Cambridge Isotope Laboratory, 500 mg. 25.0 mmol), THF (2 mL.,
and trifluoroacetic anhydride (10 pL) was heated at 70 ©C for 9 h. The niixture was
ransferred 1o a separatory funnel and the organic phase wis collected. dried (Na2SOu. und

concentrated to give 135e, which was used immediately for the next reaction.
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