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CHAPTER I 

GENERAL INTRODUCTION 

The study and syntheses of natural products have been 

a major field in organic chemistry. Most of these natural 

products are used as drugs, flavoring, sweetners, and 

others. Syntheses of these products are vital for use as 

structural analysis and biological studies. 

The present thesis will focus on two important natural 

products. The first part will treat the synthesis of 

ketolactones related to sarkomycin and the second part 

will deal with the studies toward a synthesis of 

phytuberin. These natural products are important for 

their biological activities. 

Sarkomycin, a compound produced by starin of the soil 

microorganism, Streptomyces erythrochromegenes, exhibits 

weak antibacterial activity and strong activity against 
Q 

the ascites type of tumor, it was necessary to seek for 

the compound that could be active on both solid and fluid 

tumors. Ketolactone analog to sarkomycin could be the 

answer to this dilemma and synthesis of the ketolactones 

were undertaken foe the above reasons. 

Another important class of nautral products treated 

in this thesis is phytuberin. This compound was isolated 

from potato tuber infested with fungus Phytophthora 

infestans^ This sesquiterpene is interesting to synthetic 

chemists because of its unique characteristic tetrahydro-



furanofuran structure. The present synthesis will deal 

with the studies toward the synthesis of this compound. 



PART I 

SYNTHESIS OF KETOLACTONES RELATED TO 

SARKOMYCIN 



CHAPTER II 

INTRODUCTION 

Nature and Medicine 

The history of drugs containing fused bicyclic ring 

systems has stretched over a period of at least the last 

thirty years. During the last decade, we have seen the 

isolation from natural sources of a number of noval 

antibacterial-antitumor compounds. The ever prolific 

organic chemist has also synthesized an enormous number 

of variations of nature»s theme, motivated by a continuing 

need for both broad and narrow spectrum antibiotics of 

low toxicity for the treatment of diseases in man and 

animals. 
1 

The cyclopentanoid compounds, such as sarkomycin, 2> 

2 5 4 

methylenomycin, 2, xanthacidin, 3, and pentanomycin, 4, 

are typical examples of naturally occurring antibiotic 

compounds with substantial antitumor activity. 

COOH 



The simnlest member of this class, sarkomycin, a 

compound produced by a strain of the soil microorganism 
•4 

StreDtomvces erythrochromegenes exhibits weak anti

bacterial activity and strong activity against the ascites 

type of tumor.^ 

COOH 

After its initial isolation^ and structural deter-

mination, sarkomycin attracted considerable attention 

because of its antitumor activity. It was used in 
7 fi 

clinical trials in Japan' and the United States. In 

spite of initial reports of positive action, it was 

concluded that the compound is not active against solid 
Q 

tumors. However, it is still used as a standard to 

compare for measuring activity in the ascites (fluid) 

type of tumor. 

Work has been done on sarkomycin to determine what 

functional group is responsible for its antitumor activity, 
Q 

When the compound is hydrogenated, it loses its anti

bacterial activity but wa^ claimed to retain its anti

tumor activity. The pure crystallined hydrogenation 

product was claimed to be fully as active in preventing 



weight gain and prolonging the life of mice bearing the 

Ehrlich tumor as the highly purified preparation of 

sarkomycin. Further work,^^ however, showed that this 

claim on activity of the hydrogenated product could not 

substantiated. Strong heating under vacuum of sarkomycin 

gave extensive decomposition and loss of biological 

activity. Under such conditions, a crystalline compound 

was distilled and shown to be devoid of methylene 

fuctionality but retained the carbonyl function."^^ 

Oxidation with alkyline permanganate yielded succinic acid. 

Sarkomycin was shown to have an a^methylene ketone unit, 

0=C-C=CH2, which is responsible for its biological 

activity. The free acid of sarkomycin was soluble in 

water, methanol, butanol, ethyl acetate and sparingly 

soluble in petroleum ether. The sodium salt was soluble 

in water and sparingly soluble in ethanol. 

All the structural determinations clearly showed the 

importance of the functional groups responsible for its 

activities. It is then essential that any analog of 

sarkomycin should have similar group arrangements. 

Theory 

It was observed that sarkomycin and its derivatives 

are not very stable toward storage and are not active 

against solid tumors. Because of the high activity of sa 

sarkomycin toward fluid tumors, it would be very desirable 
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to try to develop derivatives that might be chemically 

more stable and also lipophilic, so that they would be 

more likely to penetrate cell membranes. One such 

compound, that appeared very promising was the ketolactone 

5. Compound 5 can be considered as a masked form of 

sarkomycin, and has been shown to be converted into 

sarkomycin by prolonged treatment with dilute aqueous 

acid. This compound also has the advantage of stability 

toward storage and is also less polar and thus more 

lipophilic than sarkomycin. 

T)OOH 

Compound 5 was synthesized by Marx and Minaskanian at 

11 Texas Tech and was submitted to the National Cancer 

Institute (N» C. I.) for routine screening. It was 

found to have no activity in preliminary antitumor tests 

In seeking a possible explanation for the disappointing 

lack of activity of ketolactone 5, it was noted that the 

eliminative ring opening of 5 to 2 involves a type of 

12 reaction which is "forbidden by Baldwin's rules." 

These rules provided a theoretical explanation for why 

certain types of ring forming reactions normally fails 
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for some ring sizes. 

Baldwin has proposed a set of pertinent rules for ring 

forming and ring opening reactions. He designated ring 

forming reactions by numerical prefix which denotes the 

ring size , which is the followed by either the term exo, 

or endo depending on whether the breaking bond is 

exocyclic or endocyclic to the smallest so-forming ring 

and finally by one of the surffixes, tet, trig, -or dig, 

(tetrahedral, trigonal, and digonal, respectively) 

describing the hybridization of the carbon atom under

going attack in the closure reaction. The example of 

5-exo-tet, 5-exo-trig, and 5-exo-dig processes are shown 

respectively in formulas 6, 7, and 8. 

X 
It î̂  

7 8 

Also, the 5-endo-tet, 5-endo-trig, and 5-endo dig 

processes are shown respectively in formulas, 9, ̂ 0, 

and 11. 

S 
P X 

) 

- v - ^ " \ ^ 

10 11 



Baldwin's rules are as follows: In stereoelectronic 

reactions, 3- to 7-exo-trig processes are all favored 

while 3- to 5-endo-trig processes are disfavored but 

6- to 7-endo-trig processes are favored. It was shown 

that the lack of ring closure or ring opening is a 

result of a kinetic rather than a thermodynamic barrier. 

Thus, the 5-endo-trig process is a geometically dis

favored reaction. 

Based on these rules, it is suggested that a If-lactone 

(5-membered ring lactone) p to a ketone should not readily 

undergo the eliminative ring opening to the e(^methylene 

keto acid since this is an example of 'reverse 5-endo-

trig' ring opening reaction. 

Based upon this Baldwin rules, however, one predicts 

that the six-membered ketolactone ring system should 

undergo a reverse '6-endo-trig' reaction readily. Since 

the tumor active e(-methylene ketone functionality is not 

very stable chemically, the bicyclic ketolactone ring 

will undergo the eliminative ring opening to the 

at*niethylene ketone inside a tumor cell. 

Quadrone, 22, is an example of a potent anticancer 

agent that has a six-membered lactone ring. This compound 

is a naturally occurring B-keto-(f-lactone, a tetracyclic 

sesquiterpene, which is active against KB human 

epidermiod carcinoma of the nasophamyx and against P388 
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12 

15 lymphocytic leukemia in mice. ̂  Since simple ketolactones 

have not been implicated as antitumor agents previously, 

the suggestion has been made that quadrone undergoes an 

eliminative ring opening in vivo to an ^-methylene keto 

compound (containing a carboxylic acid) which is the 

actual tumor active agent. The open compound, terrecyclic 

acid, 2i> 3̂.s been isolated from a similar strain of 

fungus, Aspergillis terreus, and has been shown to have 

14 antitumore activity similar to quadrone. 

COOH 

13 
15 Quadrone has received much synthetic attention, ̂  and 

has been the subject of at least five elegant total 
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syntheses. It is not actually clear how quadrone or any 

other anticancer or antitumor agent operates once inside 

the cell. It has been speculated ^^ that quadrone, for 

example, penetrates the.lipid barrier associated with the 

cancer cell because of its lesser polarity, and opens 

inside the cell (in vivo) to terrecyclic acid, which is 

actually the active compound. Since quadrone has a 

p-keto-d'-lactone (6-membered ring) it opens via a reverse 

'6-endo-trig' ring opening which is favored in accordance 

with Baldwin's rules. 

In this work, the synthesis of the keto lactone H will 

be described. This compound has a p-keto-cT-lactone 

functionality, and thus, might open in vivo to the 

Ĝ -methylene ketone 25, which has been termed 'homo-

17 sarkomycin.' 

m VIVO 

•x^^^OOH 

14 15 

Unlike the opening of 5 to 2» '^^^ opening of H "to 25 

i s allowed by Baldwin 's r u l e s . Compound 21 "^^^s can be 

cons idered as a very simple analog of quadrone, and could 

conceivably have an t i c ance r p r o p e r t i e s . 
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Previous Syntheses 

There has not been any recorded synthesis of the ^-keto 

cT-lactone 21. The ^-keto-if-lactone, on the other hand, 

has been synthesized by several other routes since the 

original synthesis of Marx and Minaskanian. These 

syntheses have all utilized the keto lactone 5 as the 

precursor of sarkomycin. 

The key step in the Marx and Minaskanian synthesis of 

p-keto-if-lactone 5 are shown in Scheme I. 

C 0 

;oE-

16 

itrj-n-lCi* 

>/CN 

17 
''Cil 

18 

19 

CH2CH 
NaOH 

n 
0 0 

^ \ 

-iT 
0 

20 
0 

H,0 > + 

SCHEME I 

Their work started with 2-(carbomethoxy)-cyclopentenone 

16. Compound 2^ was reacted with diethyl aluminium 

cyanide (EtpAlCN) to give the 1,4-cyano addition compound 

17. Ketalization of 22 gave 2§- Treatment of 22 with a 
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reagent assumed to be LiB(0H)2H2 gave 22 in high yield. 

Refluxing 29 with 1% sodium hydroxide gave exclusively 20, 

which was in turn treated with dilute acid to remove the 

ketal protecting group to produce the ketolactone 5. 

17 
Smith and co-workers have reported a synthesis of 

'homosarkomycin,' 25- Their approach was based on an 

ortho-Claisen rearrangement, as developed by Johnson, 

which was applied to the ethylene ketal of d<-(hydroxy 

methyl) cyclopentenone 15.''̂  (Scheme II). 

CH3C (OCHpCH^)^ 

K'*"/heat 

21 

V—COOEt 

22 

1 )i:aOH/EtOH 

^ 

2) r.^:,'' 

A^ ^ 

CH, 

00 H 
15 

SCHEME II 

They treated 22 with excess ethyl orthoacetate containing 

a catalytic amount of propanoic acid at 140°C to afford 

^he ethyl ester 22. Subsequent basic hydrolysis of the 

ester functionality followed by acidic workup gave 

homosarkomycin 22» t̂iis route made no use of keto-lactone 

precursors. 

Mention should also be made of the earlier synthesis of 
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20 a different compound, 23, by Jankowski. This six 

membered analog of sarkomycin was also termed 'homo

sarkomycin. ' The term 'homo' usually refers to the next 

larger ring size analog of a compound, and this is 

correctly applied to the compound 23, not 25. The 

synthesis by Jankowski is long and complex and gave a 

mixtures of isomers at several stages. Again, no keto 

lactone precursors were used. 



CHAPTER III 

liESULTS AND DISCUSSION 

Purpose and Scope of the Present Work 

Since it was determined that sarkomycin is not very 

stable and is not active against solid tumors, and also, 

that the p-keto-J^lactone (5-membered ring lactone) 

analog of sarkomycin is stable relative to sarkomycin but 

not active against solid tumors, it was reasonable to 

study further possible reasons why these compounds react 

the way they do. One approach is to study the behavior 

of closely related molecules. 

With this in mind, it was decided to synthesize a 

p-keto-c/-lactone (6-membered ring lactone) analog of 

sarkomycin, 21 > ^^^ ^^^^ "̂̂  ^° "̂ ^̂  National Cancer 

Institute (N. C. I.) for screening as an anti-cancer agent 

It was hoped that compound 21 would open in-vivo to ^5 

via a reverse 6-endo-trig mechanism, an allowed process 

according to Baldwin's rules. 

The synthesis of compound 21 i^ "t̂ ® present work would 

also serve another function of greater importance than 

just making 21 available. The work was designed to 

develop a short and general route to p-keto-cf-lactone, 

which could be applied to the synthesis of a number of 

related molecules which would vary in complexity and lead 

eventually to close analogs of quadrone. For the present 

work, synthesis of the second member of the series, 

15 
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compound 24, would also be undertaken, to test the 

generality of the synthetic route in a different size 

ring, and to provide another compound for antitumor 

testing. Ketolactone 24 has never been synthesized either 

0 

24 

Synthetic Studies 

The proposed synthesis of ketolactone 21 is shown in 

Scheme III. The approach builds the cf-lactone ring onto 

an existing skeleton containing the ketone function in 

a 'one pot' sequence involving four discrete steps. 

The proposed starting material is an cC, j3-unsaturated 

ketone, in this case, cyclopentenone, 25. Conjugate 

addition of a 2-carbon fragment, such as an ethoxyvinyl 

group, should give a specific enolate intermediate 26. 

Trapping of this enolate ion with formaldehyde or some 

equivalent, followed by hydrolysis, should give the 

hydroxy keto aldehyde 27 (or lactol form). Oxidation 

and cyclization should lead to the final product, the 

keto lactone 21-

Both cis and trans stereoisomers are possible from 



17 
this sequence, of course. In this series, the cis ring 

fusion is substsmtially more stable than the trans,isomer. 

It was anticipated that the tjrans could be isomerized to 

0 
I 

25 

CK=CHOEt 

26 

Et CH2=0 

0 

27 

CH^OK ^^) 

'GH=0 

SCHEME I I I 

a 
14 

the cis. or at least the cis isomer of _21 could be 

cyclized selectively in order to allow separation. 

A more complete version of the proposed synthesis is 

shown in Scheme IV. The initial step required the 

preparation of the copper lithium reagent 30. This 

reagent is prepared by a three step sequence which has 

21 been described in the literature and which is shown 

in Scheme V. 

The 1,4 addition to cyclopentenone was attempted with 

diethoxy vinyl copper lithium prepared by sequential 

treatment of the cis-tri-n-butyl tin ethoxy ethene with 

one equivalent of n-butyl lithium and 0.5 equivqlent of 
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0 

25 

LiCu(CH=CHOEt) 

30 
26 

f'-T ^ 

'HE, -78''C 

0 

-CĤ OH 

^ 

28 

^ E t 
H,0 

29 

CrO. 

H" 

14 

SCHEME lY 

22 
copper iodide dissolved in dimethyl sulfide '~'~ (Scheme V). 

25 Such 1,4 addition of lithium dialkylcuprates -^ to 

c(,p-unsaturated carbonyl groups are inefficient, since 

only one of the alkyl groups is transfered. Also, it was 

observed in earlier experiments that the yield from this 

addtions with reagent 30 was very low. Efforts were 

made to remedy this situation. It seemed reasonable to 

improve this reaction step by using a mixed alkyl lithium 

cuprate reagent to effect the efficient transfer of the 
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H-C=C.0Et -H n-Bu^Snfi ^--y n-Bu3Sn-GH=C0-0Et 

n-BuLi/THF ^, n„T/Mo q ^ Li-GH=r!Pr-.m5i-h CuI/MeoS 

Li Cu(CH=CH-OCH«CH,)o 

30 

SCHEME V 

g r o u p s . The b e s t choice appeared t o make the mixed 

r e a g e n t 32 , u t i l i z i n g n - p e n t j m y l c o p p e r ^ Scheme VI . 

2(Me2N)2P 
Li-CH=CH-OEt + CH3(CH2)2C=CCu ^ ^ ^ 3 ^ ^ 

Li 

CH3CH2CH2CsCCuCH=CH0Et 

32 

SCHEr® VI 

One complication arose in this connection from the 

insolubility of the n-pentynylcopper in suitable solvents. 

This was circumvented bt the addition of a trivalent 

phosphine ligand to the n-pentynylcopper which yields a 

monomeric, very soluble complex R Cu.2(Me2N)^P), where 

R is the retained alkyne group. Unlike the complexed 

cuprous acetylides, these complexes reacts reproducibly, 
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rapidly, and cleanly with organolithium reagents in 

tetrahydrofuran at -78°C to form the desired mixed cuprate. 

Since the separation of the tertiary phosphine from the 

reaction products is difficult, the water soluble 

phosphine, hexamethyl phosphorous triamide, was used. The 

sequence adopted for the preparation of the mixed cuprate 

reagent 32̂  is summarized in Scheme VI. 

Once conditions were developed which allowed the 

production of the copper lithium derivative 32 reproducibly 

in good yield, its 1,4 addition to 2-cyclopentenone, 25, 

was studiea. This reaction was investigated in some 
22c detail, with brief acidic work-up to isolate the initial 

i'l 

product, 33, in order to maximize reaction conditions. !< 

Further hydrolysis to the keto aldehyde 34 was also carried | 

out for structural proof. 

Once the conditions for 1,4 addition reaction to the 

carbonyl were established, the alkylation of the enolate 
25 ion generated was achieved with formaldehyde. -" The 

formaldehyde was obtained by heating paraformaldehyde 

under nitrogen atmosphere generating monomeric formaldehyde, 

which was trapped in dry THF at -78°C. This formaldehyde 

f\\ 
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solution is stable at this temperature for about five 

hours. The alkylation was done by transferring the THF 

solution of the formaldehyde into the reaction flask at 

-78°C. 

. ^ ^ 0 

OEt CH2=0 CH2OH 

26 OEt 

28a 

M S..-CH2OH 
^ 

OEt 

H 

28b 

Such additions usually give the more stable product, 

which has a trans disposition of the substitutients. 

Yet, the current example clearly gives the lactol 29 

upon acidic hydrolysis. 

29 

In this system, ring closure of the trans product i^ 

is unlikely, since the bicyclic compound with a trans 

ring junction is strained. Thus, the trans isomer should 

exist as a hydroxy aldehyde. Three possibilities suggest 
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themselves to explain this result: 

1) The ethoxyvinyl group produces some directing effect, 

possibly as shown in structure 35^ to give thw cis 

product 2Si^ directly or 

i) the trans product 28a is isomerizing to cis lactol 29. 

during acidic work-up, with ring formation providing 

the driving force, 

3) The trans product is decomposing to unknown products. 

2 ;; 

It is not clear what the mechanism is, but we only observed 

the desired ketolactol 29 and there is no eveidence of the 

aldehyde products. 

The hydrolysis of the ethoxy vinyl alcohol 28b was 
22 

achieved by using a mild acid (Scheme VII). 

H' 
OEt 

28b 

CH2OH 

Hi 

<.v 

Hi 

SCHEME VII 

The best conditions found for the hydrolysis and cycli

zation of the ethoxy vinyl alcohol 2^ to form the keto 

lactol J2 was by stirring 28b. with 0.025 N HCl in 4 : 1 
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v/v methanol water solution at room temperature for 

one hour. A likely mechanism for the transformation is 

shown in Scheme VIII. 

0 

.CHoOH 

0̂ -

I H 
28b 

0. 

.̂ OCHoCK, 

H H H 

0 

\ . 

V + OH -*— 

liW .1 OCH^CH, H /^ OCĤ CK-. 

29 

SCHEIE VIII 
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In one run, an attempt was made to isolate pure 28b by 

chromatography on silica gel. It was found that 28b came 

out mainly in the first fraction with tetrabutyl tin, 

such that the separation does not appear to be very 

practical. However, later fractions showed more polar 

compounds, including the lactol 29 and the open hydroxy 

aldehyde 27. Treatment of the mixture with aqueous acid 

gave the cyclized product 29. Thus, partial hydrolysis 

of 28b had occurred simply by contact with silical gel. 

In the usual runs, the product 29, without purification, 

was titrated with Jones reagent (8 N chromic acid) at 

room temperature to give the corresponding lactone 21. 

(Scheme IX). 

HI' 

Xi 

CrO. 

H^ -

SCHEME IX 

The percentage yield of each step was not calculated 

since the reaction of each step was done without puri

fication. In principle, the tranformation of £^ to li 

can be considered as a 'one step' reaction. Thus, the 

yield was determined based on the amount of the starting 

material, ketone consumed and the amount of the final 

ketolactone produced. The present project gave 10 %. 
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The important practical problem encountered in this 

project is the isolation of the lactone from a huge 

quantity of the tetrabutyltin by-probuct. It was been 

observed in this lab that this tin by-product is soluble 

in all proportions in all common organic solvents. How

ever, isolation of the lactone from the tetrabutyltin was 

achieved by column chromatography with a mixture of 45 % 

petroleum ether and 55 % chloroform as eluent on silica 

gel. The yield of the lactone from the present project 

is 10 % based on final isolation. The sequence is not 

optimized but it clearly demonstrates success in the short 

synthesis of the p-keto-J-lactone 21* 

The methodology developed in the syTithesis of B-keto-d-

lactone 21 from 2-cyclopentenone has been extended to the 

synthesis of '̂ homo' p-keto-cf-lactone 2£ from 2-cyclo-

hexenone, Scheme X. 

0 

36 

1) LiCu(CH=CHOEt)R 

2) CH2O 
— Î ^ 
3) Ĥ O"̂  
4) CrO^, K"" 

R' = C2CCH2CH2CH^ 

SCHEME X 

24 

Preparation of homo p-ke to-(/-lactone 2^ from 2-cyclo< 

hexenone 36̂  was done in exactly the same manner as the 

f 

I'll; 

XI 

•:}.. 



26 

p-keto-(/-lactone prepared from 2-cyclopentenone. 

Treatment of 2-cyclohexenone with the mixed alkyl copper 

reagent, yielded a 1,4 adduct which was alkylated with 

formaldehyde to give the corresponding 3-cis-ethoxy vinyl 

ethenyl 2-hydroxymethyl cyclohexanone. The acidification 

with 0.025 N HCl gave a p-ke to-(/-lactol which was oxidi-zed 

with Jones reagent to give the 'homo' p-keto-cf-lactone 2£ 

in 20 % yield. 

The purifiaction of 24 could be achieved by two 

methods: a) Preparative TLC from Whatman 80 A and 500 )x 

thickness plates were used with solvent mixtuire of 25 % 

petroleum ether and 75 % chloroform. The R« value of the 4'' 
•'• |T1| 

ketolactone was calculated to be 0.67. Further purifi- i| 

cation was done by crystalization from petroleum ether; I 

f'i b) Separation of the ketolactone was equally achieved -1 

by column chromatography on silica gel with gradient 

elution of petroleum ether and chloroform starting with 

100 % petroleum ether. The ketolactone eluted with 35 % 

petroleum ether and 65 % chloroform. 

Two stable isomers were observed by G-C/mass spec data 

and by proton NMR. Proton NMR shift experiment showed 

that cis isomer was the major isomer. 

Conclusion 

The aim of the present project, to design a short 

synthesis of the p-ke to-(/-lactone 21 ^o^ screening as 

anti-cancer agent, and also the development of a short 
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and general synthetic route to p-keto-cf-lactones, was 

achieved. The ability to obtain the lactone without 

purification clearly demonstrates that the 'one pot' 

reaction sequence is workable. 

Even though the reaction sequence was not optimized, 

the result of the present project is encouraging. The 

conditions for the 1,4-additions to c(,p-unsaturat^d . 

carbonyl compounds with the mixed cuprate 32 were esta

blished, as were conditions for alkylation of the resultant 

enclave ions with formaldehyde. V/ith all these conditions 

established, it will be easier for many other p-keto-(/-

lactones to be synthesized. 

At the time of this writing, samples of 21. ̂ ^^ £9. 

were being prepared for sending to N. C. I. for screening 

in anticancer tests. It is hoped that the test results 

will be positive. 

HM 



CHAPTER IV 

EXPERIMENTAL 

General 

All routine NMR spectra were run on a Varian EM-360 

spectrometer in CDCl^ solution. All the NMR chemical 

shifts are reported in d units from internal tetramethyl-

silane. Infrared spectral data were obtained on neat 

samples of NaCl plates with a Beckmann Acculab 8 spec

trometer. 

Separation was done with column chromatography on 60-

200 mesh chromatographic grade silica gel from Sargent 

V/elch Scientific Company. Gradient elution was commonly 

carried out with increasing ratios of ether in 30 to 60°C 

distilled petroleum ether. Ozone was generated with an 

;.(i 

n 
Orec ozonator from Ozone Research and Equipment Company. | 

* • ! 

All dry solvents were prepared by conventional distil- C 

lation and stored over molecular sieves. THF was distilled 

first from CaH^ and then sodium and benzophenone. An

hydrous methanol was prepared by distillation from 

calcium hydride. 

The usual work up of the reactions was carried out by 

organic - aqueous extraction. Extraction with the stated 

organic solvent implies the following: two or three 

extractions of the aqueous layer by that solvent, then 

two or three wasshings of the organic layer with saturated 

sodium chloride solution, and drying of the organic layer 

28 
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with anhydrous magnesium sulfate, filteration by water 

aspirator or gravity, and the removal of the solvent with 

a Buchi rotavapor - R with water aspirator vacuum of 

about 20 - 40 mmHg. 

Preparation of Cuprous n-pro-pyl 

acetylide^^(35) 

An aqueous ammonical solution of 29.075 g (0.153 mol) 

of cuprous iodide was poured with stirring into a solution 

of 10.00 g (0.147 mol) of 1-pentyne in 500 ml of ethanol. 

The reaction was allowed to proceed for 20 minutes at 

room temperature. The bright chartreuse precipitate was 

filtered off and washed five times with water, then 

ethanol, and finally with ether. A bright canary yellow 

solid, 33.55 g (85 % ) , was obtained and dried under 

vacuum. The solid was stored and used as needed. 

Generation of Monomeric Formaldehyde 

A three necked 250 ml round bottom flask was fitted with 

a rubber septum, a two holed rubber stopper and a glass 

stopper. Two 1/4 inch glass tubing were inserted through 

the two holed rubber stopper with one of the tubes 

inserted deep in the flask, to serve as gas inlet. The 

other glass tubing was connected to an oil manometer, and 

served as the out let for the gas. The inlet tube was 

connected to a 250 ml round bottom flask with side arm. 

The side arm was covered with a rubber septum and serves 

[Til 
,'S| 
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as the nitrogen inlet. About 10 g of paraformaldehyde was 

placed into the side armed flask and the system was cooled 

to -78 C and 60 ml of dry tetrahydrofuran was added via 

syringe. As the paraformaldehyde was heated (90°C), 

nitrogen rich formaldehyde was bubbled through the cooled 

flask and was trapped into the cold THF. The formaldehyde 

can be withdrawn and used as needed. 

Preparation of Cuprous n-propyl-
acexylide HMPT complex 

Exactly 2.169 g (16.56 mmol) of n-pentynyl copper was 

placed into a 100 ml round bottom flask. The flask was 

fitted with a rubber septum and a stirring bar. The flask -jM 

was flushed with nitrogen. About 6 ml (33.119) of HMPT 

was added and the mixture was stirred until all the copper 

compound was dissolved at room temperature. The color of 

the solution was greenish yellow. The mixture was syringed 

out from the flask to the carbonyl reaction flask. The 

addition should be dropwise since one portion addition or 

high flow rate addition will form a slurry substance at 

the bottom of the reaction flask. 

Preparation of 3-Cis-ethoxy vinyl ethenyl 

2-hydroxymethyl cyclopentanone (28) 

In a 250 ml round bottom flask flushed with nitrogen 

and fitted with a rubber septum and a stirring bar was 

placed 5.635 g (15.62 mmol) of cis-tri-n-butyl stannyl 

ethoxy ethene and 50 ml of dry THF. The mixture was 
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cooled at -78°C and 1.1 equivalent^^ of n-BuLi, 10.7 ml 

(17.18 mmol) from 1.6 M n-BuLi, in hexane was added 

dropwise, via syringe, over 8 minutes. The mixture was 

stirred for one and a half hour at -78°C. All the cuprous 

n-propylacetylide-HMPT complex prepared above was added 

dropwise (the rate of addition is unimportant) via syringe. 

The color of the mixture was stirred for one and a half 

hour at -78°C. 

2-cyclopentenone (aldrich) 1.219 g (14.85 mmol, 0.96 

eqeiv) in 8 ml of dry THF was added slowly, dropwise over 

15 minutes. This step is very crucial since cyclopentenone 
2"^a anions tend to self condense '̂  in basic media. The 

mixture was stirred for one and half hour at -78°C and 

40 minutes at -40°C, (this temperature was maintained 

by placing small pieces of dry ice in acetone and 

monitoring the temperature). The mixture was cooled to 

-78°C and stirred for 10 minutes. A solution of monomeric 

formaldehyde in THF 50 ml, prepared as above, was injected 

into the reaction mixture (not dropwise since repolymeri-

zation is fast once taken out from the cooled flask). The 

mixture was stirred at -78°C for 40 minutes and -40°C for 

20 minutes. The reaction was then quenched with 20 ml of 

saturated aqueous ammonium chloride while at -40°C^. 

Extraction was done with ether and the aqueous layer 

washed twice with ether. The combined ether layer were 

washed with 2 % v/v H2SO. and neutralized with saturated 
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aqueous sodium bicarbonate and finally dried over 

anhydrous magnesium sulfate. 

The crude product showed NMR peak at cf 5.90 (d, J=6, 

1H); 4.2 (dd, 1H); 3.65 (q, 2H) and large complex absorp

tion in the cf 1-3.0 region, due primarily to tetrabutyl 

tin. 

Preparation of B-keto-(/-lactol (-29) 

The crude products, prepared above, was placed in a 

100 ml round bottom flask fitted with a stirring bar. A 
22 

0.025 N HCl in 4:1 v/v methanol water solution, 30 ml, 

was added to the flask and the mixture was stirred at 

room temperature for 2 hours. The extraction was done 

with ether and the ether layer was washed with 5 % NaHCO, 

and dried over MgSO.. The solvent was removed by tota-

vapor - R to give a crude product which showed a 

characteristic peak at 3.89 (d, J = 7, 2H) by NMR. 

Preparation of g-keto-cf-lactone (14) 

The crude product from the above reaction was placed 

into a 100 ml round bottom flask with a stirring bar. 

Distilled acetone, 30 ml, was poured into the flask. 

The mixture was stirred at room temperature for 5 minutes. 

The mixture was oxidized by titrating with Jones reagent 

(8 N chromic acid) until the orange color persisted in 

the green mixture during a period of 30 minutes. 

The crude product was extracted with ether and the 

-4 
'1] 

X 
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ether layer washed with saturated sodium chloride 

solution and dried over magnesium sulfate. Purification 

was done by column chromatography on 60 - 400 mesh silica 

gel with elution of petroleum ether chloroform mixture 

starting with pure petroleum ether. The first fraction 

that elutes at 100 % petroleum ether is the tetrabutyl tin, 

and the p-keto-cf-lactone elutes at 25 % petoleum ether 

and 75 % chloroform. 

NI'Li (CDCl^) d-units. 3.80 (d, J = 6, 2H); 3.60 (m, 1H); 

2.20 (m, 4H); 1.80 (m, 4H). 

-1 IR (cm"') 2932 (C-H); 1712 (C = O). 

fill 
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PART II 

STUDIES TOWARD A SYNTHESIS OF PHYTUBERIN 
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CHAPTER V 

INTRODUCTION 

Fhytuberine, i^, is a sesquiterpene, which was first 

isolated by J. L. Varne et al.̂ '̂  from potato tubers 

infested with fungus, Phytophthora infestans. The compound 

was characterized by its unique tetrahydrofuranofuran 
28 

structure. This compound is interesting to synthetic 

chemists not only because of its biological importance 

but equally because of its challenging structure, which 

contains three fused rings and four chiral centers. 

40 

OC-CH. 
II 
0 

•il 

Phytuberin's biological importance lies in its toxic 

properties. The fungus is important in rotting of potato 

tubers and thus, phytuberin could be accidentally 

injested. No detailed studies of the other possible 

biological activity have appeared, and its mode of 

action is currently unknown. Synthetic work on natural 

products with biological activity often focuses attention 

on the structures of the molecules, and thus encourages 

further biological work by those more qualified to do 

35 
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such studies. 

Phytuberin is of substantial interest to organic 

chemists as a synthetic target because of its ring fusion 

and its rigid stereochemistry. 

The key six membered ring has three chiral centers and 

five substituents on it. The isopropyl acetate side chain 

should be easy to produce by any of a number of methods. 

However, the fused tetrahydrofuran ring, and more 

importantly, the unsaturated dihydrofuran ring, provide 

much more challenge to synthesize. A disadvantage of this 

structure is that the dihydrofuran ring is also an enol 

ether, and thus is very acid-sensitive. On the other 

hand, an advantage is that the rigid three dimensional 

molecule can be formed only with the right stereochemis

try as other possibilities will not allow ring closure 

reactions. . • -

For these reasons, a short synthesis of phytuberin 

was undertaken. This section of this thesis will describe 

work toward this goal. 

*1 
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Previous Syntheses of Phytuberin 

There have been at least four total syntheses of 

,29 phytuberin reported during the past decade. The first 

was a seven-step synthesis from (-)-2-carone, 52, (Scheme 

XI). 

51 
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H2/Pd/C^ 

)t0H 

59 

58 
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Basic workup 
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AC2O, Et^N 
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amino pyridine. 
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^he first step is the regiospecific formation of the 

enolate 52. The alkylation of this enolate with 

chloromethyl benzyl ether preceded smoothly. The 

crucial step was the reaction of p-lithioacrylate 

derivative 55 with 54. The two stereoisomers, 56 and 

57, were formed from this reaction in a 12:88 ratio. 

The desired compound 56 was the minor product. 

The alcohol was liberated by the treatment of 5^ with 

H2» using 10% Pdon carbon catalyst in 95% ethanol. 

When 56 was allowed to stand on basic alumina for 

one hour and then eluted with 50% ether- hexane, 

deactyphytuberin lactone, 59, was obtained. If 

56 was treated with 3.5 equivalent of DIBAL-H and 

a basic (NaOH) workup, deacetylphytuberin was obtained. 

Acetylation of the hydroxy compound with acetic 

anhydride and triethylamine with a catalytic amount 

of 4-N,N-dimethylaminopyridine gave phytuberin, 40. 

"50 The second reported total synthesis of 

phytuberin was from (-) carvone, 60. The outline of 

the synthesis is shown in Scheme XIJ, Alkylation of 

the lithium enolate of 60_ was achieved with formaldehyde 

to produce 6Ĵ . Ethynylation of 6̂  with lithium 

acetylide in THF gave^ :upon acetylation with acetic 

an hydride/pyridine, 62. Compound 62 was then treated 

with mercury sulfate to give 63. Treatment of 6^ with 

I 
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lithium ethoxyacetylide gave 64. Hydration of 64 

using dilute methanolic oxalic acid gave 6̂ , which 

was cyclized to 66. Subsequent treatment of 66 with 

m-chloroperbenzoic acid produced epoxide 67, which 

was reduced to 68_ (R = H) with lithium aluminium 

hydride, LiAlH.. Finally, the diacetate 68b, was 

converted to phytuberin, 40, by pyrolysis in a sealed 

tube , 
31 

The next iinportant synthesis was reported by 

Yoshikoshi. This synthesis is of special interest 

to the present work because it utilized the same 

starting material, elemol, 46. The sjmthesis is 

summarized in Scheme XIII. 

Their first step was to convert elemol, 46. into 

69 by sequence which began with ozone, followed by 

acetyl chloride. Since the ozonolysis was not 

complete, the total product was treated further 

with osmium tetroxide, then sodium periodate, and 

finally sodium hydroxide. A hydroxyl group was then 

introduced with oxygen and sodium hydride to form the 

e6-hydroxy-ketone 70. Treatment of 70 with the 

dianion of acetic acid in HMPT and an acidic workup 

gave the hydroxy acid corresponding to the lactone 71a. 

Subsequent acetylation gave 71b. The diol, 72, was 

formed with osmium tetroxide. Treatment of 72 with 

4 ' 

n\ 
<\ 
>i 
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Reagents 

i 0^, Me2S; ii MeUCCl, PhNEt2; iii NalO^, OsO^; 

iv NaOH, MeOH; v O2, NaH, (MeO),P, NN-dimethyl-

formamide/t-BuOH; vi LiCH2C02Li, HMPT, MeOCH2CH20Me; 

vii Ĥ O"̂ ; viii OsO,, Pyridine; ix DBU, PhH; 

X Pb(OAc)^, PhH; xi NaBH., EtOH; xii p-MeCgH^S02Cl, 

pyridine; xiii NaBH,CN, HMPT; xiv Li, Li.q NH,, t-BuOH. 

1,5-diazabicyclo (5.4.0) undec-5-ene (DBU) effected the 

elimination of ". "the acetic acid to give the diol 73. 

Subjection of 73 to lead acetate, Pb(OAc)., oxidized it to 

the corresponding dialdehyde and subsequent reduction with 

sodium borohydride (NaBH.) gave 74a. Treatment of 74a 

with p-toluene sulfonyl chloride gave the corresponding 

sulfonate 74b, which was transformed to the cyclopropane 

derivative 75 with NaBH^CN. Li in liquid ammonia 

reduction gave 76a which was acetylated to the lactone 

76b. Further reduction with LiAlH. of 76b and pyrolysis 

of the product, gave phytuberin, 40. 

The synthesis is lengthy and complex. It is the 

goal of the present project to obtain phytuberin from 

the same starting material, elemol, in six efficient 

steps. 

The foxirth^ reported synthesis of phytuberin is 

shown in Scheme XIV. This started with (+)-fl(-cyperone, 

93, which was in turn prepared from (-) carvone. The 



43 

Reagents 

i 0^, Me2S; ii MeCOCl, PhNEt2; iii NalO., OsO^; 

iv NaOH, MeOH; v O2, NaH, (MeO)^P, NN-dimethyl-

formamide/t-BuOH; vi LiCH2C02Li, HMPT, MeOCH2CH20Me; 

vii Ĥ O"̂ ; viii OsO^, Pyridine; ix DBU, PhH; 

X Pb(OAc)^, PhH; xi NaBH,, EtOH; xii p-MeCgH^S02Cl, 

pyridine; xiii NaBH^CN, HMPT; xiv Li, Liq NH^, t-BuOH. 

1,5-diazabicyclo (5.4.0) undec-5-ene (DBU) effected the 

elimination of '. the acetic acid to give the diol 73. 

Subjection of 73 to lead acetate, Pb(OAc)., oxidized it to 

the corresponding dialdehyde and subsequent reduction with 

sodium borohydride (NaBH.) gave 74a. Treatment of 74a 

with p-toluene sulfonyl chloride gave the corresponding 

sulfonate 74b, which was transformed to the cyclopropane 

derivative 75 with NaBH^CN. Li in liquid ammonia 

reduction gave 76a which was acetylated to the lactone 

76b. Further reduction with LiAlH. of 76b and pyrolysis 

of the product, gave phytuberin, 40. 

The synthesis is lengthy and complex. It is the 

goal of the present project to obtain phytuberin from 

the same starting material, elemol, in six efficient 

steps. 
"52 The fourth reported synthesis of phytuberin is 

shown in Scheme XIV. This started with (+)-fl(-cyperone, 

93, which was in turn prepared from (-) carvone. The 
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reaction of 93 with lithium diisopropylamide (LDA) 

in tetrahydrofuran and then with molybdenum peroxide 

complex to give ^ . This was in turn, converted into the 

tert-butyldimethylsilyl ether 95̂ . Treatment of 95 with 

lithium tri-secbutylborohydride gave % . Oxidation of 

96 with tert-butyl hydroperoxide in the presence of bis 

(acatylacetonate) oxo vanadium (IV) gave the 4^,5j3-epoxy-

3p-ol 97^ which was then converted into the 3^-mesylate 98. 

Epoxide 98_ was submitted to Birch reduction where it 

underwent reductive elimination to 99.. Desilylation of 

this product gave 100 which was oxidized with manganese 

dioxide to 101. 

Oxidation of 101 by the Vedejs procedure (LDA and 

MoOPH in THF) gave the 1^,5p-diol 102, Conversion of 

102 into the epoxide 103 was achieved with m-chloro

perbenzoic acid in heterogeneous mixture of 5% aqueous 

sodium bicarbonate and dichloromethane. Subsequent 

reduction of 103 with lithium aluminium hydride gave 104. 

Oxidative cleavage of the diol 221 î'tl̂  lead tetraacetate 

gave 105. Treatment of 105 with diisobutylaluminium 

hydride in DME effected the reduction of the two 

carbonyl groups followed by cyclization, affording the 

hydrofuran alcohol V[2- Finally, acetylation with acetic 

anhydride and 4-N,N-dimethylamino pyridine gave 

phytuberin, 40̂ . 
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AS we can see from the above syntheses, all are 

very lengthy and complex. It is our aim to reduce this 

complexity and obtain a synthesis of phytuberin in six 

steps. 
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AS we can see from the above syntheses, all are 

very lengthy and complex. It is our aim to reduce this 

complexity and obtain a synthesis of phytuberin in six 

steps. 
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CHAPTER VI 

RESULTS AND DISCUSSION 

Proposed Synthesis of Phytuberin 

The proposed synthesis of phytuberin is shown in the 

retrosynthesis sense in Scheme XV. 

40 
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The key step in the proposed synthesis is the last 

one, which is shown configurationally in Scheme ZYI. 

This step forms both rings B and C and gives only the 

correct stereochemistry. The oxy-anion in B is proposed 

to add to the unsaturated aldehyde function, generating 

an enolate anion C, which effect backside attack on the 

bromine, closing the last ring and giving phytuberin 

directly. 

SCHEME XVI 

There are two possible isomers resulting from the 

addition of the oxy-anion to the unsaturated aldehyde, 

enolates A and C. The prediction is that C will undergo 

the backside S„2 displacement, but since A cannot do 
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this, it will simply reverse to S. This would mean 

that no other cyclized product besides phytuberin should 

result. 

If this mode of cyclization should occur, .it is clear 

that the geometry around the double bond in the unsaturated 

aldehyde is of no consequence, but the stereochemistry 

of the bromine atom is crucial. 

In the bromination step, both the regiospecificity 

and stereospecificity are important. The use of 

ly-bromosuccinimide (NBS), or similar oxidant was proposed. 

This reagent should brominate specifically at the allylic 

position in 42. Three products of allylic bromination 

are possible, 4_[, 47, ^8, (Scheme XVII). 

42 

OHC 
47 

NBS V 

CCl. 

OAC 

OHG 
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The desired isomer, 42, should be the major 

product. Substitution of the tertiary hydrogen over a 

methyl hydrogen is usually substantially favored, since 

the tertiary ladical intermediate is more stablized 

than the primary one. The desired af-bromo product, 41̂ , 

should be favored over the :p-bromo product, 47, since 

the axial methyl group at the adjacent position should 

direct the incoming bromine trans to it. 

One possible complication is-that oxidation of 

zhe aldehyde may be .easier than the allylic bromination. 

A number of methods to protect the aldehyde and/or to 

use other allylic oxidants were considered to overcome 

possible problems. These will not be discussed here. 

It was anticipated that simpler model compounds might 

be used initially to develop reaction conditions for 

the desired transformation. 

The formation of the unsaturated aldehyde 42 

(Scheme XVIII) was proposed to be accomplished by a 

condensation between the keto alcohol 43, and some 

reagent which delivers the equivalent of acetaldehyde 

enolate anion 49. 

" '"CH2-CH=0" 

49 
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It 6r CH2-CH=0" 

43 
OHC 

42 

SCHEME XVIII 

Anion 49 cannot be generated directly from any reaction 

between acetaldehyde and base. Any attempt to carry out 

a crossed aldol condensation with 49, gives only acetalde

hyde aidol conddensation products. A number of alternative 

means to carry out this reaction without actually generat

ing 49 were considered. These will be discussed later. 

The next problem to be considered was the selective 

reduction of the keto aldehyde 44 to keto alcohol 43,. 

Many compounds can reduce aldehydes in the presence of 

ketones, since aldehydes are normally more reactive. 

However, in ^ , the aldehyde is more sterically 

hindered (a neopentyl system) than the ketone and its 

reactivity is expected to be reduced, thus making this 

reduction extraordinarily difficult and more challenging 

than usual. Also, the functional groups are in close 

proximity so that neighboring group interaction may 

complicate the reaction. 

The oxidation of 45 to J4 with ozone is another crucial 

transformation. The two double bonds in 4£ are sterically 
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hindered and the formation of side products, such as 

epoxides, could compete with the cleavage. Although 

this reaction is used' in the synthesis from elemol^ 

by Yoshikoshi, no experimental conditions, side products, 

or yields are mentioned. 

The acetylation of elemol, 46, to the acetate ^ , 

appears straightfoward. Yet, the hydroxy function in 

46 is tertiary, so that forcing conditions are required 

for esterification. Dehydration could vompete with the 

esterification reaction. 

It is important to note that possible side reactions 

to several steps of the synthesis were considered. 

Carefully controlled experimental conditions should be 

able to eradicate some of these problems. The short 

length of the proposed route means that every step which 

is carried out successfully brings the entire project 

much closer to its final goal. 

Synthetic Studies 

One important key to success of any mulyistep synthesis 

is a wise choice of starting materials. Elemol, 46, is 

the choice of the present synthesis. The choice was 

based on three criteria: a) availability of the compound, 

b) the cost of the compound, and c) the stereochemical 

similarity of the compound to the final product 

phytuberin, 40. 



54 

Elemol is easily obtained from citronella oil, which 

is used commercially as a mosquito repellant. Simple 

distillation and subsequent spinning band distillation 

gave the elemol in greater than 99 % purity in about 

30 % total yield from the citronella oil. 

The next step is to acetylate the hydroxy function to 

obtain elemol acetate, 45. This is a standard classical 

reaction and many reagents are available for the trans

formation. Acetic anhydride and sodium acetate were 

used in the present project beacuse of the simplicity 

of the work up. Alsb, the reaction goes to completion, 

giving 98 % yield of the isolation product. Controlled 

reactions are essential to avoid the competing eliminative 

side reaction which can be the major product at high 

temperature ^^ (Scheme XIX). 

The next step in the proposed synthesis is the 

oxidative cleavage of the double bonds in elemol acetate, 

45, to produce the keto aldehyde derivative 44. There 

are three major reagents one might considered for this 

cleavage. A catalytic amount of potassium permanganete^ 

has been used to effect olefin hydroxylation, and the 

glycol is then cleaved by reaction with periodate (Scheme 

XX). The permanganete is continuously regenerated by the 

oxidizing action of periodate. 

Another reagent for the oxidative cleavage of the 

35 olefins is osmium tetroxide, used in the combination 
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with sodium periodate. This method of oxidative cleavage 

has been used in much synthetic work. The only drawbacks 

are the toxicity of the osmium tetroxide and the fact that 

the reaction may block by steric hindrance. 
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Ozone is another reagent that can effect the oxidative 

cleavage of oleiins.^^ This reagent has been a degrada-

tive tool for several decades and finds substantial use 

in synthesis. Recent years have seen the application of 

low temperature and spectroscopic techniques to the study 

of the rather unstable species that are intermediates in 

the ozonolysis process. 

Ozone appeared to be the best choice for the trans

formation for several reasons: a) it is the only reagent 

that offers an easy, clean workup, b) it is also less 

toxic, since the excess ozone can be trapped by sodium 

iodide in acetone, c) it is the cheapest reagent, and 

finnally, d) it is very reactive, and thus might best 

react with the sterically hindered double bonds in elemol. 

The use of low temperature also appeared to be an 

advantage, since the transformation could be carried out 

without further rearrangement of degradation of the product. 

Ozonolysis of elemol acetate was reported^ by Thomas 

et al. They observed that the ozpnolysis was Complex. 

The keto aldehyde product was obtained from their experi

ment after prolonged ozonolysis. Non trival amounts of 

the partially oxidized products were also obtained from 

their ozonolysis reaction and this is consistent with 

our observation. 

It was observed from the present project that the 

ozonolysis did not go to completion regardless of the 
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amount of ozone used and the duration of the reaction. It 

was also observed that the ratio of the keto aldehyde 44 

compared to epoxide products increases with the increase 

of the ozone and the time of the reaction. 

Ozonolysis of elemol acetate was carried out initially 

in several different solvents. The best solvent found was 

dry methanol. Even at -78°C, the reaction proved to be 

very complex. It was observed that at least four compounds 

TL* 1§» 12> ^^^ 1̂ > ^®^^ produced. Scheme XXV. All the 

assignment were based on NMR information. Compound 46 

was the major product, as judged from the aldehyde-epoxide 

ratio from the NMR spectrum. The ratio of 46 increases 

when the oxygen flow rate was carefully controlled and 

the reaction was allowed to proceed for at least 2 hours. 

CAc 
/ \CAc 

45 
H 

^^ -̂4^ 

/ OAc 

77 

H 
46 H 

CAc 

SCHEME XXI 
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Th3 elemol acetate reacted slowly and cleanly with ozone 

This is presumably due to the steric hindrance around 

the double bonds. The normal mechanism for ozonolysis 

is shown in Scheme XXII. The production of the epoxides 

77, 78, and 79, is indicative that a second mechanism is 

competing with the normal ozonolysis mechanism. 

c = C + 0, 

C"̂ -0-0 

\ = ĉ  

^0 = 0: 
•I-

\ 
.G =0 <r 

: 0 : 
\ 

•0* 

• 

0 

CH^OH 

OCH, Me2S 

OOH 
^ C =0 + CH^OH + (CH^)2S0 

SCHEME XXII 
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The epoxy compounds are presumably formed by the 

reaction mechanism suggested by Bailey-̂ "̂  and Hurray;-̂ ® 

These authors suggested that in the ozonolysis of 

hindered olefins^ the ozone molecule cannot approach 

close enough to both of the carbon atoms of the double 

bonds to form the molozonide intermediate. Instead, 

a charge is developed on the carbon and the oxygen 

a~oms (zwitterion intermediate), Scheme XXIII. 

This separation of charges in the intermediate leads 

to side products, such as epoxides and rearranged 

aldehydes. 

a) )c=C-" > O3 > ^ \ « / \ 

\ 

^ - 0 . 0 

or .̂.C - Ci^ > ^ \, 2 

•-0. 

b) Vf.̂ /.H ? \ H . I H 
H 

SCHEME XXIII 

file:///h.Ih
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Partial separation of the products 46̂ , 71, 78, and 79, 

was achieved by column chromatography on silica gel. The 

first product that eluted with 5% ether was the diepoxide, 

followed by the keto aldehyde product with 10 % ether. 

The other epoxides (the keto-epoxy 78, and the epoxy-

aldehyde 721 eluted with 50 % ether. It was observed that 

the keto-aldehyde 46 was contaminated with some of the 

epoxides and this made the separation difficuly. However, 

fractions were obtained that were essentially pure keto 

aldehyde, 46. 

Some work was done to find out a method to utilize the 

unwanted epoxy products in the synthesis. Attempts were 

made to convert the epoxy products to keto aldehyde 4^. 

This type of conversion is normally done by either acid or 

base catalyzed epoxy ring opening to give a diol and 

subsequent cleavage of the diol with sodium periodate 

Scheme XXIV. 

O HO OH 

C - C + NaOH f C - C i-> 

c = o + c = o 
/ / 

SCHEME XXIV 

The initial attempts was to use a mixture of sodium 

hydroxide and sodium periodate to induce the epoxide ring 

opening and cleave the resultant diol in situ. According 
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to NI>"iR spectra from various attempts, some aldehyde was 

being formed, but the major type of product was recovered 

epoxide. Use of more vigorous reaction conditions caused 

the aldehyde to be destroyed, possibly via aldol reactions. 

The second attempt was to use periodic acid-̂ ^ as the 

reagent both for the epoxide ring opening and cleavage. 

Iz was observed that the transformation went as desired 

but approximately 50 % unreacted epoxy products remained. 

This reaction was not optimized and seems to have the 

potential for further work, in order to make the cleavage 

of elemol acetate a satisfactory synthetic tranformation 

After obtaining the keto aldehyde 4§ fairly pure, the 

next step was to perform a selective reduction of the 

aldehyde group to produce the keto alcohol 47. This 

proved to be one of the most challenging step in the 

synthesis. The ketone function is in close proximity to 

the aldehyde group and this complicated all the attempts 

to effects selective reduction of the aldehyde. Many 

reagents were investigated to carry out this selective 

reduction. None were found that were completely satis

factory. 

The initial attempt was to take advantage of the kinetic 

factor in the reduction of aldehydes over ketones with 

sodium borohydride.^ It was observed by Brown that the 

reduction of aldehydes take place about 5 - 1 0 times 

faster than ketones under the same reaction conditions in 
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isopropanel at 0 C. Several attempts to use this kinetic 

factor in the present project failed. It was observed in 

the project that the aldehyde group was being reduced- at 

the same rate as the ketone group. 

The second attempt to induce the selective reduction 

was carried out with B-isoamyl-9-borabicyclo(3.3.1.)nonane 
41 / 

nonane. (B-siamyl-9-BBN). Midland claimed that this 

reagent selectively reduces aldehydes in the presence of 

unhindered ketones Scheme XXV. 

!^f^BCH(CH^)CH(CH )^ + RCHO ^/T^BOCK^R + 

(CH3)2C=CHCH^ 

/TN. H2NCH CH^OH / 7 \ / O — , 
(( BOCH_R = ^-^ I B'̂  + RCH^OH 

I 
SCHEME XXV 

«2 

It was observed in the present project that the reagent 

did not discriminate between the aldehyde and the ketone 

functionalities. Monitoring the reaction with time showed 

that both the functional groups were being reduced at the 

same rate. 

The third attempt was the use of 9-borabicyclo(3.3.1) 

nonane-pyridine complex (Scheme XXVI). Even through this 

reagent has been used in many reductions, it also did not 

effect the selective reduction of the keto aldehyde 44. 
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( ^ < " " > ^ . 

^h'' 

t 
'̂̂ CH20H 

t 

RCHO 

HOCH2CH2NH2 ( ^ . 

Ether 0 C 

OCR R 

SCHEME XXVI 

In all these reactions, some of the desired keto 

alcohol 43 is formed, of course. Various experiments were 

carried out to isolate the keto alcohol from the mixture 

by chromatography. It was found that the separation of 

the keto alcohol 43 from the diol and the starting keto 

aldehyde 4£ was not practical. Fractions were obtained 

that were substantially enriched in the desired compound 

43, but conditions to get the pure compound (even in low 

yield) were not found. 

Other selective reducing agents need to be tried on the 

keto aldehyde 44. Some of the likely candidates are: 

a) Lithium tris ((3-ethyl-3-pentyl) oxy) aluminium 

hydride.^^ 
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b) Lithium borohydride absorbed on molecular 

sieve zeolites of type A and X.^^ 

c) Ethylmagnesium borohydride formic acid complex. -̂  

It is crucial to have this keto alcohol 4^ fairly 

pure before carrying out the next step, an aldol type 

reaction. This is because the next synthetic step is 

likely to be very sensitive to impurities. 

In the attempts to selectively reduce the aldehyde 

group of 44 in the presence of the ketone functionality, 

zhe diol 106 resulted by the reduction of both groups. 

It was then of interest to convert this diol into the keto 

alcohol 45 by selective oxidation of the secondary 

alcohol group. A promosing reagent that might achieve 

this transformation is eerie ammonium nitrate (CAN) -

46 sodium bromate complex. This complex has been used to 

oxidize selectively secondary alcohol in the presence of 

the primary ones. 

The complex was tried on the diol 106. It was 

obse2r7ed that the reaction produced lactol 222 in high 

yield (Scheme XXVII). The mechanism of this transforma

tion is not known, but probably involves neighboring 

group interaction. 

CH^NH2 

0^^ + CAN.NaBrO^-—^ 

106 

SCHEME XXVII 

CAc 
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The :ibove result was obtained at the end of the time 

alloted to this project. Compound W/ is a hemiketal 

form of the desired keto alcohol 43, and should react 

with acetaldehyde enolate equivqlents the same as 4^ would. 

This was not investigated for lack of time. 

While work was progressing to try to get a pure sample 

of keto alcohol 43, the projected remaining steps in the 

synthesis were studied in simpler model systems. It was 

hoped to be able to work out reasonable reaction conditions 

that could be applied to keto alcohol 43. and the compounds 

to be made 
C 
II 

R-C-R* + 

H2O 

from it 

/ 

Li 

81 

N 
T 

. 

.H ^ THE 

^0CH2CH, -78°C 

R' H H 

R - C- C = c - OEt 
OH 

R»H H 
I 1 • 

R-C-C=C-OEt 
0 

H^O^ 
83 

84 

R' H H 

R - C = C - C-= 0 

85 
SCHEME XXVIII 

The first transformation was the indirect aldol 
21 

condensation. Ethoxy vinyl lithium appeared to be 

superior reagent to carry out this transformation; 
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effectively. This reagent is known to extend carbonyl 

compounds by two carbons, forming a^,:p-unsaturated aldehydes 

after hydrolysis.(Scheme XXVIII). 

Ethoxy vinyl lithium can be prepared as shown in Scheme 

XXIX. Addition of tri-n-butyl tin hydride ' to ethoxy 

acetylene gives cis-2-tributyl stannyl. ethoxy ethene ^ . 

H H 
H - C = C - OCK CH^ + Bu^SnH \ ^ = Ĝ  

2 5 3 / \E-
Bu^Sn 

80 
,-i:Ui.l n 

/ 

Li 

_̂ 

81 

H 

\ , 
1 OCH^CH-

SCHEME XXIX 

Synthesis of 80 was modified from the literature 

description. The reaction did not proceed at 25°C during 

one hour as stated. It was observed that a longer reaction 

time was required for the conversion. It took 48 hours 

at 60°C for the reaction to reach completion. The 

brownish crude product was distilled to obtain a light 

yellowish product, ̂ , in 95 % yield. 

Treatment of cis-n-tributyl stannyl ethoxy ethene 80 

with n-butyl lithium at -78°C gives ethoxy vinyl lithium. 

This compound retains the cis configuration around the 

double bond. 
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After the ethoxy vinyl lithium was successfully made, 

its practicality in the desired sequence was tested on 

four compounds.(Scheme :LVA). It was observed that the 

pseudo-aldol condensation went smoothly as expected. Each 

of the carbonyl compounds in Scheme XXX gave an a, be 

0(,p-unsaturated aldehyde after reacting with 8_[ and acid 

hydrolysis. 

f 3 f 3 
CH^-OH-CHO CH^CHC0CH2CH^ 

89 88 

-CHO =0 

87 86 

SCHEME XXX 

The major practical problem encountered in these 

reactions was the separations of the tetrabutyl tin that 

was generated. Complete separation was achieved only by 

silica gel column chromatography with long column. 

The next step in the synthesis is the allylic bromi

nation adjacent to the unsaturated aldehyde in 42. Since 

42 was not obtained from the synthesis, a model compound 

was synthesized by the treatment of ̂ 88_ with ethoxy vinyl 

lithium to give 4-methyl-3-ethyl-2-pentenal, 90, Scheme 

XXXI 
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' in ^5i " CH3CH-p=CE-CH0 
I 2 0^ t. ̂ +̂ CH 

38 

CH3 2) H30^ ^ 2 

90 

This compound has a methine and methylene hydrogens in 

allylic positions, and thus, has a close resemblance to 

42, which has a methine and methyl hydrogens in allylic 

positions. 

The bromination of compound 90, Scheme XXXII with 

N-bromo succinimide in refluxing CCl. with AIBN catalysis 

should give 92 in good yield as the major product and 

92 and 108 as minor products. This is expected since the 

tertiary radical intermediate that resulted in the b 

bromination is more stable than the secondary radical that 

gave 92. Unfortunately, oxidation of the aldehyde group 

v/as faster than allylic bromination and only acids were 

obtained. Thus, the reaction appears to be favorable for 

oxidation at the desired allylic position in 42, but the 

oxidation problem must be solved. Presumably, use of 

some protecting group could do this. 

The final proposed step was not studied, since it was 

not possible to obtain an equivalent model for this 

reaction. The reaction was to 'zip up' the three rings 

of phytuberin 40 together from 42- with sodium hydroxide. 
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CH.-S-O = OH-CHO ""^^^""'h V CH L-C=CH-CHO ^ 

I 1 
'-̂'3 CH3 

90 91 

?^3 
\-/ Ĥ C:-:-C=CH-CCOH + CH,-CH-C=CH-GHC 

CH2 G^^r 

^̂ 3̂ CH, 

1CS. 92 

SCHEME XXXII 

The present project was terminated at this point for 

lack of time. The other project-described in this thesis 

synthesis of keto-d-lactones related to sarkomycin, 

seemed to be much more likely to yield success in a 

reasonable period, and was pursued instead. 

Conclusion 

The goal of the present experiment was to investigate 

a short efficient synthesis of phytuberin from the 

readily available compound, elemol. The proposed 

route was only six steps in length. The first step, 

formation of elemol acetate, was carried out quantitative' 
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ly. The ozonolysis of elemol acetate did not proceed 

in a high yield due to competing epoxide formation, 

though the way appears to be open to recycle the epoxide 

'̂ ia periodic acid cleavage. 

Eor selective reduction of the aldehyde group in 44., 

good reaction conditions without reducing the ketone 

were not found. However, complete reduction to the diol 

106 and selective reoxidation to the hemiketal 222 appears 

to be a solution to the problem. 

The next step in the synthesis, the aldol type conden

sation to form the unsaturated aldehyde 42, was not 

carried out, but the conditions for the step were worked 

out in simpler model compounds. Some work was also 

done in model compounds for the next step, an allylic 

bromination adjacent to the unsaturated aldehyde group., 

Although the synthesis was not completed before 

shifting the goal to the synthesis of ketolactone analogs 

of sarkomycin, the utilization of the hemiketal compound 

107 as a key intermediate, and the finding of a method 

to brominate in the allylic position in £2 without 

oxidation of the aldehyde group, should allow a successful 

completion of the synthesis. 



CHAPTER VII 

EXPERIMENTAL 

Purification of Elemol(46) 

Elemol was purified from citronella oil by vacuum 

distillation and subsequent spinning band distillation. 

Citronella,oil^ (500 g), was placed in a- 1000 ml round 

bottom flask connected to a distillation head, 

containing a short vacuum-jacketed Vigreaux column, 

which was in turn connected to a vacuum pump. Elemol 

was collected by slow distillation between 97°C to 115^0 

at 0.50 mm Hg. About 200 g of the crude elemol was 

collected (about 40 % of the citronella oil used). 

This crude product was sujected to spinning band 

distillation. This gave 150 g (30 %) of elemol, 

boiling point 90° to 93°C (0.50 mm Hg) The purity was 

estimated from NMR data to be about 99 %• 

NMR (CDCl^) ^ 5.80 (dd J = 18 and 9, 1H); 

4.45 to 5.00 (complex, 4H); 1.75 (s, 3H); 

1.1 (s, 6H); 1.0 (s, 3H). 

IR (cm"'') 3500 - 3300 (w OH); 2900 (w, C-H); 

1650 (s, C=C). 

The NMR and IR spectra are reported in the appendix, 

î ig. 1 and 2, respectively. 

Preparation Of Elemol Acetate(45) 

Elemol, 46,'(5.0 g, 22.52,mmol) was placed into a 

71 
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clean, dried 100 ml round bottom flask fitted with a 

stirring bar and a reflux condenser which was connected 

to a calcium chloride drying tube. Acetic anhydride, 

(2.30 g, 22.53 mmol) was added to the reaction flask, 

followed by 1.848 g (22.52 mmol) of freshly oven-dried 

(72 hours at 140°C) sodium acetate. The mixture was 

stirred at 105°C for 48 hours. Higher temperature was 

avoided since in one run, at reflux, substantial amount 

of acetate elimination had occured. A yellowish, brown 

solid was formed after the reaction was allowed to cool 

to room temperature. Water was added, the mixture was 

extracted with three portions of ether, the ether layer 

washed six times with water and poured into 100 ml 

saturated solution of sodium bicarbonate. The mixture 

was allowed to stand for about two hours, then extracted 

well with ether and dried over anhydrous magnesium 

sulfate. The crude product was purified by column 

chromatography with gradient elution. Eluting with 5 % 

ether in petroleum ether gave 5.810 g (22.01 mmol) 

98 % of elemol acetate. 

NMR (CDCl^) cT 5.85 (dd, J = 18 and 9, 1H); 4.45 to 5.0 

(complex, 4H); 2.0 (s, 3H); 1.75 (s, 3H) 

1.1 (s, 6H); 1.0 (s, 3H). 

IR (cm"b 2900 (w, C-H); 1750 (s, 0=0); 1650 (s, C=C). 
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Preparation of Keto aldehyde (44) 

A solution of 1.500 g (5.682 mmol) of elemol 

acetate in 15 ml of dried methanol was placed in a gas 

dispersion tube containing a sintered glass frit. The 

tube was cooled to -78°C and ozone, generated from 

passing oxygen to the ozonator, was passed through the 

tube until an acetone solution of sodium iodide turned 

brown, indicating that excess ozone was present. This 

reqiured about 2 hours. 

The reaction fla^k was.flushed with nitrogen to , 

remove excess ozone. Dimethyl sulfide (5 jil) was added 

in one portion as the reaction mixture was stirred at 

-78 C. The mixture was gradually warmed to room 

temperature and allowed to stand for three hours. 

Extraction with ether and water, dried over anhydrous 

magnesium sulfate, and removal of the solvent gave a 

viscous oil which was purified by column chromatography 

on silica gel. 

It was difficult to-purify the keto .aldehyde--from ̂  

all the side products. It was observed that all the 

fractions from the column containing the keto aldehyde 

44, were contaminated with epoxides. The first fraction 

(100 %) pertoleum ether) was rich in diepoxide 77. The 

ketO' aldehyde-rich fraction eluted at 10 % ether in 

petroleum ether and the keto epoxide 78 and epoxy 

aldehyde -79 eluted with 50 % ether and 100 % ether 
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respectively. From the NMii data, the percentage yield 

of the keto aldehyde was estimated to be about 45 % of 

the total products. 

HMi< (CDCl^) d 9.50 (s, 3H); 1.95 (s, 3H); 1.15 (s, 6H) 

IR (cm"^) 2900 (w, C-H); 1750 (s, C=0). 

The spectra of the most nearly pure fraction obtained 

is reproduced in the appendix figures 4 and 5 

respectively. 

Preparation of Cis-tri-n-butyl 

stannylethoxy ethene (80) 

The preparation of cis-tri-n-butyl stannylethoxy 

ethene, 80, was done as described by A. J. Leusink,^ 

with some modifications. 

Tri-n-butyl tin hydride, (6.000 g,' 20.64 mmol), 

was added via syringe into a nitrogen flushed 100 ml 

flask fitted with a stirring bar and a rubber septum. 

Ethoxy acetylene, (1.445 g, 20.64 mmol), was then added 

by syringed. The flask was gradually heated to 60°C 

in an oil bath and .maintained at this temperature for 

48 hours. The crude product was distilled at 0.5 mm Hg, 

bp 95 - 110°C. The distillate, 6.328 g gave about 85 % 

yield. The light yellow oil can be stored under mitogen 

nitrogen at room temperature for months. 

NMR (CDCL^) 6.60 (d, J = 9, 1H); 4.40 (d, J = 9, 1H); 

3.60 (q, J.= 6, 2H); 0.9 to 1.6 (m, 393). 
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Attempts to Prepare Keto alcohol (43) 

The following experiments were carried out in 

order to perform a selective reduction of the aldehyde 

in the presence of the ketone function in 44. 

Reduction with Sodium borohydride 

Into a clean 100 ml round bottom flask was placed 

0.520 g (1.94 mmol) of keto aldehyde ^ . Isopropanol 

(10 ml) was then added to the reaction flask. The flask 

was cooled to 0°C and 0.32 ml (0.233 mmol) of 3.0 M NaBH^ 

in isopropanol (measured from a 10 ml buret) was added 

to the flask dropwise over two minutes. The mixture 

was stirred for 3 minutes and the extraction was done 

with ether. 

Result: It was observed that the ketone was reduced at 

the same rate as the aldehyde function. 

Reduction with B-isoamyl-9-borabicyclo 

(3.3.1) nonane^ 

A dry 200 ml round bottom flask with side arm ^ 

Mias :f itted with a stirring and a rubber septum and 

connected to a reflux condenser. The flask was flushed 

with nitrogen. A clean, dry syringe was used to add 

7.5 ml of 0.5 M. solution of 9-BBN (3.75 mmol) in THP 

to .the flask. Also, 20 ml of dry THE was added to the 

flask. Distilled 2-methyl-2-butene, 0.60 ml (3.75 mmol) 

was added to the reaction flask. The mixture was 
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stirred at reflux for 2 hours. Keto aldehyde 44, 

1.00 g (3.75 mmol) was dissolved in 3 ml of THE and 

added to the reaction flask. The mixture was stirred 

for another two hours. The flask was then cooled to 

room temperature. A small quantity of acetaldehyde 

(0.50 ml) was added to destroy any excess boron 

compounds. The mixture was stirred for 15 minutes at 

room temperature. The oily residue was dissolved in 

ether and cooled to 0°C in ice bath. One equivalent 

of ethanol amine (0.230 ml) was added and the precipitate 

was separated by filteration. The ether layer was 

washed with a saturated solution of sodium chloride 

and dried with MgSO.. The NMR sprctrum showed that the 

aldehyde signal at (/ 9.65 was reduced at the same 

rate as the methyl ketone signal at (f 2.10. 

Selective Reduction with 9-BBN Pyridine 
n T 41 

Complex 

The reagent was first prepared by placing 

3.000 g (37.98 mmol) of pyridine into a 100 ml round 

bottom flask flushed with nitrogen and fitted with a 

rubber septum and a stirring bar. To this was added 

exactly 25.30 ml (38.00 mmol) of 1.5 M 9-BBN in THE by 

syringe. The solution was stirred at room temperature 

for 3 hours, then stored in a refrigerator for use as 

demanded. 
Keto aldehyde, 44, 0.350 g (1.306 mmol) was added 
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to a nitrogen flushed 50 ml round bottom flask fitted 

with a rubber septum and a stirring bar. A limited 

amount. 0.100 g (0.469 mmol), of 9-BBN-pyridine 

complex was added by syringe. The mixture was stirred 

at room temperature for 2 hours. A small quantity of 

ether, 10 ml, was added to the flask and one equivalent 

of ethanol amine was added. The flask was cooled to 0°C 

and the precipitate was removed by filtration. The 

ether solution was washed, with saturated solution of 

sodium chloride and dried over MgSO. and the solution 

removed, îgaln, the NMR spectrum revealed that the 

reduction of the aldehyde functional group occurred at 

the same rate as the ketone. 

Preparation of 4-methy1-3-ethyl-

2-pentenal (90) 

A small amount of cis-tri-n-butyl stannyl ethoxy 

ethene, (1.889 g, 5.233 mmol), was added to a 100 ml 

round bottom flask flushed with nitrogen and a rubber 

septum and a stirring bar. Dried THE, 10 ml, was added 

to the flask and the flask was cooled to -78°C. A 

hexane solution of n-BuLi, 2.74 ml (5.76 mmol) was added 

dropwise over six minutes. The mixture was stirred at 

this temperature for an hour. A small amount of 

2-methyl-3-pentanone, (0.523 g, 5.233 mmol), was 

dissolved in 4 ml THE and added by syringe dropwise over 

10 minutes. The mixture was stirred for another hour at 
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-78°C. The mixture was warmed to room temperature for 

30 minutes. The reaction was quenched with 5 ml of 

saturated NaHCO^. The mixture was extracted with ether 

and dried over MgSO,. The crude product was purified 

by column chromatography with 10 % ether in petroleum 

ether as solvent. 

NMR (CDCl^) 9.98 (d, J = 8, 1H); 5.80 (d, J = 8, 1H); 

2.20 (q, J = 6, 2H); 0.8 to 1.95 (m, 9H). 

Selective Oxidation of Diol Elemol 

acetate (106) 

Diol elemol acetate 106, (1.5 g, 5.50 mmol), was 

placed into a cleaned 100 ml round bottom flask fitted 

with astirring bar. A suspension of sodium bromate 

(NaBrO,), (0.825 g, 5.5 mmol), in aqueous acetonitrile,-

(CH,CN/H20) = 7/3 v/y, 20 ml), was added into the 

reaction flask. Cerium IV ammonium nitrate, (0.303 g, 

0.55 mmol) was added to the flask. The flask was cooled 

connected to the refluxing condenser and the mixture 

was refluxed for 7 hours. The mixture was cooled to 

room temperature and diluted with 30 ml of ether. The 

ether layer was washed with sodium bicarbonate and 

brine. The aqueous layer was washed again with 10 ml * 2 

ether and the combined ether layer was dried over 

MgSO.. Removal of the solvent gave the crude product 

107. 
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Allylic Bromination of 4-methyl. 

3-ethyl.2-pentenal (90) 

IV [BS was purified by recrystallization from water 

and the whitish crystalline platelates was stored in the 

desicator placed in dark environment. The NBS was used 

a^ needed. 

This experiment was done to investigate the effect 

of NBS on the aldehyde functionality of c(, p-unsaturated 

aldehyde compounds. The reaction was done without 

purification of the pentenal 9£ from tin compound. 

An impure 4-methyl,3-ethyl,2-pentenal, 90,,(3.00 g 

2.38 mmol) was left in an erlmeryer flask for two days 

to form an oxidized product by authoxidation. This 

oxidized product was transfered into a 100 ml round 

bottom flask. Purified NBS, 2.19 g (1.20 mmol) was 

placed into the flask. The flask was then connected 

into a reflux condenser and the mixture was refluxed 

for two hours under 100 W lamp. The mixture was cooled 

to room temperature and placed in an ice bath. The 

mixture was filtered and the succinimide was washed 

three times with CCl. and the solvent removed under 

reduced pressure to give the crude product 108. 

NMR CDCl,) broad peak at 10.9 (COOH). 
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