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Studies were carried out to determine the absolute stereochemistry of

botryococcene (1). The natural product was degraded to two sets of 'y- and 8-

valerolactones. All enantiomeric variations of these lactones were synthesized in

optically pure form starting from (S)- and (R)-methyloxiranes. 1H NMR correlation of

natural and synthetic materials in the presence of chiral shift reagent, Eu(hfc)3, led to

the assignment of absolute configuration to 1 as 3S, 7S, 10S, 13R, 16S, 20S.

An enantiospecific, total synthesis of botryococcene was accomplished. The

key steps are formation of (2R,6S)- 3- methyleno- 2,6,7- trimethyl -7- octenol (66),

formation of (2S,5S) and (2R,5S) diastereomers of methyl 2,5-dimethy1-2-hydroxy-

methy1-6-[(methoxymethypoxy]-3-E-hexenoate (126 and 127), and an organocopper

coupling reaction.

Methyl (2S)-3-hydroxy-2-methylpropionate was converted to (2R)-2,3-

dimethy1-3-butenol, the dianion of which reacted with its tosylate in a head-to-tail

manner to give the octenol. An alkylcopper species was prepared from the octenol via

its iodide. Methyl (2R)-3-hydroxy-2-methylpropionate was transformed into methoxy-

methyl ( 5S)- 2, 5- dimethyl- 6- [(methoxymethyl)oxy] -2 -E- hexenoate which underwent



an unusual fragmentation-recombination reaction to give a mixture of (2S,5S) and

(2R,5S) diastereomers 126 and 127. The (2S,5S) diastereomer (126) was converted

to (2R,5S)-2,5-dimethy1-6-[(methoxymethypoxy]-2-[(methoxymethypoxy]methyl-3-

E-hexen-1-ol; the latter compound was also obtained from the (2R,5S) diastereomer

(127) through an effective inversion at C-2, thus bringing both diastereomers into

stereoconvergence. The hexenol was elaborated into (3S,6S)-3,6-dimethy1-7-iodo-3-

iodo-methy1-4-E-hepta-1,4-diene which reacted with two equivalents of the

octenylcopper species to furnish botryococcene.
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"Mix together and put into a pot 2 grams of malachite, 2 grams of azurite, 130

mL of the urine of a young boy, and 180 mL of solution of ox-gall. Put into

the pot all the twenty-four pieces of stone, each weighing 0.27 gram. Put the

lid on the pot and lute it around with clay. Heat for six hours over a gentle

fire of olive wood. When [you see] the lid has become green, do not heat any

more but allow to cool and take out the stones, when you will find that they

have become emeralds." from Papyrus of Leyden
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ABSOLUTE STEREOCHEMISTRY AND TOTAL SYNTHESIS OF

BOTRYOCOCCENE

CHAPTER I: INTRODUCTION

Many micro-organisms, both photosynthetic and nonphotosynthetic, are

capable of producing hydrocarbons. However, the hydrocarbon content in most

instances accounts for only about 1 per cent of the dry mass.1'2 In direct contrast to

this observation, Maxwell 3 reported that hydrocarbons account for as much as 90% of

the dry weight of the ubiquitous, unicellular green alga Botryococcus braunii

(Kiitzing).

Botryococcus braunii is a green, colonial alga first described some 130 years

ago by Kiitzing, and is found widely in fresh water lakes as well as in brackish water

on all continents. Blackburn4 assigned it to the order of chlorophyceae because of the

presence of green chloroplasts and starch in the cells. This assignment was later

corroborated by Belcher and Fogg,5 who isolated chlorophylls a and b from the alga.

B. braunii exhibits unusual morphology.5,6 Though unicellular, it forms

nearly spherical colonies which may be attached by threads to form larger "compound-

colonies" of varying size (up to 0.5 mm in diameter), texture, and structure. Each cell

is embedded in a cup of oil and, when a cell divides into two daughter cells, the latter

secrete oil while remaining inside the cup of the mother cell. Thus, the matrix in which

the colony is embedded is comprised primarily of the oil cups of the daughter cells.4

B. braunii possesses considerable economic significance. When a sample of

B. braunii oil, comprising a mixture of hydrocarbons, was hydrocracked, a distillate

consisting of 67 weight % petrol fraction, 15 weight % aviation turbine fuel fraction,

15 weight % dieselene fraction, and 3 weight % residual oil was obtained.? The
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distillate was notably deficient in aromatic hydrocarbons. Thus, the alga can be

regarded as a renewable source of liquid hydrocarbons that could provide unlimited

fuel. Despite the difficulties associated with large-scale cultivation of B. braunii , the

prospect is economically attractive because of the alga's massive, essentially unialgal

blooms and the reduced harvesting and extraction costs resulting from the alga's natural

buoyancy and predominantly extracellular localization of hydrocarbons. Commercial

development of the alga as a fuel source is under active study.8-14

B. braunii has also been implicated in the formation of bog-head coals.4,15

Under microscopic examination,4 bog-head coals are seen to consist of minute yellow

globules similar to colonies of B. braunii and it is believed that these coals may have

arisen from fossilization of the algal colonies.

Polymerization of the hydrocarbons present in the alga takes place as a result of

bacterial action, sunlight, heat, or atmospheric oxidation and results in the formation of

Coorongite, a rubbery, foamy deposit that aggregates on the shores of ephemeral

Australian lakes.3 Coorongite, when destructively distilled, yields a liquid similar in

composition to that of shale oil of Torbanite,16 a permian (-3 x 108 years) shale.

Thus, Coorongite can be regarded as the peat stage of Torbanite. Traverser noted the

occurrence of fossilized B. braunii in certain oil-bearing rocks of the Ordovician period

(-5 x 108 years) of the Paleozoic Era, and also in lignite and other tertiary ( 65 to 2 x

106 years) sediments of the Cenozoic Era. More recently, botryococcane, a saturated

derivative of the major B. braunii hydrocarbon, botryococcene, was detected in two

Sumatran crude oils at levels of 0.9 and 1.4 %--the highest levels of a complex, fossil,

biological marker ever reported in petroleum.18 Thus, B. braunii seems to have

survived unaltered for some 400 million years, a result of evolutionary significance to

paleobotanists.17
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The alga exhibits three different growth stages, consisting of an exponential or

active state, an orange resting state, and a green resting state.19 During the exponential

state it is green and possesses chlorophylls a and b and a hydrocarbon content of

unsaponifiable lipids of around 20%. These hydrocarbons consist largely of n-

alkadienes of odd-numbered carbons ranging from 23 to 31.19-23,25 During the algal

bloom, the cells change to a yellow-orange colored resting state due to the accumulation

of carotenoids. At the same time, the lipid composition is drastically altered and the

content of unsaponifiable lipids increases to as much as 80% of the dry weight.19-23

There is also a change in chain length of the hydrocarbons and they now become

polyunsaturated, branched compounds of 30-37 carbons.3 The green exponential state

colonies are much larger than the orange colonies.16 During the final resting stage, the

algal colonies become green again but, unlike the green exponential stage, hydrocarbon

production is very low, amounting to less than 1% of the dry weight of the cells.

--------./W
(CH2),

n = 13, 15, 17, and 19

(cii2)

n = 13, 15, 17, and 19

(CHI/=

FIGURE I.1: HYDROCARBONS OF RACE A of B. braunii
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This variation in the nature of hydrocarbon production at different growth

stages of B. Braunii was originally attributed to different physiological states.19

Lately, however, this explanation has been questioned. The large, persistent algal

bloom in the Darwin Reservoir, Australia, differed from blooms reported previously in

that the green cell stage of the organism produced branched rather than straight-chain

hydrocarbons.16 Also, Wolf has reported that cultures of a botryococcene-producing

Berkeley strain, a presumed "resting state" form of the alga, were green and produced

hydrocarbons in an amount (36%) comparable to that reported for the "active state"

isolates.24 Thus, the color of the colony is not a good predictor of the nature of the

hydrocarbons being produced.

From stuclies22,23,25-33 of axenic and non-axenic cultures of different

strains of Botryococcus braunii , it has now become clear that this alga includes two

races, designated A and B, that possess very similar morphology. Algae of the A race

produce the odd-numbered n-allcadienes from C-23 to C-31 and a C-29 triene (Fig.

1.0,30-33 while the B race yields branched, polyunsaturated hydrocarbons of general

formula CnH2n_1o, where n=30-37. The latter are specifically termed botryococcenes

(Fig. 1.2).

Examination of B. braunii cultures by electron microscope showed that oil

droplets accumulate both in the outer walls of the cells and within the cytoplasm. This

is observed in both A and B races ofB. braunii .34,35 Feeding experiments35,36 with

race A using radioactive precursors demonstrated that the two pools are not in

equilibrium, thus ruling out the possibility of migration of hydrocarbons from one pool

to the other. However, radioactive oleic acid, when injected differentially, accumulated

in the outer walls, suggesting an excretory process in which the precursor migrates to

the outer wall where biosynthesis of the hydrocarbons is completed.36
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16

4 C32 S C33

1 C "Botryococcene"

7 C3,

9 Cu

11 C31

6 Cu "Isebotryococcene"

8 C32 "Braunicene"

10 Cu "Darwinene"

FIGURE 1.2: HYDROCARBONS OF RACE B OF B. braunii
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The fact that two races of the alga each produce a distinctly different class of

hydrocarbons indicates that there are two different biosynthetic pathways. This was

borne out by biosynthetic experiments, in which it was demonstrated that linear

hydrocarbons of race A are non-isoprenoid in origin whereas the branched

hydrocarbons of race B are isoprenoid.

From studies36 done with radioactive fatty acids, it appears that oleic acid is

the direct precursor for linear hydrocarbons of race A. The results of precursor-product

relationship experiments also confirm this observation. Furthermore, it appears from

these studies that the external hydrocarbons are biosynthesized from oleic acid excreted

towards the outer walls in the form of a complex. However, the nature of this complex

is not yet known.

As has been stated above, the B-race produces no detectable straight chain

hydrocarbons, but instead yields a large number of cyclized and uncyclized irregular

triterpenes. At least thirty of these "botryococcenes" have been detected by GC-MS

and eleven have been charaterized to date (Fig. L2).30-33,37 Structural assignments

based on spectral data and partial degradation studies suggest that there are two classes

of metabolites. These are the so-called "normal" or n-botryococcenes (botryococcene

(1),38 and 2-530-33,37) and the highly modified m-botryococcenes (isobotryococcene

(6),39 7,30-33 braunicene (8), 9,30-33 darwinene (1(),39 and 1130-33). All of

these have in common a C-30 triterpenoid skeleton. The modified botryococcenes are

presumably derived from anomalous methylation or cyclization of n-botryococcenes.

The relative amount of each of these hydrocarbons in a given sample shows a wide

variation, as does the total hydrocarbon production of the organism (25-90%).3,40,41

The hydrocarbons of race B are biosynthesized and accumulate at two distinct

sites: externally in the successive outerwalls, forming a dense matrix, and internally in

cytoplasmic inclusions. Feeding experiments with sodium [1,2-14q-acetate indicated
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that intially the radioactivity of the total external botryococcenes was about twice that of

the total internal hydrocarbons.29 After 100 h almost all the radioactivity was

recovered in the external pool. This indicates the existence of an excretory process in

race B similar to that observed in race A. Radio-GC analyses29 of the external pool at

different intervals of time showed that three groups of external hydrocarbons are

present. These are the C-30-31 (2-3), the C-32-33 (4,5,8), and the C-34

botryococcenes (1,6,7,9). The radioactivity of the first group decreases with time and

a compensatory gain in the activity of the C-34 group is observed. At the end of 100

h, 90% of the activity was seen in the C-34 hydrocarbons. In the light of this study,

one can conclude that the C-30 botryococcene (2) acts as the precursor of all the higher

metabolites. Wolf26 came to the same conclusion from the results of sodium [14C]-

bicarbonate pulse-chase experiments.

It also appears that each of the intermediate C-31-33 botryococcenes acts as the

precursor of the next higher homologue. The results of the feeding study of a culture

of B. braunii with L-[Me-14C]-methionine confirm this observation.29 Intially 3

exhibited the highest label content. The activity associated with the C-31-C-33

hydrocarbons slowly increased and a corresponding drop in the radioactivity of 3 was

measured. The C-31-C-33 radioactivity reached a maximum and decreased until, at the

end of the experiment, highest activity was observed in the C-34 hydrocarbons. No

incorporation into 2 was observed, despite prolonged exposure to the labelled

methionine. The incorporation of 14C from labelled methionine into the hydrocarbons

of the external pool as well as into the hydrocarbons of the internal pool indicates that

methylation takes place in both pools. 13C-NMR spectra of the botryococcenes

isolated when the alga was fed with L- [Me -13C]- methionine showed that methylation

takes place on the backbone of 2 at positions 3, 7, 16, and 20. The C-34



8

botryococcene (1) is thus the end product of the biosynthetic pathway 2 > 3 > 4

5 ___>1.29

The C-30 precursor 2 probably originates in a biosynthetic pathway which

involves a head-to-head linkage of two C-15 units connected in a 1'-3 manner (for

numbering see structure 12 in Fig I.3).42 This pathway is analogous to that suggested

for the irregular terpenoids artemesia ketone (13)43,44 and isodigeranyl (14).45 A

scheme for the biogenesis of 13 has been proposed by Poulter (Fig. I.4),46 in which a

central role is ascribed to chrysanthemyl pyrophosphate (15). The latter could be

derived by coupling of two molecules of dimethylallyl pyrophosphate.

Chrysanthemyl pyrophosphate would lead to the cation 16 which could undergo b-d

bond cleavage and rearrangement to give the allyl cation 17. This species leads directly

to the skeleton of 13. Chrysanthemyl pyrophosphate is the C-10 analogue of

presqualene pyrophosphate which, if it were to undergo a rearrangement similar to that

shown in the figure 1.4, would give the C-30 botryococcene 2.

13

FIGURE 1.3: IRREGULAR TERPENOIDS

As regards the biogenesis of the C-15 precursor of botryococcenes, the

evidence is not sufficiently conclusive for any rational speculation. Feeding
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experiments with sodium [2 -14C]- mevalonate showed that mevalonic acid, a normal

precursor of isoprenoid compounds, is incorporated into botryococcenes up to 0.35%.

This level of incorporation is higher than that observed in monoterpene biosynthesis.47

Again, the radioactivity was higher in the external pool than the internal one. A high

level of incoporation was observed with sodium [2- 14C]- acetate,47 also compatible

with a mevalonoid biosynthetic pathway. However, leucine, an alternate precursor

suggested for monoterpenoid biosynthesis in higher plants,48 showed 5.23%

incorporation when fed as [U -14C]- leucine. This level of incorporation is higher than

that reported for other terpenoid systems and clearly suggests the possibility of a non-

mevalonoid pathway.

PPO
2

2'
PPO

3'

16

PPO

b,d bond cleavage

17

FIGURE 1.4: BIOSYNTHESIS OF ARTEMESIA KETONE
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Since botryococcene 1 is the major secondary metabolite of B. braunii,

determination of its absolute stereochemistry is important for several reasons. First, a

rational approach to the chiral synthesis of this compound requires that the absolute

configuration (R or S) of each of the six chiral centers be known. Second, a
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comparison of stereochemistry of the atoms bearing the extra methyl groups may

provide insight to understand the mode of action of the methylating system operating in

B braunii. Third, the stereochemical relationship between C-10 and C-13 may provide

insight into the mechanism by which the two halves are united and the nature of bond-

rupture of an analogous species of the type 16, thus qualifying the scheme of

biogenesis of irregular terpenoids exemplified in Figure 11.4.

A description of studies that led to the determination of absolute

stereochemistry of botryococcene (1) and biogenetic inferences derived therefrom are

given in the second chapter. With the absolute stereochemistry in hand, an

enantiospecific synthesis of botryococcene (1) became the next good objective. The

attainment of this goal is discussed in the third chapter.
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CHAPTER II: ABSOLUTE STEREOCHEMISTRY OF BOTRYOCOCCENE

The chemical composition of the oily colony matrix of Botryococcus braunii

has been the subject of several investigations. When placed in iodine solutions, the

alga absorbed so much iodine that it sank,4 implying the presence of a high degree of

unsaturation. From a sample collected in Cheshire, England, Maxwell et a1.3 isolated,

by acetone extraction followed by column chromatography on alumina with hexane as

eluent, a 9:1 mixture of two hydrocarbons. These were termed botryococcene and

isobotryococcene respectively, and accounted for 76% of the dry weight of the alga.

The mass-spectrum of botryococcene (1) showed a molecular ion at m/e 466

and indicated a molecular formula C34 H58. The bands in the IR spectrum at 891, 917

and 1002, and 979 cm-1 were assigned to exo-methylene, vinyl, and trans disubstituted

carbon-carbon double-bond absorptions respectively. From a comparison of the

intensity of these bands with relevant standards,49 botryococcene was shown to have

one vinyl double bond, one trans disubstituted double bond, and four exo-methylene

double bonds. The high frequency (1002 cm-1) of the C-H absorption of the vinyl

double bond in botryococcene indicated that this group is attached to a fully substituted

carbon atom.49 The absence of a -(CH2)n- absorption around 720 cm-1 suggested that

the compound is highly branched. That the double bonds are unconjugated was

demonstrated by its UV spectrum, which showed end absorption only.

The 1H NMR spectrum (Fig. II.1) of 1 showed a fairly sharp singlet at 8 4.6

which was assigned to the eight exo-methylene protons. A characteristic ABX pattern

was observed for the vinyl group, and comparison with the 1H NMR of rimuene

(18)50 enabled assignment of the ABX protons to be made. The two doublets in the

region 8 4.85 4.95 were assigned to the AB protons of the vinyl double bond and

the two doublets in the 8 5.75 5.85 region were assigned to the X proton of the



6.0 5.0 4.11 3.0
PPM

e %

2. 1.3 0.6

FIGURE 11.1: 400 hIlIZ 111 NAIR SPECTRUM OF BOTRYOCOCCENE
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vinyl double bond. These data also confirmed the earlier observation that the vinyl

group is attached to a fully substituted carbon atom. A multiplet in the region 8 5.10

5.30 was assigned to the protons on the trans disubstituted double bond (JAB=16Hz),

with one proton exhibiting an allylic coupling. Double resonance in the region between

6 3.4 and 6 1.8 caused the above multiplet to collapse to two doublets (loss of allylic

coupling of one proton), thus confirming the assignment of the protons of the trans

double bond. A six-proton singlet at 6 1.62 was assigned to two methyl groups on

double bonds, and the signals in the saturated methyl region integrated for five or six

methyl groups.

18

From spectral analysis, the minor component of the isolate, named

isobotryococcene (6), was shown to possess the same molecular formula and a similar

structure to that of botryococcene. The sole point of divergence appeared to be

isomerization of one of the exo-methylene groups in the former to a trisubstituted

double-bond. Exhaustive hydrogenation of both botryococcene and isobotryococcene

gave the same hydrocarbon, botryococcane, with a formula C34H70. The intense

peaks in the mass-spectrum of the latter at m/e 449 and 448 were presumed to arise via

loss of the ethyl group produced upon hydrogenation of the vinyl group of

botryococcene, thus providing further evidence that the vinyl group of botryococcene is

attached to a tetrasubstituted carbon atom. Botryococcene could also be partially

reduced with P-2 nickel boride giving dihydrobotryococcene (21), the IR and 1H

NMR spectra of which showed that the vinyl group had been selectively hydrogenated.



KMnO4,
Na104

+

CO2H

19

-CO2

Scheme II.1
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Eglinton et al. showed that permanganate-periodate oxidation of botryococcene

afforded virtually a single diketo acid 19 (Scheme 11.1).38 It was assumed from this

result that oxidative cleavage of the carbon-carbon double bonds in 1 gave the diketo

acid 19 and a diketo diacid 20 which would decarboxylate to give 19. These findings,

with additional support from 13C chemical shift assignments, allowed Eglinton et al.38

to propose the gross structure 1 for botryococcene.

In determining the absolute stereochemistry of naturally occurring

compounds it has always been useful and good practice to correlate substances derived

from the natural product by chemical degradation with substances of rigorously

established absolute configuration. Thus, the first task at hand was to find a suitable
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degradation plan and then to formulate a strategy to accomplish chiral synthesis of the

degraded compounds.

Following the general course of Eglinton's degradation, our strategy involved

oxidative cleavage of 28,29-dihydrobotryococcene (21)3 to provide diketoesters 22

and 23 which, after Baeyer-Villiger oxidation and saponification, could be converted

independently to two sets of y- and 8-lactones 24, 25 and 26, 27 respectively

(Scheme 11.2). These lactones would be replete with all the stereochemical information

extant in botryococcene. Consequently, correlation of these lactones with synthetic

materials of known absolute configuration would establish the absolute configuration of

botryococcene.

The degradation plan shown in scheme 11.2 was carried out by Todd C.

Somers.51 Treatment of botryococcene with diimide proved more selective for

reduction of the vinyl substituent than nickel boride and afforded the dihydro-derivative

21 in acceptable yield.52,53 Exhaustive ozonolysis of 21, followed by an oxidative

work-up with Jones' reagent and treatment with diazomethane, gave the diketo esters

22 and 23 which were separated chromatographically.



IH2NNH2 , H202,
Cu(OAc)2 , iPrOH / Et0H , 0°C

1) 03 , CH2C12 / Et0Ac / Me0H , -78°C
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16
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The migratory preference of secondary carbon over primary carbon in the

Baeyer-Villiger oxidation is well documented.54 Moreover, this oxidation is known to

proceed with retention of configuration.55 Subjection of 22 and 23 independently to

Baeyer-Villiger oxidation with m-chloroperbenzoic acid gave the expected triesters 28

and 29 (scheme 11.2); saponification of 28, followed by acidification and lactonization,

afforded a 1:1 mixture of y- and 3-lactones 24 and 25 and similar treatment of 29

yielded 26 and 27.

In order to determine the absolute configurations of 24-27 by correlation with

optically pure substances, it was apparent that synthesis of these materials would be

necessary. First, lactone 26 is not reported in literature and, while synthesis of

enantiomers of cis and trans 25 has been claimed,85 rotation and melting point data

raise serious doubts concerning the stereochemical assignment. Second, even if optical

rotations of these compounds were known unambiguously, a considerable amount of

each lactone from degradation would be needed for a reliable correlation. The limited

quantity of botryococcene available to us made this impracticable. Thus, synthesis of

optically pure lactones 24-27 and direct correlation by a method other than matching of

optical rotations became our objective. The 1H NMR technique using a chiral shift

reagent seemed to be the best available tool for such a correlation.51 The singular

advantage of this technique is its ability to obtain meaningful information with sample

sizes as low as 0.5 milligram. The section that follows describes the preparation of

(R)- and (S)-24 (or 27), and (2S,5R)- and (2R,5R)-25, and (2S,5R)- and (2R,5R)-

26 in optically pure form for correlation with the lactones obtained by degradation of

botryococcene (1).

In our retrosynthetic analysis, it was envisioned that the y- and 6-lactones

could be derived from a common precursor such as propylene oxide. Since both (R)-
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and (S)-propylene oxides (35 and 40) are reported in literature,56-68 this strategy

would, in principle, provide access to both enantiomeric series of lactones.

(S)-(-)-propylene oxide (35) was prepared as described by Ghirardelli

(Scheme 11.3).56 Commercially available (S)-(-)-ethyl lactate (30) was treated with

dihydropyran and a catalytic amount of conc. hydrochloric acid to protect the secondary

hydroxyl as its tetrahydropyranyl ether 31. Reduction of 31 with lithium aluminum

hydride, followed by tosylation, gave 33 in excellent yield. Deprotection of the

tetrahydropyranyl ether was carried out with a catalytic amount of concentrated

hydrochloric acid in methanol to furnish 34. Treatment of 34 with potassium

hydroxide gave the desired epoxide 35 in 90% optical purity, as determined by

comparison of the optical rotation with that reported in the literature.69

CO2Et

HO4_H

CH3

30

DIV, HCI(cat.),
THPO

CO2Et
LiA1H4, Et2O

H
RT, 16h

(81%)

31

A, 48h
CH3

(63%)

OH

THP0.. H
CH3

32

pTsCl, py, 0°C

18h

(97%)

OTs

HO H

CH3

34

OTs

THPO ... H

CH3

33

KOH, H2O

Conc. HC1 (cat.), Me0H

RT, 36h

Scheme 11.3

(R)-(+)-propylene oxide (40) was obtained following Koppenhoeffer and

Schurig's procedure (Scheme 11.4).68 Commercially available, optically pure (S)-(-)-

alanine (36) was diazotized with sodium nitrite and hydrochloric acid. Anchimeric
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displacement of the diazonium group by the carboxylic acid, followed by chloride

attack on the a-lactone (37), gave (S)-2-chloropropanoic acid (38). This reaction

proceeds with double inversion and consequently 38 retains the original configuration

of 36. Lithium aluminum hydride reduction of the carboxylic acid function, followed

by ring closure with potassium hydroxide, gave (R)-propylene oxide (40) in 95%

optical purity.70

CO2H

H2N_4_ H

CH3

36

Li AI H4, Et20, A

30 min
(58%)

NaNO2, HC1, 0°C,

5h, RT, 18h
(66%)

OH

H

CH3

39

CH3

37

KOH, H2O

Cl

Scheme 11.4

0 PhSCH2CO2H, 2eq. LDA
H

.0* THF, -78° C, 3h, RT, 16h

S -35
R-40

SPh

(70%)

SPh

CO2H

H

CH3

38

40

CO2H pTsOH(cat), benzene, A
OH RT, 18h

S-41
R-44

Raney nickel (W6)

0 Me0H, A, 5h
(78%)

S-42
R-45
(80%)

Scheme 11.5

S-43
R-46
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Several preparations of nonracemic y-valerolactones have been reported in the

literature. 71-77 For our purposes, the (R)- and (S)-valerolactones were prepared by a

slight modification of the procedure of Iwai et al.71 The dilithio dianion of 2-

thiophenoxyacetic acid (scheme 11.5) was reacted with epoxide 35 to afford hydroxy

acid 41, which lactonized to 42 upon refluxing in benzene with a catalytic amount of

p-toluenesulfonic acid. Reductive desulfurization of 42 with freshly prepared, W-6

Raney nickel gave the desired lactone 43. (R)-(+)-4-methyl- butyrolactone (46) was

synthesized using the same series of reactions starting from 40.

Although there are a few procedures known for synthesis of optically active 8-

lactone 53,78-84 our method of preparation represents a new approach and is more

efficient with respect to chemical and optical yields. Treatment of 40 with lithium

trimethylsilylacetylide opened the epoxide to give 47, and the resulting alcohol was

protected as its tetrahydropyranyl ether 48. Cleavage of the trimethylsilyl group with

tetrabutylammonium fluoride and carbomethoxylation of the resulting pentyne 49 gave

the ester 50. Hydrogenation of 50 over palladium on charcoal gave the fully

saturated compound 51. Methanolysis of 51 in the presence of a trace of concentrated

hydrochloric acid yielded hydroxyester 52, which was lactonized to 53 in refluxing

benzene containing a catalytic amount of p-toluenesulfonic acid (scheme 11.6). A

comparison of the optical rotation of 53 with that reported82 in the literature indicated

the optical purity of our synthetic lactone to be >90%.

Akylation of 53 was carried out with lithium diisopropylamide and methyl

iodide to afford a 3:2 mixture of cis- and trans-2,5-dimethylvalerolactones (54 and 55)

respectively (Scheme 11.7).85 These were separated by preparative gas-liquid

chromatography and the major diastereomer 54 was assigned cis relative

stereochemistry by comparison of its 1H and 13C NMR spectra with those reported by

Wheeler.86 It is worth noting that 54 exists in nature as the major pheromone of the
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male carpenter bee Xylocopa hirsutissima. The preparation of 54 and 55 described

herein compares favorably with other published syntheses with respect to efficiency

and optical purity.86-93

0 LiCm- CSiMe3\
THF, -78°C-0. RT, 6h

40 (97%) 47

TMS

OTHP Tms OTHP
Bu4N+ P, THF,

48

RT, lh
(93%)

CO2Me
H2 , 10% Pd/C ,

EtOAc, RT, 3h

(97%)

49

DHP, pTsOH(cat),

CH2C12, RT, 2h

(93%)

H
BuLi, C1CO2Me, THF

-78°C, 1.- RT, 5h

(92%)

H.... OTHP °
OMe

51

pTsOH(cat), Me0H g
o

pTsOH(cat), benezene,

RT, 5h OMe A 2h

52

Scheme 11.6

0 0

53 (70%)
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LDA , THE , -78°C

CH3I , RT, 16h

(80%)
53

0 0 0
54 3 : 2 55

LDA , THE , -78°C

CH3CH2I , HMPA, RT, 16h

(86%)

56 3 : 1 57

Scheme 11.7

Using a procedure analogous to that described above,85 the mixture of 54 and

55 obtained from 53 was ethylated with lithium diisopropylamide and ethyl iodide

(Scheme 11.7) to give a 3:1 mixture of (2S,5R) and (2R, 5R) lactones 56 and 57.

These were separated by HPLC (g-Porasil), and the major lactone was shown to be the

Z isomer 56 by an X-ray crystal structure (Fig. II.2) of the dicyclohexylamine salt 58,

derived from racemic 56 (Scheme 11.8). Racemic 56 was prepared from racemic 53

by a procedure identical to that used in the optically active series (Scheme 11.8).

Racemic 53 was obtained by reduction of commercially available 2-oxohexanoic acid

with sodium borohydride, followed by acid catalyzed lactonization .93

A parallel series of transformations was carried out starting from (S)-

propylene oxide (35) to furnish the enantiomers of 8-valerolactones 53, 54, 55, 56

and 57.51
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CH3I , HMPA, RT, 16h
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+
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1) KOH , THF, RT, 18h

2) HC1
3) (C6H11)2NH , EtOAc

- +
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Scheme 11.8

FIGURE 112: ORTEP DIAGRAM OF 51
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The absolute configurations of the lactones derived from botryococcene were

determined from the 400MHz 1H NMR spectra of a 1:1 mixture of natural and each

enantiomer of the synthetic lactones in the presence of tris[3-heptafluoropropyl-

hydroxymethylene-(+)-camphorato]europium(III) [Eu(hfc)3]. From the progressively

induced chemical shifts of matched and unmatched pairs of lactones, the configurations

of 24, 25, 26 and 27 were determined to be (S), (2R, 5S), (2R, 5S), and (S)

respectively. Consequently, this establishes the absolute stereochemistry of

botryococcene as 3S, 7S, 10S, 13R, 16S, 20S (Fig. 11.3).94

24

S

25

U
26 27

FIGURE II3: ABSOLUTE STEREOCHEMISTRY AND POSSIBLE

PRECURSOR OF BOTRYOCOCCENE
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These assignments reveal an interesting and topographically characteristic

feature of botryococcene: all four of the methyl substituents which are non-mevalonoid

in origin are introduced from the j -face of the trisubstituted double bonds of the C-30

precursor 2. Assuming the configuration of the two internal chiral centers of

botryococcene (C-10 and C-13) remains unchanged during these methylation steps, 2

would exhibit the stereochemistry shown in Fig. II.3. This assignment is consistent

with a biogenesis of botryococcene proceeding through (1R, 2R, 3R)-presqualene

pyrophosphate as for normal triterpene biosynthesis; however, the subsequent step

involving cyclopropane fragmentation deviates from the usual pathway.

Formation of presqualene pyrophosphate42 commences with a 1'-3 coupling

of two farnesyl pyrophosphate units (Scheme 11.9) to give an intermediate tertiary

cation 61. Abstraction of the 1' -pro -S hydrogen then gives 62 possessing R

stereochemistry at all three centers of the cyclopropane. A cyclopropylcarbinyl cation

rearrangement (path b) gives 64 which collapses to allylic carbocation 65. Hydride

delivery from NADPH to the 5.1.- face of this cation at carbon 3 then affords squalene.

In the biogenesis of botryococcene, an alternative fragmentation of 62 (path a) to

allylic cation 63 is proposed. This pathway has been shown to predominate in in vitro

model systems48 and, in the case of 63, would be terminated by reduction from the si-

face at the tertiary center of the allylic cation to give the C-30 compound 2.

The reason why pathway a prevails in the biosynthesis of botryococcene is not

yet clear. Coates and Robinson95 suggest that, in order for path b to obtain, squalene

synthetase must twist the double bond in 62 so that the interaction between its 7c-bond

and the neighboring cyclopropane ring is minimized. This conformation introduces a

substantial barrier to rearrangement of the cyclopropylcarbinyl pyrophosphate to an

allylic system. The active site of the enzyme responsible for conversion of presqualene
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pyrophosphate to 2 in B. braunii perhaps exerts less steric constraint on the substrate

and thus allows this rearrangement to occur.

G = geranyl

(4OPP
....."

path b
PPi

oPP

PPi

----.2...
path a

PPi

.....)
inversion at C-1

NADPH* NADP+

oPP

63

NADPH NAM'

65

Scheme 11.9

Squalene
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CHAPTER III : TOTAL SYNTHESIS OF (-)-BOTRYOCOCCENE

An enantiospecific synthesis of a natural product adds final proof to the

structure elucidated for it by means such as degradation or X-ray crystallography. With

the determination of absolute stereochemistry, total synthesis of botryococcene became

our next prime objective. However, in implementing a scheme for the total synthesis of

botryococcene, the diversity of this family of terpenoids must be acknowledged. A

strategy that offers a high degree of flexibility by allowing for stereochemical variations

within this class of compounds is clearly to be preferred.

We envisaged from the outset a convergent strategy for synthesis of

botryococcene by trisecting the molecule into A, B, and C. From the retrosynthetic

analysis shown in Figure 111.1, it is apparent that segments A and C are identical. This

simplifies the synthetic problem by requiring only fragments A and B and a means for

connecting them. The focus of our plan, therefore, was elaboration of fragment B with

two electrophilic, distal limbs that could be used to tether two molecules of A

simultaneously. Despite the fact that one terminus of B would comprise a sterically

encumbered, neopentyl functionality, this strategy seemed attractive, particularly since

Johnson has shown that displacement of neopentyl tosylates can be effected with

organocuprates.96

Fragment A can be generated conceptually from the corresponding alcohol 66.

We envisaged that compound 66 could be synthesized from 2,3-dimethylbut-3-en-l-ol

(68) which, in turn, could be derived from the commercially available (2S)-methyl 3-

hydroxy-2-methylpropionate ( 69, Scheme III. 1). Similarly, fragment B could be

derived from the diol 67 which can be dissected at the double bond, as shown in

Scheme III.2, to give 70 and 71. The former could be synthesized from 72, which is

the (R) enantiomer of 69 discussed in the synthetic plan leading to fragment A. Thus,
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it appeared that fragments A and B could be obtained from (S) and (R) enantiomers of

methyl 3-hydroxy-2-methylpropionate respectively. Both enantiomers are available

commercially and are inexpensive members of the chiral pool. A noteworthy feature of

the strategies laid out in Schemes MA and 111.2 is that five of the six stereogenic

centers of botryococcene, i.e. all of the secondary methyl groups, originate from the

enantiomeric methyl 3-hydroxy-2-methylpropionate.

V

A

FIGURE III.1: RETROSYNTHESIS OF BOTRYOCOCCENE

Fragment 71 could be derived from 73 which had been prepared in an unusual

fragmentation-recombination reaction of the methoxymethyl ester of tiglic acid in the

presence of lithium diisopropylamide-hexamethylphosphoramide complex97 (Scheme

I11.3).98 It was, therefore, supposed that if a system such as 75 were to undergo the
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above sequence of reactions, it would give 76, thus offering an easy access to 67

(Scheme 111.4).

HO

66

OH

.-:

69

Scheme III.1

OH 1---- HO

Scheme 111.2

OH

HO

0
70

V

72

0

68

+

OMe

OH

V

OH

73

OH
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74

%, 0 1 eq. LDA-HMPA, THF,

-78°C, 3h, RT, 4h

(61%)

Scheme 111.3

HO OMe

30

The construction of 75 can be conceptualized from a Wittig reaction of 77

with 78, as shown in Scheme 111.4; 77 could be obtained from 72 by a standard

homologation procedure (Scheme 111.5). From a survey of the literature it was found

that nitrile 80 (where R is tetrahydropyranyl group) has indeed been made by this

sequence of reactions.99 Thus, with ample precedent for reduction of alkyl nitriles to

aldehydes,100,101 a straightforward route to 75 was at hand.

HO
OH > HO

0
HO

C)

75

I>

Scheme 111.4

HO

OH

77

CHO

P (Ph)3

EtO2C 78
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With these precepts in mind, we proceeded towards the total synthesis of

botryococcene.

HO

RO

72

OMe

80 CN

Scheme I11.5

RO

RO

79 OTs

81 CHO

The preparation of the (S) enantiomer of 68 (89) has been described in the

literature (Scheme 102,103 However, we chose a route to 68 that differed

slightly from the published procedure. Commercially available (2S)-methyl 3-hydroxy-

2-methylpropionate (69) was treated with methoxymethyl chloride to obtain the (mom)

ether 90. Saponification of 90 with lithium hydroxide104 in methanol furnished the

carboxylic acid 91 which subsequently reacted with two equivalents of methyllithium

to produce ketone 92.105 Action of methylenetriphenylphosphorane on 92 resulted in

the olefin 93 as monitored by TLC (Scheme 111.7). However, 93 was too low boiling

to be handled easily and it was decided to employ a protecting group that would confer

lower volatility on this structure. Treatment of 69 with isobutoxymethyl chloride gave

its isobutoxymethyl ether 94.106 The same sequence of reactions as shown in Scheme

111.7 was carried out on 94 to obtain 97 (Scheme 111.8). However, attempts to

deprotect the ether 97 under a variety of conditions were unsuccessful. In particular,
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acid catalyzed hydrolysis was found to be highly conducive to isomerization of the

double bond and only the olefin 98 could be obtained, as evidenced from 1H NMR

spectral data.

HO

82

OH

LiA1H4, THF, 0°C, 2h

THPO

85

OBn

Cr03.H2SO4, acetone,

RT, 2h
(87%)

TITO

84

pTsOH (cat), EtOH

HO

A

87

OH

83

OTHP

KH, BnBr, THF,

RT, 2h

HO M OBn

86
(63% from82 )

1. (C0C1)2, benzene, RT, 2h

OBn
2. (CH3)2CuLi, THF,

-78°C --..... 0°C, 30 min

(80%)

88

Scheme 111.6

OH

89
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69
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HO

69

OH

OMOM
2 eq. Me Li, ether,
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(70%)

)L: OMOM

93

33

Li0H, Me0H,

OMOM RT, 6h
(67%)

0
Ph3PCH2, THF,)L. OMOM
0°C, 2h

Scheme 111.7

i-BuOCH2C1, (i- Pr)2NEt,

OH Me0

95

CH2C12, RT, 3h

(89%)

OCH20Bu-i

92

94

-)..,'" OCH20Bu-i

97

LiOH, Me0H,

OCH2OBu -i RT, 6h

(81%)

Ph3PCH2, THF,
OCH20Bu-i

0°C, 2h

(61%)

OH

= 68

Scheme 111.8

OH
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These difficulties suggested that the alcohol function should be protected as its

benzyl ether, where deprotection would not require acidic conditions. However,

standard methods of benzylation require the presence of a base, such as potassium or

sodium hydride, which would probably racemize the chiral center in 69 . Therefore,

an alternate procedure was sought. The reagent benzyl trichloroacetimidate, developed

by Bundle,107 was successfully employed by Kishil08 in the benzylation of 99 under

exceptionally mild acidic conditions. Coversion of 99 to 100 required only a catalytic

amount of triflic acid and no racemization was observed (Scheme 111.9).

HO

99

HO

69

102

OH

OBn

-)Lt, OBn

104

OH
BnOC(= NH)CC13,

TfOH (cat), c- C6H12:
CH2C12 (2:1), RT, 18h

Scheme 111.9

Bn0C(=NH)CC13,

TfOH (cat), c-C61112: MeO

CH2C12 (2:1), RT, 18h

(97%)

BnO

=

101

Li, liq. NH3,

100

OBn

LiOH, Me0H

OBn

OBn

"11 OH
-78°C, 2 min

(63%) 68

Scheme III.10

RT, 6h

(99%)

Ph3PCH2, THF,

0°C, 2h

(68%)
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Accordingly, when 69 was treated with commercially available benzyl

trichloroacetimidate in the presence of triflic acid the benzyl ether 101 was obtained in

almost quantitative yield. This substance was taken through the sequence of reactions

shown in Scheme 111.7 (saponification, treatment of methyllithium, and Wittig reaction)

to 104 (Scheme HMO), which was debenzylated using lithium in liquid ammonia to

yield the desired (2R)-3-hydroxy-2,3-dimethy1-3-buteno1-1 (68).103 In oder to

determine the enantiomeric excess of 68, its Mosher ester 105 was prepared by

treating 68 with (+)-1-methoxy-l-triflouromethylphenylacetyl chloride (Scheme

III.11).109 However, 400 MHz 1H and 100 MHz 13C NMR spectra of 105 and that

of the Mosher ester prepared from the racemic 68 (prepared by treating commercially

available, racemic 4- hydroxy -3- methyl -2- butanone with methylenetriphenylphos-

phorane) were indistinguishable, thus preventing an estimation of the purity of 68.

/*.L1'. OH

68

PhC(OMe) (CF3)COC1,

DMAP, CH2C12, RT, 18h

(75%)

Scheme III.11

MeO
105

Ph

CF3

It has been shown that compound 89 forms the dianion 106, without

racemization of the chiral center.103 In another study, Cardillo and Contento found

that dianion 108, derived from the homoallylic alcohol 107 with two equivalents of

tert-butyllithium-tetramethylethylenediamine complex, acts as a good nucleophile

towards alkyl halides (Scheme 111.12) .110 Further studies by Crawford have

established that allylic systems of the type 111 and 112 (Scheme 111.13) undergo

metalation exclusively at the allylic methyl position of the isopropenyl substituent to

give 2-substituted allylmetal species that lead to 113 and 114 respectively.111
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106

These findings suggested the possibility that 68 could be used both as an

electrophile (119) and as a nucleophile (118) and that coupling of these species in a

head-to-tail fashion could generate the desired octenol 66. Collum's work offered

further support to this idea in the reaction of dianion 106 with lactone 116 to give

117 as shown in Scheme III. 14.103

OM

M = Li 106

H

+ %*.' T 0 hexane, -60°C

lh
OBn

H
OH

OBn

116

;.- OBn
OBn

117

Scheme 111.14

OH

(70%)

The alcohol 68 was first tosylated to give 119. With 68 and 119 in hand,

we were ready to attempt the head-to-tail coupling of these partners. Our initial

attempts to form dianion 118 with two equivalents of tert-butyllithium-tetra-
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methylethylenediamine complex were unsuccessful. However, upon treatment with

two equivalents of potassium tert-butoxide, followed by two equivalents of

butyllithium in hexane,112 68 gave, after two hours, a reddish-yellow solution of the

dianion 118. When the tosylate 119 was added to this solution a single alcohol,

diastereomer 66, was obtained in 80% yield (Scheme ITI.15).

OH

68

pTsCl, py,

0°C, 18h
(99%)

2 eq. t-BuOK,
2 eq. BuLi, hexane,
0°C, 2h

118

-78°C, 119,

hexane, RT, 18h

(80%)

Scheme 111.15

)'.% OTs

119

OH

66

The synthesis of 67 began from commercially available (R)-(+)-methyl 3-

hydroxy-2-methylpropionate (72) which was first converted to aldehyde 81 by a

modification of a known procedure.99 Treatment of 72 with methoxymethyl chloride

gave 120 in almost quantitative yield and reduction of this material with lithium

aluminum hydride,113 followed by tosylation, yielded 122. Displacement of tosylate

122 with potassium cyanide in dimethylsulfoxide gave the nitrile 123. Reduction of

123 with diisobutylaluminum hydride furnished 81 in >90% yield.100,101 The

aldehyde was allowed to react with the phosphorane 78,114 prepared from ethyl 2-
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bromopropionate and triphenylphosphine followed by treatment with potassium

hydroxide, resulting in the a43- unsaturated carboxylate 124 (Scheme 111.16). From

1H NMR data the ratio of geometrical isomers was shown to be 95/5, in favor of E-

isomer as expected.115

OMe
MeOCH2C1, (i-Pr)2NEt, rirOMe

HO 0 CH2C12, RT, 3h MOMO 0
(99%)

72 120

MOMO OH

121

pTsCl, py, 0°C,

18h
(96%)

LiA1H4, Et20,

RT, 4h

(86%)

(i-Bu)2A11-1, Et20,

MOMO CN RT, 4h MOMO CHO

123 (90%) 81

O

MOMO

124

E/Z : 95/5

Scheme 111.16

Ph3P= C(CH3)CO2Et, (78)

Toluene, A, 6h

(77%)
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Saponification of 124, followed by treatment with methoxymethyl chloride in

the presence of Hiinig's base, gave 125. The latter is a homologue of 74 which was

shown to undergo a sequence of fragmentation and recombination steps to give 73.

Model studies carried out by Gary Spessard (private communication) showed the

feasibility of the above sequence of reactions in systems related structurally to 125. In

accordance with these results and in analogy with the procedure described in the

literature,98 125 was treated with one equivalent of lithium diisopropylamide-

hexamethylphosphoramide complex to yield a 1: 1.5 mixture of diastereomers 126 and

127 (Scheme 111.17). These diastereomers were separated by HPLC

hexane / ethyl acetate : 2 / 3). The 1H NMR spectrum of the minor diastereomer

exhibited a very similar coupling pattern in the vinyl region to that of the natural product

and therefore its structure was assigned as 126. The major isomer 127 was subjected

to acidic methanolysis116 in order to cleave the methoxymethyl ether, and the resulting

diol was reacted with two equivalents of p-nitrobenzoyl chloride to obtain a crystalline

bis-p-nitrobenzoate 128 (Scheme 111.18). Unfortunately, these crystals were

unsuitable for X-ray diffraction studies and the stereochemical confirmation of 128 that

was sought could not be obtained by this means.

Consideration of the mechanism proposed in Scheme 111.19 for the

fragmentation and recombination of 125 to give 126 and 127 suggests that any

stereodifferentiation in this reaction would be merely fortuitous, since it involves a

nearly planar ketene 129 as the active intermediate. However, the possibility that an

inversion could be effected at C-2 offered consolation. With this purpose in mind, the

major diastereomer 127 was converted to its t-butyldimethylsilyl ether 130. Reduction

of 130 with diisobutylaluminum hydride, followed by treatment with methoxymethyl

chloride, gave the triether 132, in which the two neopentyl alcohol functions that are

to be interchanged are differentially protected. Removal of the silyl blocking group
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gave the alcohol 133 (Scheme 111.20). The same alcohol was obtained from the

minor ester 126 by converting it to the bismethoxymethyl ether 134, and reducing the

ester function with lithium aluminum hydride (Scheme 111.21). Thus, a fully

stereoconvergent synthesis of 133 was realized, and it now remained only to install the

quaternary vinyl substituent and modify the terminal ether groups to complete the

fabrication of segment B in the form of 67.

MOMO %-/L--*"frc' OH

CO2Me

126

MeOCH2C1, (i-Pr)2NEt,

CH2C12, RT
(98%)

LiA1H4, Et20, RT, 4h
M(3144° OMOM

(98%)
CO2Me

MOMO

134

OMOM

Scheme 111.21

Swern oxidation of 133 afforded aldehyde 135 and a Wittig reaction of this

substance with methylenetriphenylphosphorane gave 136. Removal of methoxymethyl

groups by acidic methanolysis 112 furnished compound 67 (Scheme 111.22).
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Scheme 111.22

Coupling of alkyl halides with cuprates is well documented.117 Johnson96

has extended the utility of this process by coupling alkyl tosylates with organocuprates

and has demonstrated their advantages over alkyl halides in substitution reactions. In

particular, he showed that neopentyl tosylates react with organocuprates, albeit slowly,
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to give coupled products in excellent yield (80%). Consequently, our initial strategy

was to construct an organocuprate from 66 and react this species with the ditosylate

derived from 67 (Scheme III.23). However, in reactions with dialkylcuprates only

one of the two alkyl groups attached to copper is transferred. In order to obviate this

inefficiency, we elected to use a mixed cuprate derived from 66 (137), where the

unspecified R substituent would be either a nontransferable alkynyl group or a

heteroatom ligand (such as SPh ) of the type described by Posner.117 High levels of

stability are offered by the heretoatom cuprates which are therefore compatible with the

slow reactivity of neopentyl tosylates.
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Towards this end, 66 was converted into its iodide 140 via the tosylate 139

(Scheme 111.23). However, metalation of 140 with butyllithium under a variety of

conditions could not be realized. Marvel, et al.118 experienced similar difficulty in

attempts to metalate 141, a higher homologue of 140, but were able to circumvent the

problem by preparing the Grignard reagent 142 (Scheme 111.24). In light of this, we

turned our attention to an organocopper reagent which could be generated from the

Grignard reagent,119-121 and were encouraged to find that there is precedence for

tosylates reacting with organocopper species of this type.122 The iodide 140 readily

formed Grignard reagent 143 when refluxed with activated magnesium in

tetrahydrofuran (Scheme 111.25). However, the organocopper species 144, generated

from 143 by the addition of CuI, failed to react with the ditosylate 138 in a productive

manner. In almost all cases the ditosylate was destroyed and no botryococcene was

observed.
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Unsuccessful in these coupling attempts with 138, we finally resorted to

coupling of the organocopper species 144 with a dihalide.123 The ditosylate 138 was

converted to the diiodide 145 (Scheme 111.26) in good yield (65%) and, when the

latter was added to a solution of 144 in tetrahydrofuran, a slow reaction took place to

give botryococcene 1 (Scheme 111.27). The above reaction was monitored by TLC

and, as expected, initially a less polar spot (presumably corresponding to the product

of a fast reaction with the primary end of 145) was observed, which became still less

polar as the reaction progressed. The latter spot correlates well with that of the natural

product. The spectral and optical rotation data of the synthetic material are also identical

with those of the natural product.

Thus, these studies culminated in the first, enantiospecific, total synthesis of

the most prominent member of the botryococcene family of terpenoids. Moreover, as

our synthetic approach involves a gradual (one by one) accretion of chiral centers, it

would accomodate stereochemical variations that may be found in other members of

this family of triterpenoids.
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CHAPTER IV: EXPERIMENTAL

GENERAL

Melting points were obtained on a Buchi melting point apparatus and are

uncorrected. Infrared spectra (IR) were recorded on either a Perkin-Elmer 727B or a

Nicolet 5DXB-FT-IR spectrometer. 1H and 13C nuclear magnetic resonance spectra

(NMR) were plotted on either an IBM NR-80F or Bruker AM-400 spectrometer and are

reported in S units with tetramethylsilane (SiMe4) as the internal standard; the

abbreviations s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, bs =

broad singlet are used throughout. 1H NMR data are listed in order of chemical shifts

followed by number of protons, multiplicity, and coupling constant in Hertz in

parenthesis. Optical rotations were measured in 1 decimeter (1 mL capacity) cells on a

Perkin-Elmer Model 243 polarimeter at ambient temperature. Mass spectra were

obtained on a Varian MAT CH-7 or a Finnigan 4500 spectrometer at an ionization

potential of 70 eV. Exact mass determinations were performed on a Kratos MS50 mass

spectrometer at an ionization potential of 70 eV. Elemental analyses were performed

by Desert Analytics, Tucson, Arizona.

Analytical thin-layer chromatography (TLC) was done on 1.5 x 7.5 cm

precoated TLC plates (silica gel 60 F254, layer thickness 0.2 mm) manufactured by E.

Merck. Column chromatography was carried out with E. Merck silica gel 60 (230-400

mesh ASTM). High performance liquid chromatography (HPLC) was conducted with

a Waters M-45 solvent delivery system, equipped with two Waters semipreparative

g-Porasil columns and a refractive index detector. Gas-liquid chromatography (GC)

was accomplished with a Varian Aerograph 2700 with constant oven temperature and

helium as carrier gas.
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Dry ether and tetrahydrofuran were obtained by distilling from sodium

benzophenone ketyl under nitrogen. Other solvents, such as hexane, benzene, toluene,

and dichloromethane were distilled from calcium hydride.

Starting materials were obtained from commercial suppliers and used without

further purification. For isolation of reaction products, the solvent was removed by

rotary evaporation at water-aspirator pressure and residual solvent was removed by

vacuum pump at less than 0.5 Torr. Flasks and syringes were dried in an oven (at

140 0C ) overnight and cooled in a dessicator over anhydrous calcium sulfate prior to

use. Drying agent refers to anhydrous magnesium sulfate unless specified otherwise.

All reactions were routinely carried out under an inert atmosphere of argon or nitrogen.

Ethyl (2S)-2-[(Tetrahydro-2H-pyran-2-yl)oxy]propanoate (31).

To a solution of 85.0 mL (0.75 mol) of ethyl L-lactate (30) and 100 mL (1.10

mol) of dihydropyran was added 5 drops of 12N hydrochloric acid. The solution was

stirred for 16 h at room temperature, 5 g of anhydrous sodium carbonate was added,

and stirring was continued for 2 h. The solution was filtered, concentrated, and

distilled through a short Vigreaux column to give 127.3 g (83%) of pure 31: by 66-69

0C, 0.25 mm; IR (neat) 2900, 1740, 1440, 1370, 1260, 1200, 1140, 1100 cm-1; 1H

NMR (80 MHz, CDC13) ö 4.75 (1H, bs), 4.25 (2H, m), 4.00-3.20 (3H, m), 1.8-1.2

(12H, m).

(2S)-2-[(Tetrahydro-2H-pyran-2-yl)oxy]-1-propanol (32).

To a suspension of 12.0 g (0.32 mol) of lithium aluminum hydride in 500 mL

of ether at 0 0C was added over a period of 2 h a solution of 100.0 g (0.50 mol) of 31

in 200 mL of dry ether under a nitrogen atmosphere. The reaction mixture was warmed

to room temperature and refluxed gently for 48 h. The mixture was cooled and was
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quenched successively with 12 mL of water, 9 mL of 20% sodium hydroxide solution,

and 20 mL of water. After standing overnight, the granular precipitate was filtered off.

The filtrate was concentrated and then distilled through a short Vigreaux column to

yield 49.0 g (63%) of 32: by 88-92 0C, 4-5 mm; IR (neat) 3420, 2950, 1440, 1380,

1140, 1080, 1020 cm-1; 1H NMR (80 MHz, CDC13) 8 4.75-4.50 (2H, m), 4.00-3.35

(4H, m), '2.90-2.80 (1H, m), 1.75-1.45 (6H, m), 1.15 (3H, t, J =6 ).

(2S)-2-[(Tetrahydro-2H-pyran-2-yl)oxy]-1-[(4ctoluenesulfonyl)oxy]-

propane (33).

To a cold solution of 40.0 g (0.025 mol) of 32 in 75 mL of dry pyridine was

added 50.0 g (0.026 mol) of p-toluenesulfonyl chloride in small portions over 20 min.

Stirring was continued at room temperature throughout the addition and then overnight.

The precipitated pyridine hydrochloride was filtered off and rinsed with 100 mL of

benzene in three portions. The combined filtrate and washings were concentrated. A

160 mL slurry of ice and water was added and the layers were separated. The aqueous

layer was acidified slowly with 3N hydrochloric acid and extracted with ether. The

ether solution was dried, filtered, and concentrated to give 76.8 g (97%) of 33 as a

clear yellow oil : IR (neat) 2950, 2800, 1600, 1460, 1370, 1190 cm-1; 1H NMR

(80MHz, CDC13) 8 7.75 (2H, m), 7.30 (2H, m), 4.65 (1H, bs), 4.00-3.35 (4H, m),

2.40 (3H, s), 1.75-1.40 (6H, m), 1.15 (3H, t, J =6).

(S)-Methyloxirane (35).

The tosylate 33 (79.0 g, 0.25 mmol) was dissolved in 250 mL of dry methanol

and 3 mL of 12N hydrochloric acid was added. After standing 36 h, the solution was

brought to neutral pH with saturated sodium bicarbonate solution (30 mL). The

solution was concentrated to give 60.0 g of an oil containing 34 and suspended salts.
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A 500 mL round-bottomed flask charged with 34 obtained as descibed above

was fitted with a Claisen head and a condenser leading to a receiver in a Dry-Ice bath.

First 100 g of potassium hydroxide pellets and then 35 mL of water were added.

Vigorous evolution of the oxide began immediately and the distillation was continued at

33-37 °C. When evolution of the epoxide ceased, an additional 35 mL of water was

added and the distillation continued upto 85 °C by external heating. The wet oxirane

was redistilled over potassium hydroxide pellets to give 6.95 g (50%) of pure 35: by

34.0-35.5 0C); [a] 19D -7.60° (c= 6.00, CHC13), lit.56 [a]20D -7.72o (c=0.03,

CHC13); IR (neat) 3030, 2980, 2930, 1457, 1407, 1265, 1023 cm-1; 1H NMR (80

MHz, CDC13) 8 3.10-2.35 (3H, m), 1.30 (3H, d, J=6 ).

(2S)-2-Chloropropanoic acid (38).

In a 5 L four-necked round-bottomed flask equipped with mechanical stirrer,

500 mL dropping funnel, thermometer and reflux condenser, was dissolved 89.10 g

(1.0 mol) of (S)-alanine in 1300 mL of 5N hydrochloric acid. The mixture was cooled

to 0 0C in an ice-sodium chloride bath and a precooled solution of 110 g (1.6 mol) of

sodium nitrite in 400 mL of water was added dropwise at a rate of 2 mL per min under

vigorous stirring such that the temperature of the reaction mixture was maintained

below 5 °C. After 5h, the bath was removed and the mixture was allowed to stand

overnight at room temperature. The flask was carefully evacuated under aspirator

pressure applied at the top of the condenser for 3h with constant and vigorous stirring.

Solid sodium carbonate (100 g) was added carefully in small portions as the reaction

mixture was stirred vigorously. The solution was extracted with four portions of 400

mL of ether and the combined ether layers were concentrated at atmospheric pressure to

300 mL. The solution was washed with 50 mL of brine and the brine was further

extracted with ether. The combined ether extracts were dried for 10 h over anhydrous
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sodium sulfate. The ether was removed at atmospheric pressure, and the residual oil

was fractionally distilled to obtain 71.30 g (66%) of 38: by 75-77 0C, 10 mm; [0]25D

-13.400 (neat), lit.68 [a]20Dj D 14.600 (neat); IR (neat) 3300-2950, 1720, 1450, 1300,

1200 cm-1; 1H NMR (80 MHz, CDC13) 8 11.10 (1H, bs), 4.45 (1H, q, J=8), 1.75

(3H, d, J=7).

(2S)-2-Chloro-l-propanol (39).

Into a three-necked round-bottomed flask equipped with mechanical stirrer,

250 mL dropping funnel and reflux condenser was placed under a nitrogen atmosphere

400 mL of ether and then 9.1 g (0.24 mol) of lithium aluminum hydride slowly and

carefully. The slurry was cooled to 0 0C and a solution of 21.7 g (0.20 mol) of 38 in

150 mL of ether was added to the slurry slowly such that refluxing was kept under

control. After 30 min, the excess lithium aluminum hydride was carefully quenched

with 20 nil. of water under efficient stirring and cooling. The precipitate was dissolved

by addition of 0.6 L of 2N sulfuric acid. The aqueous layer was separated and was

extracted with 2 x 200 mL of ether. The combined ether layers were concentrated at

atmospheric pressure to 300 mL, dried over sodium sulfate, and concentrated to give an

oily residue. Fractional distillation gave 11.00 g (58 %) of 39: by 130-131 0C;

[a]23D +17.250 (neat), lit.68 [0020j Di + 17.800 (neat); IR (neat) 3400-3300, 2950,

1440, 1380, 1040 cm-1; 1H NMR ( 80 MHz, CDC13) 8 4.30-3.90 (1H, m), 3.80-

3.60 (2H, m), 3.35 (1H, s), 1.50 (3H, d, J=8).

(R)-Methyloxirane (40).

A 50 mL narrow-necked flask was equipped with a magnetic stirrer and a small

Claisen still head fitted with a thermometer and connected to a small receiver adapter

with a vacuum connector. The vacuum end of the adapter was connected, via a stop-
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cock, a T-piece carrying a needle valve, and manometer, to a water aspirator. A

solution of 12.30 g (0.22 mol) of potassium hydroxide pellets in 12 mL of water was

placed into the flask and cooled to 0 0C. Neat 39 (11.70 g, 0.12 mol) was poured

into the alkaline solution all at once, and the reaction vessel was immediately closed

with the still head and was stirred vigorously with efficient cooling. The stop-cock was

occasionally opened for a short period until the pressure in the closed system was

reduced to 100 mm. The ice-bath was then replaced by a water-bath. As reaction

proceeded a white precipitate of potassium chloride was formed. After 20 min, the

temperature of the bath was raised slowly to 30 0C. Gentle boiling of the oxirane was

maintained by opening the stop-cock from time to time cautiously, while the trap was

cooled to -78 0C. After completion of the reaction, air was allowed to enter the system

at the top of the still head, and the trap was allowed to warm to room temperature. The

crude product was redistilled over calcium hydride under the conditions described

above to give 5.03 g (70%) of 40: by 35 0C; [a]25D +12.700 (neat), lit.68 Dai20D

+13.100 (neat); IR (neat) 3050, 3030, 2980, 1457, 1447, 1407, 1265, 1023 cm-1; 1H

NMR (80 MHz, CDC13) 8 3.10-2.30 (3H, m), 1.30 (3H, d, J=7).

(4R)-4-Methyl-2-(phenylthio)-y-butyrolactone (45).

To a solution of 7.2 mL (0.050 mol) of diisopropylamine in 100 mL of dry

tetrahydrofuran at -78 0C under an atmosphere of nitrogen was added 36.8 mL (0.056

mol) of a 1.5 M solution of butyllithium in hexane. After stirring this solution at -78

OC for 15 min, 4.40 g (0.028 mol) of thiophenylacetic acid in 20 mL of dry

tetrahydrofuran was added and the reaction mixture was allowed to stir for 15 min. To

the resulting dianion was added 2.0 mL (0.028 mol) of 40 in one portion. The

mixture was allowed to warm to room temperature over a period of 3h and was left to

stir for 16h. The mixture was quenched with 50 mL of 2N sodium hydroxide solution
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and was extracted with ether. The organic phase was discarded and the aqueous phase

was acidified and extracted with ether. The ether solution was washed with brine and

dried over anhydrous sodium sulfate. Evaporation of the ether gave a clear oil which

was redissolved in dry benzene containing a catalytic amount of p-toluenesulfonic acid.

The solution was allowed to stand overnight. The solvent was evaporated and the

crude product was chromatographed (silica, dichloromethane) to afford 4.87 g (82 %)

of diastereomeric mixture of 45 : IR (neat) 3050, 3000, 2950, 1780, 1580, 1480,

1380, 1340, 1180 cm-1; 1H NMR (400 MHz, CDC13) 8 7.54-7.49 (2H, m), 7.34-

7.25 (3H, m), 4.55-4.45 (1H, m), 4.03-3.90 (1H, m), 2.74-1.74 (2H, m), 1.33-1.28

(3H, dd, J=6.4, 6.2); 13C NMR (100 MHz, CDC13) 8 174.73, 174.47, 132.97,

132.71, 132.41, 132.00, 129.16, 129.09, 128.42, 128.12; 75.48, 74.94, 46.26,

45.20, 37.30, 37.22, 20.85, 20.68; MS m / z 208 (M+, 100%), 164, 149, 110, 109,

77, 65, 55.

(4S)-4-Methyl-2-(phenylthio)-y-butyrolactone (42).

The S isomer 42 was prepared from 35 in a manner analogous to that

described above: IR (neat) 3050, 3000, 2950, 1780, 1580, 1480, 1380, 1340, 1180

cm-1; 1H NMR (80 MHz, CDC13) 8 7.60-7.35 (2H, m), 7.30-7.25 (3H, m), 4.70-

4.35 (1H, m), 4.03-3.90 (1H, m), 2.80-1.75 (2H, m), 1.35 (3H, dd, J=6, 6); 13C

NMR (20 MHz, CDC13) 8 174.70, 133.21, 133.12, 133.00, 132.69, 129.32,

128.57, 128.30, 75.45, 74.96, 46.38, 45.43, 37.45, 21.00, 20.76; MS m / z 208

(M+, 100%), 164, 149, 110, 109, 77, 65, 55.

(4R)-4-Methyl-y-butyrolactone (46).

A solution of 45 (4.20 g, 0.20 mol) in 30 mL of methanol was added to a

suspension of 20 g of freshly prepared Raney nickel (W6) in 150 mL of methanol and
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the mixture was refluxed for 6 h. The Raney nickel was filtered off, the solvent was

evaporated, and the crude product was chromatographed (silica, ether / dichloro-

methane : 1 / 4) to give 3.10 g ( 78%) of 46: [a]23D + 29.90° ( c=2.60, CHC13),

lit.72 (ct123D +30.10° (c= 0.85, CH2C12); IR (neat) 2950, 1780, 1180, 1040, 940

cm-1; 1H NMR (400MHz, CDC13) 8 4.68-4.63 (1H, m), 2.58-2.54 (2H, m), 2.42-

2.34 1H, m), 1.89-1.80 (1H, m), 1.42 (3H, d, J=6); 13C NMR (100 MHz, CDC13)

8 177.32, 77.31, 29.70, 29.11, 21.06; MS m / z 100 (Mt), 85, 57, 56 (100%).

(4S)-4-Methyl-y-butyrolactone (43).

The S isomer was prepared from 42 in a manner analogous that described

above. [a] 18D - 29.00° c= 2.25, CHC13), lit.72 [a]23D - 29.60° ( c= 1.29,

CH2C12); IR (neat): 2950, 1780, 1180, 1040, 940 cm-1; 1H NMR (80 MHz, CDC13)

8 4.70-4.60 (1H, m), 2.70-1.75 (4H, m), 1.40 (3H, d, J=6); 13C NMR (20 MHz,

CDC13) 8 177.00, 77.18, 29.85, 29.05, 21.12; MS m / z 100 (Mt), 85, 57, 56

(100%).

(2R)-5-(Trimethylsily1)-4-pentyn-2-ol (47).

To a solution of 4.17 g (43.0 mmol) of trimethylsilylacetylene in 50 mL of dry

tetrahydrofuran at -78 °C was added dropwise 29 mL (44.0 mmol) of a 1.5 M solution

of butyllithium in hexane. After 5 min, 4 mL of freshly distilled hexamethyl-

phosphoramide was added, followed by 3.2 mL (46.0 mmol) of (R)-propylene oxide

(40). The mixture was allowed to warm to 0 °C over 6 h, then stirred at ambient

temperature for 10 h. The reaction was quenched with 10 ml of water and the product

was extracted with ether. The ether solution was dried and concentrated. Purification

of the crude material by chromatography (silica, ethyl acetate / hexane : 1 / 3) gave

5.52 g (83%) of 47 as an oil: [a]23D - 13.00° (c=2.00, CHC13); IR (neat) 3400,
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2950, 2170, 1270 cm-1; 1H NMR (400 MHz, CDC13) 8 3.93 (1H, m), 2.66 (1H,

bd), 2.40 (2H, d, J = 7), 1.25 (3H, d, J = 7), 0.15 (9H, s); 13C NMR (100 MHz,

CDC13) 8 103.41, 87.25, 66.25, 30.40. 22.22, 0.08. Anal. calcd for C8H16OSi: C,

61.48; H, 10.32. Found: C, 61.21; H, 10.41.

(2R)-2-[(Tetrahydro-2H-pyran-2-yl)oxy]-5-(trimethylsilyl)pent-4-yne

(48).

To a solution of 47 (4.20 g, 27.0 mmol) in 50 mL of dichloromethane were

added 5.0 mL (40.0 mmol) of dihydropyran and a catalytic amount of p-toluenesulfonic

acid. The reaction mixture was allowed to stir at room temperature for 90 min and was

then extracted with ether. The ether solution was washed with saturated sodium

bicarbonate solution, water, and finally with brine. Evaporation of the solvent,

followed by flash chromatography (silica, ethyl acetate / hexane : 3 / 7), gave 6.14 g

(93%) of 48 as a 1:1 mixture of diastereomers: IR (neat) 2950, 2160, 1260, 1120,

1080, 1030 cm-1; 1H NMR (400 MHz, CDC13) 8 4.85-3.70 (1H, m), 3.95-3.85 (2H,

m), 3.52-3.48 (1H, m), 2.55-2.20 (2H, m), 1.95-1.45 (6H, m), 1.28 (3H, dd, J =7,

7), 0.14 (9H, s); 13C NMR (100 MHz, CDC13) 8 104.32, 103.97, 98.04, 95.90,

85.80, 85.68, 71.39, 70.31, 62.45, 61.75, 30.76, 30.71, 28.43, 27.40, 25.38,

25.32, 21.18, 19.64, 19.08, 18.76, -0.12, -0.14; MS m / z 240 (M+), 224, 210, 180,

172, 168, 166, 158, 138, 128, 97, 96, 85 (100%), 84, 73, 72, 57, 56. Exact mass

calcd for C13H2402Si: 240.1546. Found: 240.1557.

(2R) -2 -[( Tetrahydro -2H- pyran- 2- yt)oxy] -4- pentyne (49).

To a solution of 5.90 g (0.025 mol) of silylacetylene 48 in 80 mL of dry

tetrahydrofuran was added 30 mL of 1.0 M solution of tetra-n-butylammonium fluoride

in tetrahydrofuran slowly through a syringe. The reaction mixture was stirred at room
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temperature for about lh and was quenched with 10 mL of water. It was extracted with

ether, and the ether solution was dried. Evaporation of the solvent and purification by

chromatography (silica, ethyl acetate / hexane: 3 / 7) gave 3.86 g (93 %) of the pentyne

49: IR (neat) 3300, 3050, 2850, 1450, 1200, 1120 cm-1; 1H NMR (400 MHz,

CDC13) 8 4.76-4.71 (2H, m), 3.98-3.87 (4H, m), 3.53-3.48 (2H, m), 2.58-2.27 (4H,

m), 2.00 (2H, m), 1.90-1.20 (12H, m), 1.32 (3H, d, J = 6.5), 1.25 (3H, d, J = 6.4);

13C NMR (100 MHz, CDC13) 8 97.78, 96.78, 81.49, 81.16, 70.63, 69.88, 62.59,

62.34, 31.01, 30.90, 27.17, 25.79, 25.51, 25.49, 21.09, 19.75, 19.54, 18.92; MS

m / z: 168 (M+), 129, 111, 101, 86, 85 (100%), 67, 66, 57, 56, 55, 43, 41(100%),

39. Exact mass calcd for C5H70 (M-THP): 83.0497. Found: 83.0497.

Methyl (5R)-51(Tetrahydro-2H-pyran-2-yl)oxy]-2-hexynoate (50).

To a solution of 3.50 g (0.02 mol) of 49 in 50 mL of dry tetrahydrofuran at

-78 0C was added 20 mL of a 1.4 M solution of butyllithium slowly while maintaining

the temperature below -70 °C. The reaction mixture was stirred for about 10 min and

then quenched with 17 mL of methyl chloroformate (9 eq.). The mixture was warmed

to room temperature over a period of 3h, stirred at the ambient temperature for about

2h, and then was treated with 20 mL of water. This mixture was extracted with ether

and the ether solution was dried and concentrated. The crude product was

chromatographed (silica, ethyl acetate / hexane : 1 / 3) to obtain 4.34 g (92%) of pure

50: IR (neat) 2900, 2200, 1700, 1420, 1260 cm-1; 1H NMR (400 MHz, CDC13) 8

4.75-4.70 (2H, m), 3.98-3.80 (4H, m), 3.75 (6H, s), 3.53-3.48 2H, m), 2.73-2.43

(4H, m), 1.85-1.52 (12H, m), 1.34 (3H, d, J = 6.2), 1.26 (3H, d, J = 6.2); 13C

NMR (100MHz, CDC13) 8 154.04, 153.97, 98.01, 96.89, 88.78, 88.39, 74.22,

74.17, 70.44, 70.00, 62.64, 62.31, 52.54, 52.51, 30.96, 30.85, 27.43, 25.53,

25.47, 19.76, 19.69, 19.42, 19.28; MS m/z 227 (M-F), 194, 167, 151, 125, 101, 93,
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85 (100%), 67, 57. Exact mass calcd for C7H903 (M-THP): 141.0552. Found:

141.0552.

Methyl (5R)-54(Tetrahydro-2H-pyran-2-yl)oxy]hexanoate (51).

A solution of 0.15 g (0.66 mmol) of 50 in 10 mL of ethyl acetate was exposed

to a hydrogen atmosphere over palladium-on-carbon (10% w / w) for 3 h. The solution

was filtered through a Celite bed and the solvent was evaporated to obtain 0.15 g (97%)

of 51: IR (neat) 2950, 1740, 1440, 1020 cm-1; 1H NMR (400 MHz, CDC13) 8

4.70-4.63 (2H, m), 3.90-3.67 (4H, m), 3.66 (6H, s), 3.50-3.47 (2H. m), 2.37-2.30

(4H, m), 1.83-1.46 (20H, m), 1.23 (3H, d, J = 6.4 ), 1.11 (3H, d, J = 6.0); 13C

NMR (100 MHz, CDC13) 8 174.04, 173.95, 98.81, 95.62, 73.69, 70.53, 62.75,

62.49, 51.46, 51.42, 36.83, 35.95, 34.05, 34.00, 31.23, 31.21, 25.60, 25.52,

21.58, 21.31, 20.95, 20.04, 19.79, 19.10; MS m / z 230 (W), 186, 168, 157, 154,

147 (100%), 145,144, 131, 129, 128, 130,115 (100%), 113, 101, 85. Exact mass

calcd for C71113 03 (M-THP): 145.0865. Found: 145.0865.

(5R)-5-Methyl-8-valerolactone (53).

To a solution of 51 (1.06 g, 4.80 mmol) in 50 mL of dry methanol was added

0.20 g of p-toluenesulfonic acid and the reaction mixture was stirred for 5 h.

Anhydrous potassium carbonate (0.15 g) was added, followed by 100 mL of benzene,

and the solution was concentrated to 50 mL. The addition of benzene and evaporation

was continued until all methanol was removed. The benzene solution was transferred

to a flask fitted with a dropping funnel containing 4 A sieves, and a reflux condenser

was fitted over the funnel. p-Toluenesulfonic acid (0.20 g) was added and the solution

was refluxed for 2 h. The cooled solution was diluted with water and extracted

thoroughly with ether. The ethereal solution was dried and evaporated to yield the
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crude lactone which, upon chromatographic purification (silica, ethyl acetate / hexane :

1 / 1), gave 0.36 g (70 %) of 53: [a]22D +26.700 (c =3.75, ethanol), lit.82 [a]22D

+ 30.900 (c=2.00, ethanol); IR (neat) 2950, 1730, 1240, 1060 cm-1; 1H NMR

(CDC13) 8 4.50-4.42 (1H, m), 2.62-2.40 (2H, m), 1.90-1.82 (3H, m), 1.58-1.48

(1H,m), 1.38 (3H, d, J = 6.1); 13C NMR (100 MHz, CDC13) 8 171.88, 76.94,

29.56, 76.94, 29. 56, 29.21, 21.69, 18.52; MS m / z 114 (Mt), 99, 88, 70 (100%),

60, 55.

(2S,5R)-2,5-Dimethy1-8-valerolactone (54) and (2R,5R)-2,5-Dimethy1-

8-valerolactone (55).

To a solution of 0.5 mL (3.6 mmol) of diisopropylamine in 15 mL of dry

tetrahydrofuran was added 2.4 mL of 1.6 M butyllithium (3.5 mmol) at -78 0C under

an atmosphere of nitrogen. A solution of 53 (0.32 g, 2.8 mmol) in 10 mL of dry

tetrahydrofuran was introduced slowly while maintaining the temperature below -70

°C. After 30 min, a solution of methyl iodide (0.3 mL g, 3.8 mmol) and hexamethyl-

phosphoramide (0.8 mL, 4.0 mmol) was added. The solution was allowed to warm to

room temperature slowly and left stirring at room temperature overnight. The reaction

mixture was quenched with 20 mL of saturated ammonium chloride solution and

extracted with ether. The ether layer was washed with brine and dried. Evaporation of

the solvent, followed by column chromatography ( silica, ethyl acetate / hexane : 1 / 3),

gave 0.250 g ( 70%) of a 3 : 2 mixture of 54 and 55. The mixture was separated on

preparative gas-liquid chromatography (3/8" x 16' Carbowax 20M on Chromosorb P,

155 0C, 50 mg injections).

54: mp 48.0 oc; [a]22D +89.020 (c = 0.50, CHC13); IR (KBr) 2950, 1720,

1440, 1380, 1240, 1180 cm-1; 1H NMR (400 MHz, CDC13) 6 4.50-4.43 (1H, m),

2.63-2.56 (1H, m), 2.14-1.90 (2H, m), 1.68-1.49 (2H, m), 1.36(3H, d, J = 6.0),



61

1.23 (3H, d, J = 6.4); 13C NMR (100 MHz, CDC13) 8 176.24, 74.44, 33.01,

28.44, 25.65, 21.13, 16.25; MS m /z 128 (M+), 113, 85, 84, 69, 57, 55. Exact

mass calcd for C7H1202: 128.0837. Found: 128.0841.

55: mp 51.0 °C; [a]22D +44.010 (c x.50, CHC13); IR (KBr) 2950, 1720,

1440, 1380, 1240, 1180 cm-1; 1H NMR (400 MHz, CDC13) 6 4.48-4.41 (1H, m),

2.47-2.41 (1H, m), 2.07-1.89 (2H, m), 1.65-1.52 (2H, m), 1.37 (3H, d, J = 6.6),

1.31 (3H, d, J = 7.3); 13C NMR (100 MHz, CDC13) 8 174.39, 78.90, 35.78,

31.03, 28.57, 22.16, 17.36; MS m / z : 128 (M+), 113, 85, 84, 69, 57, 55. Exact

mass calcd for C7H1202: 128.0837. Found: 128.0841.

(2S,5R)- 2,5- Dimethyl -2- ethyl -8- valerolactone (56) and (2R,5R)-2,5-

Dimethy1-2-ethy1-8-valerolactone (57).

To a solution of 0.04 mL (0.28 mmol) of diisopropylamine in 5 mL of dry

tetrahydrofuran at -78 0C under a nitrogen atmosphere was added 0.20 mL of 1.6 M

butyllithium (0.30 mmol) . A solution of the mixture of lactones 54 and 55 (0.030 g,

0.23 mmol) in 5 mL of dry tetrahydrofuran was introduced slowly while maintaining

the temperature below -70 °C. After 30 min, a solution of ethyl iodide (0.10 mL) in

hexamethylphosphoramide (0.20 mL) was added. The solution was allowed to warm

to room temperature slowly and left stirring at room temperature overnight. The

reaction mixture was quenched with 5 mL of saturated ammonium chloride solution and

extracted with ether. The ether layer was washed with brine and dried. Evaporation of

the solvent, followed by column chromatography ( silica, ethyl acetate / hexane : 1 / 5),

gave 0.023 g (86 %) of 56 and 57 as a 3:1 mixture. The mixture was separated on

HPLC (g-Porasil, ethyl acetate / hexane : 1 / 5).

56: [a]22D + 28.510 ( c = 0.20, CHC13); IR (neat) 2950, 1720, 1460,

1380, 1180 cm-1; 1H NMR (400MHz, CDC13) 8 4. 55-4.40 (1H, m), 1. 95-1.56
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(6H, m), 1.37 (3H, d, J = 6.5), 1.24 (3H, s), 0.92 (3H, t, J = 7.3); 13C NMR (100

MHz, CDC13) 8 177.19, 41.25, 32.34, 30.88, 27.73, 25.33, 21.98, 8.41; MS m / z

156 (M+), 129, 128, 113, 112, 84, 83, 70 (100%), 69, 57, 56, 55. Anal. calcd for

C9H1602: C, 69.19; H, 10.32, Found: C, 69.37; H, 10.56.

57: [a]22D - 5.500 ( c = 0.20, CHC13); IR (neat): 2950, 1720, 1460,

1380, 1180 cm-1; 1H NMR (400MHz, CDC13) 5 4. 44-4.36 (1H, m), 1. 92-1.46

(6H, m), 1.36 (3H, d, J = 6.4), 1.24 (3H, s), 0.90 (3H, t, J = 7.3); 13C NMR (100

MHz, CDC13) 8 177.10, 41.99, 32.21, 30.82, 28.02, 26.65, 22.14, 8.75; MS m / z

156 (M+), 129, 128, 113, 112, 97, 95, 84, 83, 70 (100%), 69, 57, 56, 55. Anal.

calcd for C9H1602: C, 69.19; H, 10.32, Found: C, 69.36; H, 10.50.

(t) -5-Methyl -8-valerolactone (53).

To a stirred solution of 13.10 g (0.10 mol) of keto acid 59 in 80 mL of water

was added 10.1 g (0.12 mol) of sodium bicarbonate slowly in small portions. To this

solution at 0 0C was added carefully 1.90 g (0.05 mol) of sodium borohydride. The

resulting mixture was stirred at room temperature for 4 h and then was acidified with

conc. hydrochloric acid slowly and carefully to pH 2. The solution was allowed to stir

for 19 h, then was saturated with sodium chloride and extracted with ether. The ether

solution was washed with brine and was dried. Evaporation of the solvent, followed

by chromatographic purification ( silica, dichloromethane / ethyl acetate : 7 / 3), gave

6.70 g (60%) of the pure racemic lactone 53: lR (neat) 2950, 1720, 1380, 1240 cm-1;

1H NMR (80 MHz, CDC13) 8 4.60-4.30 (1H, m), 2.70-2.40 (2H, m); 2.00-1.50

(4H, m), 1.35 (3H, d, J = 6.4).
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Methyl (2S)-1-[(Methoxymethyl)oxy]-2-methylpropionate (90).

To a solution of 7.49 g (0.065 mol) of 69 and 7.0 mL (0.090 mol) of

diisopropylethylamine in 40 mL of dichloromethane was added at room temperature 7.3

mL (0.090 mol) of chloromethyl methyl ether. The reaction mixture was stirred for 2

h, poured into water and extracted with dichloromethane. The organic solution was

washed with saturated sodium bicarbonate and brine, and was dried. Concentration of

the solution gave 9.84 g (96%) of 90: IR (neat) 2953, 1740, 1200, 1180, 1110, 1040

cm-1; 1H NMR (400 MHz, CDC13) 6 4.61 (2H, s), 3.70 (3H, s), 3.74-3.56 (2H,

m), 3.34 (3H, s), 2.79-2.72 (1H, m), 1.19 (3H, d, J = 7.4); 13C NMR (100 MHz,

CDC13) 6 175.20, 96.50, 69.60, 55.20, 51.70, 40.20, 14.00.

(3S)-4-[(Methoxymethyl)oxy]-3-methyl-2-butanone (92).

To a solution of 0.40 g ( 2.50 mmol) of 90 in 5 mL of absolute methanol was

added 2.6 mL of 1.5 N (2.80 mmol) of lithium hydroxide. The reaction mixture was

stirred at room temperature for 6 h. Solvent was distilled off and the aqueous solution

was acidifed slowly to neutral pH. The solution was extracted with dichloromethane

and was dried. Filtration and removal of solvent gave 0.25 g (67%) of the carboxylic

acid 91 which was used without further purification.

To a solution of 0.25 g of 91 in 20 mL of dry ether at 0 0C under a nitrogen

atmosphere was added 3.5 mL of 1.5 M (5.25 mmol) methyllithium. The solution was

warmed to room temperature and stirred for 4 h, then was quenched with saturated

aqueous ammonium chloride solution and acidified to neutral pH. The solution was

extracted with ether and the ether solution was dried, filtered, and concentrated. Flash

chromatographic purification (silica, ethyl acetate / hexane : 1 / 3) of the crude material

gave 0.17 g (71%) of 92: IR (neat) 2936, 1717, 1153, 1110, 1040 cm-1; 1H NMR

(400 MHz, CDC13) 8 4.59 (2H, s), 3.73-3.56 (2H, m), 3.34 (3H, s), 2.89-2.82 (1H,
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m), 2.21 (3H, s), 1.11 (3H, d, J = 7.3); 13C NMR (100 MHz, CDC13) 8 211.00,

96.35, 69.27, 55.00, 46.86, 28.64, 13.16.

Methyl (2S)-1-[(Isobutyloxymethypoxy]-2-methylpropionate (94).

To a solution of 1.00 g (8.5 mmol) of 69 and 1.5 mL (13.0 mmol) of

diisopropylethylamine in 20 mL of dichloromethane was added at room temperature 2.0

nil. (15.0 mmol) of chloromethyl methyl ether. The reaction mixture was stirred for 3

h, poured into water and extracted with dichloromethane. The organic solution was

washed with saturated sodium bicarbonate and brine, and was dried. Concentration of

the solution, followed by chromatographic purification (silica, ethyl acetate / hexane : 1

/ 4), gave 1.54 g (89%) of 94: IR (neat) 2956, 1743, 1201, 1117, 1048 cm-1; 1H

NMR (400 MHz, CDC13) 8 4.65 (2H, s), 3.70 (3H, s), 3.74-3.61 (2H, m), 3.28

(2H, d, J = 7.1), 2.78-2.73 (1H, m), 1.87-1.84 (1H, m), 1.18 (3H, d, J = 7.1), 0.92

(6H, d, J = 6.7); 13C NMR (100 MHz, CDC13) 8 175.13, 95.53, 74.75, 69.55,

51.67, 40.17, 28.54, 19.40, 14.00.

(2S)-31(Isobutyloxymethyl)oxy]-2-methylpropanoic Acid (95).

To a solution of 0.50 g ( 2.4 mmol) of 94 in 20 nil. of absolute methanol was

added 2.4 mL of 1.5 N (3.6 mmol) lithium hydroxide. The reaction mixture was

stirred at room temperature for 6 h, solvent was distilled off, and the aqueous solution

was acidifed slowly to neutral pH. The solution was extracted with dichloromethane

and was dried. Filtration and removal of solvent gave 0.38 g (81%) 95: IR (neat)

3200-2950, 1712, 1117, 1047 cm-1; 1H NMR (400 MHz, CDC13) 8 11.10 (1H, bs),

4.62 (2H, s), 3.70-3.55 (2H, m), 3.24 (2H, d, J = 6.6), 2.76-2.67 (1H, m), 1.85

1.75 (1H, m), 1.15 (3H, d, J = 7.1), 0.85 (6H, d, J =6.7); 13C NMR (100 MHz,

CDC13) 8 180.98, 95.47, 74.84, 69.22, 40.13, 28.48, 19.37, 13.78.
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(3S)-4-[(Isobutyloxymethyl)oxy]-3-methyl -2-butanone (96).

To a solution of 3.40 g of 95 in 100 mL of dry ether at 0 0C under an

atmosphere of nitrogen was added 22 mL of 1.6 M (36.0 mmol) methyllithium. The

solution was warmed to room temperature and stirred for 4 h, then was quenched with

saturated aqueous ammonium chloride solution and acidified to neutral pH. The

solution was extracted with ether and the ether extract was dried and concentrated.

Flash chromatographic purification (silica, dichloromethane) of the crude material gave

2.56 g (76%) of 96: IR (neat) 2960, 2930, 1718, 1116, 1047 cm-1; 1H NMR (400

MHz, CDC13) 8 4.64 (2H, s), 3.59-3.56 (2H, m), 3.27 (2H, d, J = 6.6), 2.86-2.81

(1H, m), 2.20 (3H, s), 1.88 -1.81 (1H, m), 1.11 (3H, d, J = 7.3), 0.92 (6H, d, J =

6.7); 13C NMR (100 MHz, CDC13) 8 210.77, 95.51, 74.81, 69.46, 47.08, 28.88,

28.51, 19.39, 13.40.

(3R)- 2,3- Dimethyl -4 -[( isobutyloxymethyl)oxy] -1- butene (97).

To a suspension of 0.40 g (1.10 mmol) of methyltriphenylphosphonium

bromide in 10 mL of dry tetrahydrofuran at -78 0C was added 0.5 mL of 1.5 M (0.75

mmol) butyllithium. The yellow solution of the ylide was stirred at -78 0C for 30 min

and was warmed to 0 °C. A solution of 0.06 g (0.32 mmol) of 96 in 2 mL of dry

tetrahydrofuran was introduced, and the reaction mixture was stirred at 0 0C for 1 h

and then allowed to warm to room temperature over 1 h. The mixture was quenched

with saturated aqueous ammonium chloride solution and extracted with ether. The

ether extract was dried, filtered, and concentrated, and the crude product was purified

by flash chromatography (silica, dichloromethane) to yield 0.036 g (61%) of pure 97 :

IR (neat) 2960, 1650, 1470, 1390, 1115, 1046 cm-1; 1H NMR (400 MHz, CDC13) 8

4.79-4.76 (2H, m), 4.67 (2H, s), 3.55-3.40 (2H, m), 3.35 (2H, d, J = 6.6), 2.45-

2.43 (1H, m), 1.86-1.85 (1H, m), 1.73 (3H, bs), 1.05 (3H, d, J = 7.2), 0.92 (6H, d,
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J = 6.6); 13C NMR (100 MHz, CDC13) 8 147.60, 110.43, 95.48, 74.70, 71.37,

40.98, 28.52, 20.03, 19.40, 16.57.

Methyl (2S)-3-(Benzyloxy)-2-methylpropanoate (101).

To 1.00 g ( 8.5 mmol) of 69 in 30 mL of cyclohexane and dichloromethane

(2:1) was added 2.4 mL (13.0 mmol) of benzyl trichloroacetimidate and a catalytic

amount of trifluorosulfonic acid. The solution was stirred at room temperature for 18 h

and filtered to remove the precipitated solids. The filtrate was diluted with

dichloromethane and washed with saturated aqueous sodium bicarbonate solution and

dried. The solvent was distilled off to give, after flash chromatography (silica, ethyl

acetate / hexane : 1 / 4), 1.70 g (97%) of ester 101 : by 142.0-144.0 oC, 10 mm;

[a]25D +9.700 (c= 3.40, CHC13); IR (neat) 2950, 2860, 1740, 1450, 1435, 1364,

1246, 1201, 1178, 1095 cm-1; 1H NMR (400 MHz, CDC13) 8 7.35-7.20 (5H, m),

4.50 (2H, s), 3.67 (3H, s), 3.50 (1H, dd, J = 5.8, 5.8), 3.48 (1H, m), 2.78-2.73

(1H, m), 1.16 (3H, d, J = 7.0); 13C NMR (100 MHz, CDC13) 8 175.25, 138.19,

128.35, 127.56, 73.07, 72.00, 51.67, 40.18, 14.00; MS m / z 208 (Mt), 121, 117,

107, 105, 102, 91, 87, 79, 65. Exact mass calcd for C12H1603: 208.1099. Found:

208.1098

(2S)-3-(Benzyloxy)-2-methylpropanoic Acid (102).

To a solution of 0.90 g ( 4.3 mmol) of 101 in 25 mL of absolute methanol

was added 4.2 mL of 1.5 N (6.3 mmol) lithium hydroxide. The reaction mixture was

stirred at room temperature for 6 h. Solvent was distilled off and the aqueous solution

was acidifed slowly to neutral pH. The solution was extracted with dichloromethane

and dried. Filtration and removal of solvent gave 0.83 g (99%) of 102: [a]20D

+7.500 (c=3.50, CHC13); IR (neat) 3200-2860, 1740, 1450, 1090, 1040 cm-1; 1H
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NMR (400 MHz, CDC13) 8 11.33 (1H, bs), 7.37-7.22 (5H, m), 4.52 (2H, s), 3.69-

3.47 (2H, m), 2.80-2.75 (1H, m), 1.19 (3H, d, J = 7.3); 13C NMR (100 MHz,

CDC13) 8 180.85, 137.88, 128.40, 127.65, 73.16, 71.58, 40.12, 13.73; MS m / z

194 (M+), 107, 92, 91 (100%), 79, 77, 65. Exact mass calcd for C11E11403:

194.0943. Found: 194.0944.

(3S)- 4- (Benzyloxy) -3- methyl -2- butanone (103).

To a solution of 3.00 g (1.5 mmol) of 102 in 100 mL of dry ether at 0 'DC

under an atmosphere of nitrogen was added 20.0 mL of 1.5 M (3.1 mmol)

methyllithium. The solution was warmed to room temperature and stirred for 4 h, then

quenched with saturated aqueous ammonium chloride solution and acidified to neutral

pH. The solution was then extracted with ether and the ether solution was dried and

concentrated. Flash chromatographic purification of the crude material gave 2.10 g

(70%) of 103: [a]25D +13.100 (c= 4.20, CHC13); IR (neat) 2972, 2934, 2870,

2860, 1716, 1455, 1361, 1179, 1097 cm-1; 1H NMR ( 400 MHz, CDC13) 8 7.34-

7.26 (5H, m), 4.48 (2H, s), 3.63-3.46 (2H, m), 2.87-2.82 (1H, m), 2.16 (3H, s),

1.08 (3H, d, J = 7.3); 13C NMR (100 MHz, CDC13) 8 211.04, 138.08, 128.37,

127.63, 73.24, 72.08, 47,19, 29.02, 13.39; MS m / z 192 (Mt), 134, 107, 92, 91,

86, 79, 77, 71, 65. Exact mass calcd for C12F11602: 192.1150. Found: 192.1150.

(3R) -4 -( Benzyloxy )- 2,3- dimethyl -1- butene (104).

To a suspension of 4.00 g (11.0 mmol) of methyltriphenylphosphonium

bromide in 50 mL of dry tetrahydrofuran at -78 0C was added 4.6 mL of 1.5 M (6.9

mmol) butyllithium. The yellow solution of the ylide was stirred at -78 0C for 30 min

and 'was warmed to 0 °C. A solution of 1.10 g (5.7 mmol) of 103 in 10 mL of dry

tetrahydrofuran was introduced and the reaction mixture was stirred at 0 0C for 1 h and
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then allowed to warm to room temperature over 1 h. The mixture was quenched with

saturated aqueous ammonium chloride solution and extracted with ether. The ether

solution was dried, filtered, and concentrated. The crude product was purified by flash

chromatography (silica, ethyl acetate / hexane : 1 / 4) to yield 0.74 g (68%) of 104 :

[a]28D _moo (c= 1.50, CHC13); IR (neat) 3084, 3067, 3030, 2965, 2870, 1652,

1436, 1374, 1363, 1098, 1028 cm-1; 1H NMR (400 MHz, CDC13) 8 7.32-7.24 (5H,

m), 4.77-4.75 (2H, m), 4.50 (2H, s), 3.47-3.28 (2H, m), 2.51-2.46 (1H, m), 1.70

(3H, s), 1.05 (3H, d, J = 6.7); 13C NMR (100 MHz, CDC13) 8 147.64, 138.82,

128.30, 127.58, 110.41, 74.02, 72.93, 41.00, 20.15, 16.58.

(2R)-2,3-Dimethy1-3-buten-l-ol (68).

To a dark blue solution of lithium (0.80 g, 100.0 mmol) in 300 mL of liquid

ammonia at -78 0C under a nitrogen atmosphere was added 4.50 g (25.0 mmol) of 104

in 10 mL of dry ether all at once. The reaction mixture was stirred for 2 min and

quenched rapidly with 30 mL of methanol. The colorless solution was warmed to

room temperature and was treated with saturated aqueous ammonium chloride and then

extracted with ether. The ether solution was dried and distilled at atmospheric pressure

to remove the solvent. The crude butenol was chromatographed (silica, ether / pentane

1 /1) to give 1.50 g (63%) of 68: [a]22D D +9.000 (c= 3.00, CHC13); IR (neat) 3400

(bs), 2960, 2934, 2875, 1653, 1464, 1375, 1070, 1041 cm-1; 1H NMR (400 MHz,

CDC13) 8 4.88 (1H, bs), 4.81 (1H, bs), 3.51-3.45 (2H, m), 2.41-2.36 (1H, m), 1.72

(3H, s), 1.65 (1H, bs), 1.02 (3H, d, J = 7.1 ); 13C NMR (100 MHz, CDC13) 8

146.86, 111.83, 65.36, 43.62, 19.53, 15.59; MS m / z 100 (M+), 95, 85, 82, 70,

69, 67, 61, 57, 55. Exact mass calcd for C6H120: 100.0888. Found: 100.0888.
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(2R)-2,3-Dimethy1-3-butenyl (S)-r-Methoxy-V-trifluoromethyl-

phenylacetate (105).

A solution of 68 (0.08 g, 0.80 mmol) in 5 mL of carbon tetrachloride was

added to a solution of 0.25 g ( 1.00 mmol) of (+)-1-(methoxy)-1-(trifluoromethyl)-

phenylacetyl chloride in 2 mL of pyridine at room temperature. The reaction mixture

was stirred overnight, quenched with water and extracted with ether. The ether

solution was washed with saturated sodium bicarbonate solution and with saturated

copper sulfate solution and then was dried, filtered, and concentrated.

Chromatographic purification ( silica, ether / pentane : 4 / 6) of the crude material gave

0.19 g ( 75%) of the Mosher ester 105: IR (neat) 2975, 1750, 1452, 1291, 1243,

1123, 1108, 1108, 1038 cm-1; 1H NMR (400 MHz, CDC13) 8 7.54-7.52 (2H, m),

7.40-7.37 (3H, m), 4.79 (1H, bs), 4.74 (1H, bs), 4.38-4.15 (2H, m), 3.54 (3H, s),

2.58-2.54 (1H, m), 1.70 (3H, s), 1.04 (3H, d, J = 7.3); 13C NMR (100 MHz,

CDC13) 8 166.60, 145.61, 129.61, 128.40, 127.46, 111.83, 69.43, 55.45, 39.88,

19.97, 16.11.

(3R)-2,3-Dimethy1-4-[(4'-toluenesulfonyl)oxy]-1-butene (119).

To a solution of 0.10 g (1.00 mmol) of 68 in 5 mL of dry pyridine at 0 0C

was added 0.25 g (1.25 mmol) of p-toluenesulfonyl chloride and the reaction mixture

was kept in a refrigerator overnight. The mixture was poured into ice-cooled water and

was extracted with ether. The ether solution was washed with saturated aqueous

solutions of copper sulfate sodium bicarbonate, dried, filtered, and concentrated. The

residual oil was purified by flash chromatography (silica, pentane / ether : 1 / 1) to give

0.25 g (98 %) of pure 119: [a]25D -6.10° (c= 5.50, CHC13); IR (neat) 2973,

1598, 1456, 1360, 1188, 1177, 1097, cm-1; 1H NMR (400 MHz, CDC13) 8 7.79

(2H, d, J = 8.1), 7.35 (2H, d, J = 8.2), 4.79-4.78 (1H, m), 4.69 (1H, s), 4.01-3.97
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(1H, m), 3.89 - 3.85 (1H, m), 2.46 - 2.45 (1H, m), 2.45 (3H, s), 1.62 (3H, s), 1.01

(3H, d, J = 7.2); 13C NMR (100 MHz, CDC13) 8 144.90, 144.71, 133.13, 129.81,

127.91, 112.01, 73.13, 40.08, 21.64, 20.08, 15.87; MS m / z 192, 190, 173, 155,

91, 82, 77, 69, 67, 65, 63.

(2R,68)-3-Methyleno-2,6,7-trimethy1-7-octen-1-ol (66).

To a suspension of 0.30 g (2.50 mmol) of potassium t-butoxide and 1.00 g

(1.00 mmol) of 68 in 5 mL of hexane at 0 0C under an atmosphere of nitrogen was

added 1.4 mL (2.1 mmol) of 1.5 M butyllithium. The mixture was stiffed at 0 0C for 2

h and the resulting dark yellow solution was cooled to -78 0C. A solution of 0.085 g

(0.35 mmol) of 119 in 2 mL of dry hexane was introduced and the reaction mixture

was warmed to room temperature over 3 h and left overnight. The reaction mixture

was quenched with saturated aqueous ammonium chloride solution and extracted with

ether, and the ether solution was dried, filtered, and concentrated. The residual oil,

upon chromatographic purification (silica, ether / pentane : 3 / 2), gave 0.040 g (80 %)

of 66 as a single diatereomer : [0]24D .4.6.900 (c= 2.50, CHC13); IR (neat) 3360

(bs), 2963, 2932, 2875, 1644, 1456, 1030 cm-1; 1H NMR (400 MHz, CDC13) 8

4.90 - 4.83 (2H, m), 4.70-4.69 (2H, m), 3.54-3.47 (2H, m), 2.37-2.33 (1H, m),

2.18-2.14 (1H, m), 197-1.91 (2H, m), 1.66 (3H, s), 1.56-1.41 (3H, m), 1.05-1.02

(6H, dd, J = 5.1, 5.1); 13C NMR (100 MHz, CDC13) 8 151.51, 149.75, 109.73,

109.66, 65.90, 42.42, 41.00, 33.29, 32.19, 19.76, 18.83, 16.34; MS m / z 182

(Mt), 167, 159, 151, 123, 121, 109, 107, 95, 93, 83, 82, 81, 79, 69, 67, 57, 55.

Exact mass calcd for Ci2H220: 182.1671. Found: 182.1682.
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Methyl (2R) -1 -[( Methoxymethyl )oxy]- 2- methylpropionate (120).

. To a solution of 10.66 g (0.09 mol) of 72 and 25 mL of diisopropylethylamine

in 150 mL of dichloromethane was added at room temperature 12.0 mL (0.14 mol) of

chloromethyl methyl ether. The reaction mixture was stirred for 3 h, then was poured

into water and extracted with dichloromethane. The organic phase was washed with

saturated sodium bicarbonate and brine, and was dried. Concentration of the solution,

followed by distillation, gave 14.40 g (99%) of 120: [a]24D - 10.43°D 10.430 (c= 9.50,

CHC13); IR (neat) 2976, 2937, 2905, 2885, 1742, 1464, 1437, 1202, 1179, 1155,

1143, 1112, 1044 cm-1; 1H NMR (400 MHz, CDC13) 8 4.60 (2H, s), 3.70 (3H, s),

3.74-3.69 (1H, m), 3.60-3.56 (1H, m), 3.34 (3H, s), 2.79-2.73 (1H, m), 1.18 (3H,

d, J = 7.3); 13C NMR (100 MHz, CDC13) 8 175.15, 96.55, 69.59, 55.18, 51.70,

40.21, 13.98; MS m / z 161 (M-1+), 132, 131, 117, 102, 101, 87, 85, 73, 59, 57.

(2S)-1-[(Methoxymethyl)oxy]-2-methylpropan-3-ol (121).

To a suspension of 3.00 g (0.08 mol) of lithium aluminum hydride in 250 mL

of ether at 0 0C under an atmosphere of argon was added 13.00 g (0.08 mol) of 120

over a period of 30 min. The suspension was stirred at room temperature for 4 h, and

then was carefully and sequentially quenched with 3 mL of water, 4.5 mL of 10%

sodium hydroxide, and 9 ml of water. After stirring this mixture at room temperature

for 1 h it was filtered through a Celite bed, dried, and concentrated. Purification of the

crude product by column chromatography (silica, ethyl acetate / hexane ; 1 / 1) gave

9.30 g (86%) of 121: [a]23D -11.100 (c= 5.80, CHC13); IR (neat) 2954, 2928,

2888, 2825, 1467, 1214, 1151, 1110, 1081, 1048, 1039 cm-1; 1H NMR (400 MHz,

CDC13) 8 4.62 (2H, s), 3.59-3.50 (4H, m), 3.37 (3H, s), 2.83 (1H, bs), 1.99-1.96

(1H, m), 0.93 (3H, d, J = 6.9 ); 13C NMR (100 MHz, CDC13) 8 96.44, 71.47,

66.28, 55.05, 35.64, 13.49; MS m / z 132 (M-2+), 117, 103, 89, 75, 72, 63, 61.
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(2R)-3-[(Methoxymethypoxy]-2-methyl-11(4'-toluenesulfonyl)oxy]pro-

pane (122).

To a solution of 8.00 g (0.06 mol) of 121 in 150 mL of dry pyridine at 0 °C

was added 15.00 g (0.075 mol) of p-toluenesulfonyl chloride. The reaction mixture

was kept in a refrigerator overnight, then poured into ice-cooled water and extracted

with ether. The ether extract was washed with saturated aqueous solutions of copper

sulfate and sodium bicarbonate, and was dried, filtered, and concentrated to give 16.55

g (96%) of pure 122: [a]24D -3.90° (c=5.50, CHC13); IR (neat) 2951, 2931,

1360, 1189, 1178, 1151, 1112, 1098, 1047 cm-1; 1H NMR (400 MHz, CDC13) 8

7.78 (2H, d, J = 8.1), 7.35 (2H, d, J = 8.1), 4.50 (2H, s), 4.05-4.01 (2H, m), 3.43-

3.34 (2H, m), 3.28 (3H, s), 2.44 (3H, s), 2.12-2.03 (1H, m), 0.93 (3H, d, J = 7.1);

13C NMR (100 MHz, CDC13) 8 143.24, 131.56, 128.33, 126.36, 94.96, 70.55,

66.96, 58.77, 53.57, 32.01, 20.01, 12.01; MS m / z 198, 168, 155, 139, 126, 109,

103, 95, 89, 75, 71, 63, 61, 56, 55.

(3S)-4-[(Methoxymethyl)oxy]-3-methyl-1-butyronitrile (123).

To a solution of 13.00 g (0.045 mol) of 122 in 50 mL of dimethyl sulfoxide

was added 4.50 g (0.09 mol) of potassium cyanide. The reaction mixture was stirred at

room temperature overnight, poured into water and extracted into pentane. The organic

phase was washed with water and brine, and dried. Concentration of the solution gave

6.30 g (97%) of 123: [a]24DD 29.40° (c=6.60, CHC13); IR (neat) 2964, 2933,

1144, 1112, 1046 cm-1; 1H NMR (400 MHz, CDC13) 8 4.61 (2H, s), 3.54-3.34

(2H, m), 3.35 (3H, s), 2.53-2.36 (2H, m), 2.19-2.13 (1H, m), 1.09 (3H, d, J = 6.7);

13C NMR (100 MHz, CDC13) 8 188.14, 96.10, 70.15, 54.81, 30.60, 20.83, 15.78;

MS m / z 142 (M-1+), 113, 112, 83, 82, 75, 69, 68, 61, 55, 54. Anal. calcd for

C7H13NO2: C, 58.72; H, 9.15; N, 9.78. Found: C, 58.33; H, 9.15; N, 9.88.
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(38)-4-[(Methoxymethyl)oxy]-3-methyl-1-butanal (81).

To a solution of 2.20 g (0.015 mol) of 123 in 60 mL of dry ether at 0 0C

under an atmosphere of nitrogen was added 20 mL of 1.0 M diisobutylaluminum

hydride (0.02 mol) in hexane. The mixture was stirred at room temperature for 4 h

then was cooled to 0 0C before the excess hydride was quenched with 3 mL of

methanol and saturated sodium chloride solution. The mixture was treated with 6 mL

of 0.1N hydrochloric acid and extracted with ether. The turbid ether extract was

washed with saturated sodium bicarbonate solution, water and brine, and dried.

Concentration of the solution gave 2.23 g (98%) of crude 81 which was used without

purification for the subsequent reaction: IR (neat) 2956, 2931, 2887, 1725, 1150,

1111, 1047 cm-1.

Ethyl (58)-2,5-Dimethy1-6-[(methoxymethyl)oxy]-2-hexenoate (124).

A solution of ethyl bromopropionate (41.80 g, 0.23 mol) and 67.0 g (0.50

mol) of triphenylphosphine in 200 mL of benzene was refluxed for 5 h. The solution

was cooled to room temperature and concentrated on a rotary evaporator to give an oily

product that was triturated with pentane. The precipitated solid was filtered, washed

with water, and was redissolved in benzene. The benzene solution was treated with

10% sodium hydroxide solution until a stable pink end point to phenolphthalein was

observed. The benzene solution was concentrated and the resulting yellow crystalline

solid was recrystallized from ethyl acetate and hexane to yield 32.00 g (40%) of the

ylide 78: mp 166-167 0C, lit. 114 mp 165-167 °C.

A solution of 2.00 g(13.60 mmol) of 81 in 20 mL of dry toluene was added

to a. stirred suspension of 6.00 g (16.60 mmol) of the phosphorane 78 in 100 mL of

dry toluene. The clear solution that resulted upon warming was refluxed for 6h and

was concentrated under vacuum. An oily liquid was obtained, which upon addition of
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pentane gave a white precipitate (triphenylphosphine oxide). The precipitate was

filtered off and the filtrate was concentrated. The residual yellowish oil was

chromatographed (silica, ethyl acetate / hexane : 2 / 3 ) to yield 1.76 g (56%) of the

Wittig reaction product 124 as a 95 : 5 mixture of E and Z isomers: [a]23D -2.000

(c=2.30, CHC13); IR (neat) 2981, 2957, 2932, 2908, 2886, 1711, 1692, 1464, 1386,

1278, 1262, 1246, 1219, 1150, 1111, 1046 cm-1; 1H NMR (400 MHz, CDC13) 8

6.69-6.65 (1H, m), 4.49 (2H, s), 4.12-4.03 (2H, m), 3.27-3.21 (2H, m), 3.22 (3H,

s), 2.22-2.18 (1H, m), 1.97-1.90 (2H, m), 1.83-1.80 (1H, m), 1.71 (3H, s), 1.16

(3H, t, J = 2.6), 0.84 (3H, d, J = 6.6); 13C NMR (100 MHz, CDC13) 8 169.55,

139.99, 128.59, 96.32, 72.19, 60.10, 54.82, 33.40, 32.38, 16.73, 13.91, 12.19;

MS m / z 198, 168, 155, 154, 132, 131, 117, 102, 101, 100, 87, 85, 75, 74, 73, 69,

61, 59, 57. Anal calcd for C12H2204: C, 62.58; H, 9.63. Found: C, 62.23; H,

9.64.

(Methoxy)methyl (5S)-2,5-Dimethy1-6-[(methoxymethypoxy]-2-E-hexe-

noate (125).

A solution of 0.80 g ( 3.50 mmol) of 124 in 5 mL of absolute methanol was

added to a stirred solution of 1 g of potassium hydroxide in 10 mL of water and 5 mL

of methanol at room temperature. The mixture was refluxed for 2 h, after which the

solvent was removed and the alkaline aqueous solution was acidified to pH 2 with

dilute hydrochloric acid. The solution was extracted with dichloromethane and the

extract was dried and concentrated to furnish 0.54 g (77%) of the nearly pure

carboxylic acid which was used without further purification in the subsequent reaction:

[0]22D - 2.840 (c=4.30, CHC13); IR (neat) 3360-3480, 2932, 1694, 1052, 1038

cm-1; 1H NMR (400 MHz, CDC13) 6 11.6 (1H, bs), 6.97-6.93 (1H, m), 4.63 (2H,

s), 3.39 (2H, d, J 7- 6.0), 3.37 (3H, s), 2.40-2.33 (1H, m), 2.18-2.07 (1H, m), 1.97-
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1.93 (1H,m), 1.85 (3H, s), 0.98 (3H, d, J = 6.8); 13C NMR (100 MHz, CDC13) 8

173.47, 143.25, 128.17, 96.54, 72.48, 55.16, 33.55, 32.86, 16.96, 12.11; MS m / z

113, 86, 84, 82, 68, 66 (100%), 64, 55.

To a solution of 0.4 g (2.5 mmol) of the acid obtained above in 15 mL of dry

dichloromethane and 0.7 ml of diisopropylethylamine was added 0.6 mL (5.0 mmol) of

chloromethyl methyl ether. The solution was stirred at room temperature for 4 h,

poured into water and extracted with ether. The ether extract was washed with

saturated sodium bicarbonate and brine, and dried. Concentration of the solution,

followed by chromatographic purification ( silica, ethyl acetate / hexane : 2 / 3) of the

crude material, gave 0.48 g (99%) of 125: [a]22 -[a]22D 2.900 (c=4.60, CHC13); IR

(neat) 2956, 2932, 2892, 2886, 2828, 1717, 1464, 1278, 1213, 1150, 1112, 1075,

1044 cm-1; 1H NMR (400 MHz, CDC13) 8 6.91-6.87 (1H, m), 5.32 (2H, s), 4.62

(2H, s), 3.48 (3H, s), 3.38 (2H, d, J = 6.2), 3.36 (3H, s), 2.38-2.33 (1H, m), 2.15-

2.07 (1H, m), 1.97-1.92 (1H, m), 1.87 (3H, s), 0.97 (3H, d, J = 6.6); 13C NMR

(100 MHz, CDC13) 8 167.38, 141.71, 128.45, 96.61, 90.55, 72.46, 57.52, 55.16,

33.64, 32.78, 17.01, 12.41; MS m / z 246 (M+), 214, 185, 184, 169, 155, 154, 140,

125, 123, 112, 111, 95, 85, 82, 79.

Methyl (2S,5S)-2,5-Dimethy1-2-hydroxymethyl-6-[(methoxymethyl)ox-

y]-3-E-hexenoate (126) and Methyl (5S,2R)-2,5-Dimethy1-2-hydroxy-

methyl-64(methoxymethyl)oxy]-3-E-hexenoate (127).

To a solution of 0.6 mL of diisopropylamine in 5 mL of dry tetrahydrofuran

(-1 molar solution) at -78 0C under an atmosphere of nitrogen was added 2.6 mL of

1.5 M butyllithium solution. The reaction mixture was warmed to 0 0C and stirred for

30 min, then was cooled to -78 0C and 0.7 mL of hexamethylphosphoramide added.

A precipitate formed that slowly dissolved to give a clear solution. This solution was
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stirred at -78 coC for 30 min and a solution of 0.70 g ( 0.28 mol) of 125 in 2 mL of

dry tetrahydrofuran was introduced slowly. The resulting reddish brown solution was

stirred for 3h at -78 0C, allowed to warm to room temperature over 2 h and stirred at

room temperature for a further 2 h. The mixture was then quenched with very dilute

hydrochloric acid until a slightly acidic pH was obtained and was extracted with ether.

The ether extract was washed with brine , dried, and concentrated. Chromatographic

purification (silica, ethyl acetate / hexane : 3 / 2) gave 0.30 g (43%) of a 1: 1.5 mixture

of 126 and 127. These diastereomers were separated on HPLC (p- porasil, ethyl

acetate / hexane : 3 / 2).

126: [a]24D - 40.000 (c=2.50, CHC13); IR (neat) 3480 (bs), 2954, 2936, 1734,

1215, 1150, 1130, 1112, 1044 cm-1; 1H NMR (400 MHz, CDC13) 8 5.62 (1H, d, J

= 16), 5.55-5.49 (1H, dd, J = 7.3, 7.3)), 4.61 (2H, s), 3.72 (3H, s), 3.74-3.70(1H,

m), 3.57-3.52 (1H, m)), 3.40-3.36 (2H, m), 3.35 (3H, s), 2.48-2.40 (2H, m), 1.32

(3H, s), 1.03 (3H, d, J = 6.9); 13C NMR (100 MHz, CDC13) 8 176.05, 134.36,

129.87, 96.46, 72.42, 68.42, 55.17, 52.18, 50.20, 37.22, 19.30, 16.91; MS m/z

247 (M+1+), 216, 215, 197, 184, 183, 154, 153, 141, 125, 112, 109, 95, 85, 85.

Anal. calcd for C12H2205: C, 58.52; H, 9.00. Found: C, 58.72; H, 9.11.

127: [a]24D] D +20.700 (c=2.50, CHC13); IR (neat) 3480 (bs), 2954, 2936, 1734,

1215, 1150, 1130, 1112, 1044 cm-1; 1H NMR (400 MHz, CDC13) 8 5.64-5.52 (2H,

m), 4.61 (2H, s), 3.71 (3H, s), 3.76-3.52 (2H, m), 3.44-3.34 (2H, m), 3.35 (3H, s),

2.49-2.45 (1H, m), 2.37 (1H, bt), 1.31 (3H, s), 1.04 (3H, d, J = 6.8); 13C NMR

(100 MHz, CDC13) 6 176.13, 134.77, 129.76, 96.48, 72.45, 68.60, 55.13, 52.16,

50.10, 37.00, 19.53, 16.90; MS m/z 247 (M+1+), 216, 215, 197, 184, 183, 154,

153, 141, 125, 112, 109, 95, 85.
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Methyl (2R,58)-2,5-Dimethy1-6-([4'-nitrobenzoyl)oxy]-2-([4'-nitroben-

zoyl)oxy]methyl-3-E-hexenoate (128).

A solution of 0.025 g (0.10 mmol) of 127 containing a catalytic amount of

conc. hydrochloric acid in 10 mL of absolute methanol was refluxeci for 30 min. The

reaction mixture was diluted with water and extracted with dichloromethane. The

extract was dried, filtered, and concentrated to furnish 0.018 g (90%) of the diol which

was used without further puruification.

To a solution of 0.018 g of the diol from the above reaction in 5 mL of dry

dichloromethane were added 0.050 g (4 eq.) of dimethylarninopyridine and 0.050 g

(0.27 mmol) of p-nitrobenzoyl chloride. After standing overnight, the solution was

poured into water and extracted with dichloromethane. The extract was washed with

saturated solution of sodium bicarbonate and 1% hydrochloric acid, and dried, filtered,

and concentrated. The resulting crude product, upon chromatographic purification

(silica, hexane / ethyl acetate : 7 / 3), gave 0.034 g (77%) of 128: mp

(dichloromethane, hexane) 93-94 °C; IR (in chloroform) 2970, 2957, 1734, 1730,

1527, 1468, 1273, 1215, 1103 cm-1; Ill NMR (400 MHz, CDC13) 8 8.30-8.12 (8H,

m), 5.76 (1H, d, J = 16.3), 5.64 (1H, dd, J = 7.7, 7.4), 4.53 (1H, d, J = 10.5), 4.39

(1H, d, J = 10.8), 4.25 (2H, d, J = 6.7), 3.68 (3H, s), 2.76-2.70 (1H, m), 1.44

(3H, s), 1.12 (3H, d, J = 6.9); MS m/z 356, 355, 283, 282, 281, 267, 85, 83, 73,

56.

Methyl (28,58)-2,5-Dimethy1-6-[(methoxymethyl)oxy]-2-[(methoxyme-

thyl)oxy]methy1-3-E-hexenoate (134).

To a solution of 0.05 g ( 0.2 mmol) of 126 and 0.07 mL ( 0.4 mmol) of

diisopropylethylamine in 2 mL of dry dichloromethane was added 0.03 mL (0.4 mmol)

of chloromethyl methyl ether.The reaction mixture was stirred at room temperature for
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4 h, poured into water and extracted with ether. The ether extract was washed with

saturated sodium bicarbonate and brine, dried and concentrated. Purification of the

yellow residual oil by flash chromatography ( silica, ethyl acetate / hexane : 3 / 2) gave

0.057 g (97%) of 134: [a]23D - 18.50° (c=2.40, CHC13); IR (neat) 2979, 2952,

2884, 2824, 1737, 1465, 1247, 1216, 1150, 1111, 1044 cm-1; 1H NMR (400 MHz,

CDC13) 8 5.63 (1H, d, J = 16.1), 5.56-5.52 (1H, dd, J = 6.8, 7.0)), 4.60 (4H, s),

3.78 (1H, d, J = 8.9), 3.70 (3H, s), 3.44-3.32 (3H, m)), 3.35 (3H, s), 3.34 (3H, s),

2.49-2.42 (1H, m), 1.35 (3H, s), 1.03 (3H, d, J = 6.6); 13C NMR (100 MHz,

CDC13) 8 174.84, 133.47, 130.10, 96.50, 90.35, 55.00, 51.94, 48.98, 36.92,

19.39, 16.87; MS m / z 291 (M+1+), 259, 227, 215, 197, 184, 183, 154, 153, 125,

109, 95.

Methyl (2R,5S)-24(t-Butyldimethylsilyl)oxy]methyl-2,5-dimethy1-6-

[(methoxymethypoxy]-3-E-hexenoate (130).

To a solution of 0.012 g (0.05 mmol) of 127 in 5 mL of dimethylformamide

were added 0.006 g (0.10 mmol) of imidazole and 0.013 g (0.10 mmol) of t-

butyldimethylsilyl chloride. The mixture was stirred overnight at room temperature,

poured into water and extracted with ether. The ether extract was dried and

concentrated. Chromatographic purification (silica, ethyl acetate / hexane : 3 / 2) of the

residue gave 0.016 g (93%) of 130: [a]22DID -0.67° (c=0.75, CHC13); IR (neat)

3480 (bs), 2956, 2953, 2930, 1743, 1106, 1100, 1045 cm-1; 1H NMR (400 MHz,

CDC13) 8 5.62 (1H, d, J = 14.2), 5.60-5.47 (1H, dd, J = 7.4, 6.7), 4.61 (2H, s),

3.82 (1H, d, J = 9.3), 3.66 (3H, s), 3.45-3.31 (3H, m), 3.35 (3H, s), 2.48-2.41

(1H, m), 1.29 (3H, s), 1.02 (3H, d, J = 6.2), 0.86 (9H, s), 0.02 (6H, s); 13C NMR

(100 MHz, CDC13) 8 175.19, 133.18, 130.37, 96.43, 72.57, 69.50, 55.09, 51.76,
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50.75, 36.99, 25.70, 18.71, 18.13, 17.04; MS m / z 361 (M+1+), 300, 271, 241,

211, 197, 145, 137,129, 119, 107, 97, 89, 73, 59.

(2S,5S)-2-[(t-Butyldimethylsilyl)oxy]methyl-2,5-dimethyl-6-

[(methoxymethyl)oxy]-2-3-E-hexen-1-ol (131).

To a solution of 0.035 g ( 0.10 mmol) of the ester 130 in 5 mL of dry ether at

0 0C under an atmosphere of nitrogen was added 1 mL (1.0 mmol, excess) of

diisobutylaluminum hydride in hexane. The reaction mixture was warmed to room

temperature and stirred for 4 h, after which the excess hydride was quenched with

methanol and brine. The mixture was extracted with ether and the ether extract was

dried and concentrated. Purification of the crude material by flash column

chromatography ( silica, ethyl acetate / hexane : 3 / 2) gave 0.026 (70%) of the desired

alcohol 131: [a]26D -D 12.700 (c=2.20, CHC13); IR (neat) 3500 (bs), 2956, 2857,

1471, 1464, 1256, 1152, 1106, 1045 cm-1; 1H NMR (400 MHz, CDC13) 8 5.46-

5.41 (2H, m), 4.61 (2H, s), 3.62-3.33 (6H, m), 3.35 (3H, s), 2.47-2.41 (1H, m),

1.02 (3H, d, J = 6.7), 1.01 (3H, s) 0.90 (9H, s), 0.06 (6H, s); 13C NMR (100 MHz,

CDC13) 5 132.89, 132.81, 96.42, 72.69, 70.54, 69.82, 55.10, 42.38, 37.36, 25.80,

18.81, 18.16, 17.15, -5.61; MS m / z 333 (M+1+), 243, 225, 213, 183, 159, 151,

145, 133,121, 108, 95, 89, 81, 75, 73, 68, 55.

(2S,5S)-1-(t-Butyldimethylsilyloxy)-2,5-dimethy1-61(methoxymethyl)-

oxy]-2-[(methoxymethyl)oxy]methyl-3-E-hexene (132).

To a solution of 0.018 g ( 0.05 mmol) of the alcohol 131 in 5 mL of dry

dichloromethane and 0.035 g ( 0.25 mmol) of diisopropylethylamine was added 0.02 g

(0.25 mmol) of chloromethyl methyl ether. The reaction mixture was stirred at room

temperature for 4 h, poured into water and extracted with ether. The ether extract was
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washed with saturated sodium bicarbonate and brine, and was dried and concentrated.

Purification of the yellow residual oil by flash chromatography ( silica, ethyl acetate /

hexane : 1 / 4) gave 0.016 g (79%) of 132: [a]23D -4.700 (c=1.50, CHC13); IR

(neat) 2956, 2906, 2883, 2858, 1471, 1465, 1272, 1150, 1111, 1049 cm-1; 1H

NMR (400 MHz, CDC13) 8 5.55 (1H, d, J = 16.2), 5.45-5.40 (1H, dd, J = 7.1, 7.1),

4.61 (2H, s), 4.60 (2H, s), 3.45-3.29 (6H, m), 3.35 (3H, s), 3.34 (3H, s), 2.44-2.39

(1H, m), 1.02 (3H, d, J = 6.9), 0.97 (3H, s) 0.88 (9H, s), 0.02 (6H, s); 13C NMR

(100 MHz, CDC13) 8 133.74, 131.51, 96.76, 96.46, 72.95, 72.26, 67.49, 55.09,

55.01, 41.92, 37.19, 25.87, 19.10, 18.27, 17.27; MS m / z 279, 243, 225, 213,

183, 167, 159, 149, 133,121, 119, 111, 95, 89, 81, 73, 68, 57, 55.

(2R,5S)-2,5-Dimethy1-61(methoxymethyl)oxy]-2-[(methoxymethyl)-

oxy]methyl-3-E-hexen-l-ol (133).

A. FROM 132: A solution of 0.08 mL of 1.0 M (0.08 mmol) tetrabutylammonium

fluoride in tetrahydrofuran was added to a solution of 0.012 g (0.032 mmol) of 132 in

5 mL of tetrahydrofuran. The mixture was stirred at room temperature for 2 h, poured

into water and extracted with ether. The ether extract was dried and concentrated, and

the crude material was chromatographed (silica, ethyl acetate / hexane : 3 / 2) to give

0.006 g (73%) of the 133: [a]23D -10.400 (c=6.00, CHC13); IR (neat) 3500 (bs),

2954, 2933, 2881, 2824, 1466, 1214, 1149, 1110, 1043 cm-1; 1H NMR (400 MHz,

CDC13) 8 5.48-5.46 (2H, m), 4.62 (2H, s), 4.61 (2H, s), 3.54-3.35 (4H, m), 3.37

(3H, s), 3.35 (3H, s), 2.50-2.40 (1H, m), 2.35-2.30 (1H, bt), 1.05 (3H, s), 1.03

(3H, d, J = 6.7); 13C NMR (100 MHz, CDC13) 6 133.07, 132.86, 96.77, 96.46,

73.78, 72.67, 68.67, 55.30, 55.15, 41.85, 37.31, 19.50, 17.15; MS m/z 199, 170,

125, 111, 110, 109, 108, 97, 96, 95, 93, 83, 82, 81, 69, 67, 55. Anal. calcd for C13

H2605: C, 59.52; H, 9.99. Found: C, 59.42; H, 10.13.
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B. FROM 134: To a suspension of 0.01 g (0.026 mmol) of lithium aluminum

hydride in 5 mL of ether at 0 0C under an atmosphere of nitrogen was added 0.05 g

(0.17 mmol) of 134 slowly over a period of 30 min. The suspension was stirred at

room temperature for 4 h, then was carefully and sequentially quenched with 1.0 mL

of water, 1.0 mL of 10% sodium hydroxide, and 5 ml of water. The mixture was

stirred at room temperature for 1 h and was filtered through a Celite bed. The filtrate

was dried and concentrated to afford 0.45 g (98%) of 133, identical with material

prepared as in A.

(2S,5S)-2,5-Dimethy1-6-[(methoxymethyl)oxy]-21(methoxymethyl)-

oxy]methy1-3-E-hexen-l-al (135).

To a solution of 0.6 mL (6.0 mmol) of oxalyl chloride in 20 mL of dry

dichloromethane was added 0.8 mL of dimethyl sulfoxide. The reaction mixture was

stirred for 15 min and a solution of 0.12 g (4.5 mmol) of 133 in 5 mL of

dichloromethane was introduced. The mixture was stirred for 15 min and was

quenched at -65 0C with 2 mL of triethylamine. After stirring for 30 min, the solution

was warmed to room temperature and poured into water. The organic phase was

separated, the aqueous phase was extracted with dichloromethane, and the organic

solutions were combined and dried. Concentration of the solution, followed by

chromatographic purification (silica, ethyl acetate / hexane : 1 / 1) gave, 0.07 g (60%)

of 135: [a]25D -8.700 (c=3.50, CHC13); IR (neat) 2975, 2957, 2903, 2885,

2877, 1733, 1217, 1150, 1111, 1044 cm-1; 1H NMR (400 MHz, CDC13) 8 9.46

(1H, s), 5.59-5.45 (2H, m), 4.61 (4H, s), 3.78 (1H, d, J = 9.6), 3.51 (1H, d, J =

9.5), 3.43-3.34 (2H, m), 3.35 (3H, s), 3.34 (3H, s), 2.50-2.47 (1H, m), 1.25 (3H,

s), 1.03 (3H, d, J = 6.7); 13C NMR (100 MHz, CDC13) 8 201.74, 136.36, 127.53,

96.64, 96.47, 72.39, 71.38, 55.32, 55.18, 52.63, 37.37, 16.99; MS m/z 261
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(M+1+), 246, 199, 186, 183, 168, 155, 154, 125, 123, 110, 108, 95, 93, 82, 81,

68, 67, 61, 55.

(3S,6S)-3,6-Dimethy1-7-[(methoxymethypoxy]-31(methoxymethyl)-

oxy]methyl-4-E-hepta-1,4-diene (136).

To a suspension of 0.15 g (0.45 mmol) of methyltriphenylphosphonium

bromide in 5 mL of dry tetrahydrofuran at -78 0C was added 0.2 mL of 1.5 M (0.45

mmol) butyllithium. The yellow solution was stirred at -78 0C for 30 min and was

warmed to 0 °C. A solution of 0.023 g (0.09 mmol) of the 135 in 2 mL of dry

tetrahydrofuran was introduced, the reaction mixture was stirred at 0 0C for 1 h and

then was allowed to warm to room temperature over 1 h. The mixture was quenched

with saturated aqueous ammonium chloride solution and extracted with ether. The

ether solution was dried, filtered, and concentrated, and the crude product was purified

by flash chromatography (silica, ethyl acetate / hexane : 2 / 3) to yield 0.16 g (70%) of

136: [a]26D1 D -4.200 (c=1.80, CHCI3); IR (neat) 2960, 2927, 2882, 1630, 1460,

1390, 1150, 1111, 1048 cm-1; 1H NMR (400 MHz, CDC13) 8 5.86 (1H, dd, J =

10.8, 10.9), 5.54 (1H, d, J = 16.0), 5.42 (1H, dd, J = 7.2, 7.2), 5.05 (2H, dd, J =

3.8,2.4), 4.61 (4H, s), 3.45-3.31 (4H, m), 3.35 (6H, s), 2.47-2.43 (1H, m), 1.14

(3H, s), 1.03 (3H, d, J = 6.8); 13C NMR (100 MHz, CDC13) 8 143.64, 134.45,

131.73, 113.10, 96.70, 96.47, 75.40, 72.85, 55.14, 55.10, 43.32, 37.06, 21.65,

17.27; MS m/z 195, 181, 166, 165, 153, 152, 137, 136, 123, 122, 121, 108, 107,

95, 94, 93, 84, 83, 81, 79, 69, 67, 55.
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(38,6S)-3,6-Dimethy1-7-[(4ctoluenesulfonyl)oxy]-31(4-toluenesul-

fonyl)oxylmethy1-4-E-hepta-1,4-diene (138).

A solution of 0.009 g (0.035 mmol) of 136 containing a catalytic amount of

conc. hydrochloric acid in 10 mL of dry methanol was refluxed for 1 h. The mixture

was diluted with water and extracted with dichloromethane. The extract was dried and

concentrated to furnish 0.006 g (99%) of 67 which was used without purification in

the subsequent reaction.

To a solution of 0.015 g (0.088 mmol) of 67 from the above reaction in 5 mL

of dry pyridine at 0 °C was added 0.050 g (0.26 mmol) of p-toleuenesulfonyl chloride.

The reaction mixture was kept in a refrigerator overnight, then was poured into ice-

cooled water and extracted with ether. The ether extract was washed with saturated

aqueous solutions of copper sulfate and sodium bicarbonate, and was dried, filtered,

and concentrated. The residual oil was purified by flash chromatography (silica, ethyl

acetate / hexane : 1 / 1) to give 0.034g (74%) of pure ditosylate 138: [a]25D +1.60°

(c=1.80, CHC13); IR (neat) 3029, 2979, 2973, 1597, 1367, 1215, 1174, 1098 cm-1;

1H NMR (400 MHz, CDC13) 8 7.78-7.75 (4H, m), 7.36-7.26 (4H, m), 5.63 (1H,

dd, J = 10.9, 11.0), 5.34 (1H, d, J = 16.4), 5.21 (1H, dd, J = 7.3, 7.5), 5.05 (1H,

d, J = 10.2), 5.00 (1H, d, J = 17.8), 3.86-3.77 (4H, m), 2.45 (6H, s), 2.47-2.42

(1H, m), 1.06 (3H, s), 0.95 (3H, d, J = 6.6); 13C NMR (100 MHz, CDC13) 8

144.74, 140.64, 134.10, 130.77, 129.84, 127.92, 127.87, 114.92, 75.61, 73.94,

42.79, 36.33, 21.61, 21.18, 16.49; MS m / z 479 (M+1+), 307 (M+-0Ts), 172,

155, 136, 134, 123, 121, 107, 93, 79, 65, 55. Exact mass calcd for C18H25S03

(M-OTs): 307.1368. Found: 307.1367.
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(3S,7R)-6-Methyleno-8-[(4'-toluenesulfonyl)oxy]-2,3,7-trimethyl-1-

octene (139).

To a solution of 0.02 g (0.1 mmol) of 66 in 5 mL of dry pyridine at 0 0C was

added 0.031 g (0.16 mmol) of p-toluenesulfonyl chloride. The reaction mixture was

kept in a refrigerator overnight, then was poured into ice-cooled water and extracted

with ether. The ether extract was washed with saturated aqueous solutions of copper

sulfate and sodium bicarbonate, and was dried, filtered, and concentrated. The

residual oil was purified by flash chromatography (silica, hexane / ether : 2 / 3) to give

0.038g (99%) of pure tosylate 139: [a]24D (c= 1.90, CHC13); IR (neat)

2965, 2930, 1644, 1456, 1362, 1189, 1098 cm-1; 1H NMR (400 MHz, CDC13) S

7.78 (2H, d, J = 8.3), 7.34 (2H, d, J = 8.1), 4.79 (1H, bs), 4.71 (1H, bs), 4.68 (1H,

bs), 4.66 (1H, bs), 4.01-3.98 (1H, m), 3.85 - 3.81 (1H, m), 2.45 (3H, s), 2.44 -

2.40 (1H, m), 2.10 - 2.08 (1H, m), 1.84- 1.80 (2H, m), 1.62 (3H, s), 1.43 - 1.34

(2H, m), 1.04 (3H, d, J = 7.2), 0.98 (3H, d, J = 6.7); 13C NMR (100 MHz, CDC13)

8 149.64, 144.66, 133.26, 129.80, 127.92, 110.12, 109.75, 73.70, 40.84, 38.86,

33.05, 32.71, 21.63, 19.70, 18.81, 16.65; MS m / z 336 (M-1-), 173, 164, 155, 149,

135, 122, 121, 107, 95, 91, 82, 70, 67. Exact mass calcd for C19H28S03:

336.1759. Found: 336.1758. Anal. calcd for C19H28S03: C, 67.82; H, 8.39; S,

9.53. Found: C, 67.65; H, 8.62; S, 9.55.

(2S,6R)-1-Iodo-3-methyleno-2,6,7-trimethy1-7-octene (140).

A solution of 0.015 g (0.045 mmol) of 139 and 0.02 g (1.3 mmol) of sodium

iodide in 8 mL of dry acetone was reluxed for 12 h. The acetone solution was

concentrated and the residual oil was extracted with ether. The ether extract was

washed with sodium thiosulfate solution, dried, filtered, and concentrated.

Chromatographic purification (silica, hexane) gave 0.011 g (82%) of 140: [a]24D
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+15.000 (c= 0.80, CHC13); IR (neat) 3076, 2967, 2933, 2874, 1645, 1457, 1374,

891 cm-1; 1H NMR (400 MHz, CDC13) 8 4.85 (1H, bs), 4.81 (1H, bs), 4.71-4.69

(2H, m), 3.31 - 3.27 (1H, m), 3.17-3.13 (1H, m), 2.37 - 2.35 (1H, m), 2.18 - 2.14

(1H, m), 1.97-1.91 (2H, m), 1.66 (3H, s), 1.53-1.43 (2H, m), 1.16 (3H, d, J = 6.7),

1.03 (3H, d, J = 6.7); 13C NMR (100 MHz, CDC13) 8 151.93, 149.70, 109.75,

109:34, 42.17, 40.91, 33.19, 32.12, 20.29, 19.73, 18.85, 13.79; MS m / z 292

(M+), 221, 169, 151, 137, 123, 109, 95, 91, 81, 69, 55. Exact mass calcd for

Ci2H2iI: 292.0688. Found: 292.0687.

(3S,6S)-3,6-Dimethy1-7-iodo-3-iodomethy1-4-E-hepta-1,4-diene (145).

A solution of 0.01 g (0.02 mmol) of 138 and 0.015 g (0.1 mmol) of sodium

iodide in 10 mL of dry acetone was refluxed for 18 h. The acetone was then replaced

by 10 mL of 2-butanone and the solution was refluxed for a further 48 h.

Concentration of the mixture gave a semisolid residue which was taken up into ether.

The ether solution was washed with a solution of sodium thiosulfate, dried, and

concentrated. The crude residue was purified by flash column chromatography (silica,

ethyl acetate / hexane : 1 / 4) to give 0.005 g (63%) of the unstable diiodide 145. The

diiodide was used immediately in the next reaction: 1H NMR (400 MHz, CDC13) 8

5.55-4.95 (5H, m), 3.20-2.90 (4H, m), 2.35 (1H, m), 1.25 (3H, s), 1.05 (3H, d, J =

6.5).

(-) Botryococcene (1).

A mixture of 0.005 g (0.027 mmol) of ethylene dibromide and 0.001 g (0.042

mmol) of activated magnesium in 5 mL of tetrahydrofuran was refluxed for 10 min,

then was cooled to room temperature and a solution of 0.01 g (0.034 mmol) of 140 in

2 mL of tetrahydrofuran was added . The reaction mixture was gently refluxed for 6 h,
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cooled to room temperature, a slurry of 0.001 g of anhydrous cuprous iodide in 1.0

mL of tetrahydrofuran and a solution of 0.004 g (0.01 mmol) of 145 in 1 mL of

tetrahydrofuran were introduced in that order. The reaction mixture was stirred at room

temperature for 5 days, quenched with saturated ammonium chloride solution and

extracted with ether. The ether extract was dried and concentrated, and the crude

botryococcene was purified by chromatography (silica, ethyl acetate / hexane : 1 / 9) to

yield 0.002 g (33-42%) of pure 1: [a]26D 4.750 (c= 0.40, CHC13), lit.38 [a]22D

-3.5° (c= 6.10, CHC13); IR (neat) 3081, 2964, 2925, 2883, 2858, 1645, 1457,

1374 cm-1; 1H NMR (400 MHz, CDC13) 8 5.78 (1H, dd, J = 10.9, 10.4), 5.29 (1H,

d, J = 15.7), 5.13 (1H, dd, J = 7.9, 7.9), 4.95-4.80 (2H, dd, J = 5.9, 5.3), 4.81 (1H,

bs), 4.69 (8H, m), 2.18-1.87 (9H, m), 1.66 (6H, s), 1.60 1.13 (12H, m), 1.02-0.94

(18H, ddd, J = 6.8, 6.4, 6.6); 13C NMR (100 MHz, CDC13) 8 155.01, 154.75,

150.01,

40.09,

20.23, 19.75,

146.96, 135,85, 133.77, 111.00, 109.49, 107.33, 107.19,

39.06, 37.25, 35.02, 33.43, 33.37, 31.64, 30.10, 23.56,

18.92; MS m / z 466 (M+), 381, 331, 293, 281, 269,

41.01, 40.58,

21.14, 20.40,

255, 243, 231,

219, 181, 169, 131, 119, 109, 100, 95, 81, 69, 55. Exact mass calcd for C34H58:

466.4538. Found: 466.4536. These spectral data were identical to those measured

on natural (-)-botryococcene.
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