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ABSTRACT 

The enatioselective approach to bonandiol, also known as 

magydardiendiol, has utilized two novel synthetic methodologies. The 

first is the diastereoselective cyclopropanation of a homochiral ene

ketal prepared from (2R,3R)- or (2S,3S)-2,3-butanediol and possessing 

C2 symmetry. Simmons-Smith cyclopropanation gave good 

diastereoselectivity (69-75%) in addition to excellent amounts of 

monocyclopropanated material obtained (90-96%). The second method 

utilized is the nickel acetylacetonate catalyzed coupling of 

dimethylzinc to ~ st~rically hindered cyclic ,-keto enolphosphate in 

76-92% yield. 

This approach to the A ring of hyperforin starting from 

commercially available citral allows for the introduction of all but 

one isoprenyl appendage. 

9 
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CHAPTER 1: 

SYNTHETIC APPROACH TO BONANDIOL 

-_._ ... _-------------_---.:.._--------



BACKGROUND 

In 1978, a novel monocyclic diterpene was isolated from the 

umbe11ifer Magydaris panacifo1ia which is found in the N.W. of the 

Iberian peninsula and was suitably named magydardiendio1 1.1 

11 

Magydardiendiol, a low melting solid (55-56 °C), was isolated as one of 

the most abundant components of the umbe11ifer and has a rotation of 

[~]D~ +24.4° (Q, 1; CHC13) and a reported molecular formula of 

C20H3602' In addition to magydardiendio1, the structurally related 

magydartrieno1 II and its acetate III have been isolated from the 

umbe1lifer. 

I R .. H II Rc H 
IV R= Ac III R= Ac 

The initial structure elucidation of magydardiendio1 I, was 

based upon interpretations of its mass spectrum, elemental analysis, 

and the IR and 1H NMR spectra. The IR spectrum showed two associated 

hydroxy1s 3 (3650, 3520, 1040, and 990 cm- 1), one of which was easily 

acety1ated. This monoacetate IV shows a free tertiary hydroxyl group 

(3610 cm- 1). The 1H NMR spectrum of I (CDC13, 60MHz) shows the 

presence of two viny1ic protons, one at 6 5.28 and the other at 5.02. 

Both were reported as broad triplets with a J coupling of 7 Hz each 

which become singlets after double irradiation at 2.10 ppm. 

Additionally, the spectrum shows an ABX pattern which has the AB 



lit 
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portion centered at 3.60 ppm (JAB-10 Hz, JAX-9 Hz, and JBX-5 Hz). The 

AB part of the ABX system can be assigned to a R2CHCH20H group. 

Further, five methyl signals were identified with shifts of ~ 1.68 (6H, 

s), 1.59 (3H, s), 1.22 (3H, s), and 0.78 (3H, s). 

The presence of a methyl group geminal to a tertiary hydroxyl 

group became clear after the dehydration of IV with SOC12!pyridine. 

The IH NMR now shows two singlets at J 4.75 and 4.60 (2H) which are 

assigned to an exomethylene group. The above information, along with 

other chemical analyses, suggested the initial gross structure I for 

magydardiendiol. 

In 1982, Nagano and coworkers4 reported the synthesis of 2,6-

dimethyl-6-(S-methyl-4-methylenc-7-nonenyl)-2-cyclohexen-l-ylmethanol I 

from ~-santonin, V. Comparison of spectral information of I prepared 

from «-santonin with that from magydardiendiol showed the need for a 

revised gross structure for magydardiendiol. 

v 

Partial IH NMR spectral data for authentic I were as follows: 

(CDC13,J) 0.S5 (3, s), 1.62 (3, s), 1.70 (3, s), 1.74 (3, s), 3.73 (2, 

m), 4.72 (2, s), 5.16 (1, m), and 5.62 (1, m). 

In 1984, the groups of Teresa5 and Nagano6 both reported 

revisions for the gross structure of magydardiendiol based on further 

NMR studies. Teresa and coworkers5 were the first group to revise the 

gross structure change of magydardiendiol from I to VI. In addition, 

------------------------------------------
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magydartrienol and its acetate were reformulated as VII and VIII 

respectively. These changes were based on the following NMR and 

9 

VII R= H 
VI VIII R" Ac 

chemical studies: 

1. Addition of Eu(fod)3 to magydartrienol caused a noticable 

downfield shift of the terminal methylene group. This indicates a close 

proximity of the methylene and hydroxymethyl groups. 

2. Dehydration of the primary alcohol of magydardiendiol gave a 

derivative which was not conjugated (UV: end absorption). 

3. The addition of trichloroacetyl isocyanate to 

magydardiendiol induced a downfield shift of two previously overlapped 

proton signals. Double irradiation on the primary alcohol protons (now 

esterified as the trichloroacetylcarbamate) caused the collapse of a 

complex upfield multiplet into a more simplified mUltiplet. A singlet 

would have been expected if I were the correct structure. 

The newly proposed gross structures of magydardiendiol and 

magydartrienol and its acetate were also based on other NMR studies. 

The broadband decoupled 13C NMR (20 MHz) spectrum of magydardiendiol 

showed 19 singlets. The off-resonance spectrum showed four Csp2 (two 

R2C-CHR units) and the following Csp3 information: two quaternary C 

atoms, two methine C atoms, six methylene C atoms, and five methyl 



groups. At 50.3 MHz, the l3C NMR broadband spectrum shows a sixth 

methyl group. The broadband decoupled l3C NMR (20 MHz) spectrum of 

magydartrienol showed four methyl groups while at 50.3 MHz a fifth 

methyl group was present. 

14 

The lH NMR (200 MHz) spectrum of magydardiendiol showed evidence 

for four vinylic methyl groups and two additional methyl groups. The 

monoacetate of magydardiendiol provided additional information on the 

gross structure. The vinylic protons of the two trisubstituted double 

bonds (~5.28 and 5.04) were each coupled with an allylic methylene. 

Decoupling showed one allylic proton (62.28) to be adjacent to one of 

the vinylic protons (65.28) and a second set of allylic protons (0 

1.89) to be adjacent to the other vinylic proton (65.04). From the 

information above, the partial structures IX and X for magydardiendiol 

were identified: 

* 2.28 

IX 

1.89 

X 

Ac 

I 

~ 3.08H H2.81 
TA8 

XI 

The addition of trichloroacetyl isocyanate to the monoacetate of 

magydardiendiol caused a downfield shift (lH NMR) of two proton 

signals. These proton signals at 3.08 and 2.81 ppm were shown to be 

adjacent to the -CH20Ac and an allylic carbon respectively as 

determined by decoupling experiments. Thus, the partial structure IX 

can be expanded to the partial structure XI. 
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The partial structures X and XI account for 18 of the 20 carbon 

atoms while NMR data show an additional methyl and methylene group. 

Piecing the above partial structures together with the additional NMR 

information, two gross structures for magydardiendio1 are possible (XII 

and XIII). 

XII XIII 

The ring size was determined by hydrogenation (H2/Pt02-EtOH), 

dehydration (SOC12/pyr), and o?onolysis (03/CH2C12-pyr) of the 

monoacetate of magydardiendiol. The resulting ketone, XIV, showed a 

typical cyclohexanone IR absorption (v-1710 cm- l ). Thus, the gross 

structure XII was proposed for magydardiendiol. 

The relative stereochemistry for magydardiendiol was established 

from the following: 

1. Dehydration of magydardiendio1 (or its 

monoacetate) with SOC12/pyr gave predominately (>90%) of 

the exomethylene. Similar results were obtained from dehydration 

by refluxing p-TsOH/C6H6. This suggested the tertiary hydroxyl 

group in XII to be equatorial. 7 ,8 Further, the shielding of the 

C-4 methyl group (~0.80 in VI and 0.73 in VII) suggests that the 

C-2 and C-4 methyl groups are in a l,3-syn-diaxial arrangement. 

2. The lH NMR spectrum of the trich1oroacetyl

carbamate of the monoacetate of magydardiendiol showed a dddd 

--- ----------------------
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signal for H-1 with J-12, 7, 6, and 4 Hz. The coupling constants of 7 

and 6 Hz were also present in the signals of the 

acetoxymethy1 protons and thus, the coupling constants of H-1 with H-6 

are 12 and 4 Hz. Only an axial H-1 can account for these couplings with 

H-6. 

3. A cis relationship of H-1 and H-3 was inferred from the 8% 

NOE enhancement observed for the H-1 multiplet after irradiation on H-3 

of XIV. 

+'-

I~ I 
I 

I l r 
AcO 

XlVcd 
XIV 

The absolute stereochemistry of magydardiendio1 was established 

from XIV and other derivatives. The CD curve of XIV showed a negative 

Cotton effect [~292- -2.13 (hexane)] which corresponds to the outlined 

configuration. The intensity of this Cotton effect is similar to that 

of cyclohexanones with the substituents as they are represented in the 

projection XIVcd. 9 

Nagano and coworkers6 also confirmed the revised gross structure 

and relative stereochemistry of magydardiendio1 VI as determined by 

extensive 1H NMR studies (HD, COSY, NOE, and NOESY techniques). 

Independently, Savona and coworkers 2 reported in 1984 the 

isolation of a "new" monocyclic diterpene from the umbellifer Bonannia 

graeea which is widely distributed in the southern part of Italy and in 

Greece and was given the name bonandiol 1. 



17 

Bonandio1, an oil, was isolated as the major component 

from the acetone extract of the dry plant material. It is known that 

the aerial parts of this plant during blossoming season (June- July) 

have been toxic towards herbivores and have caused deaths among grazing 

lambs. Analyses of bonandio1 gave a molecular formula of C20H3602 and 

a rotation of [~]D +24.10 (c, 0.41; CHC13). The gross structure and 

relative stereochemistry of bonandio1 1 were determined by extensive 1H 

and 13C NMR studies. 

In 1987, Nagano and coworkers10 again reported the synthesis of 

I from ~-santonin. In addition to this synthesis, they reported that 

bonandio1 1 is identical with magydardiendio1 VI. However, they did 

not give any evidence confirming this. Throughout the rest of this 

dissertation, I will use bonandio1 as the name of the compound (hence, 

magydardiendio1 will be inferred as bonandiol). 

BIOSYNTHESIS 

Though the biosynthetic route to bonandiol 1, has not been 

established, it might proceed from the head-to-head combination of 

isoprenoid units (such as that of 1avandulo1 XV in the monoterpenic 

seriesl1 and peuce1inendio1 XVI in the diterpenoid series12) and 

subsequent cyc1ization. 2 

~"" 

1 Ra H 
xv XVI 1. R- COC6H4-p-N02 
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~ETROSYNTHETIC ANALYSIS 

Since it is usually easier to change functionality later in a 

synthesis (as compared to carbon-carbon bond formation), our 

retrosynthetic analysis (Scheme 1) began with the retro oxidation of 

the primary alcohol to the corresponding methyl ester 2. This ester 

might come from the trisubstituted cyc1ohexanone 3 by a retro 1,2-

addition of the tertiary methyl to the 9-keto ester, followed by a 

retro carboxylation. The chira1 ~-methy1 group could come from ring 

opening of cyc1opropy1cyc1ohexanone (-)-4, which could be made via 

diastereose1ective cyc1opropanation of the disubstituted cyc1ohexenone 

5. This enone could come from the cyclic p-diketone 6 using standard 

chemistry. 

SYNTHESIS 

Synthesizing a natural product does not in itself constitute a 

good rationale for putting forth the time, effort, and money required 

to complete the synthesis unless the natural product exhibits useful 

18 

biological activity. In most cases, the synthesis of a natural product 

takes on a new role: Such as that to expand upon newly developed 

methodology. In the enantioselective approach to bonandiol, we hope to 

expand upon and use diastereoselective cyclopropanation of homo-chiral 

ene-ketals to introduce a quaternary methyl group with stereo-chemical 

control. .This approach of diastereoselective cyclopropanation of a 

homo-chiral ene-ketal was developed by our laboratory independently, 
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but at the same as that of Yamamoto and coworkers. 18 

Our enantioselective synthetic approach to bonandiol began with 

the making of the basic carbon ring skeleton, enone 5. Introduction of 

the three remaining carbon atoms missing from enone 5 was used to set 

the four contiguous chiral centers in bonandiol. 

Enone 5 was prepared in large quantities using standard 

methodology. First, commercially available 1,3-cyclohexanedione 

(Aldrich) was monoalkylated using l-bromo-3-methyl-2-butene in 38% 

yield to the ~-diketone 6 (Scheme 2).13 Although one would normally 

think a 38% yield in a synthesis is poor, this poor yield occurs in the 

first step from reagents that are commercially available at low cost or 

can be prepared in large quantities at low cost (the alkyl bromide). 

We were thus able to accept this situation and proceed with the 

synthesis of enone 5. The r-keto enol ether 7 was prepared by 

refluxing ~-diketone 6, isobutyl alcohol, and tosic acid in benzene 

with azeotropic removal of water. 14 Enone 5 was prepared in 80% yield 

by the 1,2-addition of l-lithio-4-methyl-3-pentene lS ,16 to p-keto enol 

ether 7; this, followed by acidic work-up, afforded the rearranged 

enone 5. The ability to produce sufficient amounts of enone 5 now 

rested on the ability to produce the organolithiurn reagent in large 

quantities. This organolithium reagent comes from the transmetallation 

of the corresponding alkyl bromide. The need for the organolithium 

reagent in the 1,2-addition arises from the inability to produce the 

Grignard reagent from the alkyl bromide without obtaining large amounts 

of the coupled hydrocarbon. Because transmetallation often leads to a 

majority of coupled product, the experimentor needs to follow the 
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Scheme 2. Preparation of 2-(3-Methyl-2-butenyl)-3-(4-methyl_3_ 
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r-:l 
I-' 

...... .:1 



lit 

22 

experimental in detail. Several observations were noted when the 

organolithium reagent was prepared: 1. This process requires lithium 

containing sodium (~1%). The use of 99.9% lithium wire (Aldrich) 

resulted in no reaction being observed; 2. Larger scale reactions gave 

more of the expected organometallic product; 3. Gravity filtration in 

a glove bag of large scale reactions resulted in partial evaporation of 

the solvent (ether) and in lower recovery of the organometallic product 

(10-36%); 4. Filtration under reduced pressure (under argon) of large 

scale reactions into flasks of approximate size to that of the volume 

of solution also caused problems in the isolation of the product; 5. 

The use of a specially made large Schlenkware apparatus ~500 mL 

reaction vessel and receiving end) allowed for the best filtration and 

isolation of product; 6. Using polypropylene tubing fitted 

SCH LEIJk"aJflRc. 
AP,.AP.A TVS 

between an addition funnel (under argon containing the alkyl bromide in 

ether) and the Schlenkware allowed for slow dropwise addition of the 

alkyl bromide to the lithium in ether wldch limited the amount of 

coupled product produced. This last method resulted in the highest 

amount of organolithium product being isolated ~45-58%). 
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The enantioselective approach now began by setting the 

stereochemistry at the quaternary C-4 center by introduction of a 

methyl group synthon with absolute stereochemical control. There have 

been a number of recent reports that have dealt with this problem. 

Some of the more novel diastereoselective methods are the 1,4-

"conjugate" additions of a group to a system possessing a chiral acetal 

auxiliary,l7 the diastereoselective cyclopropanations of chiral ene w 

ketals,lB the diastereoselective cyclopropanations of hydroxylwdirected 

allylic alcohols resolved by a chiral sulfoximine,l9 the l,4-conjugate 

additions of systems containing a chiral sulfur group,20 chiral cuprate 

additions,21 and additions employingchiral auxiliaries from the 

carboxylic acid family.22 Other approaches have used some form of a 

chira1 catalyst. 23 The method of introduction chosen was the 

diastereoselective cyclopropanation approach. Preliminary results had 

shown promising results with good diastereoselectivity using homochiral 

ene-ketals possessing C2 symmetry.24 Simmons-Smith cyclopropanation of 

1,4-di-O-methyl-L-threitol ene-ketal of 2-cyclohexen-l-one showed 

diastereoselectivity of 5:1 while the l,4-di-O-benzyl-L-threitol ene

ketal gave a diastereomeric ratio of 9:1 as determined by l3C_ 

NMR.1Bd,31 The cyclopropanation of l,4-di-O-benzyl-L-threitol ene

ketal of 2-methyl-2-cyclohexen-1-one gave a diastereomeric ratio of 

20:1. 
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This can be seen more clearly by the half-chair conformations of the 

ene-ketals of 2-cyclohexen-l-one shown below. In the achiral case, the 

8 
ACHIRAl 

)i 
o 
HOMOClllRAl 

= 

R 

0- r<'\1\\ R 
--~l 

two half-chair conformations of the ethylene glycol ene-ketal are 

mirror images of one another. Thus, they would be expected to have the 

same reactivity towards cyclopropanation in addition to being present 

in equal amounts at any given time. However, the homo-chiral ene-ketal 

half-chair conformations are no longer mirror images of one another. 
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thus one may postulate that they may have different rates of reactivity 

towards cyclopropanation and/or different populations at any given 

time. The results indicated above helps support one or both of the 

latter arguments. Since only the relative stereochemistry of bonandiol 

was known at the time, the need to be able to introduce the methyl with 

either R or S absolute stereo-chemistry at C-4 put added demand on the 

addition. The use of homochiral ene-ketals derived from natural and 

unnatural tartaric acids satisfies this condition since both (S,S) and 

(R,R) diols can be prepared or are commercially available. 25 The 1,4-

di-O-methyl-L-threitol ene-ketal 8 (Scheme 3) was chosen and Simmons

Smith cyclopropanation with zinc-copper couple and methylene iodide 

(4.6 eq) for 12 hours gave 31.5% of tricyc1opropanated material 12 and 

no isolated starting ene_ketal. 24b ,26 Repeated attempts with ene-ketal 

8 using methylene iodide (1.25 eq) gave dicyc1opropanated ketal 11 and 

starting ene-ketal as determined by lH NMR. The C-3 appendage double 

bond was determined to have undergone cyclopropanation by the 

disappearance of the signals at 5.17 ppm in the 1H-NMR . This signal 

was previously assigned based on double irradiation experiments of 

enone 5. Double irradiation (lH NMR; 250 MHz) on the proton signal at 

5.11 ppm (see chemical shifts on structure below) collapsed the signal 

at 2.13-2.18 ppm into a less complex multiplet, while double 

irradiation at 2.16 ppm led to the collapse of the complex triplet at 

5.11 ppm into a complex "singlet" and the simplification of a complex 

doublet at 2.22-2.27 ppm into a singlet. Double irradiation on the 

proton signal at 4.92 ppm simplified the doublet at 2.99 ppm into a 

singlet, the doublet at 1.65 ppm into a singlet, and collapsed the 
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doublet at 1.69 ppm into a singlet. Double irradiation of the proton 

signal at 2.99 ppm led to the simplification of the complex triplet at 

4.92 ppm into a complex "singlet". Thus, the proton signal at 4.92 ppm 

was determined to be from the vinylic proton on the C-3 appendage and 

the proton signal at 5.11 ppm from the vinylic proton on the C-4 

appendage. Because only dicyclopropanated material was 

obtained, no effort was made to determine the facial selectivity of 

cyclopropanation of the C-3,4 double bond. At no time were 

monocyclopropanated products 9 and 10 obtained. Attention was then 

turned to the l,4-di-O-benzyl-L-threitol ene-ketal 13. It was hoped 

that the CH2-0-benzyl appendage nearest the C-3,4 double bond would 

hinder the Simmons-Smith reagent from approaching the C-3 appendage 

double bond. Under the reaction conditions described above, ene-ketal 

13 gave results similar to those observed with 8; no 

monocyclopropanated ketals 14 and 15 were isolated. 

Due to the reactivity of the C-3 appendage double bond toward 

cyclopropanation, we examined "conjugate" methyl addition to ene-ketals 

using trimethylaluminum, for which limited diastereofacial selectivity 

had been described. 17a ,b Initial investigations centered on ene-ketal 
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8. Upon "conjugate" addition using trimethyl-aluminum, product 18 

(Scheme 4) was obtained from 8 and directly hydrolyzed to cyclohexanone 

3 in 89% yield over two steps. At this time, we were not able to 

determine the facial selectivity of the methyl addition because the 

diastereomers of 3 were not separable by chromatography. Further 

attempts to produce 3 from 8 were not as successful, so ene-ketal 13 

was tried instead of 8. This time results were much different, and not 

as we had expected; only 9% of the desired product 19 was produced, the 

rest probably being what we think is diene 20 as determined by IH NMR 

and UV activity on thin-layer chromatography. Since "conjugate" methyl 

addition using trimethylaluminum was not as successful as we had 

anticipated, another means of methyl addition to enone 5 was examined. 

This time, the method outlined by C. Johnson and coworkers19 using 

hydroxyl-directed cyclopropanations of homochiral allylic alcohols 

(resolved by 1,2-addition of a chiral sulfoximine to the corresponding 

enone and separation of the resulting diastereomers by chromatography) 

was attempted. 

Upon 1,2-addition of S-(+)-N-methyl-S-methyl-S

phenylsulfoximine19 to enone 5, a mixture (6:1) of diastereomers 21 and 

22 was obtained and separated by chromatography (Scheme 5). 

Cyclopropanation of the major allylic alcohol 21 with diethylzinc (1.5 

eq) and methylene iodide (3 eq) at 0 °c for 45 minutes gave after 

chromatography 16.6% of the monocylopropanated product 23, 10% of 

dicyclopropanated material (by lH NMR; we were able to determine that 

the double bond on the C-3 appendage underwent cyclopropanation and not 

the double bond on the C-4 appendage), and 33% of an inseparable 
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mixture of mono- and dicyc1opropanated material. Even after changing 

the reaction conditions (amount of diethy1zinc and methylene iodide. 

and/or time). this was the best result obtained using this methodology. 

We then took the monocyc1opropanated product in hand and continued in 

our synthesis hoping that later we would be able to improve this step. 

Thermal elimination of the su1foximine (from 23) in ref1uxing toluene 

gave 56% of cyc1opropy1cyc1ohexanone (+)-4. From its CD spectrum. we 

were able to assign the absolute stereochemistry of (+)-4 by the 

"reversed" octant ru1e. 27 The CD spectrum of (+)-4 showed a negative 

Cotton effect with a maximum absorption -e - -2623 (£. 0.00193. 

pentane) at 298 nm. 

Because the double bond on the C-3 appendage continued to be a 

problem in the cyc1opropanation reactions. the choice was made to 

attempt to add the C-3 appendage after cyc1opropanation (Scheme 6). 

Thus. enone 24 prepared similarly to enone 5 underwent 1.2-addition 

with the previously mentioned chira1 su1foximine to give a 

chromaographica11y separable mixture (2.5:1) of diastereomers in 89% 

overall yield in which diastereomer 25 predominated (as determined 

later by the CD spectrum of cyclopropy1cyc1ohexanone (+)-27). 

Cyc1opropanation of a1ly1ic alcohol 25 using zinc-silver couple and 

methylene iodide (9 eq) in ether at reflux for 5 min gave in 90% yield 

the desired monocyc1opropanated product 26. The sulfoximine was then 

thermally cleaved in refluxing toluene to give cyclopropylcyclohexanone 

(+)-27 in 99% yield. The absolute stereochemistry of (+)-27 is as 

shown as determined by observation of a negative Cotton effect (maximum 

~- -7226 (£. 0.00196, pentane) at 298 nm) in its CD spectrum. The 
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cyclopropyl ring of (+)-27 was then reductively opened using lithium 

metal in liquid ammonia to give in 96% yield the disubstituted 

cyclohexanone 28 which now has the C-4 stereocenter set. 

33 

With the quaternary methyl at C-4 added, we were now able to 

turn our attention to the addition of the C-3 appendage. The route 

chosen was to make the ~-keto ester 29 from 28 28 and then to 

monoalkylate the dianion of 29 with l-bromo-3-methyl-2-butene to the 

~-keto ester 31. ~-Keto ester 29 was prepared from 28 in 95% yield. 

However, alkylation of the dianion of 29 gave no ~-keto ester 31, but 

instead gave a separable mixture ~l:l) of diastereomers of ~-keto 

ester 30. We believe the results observed may be the result of steric 

congestion around C-3 of the dianion of ~-keto ester 29. If this is 

the case, the ability to block addition at C-l is needed. 

We chose to block C-l from undergoing alkylation by the 

hydroformylation of cyclohexanone 28 with ethyl formate to 32 (Scheme 

7). Two types of blocking groups can be made from 32: The 

alkoxymethylene and the alkylthiomethylene groups.29,30 Thus, 32 was 

produced in 59% yield from the hydroformylation of cyclohexanone 28. 

The n-butylthiomethylene blocking group was first prepared from 32 in 

81% yield. The monoanion of ~-keto enthiol 33 produced from 32 

underwent alkylation with l-bromo-3-methyl-2-butene at low temperature 

to give only 9% yield of the desired C-alkylated product 34 as a 

separable mixture of diastereomers. The predominant product (32%) from 

this alkylation reaction turned out to be the O-alkylated diene 35 as 

determined by IH NMR. After several more attempts at the alkylation of 

33 failed to give better results, we chose to try the 
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35 

isobutoxymethylene blocking group. 

We hoped that 1,2-addition of methyllithium to 36 would occur. 

Removal of the blocking group with acetic acid would then give the «,~

unsaturated aldehyde 39. This aldehyde could then serve as an approach 

to the introduction of the functional groups at C-l and C-2 in 

bonandiol once the C-3 appendage is in place. However, instead of 1,2-

addition of methyllithium to 36, 1,4-addition followed by elimination 

to 38 was observed. To further complicate things, an almost equal 

amount of 37 (formed by a second methyl addition) was also obtained 

while no 1,2-addition was observed. We then looked for alternative 

methods for the incorporation of the chiral C-4 methyl group and the 

functional groups at C-l and C-2. 

About this time in the synthesis, Normant and coworkers17c 

described the possible role of ketal appendage heteroatoms affecting 

the diastereofacial delivery of phenyl copper reagents in a "conjugate" 

addition reaction (see Table 1). In the absence of ketal appendage 

heteroatoms, the diastereofacial selectivity was about 7 to 1. With 

ketal appendage heteroatoms present, the selectivity was reversed 

(about 1 to 2). They accounted for this by postulating complexation 

between the phenyl copper reagent and the ketal appendage heteroatom 

(see below). Both the Normant17c and the Mash24b ,3l groups observed 

only slight to moderate affects on the diastereoselectivity upon 

varying the bulkiness of the ketal appendages, but never a reversal 
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al temperature at the end 0' the reaction : b/ isolated aldehyde or enol ether 2 (entry 
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Table 1. Boron Trifloride Catalyzed Phenyl-Copper Additions to Ene
Aceta1s. 17c 

36 



II ~I' 
I': 

37 

BfJ •.•. ~) 

~~An-
PhC{ ! ~ 

IfO ......... A'n ~o!o, """,,,~0"'!L....I-- ',-, CHO 
.." I" Ph (51 

~- I H 
H A 

~ofSE_t_ 
~O 

Ph!U ....... 5 

";;".~:f-' ~,. 
P~ - Ph H (51 

H 5 
Et Et 

in the facial selectivity. Therefore, I postulated that the ketal 

appendage oxygen in the ene-keta1s 8 and 13 comp1exed to the Simmons-

Smith reagent during the cyc1opropanation reaction. This may have been 

the reason for reagent delivery to the C-3 appendage double bond at 

about the same rate as delivery of the reagent to the double bond in 

the ring by the dioxo1ane oxygen. I based this reasoning on the 

following: 1. I was never able to isolate any monocyc1opropanated 

product for either ene-ketal 8 or 13 using either zinc-copper or zinc-

silver (the latter seems to be a more reactive form of the Simmons-

Smith reagent) couple in varying amounts under different temperatures 

and time for each reaction; 2. Hydroxyl-directed monocyc1opropanations 

(Johnson's method) of 21 were similarly unsuccessful. Possibly, a 

heteroatom on the su1foximine may have comp1exed some of the reagent 

and then delivered it to the C-3 appendage olefin at a rate near that 

of hydroxyl assisted delivery; 3. Adjustments in reaction conditions 

of 8 and 13 brought about either di- or tricyclopropanated material. 

Tricyclopropanated material was obtained only when a large excess of 

reagent was used for a prolonged period. Based on the fact that both 

C-3 and C-4 appendage double bonds are trisubstituted, it does not seem 

unreasonable to expect their reactivity towards the Simmons-Smith 
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reagent to be the same or nearly the same. Thus, if the C-3 appendage 

double bond is being cyclopropanated ~7ith 1.5 eq of reagent and no C-4 

appendage cyclopropanated material is observed, there must be some type 

of intramolecular reagent delivery to the C-3 appendage double bond but 

not to the C-4 double bond. Ketal appendage oxygen delivery of 

Simmons-Smith reagent could then account for the observed results; 4. 

In the case of 25, the hydroxyl-directed cyclopropanations showed no 

signs of cyclopropanation at the C-4 appendage double bond. Based on 

the above observations, we decided to try to use homochiral ketals 

bearing appendages containing no heteroatoms. The simplest such ketal 

is that derived from either (R,R)- or (S,S)-2,3-butanediol. 

Ene-ketal 40 was prepared by dehydrative ketalization from enone 

5 and (R,R)-2,3-butanediol in 67% yield (Scheme 8), This ene-ketal 

underwent monocyclopropanation with zinc-silver couple and methylene 

iodide (10 eq) at reflux for 10-12 minutes to give the 

chromatographably inseparable cyclopropyl-ketals 41 and 42 in 90-96% 

yield with a diastereoselectivity of 1 to 7 as determined by 13C NMR. 

Longer reaction times (e.g. 12 minutes) decreased the amount of 

monocyc10propanated material (90% as opposed to 96% for 10 minutes) 

while the amount of dicyc1opropanated material (separable from 

monocyc10propanated material by chromatography) increased. These 

cyc10propy1-keta1s were then hydrolyzed to the enantiomerica11y 

enriched cyc1opropy1cyclohexanone (+)-4 in 85% yield. Optical rotation 

confirmed a ratio of (-)-4 to (+)-4 of 1 to 7 ([«]n- +24.70 (£ 2.185, 

acetone); maximum rotation known is based on (+)-4 produced here within 

by hydroxyl-directed cyc10propanation using Johnson's method, [~]n-

. 1 
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+32.60 (£ 0.310, acetone». We were therefore able to not only induce 

a diastereo-selectivity of 7 to 1 in the cyclopropanation reactions, 

but were also able to control the regioselectivity by using a ketal 

that contained appendages devoid of heteroatoms. With a method for 

production of the desired monocyclopropanated cyclohexanone in hand, we 

were now able to continue the synthesis. 

Reductive ring opening of enantiomerically enriched (+)-4 with 

lithium/liquid ammonia gave an inseparable mixture (1:1) of 

diastereomers 43 in 75% yield (Scheme 9). With 18 of the 20 carbon 

atoms needed for bonandiol now part of the carbon skeleton, the first 

of the two remaining carbons needed was introduced by 

hydroxymethylation of 43 with formaldehyde (prepared from 

paraformaldehyde) to the ~-hydroxycyclo hexanone 44 as a mixture of 

diastereomers in 49% yield. 32 Attempts at the introduction of the 

remaining carbon atom by Grignard reaction (axial delivery) with 

methylmagnesium bromide at -78 °c failed to give any of the desired 

diol 45 which would be a mixture of bonandiol diastereomers. The 

hydroxyl group of 44 was then protected as the tert-butyldimethyl-

silyl ether 46. Once again, no Grignard reaction product 47 was seen 

with 46 (only recovered starting material 46 was obtained). To contend 

with the enolizability of the carbonyl in 46, 1,2-addition with 

dichloromethylcerium33 at -78 °c instead of methylmagnesium bromide at 

-78 °c was performed. Experimental results showed at least three 

separable mixtures of diastereomers of 47 of about 10-20% each. 

Repeated reactions under varying conditions failed to improve on the 

above results. New approaches at introducing the final two carbons 
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were then examined. 

The possibility of introducing the C-2 quaternary methyl group 

by a coupling reaction seemed feasible as recent work by Weiler and 

Sum34 using cuprate coupling reactions and by Greene 35 and Stork36 

using nickel acetylacetonate catalyzed dialkylzinc coupling reactions 

gave good results. Enantiomerically enriched cyclohexanone 43 was 

carboxylated with dimethyl carbonate to give a mixture of ~-keto ester 

diastereomers 31 (Scheme 10). Without isolation, the ~-keto 

enolphosphates 48 and 49 were made by treating the anion of ~-keto 

ester 31 with diethyl chlorophosphate at 0 °C. The chromatographically 

separable diastereomers 48 and 49 (see Table 2 for NMRs) were obtained 

in equal amounts and in 82% yield over two.steps from cyclohexanone 43. 

Because of the complexity and close similarities of the lH NMR and l3 C 

NMR spectra of the two diastereomers, we were not able to assign 

stereochemistry for either diastereomer at this time. We took the less 

polar ~-keto enolphosphate and attempted to couple this with lithium 

dimethylcuprate at 0 °C. Instead of the coupled product 51 (Scheme 

11), the reduced ~,~-unsaturated ester 50 was obtained in 58% yield as 

determined by lH and l3C NMR (see Table 3). Interestingly, model ~

keto enolphosphate 54 (Scheme 12) was prepared and coupled with lithium 

dimethylcuprate to give 55 in 78% yield. Although this method was not 

fruitful in producing 51 from 48, we were able to use the coupling 

approach to produce model compound 55 which is needed in addressing 

possible synthetic routes to bonandiol. A second approach to ester 51 

was undertaken. Following Greene's35 general method involving nickel

acetylacetonate catalyzed coupling reactions and Stork's36 work on 
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sterically hindered cyclic systems using nickel acetylacetonate 

coupling reactions, p-keto enolphosphate 48 was coupled with 

dimethylzinc (3 eq) at room temperature over 21 hours to give ester 51 

in 60% yield as determined by 1H and 13C NMR (see Table 3). Starting 

48 was also recovered (30%). With the success of this coupling 

reaction, we now had the carbon skeleton of bonandio1 with all twenty 

carbon atoms in place. Remembering that the stereochemistry at C-3 was 

set in the formation of the ~-keto eno1phosphate diastereomers 48 and 

49, work then focussed on setting the stereochemistry at C-1 and C-2 by 

the selective introduction of the remaining functional groups. Before 

going on in the synthesis, it should be noted that either diastereomer 

(48 or 49) could eventually be converted into the other diastereomer by 

undergoing hydrolysis, epimerization, and reformation of the ~-keto 

enolphosphates. 

In the hopes of working out the methodology needed to set the 

two remaining stereocenters in addition to the introduction of the 

correct functional groups, we went back to the model system. To 

control the C-2 stereocenter of bonandiol and the introduction of the 

tertiary hydroxyl group, we chose a Sharpless epoxidation route. 37 

Thus, ester 55 (Scheme 12) was reduced to the al1y1ic alcohol 56 in 87% 

yield with lithium aluminum hydride at -10 OCt This ally1ic alcohol 

was then treated with L-diethyl tartrate, titanium tetraisopropoxide, 

and tert-butyl hydroperoxide at -20 °c to give epoxy alcohol 57 in 90% 

yield. Remaining work on the model comound included the ring opening 

of the epqxy alcohol to the 1,3-dio1 58. 
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Trans diaxia1 ring opening of epoxy alcohol 57 with lithium 

aluminum hydride at room temperature resulted in a 1 to 3 ratio of 

regiodio1s 58 and 59 respectively (separable by chromatography and 

determined by 1H NMR).38 When 1,2-dio1 59 predominated in the diaxial 

ring opening of epoxy alcohol 57, this approach was discarded since the 

real system was predicted to give a greater ratio of 1,2- to 1,3-dio1s 

than the model system (from simple consideration of models based on the 

expected most stable ring conformation of the epoxy alcohol). 

Instead, the epoxy alcohol 57 was converted to the epoxy bromide 

61 (Scheme 13) by the treatment of 57 with carbon tetrabromide and 

triphenylphosphine in acetonitrile. 39 This epoxy bromide was then 

reductive1y ring opened with metallic magnesium in ether at reflux to 

give the exomethy1enecyc1ohexane 63. 40 

With the methodology apparently worked out for setting the 

stereochemistry at C-2, ester 51 was reduced with lithium aluminum 

hydride at -10 °c to the a11y1ic alcohol 52 in 82% yield (Scheme 11). 

This a11y1ic alcohol underwent Sharpless epoxidation with L-diethy1 

tartrate, titanium tetraisopropoxide, and tert-buty1 hydroperoxide at 

-20 °c to the epoxy alcohol 53 in 76% yield. The Sharpless epoxidation 

allowed for the "cleaning up" of the 7 to 1 diastereomeric ratio at C-4 

as determined by 13C NMR. This can be explained by the diagram below 

showing the mode of attack in the Sharpless epoxidation. It now 

becomes obvious that approach of the L-diethyl tartrate-modified 

reagent is hindered by the C-4 axial methyl in B whereas approach in A 

is relatively unhindered. Because of these steric differences in A and 
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B, it would be predicted that the less hindered approach in A would 

react faster. This Sharpless epoxidation was over (by thin-layer 

chromatography) within twenty minutes. Continuing with the synthesis, 

attempts at making the epoxy bromide with carbon tetrabromide and 

triphenylphosphine in acetonitrile at room temperature failed. It 

appeared that triphenylphosphine caused the degradation of the epoxy 

alcohol 53 as was determined by thin-layer chromatography of the 

reaction of 53 with triphenylphosphine in acetonitrile at room 

temperature (and at 0 oC) in the absence of carbon tetrabromide. The 

two predominate products were isolated from the reaction mixtures of 

the above two reactions and were tentive1y assigned the structures 

below as determined by lH NMR. 
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With the need of more material, ene-ketal 66 was prepared from 

enone 5 and (S,S)-2,3-butanedio1 in 80% yield (Scheme 14). This ene-

51 
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53 

ketal was postulated as the one needed to se~ the C-4 stereocenter 

correctly as determined by the negative Cotton effect of the CD 

spectrum of (+)-4 prepared by the hydroxyl-directed cyclopropanation 

route (Johnson's method). Since cyclopropanation from both 21 and 40 

gave the same sign of optical rotation (positive) for their 

corresponding cyclopropylcyclohexanones 4, cyclopropanation using ene

ketal 66 (the enantiomer of 40) would be predicted to give the 

enantiomeric cyclopropyl-cyclohexanone (-)-4. This product must then 

give a positive Cotton effect in the CD spectrum. Thus, the absolute 

stereochemistry of (-)-4 is that shown. Ene-ketal 66 was treated with 

zinc-silver couple and methylene iodide (10 eq) in ether under reflux 

for 8 minutes to give in 92% yield an inseparable mixture (1:5.5) of 

monocyclopropanated diastereomers 67 and 68. Enantiomerically enriched 

cyclopropylcyclohexanone (-)-4 was obtained in 80% yield upon 

hydrolysis of diastereomers 67 and 68. 

Upon reductive ring opening of the cyclopropylcyclo hexanone as 

before, cyclohexanone diastereomers 3a,b were obtained in 72% yield an 

an inseparable mixture (1:1) by chromatography (Scheme 15). The anion 

of 3 was treated with dimethyl carbonate to give the ~-keto ester 69 as 

an inseparable mixture (1:1) of diastereomers. The ~-keto 

enolphosphates 70 and 71 were prepared in equal amounts from the crude 

p-keto ester 69 mixture in 68% overall yield from the cyclohexanone 3 

diastereorners (see Table 4 for the NMRs). The less polar p-keto 

enolphosphate 71 underwent a nickel acetylacetonate catalyzed 

dimethylzinc coupling to the unsaturated ester 72 in 91% yield (Scheme 

16). This unsaturated ester was reduced with lithium aluminum hydride 
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at -10 °c to the allylic alcohol 73 in 87% yield. As predicted above, 

Sharpless epoxidation of 73 with L-diethyl tartrate did not proceed 

well even after several hours. In addition, the product obtained was 

identical to that from the Sharpless epoxidation of 73 with D-diiso

propyl tartrate (as determined by lH and l3C NMR) which went in 81% 

yield and was complete by thin-layer chromatography within twenty 

minutes. With epoxy alcohol 74 in hand, further tests on the model 

compound 57 were needed so 74 could be ring opened to set the 

stereocenter at C-2 as well as to introduce the tertiary hydroxyl 

group. 

The epoxy tosylate 60 (Scheme 13) of the epoxy alcohol 57 was 

made and immediately treated with sodium iodide in acetone to form the 

volatile epoxy iodide 62. This epoxy iodide was then treated with a 

refluxing mixture of magnesium turnings and zinc dust in 

ether/tetrahydrofuran for 35 hours to reductively ring open to the 

exomethy1enecyclohexane 63. 

57 

Following the method above, epoxy alcohol 74 was tosy1ated to 

the epoxy tosy1ate 75 (Scheme 17) and the crude product treated with 

sodium iodide in acetone for 68 hours to afford the epoxy iodide 76 in 

88% yield overall from 74. This epoxy iodide was ref1uxed in a mixture 

of magnesium turnings and zinc dust in ether/tetrahydrofuran for 73 

hours before being reductive1y ring opened to the 

exomethylenecyc10hexane 77 in 89% yield. With three of the four 

stereocenters set and all of the carbon atoms in place, the final 

synthetic step needed would be to convert the exomethylene of 77 into 

the primary.a1coho1 as part of bonandio1 1. 

---_.------ ---------------------------
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Scheme 17. Preparation of (lR,2S,3S)-1-Methyl-2-(3-methyl_2_buteny1)_ 
3-methy l-3-(4-methyl-3-pentenyl)-6-methy1eny1cyc1ohexan-1-o1. 
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The most obvious route would be to use some form of an oxidative 

hydroboration reaction. To work out conditions for this step,(-)-

camphene 64 (Scheme 13) was hydroborated with 9-BBN followed by 

oxidative work-up to give the primary alcohol 65 in 83% yield. 4l This 

route of oxidative hydroboration using 9-BBN on 77 failed to give 

bonandiol 1 as a product. Instead, only starting material and the 

eventual hydroboration/oxidation products of the appendage olefins were 

recovered. Due to the possible steric hindrance of 9-BBN in the 

hydroboration step, the borane-tetrahydrofuran complex was used. This 

only facilitated the hydroboration of the appendage olefins. 

The idea of setting the stereocenter at C-2 while introducing 

the tertiary hydroxyl group through reductive ring opening to the 

exomethylenecyclohexane 77 was changed to include other types of 

reductive ring opening on derivatives of epoxy alcohol 74. Several 

recent reports have indicated the potential to ring open various types 

of activated epoxides; these include samarium diiodide42 and sodium 

tellurium hydride43 chemistry. Thus, epoxy alcohol 74 was oxidized to 

the epoxy aldehyde 78 (Scheme 18) under Swern conditions. 42 

The choice was made to use samarium diiodide to accomplish the 

ring opening of 78. Treatment of 78 with samarium diiodide (2.2 eq) at 

-90 °c followed by the reduction of the crude mixture at -60 °c with 

excess sodium borohydide provided three products other than the 

starting epoxy aldehyde 78 as identified by lH NMR and thin-layer 

chromatography. From lH and l3C NMR spectral data, the predominant 

product isolated was identified as the allylic alcohol 73 

(deoxygenation by samarium diiodide followed by reduction with sodium 
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3-methyl-3-(4-methyl-3-pentenyl)-6-hydroxymethyl_7_oxabicyclo[4.l.0]_ 
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borohydride) while the two other more polar products (thin-layer 

chromatography) were tentatively identified as diol isomers 80. Since 

neither diol isomer lH NMR spectrum matched the reported lH NMR for 

bonandiol,2 the choice was made to bring up the more polar ~-keto 

enolphosphate 70 to this point. It should be noted that the more polar. 

diol isomer had an ABX splitting pattern (see Table 5) very similar to 

that reported for bonandio1 1, but absorbed at 3.63 and 3.74 ppm 

instead of 3.48 and 3.77 ppm. Further, the two viny1ic proton signals 

overlapped at 5.1 ppm instead of being separated at 5.05 and 5.30 ppm. 

p-Keto eno1phosphate 70 was coupled using the nickel 

acety1acetonate and dimethy1zinc method to give the unsaturated ester 

81 in 76% yield (Scheme 19). This ester was reduced with lithium 

aluminum hydride to the a11y1ic alcohol 82 in 79% yield. Before doing 

the Sharpless epoxidation, the observation that the less polar ~-keto 

enolphosphate 71 underwent epoxidation with D-diisopropy1 tartrate but 

only partially (and then to the same epoxy alcohol product) with 

L-diethy1 tartrate led to the diagram and conclusion below on the two 

a11y1ic alcohols 73 and 82. 
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Table 5, Comparison of lH NMR's of Diols 80 and 86 with Authentic 
Bonandiol 1, 
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From the diagram, it becomes clear that the a11y1ic alcohol from the 

less polar ~-keto eno1phosphate 71 has the stereochemistry depicted. 

This a11ylic alcohol reacts sluggishly with L-diethy1 tartrate because 

approach i~ hindered by the axial C-4 4-methyl-3-pentenyl appendage 

64 

while only axial hydrogen hinders approach with D-diisopropyl tartrate. 

The more polar ~-keto enolphosphate diastereomer 70 produces allylic 

alcohol 82 which reacts readily with L-diethyl tartrate, in contrast to 

a11y1ic alcohol 73, to give epoxy alcohol 83 in 73% yield. Based on 

this observation, the known relative stereochemistry of bonandio1, and 

from the negative Cotton effect of (+)-4, epoxy alcohol 83 is the one 

necessary to set the correct stereochemistry in this synthesis. We 

then chose to go back to the samarium diiodide chemistry in hopes of 

completing the synthesis of bonandiol 1. 

The epoxy alcohol 83 was oxidized under Swern conditions to the 

epoxy aldehyde 84 in 74% yield (Scheme 20). As before, ring opening of 

the epoxy aldehyde with samarium diiodide followed by sodium 

borohydride reduction gave three isolated products. The major product 

was identified by 1H and 13C NMR as the deoxygenated and reduced 

a11y1ic alcohol 82 while the two minor and more polar (by thin-layer 

chromatography) products w~re tentatively identified as dio1 isomers of 

86. Neither dio1 isomer was confirmed as bonandio1 1 by 1H and 13C 

NMR; however, the more polar diol had an ABX splitting pattern (see 

Table 5) similar to bonandiol (3.59 and 3.74 ppm as compared to 3.48 

and 3.77 ppm for bonandio1). Additionally, this more polar dio1 had 

overlapped viny1ic proton signals at 5.1 ppm while bonandiol has two 

vinylic pro~on signals at 5.05 and 5.30 ppm. 
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At this time, we received an authentic sample of the p-nitro

benzoate ester of bonandiol from Savona. 2 Hydrolysis gave authentic 

bonandiol which we could compare with our diols. Thin-layer 

chromatography showed that our more polar diol (from 86) had the same 

Rf value as authentic bonandiol. We believed at this time we had an 

epimer (at C-l) of bonandiol so we oxidized our more polar diol with 

66 

pyridiniurn dichromate. Upon oxidation, we obtained two new compounds; 

one being UV active (and in conjunction with lH NMR) was identified as 

the dehydrated ~,~-unsaturated aldehyde (below) while the second 

compound was identified by lH and l3C NMR as the ~-hydroxy aldehydes 85 

as an inseparable mixture (1:1) of diastereomers. 

H 

Reduction of these diastereomers once again gave diol product that was 

similar to our original more polar diol but not the same as bonandiol. 

We then took the authentic sample of bonandiol and repeated the 

oxidation with pyridiniurn dichromate. This time, only one product was 

observed by thin-layer chromatography (even after several hours), and 

it had the same Rf value as our ~-hydroxy aldehyde 85 diastereomers. 

From models, the formation of the dehydrated «,p-unsaturated aldehyde 

from bonandiol would be difficult since the hydroxyl group is cis to 

the C-l hydrogen, so it was not surprising that we did not see any 

dehydrated oxidized product. However, if our more polar diol is the 
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epimer of bonandiol at Col, then the hydroxyl is trans to the Col 

hydrogen and could then undergo dehydration. 

We then decided to reductively ring open 84 to the ~-hydroxy 

aldehyde 85 with lithium/liquid ammonia. This method should allow for 

protonation at C-l such that this center would be an equal mixture of 

~-hydroxy aldehyde 85 diastereomers. Actual ring opening with 

lithium/liquid ammonia gave 85 which by lH and l3C NMR was shown to be 

composed of diastereomeric (,vl:l) aldehydes. This mixture was then 

reduced with sodium borohydride to the respective diols 86. Once 

again, lH NMR showed the product diol(s) to be different from authentic 

bonandiol, even though the Rf values by thin-layer chromatography were 

the same. The product diol(s) from this method were shown to be the 

same as the more polar diols from the samarium diiodide method. 

In hopes of confirming the structures of our intermediates, 

epoxy alcohol 83 was made into the epoxy tosylate 87 (Scheme 21), then 

into the epoxy iodide 88. This epoxy iodide was then reductively ring 

opened with activated zinc dust and metallic magnesium to the 

exomethylenylcyclohexanol 89. We hope to be able to show that 89 is 

identical to the exomethylenylcyclohexanol formed from the degradation 

of authentic bonandiol as outlined in Scheme 22 (lH NMR, see Table 6), 

SUMMARY 

This approach to bonandiol has demonstrated the use of two 

important and new novel methodologies. The first one utilized is the 

diastereoselective cyclopropanation of a homochiral ene-ketal 

possessing C2 symmetry to introduce a prochiral methyl at C-4. This 
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method not only had good diastereoselectivity (69-75% d.e.), but just 

as important, had excellent regioselectivity in the presence of 

multiple olefins. With time, we were able to examine the role that the 

ketal appendages had on the cyclopropanation of a system which 

contained three olefins with at least two of them in the "reaction 

sphere" (vicinity of reagent delivery). We were able to show that 

ketal-appendage oxygen influenced the regioselectivity of 

cyclopropanation. In the case of ketal-appendage oxygen present, we 

saw no regioselectivity between two olefins. That is, 

reagent delivery to the C-4 appendage double bond by ketal-appendage 

oxygen was as fast as reagent delivery to the cyclohexene olefin by the 

dioxolane oxygen. Therefore, dicyclopropanated material was the 

product (with no monocyclopropanated material ever isolated) when 

either di-O-methyl-L-threitol ene-ketal 8 or di-O-benzy1-L-threito1 

ene-ketal 13 were used. In the absence of ketal-appendage oxygen, 

Simmons-Smith reagent comp1exed to the dioxo1ane oxygen was not 

sufficiently close (some dicyc1opropanated product was observed as the 

reaction time increased) to allow for efficient reagent delivery to the 

C-4 appendage olefin. Because many natural products contain mUltiple 

numbers of olefins, this method of diastereose1ective cyc1opropanation 

(using the all carbon appendage keta1s) and ring opening might allow 

for the stereose1ective introduction of functional groups other than 

methyl at a center beta to a carbonyl group.44 

The second method utilized nickel acety1acetonate catalyzed 

dimethy1zinc coupling to a relatively hindered cyclic p-keto 

eno1phosphate (for example, 48, 49, 70, and 71) to give the coupled 

. 1 



product in moderate to high yields where traditional cuprate coupling 

gave reduced products. 
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When the final ring opening of the epoxy aldehyde (or its 

equivalent) is worked out, this approach to bonandiol could allow us to 

make at least eight of the sixteen possible stereoisomers. By using 

homochiral ene-ketals derived from either (R,R)- or (S,S)-2,3-

butanediol, we are able to set the C-4 stereocenter as either R or S. 

The formation of the ~-keto enolphosphates lets us separate the C-3,4 

diastereomers (recycling of the undesired enol phosphate would allow 

for the formation of one enol phosphate diastereomer) while Sharpless 

epoxidation on either ~-keto enolphosphate diastereomer controls the 

stereochemistry at C-2. 

EXPERIMENTAL 

Benzene was distilled from calcium hydride and diethyl ether 

was distilled from phosphorus pentoxide or sodium benzophenone ketyl 

under an inert atmosphere. Dimethyl sulfoxide was distilled from 

calcium hydride under reduced pressure and stored over 3K molecular 

sieves. Zinc-copper couple was prepared according to the method of~ 

Shank and Schechter immediately before use. Proton magnetic resonance 

spectra were recorded at 250 MHz on a Bruker WM-250 NMR spectrometer. 

Chemical shifts are reported in parts per million (ppm) from 

tetrametylsilane. Carbon-l3 magnetic resonance spectra were recorded 

at 62.9 MHz on a Bruker WM-250 NMR. Chemical shifts are reported in 

parts per million (ppm) from the center line of the chloroform-dl 
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triplet (77.0 ppm). Mass spectral determinations were performed at the 

Midwest Center for Mass Spectrometry, and NSF Regional Instrumentation 

Facility (Grant CHE-0211164). Infrared spectra were recorded on a 

Perkin-Elmer Model 983 infrared spectrophometer. Optical rotations 

were measured at 589 nm on a Rudolph Research Autopol III polarimeter. 

CD spectra were recorded on a Cary Model 60 CD/ORO spectrometer. Thin

layer chromatographic analyses were performed on Merck silica gel 60 

plates (0.25 mm, 70-230 mesh ASTM). Merck silica gel 60 (70-230 mesh 

ASTM) was used for column chromatography. 

l-Bromo-3-methyl-2-butene. To alL round bottom flask under argon at 

5 °c containing 2-methyl-3-buten-2-o1 (126 mL, 1.21 mol) was added 

slowly via an addition funnel 48% HBr (500 mL). After stirring an 

additional 20 min at SoC, the phases were separated and the organic 

phase washed with 10% aq. Na2C03 (40 mL) and water (3 x 40 mL), then 

dried (K2C03), filtered, and distilled (bP16 48-50 °C) as a colorless, 

pungent liquid. Yield: 130.6 g (0.876 mol, 72.7%). lH NMR (CDCI3) ~ 

1.73 (3, s), 1.78 (3, s), 4.01 (2, d, JHH-8.4 Hz), 5.52 (I, t.sept., 

JHH-l.4 Hz, JHH-8.4 Hz). 

Cyclopropyl dimethylcarbinol. To a well-stirred solution of 

methylmagnesium bromide (110 mL, 3.1 M in THF, 0.34 mol) in dry Et20 

(105 mL) at room temperature under argon was added cyclopropyl methyl 

ketone (22.45 g, 0.267 mol) dropwise at a rate sufficient to maintain a 

gentle reflux. After addition, the reaction mixture was stirred an 

additional 30 min at room temperature before being carefully quenched 

1 
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by the dropwise addition of sat. aq. NH4C1 (125 mL). Water (150 mL) 

and Et20 (125 mL) were added, the layers separated, and the aqueous 

phase extracted with Et20 (3 x 450 mL). The combined ether extracts 

were dried (K2C03), filtered, and concentrated in vacuo. Distillation 

of the residue (bp 120-123 °C) gave 21.03 g (0.210 mol, 78.7%) of a 

colorless liquid; R~ 0.45 (50% EtOAc!hexanes). 

I-Bromo-4-methyl-3-pentene. To an open over-sized Erlenmeyer flask 

containing cyc1opropy1dimethy1carbino1 (91.91 g, 0.918 mol) at a °c was 

added rapidly 48% HBr (375 mL, precooled to 4 °C) with vigorous 

stirring. After addition, the heterogeneous mixture was stirred for 8 

min at 0-5 °c before the organic phase was removed. The aqueous phase 

was then extracted with petroleum ether (3 x 350 mL). The combined 

organic extracts were washed with sat. aq. NaC1 (150 mL), sat. aq. 

NaHC03 (150 mL), and sat. aq. NaC1 (150 mL), dried (Na2S04), filtered, 

and concentrated in vacuo. The residue was distilled (bP18 69-72 °C) 

to give 123.1 g (0.755 mol, 82.3%) of a colorless, pungent liquid. 1H 

NMR (CDCl3) ~ 1.63 (3, 5), 1.72 (3, 5), 2.56 (2, dt, JHH-7.3 Hz, 

JHH-7.3 Hz), 3.34 (2, t, JHH-7.3 Hz), 5.13 (1, tt, JHH-1.4 Hz, JHH-7.3 

Hz). 

l-Lithio-4-methyl-3-pentene. To a well-stirred heterogeneous mixture 

of finely cut lithium wire (6.16 g, 136.8 cm, 0.887 mol) in dry Et20 

(120 mL) at -11 °c under argon in a Schlenkware set-up was added 

dropwise over 2 h a solution of 1-bromo-4-methyl-3-pentene (61.42 g, 

0.377 mol) in dry Et20 (100 mL). After addition, the mixture was 
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stirred for 35 min at -7 to -SoC before being filtered. The deep 

yellow sweet-smelling liquid was titrated with dry sec-butanol (1,10-

phenanthrolene as indicator). Yield: ~250 mL ofNO.S72 tl solution 

(3S)-2-(3-Methyl-2-buteny1)-3-methyl-3-(4-methyl-3-penteny1)cyc10hexan

l-one 3. Method A: 17a ,b To a well-stirred solution of ene-ketal 8 

(0.165 g, 0.436 mmol) in dry toluene (10 mL) at 0 °c was added a 

solution of trimethylaluminum (1.0 mL, 2 M, 2.0 mmol) in hexanes. Upon 

addition, the mixture was stirred at room temperature for 3.5 h before 

being poured into 2 M NaOH (15 mL) and extracted with CH2C12 (2 x SO 

mL). The combined organic extracts were concentrated in vacuo and the 

residue was stirred at room temperature for 1 h with pyridine (2 mL), 

dry acetic anhydride (0.OS2 mL, 0.S69 mmol; from P205) , and a catalytic 

amount of 4-dimethylaminopyridine. The mixture was then washed with 1% 

aq. HCl (10 mL), sat. aq. NaHC03 (2 mL), sat. aq. NaCl (2 mL), dried 

(MgS04), filtered, concentrated in vacuo, and the residue 

chromatographed (45 g of silica gel 60, 10% EtOAc/hexanes) to give an 

oil, 18. This oil was stirred in glacial acetic acid (1 mL) at room 

temperature for 16 h before the addition of H20 (7 mL) and extraction 

with Et20 (35 mL). The ether phase was washed with sat. aq. NaHC03 (2 

x 10 mL), sat. aq. NaCl (10 mL), dried (MgS04), filtered, concentrated 

in vacuo, and the residue chromatographed (50 g of silica gel 60, 10% 

EtOAc/hexanes) to give 102 mg (S9%) of a colorless oil, 3, as a mixture 

(1:1) of diastereomers; Rr- 0.43 (10% EtOAc/hexanes). 

Method B:17a,b As in method A except with ene-ketal 13 (34.S mg, 65.6 
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umo1) and trimethy1a1uminum (0.330 mmo1, 660 umol). After 

chromatography, 19 was obtained as an oil (3.5 mg, 9.1%; Rr- 0.17) 

along with a UV active oil 20 (19 mg, 90%; Rr- 0.68, 10% EtOAc!hexanes) 

as determined by 1H NMR. 

Method C: Prepared similarly to 43 using (-)-4 (1.90 g, 7.31 mmol) , 

lithium wire (0.225 g, 32.4 mmol) , and t-butyl alcohol (1.72 mL, 18.2 

mmo1). Yield after work-up as usual: 1.39 g (72%); Rr- 0.36 (10% 

EtOAc!hexanes). 

(lR,6R)-1-(3-Methyl-2-buteny1)-6-(4-methyl-3-penteny1)norcaran-2-one 

(-)-4. Prepared similarly to (+)-4 (method B) using cyc10propy1-

keta1s 67 and 68 (5.98 g, 18.0 mmol) to give 3.61 g (77.1%; two steps, 

based on ene-ketal 66) of a colorless oil; [Cf]n- -22.40 (£ 1.86, 

acetone). Mass spectrum (70 eV), m/z (re1 intensity) 260 (5.8), 246 

(6.2), 245 (32.5), 231 (5.0), 217 (9.1), 205 (11.4), 204 (5.3), 191 

(16.2), 189 (10.3), 178 (7.6), 177 (11.1), 176 (5.4), 175 (13.9), 173 

(6.7), 163 (9.2), 161 (6.2), 161 (17.9), 159 (6.6), 150 (5.7), 149 

(16.0), 148 (9.3), 147 (8.5), 147 (17.5),145 (8.9),137 (8.3), 136 

(7.2) , 135 (6.G), 135 (23.4), 134 (6.0),134 (5.7),133 (15.2), 133 

(5.1), 131 (12.5) , 123 (21.6), 122 (6.5), 121 (16.4), 121 (13.3), 120 

(5.8), 119 (17.2), 117 (7.9) , 110 (5.2), 109 (7.9), 109 (15.7), 108 

(6.1), 107 (23.6), 107 (6.6), 106 (6.6), 105 (27.0), 97 (13.2), 95 

(27.4), 95 (11.1) , 94 (7.5), 93 (35.6), 92 (8.3), 91 (37.9), 85 (5.9), 

83 (10.8), 83 (8.4), 82 (13.0), 81 (32.4), 80 (8.6), 79 (39.6), 78 

(7.0), 77 (24.6), 71 (10.9), 70 (6.8), 69 (100), 69 (9.7), 68 (5.3), 67 

(34.0), 66 (5.8), 65 (12.3), 60 (5.2), 59 (31.2), 57 (9.0), 57 (5.9), 

. ., 'j 
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56 (5.5), 55 (60.8), 55 (35.4), 54 (5.1); exact mass ca1cd for C18H280 

260.2141, obsd 260.2133. 

(lS,6S)-1-(3-Methyl-2-buteny1)-6-(4-methyl-3-pentenyl)norcaran-2-one 

(+)-4. Method A: A well-stirred solution of 23 (57.0 mg, 0.133 romo1) 

in dry toluene (5 mL) was ref1uxed for 2.5 h, cooled, and solvent 

removed. Chromatography (50 g of silica gel 60, 20% etherfhexanes) on 

the residual oil gave 19.3 mg (56%) of (+)-4 as a colorless oil; [~lD

+32.6 0 (£ 0.310, acetone). CD (£ 0.00193, pentane) ~- -2315, -2623, 

-2267, -1042 (at 290, 298, 306, and 318 nm respectively). 

Method B: A solution of the noraranone ketal 42 (0.490 g, l.47 romo1) 

in methanol (11 mL) and 1% aq. HC1 (0.63 mL) under argon at room 

temperature was stirred for 2 h before being poured into sat. aq. 

NaHC03 (80 mL) and extracted with Et20 (3 x 100 mL). The combined 

extracts were dried (MgS04), filtered, and concentrated in vacuo. 

Chromatography of the residue (50 g of silica gel 60, 10% 

EtOAcfhexanes) gave 0.327 g (1.26 romo1, 85.2%) of a colorless oil; 

[~lD- +24.70 (£ 2.19, acetone); R~ 0.26 (10% EtOAcfhexanes). IR 

(CDC13) em- 1 2915, 2857, 2732, 2247, 1672, 1449, 1376, 1329, 1118, 

1078, 1047, 984, 869, 836; 1H NMR (CDC13) J 0.67 (1, d, JHH~5.3 Hz), 

1.46 (1, d, JHH-5.4 Hz), 1.61 (6, s), 1.66 (3, d, JHH-1.2 Hz), 1.69 (3, 

d, JHH-0.9 Hz), 1.50-1.86 (4, m), 1.94-2.17 (6, m), 2.34 (1, ddm, 

JHH-5.8 Hz, JHH-15.7 Hz), 2.71 (1, dd, JHH-6.9 Hz, JHH-15.7) , 5.03 (1, 

tm, JHH-7.1 Hz), 5.10 (1, tm, JHH"'7.1 Hz); 13C NMR (CDC13) 6 17.5 

(CH3) , 17.8 (CH3), 18.4 (CH2) , 22.0 (C), 25.5 (CH2) , 25.6 (CH3) , 25.6 

(CH3) , 26.9,(CH2), 27.5 (CH2) , 32.5 (C), 35.4 (CH2) , 36.9 (CH2) , 40.2 

-_._. ---_ ... _---------------------------------------
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(CH2) , 122.8 (CH) , 124.0 (CH) , 131.5 (C), 131.6 (C), 209.3 (C). 

2-(3-Hethyl-2-buteny1)-3-(4-methyl-3-pentenyl)-2-cyclohexen-1-one 5. 

To a well-stirred solution of 7 (252 mg, 1.07 mmo1) in dry THF (3 mL) 

under argon at -78 °c was added rapidly 1-1ithio-4-methyl-3-pentene (3 

mL, 0.365 M in ether, 1 mmol). After stirring 2 h at -78 °c, the 

reaction was quenched by the careful addition of 10% aq. HCl (1.25 mL), 

then diluted with Et20 (85 mL). The organic layer was separated, 

washed with sat. aq. NaHC03 (2 x 15 mL) and sat. aq. NaCl (15 mL), 

dried (MgS04)" filtered, and concentrated in vacuo. The crude residue 

was chromatographed (50 g of silica gel 60, 20% EtOAc/hexanes) to give 

229 mg (0.929 mmo1, 87.1%) of a pale yellow oil (bPO.4 128-135 OC); Rr-

0.68 (50% EtOAc/hexanes). IR (CC14) cm- 1 2968, 2928, 2868, 1666, 1621, 

1454, 1376, 1362, 1328, 1236, 1179, 1112; 1H NMR (CDC13) d 1.61 (3, s), 

1.65 (3, d, JHH-1.4 Hz), 1.69 (6, s), 1.86-1.96 (2, m), 2.13-2.18 (2, 

m), 2.22-2.27 (2, m), 2.35 (2, t, JHH-6.1 Hz), 2.39 (2, t, JHH~6.1 Hz), 

2.99 (2, bd, JHH-6.7 Hz), 4.92 (1, tm, JHH-6.7 Hz), 5.11 (1, tm, 

JHH=7.0 Hz); 13C NMR (CDC13) J 17.6 (CH3) , 17.7 (CH3), 22.5 (CH2) , 24.0 

(CH2) , 25.6 (CH3), 26.3 (CH2) , 30.8 (CH2) , 35.1 (CH2) , 37.9 (CH2) , 

122.8 (CH), 123.2 (CH), 131.0 (C), 132.5 (C), 134.9 (C), 159.0 (C), 

198.9 (C); mass spectrum (70 eV), m/z (reI intensity) 246 (13.4), 231 

(8.6), 203 (7.8), 178 (6.0), 177 (27.7), 175 (7.4) , 163 (8.6), 161 

(8.2), 159 (15.2), 150 (6.3), 149 (6.3), 149 (7.7), 147 (14.6), 137 

(6.4), 135 (28.3), 123 (6.5), 121 (7.0) , 119 (7.0), 109 (19.9), 107 

(10.6), 105 (l0.8), 96 (5.4), 95 (26.2), 93 (11.8), 91 (19.4), 83 

(18.0), 82 (24.8), 81 (15.4), 79 (14.5), 77 (10.7), 70 (6.1),69 (100), 



67 (17.5), 65 (5.5), 57 (6.4), 55 (24.9), 55 (15.5), 53 (11.3); exact 

mass ca1cd for C17H260 246.1985, obsd 246.1989. 
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2-(3-Hethyl-2-butenyl)-1,3-cyclohexanedione 6. To a well-stirred 

solution of 1,3-cyc1ohexanedione (23.08 g, 0.200 mol) in 20% aq. KOH 

(45 mL) at room temperature was added copper powder (0.50 g, 7.9 romo1) 

followed by the rapid addition of 1-bromo-3-methyl-2-butene (32.43 g, 

0.218 mol). After stirring 4.5 h at room temperature, enough 10% aq. 

NaOH solution was added to bring all the precipitate formed back into 

solution. The mixture was extracted with petroleum ether (3 x 80 mL) 

and the extracts discarded. The aqueous phase was acidified with 10% 

aq. HC1 solution and the crude product collected by filtration. The 

crude product was washed with water, dried, then recrystallized 

(THFjhexanes). mp 140-141 °c (not corrected). Yield: 13.71 g (0.076 

mol, 38.1%). IR (CHC13) cm- 1 3310, 3009, 2960, 2938, 1733, 1703, 1614, 

1427, 1377, 1250, 1139, 1110, 1067, 1028, 992, 917, 858; 1H NMR (CDC13) 

J1.76 (6, m), 1.95 (2, tt, JHH=6.9 Hz, JHH-6.9 Hz), 2.37 (2, t, JHH-6.9 

Hz), 2.44 (2, t, JHH-6.9 Hz), 3.09 (2, bd, JHH-8.1 Hz), 5.21 (1, tm, 

JHH-8.1 Hz), 6.72 (1, s); mass spectrum (70 eV), m/z (reI intensity) 

181 (5.9), 180 (44.6), 165 (12.0), 152 (16.6), 147 (5.0), 138 (5.3), 

137 (27.9), 137 (51.7), 125 (32.0), 124 (17.0), 113 (5.9), 110 (8.2), 

109 (100), 97 (5.1), 95 (6.7), 91 (8.0), 84 (5.3), 81 (13.5), 79 

(10.1), 77 (5.9), 69 (19.8), 68 (6.1), 67 (10.2), 56 (9.7), 55 (7.0), 

55 (25.2), 53 (9.6); exact mass cal cd for C11H1602 180.1151, obsd 

180.1151. 
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2-(3-Methyl-2-butenyl)-3-(2-methylpropoxy)-2-cyclohexen-l-one 7. A 

solution of dione 6 (6.67 g, 37.0 mmol), isobutyl alcohol (38 mL, 412 

mmol), and p-toluenesulfonic acid (80 mg) in benzene (150 mL) was 

heated to reflux under argon. Water was removed azeotropical1y using a 

Dean-Stark trap. Progress of the reaction was monitored by TLC (50% 

EtOAc/hexanes). After 8 h, the reaction mixture was cooled, washed 

with 2 M NaOH solution sat. with NaCl (2 x 25 mL), then washed with 

water (2 x 25 mL), dried (MgS04), filtered, and concentrated in vacuo. 

Distillation of the crude product (bPl.4 140-145 oC) gave 7.27 g (30.7 

mmol, 83.1%) of product. IR (CC14) cm- 1 2961, 2930, 2913, 2893, 2874, 

1741, 1653, 1619, 1616, 1471, 1454, 1428, 1364, 1240, 1170, 1076, 1042, 

1015, 967, 859; 1H NMR (CDC13) J 0.99 (6, d, JHH-6.7 Hz), 1.64 (3, d, 

JHH-l.l Hz), 1.70 (3, s), 1.94-2.02 (3, m), 2.33 (2, m), 2.55 (2, t, 

JHH-6.2 Hz), 2.99 (2, bd, JHH-7.0 Hz), 3.76 (2, d, JHH-6.4 Hz), 5.06 

(1, tm, JHH-7.0 Hz); DC NMR (CDC13)J' 17.4 (CH3), 18.7 (CH3), 20.7 

(CH2), 21.0 (CH2), 25.2 (CH2), 25.4 (CH3), 28.5 (CH), 36.1 (CH2), 73.8 

(CH2), 118.4 (C), 122.8 (CH), 130.1 (C), 171.4 (C), 197.6 (C); mass 

spectrum (70 eV), m/z (rel intensity) 236 (21.5), 196 (8.0), 193 (5.1), 

180 (16.5), 179 (29.1), 179 (6.6), 165 (15.0), 163 (8.9), 161 (10.1), 

151 (6.3), 147 (7.7), 138 (15.9), 137 (21.5), 137 (100), 126 (5.6), 125 

(42.1), 115 (6.9), 113 (6.2), 110 (5.5), 109 (13.4), 105 (10.8), 91 

(10.1), 81 (9.3), 79 (13.2), 77 (9.0), 72 (7.3), 71 (7.4), 69 (15.4), 

69 (6.1), 67 (7.5), 65 (5.3), 59 (23.0), 57 (37.8), 57 (6.5), 56 

(11.6), 55 (10.4), 55 (27.3), 53 (11.4); exact mass ca1cd for C1SH2402 

236.1777, obsd 236.1780. 
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2-(3-Methyl-2-butenyl)-3-(4-methyl-pentenyl)-2-cyclohexen-l-one 1,4-Di

O-methyl-L-threitol Ketal 8. A well-stirred solution of enone 5 

(0.8067 g, 3.27 mmo1), 1,4-di-O-methy1-L-threito145 (0.986 g, 6.57 

mmo1), and pyridinium p-to1uene-su1fonate (89.0 mg, 0.331 mmo1) in 

benzene (50 mL) under argon was brought to reflux and water removed 

azeotropica11y via a Dean-Stark trap. After 6 days, the mixture was 

cooled, concentrated in vacuo, and taken up in Et20 (250 mL) and H20 

(35 mL). The phases were separated and the aqueous phase washed with 

Et20 (200 mL). The combined ether extracts were washed with sat. aq. 

NaHC03 (50 mL), sat. aq. NaCl (50 mL), dried (MgS04), filtered, 

concentrated in vacuo, and the residue chromatographed (150 g of silica 

gel 60, 5% EtOAc/hexanes) to give 0.835 g (67.4%; 85.9% based on 

unrecovered enone 5); Rr- 0.24 (10% EtOAc/hexanes). IR (CC14) cm- 1 

2929, 1668, 1450, 1375, 1345, 1288, 1261, 1196, 1139, 1105, 1087, 963; 

1H NMR (CDC13) J 1.58 (3, s), 1.60-1.70 (2, m), 1.64 (3, s), 1.67 (6, 

s), 1.74-1.92 (2, m), 1.95-2.05 (6, m), 2.77 (2, d, JHH-6.2 Hz), 3.39 

(6, s), 3.51 (2, d, JHHa 4.8 Hz), 3.56 (2, d, JHH-4.9 Hz), 3.83-3.91 (1, 

m), 4.02-4.14 (1, m), 5.08 (1, m), 5.15 (1, m); 13C NMR (CDC13) ~ 17.6 

(CH3) , 17.7 (CH3) , 20.4 (CH2) , 25.4 (CH2) , 25.6 (CH3) , 25.6 (CH3), 26.5 

(CH2) , 29.6 (CH2) , 34.0 ( CH2) , 35.2 (CH2) , 59.4 (CH3) , 73.1 (CH2), 74.1 

(CH2) , 76.7 (CH), 78.2 (CH) , 110.1 (C), 124.4 (CH) , 125.6 (CH), 128.8 

(C), 130.5 (C), 131.4 (C), 140.9 (C). 

1-(3-Methyl-2-butenyl)-6-(4-methyl-3-pentenyl)norcaran-2-one 1,4-Di-0-

methyl-L-threitol Ketal 9. A heterogeneous mixture of Zn(Cu) coup1e26 

(170 mg), potassium carbonate (30 mg), diiodomethane (0.072 mL, 0.894 

. 1 
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mmol) , and ene-ketal 8 (104 mg, 0.275 mmol) in dry Et20 (0.5 mL, from 

P205) was heated to reflux under argon. Once refluxing, a solution of 

iodine (two small crystals) in dry Et20 (0.2 mL) was added. TLC showed 

no signs of reaction by 12 h so a solution of diiodomethane (0.03 mL, 

0.37 mmo1) and iodine (one crystal) in dry Et20 (0.1 mL) were added. 

Within minutes,'TLC showed a new product had formed so the reaction was 

left at reflux 2 h before being quenched with sat. aq. K2C03 (0.15 mL). 

The mixture was diluted with Et20 (5 mL) then centrifuged. The 

supernatant was removed and washed with sat. aq. NH4Cl (1 mL), sat. aq. 

NaHC03 (1 mL), sat. aq. NaCl (1 mL), dried (MgS04), filtered, 

concentrated in vacuo, and the residue chromatographed (50 g of silica 

gel 60, 10% EtOAc(hexanes) to give 34 mg (31.5%) of an oil that by lH 

NMR is not 9 but most likely 12. An attempt using ene-ketal 8 (110 mg, 

0.291 mmo1) , Zn(Cu) couple (172 mg), and diiodomethane (0.029 mL, 0.36 

mmo1) for 2 h gave 70 mg (59%) of 11 as an oil as determined by IH NMR. 

2-(3-Methy1-2-buteny1)-3-(4-methyl-3-pentenyl)-2-cyc10hexen-1-one 1,4-

Di-O-benzyl-L-threitol Ketal 13. Prepared similarly to ene-ketal 8 

using enone 5 (1.238 g, 5.02 mmol) and 1,4-di-O-benzy1-L-threito146 

(3.110 g, 10.3 mmo1). After 10 days, 1.877 g (70.4%) of a colorless 

oil was obtained; Rr- 0.32 (10% EtOAc(hexanes). IH NMR (CDC13) $ 1.58 

(3, s), 1.61 (3, s), 1.64 (3, s), 1.67 (3, s), 1.6-1. 72 (2, m), 1. 79-

1.85 (2, m), 2.00 (6, m), 2.79 (2, d, JHH-5.8 Hz), 3.62 (2, d, JHH-4.7 

Hz), 3.67 (2, d, JHH-4.8 Hz), 3.93-4.00 (1, m), 4.13-4.19 (1, m), 4.57 

(4, s), 5.05-5.18 (2, m), 7.31 (10, m); l3C NMR (CDC13)J 17.4 (CH3), 

17.5 (CH3) , 20.3 (CH2) , 25.3 (CH2) , 25.5 (CH3) , 25.5 (CH3) , 26.4 (CH2) , 
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29.5 (CH2) , 33.8 (CH2) , 35.0 (CH2) , 70.2 (CH2) , 71.0 (CH2) , 73.2 (CH2), 

73.3 (CH2) , 76.7 (CH), 78.2 (CH) , 109.7 (C), 124.2 (CH), 125.5 (CH), 

127.3 (CH), 127.4 (CH) , 128.1 (CH), 128.5 (C), 130.5 (C), 131.2 (C), 

137.9 (C), 138.0 (C), 140.6 (C); mass spectrum (70 eV), m/z (re1 

intensity) 530 (6.3), 177 (5.1), 135 (5.3), 92 (8.4), 91 {100), 69 

(12.0); exact mass ca1cd for C35H4604 530.3398, obsd 530. 3396. 

(+)-(S)-N-Methyl-S-methyl-S-phenylsulfoximine. To a well-stirred two 

phase mixture of 10% aq. KHC03 (1 L), CH2C12 (1 L), and thioaniso1e47 

(67.92 g, 0.547 mol) was added dropwise over 50 min a solution of 

bromine (28.1 mL, 0.549 mol) in CH2C12 (25 mL). After 15 min, the 

phases were separated and the aqueous phase saturated with NaGl and 

extracted with CH2G12 (2 x 200 mL). The combined organic phases were 

dried (MgS04), filtered, and concentrated in vacuo to an oil. 

To a mechanically-stirred solution of the sulfoxide prepared as 

above (82.2 g, 0.586 mol) and sodium azide (42.50 g, 0.654 mol) in 

GHG13 (615 mL) at 0 °c in a 3 L round bottom flask equipped with a 

condenser and addition funnel, was added cone. H2S04 (151 mL) over 25 

min.48 The mixture was slowly warmed to room temperature over 2.75 h, 

then stirred at 40-45 °c for 17 h (color changed from pale yellow to 

tan) before being cooled to room temperature and quenched with ice 

water (1 L) and sufficient water to dissolve all of the salts. The 

phases were separated and the aqueous phase extracted with CHGl3 (700 

mL). The aqueous phase was made basic (1 L of 20% aq. NaOH) and 

extracted with CHC13 (2 x 450 mL). The combined extracts were dried 

(MgS04), filtered, and concentrated in vacuo. Yield: 72.26 g, 79.4%). 
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The sulfoximine was resolved as fol1ows: 49 To a solution 

(brought to a boil, then removed from heat) of the racemic sulfoximine 

(43.3 g, 0.279 mol) in acetone (860 mL) was added a boiling solution of 

(+)-lO-camphorsulfonic acid (67.0 g, 0.289 mol) in acetone (430 mL). 

The mixture was concentrated by boiling to a volume of 1 L and then 

cooled. The crystals were filtered (23.09 g; mp 158-160 °C, lit 180-

182 °C) and the filtrate boiled down to a volume of 400 mL, then 

cooled. The crystals were filtered (13.56 g). Work-up of 1 g of each 

crop (see below) gave a rotation of [~]D- +1.800 (£ 1.335, acetone) 

compared to the literature value of [~]D- +36.50 (£ 1.505, acetone). 

Because of this, the two crops were combined and taken up in acetone (1 

L). After bringing to a boil, all but 15.90 g of salt went into 

solution, the solution was filtered, and the filtrate boiled down to 

400 mL and cooled. The first crystals obtained had a melting point of 

178-179 °c and the second crop (3.11 g) had a melting point of 177-179 

°C. The salt was taken up in water and the solution made basic by the 

addition of 2 M NaOH. The aqueous mixture was extracted with CH2C12 (3 

x 200 mL), dried (MgS04), filtered, and concentrated in vacuo. The 

resolved (+)-sulfoximine now had a rotation of [~]D- +37.3 0 (£ 1.565, 

acetone). 

Under a static argon atmosphere, a solution of the (+)-

sulfoximine (5.97 g, 38.5 mmo1) , formic acid (200 mL), and 37% 

formaldehyde (62.0 mL) was heated to reflux for 70 h (color disappeared 

after 3 h) before the formic acid and aqueous formaldehyde were removed 

by gentle heating. 50 The residue was taken up in 2 M H2S04 (250 mL) 

and extracted with CH2C12 (250 mL). The aqueous phase was neutralized 
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with 2 M NaOH and extracted with CH2C12 (2 x 300 mL). The combined 

extracts were dried (MgS04), filtered, and concentrated in vacuo to 

give 5.97 g (91.7%) of an oil; [~]D- +174.30 (£ 2.28, acetone). IR 

(CC14) cm- 1 3079, 2976, 2946, 2925, 2885, 2815, 1470, 1448, 1420, 1314, 

1252, 1154, 1107, 1083, 1066, 973, 950, 850, 674; 1H NMR (CDC13) J 

2.66 (3, s), 3.10 (3, s), 7.61-7.91 (5, m). 

1-(N-Methy1pheny1su1fonimidoyl)-2-(3-methy1-2-buteny1)-3-(4-methyl-3-

penteny1)-2-cyclohexen-1-01 21 and 22. 19 To a well-stirred solution of 

the sulfoximine prepared above (0.601 g, 3.55 mmo1) and 

triphenylmethane (5-10 mg) in dry THF (15 mL) at 0 °c was added nBuLi 

(~2.2-2.5 mL, 1.55 M in hexanes) until an orange color persisted. The 

y1id mixture was cooled to -78 °c and a solution of enone 5 (0.878 g, 

3.56 mmo1) in dry THF (5 mL) was added over 5 min. After 1 h, the 

mixture was poured into a mixture of Et20 (30 mL) and sat. aq. NH4C1 

(30 mL). The phases were separated and the aqueous phase extracted 

with Et20 (2 x 50 mL). The combined ether extracts were dried (MgS04), 

filtered, concentrated in vacuo, and the residue chromatographed (300 g 

of silica gel 60, 25% Et20(hexanes) to give two colorless 

diastereomeric oils 21 (0.930 g, 62.8%; R~ 0.29) and 22 (0.16 g, 

10.9%; R~ 0.17 (30% Et20(hexanes). Major isomer: 1H NMR (CDC13) ~ 

1.51 (3, s), 1.57 (3, s), 1.59 (3, s), 1.65 (3, s), 1.6-1.7 (2, m), 

1.73-1.86 (2, m), 1.86-2.18 (6, m), 2.61 (3, s), 2.74 (I, bd, JHH-16 

Hz), 2.99 (I, d, JHH-14 Hz), 3.05 (I, dd, JHH-9.6 Hz, JHH-16 Hz), 3.54 

(I, d, JHH-14 Hz), 4.91 (I, m), 5.07 (I, m), 6.92 (I, bs), 7.53-7.63 

(3, m), 7.84-7.88 (2, m). Minor isomer: lH NMR (CDCI3) J 1.5-1.7 (2, 
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m), 1.57 (6, s), 1.62 (3, s), 1.67 (3, s), 1.81-1.91 (2, m), 1.95-2.04 

(6, m), 2.75 (3, s), 2.72-2.83 (1, m), 3.00 (1, dd, JHH- 8.1 Hz, JHH-16 

Hz), 3.31 (1, d, JHH-14.7 Hz), 3.51 (1, d, JHH-14.8 Hz), 4.95 (1, m), 

5.06 (1, m), 5.96 (1, bs), 7.54-7.62 (3, m), 7.84-7.89 (2, m). 

1-(3-Methyl-2-butenyl)-2-(N-methylphenylsulfonlmldoyl)-2-hydroxy-6-(4-

methyl-3-pentenyl)blcyclo[4.1.0]heptane 23. To a well-stirred solution 

of 21 (0.72 g, 1.73 mmo1) in dry hexanes (17 mL) at 0 °c was added 

diethylzinc18f (1.5 mL, 1.7 M in hexanes, 2.55 mmo1) dropwise followed 

by the dropwise addition of diiodomethane (0.42 mL, 5.21 mmo1). After 

45 min, sat. aq. NH4C1 (70 mL) was added and the mixture extracted with 

Et20 (3 x 100 mL). The combined ether extracts were washed with 5% aq. 

NaS203 (75 mL), sat. aq. NaCl (75 mL), dried (MgS04), filtered, 

concentrated in vacuo, and the residue chromatographed (150 g of silica 

gel 60, 30% Et20/hexanes) to provide 23 (0.123 g, 16.6%; Rf- 0.19), 

dicyclopropanated material (0.073 g, 10%; Rr=0.26), and a mixture of 

mono- and dicyclopropanated material (0.248 g, 33%; Rr- 0.24 (30% 

Et20/hexanes). 23: 1H NMR (CDCI3) ~ 0.23 (1, d, JHH-5 Hz), 0.97 (1, 

d, JHH-5 Hz), 1.42 (3, s), 1.44 (3, s), 1.58 (3, s), 1.64 (3, s), 1.4-

2.1 (10, m), 2.41-2.49 (1, m), 2.59 (3, s), 2.60-2.68 (1, m), 3.13 (1, 

d, JHH-14 Hz), 3.75 (1, d, JHH-14 Hz), 5.03-5.13 (2, m), 6.66 (1, bs), 

7.54-7.63 (3, m), 7.83-7.87 (2, m). 

3-(4-Methyl-3-pentenyl)-2-cyc1ohexen-l-one 24. Prepared similarly to 

enone 5 from 2-methylpropoxy-2-cyc10hexen-l-one (3.06 g, 18.2 mmol; 

prepared from 1,3-cyclohexanedione) and l-lithio-4-methyl-3-pentene 

. 1 
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( 20 mmo1). Yield: 2.15 g, 66.4%; Rr- 0.55 (50% EtOAc!hexanes). IR 

(ee14) cm- 1 2960, 2920, 2885, 2866, 1665, 1620, 1445, 1424, 1412, 1369, 

1341, 1318, 1235, 1183, 1121, 957, 882; 1H NMR (CDe13) ~ 1.61 (3, s), 

1.68 (3, s), 1.93-2.03 (2, m), 2.18-2.24 (4, m), 2.27-2.39 (4, m), 5.07 

(1, m), 5.88 (1, bs); 13e NMR (eDC13) ~ 17.6 (CH3), 22.6 (CH2), 25.4 

(CH2), 25.5 (CH3), 29.6 (CH2), 37.2 (eH2), 37.9 (eH2), 122.6 (eH), 

125.6 (CH), 132.6 (C), 166.1 (e), 199.8 (e). 

1-(N-Methylpheny1su1fonimidoy1)-3-(4-methy1-3-penteny1)-2-cyc10hexen-1-

01 25. Prepared similarly to 21 from enone 24 (1.66 g, 9.31 mmo1) and 

the su1foximine previously described (1.60 g, 9.45 mmo1) to give a 

mixture of diastereomers. 25, Major isomer: (2.093 g, 64.7%; Rf-

0.42); minor isomer: (0.795 g, 24.6%; Rr- 0.36 (50% EtOAc!hexanes». 

Major isomer: [~]D- -4.560 (£ 1.03, acetone); minor isomer: [«]D

-1.360 (£ 0.81, acetone). 

2-(N-Methy1pheny1sufonimidoy1)-2-hydroxy-6-(4-methy1-3-

penteny1)bicyc10[4.1.0]heptane 26. Prepared similarly to 42 using 25 

(major isomer; 0.509 g, 1.46 mmo1), zinc dust (18 eq.), and 

diiodomethane (8.9 eq.). Ref1uxed for 5 min to give 0.480 g (90.6%) of 

a colorless oil; Rr- 0.39 (50% EtOAc!hexanes); [~]D- +34.30 (£ 0.995, 

acetone). 

(1S,6S)-6-(4-Hethy1-3-penteny1)norcaran-2-one (+)-27. Prepared 

similarly to (+)-4, method A, using 26 (0.460 g, 1.27 mmo1). Ref1uxed 

36 h to give (+)-27 (0.243 g, 99.2%) as a colorless oil; Rr- 0.19 (30% 

. 1 



Et20/hexanes); [~]D- +4.790 (£ 1.21, acetone); CD (£ 0.00196, 

pentane) -e- -6538, -7226, -5801, -2/.97 (at 290,298,307, and 318 run 

respectively). IR (CC14) cm- 1 2961, 2910, 2850, 1689, 1440, 1373, 

1316, 1237, 1075, 930, 864; 1H NMR (CDC13) cS 0.94 (1, dd, JHH-5.2 Hz, 

JHH-10 Hz), 1.33-1.51 (4, m), 1.56-1.84 (3, m), 1.60 (3, 5), 1.68 (3, 

5), 1.94-2.13 (4, m), 2.29 (1, ddd, JHH-3.1 Hz, JHH-5.3 Hz, JHH-17.8 

Hz), 5.08 (1, tm, JHH-7.1 Hz); 13C NMR (CDC13) c5 17.0 (CH2), 17.4 

(CH3), 18.1 (CH2) , 24.8 (CH2) , 25.3 (CH2) , 25.5 (CH3) , 27.9 (C), 33.5 

(CH), 36.0 (CH2) , 38.9 (CH2) , 123.6 (CH), 131.6 (C), 209.0 (C). 

(3S)-3-Hethyl-3-(4-methyl-3-pentenyl)cyclohexan-l-one 28. Prepared 

similarly to 43 using (+)-27 (0.2395 g, 1.25 mmo1) , lithium wire (36 

mg, 5.19 mmo1) , and tert-buty1 alcohol (1.20 mL, 1.27 mmo1). Yield: 

0.234 g (96.7%); Rr- 0.38 (10% EtOAc/hexanes). 1H NMR (CDC13) J 0.94 

(3,5),1.24-1.31 (2, m), 1.51-1.72 (2, m), 1.59 (3, s), 1.67 (3,5), 

1.82-1.98 (4, m), 2.16 (2, dd, JHH-24.6 Hz, JHH-12.9 Hz), 2.27 (2, t, 

JHH-6.5 Hz), 5.07 (1, tm, JHH-7.1 Hz); 13C NMR (CDC13) ~ 17.3 (CH3), 

21.9 (CH2) , 24.7 (CH3) , 25.4 (CH3) , 35.6 (CH2), 38.3 (C), 40.8 (CH2) , 

41.4 (CH2) , 53.4 (CH2), 124.1 (CH), 131.2 (C), 211.7 (C). 
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(3S)-3-Hethyl-3-(4-methyl-3-pentenyl)-6-(carbomethoxy)-cyclohexan-l-one 

29. Prepared similarly to 31 using cyc10hexanone 28 (0.234 g, 1.20 

mmo1) , dimethyl carbonate (0.213 mL, 2.53 mmo1) , and sodium hydride 

(0.116 g, 55% disp, 2.66 mmo1). Yield: 0.289 g (95.1%) of a colorless 

oil that is UV active by TLC; Rr- 0.56 (20% EtOAc/hexanes). 
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(3R)-2-(3-Methy1-2-buteny1)-3-methy1-3-(4-methyl-3-penteny1)-6-

(carbomethoxy)cyc1ohexan-1-one 31. To diisopropy1amine (0.353 mL, 2.52 

mmo1) at 0 °c under argon was added dropwise with stirring a solution 

of nBuLi (1.62 mL, 1.55 M, 2.51 mmo1) in hexanes. After 15 min, dry 

THF (3 mL) was added and 5 min later a solution of 29 (0.289 g, 1.15 

mmo1) in dry THF (2.5 mL) was added dropwise. After 15 min, a solution 

of 1-bromo-3-methyl-2-butene (0.230 g, 1.54 mmo1) in dry THF (1 mL) was 

added dropwise followed by the gradual warming of the mixture over 15 

min to 10 °C. The mixture was then poured into sat. aq. NH4Cl (7 mL) 

and extracted with Et20 (3 x 40 mL). The combined ether extracts were 

washed with sat. aq. NaCl (2 x 20 mL), dried (MgS04), filtered, 

concentrated in vacuo, and the residue chromatographed (200 g of silica 

gel 60, 7% EtOAc/hexanes) to give a mixture (1:1) of diastereomeric 

oils 30 (showed no UV activity by TLC) instead of 31. Yield: 0.197 g 

(53.7%); Rr- 0.38 and 0.44 (10% EtOAc/hexanes). 

(3R)-3-Methyl-3-(4-methyl-3-penteny1)-6-(n-butylthiomethy1eny1)

cyclohexan-1-one 33. To a well-stirred heterogeneous suspension of 

sodium hydride (70 mg, 55% disp., 1.60 mmol) in dry THF (1.3 mL) at 0 

°c was added ethyl formate (0.125 mL, 1.55 mmol) followed 15 min later 

by the dropwise addition of 28 (0.100 g, 0.515 mmol) in dry THF (1.3 

mL). The mixture was warmed to room temperature and 15 min later, 

excess solid NH4C1 was added followed by Et20 (40 mL). The liquid was 

decanted and washed with sat. aq. NaHC03 (10 mL), sat. aq. NaCl (10 

mL), dried (MgS04), filtered, concentrated in vacuo, and the residue 

chromatographed (50 g of silica gel 60, 10% EtOAc/hexanes) to provide 

- ------------ ------------------------------------
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32 as an oil; Rr- 0.31 (10% EtOAc/hexanes). To a well-stirred solution 

of 32 (68 mg, 0.306 mmol) in pyridine (0.25 mL) at 0 °c was added 

p-toluenesulfonyl chloride (68 mg, 0.357 nmol). After 30 min 

(formation of the tosylate by TLC) , n-butylthiol (0.0375 mL, 0.350 

mmol) was added. Stirring was stopped and the mixture kept in the 

refrigerator (4 °C) for 48 h before 1% aq. NaOH (2 mL) was added. The 

mixture was extracted with Et20 (2 x 40 mL) and the combined ether 

extracts were washed with water (4 mL), 25% aq. KOH (4 mL), water (4 

mL), and sat. aq. NaCl (4 mL). The ether phase was then dried (MgS04), 

filtered, concentrated in vacuo, and the residue chromatographed (50 g 

of silica gel 60, 10% EtOAc/hexanes) to give 33 (73.5 mg, 81.6%) as a 

colorless oil; Rp- 0.26 (10% Et~Ac/hexanes). lH NMR (CDC13) 6 0.93 

(3H), 0.95 (3H), 1.18-1.50 (5H), 1.59 (3H), 1.67 (3H), 1.57-1.74 (3H), 

1.95 (2H), 2.20 (2H), 2.40 (2H), 2.85 (2H), 5.07 (lH), 7.60 (lH). 

(3R)-2-(3-Methyl-2-butenyl)-3-methyl-3-(4-methyl-3-pentenyl)-2-(n-

butylthiomethylenyl)cyclohexan-l-one 34. To diisopropylamine (0.044 

mL, 0.314 mmol) at -20 °c was added with good stirring, a solution of 

n-butyllithiurn (0.205 mL, 1.55 H, 0.318 mmol) in hexanes. After 10 

min, dry THF (0.5 mL) was added and the solution cooled to -78 °C; 10 

min later, a solution of 33 (0.073 g, 0.248 mmol) in dry THF (0.4 mL) 

was added dropwise and the mixture was stirred 1 h before the addition 

of HMPA (0.053 mL, 0.305 mmol). After 30 min, l-bromo-3-methyl-2-

butene (0.065 g, 0.436 mmol) was added dropwise followed by gradual 

warming to room temperature (at about -20 oC, the solution turned 
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orange then back to pale yellow at about -10 to 0 °C). After 7 h, 

water (2 mL) and Et20 (50 mL) were added and the phases were separated. 

Extraction of the aqueous phase with Et20 (40 mL) gave combined ether 

extracts which were washed with sat. aq. NaHC03 (4 mL), sat. aq. NaC1 

(4 mL), dried (MgS04), filtered, concentrated in vacuo, and the residue 

chromatographed (50 g of silica gel 60, 6% EtOAc!hexanes) to give a 

less polar oil (major isomer; 29 mg, 32%) and a mixture (1:1) of more 

polar oils (combined; 8 mg, 9%); less polar: Rr- 0.62; more polar: 

Rr- 0.42 and 0.39 (10% EtOAc!hexanes). Less polar isomer: 1H NMR 

(CDC13)c5 0.92 (3, t, JHH-7.3 Hz), 1.02 (3, s), 1.20-1.64 (8, m), 1.60 

(3, s), 1.67 (3, s), 1.69 (3, s), 1.77 (3, s), 1.96 (2, dd, JHH-15.9 

Hz, JHH-7.9 Hz), 2.29-2.47 (2, m), 2.74 (2, t, JHH-7.4 Hz), 4.23 (2, 

bd, JHH-6.5 Hz), 4.59 (1, s), 5.10 (1, tm, JHH-7.1 Hz), 5.41 (1, tm, 

JHH-6.5 Hz), 6.36 (1, bs); 13C NMR (CDC13) c5 13.6 (CH3), 17.6 (CH3) , 

18.2 (CH3) , 21.7 (CH2) , 23.0 (CH2) , 24.0 (CH2) , 25.7 (CH3) , 25.7 (CH3), 

27.4 (CH3) , 29.7 (C), 32.5 (CH2), 33.8 (CH2) , 34.8 (CH2), 42.9 (CH2), 

64.1 (CH2), 108.0 (CH), 119.8 (CH), 120.6 (CH) , 125.1 (CH), 128.0 (C), 

131.0 (C), 136.1 (C), 149.6 (C). 

(3R)-3-Methyl-3-(4-methyl-3-pentenyl)-6-(2-methylpropoxymethylenyl)-

cyclohexan-l-one 36. To a well-stirred heterogeneous suspension of 

sodium hydride (0.133 g, 55% disp., 3.05 mmo1) in dry THF (2 mL) at 

o °c was added ethyl formate (0.237 mL, 2.93 mmo1). After 20 min, a 

solution of 28 (0.189 g, 0.973 mmo1) in dry THF (2 mL) was added 

dropwise. After stirring 10 min at 0 °c, then 10 min at room 

temperature, potassium hydride (25-50 mg, in oil) was added and the 

-----------------------------------------------------
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reaction mixture stirred 10 min before excess solid NH4Cl, then Et20 

(16 mL), and water (8 mL) were added. After separation of the two 

phases, the aqueous phase was extracted with Et20 (2 x 50 mL). The 

combined ether extracts were washed with sat. aq. NaHC03 (25 mL), sat. 

aq. NaCl (25 mL), dried (MgS04), filtered, and concentrated in vacuo 

(crude oil; Rr- 0.34, 10% EtOAc!hexanes). A well-stirred mixture of 

the crude oil (prepared above), isobutyl alcohol (0.60 mL, 6.50 mmol) , 

and pyridinium p-toluenesulfonate (0.084 g, 0.312 mmol) in dry benzene 

(16 mL) was heated to reflux and water removed azeotropically via a 

Dean-Stark trap. After 1 h, the solution was cooled, water (5 mL) and 

CH2C12 (25 mL) were added, and the phases separated. The aqueous phase 

was extracted with CH2C12 (75 mL); the combined organic extracts were 

washed with sat. aq. NaHC03 (20 mL), sat. aq. NaCl (20 mL), dried 

(Na2S04), filtered, concentrated in vacuo, and the residue 

chromatographed (50 g of silica gel 60, 10% EtOAc!hexanes) to give 

0.187 g (69.3% overall from 28) of a colorless oil; Rr- 0.12 (10% 

EtOAc!hexanes). lH NMR (CDC13) 6 0.94 (6, d, JHH-6.6 Hz), 0.95 (3, s), 

1.24-1.32 (2, m), 1.52-1.60 (2, m), 1.60 (3, s), 1.67 (3, s), 1.91-2.01 

(3, m), 2.16 (2, ABX) , 2.45 (2, tt, JHH-6.9 Hz, JHH-l.9 Hz), 3.78 (2, 

d, JHH-6.6 Hz), 5.08 (I, tm, JHH-6.7 Hz), 7.35 (1, t, JHH=2 Hz). 

2-(3-Methyl-2-butenyl)-3-(4-methyl-3-pentenyl)-2-cyclo-hexen-l-one 

(2R,3R)-2,3-Butanediol Ketal 40. A well-stirred solution containing 

enone 5 (4.947 g, 20.1 mmo1) , (2R,3R)-2,3-butanediol (2.872 g, 31.9 

mmol) , and pyridinium p-toluenesu1fonate (0.55 g, 2.0 mmo1) in benzene 

(360 mL) under argon was brought to reflux and water removed 
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azeotropically via a Dean-Stark trap. After seven days, more (2R,3R)-

2,3-butanediol (2.783 g, 30.9 mmol) and pyridinium p-toluenesulfonate 

(0.35 g, 1.3 mmol) were added and the solution refluxed another five 

days. The cooled solution was diluted with Et20 (100 mL) and water (75 

mL), the phases separated, and the aqueous phase extracted with Et20 (2 

x 200 mL). The combined organic extracts were washed with sat. aq. 

NaHC03 (75 mL) and sat. aq. NaCl (75 mL), dried (MgS04), filtered, and 

concentrated in vacuo. The residue was chromatographed (450 g of 

silica gel 60, 10% EtOAc!hexanes) to give a pale yellow oil. Yield: 

4.325 g (13.6 mmo1, 67.6%); Rr- 0.45 (10% EtOAc!hexanes). IR (CDC13) 

cm- 1 2970, 2930, 2252, 1651, 1453, 1376, 1345, 1320, 1285, 1228, 1188, 

1113, 1087, 1024, 979, 898, 835, 734, 651; 1H NMR (COC13) <5 1.24 (3, d, 

JHH-5.6 Hz), 1.27 (3, d, JHH-5.6 Hz), 1.59 (3, s), 1.65 (3, s), 1.67 

(6, s), 1.60-1.83 (4, m), 1.99-2.07 (6, m), 2.80 (2, bd, JHH-5 Hz), 

3.59-3.73 (2, m), 5.09 (I, tm, JHH-5.6 Hz), 5.17 (I, tm, JHH-5.6 Hz); 

13C NMR (COC13)~ 16.1 (CH3) , 17.5 (CH3) , 17.6 (CH3) , 18.0 (CH3) , 20.5 

(CH2) , 25.3 (CH2), 25.5 (CH3) , 26.5 (CH2) , 29.5 (CH2), 33.9 (CH2) , 35.6 

(CH2) , 77.3 (CH), 79.4 (CH), 108.1 (C), 124.3 (CH), 125.4 (CH), 128.8 

(C), 131.0 (C), 131.3 (C), 140.3 (C). 

(lS.6S)-1-(3-Hethyl-2-butenyl)-6-(4-methyl-3-pentenyl)norcaran-2-one 

(2R.3R)-2,3-Butanediol Ketal 42. To a well-stirred suspension of 

silver acetate (31.2 mg, 0.187 mmo1) in glacial acetic acid (20 mL) at 

reflux was added all at once zinc powder (2.13 g, 32.6 mmol). The heat 

source was removed, and the mixture stirred 1 min before decanting off 

the acetic acid. The Zn(Ag) couple so formed was washed with anhydrous 

. ----_._-------_ .. _--------------------------------
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Et20 (5 x 20 mL), then suspended in anhydrous Et20 (20 mL) under argon. 

The suspension was brought to reflux and a crystal of iodine added 

followed by diiodomethane (1.30 mL, 16.1 mmo1). After ref1uxing 15 

min, the suspension was stirred at room temperature for 45 min, 

reheated to reflux and ene-ketal 40 (0.506 g, 1.59 mmo1) in anhydrous 

Et20 (5 mL) added rapidly. After ref1uxing 10 min, the suspension was 

poured through glass wool into sat. aq. NH4C1 (75 mL), the organic 

phase was separated, and the aqueous phase washed with Et20 (2 x 150 

mL). The combined organic extracts were washed with sat. aq. NH4Cl (75 

mL) and sat. aq. NaHC03 (75 mL), then dried (MgS04), filtered, and 

concentrated in vacuo. The residue was chromatographed (50 g of silica 

gel 60, 10% EtOAcfhexanes) to give 0.511 g (1.54 mmol, 96.7%) of 

product as a colorless oil. The diastereomer ratio was determined to 

be 6.5:1 by 13C NMR; Rr- 0.48 (10% EtOAcfhexanes). 1H NMR (CDC13) $ 

0.36 (1, d, JHH-5 Hz), 0.66 (1, d, JHH-5 Hz), 1.20 (3, d, JHH-5.7 Hz), 

1.25 (3, d, JHH-5.8 Hz), 1.25-1.72 (8, m), 1.56 (3, s), 1.60 (3, s), 

1.67 (6, s), 1.99-2.12 (2, m), 2.20 (1, dd, JHH-6.5 Hz, JHH-15.4 Hz), 

2.34 (1, dd, JHH-6.0 Hz, JHH-15.7 Hz), 3.54-3.69 (2, dq, JHH=16.2 Hz, 

JHH-5.8 Hz), 5.10 (1, tm, JHH=7.2 Hz), 5.33 (1, tm, JHH-6.4 Hz); 13C 

NMR (CDC13) d, major diastereomer: 16.0 (CH3), 17.5 (CH3), 17.8 (CH3), 

18.0 (CH3) , 20.0 (CH2) , 22.3 (C), 25.4 (CH2), 25.6 (CH3) , 25.6 (CH3), 

27.5 (CH2) , 28.0 (CH2), 28.5 (CH2) , 32.1 (CH2), 33.7 (C), 37.3 (CH2), 

77.9 (CH), 78.4 (CH), 111.7 (C), 124.8 (CH), 126.0 (CH), 128.5 (C), 

131.0 (C); minor diastereomer:& 16.2 (CH3), 17.5 (CH3) , 17.8 (CH3), 

18.2 (CH3) , 19.2 (CH2) , 22.1 (C), 25.4 (CH2) , 25.6 (CH3) , 25.6 (CH3), 

27.7 (CH2), 27.8 (CH2) , 28.6 (CH2) , 32.2 (CH2) , 33.7 (C), 37.4 (CH2) , 



77.1 (CH), 77.9 (CH), 111.1 (C), 124.8 (CH), 126.0 (CH), 128.5 (C), 

131.0 (C). 
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(3S)-2-(3-Methyl-2-butenyl)-3-methyl-3-(4-methyl-3-pentenyl)cyclohexan-

1-one 43. A solution of lithium wire (245 mg, 35.3 mmo1) in liquid 

ammonia (70 mL, redistilled from lithium) was stirred for 20 min at 

-78 °c under argon before a solution of norcaranone (+)-4 (1.995 g, 

7.66 mmo1) and tert-buty1 alcohol (1.45 mL, 15.4 mmo1) in dry Et20 (20 

mL) was rapidly added. The mixture was stirred for 5 min at -78 °c and 

35 min at reflux (-33 °C). The reaction was quenched slowly with 

excess solid NH4C1, the ammonia evaporated, the residue diluted with 

water (120 mL), then extracted with Et20 (3 x 250 mL). The combined 

ether extracts were washed with 5% aq. HC1 (125 mL) and sat. aq. NaC1 

(125 mL), dried (MgS04), filtered, and concentrated in vacuo. The 

residue was chromatographed (500 g of silica gel 60, 10% EtOAc!hexanes) 

to give 1.52 g (5.79 mmo1, 75.6%) of product as a colorless oil; Rf= 

0.38 (10% EtOAc!hexanes). 1H NMR (CDC13) 6 0.79 and 1.03 (3, s), 1.13-

2.19 (9, m), 1.58-1.69 (12, m), 2.23-2.39 (4, m), 5.00 (1, m), 5.05 (1, 

m). 

(3R)-2-(3-Methyl-2-butenyl)-3-methyl-3-(4-methyl-3-pentenyl)-6-

hydroxymethylcyclohexan-l-one 44. To diisopropy1amine (0.140 mL, 1.0 

mmo1) at -78 °c under argon was added with stirring a solution of 

n-buty11ithium (0.630 mL, 1.55 M, 0.977 mmol) in hexanes. After 10 

min, dry THF (2 mL) was added followed 15 min later by the dropwise 

addition of a solution of 43 (0.233 g, 0.888 mmol) in dry THF (1 mL). 
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After 30 min, a solution of monomeric formaldehyde 32 (-1 mL) in dry THF 

(6 mL) was added. Progress of the reaction, monitored by TLC, showed 

the reaction to be over in 5 min (TLC indicated reaction to be N 50% 

complete after 5 min, but never greater thereafter). After 45 min, 

sat. aq. NH4C1 (10 mL) and water (10 mL) were added and the mixture 

extracted with Et20 (3 x 50 mL). The combined ether extracts were 

washed with sat. aq. NaHC03 (20 mL), sat. aq. NaCl (20 mL), dried 

(MgS04), filtered, concentrated in vacuo, and the residue 

chroma to graphed (50 g of silica gel 60, 35% EtOAc!hexanes) to give 

0.128 g (49.2%) of a mixture (1:1) of diastereomeric oils; R~ 0.32 and 

0.35 (35% EtOAc/hexanes). Less polar isomer: 1H NMR (CDC13) 0 1.00-

1.16 (2, m), 1.11 (3, s), 1.57 (3, s), 1.63 (3, s), 1.64 (3, s), 1.66 

(3, s), 1.57-1.70 (2, m), 1.77-2.00 (4, m), 2.18-2.57 (4, m), 2.67 (I, 

bs), 3.66-3.73 (2, m), 4.98-5.07 (2, m). 

(3R)-2-(3-Methyl-2-butenyl)-3-methyl-3-(4-methyl-3-pentenyl)-6-tert-

butyldimethylsiloxyrnethylcyclohexan-1-one 46. To a well-stirred 

solution of 44 (23.0 mg, 0.0786 rnrnol) and imidazole (10.9 mg, 0.160 

rnrnol) in dry DMF (0.15 mL) at 0 °c for 5 min was added a solution of 

tert-butyldimethylchlorosi1ane (18 mg, 0.119 rnrnol) in dry DMF (0.05 

mL). After 5 min, TLC showed reaction to be 40% complete; no further 

reactivity (monitored by TLC) was detected after 13 h. Thus, 

additional tert-butyldimethylchlorosilane (25 mg, 0.166 rnrnol) was 

added; 10 min later, water (1 mL) and Et20 (15 mL) were added. The 

organic phase was separated and washed with water (2 x 1 mL), dried 

(MgS04), filtered, concentrated in vacuo, and the residue 
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chromatographed (25 g of silica gel 60, 5% EtOAc/hexanes) to give 21.8 

mg (68.1%) of a colorless oil containing 15% impurity (nonpolar) by 

TLC; R£- 0.52 (10% EtOAc/hexanes). "Nonpolar" compound: R£- 0.61 (10% 

EtOAc/hexanes). 

(3R)-1-Methyl-2-(3-methyl-2-butenyl)-3-methyl-3-(4-methyl-3-pentenyl)-

6-tert-butyldimethylsiloxymethylcyclohexan-l-ol 47. To a well-stirred 

solution of anhydrous cerium trichloride33 (prepared from CeC13.7H20 

(0.473 g, 1.27 mmol) which was dehydrated under vacuum (1.4 mm Hg) at 

140 °c for 2.3 h) in dry THF (4 mL, prestirred 1 h at room temperature) 

was added at -78 °c dropwise a solution of methyllithium (0.77 mL, 1.5 

M, 1.16 mmol) in Et20 (heterogeneous mixture, turned paleorange). 

After 50 min, a solution of 46 (21 mg, 0.052 mmol) in dry THF (2 mL) 

was added dropwise; 1 h later, glacial acetic acid (3 mL) was added 

followed by water (3 mL) and Et20 (10 mL). The phases were separated 

and the aqueous phase extracted with Et20 (25 mL). The combined ether 

extracts were washed with sat. aq. NaHC03 (10 mL), sat. aq. NaCl (10 

mL), dried (MgS04), filtered, and concentrated in vacuo. Prep TLC (10% 

EtOAc/hexanes) gave three colorless oils; R£- 0.33, 0.38, and 0.48 (10% 

EtOAc/hexanes). Yield: 4.3 mg, 1.9 mg, and 1.5 mg respectively. 

(SR)-Diethyl 2-carbomethoxy-S-methyl-S-(4-methyl-3-pentenyl)-6-(3-

methyl-2-butenyl)cyclohex-1-ene Phosphate 48 and 49. To a well-stirred 

suspension of sodium hydride (0.205 g, 55% disp., 4.70 mmol) and 

dimethyl carbonate (0.385 mL, 4.57 mmol) in dry THF (4 mL) at reflux 

- .. _ ...... --_ .. _-----------------------------------------
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was added dropwise a solution of ketone 43 (0.400 g, 1.52 mmol) in dry 

THF (1.5 mL). After 5 min, potassium hydride (-10 mg) was added 

through the condenser. Additional potassium hydride (N25 mg) was added 

after 1 h. After 4 h, the mixture was cooled and quenched slowly with 

aqueous acetic acid (25 mL, 8% v/v). The aqueous mixture was extracted 

with CHC13 (3 x 50 mL), the combined extracts were washed with sat. aq. 

NaHC03 (20 mL) and sat. aq. NaC1 (25 mL), dried (Na2S04), filtered, and 

concentrated in vacuo. The residue was used directly as isolated in 

the formation of the phosphates 48 and 49. 

To a well-stirred suspension of sodium hydride (73.2 mg, 55% 

disp., 1.68 mmo1) in dry Et20 (2 mL) at 0 °c under argon was added 

dropwise a solution of the keto ester 31 (prepared above) in dry Et20 

(2 mL). After stirring 20 min, diethy1 ch10rophosphate (0.242 mL, 1.67 

mmo1) was added. At 3 h, the reaction was quenched with sat. aq. NH4C1 

(7 mL). Extracts of the aqueous phase with Et20 (3 x 30 mL) were 

combined and washed with sat. aq. NaHC03 (10 mL), dried (MgS04), 

filtered, and concentrated in vacuo. Chromatography of the residue (50 

g of silica gel 60, 50% EtOAc/hexanes) gave two colorless 

diastereomeric (1:1) oils; Rr- 0.28 and 0.39 (50% EtOAc/hexanes). 

Yield: 0.573 g, 82.3% overall from ketone 43. More polar isomer: 1H 

NMR (CDC13) J 0.97 (3, s), 1.22-1.58 (10, m), 1.61 (6, s), 1.68 (6, s), 

1.90-2.05 (2, m), 2.21-2.44 (5, m), 3.74 (3, s), 4.12-4.24 (4, m), 5.07 

(1, bt, JHH-6.6 Hz), 5.20 (1, bt, JHH-6.6 Hz); 13C NMR (CDC13) 8 16.0 

and 16.1 (CH3) , 17.5 (CH3) , 17.7 (CH3) , 21.9 (CH2) , 22.7 (CH3) , 22.9 (C 

or CH2), 25.6 (CH3) , 25.7 (CH3) , 28.3 (CH2) , 28.8 (CH2) , 35.8 (C or 

CH2) , 39.3 (CH2) , 47.6 (CH), 51.3 (CH3) , 64.1 and 64.2 (CH2) , 115.2 (d, 
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3JC_p-7.4 Hz, C), 122.7 (CH) , 124.6 (CH), 131.1 (C), 131.3 (C), 154.9 

(d, 2JC_p-8.9 Hz, C), 166.9 (C); less polar isomer: 1H NMR (CDC13) ~ 

0.92 (3, s), 1.27-1.57 (4, m), 1.33 (3, t, JHH-7.0 Hz), 1.34 (3, t, 

JHH-7.0 Hz), 1.60 (3, s), 1.61 (3, s), 1.65 (3, s), 1.67 (3, s), 1.86-

2.04 (2, m), 2.30-2.38 (5, m), 3.74 (3, s), 4.13-4.24 (4, m), 5.07 (1, 

bt, JHH-7.1 Hz), 5.18 (I, bt, JHH-7.1 Hz); 13C NMR (CDC13) 6 15.9 and 

16.0 (CH3) , 17.4 (CH3) , 17.7 (CH3) , 22.0 (CH2) , 22.8 (CH2) , 23.2 (CH3), 

25.5 (CH3) , 25.6 (CH3) , 28.3 (C or CH2) , 28.5 (C or CH2) , 35.8 (C or 

CH2) , 38.6 (C or CH2) , 47.5 (CH), 51.3 (CH3), 64.1 and 64.1 (CH2). 

115.3 (d. 3Jc _p-7.3 Hz, C), 123.5 (CH) , 124.6 (CH), 130.8 (C), 130.9 

(C), 154.9 (d, 2Jc _p-8.8 Hz, C), 166.7 (C). 

(4R)-1-Carbomethoxy-3-(3-methyl-2-butenyl)-4-methyl-4-(4-methyl-3-

pentenyl)cyclohex-1-ene 50. To a well-stirred heterogeneous suspension 

of cuprous iodide (0.288 g, 1.51 mmol) in dry Et20 (2 mL) at 0 °c was 

added dropwise a solution of methyl1ithium (1.76 mL, 1.7 H, 2.99 mmol) 

in Et20. After 15 min, a solution of a mixture (1:1) of diastereomers 

48 and 49 (0.496 g, 1.09 mmol) in dry Et20 (2 mL) was added rapidly. 

The typical deep purple hue expected for 51 did not appear. After 1 hr 

40 min, the mixture was poured into 5:1 sat. aq. NH4Cl: cone. NH40H (60 

mL) and extracted with Et20 (3 x 60 mL). The combined ether extracts 

were washed with sat. aq. NaHC03 (20 mL), sat. aq. NaCl (20 mL), dried 

(MgS04), filtered, concentrated in vacuo, and the residue 

chromatographed (50 g of silica gel 60, 5% EtOAc/hexanes) to give 0.192 

g (58.0%) of a colorless oil (50 not 51); R~ 0.33 (5% EtOAc!hexanes). 

IH NMR (CDC13) d 0.77 and 0.98 (3, s), 1.24-1.42 (2, m), 1.50-1.82 
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(3, m), 1.60 (3, s), 1.61 (3, s), 1.68 (3, s), 1.74 (3, s), 1.86-2.04 

(3, m), 2.14-2.22 (3, m), 3.73 (3, s), 5.06-5.18 (2, m), 6.81 (1, m). 

(3R,4R)-Methyl 1-carboxy-2-methyl-3-(3-methyl-2-butenyl)-4-methyl-4-(4-

methyl-3-pentenyl)cyclohex-l-ene 51. A suspension of lithium wire (101 

mg, 14.6 mmol) in a solution of zinc bromide (822 mg, 3.65 mmo1) , 

methyl iodide (0.46 mL, 7.39 mmo1), and dry Et20 (14 mL) was sonicated 

for 1 hr at room temperature. To this well-stirred suspension at 0 °c 

was added a solution of nickel acetylacetonate (-50 mg) and the less 

polar enol phosphate 48 (555 mg, 1.22 mmo1) in dry Et20 (8 mL). Over 

the next 2 h, the dark purplish-black mixture was let warm to room 

temperature. Additional nickel acetylacetonate (~50 mg) was added at 6 

hand 14 h. After 21 h, the reaction was poured into a separatory 

funnel containing sat. aq. NH4C1 (60 mL) and Et20 (50 mL). The phases 

were separated and the aqueous phase extracted with Et20 (2 x 75 mL). 

The combined organic extracts were washed with sat. aq. NaHC03 (40 mL) 

and sat. aq. NaCl (40 mL), dried (MgS04), filtered, and concentrated in 

vacuo. Chromatography of the residue (50 g of silica gel 60, 5% 

EtOAc(hexanes) gave 235 mg (0.737 mmol, 60.6%) of product as a 

colorless oil; R£- 0.61 (20% EtOAc(hexanes). 1H NMR (CDC13) rS 0.90 (3, 

s), 1.13-1.57 (4, m), 1.59 (6, s), 1.67 (3, s), 1.67 (3, s), 1.80 (1, 

bt, JHH-4.8 Hz), 1.90 (2, dd, JHH-8.8 Hz, JHH-16.9 Hz), 2.03 (3, s), 

2.09-2.18 (2, m), 2.18-2.29 (2, m), 3.70 (3, bs), 5.06 (1, bt, JHH-7.1 

Hz), 5.12 (1, bt, JHH-7.7 Hz); l3C NMR (CDC13)& 17.5 (CH3) , 17.8 

(CH3), 22.4 (CH2) , 22.6 (CH3) , 23.9 (CH2) , 24.0 (CH3) , 25.7 (CH3) , 25.7 

(CH3) , 28.7 (CH2) , 29.5 (CH2) , 34.5 (C), 38.7 (CH2) , 51.0 (CH), 52.1 
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(CH3) , 122.5 (C), 125.0 (CH) , 125.0 (CH) , 130.5 (C), 131.0 (C), 149.4 

(C), 169.4 (C). 

(3R,4R)-1-Hydroxymethyl-2-methy1-3-(3-methyl-2-butenyl)-4-methyl-4-(4-

methy1-3-pentenyl)cyclohex-1-ene 52. To a well-stirred solution of 

lithium aluminum hydride (0.735 mL, 1.0 H, 0.735 mmol) in THF was added 

dropwise a solution of the ester 51 (0.227 g, 0.713 mmol) in dry THF (1 

mL) at -13 °c. After 1 h, the reaction was worked up by the dropwise 

addition of water (0.030 mL), 2 H NaOH (0.060 mL), and again water 

(0.060 mL). The solution was stirred for 4 h, filtered, the 

precipitates washed with Et20 (50 mL) and the extracts dried (MgS04), 

filtered, and concentrated in vacuo. Chromatography of the residue (50 

g of silica gel 60, 20% EtOAc!hexanes) gave 0.170 g (0.585 mmol, 82.1%) 

of product as a colorless oil; Rr- 0.34 (20% EtOAc!hexanes). lH NMR 

(CDC13) & 0.87 (3, s), 1.13-1.35 (4, m), 1.49-1.72 (2, m), 1.59 (3, s),. 

1.59 (3, s), 1.66 (6, s), 1.72 (3, bd, JHH-l.8 Hz), 1.90 (2, dd, 

JHH-8.1 Hz, JHH-15.6 Hz), 2.06-2.15 (4, m), 4.04 (1, d, JHH-11.6 Hz), 

4.13 (1, d, JHH-ll.6 Hz), 5.07 (1, tm, JHH-7.8 Hz), 5.13 (1, tm, 

JHH-7.8 Hz); 13C NMR (CDC13) ~ 17.4 (CR3) , 17.7 (CH3) , 18.8 (CH3) , 19.6 

(C or CH2) , 22.4 (CH2), 24.2 (CH3) , 25.0 (CH2) , 25.6 (CH3) , 25.7 (CH3), 

29.5 (CH2) , 34.7 (C or CH2), 38.6 (CH2) , 49.9 (CH) , 62.9 (CH2), 125.3 

(CH), 125.6 (CH) , 128.3 (C), 129.7 (C), 130.7 (C), 133.3 (C). 

(1S,2R,3R,6S)-1-Hethyl-2-(3-methy1-2-butenyl)-3-methy1-3-(4-methy1-3-

pentenyl)-6-hydroxymethy1-7-oxabicyc1o[4.1.0]heptane 53. After 
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stirring a solution of titanium tetraisopropoxide (0.20 mL, 0.67 mm01) 

and L-(+)-diethy1 tartrate (0.11 mL, 0.64 mmo1) in dry CHC13 (5.8 mL) 

for 25 min at -20 °C, a solution of the a11y1ic alcohol 52 (0.170 g, 

0.585 mrno1) in dry CHC13 (1.5 mL) was added followed by a 3.2 M 

solution of t-buty1 hydroperoxide (0.366 mL, 1.17 mrno1) in toluene. 

After 50 min, dimethyl sulfide (0.185 mL, 2.52 mrno1) was added and the 

mixture stirred for 20 min at -20 °c before the solvent was removed in 

vacuo. The residue was chromatographed (50 g of silica gel 60, 20% 

EtOAc/hexanes) to give 0.136 g (0.444 mrno1, 76.0%) of product as a 

colorless oil; Rr- 0.21 (20% EtOAc/hexanes). 1H NMR (COC13)6 0.79 (3, 

s), 0.98-1.16 (2, m), 1.23-1.47 (3, m), 1.33 (3, s), 1.61 (3, s), 1.66 

(3, s), 1.69 (3, s), 1.70 (3, s), 1.74-1.97 (4, m), 2.11 (2, bt, 

JHH-7.1 Hz), 2.29 (1, bs), 3.69 (2, bs), 5.10 (1, tm, JHH-7.1 Hz), 5.27 

(1, tm, JHH~7.3 Hz); 13C NMR (COC13) 6 17.5 (CH3), 17.7 (CH3) , 19.6 (C 

or CH2) , 22.1 (CH2), 22.4 (CH3) , 23.6 (CH2) , 23.7 (CH3) , 25.4 (CH 2) , 

25.6 (C or CH2), 25.7 (CH3), 25.8 (CH3), 33.9 (CH2) , 38.6 (CH2) , 48.3 

(CH), 64.5 (CH2) , 64.8 (C), 124.7 (CH), 125.0 (CH) , 131.0 (C), 131.2 

(C). 

Oiethyl 2-Carboethoxycyclohex-l-ene Phosphate 54. Prepared similarly 

to 48 and 49 using ethyl 2-oxocyc1ohexanecarboxy1ate (10.0 g, 60.8 

mrno1,~40% methyl ester) and diethyl chlorophosphate (9.8 mL, 67.8 

mrnol) to provide 17.90 g (98.0%) of a crude oil after concentration in 

vacuo. 

---------_ .. -----------------------------------~ 
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Ethyl 2-Hethy1cyclohex-l-ene-l-carboxylate 55. Prepared similarly to 

50 using cuprous iodide (4.83 g, 25.4 mmol), methyllithium (29.8 mL, 

1.7 M in Et20, 50.7 mmol), and 54 (5.08 g, 16.9 mmol). Yield: 2.14 g 

(77.8%) of a colorless oil; Rr- 0.67 (50% EtOAc/hexanes). 

I-Hydroxymethyl-2-methylcyc1ohex-l-ene 56. Prepared similarly to 52 

using 55 (1.15 g, 7.07 mmol) and lithium aluminum hydride (7.1 mL, 1.0 

M in THF, 7.1 mmol). Yield: 0.7837 g (87.6%) of a colorless oil; Rf-

0.22 (20% EtOAc/hexanes). IH NMR (CDC13) ~ 1.56-1.65 (4, m), 1.69 (3, 

s), 1.88 (1, s), 1.93-1.98 (2, m), 2.06-2.13 (2, m), 4.09 (2, s). 

(lS,6S)-1-Hydroxymethyl-6-methyl-7-oxabicyclo[4.1.01heptane 57. 

Prepared similarly to 53 using 56 (0.202 g, 1.60 mmol), L-(+)-diethyl 

tartrate (0.288 mL, 1.68 mmol), titanium tetraisopropoxide (0.472 mL, 

1.59 mmol), and t-buty1 hydroperoxide (1 mL, 3.2 M in toluene, 3.2 

mmol). Yield: 0.206 g of a colorless oil containing some ethyl 

acetate and diethy1 tartrate by IH NMR. 

(lS,2S)-1-Hethyl-2-hydroxymethylcyclohexan-l-ol 58. To a well-stirred 

solution of lithium aluminum hydride (4.2 mL, 1.0 M in THF, 4.2 mmol) 

in dry Et20 (5 mL) at room temperature was added dropwise a solution of 

57 (83 mg, 0.583 mmol) in dry Et20 (3 mL). After 2 h, water (0.15 mL) 

was added dropwise followed by 2 M NaOH (0.15 mL) and water (0.45 mL). 

After 4 h, the mixture was filtered, washed with Et20 (150 mL), and the 

filtrate washed with sat. aq. NaCl (20 mL). The ether phase was dried 

(MgS04), filtered, concentrated in vacuo, and the residue 
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chromatographed (50 g of silica gel 60, 80% EtOAc/hexanes) to give 31 

mg of a colorless oil as a mixture (1:3) of isomers 58 and 59; Rf- 0.35 

(80% EtOAc/hexanes). 

(lS,6S)-1-p-Toluenesulfonylmethyl-6-methyl-7-oxabicyclo[4.1.O]heptane 

60. Prepared similarly to 75 using 57 (0.140 g, 0.985 mmo1) and 

p-to1uenesu1fony1 chloride (1.42 g, 7.43 mmo1). After 42 h at 0 °C, 

the reaction mixture when worked up provided 0.130 g of a colorless oil 

containing some p-to1uenesu1fony1 chloride; R~ 0.50 (35% 

EtOAc/hexanes). 

(lR,6S)-1-Bromomethyl-6-methyl-7-oxabicyc1o[4.1.0jheptane 61. To a 

well-stirred solution of 57 (86.3 mg, 0.607 mmo1) in dry acetonitrile 

(2.4 mL) at room temperature was added triphenylphosphine (0.1857 g, 

0.708 mmol) , then carbon tetrabromide (0.2255 g, 0.680 mmol).39 After 

75 min, the mixture was chromatographed (50 g of silica gel 60, 35% 

EtOAc/hexanes) to give 103 mg (83.1%) of a colorless oil; R~ 0.64 (35% 

EtOAc/hexanes). 1H NMR (CDC13) ~ 1.54-1.65 (4, m), 1.88 (3, s), 1.90-

1.99 (4, m), 3.96 (2, s). 

(lR,6S)-1-Iodomethyl-6-methyl-7-oxabicyclo[4.l.O]heptane 62. Prepared 

similarly to 76 using 60 prepared above and sodium iodide (0.641 g, 

4.28 mmo1) for 32.5 h. Yield: 63.2 mg (25.5%) of a volatile oil; Rf~ 

0.71 (35% EtOAc/hexanes). 1H NMR (CDC13).5 1.26-1.58 (4, m), 1.35 (3, 

s), 1.62-1.74 (1, m), 1.82-1.99 (2, m), 2.05-2.16 (1, m), 3.12 (1, d, 

JHH-9.9 Hz)~ 3.34 (1, d, JHH-9.9 Hz). 

104 
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(lS)-1-Methyl-2-methy1eny1cyc1ohexan-1-o1 63. Prepared similarly to 77 

using 61 (86.3 mg, 0.421 mmol) and magnesium turnings (32.5 mg, 1.33 

mmol). Refluxed 12 h followed by work-up to give 14.0 mg (26.4%) of a 

colorless oil; Rr- 0.42 (35% EtOAc/hexanes). lH NMR (CDC13) 0 1.36 (3, 

s), 1.51-1.79 (7, m), 2.08-2.16 (1, m), 2.34-2.42 (1, m), 4.72 (1, s), 

4.93 (1, s). 

2,2-Dimethyl-3-hydroxymethylbicyclo[2.2.11heptane 65. To (-)camphene 

(0.1458 g, 1.07 mmol) with good stirring at room temperature was added 

dropwise a solution of 9-BBN (2.15 mL, 0.5 M, 1.08 mmol) in THF. After 

1 h 40 min, water (0.08 mL) was added dropwise followed by 2 M NaOH 

(0.59 mL), then 30% H202 (0.39 mL). The mixture was then saturated 

with NaCl followed by extraction with Et20 (20 mL). The ether phase 

was dried (MgS04), filtered, concentrated in vacuo, and the residue 

chromatographed (50 g of silica gel 60, 35% EtOAc/hexanes) to give 

0.1385 g (83.9%) of a white crystalline solid; Rr= 0.51 (35% 

EtOAc/hexanes). 

2-(3-Methyl-2-butenyl)-3-(4-methyl-3-pentenyl)-2-cyc10-hexen-1-one 

(2S,3S)-2,3-Butanedio1 Ketal 66. Prepared similarly to 40 using enone 

5. (14.1 g, 57.2 mmo1) , (2S,3S)-2,3-butane-diol (5.38 g; contains some 

water), and pyridinium p-toluenesulfonate (1.54 g, 5.72 mmol). At 71 

h, more diol (2.60 g) was added, then again at 94 h 2.26 g with more 

pyridinium p-toluenesulfonate (0.80 g, 2.97 mmol). After 9 days, the 

solution was cooled and worked up as usual to give 14.72 g (80.8%; 

86.1% based on unrecovered enone 5) of a colorless oil; Rr= 0.46 (10% 
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EtOAc/hexanes). 

(lR,6R)-1-(3-Methyl-2-butenyl)-6-(4-methyl-3-pentenyl)norcaran-2-one 

(2S,3S)-2,3-Butanediol Ketal 68. Prepared similarly to 42 using ene

ketal 66 (3.97 g, 12.5 mmol) , diiodomethane (10.2 mL, 127 mmol) , zinc 

dust (16.3 g, 249 mmol) and silver acetate (0.215 g, 1.29 mmol). The 

mixture was refluxed 8 min before work-up as usual to afford 4.14 g 

(92.8%) of monocyclopropanated material as a colorless oil; Rr- 0.48 

(10% EtOAc/hexanes). 

(5S)-Diethyl 2-Carbomethoxy-5-methyl-5-(4-methyl-3-pentenyl)-6-(3-

methyl-2-butenyl)cyc1ohex-1-ene Phosphate 70 and 71. Prepared 

similarly to 48 and 49 using ketone 3 (4.45 g, 17.0 mmol) , dimethyl 

carbonate (4.3 mL, 51.0 mmol) , and sodium hydride (2.31 g, 55% disp., 

52.9 mmol). Work-up as usual gave a crude residual oil used directly 

with diethyl chlorophosphate (2.70 mL, 18.7 mmol) and sodium hydride 

(0.817 g, 55% disp., 18.7 mmol). Work-up gave 5.29 g (68.3%; two steps 

from ketone 3) of a colorless oil as a mixture (1:1) of diastereomers 

70 and 71 separable by chromatography; Rr- 0.31 and 0.42 respectively 

(50% EtOAc/hexanes). More polar isomer (70): mass spectrum (70 eV), 

m/z (reI intensity) 456 (2.8), 425 (12.4), 424 (6.2), 356 (13.7), 355 

(9.9); 343 (6.0), 342 (25.6), 341 (10.5), 302 (5.4), 300 (11.3), 274 

(17.0), 273 (96.6), 271 (5.5), 270 (18.1), 259 (6.9), 247 (5.0), 246 

(27.1), 245 (7.0), 245 (24.2), 242 (5.4), 234 (14.0), 233 (6.7), 229 

(5.5), 227 (5.0), 220 (16.8), 218 (10.4), 217 (63.3), 216 (7.4), 215 

(14.5), 203.(6.4), 202 (37.5), 199 (5.6), 191 (5.2), 189 (13.5), 189 



III 

107 

(10.2), 188 (28.3), 187 (6.4), 178 (16.3), 177 (5.0), 175 (12.3), 174 

(29.9), 173 (26.3), 173 (18.5), 171 (6.0), 163 (10.7), 161 (8.4), 160 

(11.7), 159 (23.7), 159 (6.4), 158 (5.0), 157 (7.6), 155 (100), 151 

(5.2), 149 (7.3), 147 (5.5), 147 (9.9), 146 (9.1), 145 (5.2), 137 

(22.6), 135 (5.4), 135 (6.3), 135 (6.5), 133 (8.3), 133 (5.3), 132 

(9.8), 122 (7.0), 121 (10), 119 (19), 118 (20), 117 (23), 115 (9), 108 

(19), 107 (8), 106 (18), 105 (8), 104 (45) , 103 (8), 102 (10), 99 (59), 

95 (14) , 94 (5), 92 (12), 91 (58), 83 (13), 82 (10), 81 (21), SO (9), 

79 (30) , 78 (7) , 77 (21), 71 (6), 69 (7S), 68 (12), 67 (34), 65 (14), 

59 (18), 57 (14), 56 (8), 55 (73), 54 (6), 53 (24) ; exact mass ca1cd 

for C24H4106P 456.2642, obsd 456.2637; 

Anal. calcd for C24H4l06P C, 63.14; H, 9.05; found: C, 62.96; 

H, 9.08. 

(3S,4S)-Methyl 1-Carboxy-2-methyl-3-(3-methyl-2-butenyl)-4-methyl-4-(4-

methyl-3-pentenyl)cyc10hex-1-ene 72. To a well-stirred solution of 

nickel acety1acetonate (0.321 g, 1.25 mmol) in dry Et20 (10 mL) at 0 °c 

was added dropwise a solution of DIBAL5l (1.25 mL, 1.0 M, 1.25 mmo1) in 

CH2C12' After 25 min, a solution of the less polar isomer, 71 (0.S3l 

g, 1.82 mmol) in dry Et20 (20 mL), was added followed by the dropwise 

addition of a solution of dimethylzinc35 ,36 (13.1 mrno1; prepared as in 

51) in Et20 (40 mL). The solution was allowed to warm to room 

temperature and more nickel acety1acetonate (0.20 g) added at 6.5 hand 

again at 17.5 h. After 20 h, the mixture was poured into sat. aq. 

NH4Cl (150 mL) and the phases separated. The aqueous phase wa~ then 

extracted with Et20 (3 x 200 mL). The combined ether extracts were 



washed with sat. aq. NaHC03 (150 mL), sat. aq. NaCl (150 mL), dried 

(MgS04), filtered, concentrated in vacuo, and the residue 

chromatographed (200 g of silica gel 60, 20% EtOAc!hexanes) to give 

0.533 g (91.9%) of a colorless oil; Rf= 0.66 (20% EtOAc!hexanes). 

(3S,4S)-1-Hydroxymethyl-2-methyl-3-(3-methyl-2-butenyl)-4-methyl-4-(4-

methyl-3-pentenyl)cyclohex-l-ene 73. Prepared similarly to 52 using 72 

(0.533 g, 1.67 mmol) and lithium aluminum hydride (1.7 mL, 1.0 M in 

THF, 1.7 mmol) to provide after work-up 0.425 g (87.4%) of a colorless 

oil; Rr- 0.30 (20% EtOAc!hexanes). 

(lR,2S,3S,6R)-1-Methyl-2-(3-methyl-2-butenyl)-3-methyl-3-(4-methyl-3-

pentenyl)-6-hydroxymethyl-7-oxabicyclo[4.1.0]heptane 74. Prepared 

similarly to 53 using 73 (0.140 g, 0.482 mmol) , D-(-)-diisopropyl 

tartrate (0.123 mL, 0.579 mmol) , titanium tetraisopropoxide (0.180 mL, 

0.605 mmol) , and t-butyl hydroperoxide (0.30 mL, 3.2 M in toluene, 0.96 

mmol). After 50 min, work-up provided 0.120 g (81.1%) of a colorless 

oil; Rr- 0.18 (20% EtOAc!hexanes). 

(lR,2S,3S,6S)-1-Methyl-2-(3-methyl-2-butenyl)-3-methyl-3-(4-methyl-3-

pentenyl)-6-iodomethyl-7-oxabicyclo[4.1.0]h~ptane 76. To a well

stirred solution of 74 (95.5 mg, 0.31 mmol) in pyridine (7 mL) at 0 °c 

was added p-toluenesulfonyl chloride (0.27 g, 1.4 rnmol). After 5.5 h, 

more p-toluenesulfonyl chloride (0.25 g, 1.3 mmol) was added. After 20 

hours, the pyridine was removed in vacuo and the residue immediately 

chromatographed (50 g of silica gel 60, 20% EtOAc!hexanes) to give 

108 
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0.140 g (97.6%) of a colorless oil, 75; Rr- 0.39 (20% EtOAc/hexanes). 

To a well-stirred solution of 75 (0.140 g, 0.30 mmo1) in dry acetone 

(10 mL) at 0 °c was added sodium iodide (0.51 g, 3.4 mmo1). The 
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mixture was warmed over 1.5 hours to room temperature (solution became 

red in color and sodium tosy1ate began to precipitate). After 67.5 h, 

the acetone was removed in vacuo and the residue (deep red) immediately 

chromatographed (50 g of silica gel 60, 20% EtOAc/hexanes) to give 

0.115 g (88.5%; two steps from 74); Rr- 0.67 (20% EtOAc/hexanes). 1H 

NMR (CDC13) d 0.78 (3, s), 1.12-1.54 (4, m), 1.33 (3, s), 1.63 (3, s), 

1.63-1.72 (1, m), 1.65 (3, s), 1.69 (3, s), 1.70 (3, s), 1.82-1.97 (3, 

m), 2.06-2.22 (3, m), 3.11 (1, d, JHH-10.0 Hz), 3.36 (1, d, JHH-10.0 

Hz), 5.14 (1, tm, JHH-7.2 Hz), 5.24 (1, tm, JHH-7.4 Hz); 13C NMR 

(CDC13) b 9.5 (CH2) , 17.7 (CH3) , 17.7 (CH3) , 22.2 (CH2), 22.3 (CH3), 

23.8 (CH3) , 24.3 (CH2), 25.4 (CH2) , 25.7 (CH3) , 25.8 (CH3) , 34.3 (CH2), 

38.7 (CH2) , 48.5 (CH), 63.2 (C), 67.3 (C), 124.7 (CH), 124.9 (CH) , 

131.0 (C), 131.3 (C). 

(lR,2S,3S)-1-Hethyl-2-(3-methyl-2-butenyl)-3-methyl-3-(4-methyl-3-

pentenyl)-6-methylenylcyclohexan-l-ol 77. To a well-stirred suspension 

of magnesium turnings (0.1859 g, 7.65 mmo1) in dry Et20 (5 mL) was 

added dropwise a solution of 76 (0.2942 g, 0.707 mmo1) in dry Et20 (10 

mL). A crystal of iodine was added and the oil bath temperature raised 

to 55 °c over 2 h. After 24 and 36 h, additional magnesium turnings 

(50-100 mg each) and iodine (2-3 crystals each) was added. At 53 h, 

zinc dust (75-100 mg) and iodine (2-3 crystals) were added. After 72 

h, the mixture was decanted into sat. aq. NaHC03 (125 mL) and extracted 

--------- -----------------------------------------------------------------------------
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with Et20 (3 x 150 mL). The combined ether ext~acts were dried 

(MgS04), filtered, concentrated in vacuo, and the residue 

chromatographed (50 g of silica gel 60, 20% EtOAc!hexanes) to give 

0.184 g (89.4%) of a colorless oil; R~ 0.53 (20% EtOAc!hexanes); [~lD

-39.80 (£ 0.606, CHC13). 1H NMR (CDC13) 5 1.08 (3, s), 1.16-1.71 (6, 

m), 1.33 (3, s), 1.57 (3, s), 1.65 (3, s), 1.67 (6, s), 1.81-1.91 (2, 

m), 2.03-2.11 (2, m), 2.27-2.36 (1, m), 2.65 (1, td, JHH-13.3 Hz, 

JHH-4.1 Hz), 4.75 (1, s), 4.85 (1, s), 5.01-5.11 (2, m); 13C NMR 

(CDC13)O 17.5 (CH3) , 17.9 (CH3) , 20.7 (CH3), 21.9 (CH2) , 24.4 (CH2) , 

25.7 (CH3) , 26.6 (CH3) , 29.1 (CH2) , 37.5 (C), 39.3 (CH2), 43.3 (CH2), 

53.6 (CH) , 75.0 (C), 106.7 (C or CH2) , 125.1 (CH) , 128.0 (CH), 129.4 

(C), 130.9 (C), 154.8 (C or CH2)' 

(lR,2S,3S,6S)-1-Hethyl-2-(3-methyl-2-butenyl)-3-methyl-3-(4-methyl-3-

pentenyl)-7-oxabicyclo[4.1.0]heptanecarbox-aldehyde 78. To a we11-

stirred solution of oxalyl chloride (0.0085 mL, 0.097 mmol) in dry 

CH2C12 (0.18 mL) at -55 °c was added dropwise a solution of dimethyl 

sulfoxide (0.014 mL, 0.197 mmo1) in dry CH2C12 (0.04 mL).42,52 After 3 

min, a solution of 74 (0.0207 g. 0.0675 mmo1) in dry CH2C12 (0.07 mL) 

was added dropwise followed 15 min later by triethylamine (0.065 mL, 

0.466 mmol). After 5 min, the cold bath was removed; 12 min later, 1% 

aq. HCl (1 mL) was added, then CH2C12 (10 mL). The phases were 

separated and the aqueous phase extracted with CH2Cl2 (2 x 10 mL). The 

combined organic extracts were washed with 10% aq. NaHC03 (10 mL), sat. 

aq. NaC1 (3 mL), dried (MgS04), filtered, concentrated in vacuo, and 

the residue chromatographed (50 g of silica gel 60, 20% EtOAc!hexanes) 

. 1 



111 

to give 15.4 mg (74.8%) of a colorless oil; Rr- 0.58 (20% 

EtOAc!hexanes). 1H NMR (CDC13)O 0.82 (3, s), 1.02-1.17 (2, m), 1.22-

1.33 (2, m), 1.39 (3, s), 1.50 (I, t, JHH-6.5 Hz), 1.62 (3, s), 1.69 

(6, s), 1.73 (3, s), 1.62-1.73 (I, m), 1.88-1.95 (2, m), 2.14 (2: t, 

JHH-7.2 Hz), 2.24-2.31 (I, m), 5.09 (I, tm, JHH-7 Hz), 5.30 (I, tm, 

JHH7 Hz), 9.56 (I, s); 13C NMR (CDC13) 0 17.6 (CH3) , 17.7 (CH3) , 19.3 

(CH2) , 22.1 (CH2) , 23.2 (CH3) , 23.7 (CH3) , 24.8 (CH2) , 25.6 (CH2), 25.7 

(CH3) , 25.8 (CH3), 33.7 (C), 38.4 (CH2), 48.7 (CH), 66.3 (C), 67.4 (C), 

124.1 (CH), 124.4 (CH), 131.5 (C), 131.9 (C), 188.6 (C?), 202.5 (CH). 

(lR,2S,3S)-1-Hethyl-2-(3-methyl-2-butenyl)-3-methyl-3-(4-methyl-3-

penteny1)-6-hydroxymethy1cyc10hexan-l-ol 80. To a well-stirred 

suspension of samarium (0.0166 g, 0.110 mmol) in dry THF (0.1 mL) at 

room temperature was added a solution of l,2-diidoethane (0.029 g, 

0.103 mmo1) in dry THF (0.2 mL).42 After 1 h, the mixture was lowered 

to -86 °c followed by the dropwise addition of a solution of 78 (0.0154 

g, 0.051 mmol) in dry methanol (0.05 mL) and dry THF (0.2 mL). After 

23 min, the temperature was -60 °c and dry methanol (1 mL) followed by 

excess sodium borohydride was added. After 5 min, the cold bath was 

removed and the mixture stirred 15 min before sat. aq. NH4Cl (2 mL) was 

added. Extraction with Et20 (2 x 20 mL) gave combined ether extracts 

which were washed with sat. aq. NaHC03 (5 mL), dried (MgS04), filtered, 

concentrated in vacuo, and the residue chromatographed (50 g of silica 

gel 60, 50% EtOAc!hexanes) to give 9.6 mg (61%) of 74 as a colorless 

oil along with two more polar oils (0.5 mg, and 2.5 mg (16%) of 80); 

Rr- 0.16, 0.12, and 0.04 respectively (20% EtOAc!hexanes). More polar 
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compound, 80: 1H NMR (CDC13) Q 1.02 (3, s), 1.18 (3, s), 1.2-1.8 (B, 

m), 1.59 (3, s), 1.63 (3, s), 1.67 (3, s), 1.67 (3, s), 1.85-2.07 (5, 

m), 2.1B-2.31 (1, m), 3.63 (1, AB of ABX pattern, JHH-10.7 Hz, JHH-B.7 

Hz), 3.75 (1, AB of ABX pattern, JHH-10.6 Hz, JHH-6.0 Hz), 5.05-5.11 

(2, m). 

(3R,4S)-Hethy1 1-Carboxy-2-methy1-3-(3-methy1-2-buteny1)-4-methy1-4-(4-

methy1-3-penteny1)cyc1ohex-1-ene 81. Prepared similarly to 72 using 70 

(1.83 g, 4.01 mmol) , dimethy1zinc (32.9 mmo1) , nickel acety1acetonate 

(0.720 g, 2.80 mmo1) , and DIBAL (2.B mL, 1.0 M in CH2C12, 2.B mmo1). 

Additional catalyst was added at 2 h (0.25 g), 5 h (0.2 g), 17 h 

(0.2 g), 23 h (0.3 g), and 40 h (0.2 g). After 52 h, the reaction was 

worked up as usual to give 0.9BO g (76.7%) of a colorless oil; R~ 0.61 

(20% EtOAc/hexanes); [~lD- -55.3 0 (Q 0.92, CHC13). IR (CDC13) cm- 1 

2926, 1703, 1630, 1433, 1376, 1246, 1204, 106B; 1H NMR (CDC13) S 0.B4 

and 0.90 (3, s), 1.1-1.55 (4, m), 1.59 (3, s), 1.61 (3, s), 1.67 (3, 

s), 1.69 (3, d, JHH-0.7 Hz), 1.76-1.82 (1, m), 1.93-2.11 (3, m), 2.03 

(3, m), 2.1B-2.22 (1, m), 2.27-2.32 (2, m), 3.71 (3, s), 5.05-5.18 (2, 

m); 13C NMR (CDC13) 6 17.6 (CH3) , 17.B (CH3) , 22.0 (CH2), 23.0 (CH3) , 

23.0 (CH3) , 23.9 (CH2) , 25.7 (CH3) , 25.8 (CH3) , 27.8 (7), 29.3 (CH2) , 

34.5 (C or CH2) , 40.3 (CH2) , 51.0 (CH or CH3) , 51.6 (CH or CH3), 122.5 

(C), 124.3 (CH), 125.1 (CH), 130.9 (C), 131.0 (C), 149.4 (C), 169.6 

(C); mass spectrum (70 eV), m/z (re1 intensity) 31B (1.7), 250 (10.1), 

249 (6.4), 217 (10.2), 1B9 (19.5), 181 (17.1), 167 (16.8), 166 (5.0), 

165 (17.2), 153 (13.8), 151 (9.4), 139 (6.2), 135 (7.4), 133 (7.3), 123 

(5.3), 121 (11.5), 119 (9.4), 109 (5.4), 107 (30.9), 105 (11.5), 97 

------------------------------------------------------------- . 1 
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(7.2), 95 (6.6), 93 (10.8), 91 (13.6), 83 (14.2), 81 (6.5), 79 (9.5), 

77 (5.2), 70 (5.9), 69 (100), 67 (7.2), 59 (7.1), 57 (5.7), 55 (26.7), 

53 (6.4); exact mass ca1cd for C21H3402 318.2560, obsd 318.2572. 

(3R,4S)-1-Hydroxymethy1-2-methyl-3-(3-methyl-2-buteny1)-4-methyl-4-(4-

methyl-3-penteny1)cyc1ohex-1-ene 82. Prepared similarly to 

52 using 81 (0.963 g, 3.02 mmo1) and lithium aluminum hydride (3.5 mL, 

1.0 M in THF, 3.5 mmo1). After 2.5 h, work-up provided 0.698 g (79.5%) 

of a colorless oil; Rr- 0.23 (20% EtOAc!hexanes); [~]O- -75.10 (£ 

1.335, CHC13). IR (COe13) cm- 1 3610, 2965, 2923, 1449, 1375, 982; 1H 

NMR (COe13)6 0.83 (3, s), 1.08-1.37 (4, m), 1.47-1.7 (1, m), 1.59 (3, 

s), 1.61 (3, s), 1.66 (3, d, JHH-0.9 Hz), 1.69 (3, d, JHH-0.8 Hz), 1.73 

(3, m), 1.93-2.23 (7, m), 4.09 (1, AX, JHH-14.7 Hz), 4.12 (1, AX, 

JHH-14.7 Hz), 5.05-5.17 (2, m); 13e NMR (COe13) 6 17.6 (?H3) , 17.8 

(CH3) , 19.3 (CH3) , 22.0 (eH2), 23.0 (eH3) , 25.2 (eH2) , 25.7 (eH3), 25.8 

(eH3), 29.4 (eH2) , 30.1 (eH2) , 34.8 (e), 40.4 (eH2) , 49.6 (eH), 63.3 

(eH2) , 124.9 (CH) , 125.3 (eH), 128.2 (C), 130.2 (C), 130.8 (e), 134.0 

(e). 

Anal. ca1cd for C20H340 C, 82.69; H, 11.80, found: C, 82.68; 

H, 11.74. 

(lS.2R.3S.6S)-1-Hethyl-2-(3-methyl-2-buteny1)-3-methy1-3-(4-methyl-3-

penteny1)-6-hydroxymethyl-7-oxabicyc1o[4.1.0]heptane 83. Prepared 

similarly to 53 using 82 (0.686 g, 2.36 mmol) , L-(+)-diethy1 tartrate 

(0.495 mL, 2.89 mmol) , titanium tetraisopropoxide (0.92 mL, 3.09 mmol) , 

and t-butyl hydroperoxide (1.55 mL. 3.2 M ill toluene, 4.96 mmol). 
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After 16 min, the mixture was worked up as usual to provide 0.532 g 

(73.5%) of a colorless oil; R~ 0.13 (20% EtOAc!hexanes); [alo- -75.8 0 

(£ 1.45, CHC13)' IR (COC13) cm- 1 3625, 2929, 1731, 1450, 1377, 1102, 

1020, 832; 1H NMR (COC13) 6 0.87 (3, s), 0.95-1.3 (4, m), 1.34 (3, s), 

1.43-1.49 (1, m), 1.60 (3, s), 1.68 (6, s), 1.71 (3, d, JHH-0.6 Hz), 

1.82-1.99 (5, m), 2.04-2.09 (2, m), 3.70 (2, bs, AX), 5.06 (1, tm, 

JHH-7.2 Hz), 5.30 (1, tm, JHH=7.5 Hz); 13C NMR (CDC13) 6 17.6 (CH3), 

17.8 (CH3), 21.9 (CH2) , 22.7 (CH3) , 22.9 (CH3), 23.9 (CH2) , 25.1 (CH2) , 

25.7 (CH3) , 25.8 (CH3) , 26.5 (CH2) , 33.9 (C), 39.9 (CH2) , 47.7 (CH), 

64.1 (C), 64.6 (CH2), 124.4 (CH), 124.8 (CH), 131.1 (C), 131.4 (C); 

mass spectrum (70 eV), m/z (reI intensity) 306 (0.12), 204 (5.0), 189 

(7.7),161 (10.5), 149 (7.1), 137 (13.3),135 (13.3),133 (5.8), 125 

(10.4), 123 (16.8), 122 (8.2), 121 (29.2), 109 (19.4), 109 (8.0), 107 

(28.1), 105 (5.0), 96 (5.1), 95 (20.9), 91 (5.0), 85 (14.2), 83 (19.5), 

82 (6.7),81 (18.0),79 (5.9), 71 (12.6), 70 (6.2),69 (l00) , 67 (9.6); 

exact mass ca1cd for C20H3402 306.2560, obsd 306.2571; 

Anal. ca1cd for C20H3402 C, 78.38; H, 11.18; found: C, 78.32; 

H 11.3l. 

(lS.2R,3S,6R)-1-Hethyl-2-(3-methyl-2-butenyl)-3-methyl-3-(4-methyl-3-

pentenyl)-7-oxabicyclo[4.1.0lheptane-6-carboxaldehyde 84. Prepared 

similarly to 78 using 83 (0.0898 g, 0.293 mmo1) , oxalyl chloride (0.038 

mL, 0.436 mmo1) , dimethyl sulfoxide (0.061 mL, 0.860 mmol) , and 

triethylamine (0.29 mL, 2.08 mmol). After 5 min at -50 °c and 10 min 

with the cold bath removed, work-up provided 66.3 mg (74.3%) of a 

colorless oil; Rt- 0.57 (20% EtOAc!hexanes). lH NMR (CDC13) 6 0.87 (3, 
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s), 1.03-1.31 (4, m), 1.39 (3, s), 1.45-1.53 (1, m), 1.60 (3, d, 

JHH-0.4 Hz), 1.67-1.78 (1, m), 1.68 (3, d, JHH-0.8 Hz), 1.70 (3, s), 

1.74 (3, d, JHH-0.6 Hz), 1.87-1.98 (2, m), 2.08 (2, m), 2.37 (1, ddd, 

JHH-12.3 Hz, JHH-15.7 Hz, JHH-7.1 Hz), 5.06 (1, tm, JHH-7 Hz), 5.32 (1, 

tm, JHH-7 Hz), 9.57 (1, s); 13e; NMR (CDC13) 6 17.6 (CH3). 17.8 (CH3), 

19.4 (CH2) , 21.8 (CH2) , 22.5 (CH3) , 23.7 (CH3) , 25.2 (CH2) , 25.5 (CH2) , 

25.7 (CH3) , 25.8 (CH3) , 33.7 (C), 39.7 (CH2) , 48.2 (CH) , 66.1 (C), 67.2 

(C), 123.6 (CH), 124.5 (CH), 131.3 (C), 132.2 (C), 202.7 (CH). 

(lS,2R,3S)-1-Methyl-2-(3-methyl-2-buteny1)-3-methyl-3-(4-methyl-3-

penteny1)-6-hydroxymethy1cyc10hexan-1-o1 86. Prepared similarly to 80 

using 84 (60.6 mg, 0.199 romo1) , samarium (110 mg, 0.732 romo1) , and 1,2-

diiodoethane (197 mg, 0.699 romo1). After the usual work-up, four 

colorless oils were isolated: 16 mg of 82 (Rr- 0.23), 6.4 mg (Rf- 0.16 

and 0.13), and 13.0 mg of 86 (Rr- 0.08, 20% EtOAc!hexanes). 86: 1H 

NMR (CDC13) IS 0.98 (3, s), 1.1-1.8 (6, m), 1.25 (3, s), 1.58 (3, s), 

1.64 (3, s), 1.67 (6, s), 1.8-2.39 (8, m), 3.59 (1, dd, JHH=11 Hz, 

JHH-8 Hz), 3.76 (I, dd, JHH-12 Hz, JHH-8 Hz), 5.06-5.15 (2, m). 

(lS,2R,3S,6R)-1-Methyl-2-(3-methyl-2-buteny1)-3-methyl-3-(4-methyl-3-

pentenyl)-6-iodomethyl-7-oxabicyc10[4.1.0]heptane 88. Prepared 

similarly to 76 using epoxy alcohol 83 (0.105 g, 0.342 romo1) and 

p-to1uenesu1fony1 chloride (0.636 g, 3.34 romo1) in pyridine (7.5 mL) at 

o °c for 22 h. After work-up, the residue (87) was taken-up in acetone 

(4 mL). To this solution was added sodium iodide (0.566 g, 3.78 mmo1). 

After 54.5 h, work-up provided 0.121 g (84.6%, two steps); Rr- 0.68 
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(20% EtOAc/hexanes). 1H NMR (COC13) 6 0.95 (3, s), 0.90-1.41 (4, m), 

1.33 (3, s), 1.44-1.50 (1, m), 1.60 (3, s), 1.66 (3, s), 1.68 (3, s), 

1.71 (3, s), 1.86-1.99 (3, m), 2.02-2.08 (2, m), 2.13-2.32 (1, m), 3.12 

(1, d, JHH-10.1 Hz), 3.38 (1, d, JHH-10.1 Hz), 5.06 (1, tm, JHH-7.0 

Hz), 5.27 (1, tm, JHH-7.5 Hz). 

(lS,2R,3S)-1-Methyl-2-(3-methyl-2-butenyl)-3-methyl-3-(4-methyl-3-

pentenyl)-6-methylenylcyclohexan-l-ol 89. Prepared similarly to 77 

using 88 (0.121 g, 0.291 mrno1) , activated zinc dust (0.220 g, 3.37 

mrno1) , magnesium turnings (three), and iodine (few small crystals) in 

dry Et20 (7 mL) and dry THF (5 mL). Yield after work-up: 83 mg (98%); 

R~ 0.55 (20% EtOAc!hexanes); [~]O- +37.20 (£ 0.422, CHC13). IR 

(CC14) cm- 1 3601, 2965, 2929, 2857, 1642, 1450, 1375, 1094, 904; 1H NMR 

(COC13)6 0.90 (3, s), 1.02-1.74 (4, m), 1.31 (3, s), 1.60 (3, s), 1.65 

(3, s), 1.67 (6, s), 1.79-1.94 (3, m), 1.97-2.15 (3, m), 2.26-2.38 (1, 

m), 2.55 (1, td, JHH-4.3 Hz, JHH-14 Hz), 4.75 (1, bs), 4.87 (1, bs), 

5.05-5.18 (2, m); 13C NMR (COC13) 6 17.5 (CH3) , 18.0 (CH3), 22.6 (CH2), 

24.4 (CH2) , 25.7 (CH3) , 27.0 (CH3) , 27.5 (CH3) , 29.1 (CH2) , 32.4 (CH2), 

37.7 (C), 38.1 (CH2) , 58.1 (CH) , 75.0 (C), 106.8 (C or CH2), 125.5 

(CH) , 128.4 (CH) , 129.3 (C), 130.7 (C), 154.7 (C or CH2). 

(lS,2R,3S,6R)-1-Methyl-2-(3-methyl-2-butenyl)-3-methyl-3-(4-methyl-3-

pentenyl)-6-p-toluenesulfonylmethylcyclohexan-l-ol 90. To a we11-

stirred solution of authentic bonandio1 1 (21.0 mg, 0.068 mmo1) in 

pyridine (2.4 mL) was added p-to1uenesu1fony1 chloride (16 mg, 0.084 

mrno1) at 0 °C. After 27, 40, and 42 h, additional p-to1uenesu1fony1 
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chloride (28 mg, 38 mg, 100 mg) was added respectively. After 52.5 h, 

the pyridine was removed in vacuo and the residue immediately 

chromatographed (50 g of silica gel 60, 15% EtOAc!hexanes) to give 21.9 

mg (69.5%) of a colorless oil; Rr- 0.32 (20% EtOAc!hexanes). lH NMR 

(CDC13) 6 0.78 (3, s), 1.05 (3, s), 1.12-1.50 (7, m), 1.59 (3, s), 1.67 

(9, s), 1.72-1.81 (1, m), 1.84-1.93 (2, m), 2.03-2.06 (1, m), 2.17-2.26 

(1, m), 2.30 (1, s), 2.44 (3, s), 3.91 (1, m), 4.28 (1, dd, JHH-9.1 Hz, 

JHH-3.3 Hz), 5.04 (1, tm, JHH-7.1 Hz), 5.25 (1, m), 7.29 (2, JAX-8.0 

Hz), 7.78 (2, JAX-8.3 Hz). 
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CHAPTER 2: 

SYNTHETIC APPROACH TO HYPERFORIN 

----------_. --
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BACKGROUND 

Hyperforin, 92, was first isolated and reported by Russian 

workers in 1971 as one of several compounds isolated from a number of 

species of Hypericum perforatum. 53 

As early as 1943, Osborn54 demonstrated that extracts isolated 

from a number of species of hypericum (other than H. perforatum) were 

found to be active against Staphylococcus aureus but inactive against 

E. coli. By 1954, Neuwald and Hagenstrom55 had examined the 

antibacterial activity of petroleum ether and acetone extracts of the 

flowering herb and dry fruits of H. perforatum var. vulgare Neil and 

found them to be active against S. aureus and inactive against E. coli 

and S. typhi. Confirmation of their results came in 1959 when Gaind 

and Ganj oo56 isolated new antibacterial substances effective against 

Gram-positive bacteria from H. perforatum Linn which they named 

hyperesin 1 and 2. 

H. perforatum Linn grows abundantly in Europe and the Western 

Himalayas from 5000-9000 feet. It is commonly referred to as St. 

John's Wort in English, Bassanti in Hindi, and Khoontir in Kashmir. 

Extracts have been used to treat infections in Russia and villages of 

Kashmir53 ,56 and have been patented in the United States as a food 

preservative. 57 Antibacterial activity studies on hyperesin 1 and 2 

showed the hydrolyzed products to be also active biologically while the 

bromo derivatives were found to be inactive indicating the areas of 

unsaturation to be principle active sites. 56 Furthermore, the fruit 

was found to possess the maximum activity, stems less, while seeds 

-----------------------------------------------------------~----------------------
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showed no activity. 

In 1975, a group of Russian coworkers 58 postulated from numerous 

degradation studies that hyperforin's structure and absolute 

stereochemistry were as depicted in 92a. 

Alkylation of hyperforin with methyl iodide and sodium hydride 

in dimethyl sulfoxide followed by oxidation with potassium permanganate 

and sodium periodate gave a tetracarboxy1ic acid 93 (Scheme 23) and 

four moles of acetone. Preparation of the tetramethy1 ester 94 

followed by heating at 180 °c gave a thermolysis product 100 which had 

undergone isomerization and had the chromaphore of a cross-conjugated 

triketone. Upon acid hydrolysis of the thermolysis product, isobutyric 

acid was obtained. This led to the partial structure 

for hyperforin and to a l,3-bridged 3,S-dialkylphloroisobutyrophenone 

structure for this bicyc1ic tetraketone. 

To further support this formulation, the C-benzy1 analog 101 of 

100 was prepared from hyperforin in a similar manner followed by 

debenzy1ation by hydrogenation with palladium in methano1ic 

hydrochloric acid to 103. This product was found to be identical with 

those of 3,3,5-trimethy1ated ph1oracetophenone in acidic, neutral, and 

basic solutions thus confirming the substitution pattern in the 

ph1orog1ucina1 ring. 

The structural elucidation of the substituents began by 

converting ~he tetracarboxy1ic acid 93 into the diester diacid 95 by 



93 

94 

95 

96 

'» 

Ii 

.... 
7' 

R = R' = COOH 
R = R' = COOCH3 
R = COOH, R' = COOCH3 
R = Br, R' = COOCH3 
R = H, R' = COOCH3 

"'" ,. 

103 

o. 

98 R = H 

99 R = CH3 

...... , 

H3 

.... 

R' 

H3 

100 R = CH3, R' = COOCH
3 

101 R = PhCH2, R' = COOCH
3 

1~ R = CH3, R' = H 

H3 

104 R = COOH 
105 R=H 

Scheme 23. Structural Elucidation of Hyperforin. 

I-' 
IV 
IV 

~.~ 



123 

way of dilactones 98 and 99 using l,3-dicyclohexy1carbodiimide (1 

mole), then diazomethane, and 5% aqueous sodium bicarbonate. The 

diester diacid 95 was bromo-decarboxylated by treatment with bromine 

and mercuric oxide and the resultant dibromide 96 reduced with zinc and 

acetic acid to yield two products. The main product 97 was found by 

NMR to contain four methyls on quaternary carbons, while the parent 

acid 93 contained only two. Thus, isopentenyl structures in the 1 and 

3 positions of the phloroisobutyrophenone moiety were deduced for the 

two alkyl groups that gave rise to the methyls in the previous 

degradation. An analogous conversion of 104 to 105 revealed the 

presence of a third isopentenyl group attached to the methine of the 

C1-C5 bridge of the ring. The minor product 102 came by way of bridge 

cleavage in the zinc reduction of dibromide 96. Oxidation of 102 with 

potassium permanganate and sodium periodate gave methyl levulinate 

showing the fourth side chain of hyperforin to be homo-isoprenyl and to 

be attached to a quaternary carbon containing a methyl group. Thus, 

the structure of hyperforin was formulated. 

In 1982 using IH and 13C NMR studies along with X-ray 

diffraction analysis of the corresponding 3,5-dinitrobenzoate ester 

115, hyperforin's structure and relative stereochemistry suggested by 

the Russian coworkers58 were confirmed. 59 Shortly thereafter, the same 

group had evidence from crystal determinations on 115 and 116 that the 

proposed absolute stereochemistry was wrong and that the absolute 

configuration needed to be changed. 60 



BIOSYNTHESIS 

The same Russian team that first proposed the structure of 

hyperforin also described a possible biosynthetic precursor. 58 
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Formation of the bicyclo[3.3.l]nonane structure of hyperforin 

could possibly be accounted for by the concerted intramolecular 

addition of a phloroisobutyrophenone anion and electrophilic attack by 

isopentenyl pyrophosphate on the internal double bond of the geranyl 

containing precursor 106 (Scheme 24). This attack should result in the 

trans arrangement of the homo-isoprenyl and isoprenyl appendages in the 

6 and 7 positions. To confirm their hypothesis, the trike tone ring and 

the isopropylidene groups of hyperforin were cleaved by hydrolysis with 

barium hydroxide followed by oxidation with potassium permanganate and 

sodium periodate to the diacid 107. This diacid was then converted to 

the diester 108 with 1,3-dicyclohexyl carbodiimide, then diazomethane 

and aqueous sodium bicarbonate. The diester 108 was then oxidized on a 

platinum anode to the olefinic diester 109. The olefinic diester was 

then treated with sodium borohydride followed by dehydration with 

phosphorus oxychloride to give a new isoprenyl substituent. Dieckmann 

cyclization followed by hydrolysis gave the trisubstituted 

cyclohexanone 110. Upon oxidation with potassium permanganate and 

sodium periodate, the keto diacid 111 was obtained. 

Independently, the lactone acid 112 prepared from cholesta-7,9-

diene-3-o161 was converted to the homologous lactone ester by the 

Arndt-Eistert method. Alkaline hydrolysis of this ester followed by 

chromium trioxide oxidation gave the keto diacid 113 which is 
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enantiomeric with the degradation product of hyperforin 111. Thus, a 

6S, 7R configuration was assigned to hyperforin. 

RETROSYNTHETIC ANALYSIS 

Our retrosynthetic analysis began with the disconnection of the 

bicyclic ring system at C-l and C-5 to provide the more simplified 

p-diketone 116 (Scheme 25) which still contains most of the ring A 

substituents. With this disconnection, we were able to focus on the 

necessary carbon skeleton of ring A. ~-Diketone 116 could possibly 

come from an acylation of the corresponding cyclohexanone at C-5. The 

acylation might be of an enamine of the cyclohexanone. The C-l 

isoprenyl appendage of this cyclohexanone could possibly come from 

enone 117 by a reductive alkylation. Enone 117 might be made from 

~-diketone 118 by a selective kinetic alkylation of the p-keto enol" 

ether of 118. The ~-diketone 118 might be formed by a Michael addition 

and Robinson annulation while the C-6 appendages could possibly come 

from a compound such as commercially available citral 119. 

SYNTHESIS 

Synthetically, this approach to hyperforin began by the 

formation of enone 120 (Scheme 26) from the Grignard reaction of 

commercially available (Aldrich) citral with methylmagnesium bromide 

followed by oxidation with pyridinium dichromate. 62 The carbon 

skeleton of ring A was made by the Michael addition of dimethyl 
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malonate to enone 120 followed by Robinson ring annulation. This 

method afforded the p-diketo ester 121 in 70% yield from enone 

120. 63 ,64 Hydrolysis and decarboxylation of 121 in 77% yield provided 

the symmetric p-diketone 118. At this point in the synthesis, we 

needed to introduce the C-7 isoprenyl appendage. Monoalkylation of the 

dianion of 118 with 1-bromo-3-methyl-2-butene might lead to 

considerable amounts of ring opened material; therefore, we chose an 

alternative method. The method chosen was the kinetic alkylation of 

enolates derived from cyclic p-keto enol ethers. 65 First, the p-keto 

enol ether 122 was prepared from the ~-diketone 118. This was 

accomplished by the azeotropic removal of water from the reaction of 

~-diketone 118, isobutyl alcohol, and tosic acid in refluxing 

benzene. l4 We were able to regioselectively alkylate the enolate of 

122 with 1-bromo-3-methyl-2-butene under kinetic conditions to afford 

enol ether 123. The enol ether product from the latter reaction 

underwent reduction with lithium aluminum hydride followed by 

rearrangement (upon hydrolysis) to enone 117 in 83% yield from enol 

ether 122. At this point in the synthesis, we chose to add the C-1 

isoprenyl appendage before the C-5 appendage. We felt we ~o~ld have 

better control of the regioselectivity of isoprenyl bromide addition if 

added before the formation of the p-diketone. We decided on a 

reductive alkylation reaction using lithium/liquid ammonia and the 

trapping of the enolate with l-bromo-3-methyl-2-butene. This method 

resulted in the formation of cyclohexanone 124 from enone 117 as a 

mixture (1:1) of diastereomers at C-l in 36% yield. 66 
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Although the latter reaction was not optimized, I feel there 

might be a better method than the reductive alkylation of enone 117. 

The method I am thinking of is as follows: 1. The reduction of enone 

117 to the saturated ketone; 2. The alkylation of the monoanion of 

this ketone with isoprenyl bromide. I predict that cyc10hexanone 124 

would be the predominate (if not the only) product from this method. I 

base this judgement on the observations taken from the formation of the 

~-keto ester 29 from cyc10hexanone 28 in the synthesis of bonandio1 

(Chapter 1). Only one ~-keto ester (29) was observed in the 

carboxylation of the monoanion of cyc10hexanone 28 with dimethyl 

carbonate. If this is the result of steric hindrance from the two beta 

appendages in cyclohexanone 28, then the saturated cyc10hexanone 

prepared from the reduction of enone 117 would also have the identical 

two appendages at the beta position (C-6) to provide steric hindrance 

and prevent alkylation of the monoanion of the saturated cyc1ohexanone 

with isopreny1 bromide at C-S. Thus, only cyclohexanone 124 should be 

formed. 

Once ~-diketone 116 is prepared from 124, the remaining step(s) 

would be to add the bicyclic bridge. The latter could present the most 

difficult challenge in the synthesis. 

EXPERIMENTAL 

4,8-Dimethyl-3,7-nonadien-2-o1. To a well-stirred solution of 

methylmagnesium bromide (100 mL, 3.1 M in Et20, 0.31 mol) in dry Et20 

(74 mL) under nitrogen was added citra1 (43.7 mL, 0.255 mol) dropwise 
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at a rate to maintain a reaction temperature of 15-20 °C. After 45 

min, the reaction was quenched by the addition of sat. aq. NH4Cl (50 

mL), then Et20 (400 mL). Enough CH2C12 and 10% aq. HCl were added to 

break up the emulsions. The organic phase was dried (MgS04) and 

concentrated in vacuo to an oily mixture of E and Z isomers (38.82 g, 

90.5%); R~ 0.23 and 0.27 (20% EtOAc(hexanes). 

4,8-Dimethyl-3,7-nonadien-2-one 120. To a mechanically stirred 

solution of the above alcohol (38.82 g, 0.231 mol) in dry CH2C12 (600 

mL) was added pyridinium dichromate (139.8 g, 0.372 mol). The 

resultant dark brown mixture was stirred 17 h before Et20 (1.3 L) was 

added, then filtered through MgS04, concentrated in vacuo and 

chromatographed (150 g of silica gel 60, 20% EtOAc/hexanes) to give 120 

(33.42 g, 87.1%) as a volatile oil (b.p. 63-65 °c at 0.55 mm Hg); 

Rf- 0.48 (20% EtOAc/~exanes). IR (CHC13) cm- l 3014, 2971, 2919, 2858, 

1712, 1682, 1612, 1444, 1377, 1357, 1234, 1215, 1172, 967; 1H NMR 

(CDC13) 5 1.61 (3, s), 1.69 (3, s), 2.12-2.18 (10, m), 5.08 (I, m), 

6.08 (I, bs). 

4-Carboxymethyl-5-methyl-5-(4-methyl-3-pentenyl)-1,3-cyclohexanedione 

121. To a well-stirred solution of sodium methoxide in methanol 

prepared by the addition of sodium (0.0276 g, 1.20 mmol) to dry 

methanol (0.33 mL) at 0 °c was added a mixture of the enone 120 (0.200 

g, 1.20 mmol) and dimethyl malonate (0.137 mL, 1.20 mmo1). The 

solution was warmed to room temperature (a yellowish-orange ppt 

formed), then to reflux (ppt dissolved). After 21 h, the methanol was 
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removed in vacuo and the residual amber glass taken up in H20 (5 mL) 

and Et20 (5 mL). The phases were separated and the Et20 phase 

extracted with H20 (10 mL). The combined aq. phases were acidified to 

a pH of 2 with 1% aq. HCl and extracted with Et20 (50 mL). The ether 

extract was then dried (MgS04), filtered, and concentrated in vacuo 

(overnight) to give a crude yield of 0.223 g (70%). The crude oil was 

used directly in the decarboxylation; Rr- 0.75 (20% H20/iPrOH). IR 

(CHC13) cm- l 3031, 2971, 2927, 1730, 1710, 1611, 1216, 1164, 783, 734. 

5-Methyl-5-(4-methyl-3-pentenyl)-1,3-cyclohexanedione 118. To a well-

stirred solution of potassium hydroxide (2.47 g, 44.0 mmol) in H20 (15 

mL) was added ester dione 121 (3.829 g, 14.4 romol) and the resulting 

mixture refluxed 4 hours. While still hot, glacial acetic acid was 

added until a pH of 6-6.5 was obtained. This solution was then made 

basic again by the addition of sat. aq. NaHC03 followed by extraction 

with CH2C12. The organic phase was then washed with sat. aq. NaCl, 

dried (MgS04), filtered, and concentrated in vacuo to give 2.323 g 

(77.1%) of a white crystalline solid, 118. IR (CHC13) cm- 1 3014, 2970, 

2918, 1730, 1706, 1610, 1454, 1382, 1318, 1231; lH NMR (CDC13) 5 1.01 

(3, s), 1.29-1.36 (2, m), 1.61 (3, s), 1.70 (3, s), 1.94-2.04 (2, m), 

2.57 (4, dd, JHH-31.l Hz, JHH-14.3 Hz), 3.37 (2, s), 5.06 (1, tm, JHH-7 

Hz); mass spectrum (70 eV), m/z (reI intensity) 208 (1.9), 193 (14.7), 

150 (7.1), 125 (100), 109 (7.9), 107 (7.7), 97 (6.9), 83 (7.8), 83 

(12.8), 82 (6.7), 81 (8.8), 69 (44.1), 67 (10.1), 56 (5.6), 55 (38.0), 

53 (8.0); exact mass calcd for C13H2002 208.1464, obsd 208.1467. 
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3-(2-Methylpropoxy)-5-methyl-5-(4-methyl-3-penteny1)-2-cyc1ohexen-1-one 

122. A solution of dione 118 (16.40 g, 78.7 mmo1) , isobutyl alcohol 

(33.8 mL, 366 mmo1) , and p-toluenesu1fonic acid (100 mg) in benzene 

(350 mL) was heated to reflux under argon. Water was removed 

azeotropica11y using a Dean-Stark trap. Progress of the reaction was 

monitored by TLC (20% EtOAc/hexanes). After 20 h, the reaction mixture 

was cooled, diluted with Et20 (400 mL), washed with 2 M NaOH solution 

saturated with NaCl, then washed with water (2 x 75 mL), dried (MgS04), 

filtered, and concentrated in vacuo. The crude residue (20.2 g) 

containing 28 mol% isobutyl alcohol by 1H NMR was used directly in the 

formation of 123. Corrected yield of 122 (18.2 g, 87.4%); Rr- 0.17 

(20% EtOAc/hexanes). 1H NMR (CDC13) 6 0.97 (6, d, JHH-6.7 Hz), 1.05 

(3, s), 1.35-1.41 (2, m), 1.59 (3, s), 1.67 (3, s), 1.91-2.05 (4, m), 

2.15-2.42 (3, m), 3.59 (2, d, JHH-6.5 Hz), 5.07 (I, tm, JHH-7 Hz), 5.32 

(I, bs); mass spectrum (70 eV) m/z (re1 intensity) 264 (2.4), 249 

(9.4), 182 (7.0), 181 (54.5), 127 (7.2), 126 (30.6), 126 (9.5), 125 

(100), 123 (5.5), 122 (5.2), 121 (6.3), III (6.8), III (6.4), 109 

(7.3), 109 (9.5), 109 (12.2), 109 (24.4), 107 (5.9), 85 (14.1), 84 

(13.8), 83 (7.8), 81 (7.8), 73 (7.8), 73 (20.5), 71 (8.1), 70 (5.6), 69 

(23.6), 67 (6.3), 59 (8.8), 57 (46.1), 56 (8.4), 55 (15.7); exact mass 

ca1cd for C17H2802 264.2090, obsd 264.2089. 

3-(2-Methylpropoxy)-5-methyl-5-(4-methyl-3-pentenyl)-6-(3-methyl-2-

buteny1)-2-cyc1ohexen-1-one 123. With good stirring, a solution of 

nBuLi (44.9 mL, 1.55 M, 69.6 mmo1) in hexanes was added dropwise to a 

solution of diisopropy1amine (9.5 mL, 67.8 mmo1) in dry THF (115 mL) 
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under argon at -23 °C. After stirring at -78 °c for 1 h, 122 (14.55 g, 

55.0 mmo1) was added dropwise followed 1 h later by HMPA (12.0 mL, 69.0 

mmo1) , then 1-bromo-3-methyl-2-butene (14.51 g, 97.4 mmo1). Upon 

addition of the alkyl bromide, the solution was gradually warmed to 

room temperature over 2 h. After 11 h, the mixture was poured into H20 

(200 mL) and extracted with Et20 (2 x 200 mL). The combined extracts 

were washed with sat. aq. NaHC03 (100 mL), then sat. aq. NaCl (100 mL), 

dried (MgS04), filtered, and concentrated in vacuo to give a crude 

residual oil consisting of two isomers used directly in the formation 

of 117; R~ 0.47 and 0.52 (20% EtOAc/hexanes). Less polar isomer: 1H 

NMR (CDC13) S 0.97 (6, d, JHH-6.7 Hz), 0.99 (3, s), 1.40 (2, t, JHH~8.5 

Hz), 1.58 (3, s), 1.60 (3, s), 1.67 (6, bs), 1.86-2.32 (8, m), 3.57 (2, 

d, JHH-6.5 Hz), 5.04 (1, tm, JHH-7.1 Hz), 5.19 (1, tm, JHH-7.2 Hz), 

5.24 (1, s); more polar isomer: 1H NMR (CDC13) h 0.97 (6, d, JHH-6.7 

Hz), 1.06 (3, s), 1.31-1.47 (2, m), 1.57 (3, s), 1.60 (3, s), 1.68 (6, 

bs), 1.89-2.48 (8, m), 3.57 (2, dd, JHH-3.1 Hz, JHH-6.5 Hz), 5.08 (1, 

tm, JHH-6.5 Hz), 5.16 (1, tm, JHH-6.5 Hz), 5.22 (1, s); mass spectrum 

(70 eV), m/z (reI intensity) 332 (3.9), 249 (16.5), 247 (7.2), 209 

(6.4), 193 (16.8), 191 (8.7), 182 (5.9), 181 (38.7), 165 (5.1), 151 

(18.2), 149 (5.5), 149 (6.3), 137 (7.6), 137 (18.0), 135 (5.9), 125 

(45.6), 124 (6.8), 123 (11.1), 123 (6.1), 123 (5.0), 122 (5.8), 121 

(9.2), 119 (5.9), 111 (6.7), 111 (8.3), 109 (15.9), 109 (21.2), 107 

(13.4), 105 (6.4), 97 (10.6), 97 (7.2), 97 (5.3), 96 (5.1), 95 (17.2), 

95 (6.0), 93 (13.8), 91 (11.1),85 (10.5), 85 (30.2), 84 (10.0), 83 

(17.8), 83 (9.6), 82 (12.3), 81 (38.6), 79 (11.2), 73 (11.2), 73 (7.4), 

72 (5.2), 71 (15.8), 71 (12.0), 70 (12.0), 69 (100), 69 (11.3), 68 



(10.3), 67 (19.2), 59 (27.7), 58 (5.8), 57 (67.0), 56 (18.9); exact 

mass ca1cd for C22H3602 332.2717, obsd 332.2721. 
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4-(3-Hethyl-2-butenyl)-5-methyl-5-(4-methyl-3-pentenyl)-2-cyclohexen-1-

one 117. To a well-stirred solution of lithium aluminum hydride (2.75 

g, 72.5 mrno1) in dry Et20 (200 mL) was added dropwise a solution of 123 

(crude, from above) in dry Et20 (50 mL) and dry THF (150 mL) under 

argon. The resulting mixture was heated to reflux for 3 h, cooled, 

lithium aluminum hydride added (1.5 g, 39.5 mrno1) , and then refluxed 1 

h. After cooling, H20 (10 mL) was carefully added and the two phase 

mixture poured into 2 M H2S04 (200 mL) and extracted with Et20 (2 x 200 

mL). The combined ether extracts were washed with H20 (200 mL), sat. 

aq. NaHC03 (200 mL), sat. aq. NaC1 (200 mL), dried (MgS04), filtered, 

concentrated in vacuo, and chromatographed (175 g of silica gel 60, 16% 

EtOAc!hexanes) to give 11.945 g (83.4%, 2 steps from 122) of a 

colorless oil as a mixture (1:1) of diastereomers; R~ 0.48 (20% 

EtOAc!hexanes). IR (CC14) cm- 1 3028, 2966, 2926, 2877, 2856, 1681, 

1450, 1378, 1341, 1292, 1248, 1175, 1104, 1040, 983; 1H NMR (CDC13) 6 

0.91 and 1.09 (3, s), 1.16-1.51 (2, m), 1.59 (3, d, JHH-4 Hz), 1.63 (3, 

d, JHH-3.2 Hz), 1.68 (3, d, JHH-3.5 Hz), 1.74 (3, bs), 1.86-2.03 (3, 

m), 2.20-2.40 (2, m), 2.18 and 2.24 (1, d, JHH-15.9 Hz), 2.40 and 2.~8 

(1, d, JHH-17.2 Hz), 5.02-5.20 (2, m), 5.99 (1, dm, JHH-10.2 Hz), 6.72 

and 6.77 (1, dd, JHH-2.7 Hz, JHH-10.2 Hz and JHH-3.3 Hz, JHH-10.2 Hz); 

13C NMR ( CDC13) 6 17.4 (CH3) , 17.8 (CH 3) , 20.0 and 25.3 (CH3), 22.0 

and 22.3 (CH2) , 25.5 (CH3) , 25.7 (CH3) , 26.8 and 27.1 (CH2) , 35.0 and 

40.4 (CH2) , 39.2 and 39.6 (C), 44.6 and 47.4 (CH) , 48.7 and 49.3 (CH2), 
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123.6 and 123.9 (CH) , 124.1 and 125.0 (CH), 127.9 and 128.3 (CH), 131.4 

and 131.5 (C), 133.7 and 133.8 (C), 152.3 and 152.6 (CH), 199.3 and 

199.7 (C); mass spectrum (70 eV), m/z (re1 intensity) 260 (1.7), 191 

(6.7), 175 (10.4), 149 (8.5), 121 (10.9), 110 (5.1), 109 (48.9), 108 

(5.5), 93 (6.4), 91 (5.1), 79 (5.2), 70 (5.7), 69 (100), 67 (5.6), 55 

(9.4), 53 (5.9); exact mass ca1cd for C18H280 260.2141, obsd 260.2140. 

2-(3-Methy1-2-buteny1)-4-(3-methy1-2-buteny1)-5-methy1-5-(4-methy1-3-

penteny1)cyc1ohexanone 124. To a well-stirred solution of lithium wire 

(18.0 mg, 2.59 mmol) in redistilled ammonia (10 mL) under argon at 

-78 °c for 30 min was added a solution of enone 117 (0.255 g, 0.980 

mmo1) in dry Et20 (3 mL). After 15 min, a solution of tBuOH (0.25 mL, 

2.65 mmo1) in dry Et20 (2 mL) was added followed 10 min later by a 

solution of 1-bromo-3-methyl-2-butene (0.48 g, 3.2 mmol) in dry Et20 (3 

mL). Upon addition of the alkyl bromide, the usual blue color 

completely disappeared. After another 15 min, solid NH4C1 (0.18 g) was 

added followed by the evaporation of the ammonia and the addition of 

H20 (25 mL) and Et20 (25 mL). The ether phase was removed and the 

aqueous phase saturated with NaCl and extracted with Et20 (2 x 30 mL). 

The combined ether extracts were washed with 5% aq. HCl (10 mL), sat. 

aq. NaC1 (10 mL), dried (MgS04), filtered, concentrated in vacuo, and 

chromatographed (50 g of silica gel 60, 15% EtOAc/hexanes) to give 

0.117 g (36.2%) of a colorless oil as a mixture (1:1) of diastereomers; 

Rr- 0.56 and 0.59 (20% EtOAc/hexanes). IR (CC14) cm- 1 2966, 2925, 

2878, 1708, 1450, 1376, 1287, 1214, 1106, 985, 837; 1H NMR (CDC13) 6 

0.88 and 0.97 (3, s), 1.10-1.64 (5, m), 1.60 (9, s), 1.68 (3, s), 1.69 

----------------------------------------------------



Ii" 

137 

(3, s), 1.73 (3, s), 1.86-2.36 (9, m), 5.00-5.13 (3, m); 13C NMR 

(CDC13) 6 17.5 (CH3) , 17.7 (CH3) , 17.8 (CH3) , 21.9 (CH2) , 25.3 (CH3) , 

25.6 (CH3) , 25.6 (CH3) , 25.7 (CH3) , 26.2 and 27.0 (CH2) , 28.0 and 28.9 

(CH2) , 31.0 (CH2) , 38.4 and 40.9 (CH2) , 39.0 and 41.5 (CH) , 41.3 and 

41.6 (C), 46.8 and 47.8 (CH), 49.9 and 50.4 (CH2) , 121.6 and 121.9 

(CH) , 123.5 (CH), 124.2 and 124.4 (CH) , 131.4 (C), 132.3 and 132.3 (C), 

132.8 and 133.1 (C), 213.0 and 213.9 (C); mass spectrum (70 eV), m/z 

(re1 intensity) 330 (7.5), 261 (6.0), 248 (6.3), 247 (33.0), 245 

(11.2), 179 (9.4), 123 (6.1), 121 (6.6), 109 (7.8), 109 (14.9), 107 

(7.9), 95 (14.7), 95 (5.1), 93 (8.4), 91 (5.5), 83 (6.7), 81 (13.9), 79 

(6.5), 70 (5.9), 69 (100), 67 (12.1), 55 (17.2), 53 (6.9); exact mass 

ca1cd for C23H3S0 330.2924, obsd 330.2924. 

- -----------------------------------------
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