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donostachvdiol. Master of Science (Chemistry), August, 1995, 83 pp. 

The syntheses of the unsymmetrical 14-membered bismacrolides have 

been reviewed. A total synthesis of clonostachydiol, the latest to join this family, 

has been attempted using trimethylsilyl acetylene as the builiding block and 

palladium catalyzed reactions for the formation of key bonds. The alkyne groups 

were introduced by Stille coupling of trimethylstannylethynyltrimethylsilane with 

an acid chloride for one fragment and by addition of lithiotrimethylsilyl acetylene 

to an aldehyde for the other. Lactic acid derivatives were chosen as starting 

materials for both fragments, thus introducing two of the chiral centers.The 

remaining stereocenters were introduced using stereoselective reductions of 

ketones. 
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CHAPTER 1 

SYNTHESIS OF THE 14-MEMBERED UNSYMMETRICAL BISMACROLIDES 

A number of 14-membered unsymmetrical bismacrolides have been 

isolated from various fungi. These compounds are grahamimycin (1), colletol (2), 

colletodiol (3), colletallol (4), and clonostachydiol (5). All of these have been the 

subject of total syntheses. The latest to join this family of macrocyclic dilactones 

is clonostachydiol (5) which was discovered recently by a group at Hoechst. 

The macrolides have several features in common. Oxygenation always 

occurs at C-10 and/or C-11. The two methyl groups are positioned at C-2 and C-

8. The ester units present are mostly a,p-unsaturated. Many of them contain the 



unit "0CH(CH3)CHXC=". AS a result, many of the syntheses have used 3-

hydroxybutanoic acid as the building block, which is easily prepared by reducing 

acetoacetate ester with yeast or Ru-BINAP catalyst or from its biopolymer (PHB). 

All the macrolides have two seco-acids containing 5 or 7 carbons in the chain. In 

many cases, the two acids have been combined to give the product, though other 

methods have also been used. 

SYNTHESES OF GRAHAMIMYCIN (1) 

(-)-Grahamimycin (1) was isolated from the fungus Cytospora and shows 

antibiotic activity. It is a macrolide with an unusual 1,2-diketo group. A synthesis 

0 ° HI°" o 

(1) 

\ a 
HO HO v "S' 

(6) 

scheme 1 



of (+)-grahamimycin was reported by Ghiringhelli, using a pinacol reaction to 

effect macrocyclization1. His synthetic scheme utilized a masked hydroxybutanal 

(6) as the source of both chiral centers (scheme 1). 

The alcohol (6) was prepared from the ketone (7) by asymmetric reduction 

with Baker's yeast. Acylation with bromoacetylbromide followed by treatment with 

triphenylphosphine and base yielded the required ylid (8) (scheme 2). 

Bakers' 
yeast 

> 99% ee 

1) BrCH2COBr, py 
2) PPh3 

3) base 

(8) 

scheme 2 

The aldehyde (9) was prepared by transacetalization of the same starting 

material with methanol and subsequent acylation (scheme 3) 

MeOH, Pb02, BF3 = 

CI 

1)0 

2) AcOH, H 2 0 

py 

scheme 3 

A Wittig reaction gave the required trans alkene (10), although the purity of this 

material was not specified. Removal of the dithiane protecting groups to give the 



desired dialdehyde (11) was effected with the unusual lead (IV)/ Lewis acid 

mixture previously developed in the author's laboratory. McMurray cyclization 

using low-valent titanium gave a modest yield of the diol (12) as a mixture of four 

diastereomers. Other cyclization methods, based on the acyloin reaction, were 

not attempted due to discouraging literature precedents. The diol (12) thus 

obtained was then converted to (+)-grahamimycin, identical to the natural product 

except for the sign of the rotation, by PDC oxidation (scheme 4). 
O 

(8) (9) 

3 ' X S S S 

Pb02, BF3 

O 

TiCI4, Zn/Cu q 

I N / X 
II n 
O 

(11) 

PDC 
(+M1) 

(12) scheme 4 

(+)-Grahamimycin (1) was synthesized by Seebach also introducing the 

diketone at a late stage, but using a more conventional lactonization to form the 

macrocycle2. Seebach also employed hydroxbutyrate as the source of one chiral 

center, but a chiral epoxide as the source of the other (scheme 5). 



OH 

scheme 5 

H 
o 

A protected p-hydroxybutanal (13) was olefinated and deprotected to give 

one fragment of the macrolide (14) (eqn 1). 

1 ) t -Bu0 2 C^PPh 3 

I 2) H30+ i 

'OEE t " B u °2 ( 

*OH ^ 1 

(13) (14) 

The other fragment (15) was prepared by ring opening of (S)-propylene 

oxide with a dianion prepared from 4-pentynoic acid follwed by protection of the 

resulting alcohol (eqn 2). 

1) Li-
C 0 2 " c 

£ o 2) TBSCI,Imidazole,DMF \ 

OTBS 

eqn 2 

(15) 
•CO2H 



The two sides were coupled using DCC to give the alkyne (16). Partial reduction 

of the triple bond and subsequent deprotection of the t-butyl ester and silyl ether 

gave the appropriate seco-acid (17) which was cyclized using Mukaiyama's 

reagent to give (18) in reasonable yield (scheme 6). 

DCC t-Bu02
l 

DMAP 
(14)+ (15) TBSO 

n 1) H2, Lindlar's Catalyst 
u 2) CF3C02H 

N CI 

(17) scheme 6 
(18) 

Alkene (18) was converted to grahamimycin (1) by a three step process: 

epoxidation, epoxide opening and a final PCC oxidation, although the yield on the 

last step was disappointing (eqn 3). Direct oxidation of the alkyne (16) to the 

diketone using ruthenium tetroxide was unsuccessful, presumably due to the 

presence of the unsaturated ester. 

1) mcpba 
2) aq HCI04 

3) PCC 

(18) 

eqn 3 

A formal synthesis of (+) grahamimycin was performed by Mitsunobu by 

combining two hydroxy acids (19) and (20).3 The hydroxyl group of one and the 



carboxyl group of the other were respectively protected by TBS and PTSE 

groups (scheme 7). 

O 

scheme 7 

The starting material for one fragment was t-butyl (R)-3-hydroxybutanoate (21). 

The hydroxy group was protected first. Reduction by DIBAL followed by PCC 

oxidation gave the aldehyde (22). Wittig olefination and hydrolysis of the ester 

produced the fragment (19A) (scheme 8). 

OH O TBSCI, TBSO O 1) DIBAL 
I JJ imidazole JL i l 2) PCC 

^ ^ ^ ^ O t - B u ^ ^ ^ O t - B u ^ 
(21) 

OTBS 0 ^ OTBS O 
Ph3P=CHC02Me I II LiOH | II 

(19A) 
scheme 8 

Synthesis of the other fragment was performed by using sugar chemistry. 

Methyl 4,6-dideoxy-a-D-xylo-hexopyranoside (23) was converted to the 

monotosylate (24) and then to the epoxide (25) which on alkaline hydrolysis gave 

(26) as the major product in accordance to the Furst-Plattner rule. The overall 

result is the inversion of two chiral centers of the xylose (23) (scheme 9). 
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CH CH CH CH 
TsCI, 
base KOH NaOMe HO 

OCH OCH OCH OCH 
OH (26) (23) OH (25) 

OH OH 

OCH3 
(24) OTs 

scheme 9 

OCH3 
OH (26) 

Hydrolysis of (26) in an acidic medium furnished the free sugar (27) which 

reacted with an appropriate ylid (28) in a Wittig fashion giving the olefin (29). The 

two adjacent hydroxy groups were then protected as an acetonide. Reduction 

with hydrogen under pressure in the presence of a palladium on carbon catalyst 

furnished the longer fragment (20A) (scheme 10). 

OH HO 

OCH 
OH (27) OH (26) 

Ph3P 
o 

OPTSE 

(28) 

OH OH 

(2 9) OH 

OPTSE OH 
1) (CH30)2C(CH3)2, H+ 

O 2) H2, Pd/C 

scheme 10 

O (20A) 

The two fragments were then coupled using Yamaguchi's procedure to 

give the protected seco-acid (30). Both the protecting groups were then removed 

by TBAF. Lactonization of (31) with DEAD and triphenylphosphine gave poor 

yields. Yamaguchi conditions were found superior. Deprotection of the acetonide 

furnished the diol (32) which is a known precursor of grahamimycin (scheme 11). 



(19A) + (20A) 

O 

CI3H2C6COCI, Et3N 
OTBS 

OPTSE 

O 0 O (30) 

TBAF 

OH (3 2 ) 

O (31) 

1) CI3H2C6COCI, Et3N 
2) CH3OH, H30+, 50°C 

^ H Q ^ 

scheme 11 

Bestmann synthesized (-) grahamimycin by using the readily accessible 

aldehyde (33) as the starting material for creating both of the chiral centers4 

(Scheme 12). 

0 • ' 

> O 1 

O 
O 

O (1) OHOH 

OEE 

OH 0 - ~ \ O 

scheme 12 

The aldehyde group was protected by treatment with ethylene glycol to give the 

alcohol (34). To synthesize the other fragment, the aldehyde was subjected to a 

Wittig reaction and alkaline hydrolysis to give the acid (35). The alcohol (34) and 
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the acid (35) were coupled in the presence of DCC and DMAP to give the ester 

(36) (scheme 13). 
OEE 

HO OH 

OH O 

(33) v -i) Rh3P=CH(CH2)2C02Et 
^ 2) KOH 

DCC 
DMAP 

OEE 

(35) 

OH 

O 

, 0 . ^ . 0 . 

(36) o 1 O—f 

scheme 13 

The EE protecting group was then removed by acid hydrolysis. Reaction 

with ylid (37) produced the ylid (38). Treatment with 0.1N HCI regenerated the 

aldehyde group, which underwent an intramolecular Wittig reaction giving the 

lactone (39) on base treatment (scheme 14). 
O 

1) THF,H20,HCI 
2) Ph3P=C=C=0 

(37) 
(36) — 

1) HCI 
2) pH8.4 

scheme 14 
(39) 
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The lactone (39) was converted to the diol (40) by Seebach's procedure. 

Oxidation by activated DMSO furnished the desired product in 50% yield 

(scheme 15). 

O 
O 

1) mcpba 
o 2) H30+ ?• 

' a A . A . L 
n 

DMSO.DCC 
PyH+F3CC02" 

(39) 

( -M1) 

HO OH (40) 

scheme 15 

(-)-Grahamimycin was synthesized by Hillis also.5 His synthetic approach 

involved disconnection of the macrolide into the hydroxy ester (41) and the 

acetylenic acid (42). A key part of his synthesis was the use of 1,3-

bis(methylthio)allyl lithium (43) for the acrolein f$-anion synthon (44) (scheme 16). 

(•HI) 

MeS 

OPG 

(44) 
scheme 16 

The starting material for both the fragments was enantiomerically pure (R)-

methyloxirane (45) which was elegantly made by Hillis himself starting from ethyl 

(+)-(S)- lactate (46).6 The lactate was treated with methanesulfonyl chloride to 

give the mesylate (47). The mesylate (47) was selectively reduced to the primary 

alcohol (48) by alane. The alcohol was slowly added to 66% aqueous KOH at 
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70°C to furnish the (+)-(R)-methyl oxirane which distilled from the mixture 

(scheme 17). 

I MsCI, Et3N I AlHo, THF, 0°C 
HO C02Et MsO C02Et -

(46) (47) 

JL. KOH, 70°C P \ 
MsO' 'CHoOH -

(48) ' (45) 
scheme 17 

For the top half, methyl oxirane (45) was treated with 1,3-bis(methylthio)allyl 

lithium (43) solution at -78°C to give a mixture of the isomeric alcohols (49). 

Acetylation and hydrolysis with a soft Lewis acid gave the (+)-acetoxy aldehyde 

(50) in good yield. The aldehyde (50) was oxidized to the corresponding acid 

which was protected as its benzhydryl ester (41 A) after removal of the acetate 

(scheme 18). 
SMe 1) Ao20, py 

A (43), -78°C A X ^ 2> H9CI2' C H 3 C N ' h 2 0 

(45) 
SMe 

1) NaCI02 

2) NaOH 

OCHPh 
a v 3) Ph2CN2 EtOAc I 1 A AcO v v O 2 2' r HO 

(50) (41 A) 

scheme 18 

For the bottom half, the oxirane (45) was treated with the lithio derivative of 1-(2-

tetrahydropyranyloxy)-4-pentyne to give the octynol (51) in a sequence similar to 

that used by Seebach. The hydroxy group was protected as its TBS ether. 

Deprotection gave a primary alcohol which was oxidized to the octynoic acid 

(42A) by Jones' reagent (scheme 19). 
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• MC> 

THPO HMPA, THF 

(45) 

1) TBSCI, imidazole 
2) PPTS, EtOH 
3) Jones' reagent 

(42A) 
scheme 19 

The two halves were then combined in the presence of DCC and DMAP to give 

the diester (52). Protection of the a,p-unsaturated system was now needed to 

facilitate cyclization of the diester and oxidation of the triple bond in later steps. 

This was done by a Michael addition of propanethiol to give an adduct as a 1:1 

mixture of diastereomers. Deprotection yielded the the seco-acid (53). 

Lactonization gave the two diastereomers of the macrolide (54) (scheme 20). 

s O 1) 

DCC, DMAP ^ 

O' 

(52) 

O x 
> f 'S CI 

C6H6, 80°C 

(41 A) + (42A) 

Na2B407, THF 
OCHPh2 2) HF, CH3N02 

OTBS ^ 

AAA 

scheme 20 

The lactone (54) was converted to the corresponding methyl sulfonium salt (55). 

This material did not undergo catalytic oxidation with ruthenium or osmium 

reagents. The authors were forced to carry out a stoichiometric oxidation with 

osmium tetroxide. Reductive workup cleaved the osmate ester and, presumably, 
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caused elimination of methyl propyl sulfide to give a low yield of grahamimycin 

(1) (scheme 21). 

BF4-HAQ 

(54) 

AgBF4 o 
CH3I 

© s o 

1) 0 s 0 4 

9 2) Na2S03 (-)-(1) 

(55) 

scheme 21 

SYNTHESES OF COLLETOL (2) 

Another member of this macrolide family, (-)-colletol (2), was synthesized 

both by Keck7 and Shimuzu8 using different methods. Keek's synthesis involved 

stereoselective addition of triphenylallyl stannane to an aldehyde to set up the 

stereochemistry of the right hand side (scheme 22). 

COSEt 
OMTM 

TBSO 

TBSO TBSO 

O 
i! 

OH OTBS 

o* O X 

P(OEt)2 

[ TBSO 

O 
II 

P(OEt)2 

O' 'O 

scheme 22 
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The starting material was optically pure (S)-ethyl 3-hydroxybutyrate (56) which 

was obtained using Noyori's procedure employing a chiral ruthenium-BINAP 

catalyst. This procedure was found to be superior to the use of Baker's yeast 

both in yield and ee. The hydroxy group was protected as its benzyl ether (57) by 

treatment with benzyl trichloroacetimidate in the presence of an acid catalyst. 

The ester was reduced to the aldehyde (58) which was treated sequentially with 

titanium tetrachloride and triphenylallyl stannane to give the anti homoallylic 

alcohol (59) in very good yield. Use of the corresponding BOM and MTM 

protected aldehydes resulted in much lower selectivity (scheme 23). 
NH 

CI3C OBn QBn O DIBAL, -78°C 
Cat. CF3C02H J . A 1 

(57) ° B 

OH O 

(56) 
OEt 

OBn 

(58) 
O 

1 ) T i C I 4 q n P h 
2) ^ ^ ^ S n p h 3 

OBn OH 

scheme 23 

The alcohol (60) produced after a protection-deprotection sequence was 

subjected to Mitsunobu esterification with the phosphonoacid (61) to give the 

lactone (62) (scheme 24). 

OBn OH 1> J , B S ^ i m i d a z 0 | e. DMF 
2) Na, NH3 

0 
tl 

(59) o 

. A ^ P ( O E t ) 2 (61) 
HO 

DEAD, Ph3P TBSO* 

scheme 24 

OH OTBS 

P(OEt)2 
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Ozonolysis of the terminal double bond of (62) did not work satisfactorily. 

However, dihydroxylation using a catalytic amount of osmium tetroxide and diol 

cleavage with lead tetraacetate gave an aldehyde. Wittig olefination reaction 

gave a 1:4 cis-trans mixture of alkenes which was converted to the pure trans 

isomer (63) on exposure to DMAP (eqn 4). 
1) 0s04 , NMO COSEt 
2) Pb(OAc)4 

O 3) Ph3P=CHCOSEt 
" 4) Cat. DMAP { O 

T B S O ' ^ 1 I W n 4 

(62) (63) 

The trans thioester (63) underwent a Wadsworth-Emmons reaction with the 

crude aldehyde (64) to give (65) (eqn 5). The aldehyde had been prepared by 

reducing unprotected (R)-ethyl 3-hydroxybutyrate with DIBAL. 
OH 

If 
COSEt 

o 
t r / P ( ° E t ) 2 iPr2NEt, LiCI, I I 
TBSO | r CH3CN T B S O * ^ ^ ^ eqn 5 

— 0 0 

(63) 

The synthesis was completed by deprotection of the carboxyl group, lactonization 

using DCC in the presence of DMAP hydrochloride and final desilylation (scheme 

25). There is no mention in the paper of any attempt to cyclize the thioester 

directly, though Masamune had shown that such cyclizations worked well, 

particularly with t-butyl or phenyl thioesters.9 
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(65) 

AgN03, 
2,6-Lutidine 

TBSO 

COoH 

1) DCC, DMAP 
2) H30+ 

scheme 25 

Shimuzu's procedure took recourse to a palladium catalyzed epoxide 

hydrogenolysis. His starting material for both sides was crotyl alcohol (66). 

Sharpless asymmetric epoxidation introduced the necessary chirality. The epoxy 

alcohol (67) was elaborated to give the vinyl epoxide (68). The allylic C-0 bond 

was selectively reduced using palladium catalysis and formate ions. The resulting 

alcohol (69) was protected as its TBS ether (7 0), the key fragment for 

construction of both sides of colletol (scheme 26). 
Ti(OiPr)4, (-)-DET Q 1) COCI2, DMSO,Et3N 

'OH t-BuOOH / ^ X ^ ^ o h ^ (Et0)2P(0)CH2C02Et 
(66) ^ (67) 

n Pd2(dba)3CHCI3) 

^ < J > ^ C 0 2 E t Ph3P, HCQ2H, Et3N 
C02Et 

(68) 
PdL5

+ 

C02Et 

TBSCI, 
imidazole 

OTBS 

.C02Et 

(69) (70) 

scheme 26 

For one side (71), this fragment (70) was simply hydrolyzed by ethanolic KOH 

(eqn 6). 
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OTBS OTBS 

- C °2 E t KOH, EtOH eqn 6 

(70) (71) 

For the other side, the ester (70) was first reduced to the allylic alcohol (72) which 

was converted to the epoxide (73) and the secondary alcohol (74) by a similar 

procedure (scheme 27). 

OTBS 
OTBS 

OTBS 

COoEt 
DIBAL, -78°C 

Ti(OiPr)4, (-)-DET 
t-BuOOH 

(72) 

,C02Et 

(73) 

1) COCI2, DMSO, Et3N OTBS 
O ^ 2) (Et0)2P(0)CH2C02Et 1 —O 

OH 

Pd2(dba)3CHCl3, Ph3P
 T B S 9 ? H 

HCQ2H, Et3N / * \ ^ V ^ ^ C 0 2 E t 

(74) 
scheme 27 

The hydroxyl group was then protected using MOMCI and the silyl group was 

removed. The ethyl ester (75) was converted to the allyl ester (76) using the 

procedure of Otera10 (scheme 28). 

TBSO OH 1) MOMCI, iPr2NEt <?H OMOM 

,C02Et 2) 1M HCI ,C02Et 

(74) (75) 

^ r x ^° H CIBu 2 Sn-0 -SnBu 2 0H 
OH OMOM O 

(76) 
scheme 28 

The ester (76) was then coupled with the acid (71) using DCC. After removal of 

the silyl and allyl groups, lactonization was carried out using Yamaguchi's 
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procedure. The MOM ether was removed using TMSBr to give colletol (2) 

(scheme 29). 

(71) + (76) 
DCC, DMAP 

MOMO 

MOMO 

,C02H 
.OH 

1) CI3H2C6COCI, 
] Et3N, DMAP 

2) TMSBr 

scheme 29 

u JDTBS 1) 1M HCI 
2) Pd2(dba)3CHCI3l 

] Ph3P.HCO2H.Et3N 

SYNTHESIS OF COLLETODIOL (3) 

(+)-Colletodiol (3) was synthesized in low yield by Seebach by 

unselectively combining the two acids (77) and (78) under Yamaguchi conditions 

(eqn 7).11 

O 

.A, 

HO O 

1) CI3H2C6COCI |-J0 

2) H 3 0 + 

eqn 7 

For the left hand fragment (77), the commercially available tartrate derived diol 

(79) was used as the starting material. One hydroxyl group was protected with a 

benzyl group and the other was converted to a ketone (80) in three steps. The 
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ketone (80) on borohydride reduction gave a mixture of two diastereomeric 

alcohols which were separated by flash chromatography. One diastereomer 

underwent DEAD reaction with inversion and acetylation; the other was 

acetylated directly to give the same diastereomer (81) (scheme 30). 

0.„^~0H 1)BnBr 0 ^-—OBn 1) S ^ S 
' ^ 2)CBr4 ,PPh3 v * / f / < u 

o 
(79) 

OH 

^ > ( ± NaBH4 

o* 

(80) 

u 
•Br ^ HgCI2, CaC03 

OBn 

x X 
OBn 

OH 

DEAD, AcOH, \ 
PPh3 * 

" 'OH 

y / EtOAc, Ti(OiPr)4 

OBn 

scheme 30 (81) ''OAc 

Debenzylation followed by Swern oxidation and a Wittig reaction gave an alkene 

which on hydrolysis gave the left hand side (77) of colletodiol (eqn 8). 

OBn 1) H2, Pd/C 
2) (COCI)2, DMSO, Et3N 
3) Ph3P=CHC02Me 
4) LiOH 

'OAc 

0 . . „ i ^ ^ C 0 2 h 

' "OH 

(77) 

eqn 8 

The starting material for the smaller fragment (78) was the aldehyde (82) which 

can be easily prepared from PHB. The aldehyde (82) underwent a Wittig reaction 
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giving the alkene (83). Deprotection and hydrolysis gave the desired carboxylic 

acid (78) (scheme 31). 
OEE OEE 

Ph3P=CHCQ2CH^ 

C02H 

C02CH3 

1) 2N HCI 
2) NaOH 

scheme 31 (^8) 

Keck attempted to synthesize (+)-colletodiol (3) using a derivative of 

glucose as his chiral starting material12. When the project started in their 

laboratory, the stereochemistry of colletodiol was unknown. During the project, 

the absolute stereochemistry was determined and they discovered that they were 

pursuing the synthesis of the wrong diastereomer, necessitating a sudden 

change of course. 

The glucopyranose (84) was converted to the bistosylate (85). A 

Hanessian reaction transformed the benzylidene acetal (85) to the benzoate (86). 

A Finkelstein reaction followed by hydrogenation in presence of palladium on 

carbon performed the desired reduction to give (87) (scheme 32). 
OH OTs k i r _ 

Ton I r\ r-\i_ NBS,CCI4 
^ O ^ P h Tsa T s ° Y ^ y * ° Y 

O ^ MeO O 

OTs 

TsO. 

MeO , , , x - 0 -

(86) B r 

o»0Bz 1) Nal, acetone 
2) H2, Pd-C 

scheme 32 

OBz 

M e C T ' ^ o ^ s 

(87) 
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Epoxide formation was found to be regioselective after considerable 

experimentation. The desired epoxide (88) could be prepared exclusively by 

exposing (87) to lithium hydroxide. Trans diaxial ring opening with lithium 

aluminum hydride proceded smoothly. The tosylate was then cleaved with 

sodium methoxide and methanol to give the diol (89) which was protected as its 

acetonide (90). A Wittig reaction gave a 44:56 mixture of cis and trans a,p 

unsaturated esters (91) (scheme 33). 

OTs Q OH 

T S 0 " Y ^ Y ' 0 B Z MeOH T s 0 * » | ^ < | 2 ) ^ e H 0 " " | ^ 

7 

MeCT 1 ^ M e Q v 

(88) 

•O 

o 
(89) 

1) H3O+
 a 

2) (CH3)2CO, H+ X "] Ph3P=CHC02Me 

- HO XX-
O ^ MeOoC 

(90) 
scheme 33 

At this stage the authors realized that they were heading towards the 

wrong diastereomer. Attempts to rectify the mistake proved unsuccessful and 

they decided to abandon the sugar chemistry for an alternative route. 

The new route involved the stereocontrolled addition of allylstannanes to 

aldehydes. The first step involved the combination of a stannane (92) and a 

protected hydroxy aldehyde (93). Several different protecting groups were 

investigated. It was found that the compounds with MOM and BOM groups gave 

lower diastereoselectivites in the addition reaction. The benzyl group, which was 

used in Keek's synthesis of (-)-colletol (2), did not, in this case, give the best 

results. An MTM protecting group was found to give the best diastereoselectivity. 
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The required stannane (92) was prepared by metallation of the TBS ether 

of allyl alcohol and quenching the reaction mixture with triphenyltin chloride. 

Deprotection of the MTM ether (94) followed to give the separable syn and anti 

isomers of the diol (scheme 34). 
1) sec-BuLi, HMPA, -80°C 

^ Ph3Sn' 

OMTM 

n T n 0 ' ' OCU1-'U1-'' 
^ j ^ s ^ O T B S 2) Ph3SnCI 

OTBS 

(92) 

OH OMTM 

^ (93) 
MgBr2.OEt2 

Mel, H20,(CH3)2C0 
NaHC03 

OH OH 

OTBS 
(94) 

OTBS 
(95) 

scheme 34 

The TBS group was removed from the anti isomer (95) and the adjacent 

hydroxy groups were protected as an acetonide (96), the triol never being 

isolated. Oxidative cleavage of the double bond was immediately followed by a 

Wittig reaction. Olefin isomerization by DMAP yielded (97) in moderately good 

yield (scheme 35). 

OH OH 1) MeOH, H+ 

2) acetone, H+ 

OTBS 
(95) 

0 OH 

0 OH 1) 0s04 , Nal04 

2) Ph3P=CHCOSEt, 
3) DMAP 

scheme 35 

The alcohol (97) was first coupled with the p-phosphono acid (98) under 

Mitsunobu conditions and the resulting phosphonate (99) was coupled with the 
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aldehyde (93) under Masamune-Rousch conditions using diisopropylethyl amine 

as the base to give the alkene (100) (scheme 36). 
0 9 

J ^ P ( O E t ) 2 

(97) 
DEAD, Ph3P a s 

P O E t , 

v / O OMTM 

0 0 
(93), LiCl, iPr2NEt^ 

O (100) 

scheme 36 

The MTM and thioester protecting groups were then cleaved in one step. 

Hydrolysis with mercuric ions was very difficult and gave poor yields. However, 

silver nitrate and 2,6-lutidine effected a clean hydrolysis to give (101). 

Macrolization was then accomplished with DCC to give the acetonide (102) in 

good yield. Exposure of the acetonide to Dowex in methanol furnished (+)-

colletodiol (3) (scheme 37). 

AgN03, 
2,6-Lutidine 

(100) ^ H02C 

DCC, DMAP, 
DMAP.HCI 

MeOH. H 3 0 ; ( + W 3 ) 

scheme 37 
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OH OH 

(+)-Cc>||etodiol (3) was synthesized by Mitsunobu also.13 He used 

Yamaguchi's method to combine the two fragments (78) and (77A) but he used 

sugar chemistry to make one fragment (scheme 38). 

0-K^X0 

OH 

(3) 

scheme 38 

For one fragment the starting material was ethyl (S)-3-hydroxybutanoate 

(56). The hydroxy group of (56) was protected as its THP ether (103). Reduction 

by lithium aluminum hydride gave an alcohol which on oxidation with PCC 

furnished the aldehyde (104). Wittig olefination gave the E-isomer (105) as the 

major product. Saponification of (105) gave the desired fragment (78A) in 

quantitative yield (scheme 39). 

OH O 0 THPO 0 1) LiAIH4 OTHP 
PPTS 2) PCC, NaOAc 

OEt 
(56) (103) 

OTHP O 9THP 

Ph3P C02Me X ^ X L i Q H , 
OMe 

(105) ( 7 8 A ) 

scheme 39 

The other fragment (77A) was prepared by using the sugar chemistry 

described earlier. The two fragments were then coupled using Yamaguchi's 

procedure to give the protected seco-acid (106) which on treatment with HgCl2 
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removed the THP protecting group to give (107). Treatment with DBU in benzene 

at room temperature easily removed the other protecting group to give the seco-

acid (108). Lactonization was then carried out in the presence of DEAD and 

triphenyl phosphine to give (+)-col!etodiol (3) as the major product (scheme 40). 
OTHP O OH OPTSE 

1) CI3H2C6COCI,Et3N 
2) DMAP 

O (77 A) 

OTHP 

scheme 40 

DEAD, Ph3P (+)-(3) 

SYNTHESIS OF COLLETALLOL (4): 

Another naturally occurring macrodiolide, (-)-colletallol (4), was synthesized by 

Zwanenburg using Yamaguchi's procedure for ring closure14 (scheme 41). 

H°Ai^rAoH 
OH OH 

(4) OH scheme 41 (109) OPG 
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Both fragments had (R)-ethyl-3-hydroxybutanoate (110) as the starting 

material. The hydroxyl group was protected with an EE group. Reduction gave 

the primary alcohol (111) which was converted to the iodide (112) via the 

tosylate. Chain elongation with propargyl alcohol and reduction of the triple bond 

gave the allylic alcohol (113) (scheme 42). 
OH .. OEE 
I 1 ) ^ 0 ^ - | 1) TsCI, py 

/ ^ C 0 2 E t 2) LiAIH4 A x ^ o h 2)Nal 
(110) ^ (111) 

OEE 1) LiC=CCH2OLi OEE 
2) LiAIH4 

(112) (113) 

scheme 42 

The EE group was found to be unstable to the conditions of the catalytic 

Sharpless epoxidation and was converted to an acetate (114) by a multistep 

procedure (eqn 9). 
1) TBSCI, imidazole, DMF 
2) MgBr2, Et20 OAc 
3) AC20, py I Q H 
A\ A^NU EMN Y (113) 4) AcOH 

(114) 

Sharpless epoxidation of (114), followed by oxidation of the hydroxyl group 

gave the acid (115). Reaction under Arndt-Eistert conditions resulted in the 

formation of a diazoketone (116) and subsequent epoxide ring opening, 

presumably following methanol attack on the ketene (117). The methyl ester 

(118) was converted to the desired fragment (109A) by same protection 

deprotection sequence (scheme 43). 
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(114) 

1) (-)-DET, Ti(OiPr)4, 
t-BuOOH n A „ 1) i-BuOCOCI 0 A c 

2) RU04 i o , 2) CH2N2 | 0,#/ 

hv, MeOH 

OEE 

CO2H IT 
(115) 2 ( 1 1 6J § 

OAc 1) TBSCt, imidazole, DMF 
CO Ms 2> NaOMe, MeOH ,C00Me 3 ) ^ 0 ^ p p T S 

(118) o h 4) L i Q H 

r n n 1 ) PhSOpCHoCHoOH 
C°2 H

 2) MgBr2f Et20 c o 2 p s e 

OTBS (109A) OTBS 

O 
Nc 

hv 

(117) 

scheme 43 

MeOH OH 

R 
OMe 

O 

The other fragment (78A) was prepared in the same way as in Seebach's 

synthesis. The two fragments were then coupled using DCC to give (119). 

Deprotection of the necessary alcohol and acid groups to (120) was followed by 

cyclization under Yamaguchi conditions in excellent yield. TBAF deprotection 

completed the synthesis of colletallol (4) (scheme 44). 

O OEE 

(109A) + ^ v ^ ^ C O s H 
(78 A) 

0 OH 

C02PSE 

( 1 1 9 ) OTBS o 

1) MgBr2 
2) DBU 

C02H 

(120) OTBS 

1) CI2H3C6COCI, Et3N n 
2) TBAF 

scheme 44 (4) OH 
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SYNTHESIS OF CLONOSTACHYDIOL (5): 

Clonostachydiol (5) has been synthesized by Rama Rao using 

carbohydrate chemistry (scheme 45).15 

MPMQ 

OTHP 

OAllyl 

scheme 45 

For the left hand side (121) the starting material was the known 

unsaturated ester (123) which can be prepared from 1,2-0-isopropylidene-(D)-

glyceraldehyde by a Wittig reaction. The double bond was reduced by hydrogen 

in the presence of palldium on carbon to give the saturated ester, the ester group 

of which was reduced to alcohol and then oxidized to the aldehyde (eqn 10). 
1) H2, Pd-C \ / 
2) LiAIH4 X 
3) PDC X y eqn 10 

C02Et 
(123) (124) 

Wittig reaction of the aldehyde (124) produced the ester which was 

reduced by DIBAL to the alcohol (125). Sharpless epoxidation gave the 2,3-

epoxy alcohol (126) which was converted to an allylic alcohol by regioselective 

ring opening with Cp2Ti(lll)CI, resulting in an overall enantioselective 

isomerization of allylic alcohol (125). The hydroxyl group was protected as its 

MPM ether. Treatment with p-toluenesulfonic acid furnished the diol (127) 

(scheme 46). 
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(124) 

1) Ph3P=CHC02Et 
2) DIBAL 

t-BuOOH, Ti(Oi-Pr)4 
(+)-DIPT 

(125) 

1) Cp2TiCI, Zn, 
ZnCI2 

2) NaH, MPMBr 
3) cat. PTSA 

(126) (127) OMPM 

scheme 46 

The unnecessary hydroxy group was removed by conversion to the 

epoxide (128) and reduction with UAIH4 to give an alcohol. The hydroxy group 

was protected as its THP ether (129). Ozonolysis gave an aldehyde which on 

Wittig olefination gave the unsaturated ester (130). Saponification of (130) 

furnished the left hand side (121) (scheme 47). 
1) UAIH4 
2) Dihydropyran, 

PTSA (127) 
NaH, TsCI OTHP 

1) 0 3 l -78°C, 
Ph3P 

2) Ph3P=CHC02Et 

(128) OMPM 

OTHP 

(129) OMPM 

OTHP 

OMPM 

(130) 

OEt 

scheme 47 
OMPM 
(121) 

The starting material for the right hand side (122) was the known 

compound (131). The chiral center at C-3 was inverted by oxidation and 

reduction. The hydroxy group was protected as its allyl ether (132), which on acid 

treatment gave the lactol (133) (scheme 48). 
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. OH 1) PDC 
2) NaBH4 

3) NaH, 
O CH2=CHCH2Br 

( 131 )0^ i J- OAllyl O^V 

(132) 

OH 

OAllyl OH 

(133) 

scheme 48 

Oxidative cleavage of the lactol (133) gave the aldehyde (134) which on Wittig 

olefination produced the formate ester (135). Treatment of (135) with 2% HCI 

furnished the right hand side (122) (scheme 49). 

0 ^ 0 
-O 

OH 

OAllyl OH (133) 

0 ^ 0 O 

NalOj Ph3P=CHC02(CH2)2T s 

(134) OAllyl 

HCI 

OAllyl (135) OAllyl (122) 

scheme 49 

The two sides were combined under Yamaguchi conditions. The protecting 

groups were removed in the conventional way and the seco-acid was cyclized 

under Yamaguchi conditions to give (136) (scheme 50). 

OTHP O 

OAllyl 
(121) OMPM 

scheme 50 
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The free 11-hydroxyl group was found to have the wrong configuration. It was 

inverted using a Mitsunobu reaction to give the ester (137) which was 

deacetylated with thiourea. The ally! group was removed with palladium on 

carbon under acidic conditions at 60°C to furnish clonostachydiol (5) (scheme 

51). 

(136) 

c r CO2H 
DEAD, PPh3 

(5) 

scheme 51 



CHAPTER 2 

AN APPROACH TO THE SYNTHESIS OF CLONOSTACHYDIOL 

Clonostachydiol (5) is a recently discovered 14-membered bismacrolide 

isolated by a group at Hoechst.16 The essential structure was determined by high 

field NMR studies, but no details of the stereochemistry had been disclosed when 

this work started. During the course of this work a total synthesis of this 

compound and two diastereomers was published by Rama Rao.17 Comparison of 

the structure to other bismacrolides shows remarkable similarities. It has closest 

similarity to colletodiol (3). Based on this comparison, it can be predicted that the 

stereochemistry is 2-(R), 8-(R) and 11 -(R). The stereochemistry at carbon-3 

cannot be predicted as clonostachydiol is the only one of the bismacrolides with a 

substituent at this position. As discovered by Rama Rao, these predictions are 

misleading. While the stereochemistry at C-2 and C-8 are in accord with the 

predictions, clonostachydiol (5) is, in fact, epimeric at C-11 with colletodiol (3) 

and colletalol (4). 

8 0 

33 
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We planned to utilize a synthetic scheme that was sufficiently flexible to 

permit subsequent variation to allow the synthesis of any diastereomer or 

enantiomer. 

A natural disconnection for any bis-macrolide is to break it into two 

hydroxy-acids (scheme 52). Both fragments contain a y-hydroxyalkenoic acid 

moiety. 

OH 

scheme 52 

Several methods exists for the preparation of this moiety. One of the most 

elegant, due to Bakuzis, involves the use of ethyl 3-nitropropionate (140) as a 

vinyl anion synthon (141).18 

0 2 N x V s - ^ 0 E t " ^ ^ O E t 
(140) (141) 

Our primary concerns were to introduce the groups under mild conditions 

and to be able to control the stereochemistry of the hydroxy group. Asymmetric 

reduction of propargyl ketones is well known.19 An additional advantage of using 

an alkyne group is the number of methods available for its introduction. Our initial 

plan was to introduce the alkyne either by addition of lithiotrimethylsilylacetylene 

to an aldehyde or by Stille coupling of trimethylstannylethynyltrimethylsilane with 
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an appropriate acid chloride,20 followed by reduction of the carbonyl group 

(scheme 53). 

OH 

X * - •SiMe^ 
SiMe^ 

O 

A , , 
O 

Me3Sn- - = — S i M e 3 

scheme 53 

R 

SiMe. 

To convert the silyl alkyne to an alkenoic acid, we planned to semi-

hydrogenate the triple bond to the Z-silylalkene.21. Such alkenes are known to 

undergo stereospecific bromination and desilylobromination to give the E-

bromoalkene22 . Carbonylation of bromoalkenes to esters or carboxylic acids is 

well known and occurs under relatively mild conditions (scheme 54).23 

O 
.Br 

°H if 
PGCL J OPG .SiMe, 

OPG 

'OPG 

scheme 54 

The right hand fragment would be available using this general strategy 

(scheme 55). The stereochemistry of the reduction would be controlled by the 

adjacent chiral center in Cram fashion.24 The necessary ketone would be 

available from an appropriate acid chloride, derived from lactate. Lactic acid is 

commercially available in either enantiomeric form, although (S)-lactic acid and 
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its derivatives are substantially cheaper and were thus our chosen starting 

materials . 

9PG ^ S i M e 3 OPG ^ ^ S i M e 3 OPG OH 

K CI / L OMe 

OH O 0 0 

scheme 55 

The left hand side (138) contains two stereocenters in a 1,4-arrangement. 

Stereocontrol over such a distance is less easy. We, therefore, planned to control 

the stereochemistry of the these two stereocenters separately. Based on work 

carried out by Sueping Lee in these laboratories, we planned to doubly 

homologate lactic acid, the same starting material as for the right hand side. 

Introduction of the alkyne would be followed by asymmetric reduction of the 

ketone. Finally the same sequence of reduction, bromination, elimination and 

carbonylation would give a desired left-hand side fragment (scheme 56). 

OPG ^ ^ ^ S i l V ^ OPG OPG 
< = > / k ^ ^ o t = > I 

T ^ COoH 
OPG 

scheme 56 

The final phase of the project is the coupling and cyclization of the two 

fragments. A consequence of the synthesis of the left hand side, is that both 

alcohols are protected with the same functional group. Although sequences could 

be devised to avoid this, the result would be a lengthening of the synthesis. 

Consequently, we planned to couple the carboxyl group of the left hand side 

(138A) with the appropriate alcohol group of the right hand side (139A). 

Deprotection of the two alcohols of (142) would then be followed by lactonization. 

We anticipated that cyclization onto C-14 to give (143) would be favored as the 
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smaller ring (144) produced by the other cyclization mode would be too strained 

by the presence of two trans alkenes (scheme 57). 

OPG1 O OH O 

(138A) 0 p Q l 

OPG1 

OPG3 

OPG2 (139A) 
O 

OPG: 

OPG1 (142) OPG2 

OH 0 | O 

(144) OPG2 

scheme 57 

Synthesis of the Right-Hand Side 

Our initial studies involved the racemic benzyl ether of lactic acid (145), 

prepared by the reaction between 2-bromopropionic acid and lithium 

benzyloxide.25 The acid (145) was routinely converted to its acid chloride (146) 

(scheme 58). 

BnOLi ? B n (COCI^cat.DMF, OBn 

C02H ^ C 0 2 H 

(145) 

Br 
CH2CI2 

scheme 58 

^ C O C I 
(146) 
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Stille coupling with trimethylstannylethynyltrimethylsilane proceeded in 

refluxing chloroform in the presence of 5 mole % of bis(triphenylphosphine) 

palladium chloride to give the ketone (147).26 We chose the trimethyltin 

compound over the tributyltin one, since it is more reactive and also can be 

removed easily by washing with water or by distillation (eqn 11). 

OBn ^ ^ ^ S i M e 3 

eqn 11 
I' (147) 

(146) O K ] 

OBn 
1 + Me3Si—==—SnMe3 

" ^ C O C I 

(Ph3P)2PdCI2l 

CHCI3> CO 

It was noted that the reaction was cleaner if it was carried out under an 

atmosphere of carbon monoxide, rather than under an atmosphere of air. It may 

be presumed that added carbon monoxide suppresses decarbonylation of the 

acyl palladium intermediate (scheme 59). 
O 

A, 
oxidative 
addition 

Pd(0)Ln 

reductive 
elimination 

PdLnR' 

± CO 

PdLnCI 

transmetallation 

R-PdLnCI 

Me3SnCI R'SnMe3 

scheme 59 

The ketone (147) produced was found to be sensitive to moisture. Related 

ketones with a-oxygenation are known to be sensitive to hydration. 

Consequently, we developed a non-aqueous work-up procedure. The insoluble 

catalyst residues were removed by filtration through celite and the volatiles, 
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chloroform and trimethyltin chloride, were evaporated under reduced pressure. 

Kugelrohr distillation of the residue gave the desired, pure ketone in 74% yield. 

Reduction of the ketone (147) by K-Selectride yielded the alcohol (148). 

OBn ^ S i M e 3 9 B n ^ S i M e 3 
K-Selectride,-78°C ^ ^ ^ 

eqn 12 

O OH 
(147) (148) 

For the optically active series, we chose to use TBS as the protecting 

group. This group can be easily introduced onto lactic acid derivatives without 

loss of stereochemical integrity and its subseqent removal later in the sequence 

can be effected under a wide variety of conditions.27 TBS is probably the most 

widely used protecting group for alcohols. It is, however, sensitive to strong acid. 

The direct conversion of an acid to an acid chloride invariably generates one 

equivalent of hydrogen chloride. We, therefore, adopted an indirect route. Lithium 

lactate (149) which may be prepared either by treatment of methyl lactate or 

lactic acid with aqueous lithium hydroxide, followed by azeotropic removal of 

water, was disilylated by treatment with TBS chloride and imidazole in DMF to 

give (150) in quantitative yield (scheme 60). 

OH 

? H i r r ^ d a z o l e , DMF ? T B S 

^ C 0 2 L i ' ^ C O g T B S 
(149) (150) 

^ ® 2 ^ scheme 60 

The resulting silyl ester (150) was converted to the acid chloride (151) on 

treatment with oxalyl chloride.28 Without purification, the Stille coupling was 

carried out to give the desired propargyl ketone (152) in 74% yield after the same 

C0 2 Me 
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non-aqueous work-up (scheme 61). However, as the 1H NMR spectrum of the 

compound showed minor impurities, complete purification was left until a later 

stage. 
Me-^Sn—=—SiMe^, 

.SiMe3 OTBS (COCI)2> 
Cat.DMF 

C02TBS" 
(150) 

Me 3 Sn—=—Si f 

9 T B S (Ph3P)2PdCI2, 

A c o c i C H C I * 0 0 

(151) 

OTBS 

(152) 

scheme 61 

Reduction of (152) with sodium borohydride gave a mixture of 

diastereoisomeric alcohols (153 and 154) in a 3:1 ratio (eqn 12). 

OTBS .SiMea 9TBS
 ^ S i M e 3 

OTBS SiMe3 

NaBH4, r.t. 

OH 
(153) 

eqn 12 

When the much bulkier reagent K-Selectride® was used at -78°C, only a 

single diastereoismer (153) was obtained, although in modest yield (eqn 13). 

OTBS .SiMe* OTBS .^SiMe3 

K-Selectride, -78°C 

48% 
eqn 13 

OH 

(153) 

The alcohol (153) was assigned the structure consistent with Cram attack 

of the hydride. According to the Felkin Anh model, there can be two possible 

reactive conformations of the ketone, (155) and (155A), the large and polar group 

TBSO being perpendicular to the R-C=0 axis. Of the two, (155) is preferred for 

the nucleophilic attack since the attack past the smaller hydrogen will be easier 

than the attack past the methyl group (scheme 62). 
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© © H-Bsec-Bu3 sec-Bu3B-H 

> * 
H3C\>-—^/H H 3 c H 
Q— ~ - S i M e 3 M e 3 S i — = - ^ = = ^ = 0 

OTBS OTBS 

("*55) scheme 62 (155A) 

The possibility of a chelation controlled reaction may be disregarded due 

to the choice of a bulky group on oxygen and a weakly co-ordinating counter ion, 

potassium. 

During initial studies with the benzyl protecting group attempts to reduce 

the alkynol (148) to the alkenol (156) failed despite use of various catalysts such 
* 

as Lindlar's catalyst and palladium on BaS04. There was either no reaction or 

very little reaction in each case (eqn 14). 

OBn .^SiMe3 H2, Lindlar's cat. 

^ ^ ^ = = v S i M e 3
 e(1n 1 4 

OH OH 
(148) ( 1 5 6 ) 

It was, therefore, decided to use an alternative strategy for the introduction 

of the carboxylic acid group. Protection of the hydroxyl group of the alcohol (153) 

required a group which would be stable to the basic conditions required for 

introduction of the carboxylic acid group and eventual removal of the TBS group. 

We examined the use of the TBDPS group first. The alcohol was protected using 

TBDPSCI under standard conditions to give (157) in 73% yield (eqn 15). 
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OTBS SiMe. OTBS 

TBDPSCI, DMF, 
imidazole 

SiMe. 

OH 
(153) 

OTBDPS 
(157) 

eqn 15 

Problems arose during deprotections. Though the TMS group was 

removed smoothly with a catalytic amount of sodium methoxide and methanol, 

subsequent removal of the TBS group with Dowex in methanol resulted in a 

mixture of the desired compound (158) and the undesired isomer (159) which 

was possibly formed by a migration process in the presence of acid (scheme 63). 
OH 

OTBS SiMe3 OTBS 
cat. NaOMe, 
MeOH 

OTBDPS 

(157) 

Dowex, 
MeOH 

OTBDPS 

OTBDPS 
(158) 
+ 

OTBDPS 

OH 

H+ 

OTBDPS 

Hv© 
OTBDPS 

,0-TBDPS 
H © 

scheme 63 

OH 

OH 
(159) 

OTBDPS 

OH 

The TBS group of (157) could be cleanly removed using HF and pyridine 

to give (160); however, the yields were erratic, ranging from 59% to 20% (eqn 

16). 
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HF, pv 

SiMec 

OTBDPS 
(157) 

OTBDPS 
(160) 

eqn 16 

Therefore, we decided to avoid using so many silicon-based protecting 

groups. The BOM group was tried for protection of the hydroxyl group of (153). 

Use of benzyl chloromethyl ether (BOMCI) and diisopropylethylamine resulted in 

very low yields (ca 7%). An NMR control experiment indicated that this was due 

to rapid quaternization of the amine (eqn 17). 

CI + i-Pr2NEt NEti-Pr2 eqn 17 

The 1H NMR spectrum of a 1:1 mixture of BOMCI and the amine showed 

substantial shifts downfield for the protons a to nitrogen, consistent with the 

introduction of a positive charge. The methylene protons a to oxygen showed 

shifts upfield, consistent with a change from chlorine to nitrogen.29 

Protons 

NCH2 

NCH 

OCH2 

PhCH2 

Chemical shift in 

reagents/ ppm 

2.40 

2.95 

5.55 

4.75 

Chemical shift in 

quaternary salt/ ppm 

3.50 

4.05 

5.00 

4.65 

Indeed, using 2,6-di-t-butyl-4-methylpyridine as the base in refluxing 

dichloromethane resulted in an efficient process. It has been reported that this 

base is too hindered to coordinate to Lewis acids (eqn 18).30 
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BOMCI 

OTBS SiMe<= 

OH 
(153) 

OTBS 

eqn 18 

62% 
OBOM 
(161) 

Conversion of the alkyne (161) to the alkynol (163) was tried first by 

adding a catalytic amount of TBAF to a mixture of the alkyne (161) and 

formaldehyde in THF at -20°C and stirring at room temperature. It always gave a 

mixture of the alkyne (162) and the desired alkynol (163)31, the maximum yield of 

the alkynol (163) being 37% (eqn 19). 

.SiMe3 OTBS 
HCHO, 
TBAF 

OBOM 

(161) 

OTBS 

OBOM 
(162) 

OTBS 

eqn 19 

OBOM 
(163) 

The catalytic reaction most probably proceeds with the formation of the 

acetylide (164) (scheme 64). 

Bu4N
+F" 

R-
(161 A) 

•SiMe-: R — B u 4 f P + Me3SiF 
(164) 

O 

" \ ) G BU4N® 
•H 

(165) 

Me3SiF 

(162A) 

Bu4N
+F" + R-

(166) °SiMe3 

scheme 64 

HoO R-
(163A) 0 H 
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The acetylide (164) takes up a proton to give the alkyne (162A). It also reacts 

with the aldehyde giving the alkoxide (165). According to the authors of the 

above paper, the alkoxide (165) reacts with trimethylsilyl flouride giving the 

adduct (166) which reacts with water to furnish the alkynol (163A). 

However, since the silicon-flourine bond is strong, it may also be 

postulated that the acetylide is formed by the alkoxide with the starting alkyne 

(scheme 65). 

R ^ ^ 0 © B N© + R ^ ^ S i M e 3 

(165) (161 A) 

R — = \ . + R — ^ B u ^ 
OSiMeo 

(166) 3 (164) 

scheme 65 

We decided to remove the TMS group first and then convert the alkyne 

(162) to the alkynol (163). The TMS group was removed by stirring the alcohol 

overnight in methanol with a catalytic amount of sodium methoxide. The more 

bulky TBS group proved to be stable to these conditions. The alkyne (162), thus 

obtained, was lithiated with n-butyllithium at -78°C and reacted with 

paraformaldehyde to furnish the alkynol (163) in 61% yield (scheme 66). 

9 T B S ^ S i M e 3 OTBS n-BuLi, -78°C, 9 T B S 

NaOMe J L HCHO 

OBOM 8 6 % OBOM 6 1 % OBOM 
(161) (162) (163) 

scheme 66 

The alkynol (163) was easily reduced by Red-AI to the alkenol (167) in 

moderate yield. Within the limits of detection, only the E-isomer was produced 

(eqn 20). 
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OTBS OTBS 

OBOM 
(163) 

Red-Ai 

50% 
eqn 20 

OBOM 
(167) 

The mechanism probably involves the formation of the alkoxide (168) in 

the first step with one molecule of Red-AI followed by a backside attack of 

another molecule of Red-AI (scheme 67). 

R- " \ 
H - S IH(OR)2 R-

Hj$H(OR)2 

OH 

RMH 
( R O ) 2 A k o > 

HoO 

(RO)2AlC 
H 

R 

(168) 

H 
scheme 67 

Formation of the E-product was further corroborated by the coupling 

constant of 15.6 Hz between the two vinyl protons. 

Oxidation of the alkenol (167) with PDC in DMF yielded the the aldehyde 

(169), rather than the carboxylic acid. This is consistent with the results of 

Corey.32. Even the use of excess PDC was ineffective. Further oxidation to the 

acid (170) was smoothly effected by sodium chlorite in t-butanol in the presence 

of sodium dihydrogen phosphate buffer and 2-methyl-2-butene which acted as a 

chlorine scavenger. The carboxylate was protected as its allyl ester by treatment 

with allyl bromide and DBU in toluene to give the fully protected right hand side 

fragment (171) (scheme 68).33 
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OTBS 

OBOM 

(167) 

OTBS 

OTBS 

PDC, DMF 

70% 

C3H5Br 
,H DBU 

OBOM 
(169) 

NaCI02 

86% 

OTBS 

OBOM 

(170) 

71% 
OBOM 

(171) 
scheme 68 

Synthesis of the left-hand side 

Model studies by Lee had shown that a suitable left hand side fragment 

could be prepared from valerolactone. In these studies, commercially available 

racemic valerolactone was employed. Our initial task, therefore, was to prepare 

optically active valerolactone.34 While a number of syntheses of this material are 

known, we wanted to start with (S)-methyl lactate (172). It was reduced to 1,2-

propanediol (173) by lithium aluminum hydride. This was converted to the cyclic 

sulfite by refluxing with thionyl chloride in dichloromethane. The cyclic sulfite was 

not purified. It was easily oxidized to the cyclic sulfate (174) either by 

concentrated sulfuric acid and potassium permanganate35 or by ruthenium 

tetroxide36 generated in situ from RuCb (0.1 mole%) and Nal04. The second 

method gave a better yield (80%) (scheme 69). 

OH 

x ^ C 0 2 M e 
(172) 

LiAIH/ 

O 

Q H 1) soci2 o - s ' 

A OH 2) RuCI3.3H20, Nal04 i o 

(173) (174) 

scheme 69 
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We reasoned that the optically active cyclic sulfate (174) would react with 

sodio dimethyl malonate (175) to give the lactone (176) after hydrolysis of the 

hemi sulfate group. Decarboxylation to valerolactone (177) would then be simple 

(scheme 70). 
O C02Me 

O-S;- © ( 0S0 3 " c o 2 M e H 3 0 + OH C 0 2 M e 

^ ^ ^ C 0 2 M e ^ ^ ^ C 0 2 M e 
(174) (175) 

HO2C 

(176) 

scheme 70 

The ring opening of ethylene glycol cyclic sulfate (174) has been reported 

to be high yielding,37 although it is known more recently that use of excess base 

results in cyclization to cyclopropanes.38 To our surprise, under all conditions 

tried, the only isolable product was the cyclopropane (178) (scheme 71). The 13C 

NMR spectrum was consistent with the formula of the product. The chemical shift 

(34.2 ppm) of the carbon atom bearing the geminal ester groups was shifted 

upfield relative to the corresponding carbon of dimethyl malonate (41.2 ppm). 

Carbon atoms in cyclopropanes are known to be shifted upfield relative to carbon 

atoms in acyclic and larger ring compounds. In cyclopropane itself, the chemical 

shift of the carbon atoms is -2.8 ppm, which can be compared to the carbons of 

cyclopentane at 25.6 ppm. 
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^ „ O CO2M6 

? ' % 0 c ° 2 M e ? s ° 3 C02Me 

(174) 
CO2M G 

( ? S 0 3 " C02Me N . ^ C 0 2 M e 
C ° 2 M e C ° * M e 

(178) 

scheme 71 

While this work was in progress, Hoye disclosed his results.39 He reported 

that cyclic sulfates could be readily opened by lithioacetonitrile to give (179). We 

found that this was indeed so. Hydrolysis of the hemisulfate and nitrile groups of 

(179) was complicated by concommitant hydrolysis of the THF solvent. Provided 

that all of the THF was removed under high vacuum, leaving the lithium 

hemisulfate as a pale brown solid, valerolactone (177) could be obtained cleanly 

(scheme 72). 

O - S * 0 CH3CN, n-BuLi ° S ° 

(174) 

(scheme 72) 

To our surprise, the optical rotation of the material thus prepared was 

-4.4°, in contrast to values reported in the literature of -29.4°.40 Thus the ee of the 

desired product was only 15%. The means of preparation of the cyclic sulfate are 

known to be stereospecific. We attribute this loss of stereochemistry to the 

operation of two different mechanisms during the acid catalyzed cyclization 

reaction (scheme 73). 

6.5MHCI 
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0S0 3 H 

inversion r—^ 
^ O 

S r 
O 

HQ" "X 
£ b retention i ! i 2 1 A ^ £ 

^OH,* 

scheme 73 

During this work, we became aware of various papers, notably by Bellus, 

involving the homologation of lactates41. Thus, (S)-methyl lactate (172) was 

protected as its TBS ether (180) and reduced with one equivalent of DIBAL. The 

aldehyde, without isolation, was treated with a phosphorus ylid to give the alkene 

(181) as a 6:1 E:Z mixture in 88% yield. This material contained all the 

functionality of valerolactone without loss of stereochemical integrity (scheme 

74). 

OH OTBS 
1 eq. DIBAL, -78°C 

C0 2Me 
TBSCI, imidazole,DMF 

(172) 
GO2M © 

(180) 

OTBS 

. 0 PhoP / COoEt 
OTBS 

(181) 

sC02Et 

scheme 74 

Hydrogenation of the double bond gave the ester (182) and reduction of 

the ester (182) gave the alcohol (183). Swern oxidation42 to aldehyde (184) 

proved more efficient than the use of PDC17 (scheme 75). 



51 

OTBS Pd-C, H2 9TBS LiAII-L 

/ ^ ^ C 0 2 E t 
(181) (182) 

OTBS 
(COCI)2, DMSO, Et3N s 

(184) 
scheme 75 

Brief treatment of the aldehyde (184) with lithio trimethylsilylacetylene 

gave the desired propargyl alcohol (185) as a 1:1 mixture of diastereomers. 

Careful temperature and time control of this reaction was needed. The aldehyde 

(184) was added to the acetylide at -78°C, then allowed to warm to room 

temperature prior to quenching. However, if the reaction was allowed to stir at 

room temperature for too long, the yield was substantially reduced and 

corresponding amounts of the by-product, terminal acetylene (186), were formed 

(eqn 21). 

OTBS ^ S i M e 3 

OH ( 1 8 5 ) 

eqn 21 

OTBS 

OTBS 

OH 

The carboxylic group was introduced using the sequence of reactions that 

was attempted in the right hand side: reduction, bromination, elimination and 

carbonylation. In contrast to the right hand side, hydrogenation of the alkyne 

(185) in the presence of Lindlar's catalyst and a small amount of quinoline 

proceeded smoothly and rapidly to give the Z-alkene (187) as the major 



52 

product43 (Z/E ratio was 10:1) (eqn 22). The coupling constant between the 

vinylic'protons, 14 Hz, is slightly higher than would be expected for an isolated Z-

alkene, but is consistent with presence of an electropositive substituent. 

OTBS ^ ^ S i M e a OTBS 
Ho, Lindlar's cat., a ( i n oo 

quinoline ^SiMe3
 e c ln 2 2 

(185) w n (187> 0 H 

Treatment of (187) with bromine gave a complex mixture of dibromide 

stereoisomers (188), which were not characterized, but directly treated with 

sodium methoxide. This resulted in elimination of trimethylsilyl bromide to give 

the desired E-bromoalkene (189) with concommitant loss of the silyl protecting 

groups (scheme 76). 
OTBS OTBS 

'SiMe3 Br2,0°C 

(187) OH 

NaOMe, MeOH 

SiMec 

OH 

OH Br 
(188) 

(189) OH 

scheme 76 

The coupling constant between the vinyl protons was found to be 13.2 Hz. 

While this is very similar to the value for the Z-vinyl silane, it is consistent with E-

geometry of an alkene bearing an electronegative substituent. This overall 

inversion of alkene stereochemistry is consistent with anti-addition of bromine, 

followed by anti-elimination of trimethylsilylbromide (scheme 77). 
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Br 

R 
Br2 

vSiMeo R ' f B r 

SiMe3 

rotation 

Br y 
H ^ B r 

R J H 

SiMe3 0 

V ^ ^ O M e 

R ^ B r 

scheme 77 

The hydroxyl groups needed to be protected during carbonylation. Some 

preliminary experiments in these labs have shown that double bond inversion 

and subsequent cyclization could compete with intermolecular reactions. Thus 

bromoalcohol (190) was found to give a mixture of the expected ester (191) plus 

the lactone (192) (eqn 23). 

Br HO / i 5 ^ / £ 0 2 B n 

II 
eqn 23 

(190) (191) (192) 

The diol (189) was treated with excess TBSCI to give the diether (193) in 

high yield. This compound underwent carbonylation in the presence of a 

palladium catalyst and water under pressurized carbon monoxide to give the 

carboxylic acid (194) (scheme 78). The effect of pressure is very important in this 

reaction. In related studies, much slower reactions were noted at lower 

pressures. 

OH OTBS 

•Br TBSCI, imidazole, DMAP 

(189) 0 H 

H20,Et3N,(Ph3P)2PdCI2 

CQ.8Qpsi , 

scheme 78 
(194) OTBS 
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The mechanism for cabonylation is shown by a catalytic cycle (scheme 

79) in which the first step is the oxidative addition of the alkyl bromide (193A) to a 

palladium (0) catalyst to form the palladium (II) complex (195). It undergoes 

carbon monoxide insertion in the next step with the formation of the 

acylpalladium (II) complex (196) which on nucleophilic attack by water furnishes 

the acid (194A) along with regeneration of the palladium (0) calalyst. 
O 

Pd(0)Ln 

RBr 
(193A) 

oxidative 
addition 

RPdLnBr (195) 

PdLnBr 

II 
"OH 

(194A) 

HoO 

O 
(196) r X 

CO insertion C O 

scheme 79 

Since all the steps worked smoothly with the diastereomeric mixture (185), 

it was only logical to deal with the uncontrolled stereocenter and repeat the steps. 

The stereocenter was removed by oxidation of (185) to the ketone (197). Once 

again, the Swern oxidation was preferred to the PDC procedure. Reduction of the 

ketone (197) using a preformed Darvon alcohol-lithium aluminum hydride mixture 

with careful control of the temperature gave the alcohol (198) (scheme 80). 

Careful examination of the 13C NMR spectrum (figure 1) showed that it was a 

mixture of diastereoisomers, the product having a de of 68%. Based on literature 

precedent, it was assigned the structure shown. 
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OTBS ^ S i M e 3 OTBS . ^SiMe, 
(COCI)2,DMSO,Et3N 

(185) OH O ( 1 9 7 ) 
OTBS SiMe3 

Darvon alcohol - LiAIH4 

" E (198) 
OH 

scheme 90 

Darvon alcohol, commercially called Chirald®, is (2S,3R)-(+)-4-

dimethylamino-1,2-diphenyl-3-methyl-2-butanol (199). This compound was 

developed by Eli Lilly for use as a precursor of an analgesic. Mosher44 showed 

that its complex with lithium aluminum hydride (eqn 24) was capable of 

asymmetric reduction of prochiral ketones. By present standards, the ee's were 

not good: the highest ee for the reduction of acetophenone was 68%. Other 

ketones gave much lower ee's. Marshall45 has more recently shown that, under 

careful temperature control, this complex is efficient for the asymmetric reduction 

of propargylic ketones. As the darvon alcohol is easily removed and recovered 

from the reaction mixture by a simple acidic extraction, this reagent is simpler to 

use than the alpine borane® reagent developed by Midland.46 

Ph | f 

2 L i A I H 4 LiAIH2(OR)2 eqn 24 

Me2N OH 
(199) | Ph 

• r V 
\ ' F 

where OR 
I ' ̂  Ph 

Me2N O 

The bromide (202) was prepared from the alcohol (198) by the same steps 

as described before (scheme 81). 
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OTBS 

OH 
(198) 

OH 

(201) OH 

SiMe3 

H2, Lindlar's cat., 
quinoline 

OTBS 

TBSCI, imidazole, 
DMAP 

1) Br2 

'SiMe3
 2) NaOMe 

OH (200) 

OTBS 

(202) OTBS 
scheme 81 

The bromide (202) will now be converted by the above mentioned 

procedure to the acid (203) which is the left hand side (eqn 25). 
OTBS OTBS O 

eqn 25 

(202) 
OTBS OTBS 

(203) 

The TBS group of the right hand side (171) will be removed under mild 

conditions using HF and pyridine or ammonium flouride to give the alcohol (204) 

(eqn 26). 

OTBS O 

eqn 26 
o ^ - - T v 0 

OBOM (171) OBOM (204) 

The acid (203) and the alcohol (204) will be coupled in the presence of 

DCC to give the ester (205). The TBS groups will be removed by another flouride 

treatment. The allyl group will be removed by treatment with 

tetrakis(triphenylphosphine) palladium and an appropriate nucleophile. 

Laconization of (206) under Yamaguchi or Mukaiyama conditions followed by 
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removal of the BOM group under acidic conditions will furnish one diastereomer 

of clonostachydiol (207) (scheme 82). 

OTBS O 

(203) OTBS 

OTBS O 

OBOM 

OTBS OBOM 

1) F" 
2) Pd(PPh4), R2NH 

Q 1) CI3H2C6COCI 

2) H 30+ HO. 

OH (206) OBOM 
(207) 

scheme 82 ^ w 0 

This project has suceeded in preparing precursors for the two seco-acids 

with control of the two stereocenters of each fragment. Further work will result, 

initially, in the coupling of the two fragments to synthesize one diastereomer of 

Clonostachydiol. Minor modifications of the scheme will allow synthesis of the 

natural product. 



CHAPTER 3 

EXPERIMENTAL 

General: All reactions were carried out under an atmosphere of nitrogen in 

glassware which was oven-dried at 140°C and cooled in vacuo. 1H spectra at 

200 MHz were recorded on a Varian Gemini-200 NMR spectrometer in CDCI3. 

Chemical shifts are reported in ppm with CHCI3 or Me4Si in CDCI3 as the internal 

standard. 13C spectra were recorded at 75 MHz with CHCI3 in CDCI3 as the 

internal standard. Infrared (IR) spectra were recorded on a MIDAC FTIR 

spectrometer as neat samples. Mass spectra were recorded on a Hewlett 

Packard 5790 series Gas Chromatograph with a 5970 series Mass Selective 

Detector. Elemental analyses were performed by M-H-W Laboratories, Phoenix, 

AZ. All reactions were followed by TLC using glass plates or plastic sheets 

coated with silica gel 60 F254 Merck. Flash chromatography and flash filtration 

were performed on silica gel: 60 A, 230-400 Mesh. Tetrahydrofuran (THF) was 

freshly distilled from sodium/benzophenone or calcium hydride under nitrogen 

before use. Dichloromethane and ether were freshly distilled from calcium 

hydride and sodium/benzophenone, respectively, under nitrogen. Toluene was 

freshly distilled from sodium under nitrogen. Chloroform was spectrophotometric 

grade and dried over activated molecular sieves (3A). Triethylamine and N-

ethyldiisopropyl amine were distilled from KOH; DMF and DMSO were distilled 

from calcium hydride and stored over activated molecular sieves (3A). Oxalyl 

59 
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chloride was used either from fresh bottles or was distilled from quinoline. 

Bis(triphenylphosphine)palladium(ll) chloride was prepared according to the 

published procedure47. Organic layers were dried over anhydrous magnesium 

sulfate. Removal of solvents was performed under aspirator pressure using a 

Buchi rotavapor, followed by static evaporation at manifold pressure (1.5 mmHg) 

when necessary. During flash filtration the crude product was loaded with hexane 

or toluene and filtered through a pad of silica gel into Buchner flasks, washing 

with ether-hexane solutions and identifying the product by thin layer 

chromatography. The filtrates containing the product were combined and 

evaporated. 

2-Benzyloxypropionic acid (145) 

Lithium (930 mg, 134 mmole) was added to benzyl alcohol (40 ml, 387 

mmole) and the mixture was stirred under nitrogen at room temperature. The 

metal slowly dissolved and the mixture became cloudy. 2-Bromopropionic acid 

(10.0 g, 65.37 mmole) was added dropwise. The mixture was heated at 150°C for 

four hours. The yellowish reaction mixture was cooled and poured into water (100 

ml) and extracted four times with ether. The aqueous layer was acidified with 

concentrated hydrochloric acid (10 ml) and extracted with ether. The ether layer 

was dried and evaporated. The residue was distilled (Kugelrohr, 125°C at 0.08 

mmHg) to give the acid (145) (9.88 g, 84 %). 1H NMR 8 7.36 (5H, s, Ph), 4.73 

(1H, d, J=12.0 Hz, PhCH2), 4.52 (1H, d, J=12.0 Hz, PhCH2), 4.12 (1H, q, J=6.0 

Hz, CH3CH), 1.50 (3H, s, J=6.0 Hz, CH3CH). 

Benzyloxypropanoyl chloride (146) 

Oxalyl chloride (1.47 ml, 16.71 mmole) was added to 2-benzyloxy 

propionic acid (145) (2.00 g, 11.14 mmole) in dichloromethane (10 ml) under 
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nitrogen at room temperature. Two drops of DMF were added causing 

effervescence. The mixture was stirred for one hour. The solvent and excess 

oxalyl chloride were evaporated and the residue distilled (Kugelrohr, 80°C at 0.5 

mmHg) to give (146) (1.72 g, 78% ).1 H NMR 5 7.36 (5H, s, Ph), 4.70 (1H, d, J=12 

Hz, PhCH2), 4.52 (1H, d, J=12 Hz, PhCH^), 4.22 (1H, q, J=7 Hz, CH3CH), 1.78 

(3H, d, J=7Hz, CH3CH). 

Trimethylsilyltrimethylstannylethyne 

n-BuLi (8 ml of a 2.5M solution in hexane, 20 mmole) was added dropwise 

to trimethylsilylacetylene (2.83 ml, 20 mmole) in THF (15 ml) at 0°C under 

nitrogen. The mixture was stirred for thirty minutes. Trimethyltin chloride (20 ml of 

a 1M solution in THF, 20 mmole) was slowly added via cannula. The mixture was 

stirred overnight. Water was added and the mixture was extracted with ether.The 

ether layer was dried and evaporated and the residue distilled (Kugelrohr, 40°C 

at 2 mmHg) to give the alkyne (5.02 g, 96%). 1H NMR 8 0.18 (9H, s, SiMe3), 0.24 

(9H, s, SnMe3); IR/cm*"" 2969 (C-H), 2914, 2081 (C=C), 1414, 1260, 831. 

1 -T rimethylsilyl-4-benzyloxy-1 -pentyn-3-one (147) 

A solution of trimethylsilyltrimethylstannylethyne (1.47 g, 5.62 mmole) in 

chloroform (5 ml) was added to the acid chloride (146) (1.00 g, 5.06 mmole) and 

bis(triphenylphosphine)palladium(ll)chloride (16 mg, 0.023 mmole). The mixture 

was heated at reflux overnight under an atmosphere of carbon monoxide. The 

black reaction mixture was filtered through celite and washed with ether. The 

ether solution was dried and evaporated. The residue was distilled (Kugelrohr, 

125°C at 0.05 mmHg) to give the ketone (147) (987 mg, 74 %) as a pale yellow 

oil. 1H NMR 8 7.4 (5H, m, Ar), 4.75 (1H, d, J= 12 Hz, Ch^Ph), 4.53 (1H, d, J=12. 

Hz, CH2Ph), 4.10 (1H, q, J=6 Hz, CH3CH), 1.5 (3H, d, J=6 Hz, Ch^CH,), 0.2 (9H, 
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s, SiMe3);
 13C NMR 8 189.5 (C=0), 138.8, 124.2 ,101.0 (alkyne), 100.0 (alkyne), 

80.5 (CH3CH), 72.0 (£H2Ph), 29.8 (CH3CH), 17.8; IR/crrr"! 2957 (C-H), 2160 

(C=C), 1691 (C=0), 1442, 1248, 1088, 1067. 

1-Trimethylsilyl-4-benzyloxy-1-pentyn-3-ol (148): 

K-Selectride (400 (il of a 1M solution in THF, 0.40 mmole) was added 

dropwise to a solution of the ketone (1.02 g, 3.90 mmole) in 2 ml of THF at -78°C 

under nitrogen and the mixture was stirred for one hour. The reaction mixture 

was quenched with saturated ammonium chloride, allowed to come to room 

temperature and extracted with ether. The ether layer was dried and evaporated. 

The product was purified by flash chromatography using 10% ether-hexane to 

give the alcohol (148) (54 mg, 52 %). 1H NMR 5 7.38 (5H, m, Ar), 4.75 (1H, d, 

J=12 Hz, OCh^Ph), 4.60 (1H, d, J= 12 Hz, OCH2Ph), 4.25 (1H, dd, J=6.0, 4.0 

Hz, CHOH), 3.65 (1H, dq, J=6.0, 4.0 Hz, CH3CH), 2.74 (1H, brs, OH), 1.30 (3H, 

d, J=6.0 Hz, CtbCH). 

t-Butyldimethylsilyl-(2S)-(t-butyldimethylsiloxy)-propanoate (150) 

TBSCI (42 g, 278.8 mmole), imidazole (10 g, 147.1 mmole) were added to 

(S)-lithium lactate (11.88 g, 121 mmole) in DMF (60 ml) and the mixture was 

stirred overnight at room temperature. The product was diluted with ether and 

washed with water. The ether layer was evaporated and the residue was taken 

up in hexane and washed with water. The hexane layer was dried and 

evaporated to give the ester (150) as an oil (38.33 g, 99%). 1H NMR 8 4.25 (1H, 

q, J=7.2 Hz .CHOTBS), 1.35 (3H, d, J=7.2 Hz, CH3CH), 0.90 (9H, s, t-Bu), 0.88 

(9H, s, SiMe3), 0.25 (6H, s, OSiMe2), 0.05 (6H, S, OSiMe2);
 13C NMR 8 76.4 

(C=0), 69.0 (£HOTBS), 25.6 (t-Bu), -4.5 (OSiMe2); IR/cm-1 2936, 2853 (C-H), 

1711 (C=0), 1460, 1250, 1165, 835. 
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1-Trimethylsilyl-(4S)-t-butyldimethylsiloxy-3-pentanone (152) 

Oxalyl chloride (11.04 ml, 1.64 mmole) was added to a solution of the 

protected ester (150) (2.47 g, 8.47 mmole) in dichloromethane (30 ml). A few 

drops of DMF were added causing considerable effervescence. The reaction 

mixture was stirred for two hours under an atmosphere of nitrogen. The solvent 

and excess oxalyl chloride were removed under reduced pressure. The contents 

were dissolved in dry chloroform (18 ml) and were added via cannula into a 

mixture of trimethylsilyltrimethylstannylethyne (2.43 g, 9.32 mmole) and 

bis(triphenylphosphine)palladium(ll) chloride (297 mg, 0.424 mmole) under CO. 

The reaction mixture was heated at reflux overnight under an atmosphere of 

carbon monoxide. After cooling to room temperature the contents were filtered 

through celite and washed with ether. The solvents, unreacted stannane and 

trimethyltin chloride were evaporated and the black residue was distilled 

(Kugelrohr, 80°C at 0.06 mmHg) to give the ketone (152) (2.11 g, 88%) as a 

yellowish oil. 1H NMR 5 4.20 (1H, q, J=7.2 Hz, CHOTBS), 1.35 (3H, d, J=7.2 Hz, 

CH3CH), 0.90 (9H, s, t-Bu), 0.22 (9H, s, SiMe3), 0.08 (6H, s, OSiMe2);
 13C NMR 

8 170 (C=0), 102.0 (C=C), 100.0 (C=C), 74.8 (QHOTBS), 25.8 (t-Bu), 20.2 

(£H3CH), -0.2 (SiMe3), -4.5 (OSiMe2); IR/cm*l 2963 (C-H), 2853, 2158 (C=C), 

2082, 1673 (C=0), 1476, 1257, 1072, 854. 

1 -Trimethylsilyl-4-(t-butyldimethylsiloxy)-1 -pentyne-3-ol (153) 

1) A solution of the ketone (152) (2.97 g, 10.44 mmole) in dry methanol 

(10 ml) and dichloromethane (5 ml) was added via cannula to a slurry of sodium 

borohydride (298 mg, 7.83 mmole) in dry methanol (60 ml) at room temperature. 

The mixture was stirred for two hours. Saturated aqueous ammonium chloride 

was added and the mixture was extracted with dichloromethane. The 
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dichloromethane layer was dried and evaporated. The residue was purified by 

flash chromatography using 2% ether-hexane [the syn diastereomer (153): 803 

mg, 27 %, the anti diastereomer (154): 265 mg, 9%]. 

2) K-selectride (9.1 ml of a 1M solution in THF, 9.1 mmole) was added 

dropwise to a solution of the ketone (2.6 g, 9.1 mmole) in THF at -78°C under 

nitrogen and the reaction mixture was stirred for two hours. The reaction mixture 

was quenched with saturated aqueous ammonium chloride, allowed to come to 

room temperature and extracted with dichloromethane. The dichloromethane 

layer was dried and evaporated. The product was purified by flash 

chromatography using 1% ether-hexane to give the syn alcohol (153) (1.2 g, 46 

%). [a]D +18.2° (c=1.47, CH2CI2);
 1 H NMR 5 4.02 (1H, dd, J=5.0, 7.5 Hz, 

CHOH), 3.85 (1H, m, CHOTBS), 2.58 (1H, d, J=5.0 Hz, CHOH), 1.20 (3H, d, 

J=6.3 Hz, CH3CH), 0.85 (9H, s, t-Bu), 0.12 (9H, s, SiMe3), 0.09 (3H, s, SiMe), 

0.07 (3H, s, SiMe); 5 105.0 (alkyne), 90.0 (alkyne), 72.0 (CHOH) 67.6 

(CHOTBS), 25.9 (t-Bu), 20.0 (CH3CH), 18.0 (CMe3), -0.2 (SiMe3), -4.5 (OSiMe2); 

IR/crrr1 3446 (O-H), 2965 (C-H), 2859, 2182 (C=C), 1464, 1375, 1260, 1073, 

959, 836, 771; analysis calc. for Ci4H30Si2O2C 58.74, H 10.49, found C 58.60, 

H 10.35. 1H NMR of the anti diastereomer: 5, 4.22 (1H, m, CHOH), 3.88 (1H, m, 

CHOTBS), 2.34 (1H, d, J=5.0 Hz, CHOH), 1.20 (3H, d, J=6.3 Hz, CHhCH), 0.88 

(9H, s, t-Bu), 0.15 (9H, s, SiMe3), 0.08 (6H, s, OSiMe2). 

1-Trimethylsilyl-3-(t-butyldiphenylsiloxy)-4-t-butyldimethylsiloxy-1-pentyne 

(157) 

TBDPSCI (748 j_il, 2.88 mmole) and imidazole (356 mg, 5.23 mmole) were 

added to a solution of the alcohol (153) (745 mg, 2.61 mmole) in DMF (20 ml). 

The reaction mixture was stirred overnight at room temperature, diluted with 
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ether and washed with water. The ether layer was dried and evaporated. The 

residue was purified by flash chromatography eluting with pure hexane to give 

the alkyne (157) (997 mg, 73%) as an oil.1 H NMR 8 7.30-7.80 (Ar), 4.22 (1H, d, 

J=6.0 Hz, CHOTBDPS), 3.70 (1H, m, CHOTBS), 1.25 (3H, d, J=6.3 Hz, CH3CH), 

1.05 (9H, s, t-Bu), 0.80 (9H, s, t-Bu), 0.06 (9H, s, SiMe3), -0.08 (6H, s, OSiMe2), 

-0.20 (6H, s, OSiMe2); IR/cm-1 2960 (C-H), 2862, 2189 (CsC), 1469, 1421, 1257, 

1097, 841. 

3-(t-Butyldiphenylsiloxy)-1-(trimethylsilyl)-1-pentyne-4-ol (160) 

Hydrogen fluoride in pyridine was added dropwise to a solution of the 

alkyne (157) (109 mg, 0.21 mmole) in THF (5 ml). The mixture was stirred for five 

hours. Excess hydrogen flouride was quenched with aqueous saturated sodium 

bicarbonate and the product was extracted with dichloromethane. The organic 

layer was dried and evaporated. The residue was purified by flash 

chromatography using 2 % ether-hexane to give (160) (52 mg, 59%). 1H NMR 8 

7.32-7.80 (Ar), 4.15 (1H, d, J=8.6 Hz, CHOTBDPS), 3.85 (1H, m, CHOH), 2.50 

(1H, d, J=5.0 Hz, CHOH) 1.24 (3H, d, J=6.3 Hz, CH3CH), 1.10 (9H, s, t-Bu), 0.01 

(9H, s, SiMe3); IR/cm-1 3475 (O-H), 3061, 2968 (C-H), 2861, 2179 (CsC), 1592, 

1419, 1255, 1118, 857. 

1 -T rimethylsilyl-3-(benzyloxymethoxy)-4-(t-butyldimethylsiloxy)-1 -pentyne 

(161) 

2,6-Di-t-butyl-4-methylpyridine (54 mg, 0.263 mmole) and benzyloxy 

methyl chloride (28 |il, 0.202 mmole) were added to the alcohol (153) (50 mg, 

0.175 mmole) in dichloromethane (4 ml). The mixture was heated at reflux 

overnight. The solvent was evaporated. The residue was dissolved in ether and 

washed with saturated aqueous ammonium chloride. The ether layer was dried 
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and evaporated. The residue was purified by flash chromatography using 1% 

ether hexane to give (161) (44 mg, 62%). 1H NMR 8 7.26 (Ar), 5.15 (1H, d, J=6.9 

Hz, OCH2OCH2), 1H (4.80, J=6.9 Hz, OCH2OCH2), 4.65 (1H, d, J=11.5 Hz, 

OCH2Ph), 4.60 Hz (1H, d, J=11.5 Hz, OCH2Ph), 4.22 (1H, d, J=6.5 Hz, 

CHOBOM), 3.90 (1H, m, CHOTBS), 1.28 (3H, d, J=6.3 Hz, CH3CH), 0.90 (9H, s, 

t-Bu), 0.11 (3H, s, OSiMe), 0.10 (3H, s, OSiMe); 13c 8 137.8, 128.4, 127.9, 

127.6, 102.5 (alkyne), 92.9 (alkyne), 72.0, 70.5, 69.5, 25.8 19.9 (CH3CH), 18.1 

(CMe3), 0.2 (SiMe3), -4.6 (SiMe2); analysis calc. for C22H3s03Si2 C 65.02, H 

9.36, found C 64.94, H 9.39. 

3-(Benzyloxymethoxy)-4-(t-butyldimethylsiloxy)-1 -pentyne (162) 

A catalytic amount of sodium methoxide was added to a solution of (161) 

(44 mg, 0.11 mole) in dry methanol. The mixture was stirred overnight. The 

reaction mixture was quenched with saturated aqueous ammonium chloride, 

washed with brine and the product was extracted with ether. The ether layer was 

dried and evaporated. The residue was purified by flash chromatography to give 

the alkyne (162) (31 mg, 86%). 1H NMR 8 7.35 (Ar), 5.01 (1H, d, J=6.9 Hz, 

OCH2OCH2), 4.79 (1H, d, J=6.9 Hz, OCH2OCH2>), 4.67 (1H, d, J=11.8 Hz, 

OCH2Ph), 4.58 (1H, d, J=11.8 Hz, OCH2Ph), 4.24 (1H, dd, J=2.0, 6.5 Hz, 

CHOBOM), 3.91 (1H, m, J=6.5 Hz, CHOTBS), 2.43 (1H, d, J=2.0 Hz, C^CH), 

1.28 (3H, d, J=6.3 Hz, CH3CH), 0.90 (9H, s, t-Bu), 0.10 (6H, s, OSiMe2); 13c 

NMR 8 138.2, 128.9, 128.4, 128.2, 93.4 (alkyne), 81.1 (alkyne), 75.3, 70.7, 70.1, 

26.3 (t-Bu), 20.2 (CH3CH), 18.6 (CMe3), -4.1 (OSiMe), -4.3 (OSiMe). 

4-(Benzyloxymethoxy)-5-(t-butyldimethylsiloxy)-hexan-2-yne-1 -ol (163) 

n-Butyllithium (61(0.1 of a 2.5M solution in hexane, 0.15 mmole) was added 

dropwise to a solution of the alkyne (162) (51 mg, 0.15 mmole) in THF (1 ml) 
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cooled to -78°C and the mixture was stirred for 30 minutes. Formaldehyde (9 mg, 

0.31 mmole) was then added via a solid addition tube. The reaction mixture was 

then stirred for 4 hours, washed with saturated aqueous ammonium chloride and 

extracted with ether. The aqueous layer was reextracted with ether. The ether 

layers were combined, dried and evaporated. The residue was purified by flash 

chromatography using 20% ether-hexane to give the alcohol (163) (34 mg, 

61%).1H NMR 6 7.32 (Ar), 5.0 (1H, d, J=6.9 Hz, OCH2OCH2), 4.8 (1H, J=6.9 Hz, 

OCH2OCH2), 4.67 (1H, J=11.7 Hz, Ch^Ph), 4.58 (1H, d, J=11.7 Hz, CHjjPh), 

4.20 - 4.32 (3H, m, CHC=CCH2OH), 1.27 (3H, d, J=6.2 Hz, CH3CH), 0.9 (9H, t-

Bu), 0.09 (6H, SiMe2). 

4-(Benzyloxymethoxy)-5-t-(butyldimethylsiloxy)-2-hexen-1 -ol (167) 

Red-AI (88 |il of a 65% solution in toluene, 0.30 mmole) was added to a 

solution of the alkynol (163) (63 mg, 0.17 mmole) in ether (2 ml) cooled to 0°C. 

The reaction mixture was then stirred at room temperature for 3 hours, quenched 

with saturated aqueous sodium potassium tartrate and extracted with ether. The 

ether layer was dried and evaporated. The residue was purified by flash 

chromatography using 20% ether-hexane to give (167) (30 mg, 47%). 1H NMR 5 

7.31 (Ar), 5.85 (1H dt, J=15.8, 5.6 Hz, CH=CHCH2OH), 5.63 (1H, dd, J=15.0, 7.0 

Hz, CH=CHC02H), 4.66 (1H, d, J=11.7 Hz, OCH2Ph), 4.53 (1H, d, J=11.7 Hz, 

OCH2Ph), 4.78 (1H, d, J=6.4 Hz, OCH2OCH2), 4.75 (1H, d, J=6.4 Hz, 

OCH2OCH2), 4.12 (2H, brs, CH2OH), 4.01 (1H, app. t, J=6.9 Hz, CHOBOM), 

3.85 (1H, quin., J=6.9 Hz, CHOTBS), 1.09 (3H, J=5.0, CH3CH), 0.86 (9H, s, t-

Bu), 0.05 (6H, s, SiMe2). 
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4-(Benzyloxymethoxy)-5-(t-butyIdimethylsiloxy)-2-hexen-1 -al (169) 

PDC (108 mg, 0.29 mmole) was added to a solution of the alkenol (167) 

(30 mg, 0.08 mmole) in DMF (1 ml) and the reaction mixture was stirred 

overnight at room temperature. The product was diluted with ether and washed 

with water. The ether layer was evaporated and the residue was taken up in 

pentane and washed with water. The pentane layer was dried and evaporated. 

The residue was purified by flash filtration using 10% ether-hexane to give the 

aldehyde (169) (21 mg, 70%). 1H NMR 8 9.58 (1H, d, J=8.0 Hz, CHO), 7.30 (5H, 

m, Ar), 6.86 (1H, dd, J=4.6, 15.9 Hz, CHCHO), 6.35 (1H, ddd, J=1.6, 7.9, 15.9 

Hz, CH=CHCHO), 4.82 (1H, d, J=7.0 Hz, OCH2OCH2), 4.74 (1H, d, J=7.0 Hz, 

OCH2OCH2), 4.65 (1H, d, J=11.7 Hz, CH2Ph), 4.55 (1H, J=11.7 Hz, CH2Ph), 

4.35 (1H, dd, J=5.4, 1.5 Hz, CHOBOM), 4.01 (1H, quin., J=5.4 Hz, CHOTBS), 

1.08 (3H, d, J=6.2 Hz), 0.88 (9H, s, t-Bu), 0.05 (6H, s, SiMe2). 

4-(Benzyloxymethoxy)-5-(t-butyldimethylsiloxy)-2-hexenoic acid (170) 

2-methyl-2-butene (2 drops), sodium chlorite (9 mg, 0.08 mmole) and a 

solution of sodium dihydrogen phosphate (9 mg, 0.08 mmole) in water (40|il) 

were added to a solution of the aldehyde (169) (21 mg, 0.06 mmole) in t-butanol 

(0.5 ml). The mixture was stirred at room temperature for 4 hours, evaporated, 

diluted with water (1 ml) and extracted twice with hexane. The hexane layer was 

dried and evaporated to give the acid (170) (18 mg, 82%). 1H NMR 8 10.9 (1H, 

brs, C02H), 7.31 (Ar), 7 .07 (1H, dd, J=4.8, 15.8 Hz, C H = C H C 0 2 H ) , 6.08, (1H, d, 

J=15.8 Hz, C H C 0 2 H ) , 4.81 (1H, d, J=6.8 Hz, OCHjjOCH;?), 4 .73 (1H, d, J=6.8 

Hz, O C H 2 O C H 2 ) , 4.65 (1H, d, J=11.7 Hz, CH 2 Ph) , 4.56 (1H, J=11.7 Hz, CH 2 Ph) , 

4 .23 (1H, dd, J=5.0, 4.4 Hz, C H O B O M ) , 3.95 (1H, m, C H O T B S ) , 1.09 (3H, d, 

J=6.1 Hz), 0.87 (9H, s, t-Bu), 0.04 (6H, s, SiMe2). 
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Allyl 4-(benzyloxymethoxy)-5-(t-butyldimethylsiloxy)-2-hexenoate (171) 

Allyl bromide (7 (il, 0.05 mmole) and DBU (9 [il, 0.05 mmole) were added 

to a solution of the alkenoic acid (170) in toluene (0.5 ml) and was stirred 

overnight at room temperature. The reaction mixture was taken up with ether, 

washed with saturated aqueous ammonium chloride and then with saturated 

aqueous sodium bicarbonate. The ether layer was dried and evaporated to give 

the allyl ester (171) (14 mg, 71%). 1H NMR 8 7.3 (5H, m, Ar), 6.98 (1H, dd, 

J=16.0, 5.6 Hz, CH=CHC02allyl), 6.09 (1H, d, J=16.0 Hz, CH=CHC02allyl), 5.92 

(1H, m, CH=CH2), 5.34 (1H, dd, J=16.6, 1 Hz, CH=CH2), 5.24 (1H, dd, J=10.4, 1 

Hz, CH=CH2), 4.80 (1H, d, J=7.0 Hz, OCH2OCH2), 4.73 (1H, d, J=7.0 Hz, 

OCH2OCH2), 4.62 (3H, m, OCHHPh and O C j ^ C H ^ H ^ , 4.55 (1H, d, J=11.7 

Hz, OChbPh), 4.20 (1H, dt, J=5.0, 1.4 Hz, CHOBOM), 3.94 (1H, dq, J=6.2, 6.2 

Hz, CHOTBS), 1.17 (3H, d, J=6.2 Hz, CH3CH), 0.87 (9H, s, t-Bu), 0.04 (6H, s, 

SiMe2);
 13C NMR 8 165.7 (C=0), 145.6, 137.6, 132.2, 128.4, 127.9, 127.7, 

122.6, 118.1, 93.7, 79.7, 69.9, 69.8, 65.0, 29.7, 25.8, 18.9, 18.1, -4.7, -4.8. 

Propane-1,2-diol (173) 

A solution of (S)-methyl lactate (172) (10 g, 96.05 mmole) in ether (20 ml) 

was added dropwise from an addition funnel to a slurry of lithium aluminum 

hydride (4.80 g., 124.9 mmole) in ether (100 ml) at 0°C. A vigorous reaction took 

place. The reaction mixture was stirred overnight, cooled in ice and quenched 

with water. The white precipitate formed was filtered and washed thoroughly with 

ether. The ether was evaporated and the residue was purified by distillation 

(Kugelrohr, 40°C at 1.5 mmHg) to give the diol (173) (4.02 g, 55%) as an oil. 1H 

NMR 8 3.78-3.94 (1H, m, CH3CH) 3.58 (1H, dd, J=2.9, 11.0 Hz, CH2OH), 3.35 

(1H, dd, J=7.8, 11.0 Hz, CH2OH); NMR 8 68.2, 68.0, 18.6 (£H3CH). 
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1,2-Propane diol cyclic sulfate (174) 

1) Thionyl chloride (4.79 ml, 65.64 mmole) was added dropwise from an 

addtition funnel into a solution of propane-1,2-diol (173) (4.02 g, 52.83 ml) in 

dichloromethane at 0°C. After the addition was complete the mixture was heated 

at reflux for one hour and allowed to come to room temperature. Saturated 

aqueous sodium bicarbonate was added dropwise and the reaction mixture was 

stirred until effervescence stopped. The organic layer was seperated, dried and 

evaporated to give the crude propane-1,2-diol cyclic sulfite. A solution of 

concentrated sulfuric acid (16.61 g, 8.6 ml) in water (116 ml) was slowly added to 

a solution of the cyclic sulfite in dichloromethane (30 ml) at 0°C and solid 

potassium permanganate (8.77 g, 55.49 mmole) was added in small portions. 

The mixture was stirred for 90 minutes. Solid sodium bisulfite was slowly added 

to the reaction mixture and the mixture stirred until the pink color disappeared. 

The dichloromethane layer was separated and washed with saturated aqueous 

sodium bicarbonate. The organic layer was dried, evaporated and the residue 

distilled (Kugelrohr, 50°C at 1 mmHg) to give the cyclic sulfate (174) (4.18 g, 60 

%) as an oil. 

2) A solution of the diol (173) (712 mg, 9.35 mmole) in dichloromethane (5 

ml) was added via cannula into a two-necked flask containing carbon 

tetrachloride (10 ml). Thionyl chloride (819 j_il, 11.23 mmole) was added dropwise 

and the mixture was heated at reflux for thirty minutes. The reaction mixture was 

allowed to come to room temperature. Acetonitrile (10 ml), water (15 ml) and 

ruthenium chloride trihydrate (1.6 mg, 0.1 mole%) were added to the reaction 

mixture at 0°C. The mixture turned green. Sodium periodate (3.0 g, 14.0 mmole) 

was added causing the color to change to orange and then to yellow. The ice-
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bath was removed and the reaction mixture was stirred for thirty minutes. The 

mixture was taken up in ether (80 ml). The ether layer was washed with water, 

saturated aqueous sodium bicarbonate and brine, then dried and evaporated to 

give the cyclic sulfate (174) (1.04 g, 80%) which was purified by distillation, as 

above. 1H NMR 8 5.15 (1H, m, CH3CH), 4.75 (1H, dd, J=5.3 , 9.6 Hz, CH(H)O), 

4.32 (1H, dd, J=8.5, 9.6 Hz, CH(H)0), 1.60 (3H, d, J=6.5 Hz, CH3CH); 13c NMR 

8 79.8 74.0, 17.9. 

Valerolactone (177) 

n-BuLi (8.4 ml of a 2.5M solution in hexane, 20.94 mmole) was added to a 

solution of acetonitrile (1.45 ml, 28.5 mmole) in THF (30 ml) at -78°C.The mixture 

was stirred for two hours. A solution of the cyclic sulfate (174) (2.54 g, 18.37 

mmole) in THF (30 ml) was added via cannula at -78°C and the reaction mixture 

was stirred overnight. The solvent was evaporated on a rotary evaporator and 

then at 0.2 mmHg to remove all traces of THF. Aqueous HCI (6.5M, 23 ml) was 

added and the mixture was heated at reflux for 8 hours. The mixture was 

continuously extracted with ether. The ether solution was dried and evaporated 

and the residue distilled (Kugelrohr, 50°C at 1.5 mmHg) to give valerolactone 

(177) (827 mg, 45%). 1H NMR 8 4.60 (1H, m, CH3CH), 2.50 (2H, m, CH2CO), 

2.35 (1H, m, CH2CH2CO), 1.80 (1H, m, CH2CH2CO), 1.38 (3H, d, J= 6.0 Hz, 

CH3CH). 

1,1-Dimethoxycarbonyl-2-methyl-cyclopropane (178) 

Dimethyl malonate (144 jil, 1.09 mmole) was added under nitrogen to a 

slurry of sodium hydride (32 mg of 60% suspension in mineral oil, 0.80 mmole) in 

THF (5 ml) at room temperature causing vigorous effervescence. A solution of 

the cyclic sulfate (174) (117 mg, 0.85 mmole) in THF (2 ml) was added via 
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cannula. The mixture was stirred overnight and heated at reflux for 6 hours. Dry 

THF (1 ml), concentrated sulfuric acid (54 jxl, 1.02 mmole) and water (18 |il) were 

added and the mixture was stirred for 90 minutes. Solid sodium bicarbonate (180 

mg) was added and stirring was continued for 20 minutes. The mixture was 

filtered through celite and washed with ethyl acetate. The filtrate was evaporated 

and the residue was purified by flash chromatography to give the cyclopropane 

(178) (55 mg, 37%). 1H NMR 5 3.72 (6H, s, C02Me), 1.90 (1H, m, CH3CH), 1.28-

1.44 (2H, m, CH2), 1.16 (3H, d, J=6.1 Hz, CH3CH) ; NMR 6 170.9 (C=0), 

168.5 (C=0), 52.4 (C02CH3), 34.2, 23.1, 22.2, 13.5 (CH3,CH). 

Methyl (S)-2-t-butyldimethylsiloxy propanoate (180) 

TBSCI (16.94 g, 112.4 mmole), triethylamine (26.51 ml,191.2 mmole) and 

DMAP (925 mg, 7.58 mmole) were added to a solution of (S)-methyl lactate (172) 

(7.80 g, 74.92 mmole) in THF (75 ml) under nitrogen.The reaction mixture was 

stirred overnight at room temperature. THF was evaporated and the residue was 

treated with ether and filtered. The ether solution was washed with saturated 

aqueous ammonium chloride and saturated aqueous sodium bicarbonate. The 

aqueous layers were re-extracted with ether. The combined organic layers were 

dried and concentrated. The residue was distilled (short path, 50°C at 1.5 mmHg) 

to give the ester (180) (16.22 g, 99%) as an oil. 1H NMR 5 4.30 (1H, q, J=12 Hz, 

CH3CH) 3.58 (3H, s, C02Ci±3), 1.35 (3H, d, J=12 Hz, ChbCH), 0.88 (9H, s, t-

Bu), 0.05 (3H, s, OSiMe), 0.04 (3H, s, OSiMe); NMR 5 170.5 (C02CH3), 68.5 

(C02CH3), 52.0 (CHCH3), 26.0 (t-Bu), 21.5 (CH3CH), -5.0 (Me2Si); IR/cm-1 2968 

(C-H) 2852, 1759 (C=0), 1474, 1368, 1262, 1148, 830.; m/z 88 (C3H403+), 74 

(OSiMe2
+), 73 (C2H03

+), 57 (CMe3+). 
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Ethyl-4-t-butyldimethylsilyloxy-2-pentenoate (181): 

DIBAL (50.6 ml of a 1M solution in hexane, 50.6 mmole) was added 

dropwise to a solution of (180) (10.0 g, 45.92 mmole) in ether (50 ml) at -78°C. 

The reaction mixture was stirred for one hour. Ethoxycarbonylmethylene-

(triphenyl)phosphorane (19.9 g, 57.12 mmole) in 1:1 THF/CH2CI2 (100 ml) was 

then added via cannula at -78°C. The reaction mixture was allowed to warm to 

room temperature. Water and ether were added and the mixture was stirred for a 

few minutes. A jelly-like precipitate was formed which slowly turned crystalline on 

stirring with solid sodium bicarbonate. The precipitate was removed by filtration 

and the filtrate was dried and evaporated. The residue was purified by flash 

filtration using 10% ether-hexane to give the alkene (181) (8.9 g, 74 %) as an 

almost colorless oil. 1H NMR 5 6.90 (1H, dd, J=15.3, 4.0 Hz, CH=CHC02Et), 

5.95 (1H, dd, J=15.3, 1.9 Hz, CH=CHC02Et), 4.42 (1H, ddq, J=1.9, 6.6, 4.0 Hz, 

CHOTBS), 4.18 (2H, q, J=7.5 Hz, CH2CH3), 1.26 (3H, t, J=7.5 Hz, C02CH2CH3), 

1.22 (3H, d, J=6.6 Hz, CH3CH), 0.8 (9H, s, t-Bu), 0.04 (3H, s, OSiMe), 0.04 (3H, 

s, OSiMe); NMR 8 (166.8, £02CH3), 152.0 (CH=QHC02Et), 119.0 

(CH=CHC02Et), 67.8 (C02CH2CH3), 60.0 (C.HOTBS), 24.8 (t-Bu), 23.8 

(CH3CH), 14.0 (C02CH2CH3), -5.0 (Me2Si); IR/cm-1 2962 (C-H), 2874, 1732 

(C=0), 1657 (C=C), 1459, 1368, 1277, 1165. 

EthyI-(4-t-butyldimethylsiloxy)-pentanoate (182) 

A mixture of the a,p-unsaturated ester (181) (7.02 g, 27.21 mmole) and 

5% palladium on carbon (2.8 g) in ethyl acetate (120 ml) was stirred under 

hydrogen for five hours. The mixture was filtered through a celite pad washing 

with ethyl acetate. The solvent was evaporated to give a colorless liquid which 

was purified by flash filtration using 5% ether-hexane to give the ester (182) (6.22 
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g, 88 %) as an oil.[a]D +21.3° (c=1.36, CH2CI2);
 1H NMR 8 4.08 (2H, q, J=7.5 Hz, 

OCH2CH3), 3.80 (1H, m, CHOTBS), 2.33 (2H, t, J=8.2 Hz, CH2CH2C02Et), 1.70 

(2H, m, CH2CH2C02Et), 1.22 (3H, t, J=7.5 Hz, OCH2CH3), 1.10 (3H, d, J=6.2 

Hz, CH3CH), 0.85 (9H, s, t-Bu), 0.06 (3H, s, OSiMe), 0.02 (3H, s, OSiMe); 13C 

NMR 8 173.5 (£02Et), 67.3 (CHOTBS), 60.0 (0£H2CH3), 34.3 (CH2CH2C02Et), 

30.3 (£H2CH20Et), 25.6 (t-Bu), 23.6 (£H3CH), 14.1 (OCH2£H3), -4.8 (SiMe2); 

IR/cm-1 2957 (C-H), 2861, 1736 (C=0), 1472, 1387, 1250, 1144, 814; analysis 

calc for Ci3H2803Si: C 59.95, H 10.84, found: C 59.78, H 10.90. 

4-(t-Butyldimethylsiloxy)-pentanol (183) 

Lithium aluminum hydride (1.03 g., 27.01 mmole) was added cautiously to 

a solution of the ester (182) (7.02 g.,27.01 mmole) in ether at 0°C. The reaction 

mixture was stirred for one hour and quenched by cautiously adding the minimum 

amount of water. The precipitate was removed by filtration through celite and the 

solvent evaporated to give the alcohol (183) (4.71 g, 80 %) as an oil. 1H NMR 8 

3.85 (1H, m, CHOTBS), 3.60 (2H, m, CfckOH), 1.42-1.67 (4H, m, CH2CH2), 1.12 

(3H, d, J= 6.2 Hz, CH3CH), 0.88 (9H, s, t-Bu), 0.02 (6H, s, Me); 13C NMR 8 68.9 

(CH2OH), 63.5 (£HOTBS), 36.5 (£H2CH2OH), 29.0 (£H2CH2CH2OH), 26.3 (t-

Bu), 23.8 (QH3CH), -4.0 (SiMe2); IR/cm-1 3380 (O-H), 2948 (C-H), 2859, 1458, 

1382, 1252, 1057, 836; analysis calc for C11 H2602Si: C 60.55, H 11.93, found: C 

60.30, H 12.15. 

4-(t-Butyldimethylsiloxy)-pentanal (184) 

1) PDC (13.0 g, 34.78 mmole) was slowly added to a mixture of the 

alcohol (183) (3.79 g, 17.6 mmole), and dry celite in dichloromethane (80ml) 

under nitrogen at 0°C. The reaction mixture was stirred overnight. Ether was 

added and the mixture was filtered trough a pad of celite and silica. The solvent 
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was evaporated and the residue was purified by flash filtration using pure hexane 

to give the aldehyde (184) as an oil (2.60 g, 69 %). 

2) A solution of DMSO (3.28 ml, 46.06 mmole) in dichloromethane (20 ml) 

was added via cannula to a solution of oxalyl chloride (1.85 ml, 23.03 mmole) in 

dichloromethane (50 ml) cooled to -78°C. The mixture was stirred for 5 minutes 

and a solution of the alcohol (183) (4.18 g.,19.19 mmole) in dichloromethane (50 

ml) was then added via cannula. Stirring was continued for 15 minutes and 

triethylamine (1.32 ml, 9.49 mmole) was added. The mixture was stirred at that 

temperature for five minutes and then allowed to warm up slowly to room 

temperature. Water was added and the aqueous layer was separated and 

extracted again with dichloromethane. The combined organic layers were 

washed with sodium periodate solution, dried and evaporated. The residue was 

purified by flash filtration using 1% ether-hexane to give the aldehyde (184) (3.45 

g, 83 %). [oc]D +20.1°(c=1.56, CH2CI2);
 1H NMR 5 9.76 (1H, t, CHO, J= 1.8 Hz), 

3.85 (1H, m, CHOTBS), 2.36-2.52 (2H, m, CH2CHO), 1.61-1.87 (2H, m, 

CH2CH2CHO), 1.12 (3H, d, J= 6.2 Hz, CH3CH,) 0.85 (9H, s, t-Bu), 0.02 (3H, s, 

OSiMe), 0.01 (3H, s, OSiMe); 13C NMR 8 202.6 (C=0), 67.4 (QHOTBS), 40.0 

(CH2CHO), 31.6 (CH2CH2CHO), 25.8 (t-Bu), 23.6 (CH3CH), -4.4 (OSiMe), -4.8 

(OSiMe); IR/cm-1 2932 (C-H), 2859, 1717 (C=0), 1465, 1253, 1098; m/z 74 

(OSiMe2
+), 56 (C4H80+), 58 (C3H60+), 44 (C2H30+), 42 (C3H6

+), 28 (C2H4+). 

analysis calc. for CnH2 402Si: C 61.11, H 11.11, found C 60.89, H 11.31. 

1 -trimethysilyl-6-(t-butyldimethylsiloxy)-2-heptynol (185) 

n-Butyllithium (8.2 ml of a 2.5M solution in hexane, 20.04 mmole) was 

added dropwise to a solution of trimethylsilylacetylene (2.83 ml, 8.6 mmole) in 

THF (60 ml) cooled to 0°C and the mixture was stirred for 30 minutes. The 
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mixture was cooled to -78°C and a solution of the aldehyde (184) (3.61 g.,16.17 

mmole) in THF (40 ml) was added via cannula. The reaction mixture was then 

allowed to come to room temperature, washed with saturated ammonium 

chloride solution and extracted with ether. The ether layer was dried and 

evaporated. The crude product was purified by flash filtration using pure hexane 

to give the alkynol (185) (4.83 g, 74 %) as a 1:1 mixture of diastereomers. 1H 

NMR 5 4.45 (1H, m, CHOH), 3.90 (1H, m, CHOTBS), 1.55-1.85 (4H, m, 

CH2CH2), 1.14 (3H, d, J=6.2 Hz, CH3CH), 0.88 (9H, s, t-Bu), 0.15 (9H, s, SiMe3), 

0.05 (3H, s, SiMe), 0.04 (SiMe); IR/cm-t 3421 (O-H), 2945, 2869 (C-H), 2183 

(C=C), 1647, 1470, 1375, 1243, 1047, 837. 

1 -Trimethylsilyl-(6S)-(t-butyldimethylsilyloxy)-1 -hepten-3-ol (187) 

Lindlar's catalyst (117 mg) and a few drops of quinoline were added to a 

solution of the alkynol (185) (293 mg, 0.89 mmole) in hexane (12 ml) cooled to 

0°C and the mixture was stirred under hydrogen (1 atm) for 6 hours. The reaction 

mixture was filtered through celite washing with ethyl acetate and the filtrate 

evaporated. The residue was purified by flash chromatography using 5% ether-

hexane to give the alkenol (187) (219 mg, 74%) as an oil. 1H NMR 5 6.23 (1H, 

dd, J=14.6, 3.4 Hz, CH=CHSiMe3), 6.19 (1H, dd, J=14, 9 Hz, CH=CHSiMe3), 

5.59 (1H, dd, J=14, 9 Hz, CH=CHSiMe3), 5.57 (1H, dd, J=14, 9 Hz, 

CH=CHSiMe3), 4.18 (1H, m, CHOH), 3.80 (1H, m, CHOTBS), 1.38-1.47 (4H, m, 

CH2CH2), 1.12 (3H, d, J=6 Hz, CH3CH), 0.88 (9H, s, t-Bu), 0.10 (9H, s, SiMe3), 

0.03 (6H, s, OSiMe2),
 13C NMR 8 150.2 (C=C), 131.5 (C=C), 72.4, 68.5, 35.1, 

33.0, 25.9 (t-Bu), 23.4, 0.4 (OSiMe), -4.5 (OSiMe); IR /cm-1 3369 (O-H), 2931 (C-

H), 2847, 1600 (C=C); m/z 74 (OSiMe2
+), 72 (C4H80+), 58 (C3H70+). 
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1 -Bromo-(6S)-1 -hepten-(3,6)-diol (189) 

Bromine (32 }il, 0.63 mmole) was added dropwise to a solution of the 

alkenol (187) (207 mg, 1.59 mmole) in dichloromethane (6 ml) at 0°C with 

exclusion of moisture. The reaction mixture was stirred for 5 minutes. 

Dichloromethane and bromine were evaporated and dry methanol (3 ml) added. 

The mixture was cooled to 0°C, sodium methoxide (94 mg, 1.37 mmole) was 

added and the mixture was stirred at room temperature for two hours. Excess 

sodium methoxide was quenched with saturated aqueous ammonium chloride 

and the mixture was washed with brine and extracted with ether. The ether layer 

was dried and evaporated. The residue was purified by flash chromatography 

using 75% ether-hexane to give the diol (189) (77 mg, 59 %) as an oil. 1H NMR 8 

6.30 (1H, d, 13.6 Hz, CH=CHBr), 6.17 (1H, dd, J=13.6, 7.2 Hz, CH=CHBr), 4.50 

(1H, m, CH2CHOH), 4.18 (1H, m, CH3CHOH), 1.58 (4H, m, CH2CH2), 1.15 (3H, 

J=6 Hz, CH3CH); 13c NMR 140.3 (C=C), 137.6 (C=C), 107.8 (CHOHCH=CH), 

106.8 (CH3CIHOH), 72.4, 71.9, 70.2, 70.0, 68.1, 68.0, 35.1, 33.6, 32.9, 23.6. 

(6S) -3,6-Di-(t-butyldimethylsiloxy)-heptene (193) 

The diol (189) (90 mg, 0.43 mmole) was dissolved in DMF (2.5 ml) and 

TBSCI (162 mg, 1.08 mmole), imidazole (74 mg, 1.08 mmole) and a catalytic 

amount of DMAP were added. The mixture was stirred overnight at room 

temperature with exclusion of moisture. The reaction mixture was diluted with 

ether and washed with water. The organic layer was evaporated, diluted with 

hexane and washed with water. The hexane layer was dried and evaporated to 

give the bromide (193) (182 mg, 97%) as a yellow oil. 1H NMR 8 6.1 (2H, m, 

CH=CHBr), 4.50 (1H, m, CHOTBS) 3.85 (1H, m, CHOTBS), 1.35-1.75 (4H, m, 

CH2CH2), 1.11 (3H, d, J=6.4 Hz,CH3CH), 0.86 (9H, s, t-Bu),0.85 (9H, s, t-Bu) 
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0.06 (6H, s, OSiMe2), 0.03 (6H, s, OSiMe2); 13C NMR 8 141.0, 139.4, 105.0, 

74.0, 71.2, 68.2, 36.0, 35.0, 34.0, 27.4, 25.0, 15.6, -4.2. 

(7S)-4,7-di(t-butyldimethylsiloxy)-oct-2-enoic acid (194) 

Water (50 |il, 2.8 mmole), triethylamine (26 jil, 0.19 mmole) and 

bis(triphenylphosphine)palladium(ll)chloride (5 mg, 0.007 mmole ) were added to 

the bromide (193) (48 mg, 0.11 mmole) in DMF (0.5 ml) in a pressure tube.The 

mixture was heated at 50°C under carbon monoxide pressure (100 psi). After two 

hours the mixture was acidified with 10% hydrochloric acid upto pH 3 and taken 

up in dichloromethane. The organic extract was dried and evaporated. The 

residue was purified by flash chromatography using 10% ether-hexane to give 

the acid (194) (23 mg, 52%). 1H NMR 5 7.02 (1H, dd, J=16, 6 Hz, CH=CHC02H), 

5.97 (1H, d, J=16 Hz, CH=CHC02H), 4.32 (1H, m, CHOTBS), 3.75 (1H, m, 

CHsCH), 1.35-1.75 (4H, m, CH2CH2), 1.10 (3H, d, J=6 Hz, CH3CH), 0.88 (9H, s, 

t-Bu), 0.85 (9H, s, t-Bu), 0.04 (6H, s, OSiMe2), 0.02 (6H, s, OSiMe2). 

1-Trimethylsilyl-6-(t-butyldimethylsiloxy)-heptyne-3-one (197) 

1) PDC (3.48 g, 9.24 mmole) was added slowly to a mixture of the alkynol 

(185) (1.514 g, 4.62 mmole), dichloromethane (10 ml) and oven-dried celite at 

0°C. The reaction mixture was stirred overnight. Ether was added and the 

reaction mixture was filtered through a pad of celite and silica. The solvent was 

evaporated and the residue was purified by flash chromatography eluting with 2% 

ether-hexane to give the ketone (197) (1.21 g, 80 %) as a yellow oil. 

2) The alcohol (185) was oxidized to the ketone (85 %) by Swern oxidation 

described earlier. 1H NMR 5 3.82 (1H, m, CHOTBS), 2.60 (2H, t, J=7.6 Hz, 

CH2CO), 1.11 (3H, d, J=6.3 Hz, CH3CH), 0.88 (9H, s, t-Bu), 0.22 (9H, s, SiMe3), 

0.02 (6H, s, OSiMe2) ; 13C NMR 8 188.0 (C=0), 102.0 (alkyne), 98.0 (alkyne), 
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67.5 (CHOTBS), 41.5, 33.5, 26.0 23.8 -0.2, -4.5; IR/crrr"" 2965 2867, 1668 

(C=0), 1464, 1252, 1081, 845. 

1 -Trimethylsilyl-6-(S)-(t-butyldimethysiloxy)-heptyne-(3S)-ol (198) 

A solution of Darvon alcohol (195) (2.90 g, 10.23 mmole) in ether (45 ml) 

was added via cannula to lithium aluminium hydride (3.97 ml of a 1M solution in 

THF, 3.97 mmole) in ether (240 ml) at 0°C under nitrogen. The mixture was 

stirred for two minutes, cooled to -78°C and a solution of the ketone (197) (1.07 

g, 3.27 mmole) in ether (45 ml) was added to it very slowly by an addition funnel. 

After stirring for three hours, the reaction was quenched with water. Ether was 

added and the ether layer separated. The aqueous layer was washed three times 

with ether. The combined ether layers were washed three times with 0.5N HCI 

and brine and dried and evaporated to give the desired alcohol (198) (993 mg, 93 

%) as an oil. [a]D +7.9° (c=1.56, CH2CI2);
 1H NMR 5 4.45 (1H, m, CHOH), 3.90 

(1H, m, CHOTBS), 1.54-1.85 (4H, m, CH2CH2), 1.14 (3H, d, J=6.2 Hz, CH3CH), 

0.88 (9H, s, t-Bu), 0.15 (9H, s, SiMe3), 0.05 (3H,s, OSiMe), 0.04 (OSiMe); 

NMR 6 107.0 (alkyne), 68.0 (£HOH), 64.5 (£HOTBS), 34.2, 32.8, 26.0, 24.8, 

0.00 (SiMe3), -4.5 (SiMe2); IR/cm-1 3389 (O-H), 2957, 2859 (C-H), 2174 (C=C), 

1465, 1383, 1253, 1041; analysis calc. for Ci6H3302Si: C 61.11, H 10.82, found 

C 61.29, H 10.65. 

Recovery of Darvon alcohol (195) 

The aqueous extracts were combined and treated with 2N NaOH solution 

A white precipitate was formed which was extracted with ether. The ether layer 

was dried and evaporated to give Darvon alcohol (195) as a thick oil which 

crystallized on standing. 
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1-Trimethylsilyl-(6S)-(t-butyldimethylsilyloxy)-hepten-(3S)-ol (200) 

The alkene (200) was prepared from (198) by the same procedure which 

was used for (187). Yield 83%. 1H NMR 8 6.20 (1H, dd, J=14, 9 Hz, 

CH=CHSiMe3), 5.62 (1H. d, J=9 Hz, CH=CHSiMe3), 4.18 (1H, m, CHOH), 3.80 

(1H, m, CHOTBS), 1.38-1.47 (4H, m, CH2CH2), 1.12 (3H, d, J=6 Hz, CH3), 0.86 

(9H, s, t-Bu), 0.11 (9H, s, SiMe3), 0.04 (3H, s, OSiMe), 0.03 (3H, s, OSiMe); 13C 

NMR 8 150.2 (C=C), 131.5 (C=C), 72.4, 68.5, 35.1, 33.0, 25.9 (t-Bu), 23.4, 0.4 

(OSiMe), -4.5 (OSiMe); IR/cm-1 3369 (O-H), 2931 (C-H), 2847, 1600 (C=C); m/z 

74 (OSiMe2
+), 72 (C4H80+), 58 (C3H70+). 

1-Bromo-(3S,6S)-heptenediol (201) 

(201) was prepared from (200) by the same procedure which was followed 

for (189). Yield 44%. "<H NMR 8 6.30 (1H, d, 13.6 Hz, CH=CHBr), 6.17 (1H, dd, 

J=13.6, 7.2 Hz, CH=CHBr), 4.50 (1H, m, CH2CHOH), 4.18 (1H, m, CH3CHOH), 

1.58 (4H, m, CH2CH2), 1.15 (3H, d, J=7.2 Hz, CH3CH); 13C NMR 8 140.3 (C=C), 

137.6 (C=C), 107.8 (CHOHCH=CH), 106.8 (CH3CHOH), 72.4, 70.2, 68.1, 35.1, 

33.6, 32.9, 23.6 (CH3CH). 

1-Bromo-(3S,6S) -di-(t-butyldimethylsilyloxy)-heptene (202) 

(202) was made from (201) following the procedure used for (193).Yield 

96%. 1H NMR 8 6.1 (2H, m, CH=CHBr), 4.50 (1H, m, CHOTBS) 3.85 (1H, m, 

CHOTBS), 1.35-1.75 (4H, m, CH2CH2), 1.11 (3H, d, J=6.4 Hz, CH3CH), 0.86 

(9H, s, t-Bu), 0.85 (9H, s, t-Bu) 0.06 (6H, s, OSiMe2), 0.03 (6H, s, OSiMe2);
 13C 

NMR 8 141.0, 139.4, 105.0, 74.0, 71.2, 68.2, 36.0, 35.0, 34.0, 27.4, 25.0, 15.6, 

-4.2. 
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