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The mycosporins, formerly called P310's are secondary metabolites

of fungi closely associated with fungal reproductive processes that

require light. The structurally related iminomycosporins are found in

marine plants and animals and may also have functions related to

light. In this study, approaches toward the asymmetric synthesis of

the mycosporins are presented.

Methodology was developed around refunctionalization of

D-(-)-quinic acid (35) in which the secondary hydroxy groups were

differentiated, independently modified, and oxidized to the mycosporin

oxidation level.

Protection of (1R,2S13R15R)-1,2-0-cyclopentylidene-1,2,315-

tetrahydroxy-5-hydroxymethylcyclohexane (39) and (1S,3R,4R,5R)-1,3,4-

trihydroxy-6-oxabicyclo[3.2.1]octan-7-one (56), both derived from

D-quinic acid, were pursued.

An approach was utilized in which D-quinic acid was lactonized

and protected to form (1S,3R,41215R)-314-0-benzylidene-11314-trihydroxy-

6-oxabicyclo[3.2.1]octan-7-one (61). Selective bromination with

N-bromosuccinimide, reduction, and diol protection gave a mixture of

a- and ,8-bromo alcohols, 79 and 80, which were oxidized to their



respective ketones (81 and 89). Transformation of a-bromo ketone,

89, to a-hydroxy ketone 104 occurred in aqueous potassium carbonate.

Conversion of 89 to a-hydroxy ketal 100 with potassium carbonate in

methanol and subsequent oxidation with pyridinium chlorochromate

yielded the protected a-diketone, (3R15R)-3-benzoyloxy-5-hydroxy-5-

hydroxymethy1-2,2-dimethoxycyclohexanone (100), at the target oxidation

level.
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APPROACHES TOWARD SYNTHESIS OF THE MYCOSPORINS

I. INTRODUCTION

Light has profound effects, both stimulatory and inhibitory, on

growth regulation and development processes in fungi, including those

involved in sexual and asexual reproduction.1 Stevens, in 1928, was

the first to report that ultraviolet light stimulates reproduction in

fungi, and he initiated a detailed biological study on this response.2

During the course of his work on the mechanism of light induced

sporulation, Leach, in 1964, observed that mycelia of several species of

Fungi Imperfecti showed increased absorption in the 300-350 nm region

when irradiated by near-ultraviolet light.3-6 He subsequently

extracted from these cultures a mixture of water soluble compounds hav-

ing maximum absorbance at 310 nm and designated it 'P310'. Since their

initial discovery, components of the P310 mixture, now also known as

mycosporins, have been found to be widespread in fungi and have been

isolated by several other researchers. 7

Mycosporins occur in sporulating mycelia, primarily in organs

producing sexual spores or conidiospores, and are associated with the

reproduction processes involving light. Numerous studies directed

toward understanding the physical and chemical basis for their activity

have been published. ? -9 For example, Leach observed that P310 was

produced not only when sporulation had been induced with near-

ultraviolet radiation but also when a growth medium was used that

supported sporulation in the absence of light. 5 When sporulation was
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prevented by darkness, P310 did not appear. However, once sporulation

was initiated by light its production continued in darkness.

Only light which is absorbed by a molecule can be effective in

producing a photochemical change in that molecule. Leach initially

suggested that P310 may be a photoreceptor responsible for absorbing

ultraviolet light and thereby inducing secondary photoresponses. 6 The

absence of P310 in dark-grown non-sporulating cultures seemed to contra-

dict this hypothesis, however. The production of P310's in dark grown

sporulating cultures also shed doubt upon them being photoproducts and

indicated that they may more closely correlate with the onset of

sporulation than with photoreception.10

Trione and Leach, in 1966, suceeded in inducing sexual and asexual

reproduction of dark grown Pleospora herbarum and Ascochyta pisi by

introducing P310's isolated and partially purified from A. pisi. 10 /
11

Sproston ,12 using Stemphylium solani, and Dehorter, 13/14 working

with Nectria cialliciena, similarly found P310's to be an effective sub-

stitute for the light necessary to induce sporulation. These compounds

were thus thought to be sporogens, having a hormonal role in the repro-

ductive process.

Helminthosporium dictyoides is one of the most important pathogens

of Kentucky bluegrass in Minnesota. The fungus does not sporulate well

on agar media, making it difficult to create an artificial epidemic and

therefore difficult to determine the best means to control outbreak.

The sporogenic properties of P310 would thus be of benefit to research

in this area. Vargas and Wilcoxson, following the precedent set by

Sproston, Leach and Trione, isolated P310 from their sporulating

cultures. 15
They were unable, however, to enhance sporulation of dark
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grown cultures by P310 addition as their predecessors had done. Moyer

and Leath isolated P310's from Leptosphaerulina briosiana, an ascomycete

that causes foliar disease of alfalfa. They, too, were unable to

promote sporulation by P310 addition.16 Van den Ende and Cornelius

reported isolation of P310's from various fungi and likewise claimed

that their production did not correlate with sporulation.17 Although

Kuss observed the expected P310 production in light induced, sporulating

cultures of Stemphylium botryosum, P310 could not be extracted from

cultures subjected to 24 hour darkness and then to light even though

sporulation was profuse.18 He concluded that the presence of

extractable P310 was therefore not required for sporulation.

In view of these contradictory reports regarding the sporogenicity

of P310's, Tan and Epton investigated the matter further.19 They used

Botrytis cinerea, also shown by Hite2 0 to be a P310 producer, and,

although they did observe sporogenic activity, their results were not

consistent in repeated experiments. Despite the apparent experimental

support for sporogenic activity of P310, Tan and Epton obtained other

results with contrary implications. They showed that cultures more than

ten days old were insensitive to further irradiation and produced fewer

spores. 21 Assuming a direct relationship between sporulation and P310

synthesis, Tan and Epton postulated that extraction of old cultures

after irradiation should not show a marked increase in P310. Contrary

to their expectations, however, irradiated old cultures showed an

increase in P310 too great to be explained by the insignificant increase

in sporulation. They therefore suggested that P310 may not have a role

in sporulation at al1.19
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Recently, Dehorter observed a relationship between the different

degrees of sexual morphogenesis induced by added P310 and the nature and

content of free sterols.22 Addition of P310 to dark grown cultures of

Nectria qalliqena induced sporulation and a drastic decrease in sterol

content. This is the first biochemical event identified after P310

addition and indicates that, in this case, it is an intermediary between

light and sexual morphogenesis.

P310 has been isolated from the conidia of Glomerella cinqulata,

the cause of bitter rot disease produced on lesions of infected

apples.23,24 Most of these lesions occur on apple faces that are

directly exposed to the sun, that being the most wettable surface.

Solar radiation of wavelengths shorter than about 290 nm does not reach

the earth's surface, and the amount of middle wavelength UV (290-320 nm)

reaching the earth is small. Radiation in this latter range, however,

is fungicidal, so survival of the organism is dependent on its ability

to withstand this influence. In cultures of G. cinqulata incubated

under various conditions, compound 310 was found in light grown cultures

but was not found in cultures grown in the dark or in light grown

cultures that had been protected from radiation below 386 nm. Similar

results were reported by Tan and Epton for B. cinerea.19 When

irradiated under a sunlamp, the G. cinqulata conidia that contained

P310, either from light-induced sporulation or by addition of purified

compound, showed no detectable loss of viability, while those lacking

P310 died. From these results it has been concluded that the myco-

sporins may play a photoprotective role in fungal reproduction.

Although no results have yet been reported that conclusively

define the function of the mycosporins, it is possible that their role
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and mode of production may be different in various fungal species.19

They can, in general, be regarded as secondary metabolites closely

associated with the reproductive processes that normally need

light.25 They have been produced in the dark, although light always

favors their synthesis. In cases where sporulation is strictly

photodependent, P310's occur only after exposure of the organism to

light.?

In 1976 Favre-Bonvin and Arpin determined the structures of two

different P310's isolated from the fruit bodies of the basidiomycete

Stereum hirsutum.25727 The major compound, called mycosporin I, was

shown to have structure 1, and the minor, mycosporin III, structure 2.

A functionalized cyclohexenone system has proved to be a common struc-

tural feature of these compounds as additional P310's have been isolated

and identified. In general, each member of this family consists of a

cyclohexene bound to one or more nitrogen containing residues that are

usually amino acids or reduced variants thereof.

Mycosporin I (1) is a reduced serine derivative whereas mycosporin

III (2) contains this amino acid substituent unchanged. Arpin subse-

quently isolated and deduced the structure of mycosporin II (3) from

Botrytis cinerea and found that in this compound the amino acid compo-

nent is a reduced derivative of glutamic acid in which dehydration has

occurred between the S-carboxyl and the amino group to form a

v- lactam.28 The open chain form of mycosporin II, sometimes desig-

nated as mycosporin glutamicol (5), is also widespread in fungi.2973°

The latter was the principal mycosporin isolated from the ascomycete

Morchella esculenta and was found along with mycosporin II in Botrytis

cinerea and Gnomonia leptostyla. 31 The glucosides of both forms of
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OH

R = CH2-0H (Mycosporin I)

2, R = CO2H (Mycosporin III)

NH .0O2H

3, R = H (Mycosporin II)

4, R = glucose

O

CNH
2

5, R = CH2-0H (Mycosporin II open form) 8, R = CH2-0H
(Mycosporin glutamicol) (Mycosporin glutamicol)

6, R = CH2-0-glucose 9, R = CH2-0-glucose

7, R - CO2H (Mycosporin-glu) 10, R = CO2H (Mycosporin-gln)

OH O

NH CN H2

CO2H

11, (Normycosporin-gln)

mycosporin II (4 and 6) have also been isolated.29/31 It has been

concluded that it was mycosporin II glucoside (4) and its artifacts from

hydrolysis, that were obtained by Leach when he first discovered the

P310's.31



7

Young and Patterson isolated and characterized a P310 present in

Glomerella cinqulata in 1982.24 They identified it as 7, a new myco-

sporin with glutamic acid as its amino side chain and they gave it the

name mycosporin-glu. The isolation of mycosporin glutaminol (8) and its

glucoside (9) was reported in 1983 from several other fungi.32

A P310 recently isolated from a fungal source has been shown to

have structure 10 and is called mycosporin glutamine (Gin). 33 As well

as occurring in Glomerella cinqulata, mycosporin-gln (10) coexists with

glucosyl mycosporin glutaminol (9), and normycosporin glutamine (11) in

the fungus Pyronema omphalodes. Normycosporin-gln (11)34 differs

structurally from the other mycosporins in that it contains a hydroxyl

group in place of the C-2 methoxyl (thus the "nor" prefix). It also has

maximum ultraviolet absorption at 320 nm rather than the typical 310 nm.

A biosynthetic relationship between the different mycosporins and

a progression of biogenetic steps corresponding to their increasing

chemical stability have been postulated. 33 Normycosporin, found in

primordia but not in the spores, may be an early metabolite in the

sequence. Methylation followed by reduction of the amino acid residue

and glucosylation35 would lead to the stable mycosporin glucosides

which are stored within the spores.

In addition to their fungal origin, mycosporin-like compounds have

been isolated from marine plants and animals. 36 Mycosporin glycine

(12) is the only compound from these sources to have the true mycosporin

structure of a cyclohexenone bearing an amino acid substituent. 37 In

the other substances the carbonyl group is replaced by an imino substi-

tuent, and thus they are sometimes called iminomycosporins. Unlike the



fungal mycosporins which contain either serine or glutamine derived

appendages, the marine mycosporins each contain a glycine residue.

Mycosporin-gly (12), discovered by Ito and Hirata during the

course of a study of palytoxin from the coral (zoanthid) Palythoa

tuberculosa, was the first mycosporin to be isolated from non-fungal

sources.37 From this organism they later isolated iminomycosporin-

gly (UVmax 320 nm), also called palythine (13),38,39 as well as two

other compounds absorbing at 332 and 360 nm which were identified as

palythinol (14) and palythene (15) respectively. 40-42 The serine-

containing compound, shinorine (16, UVmax 334 nm),43 and palythine

(13)44 were isolated by Tsujino from the red alga Chondrus yendoi,

NH -CO2H

12, (Mycosporin-gly)

H
HO C N2 \./

13, R = H (Palythine)

14, R = -CH -CH2 -OH (Palythinol)

CH3

15, R = -CH=CH -CH3 (Palythene)

OCH
3 16, R = -CH -CH2 -OH (Shinorine)

OH 02F1
(Mytilin A)

17, R = -CH-CH2 -OH (Porphyra-334)

CZ6HC
i

H3
(Mytilin B)

18, R = -c-CH-CH3 (Palythenic acid)

a01i

OH

OH

20, R = OH (Gadusol)

21 R = H

19, R = -CH2 -CH2 -OH (Asterina -330)

8
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collected off the shores of Japan. The red alga, Porphyra tenera,

produced prophyra-334 (UVmax 334 nm) identified as structure 17.45

The isolation of these compounds from both algae and coral has led to

the postulate that a symbiotic relationship exists between the two

marine organisms.

Mycosporin-like compounds are also present in mussels (Mytilus

qalloprovincialis) and other edible mollusk bivalves (oyster, clams,

etc.). Chioccara, and coworkers in Italy isolated two compounds from M.

qalloprovincialis which they called mytilins A and B.46 The struc-

tures of these substances are identical to those of shinorine (16) and

prophyra-334 (17) isolated from algae.

Palythenic acid (18) was isolated from the ascidian (sea squirt)

Halocynthia roretzi and found to have an absorption maximum at 337

nm. 47 The starfish, Asterina pectinifera, was the first organism

found to produce the mycosporin-like asterina-330 (19, UVmax 330 nm),

although other marine sources of this compound have been identified

subsequently.48

Chioccara discovered that palythene (15), palythine (13) and two

related metabolites, 20 and 21, were present in ripe eggs from several

species of Mediterranean fish.49 The enolic ,8-diketone 21 had been

previously prepared by hydrolysis of mycosporine-gly37 but had not

been isolated as a natural product. Thomson, et al, independently

isolated gadusol (20) during the course of their work on cod eggs, Gadus

morhua, and speculated that it may be biogenetically related to the

mycosporins although no confirming evidence was offered. 50-51

The biological function of the iminomycosporins is unknown at this

time. A suggestion has been made that these metabolites, as proposed
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for the mycosporins, may serve to protect marine organisms from ultra-

violet light.37 It has also been hypothesized that the iminomyco-

sporins may be precursors of various pigments in algae and corals.41

The logical suggestion that the shikimic acid pathway provides the

biosynthetic origin of the mycosporins and the iminomycosporins has

appeared without experimental corroboration.36

Chemically, the mycosporins (this term is used for all mycosporin-

like compounds) are water soluble and are isolated most commonly via

water and/or dilute acid elution of aqueous ethanolic extracts from ion

exchange chromatography columns. Mycosporins with amino acid substi-

tuents are highly susceptible to hydrolysis, readily decomposing to the

free amino acids and an unstable cyclohexane ring system. Relatively

stable derivatives of the mycosporins can be prepared by methylation

with diazomethane.37 Acetylation (acetic anhydride in pyridine)

promotes not only acetate formation but also dehydration to aromatic

compounds (eg. 22).27 Pyridine-assisted elimination of the tertiary

hydroxyl group makes aromatization very facile, leading to characteriz-

able phenol acetates such as 23.37

Ac20

Pyridine

AcO

22



H

NHO'-'

23

1) CH2N2

2) Pyridine
14

11

Optical activity has been reported for several of the mycosporins

but their absolute configuration is not known. A synthetic route to the

mycosporins would not only be valuable for the preparation of material

for study of their biological activity but a chiral synthesis would

permit assignment of absolute stereochemistry. Furthermore, if an

active role in sporulation of fungi can be attributed to mycosporins, a

synthetic study may lead to systems that can modulate this process. For

example, Ascochyta fabae, which contains mycosporin II, is a phytopatho-

genic deuteromycete parasite of the broad bean and has been investigated

for its production of ascochitine, an antibiotic drug responsible for

damage to leguminosae.35 If sporulation of this organism is linked to

mycosporins, dosing with exogenous material could lead to increased

production of this antibiotic.

Aside from their biological significance, the highly functional-

ized structures of the mycosporins offer a unique challenge to the

synthetic chemist. An early attempt at the synthesis of a mycosporin

was begun by Ruppert in the mid 1970's.52 Since the functionalization

exhibited by the mycosporins at C-1, C-2, and C-3 is rare among
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secondary metabolites and has little precedence in the synthetic

literaturd, the major goal of Ruppert's research was the construction of

a model cyclohexenone, such as 28, possessing an oxygen function at C-2

(ideally a methoxy group) and an amino, hydroxyl, or halo substituent at

C-3. This approach started from the cyclohexenones 25 and 27, readily

obtained from Birch reduction of the corresponding benzoic acid

derivatives (24 and 26).

CH ,O

CO 2H

1) Na /NH3

2) LiA1H4

24, R = H R2 = H

26, R
1

= H R2 = OCH3

3) H30+

25, R1 = H R2 = H

27, RI = H R2 = OCH3

28, R1 = OCH3 R2 = NHR,

OH, or Br

Although attempts to prepare 28 by this route were unsuccessful,

several results proved to be significant. Following the precedent that

Halpern and James had established with dimedone, 53 diketone 29,

obtained by hydrolysis of 27, condensed with one equivalent of 2-amino-

propane-1,3-diol (30) to give the vinylogous amide 31. The aminopropane-

diol was prepared in two steps from paraformaldehyde and nitromethane by

known procedures.54 The successful synthesis of amide 31 suggested

that attachment of an amino acid side chain required for the mycosporins

should not pose a problem.



H30+
27

29

OH
H

N OH

31

OH

The introduction of an oxygen substituent at C-2 was examined

next. The reaction of acetate 32 with osmium tetroxide afforded the

ketodiol 33, in which the C-2 oxygen function, presumably equatorial,

could be selectively acetylated (34).

HO

OH

0s0,

KC103

OAc OAc

32 33

HO

Ac20

OAc

34

13

Further studies along these lines by Widener were directed toward

oxidation and selective methylation of 33. However, this plan was

thwarted by low yields and the instability of key synthetic intermediates.
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Moreover, even if the Ruppert-Widener strategy had proved successful,

the major obstacle of introducing the tertiary alcohol at C-5 of myco-

sporin was still to be overcome.

The C-5 functionality of mycosporins is sensitive to both acid and

base, and the strong tendency toward elimination readily plunges the

system into aromaticity. Ruppert's plan for incorporating this function-

ality involved introduction of an olefin function under neutral

conditions using oxidation of an aromatic selenide. 55 56 This was to

be followed by hydroxylation with osmium tetroxide. Unfortunately,

this approach met with no success and an alternative route was briefly

explored in which the C-5 oxygen functionality was incorporated at an

earlier stage by means of a Diels-Alder reaction.

Following the precedent established by two previous syntheses of

quinic acid, (35)57,58 the reaction of a-acetoxyacrylate 36 with

butadiene afforded 37. Although this cyclohexene contains potentially

useful substituents for developing the C-5 functionality of mycosporin,

elaboration of this structure toward our goal proved difficult, and the

route was therefore abandoned.

OH

35
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Ph

0

0 OAc

AcO CO2 Ph

36 37

Nevertheless, the resemblance between the mycosporins and quinic

acid suggested that suitable intermediates might be fabricated conveni-

ently by refunctionalization of quinic acid itself. D-(-)-Quinic acid

(1,3,4,5- tetrahydroxy -1- cyclohexanecarboxylic acid, 35) not only con-

tains the required six-membered ring but also embodies functionality

that, in principle, can provide the enaminone moiety at carbons 1, 2 and

3. Most importantly, the C-5 tertiary alcohol functionality is already

emplaced. A further advantage to quinic acid as starting material is

the fact that it is available as a single enantiomer of known absolute

configuration and could thus be used to establish the absolute configura-

tion of the mycosporins.

D-(-)-Quinic acid (35) is inexpensive since it is found in large

quantities in apple, peach, and rose tissue.58 Its derivatives are

also common in plants. The ready availability of 35 thus makes it an

ideal material with which to launch an approach to the mycosporins. It

is conceivable that quinic acid and the mycosporins may be linked bio-

synthetically, although no evidence to support this possibility has been

reported.
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The synthesis of the mycosporins from quinic acid must fulfill

several requirements. First, it must be possible to distinguish between

the C-3, -4, and -5 hydroxyl groups so that they can be modified indepen-

dently. Second, a means must be found to reduce the carboxyl group at

C-1 to a primary alcohol. Third, a delicate oxidation at positions 3,

4 and 5 is required to raise these carbons to the level of the myco-

sporins, while avoiding processes that may lead to an aromatic ring.

Last, a method must be made available for incorporation of the necessary

amino group to complete the synthesis.

Widener converted (-)-quinic acid to the cyclopentylidene quinide

38 using methods similar to those previously developed for the corres-

ponding cyclohexylidene derivative. 59,60 Using a sodium borohydride

reduction, he then converted 38 to triol 39, also by analogy with known

35
H+

OH0-6
40

HO,

NaBH,

HO,,

0' _ 0 OH

0
38 39

41

H
+

ICH3><CH3
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procedures. 59 Protection of the primary and tertiary hydroxyl groups

was accomplished as an acetonide by the reaction of 39 with 2,2-dimeth-

oxypropane and catalytic p-toluenesulfonic acid. By this means, it was

hoped that the cyclopentylidene group could be removed selectively to

allow modification of the three secondary hydroxyl groups.

Although acid catalyzed acetonide formation from 39 was accom-

panied by transketalization, resulting in a significant amount of the

diacetonide 41, carefully controlled conditions permitted isolation of

40 in reasonable quantities. Several schemes for elaboration of 40 were

pursued, the most promising of which was transformation to the keto diol

43 via oxidation followed by selective hydrolysis of the resulting

cyclopentylidene ketal 42. Following the precedent of Ruppert's work,

43 was selectively acetylated to yield 44. Unfortunately, attempted

oxidation of 43 and 44 gave no useful products.

40
[0]

0

OAc

44

H30+

Ac20

43



18

Subsequently, Rewcastle undertook the task of extending Widener's

results. By methylation of 40, Rewcastle was able to produce the ether

46 and, although his attempts at oxidizing this diol to the diketone

failed, he was able to obtain what he believed to be the ketone 47.

Unfortunately, attempted oxidation of 47, as well as other modifications

of Widener's route, failed to establish a viable pathway to the

mycosporins.

40

OH

47

45

OCH3

OCH3

46
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II. APPROACHES TO THE MYCOSPORINS FROM QUINIC ACID

Following the lead established by Widener, D-(-)-quinic acid (35)

was selected as the starting material for a new approach to the myco-

sporins. The requirements for this exercise are the same as those

outlined previously. First, the three secondary hydroxyl groups must be

differentiated, independently functionalized, and oxidized while avoid-

ing elimination reactions leading to aromaticity. Second, the carboxyl

group must be reduced to a primary alcohol, for which a protecting group

must be introduced and removed selectively in a manner that avoids

complications with other the functionalities present. Finally, an entry

must be made available for an amino acid side chain.

(D)-Quinic acid58 was lactonized and protected as the cyclo-

pentylidene quinide 38, which was subsequently reduced to 39 with sodium

borohydride following a known procedure. 59,60 Widener and Rewcastle

had both used 40 as an intermediate in the expectation that the cyclo-

pentylidene ketal would be hydrolyzed more easily than the acetonide.

After modification had been made to the free hydroxyl group, it was

hoped that selective deprotection of the remaining secondary alcohols

would be possible.

However, access to 40 by treatment of 39 with 2,2-dimethoxypropane

and p-toluenesulfonic acid was complicated by simultaneous formation of

the diacetonide 41. Control of this reaction proved to be erratic and

chromatographic separation of 40 and 41 was difficult, so that alterna-

tive tactics were investigated for the protection of 39.61 An attempt

to construct the diphenylsilylene derivative 48 by reaction of 39 with

dichlorodiphenylsilane failed to provide a stable product.62
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The cyclic carbonate group is known to withstand conditions for

acidic hydrolysis that normally cleave acetals.61 It was therefore

anticipated that protection of the vicinal diol of 39 as a cyclic carbon-

ate would allow selective cyclopentylidene cleavage. The reaction of 39

with N,N'-carbonyldiimidazole (CDI) produced 49 which was readily trans-

formed to 50 in aqueous methano1.63 Although 49 was produced in high

yield, the inability to selectively cleave the imidazole-N-carboxylic

ester of this compound or the methylcarbonate of 50 to yield an alcohol

rendered these compounds unsatisfactory for further use.
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Primary alcohols can be selectively protected as pivaloate

esters 64 and it was hoped that this device could be applied to 39.

However, the reaction of 39 with pivaloyl chloride afforded both primary
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and secondary pivaloates 51 and 52, as well as the dipivaloate 53. The

lack of selectivity is presumably due to the neopentyl nature of the

primary alcohol which therefore allows the secondary alcohol to compete

effectively in this acylation.

39

0

(CH3)3CCC1

In light of these results, a return to the cyclopentylidene

acetonide 40 seemed to offer the best prospect for further progress.

Pyridinium chlorochromate (PCC)65 oxidized 40 to the ketone 42 from

which the ketodiol 43 was obtained by hydrolysis with 80% aqueous acetic

acid. At this point, a careful analysis of previous work by Ruppert

gave credence to the possibility of selectively protecting the

a-hydroxy group as a benzoate ester. Treatment of 43 with benzoyl

chloride66 in the presence of pyridine and 4-dimethylaminopyridine

(DMAP)67 did indeed furnish the ester 54, accompanied by the enone 55,
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resulting from elimination of a presumed dibenzoate intermediate.

Oxidation of 54 was tempting since this would have led to the targeted

mycosporin oxidation level. However, an achiral substance would have

been formed in this process and the desire to avoid a racemic synthesis

was of paramount importance in our plan.

43

0
11

PhCCl

54 55

In order to circumvent a pathway that would destroy chirality, a

variant of the Widener approach was considered in which lactonization of

quinic acid would serve to protect the carboxyl and 3-hydroxyl function-

ality and which would enable the remaining secondary alcohols to be

differentially modified. To this end, 35 was converted to its quinide

56 via the cyclopentylidene ketal 38. The latter was an obligatory

intermediate due to the insolubility of quinic acid in benzene. Thus,

reflux of a mixture of 35, cyclopentanone, and p-toluenesulfonic acid in

benzene through a Dean-Stark trap produced 38, which yielded 56 upon

hydrolysis with 80% aqueous acetic acid.

With the carboxyl and C-3 hydroxyl groups of quinic acid locked

as a y-lactone, the C-4 and C-5 hydroxyl groups are forced into
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respective axial and equatorial conformations. It was anticipated that a

bulky protecting group would selectively protect the less hindered

equatorial alcohol, thus leaving the axial secondary hydroxyl group

available for further transformation.68 Oxidation of the axial

alcohol and enolization at that position, followed by reduction of the

lactone and a further oxidation, would lead directly to a substance at

the mycosporin oxidation level.

Unfortunately, very little selectivity was observed in the

reaction of 56 with either t-butyldimethylsilyl chloride69 or with

t-butyldiphenylsilyl chloride (t-BDPSC1).70 Protection as the

t-butyldiphenylsilyl ether afforded a 3:2 mixture of equatorial vs.



axial products (57 and 59) which were characterized further as their

acetate derivatives (58 and 60).

t-BDPSC1
56 1, 0
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The poor selectivity of this reaction is apparently due to the

diminished sensitivity of silyl groups to steric factors. The oxygen-

silicon bond distance of about 1.9 A is sufficiently longer than the

1.5 A length of an oxygen-carbon bond that the bulky silyl group

resides out of range of possible 1,3-diaxial interactions.

With low selectivity at such an early stage of the synthesis, an

alternative route was investigated that removed the need for discrimina-

tion between the C-4 and C-5 hydroxyl groups. Quinic acid was again

lactonized, this time in the presence of benzaldehyde. Reduction of the

resulting diastereomeric mixture of benzylidene quinides, 61, with

sodium borohydride gave triol 62, in analogy to the cyclopentylidene

triol 39 prepared previously. Again, attempts to selectively protect

the primary alcohol and to expose only the secondary hydroxyl group to

oxidation were unsuccessful. Thus, reaction of 62 with pivaloyl chlor-

ide, as before, gave a mixture of both primary and secondary pivaloates

with little selectivity. t-Butyldiphenylsilyl chloride also failed to
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selectively block the primary position and acetylation of the triol with

acetic anhydride in pyridine gave the diacetate 63 in good yield.

The reaction of 0-benzylidene protected sugars with N-bromosuccin-

imide (NBS) has been studied extensively by Hanessian.71 This reac-

tion, which yields bromodeoxy sugars, has become a valuable tool in

carbohydrate synthesis. Following the Hanessian protocol, it was found

that the benzylidene derivative 63 reacted with N-bromosuccinimide to

give bromobenzoates 64 and 65 as a 2:1 mixture of regioisomers. The

triacetate 66, prepared from 62 by the addition of 4-dimethylamino-
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pyridine to the acetylation mixture, also gave a 2:1 ratio of regio-

isomers 67 and 68 when treated with N-bromosuccinimide. The mixture of

products was not totally unexpected as Hanessian had obtained 71 and 72

in a 2:1 ratio from a similar reaction with 70.
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The mechanism of this reaction is thought to involve radical

abstraction of hydrogen and replacement by a bromine atom to form a

bromo ketal 73. Loss of bromide leaves a benzyl cation which can

collapse by attack of bromide to give 65. Inversion of configuration

takes place at the site of bromide attack.72/73

OH
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65

The mixture of regioisomers 64 and 65 is undoubtedly due to the

trans diaxial ring opening of both chair conformations of 74. It

appears reasonable that conformer 74A should be more stable than 74B as

it has fewer 1,3-diaxial interactions and diaxial ring opening of the

major conformer, 74A, produces 64 as the predominant product.

It has been shown that acetates may be selectively cleaved in the

presence of benzoates using methanolic ammonia. For example Neilson
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and Werstiuk reported an excellent conversion of 75 to 76.74 However,

in the case of 64, no discrimination between the acetate and benzoate

esters was observed with ammonia, resulting in formation of a worthless

tetrahydroxy compound 69.

Ph

0

AcO

75

H

yPh

N N 0
Ph

50% NH3/CH30110 0
OH

20°, 2.5h, 85%
HO

76

OH

Since bromination of 63 had yielded a mixture of regioisomers due

to bromide attack on both conformers of 74, it was surmised that bromina-

tion of lactone 61, which is locked into a single conformation, would

78

Ph
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avoid this problem. Treatment of 61 with N-bromosuccinimide gave bromo

benzoate 78 in 81% yield. Clearly, the lactone functionality of 61, by

fixing the conformation of the molecule as shown, allows for only one

mode of trans diaxial ring opening of the benzylidene function. Thus,

axial attack of bromide on the carbonium ion 77 results in virtually

complete regiospecificity.

Based on our previous experience, it was expected that sodium

borohydride would reduce lactone 78 to a triol, and that subsequent

acetonide formation involving the primary and tertiary hydroxyl groups

would give 79. Reduction of 78 did indeed occur and the resulting diol

gave the expected acetonide 79. However, to our surprise, a significant

amount of 80 was also obtained from this sequence. Apparently, trans-

esterification of the benzoate group takes place under the conditions of

the reduction to produce a mixture of the two bromo benzoates. The

proportion of 79:80 varied with time, more transesterified product being

observed with a longer reaction period. Generally, the non-rearranged

benzoate 79 predominated.

78
1) NaBH4

2) 2,2-DMP
Br

79
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0,Ph
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With the preparation of 79 and 80 the task of distinguishing the

secondary hydroxyl functions of quinic acid had been accomplished.

Oxidation and introduction of an amino side chain constituted the

remaining goals and these were first addressed with 79. Oxidation of 79

to 81 was easily accomplished using pyridinium chlorochromate but the

latter proved to be unreactive toward both glycine methyl ester

79

81

NEt3

55, R H

84, R = Br

hydrochloride 82 and the reduced serine analog 83, prepared by

silylation of 30. However, 81 readily underwent elimination with

HCI-NH2 CO2CH3 NH2

82 83

triethylamine to produce 55, which was identical to the compound

previously prepared from 43. The same elimination to give 55 also

occurred readily with 1, 8- diazabicyclo[5.4.Olundec- 7-ene, and to a

lesser extent during silica chromatography of 81. The enone 55 also

failed to react with amine 83.
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Bromination of 55 was attempted in the hope of preparing 84. This

enone would be an ideal substrate for amino side chain attachment since

it could lead directly to a mycosporin precursor at the correct oxida-

tion level. However, 55 was completely unreactive toward bromine in

acetic acid as well as pyridinium bromide perbromide.

In the course of their synthesis of di- hasubanonine (87) Ibuka,

Tanaka, and Inubushi converted 85 to the bromo derivative 86 which

possesses the functionality analogous to 8475. The acetate in 85 was

first cleaved with aqueous hydrochloric acid and bromination was

carried out on the enoi. Since an acidic hydrolysis of the benzoate of

55 was not feasible due to the presence of the other acid-sensitive

functionality, basic conditions were employed for this transformation.

85

1) 75% HCl

2) Br2, HOAc CH3O

3) CH2N2 0 CH3

86 87

Addition of methanol, made basic (pH 9) by storage over molecular

sieves, to 55 resulted in formation of an unknown product that was

clearly aromatic by analysis of its NMR spectrum. Cleavage of the

benzoate was also attempted by reaction with ammonia in methanol but

this, too, led to an unidentified aromatic product.

Having pursued several unsuccessful approaches from 79, we turned

to the isomeric hydroxybenzoate 80 as an alternative substrate for
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elaboration. Our first task was to induce complete transesterification,

so that the ample supply of 79 might be converted to 80.

Addition of sodium hydride to 79 promoted transesterification of

the benzoyl group as expected, but the resulting bromohydrin was

immediately converted to epoxide 88. Subjection of 79 to the sodium

borohydride reduction conditions that promoted transesterification

originally, resulted in a 1:1 mixture of 80 and 88. These products were

not easily separable by chromatography but, after the mixture was

exposed to pyridinium chlorochromate, the chromatographic separation of

ketone 89 from 88 was trivial. Unlike the analogous oxidation of 79,

which occurred at room temperature, oxidation of 80 required refluxing

dichloromethane. These more vigorous conditions were necessary in the

case of 80 due to the sterically hindered nature of the hydroxyl group.

79
Na8H,

80 v.

89

88

Ph
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In order to raise 89 to the mycosporin oxidation level, an attempt

was made to displace the bromo substituent in a process that would

simultaneously accomplish the required oxidation. Alkyl halides are

known to react with bis-tetrabutylammonium dichromate to form

ketones,78 and this reaction was attempted with 89 in the hope of

preparing an a-diketone 90 which would be expected to tautomerize to

91. Unfortunately, no reaction was observed in this case and

consequently other methods were considered for the acquisition of 90.

0

90

Ph

OH

-91

Ph

Several groups have described the preparation of a-diketones via

dimethylsulfoxide-induced oxidation of a-bromoketones. 77
Because

this oxidation proceeds by SN2 attack of the sulfoxide oxygen at the

brominated carbon, the reaction is sensitive to steric constraints and,

thus, oxidation of secondary alcohols is often sluggish. Bauer and

Macomber78 solved this problem by developing a convenient, high-

yielding process in which displacement of bromide from 92 by the more

reactive iodide yields the a-iodo ketone 93. A subsequent, facile

attack by dimethylsulfoxide (DMSO) and base-induced elimination from 94

lead to an a-diketone 95.
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In our case, treatment of bromo ketone 89 with dimethylsulfoxide,

potassium iodide, and sodium carbonate did not produce an a-diketone

but, instead, afforded 96 and 55. Apparently elimination of the

89
DMS0

KI
Na2CO3

96

55

expected iodide intermediate is more facile than sulfoxide displacement

and results only in the two a, ,8- unsaturated ketones. Compound 55 is

presumably formed via a mechanism involving transesterification of 97

and subsequent elimination from 98 as shown.

89

97

98

55
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Another tactic for oxidation of 89 envisioned hydrolysis of the

benzoyl group, exposing an a-hydroxyketone which could undergo oxida-

tion to the target a-diketone. Cleavage of the benzoate was accom-

plished by treatment of 89 with aqueous lithium hydroxide in methanol at

room temperature. However, in addition to less of the benzoate, a

further reaction had taken place to yield 99. Repetition of the reac-

tion at a lower temperature resulted in isolation of the benzoate 100

along with 99. The same mixture was also obtained from the reaction of

89 with potassium carbonate in methanol.

89

100

Ph

After considerable experimentation, reaction conditions were found

that resulted in 100 as the major product. Thus, one equivalent of

potassium carbonate in dry methanol was allowed to react slowly with 89

as the temperature was raised from -40° to 0°C. Subsequent addition

of pyridinium p-toluenesulfonate catalyzed formation of the dimethyl

ketal. A plausible mechanism involves attack on the ketone by methoxide

to produce a trans alkoxybromide 101 which undergoes displacement to

give epoxide 102. Acid catalyzed epoxide opening of 102 in the presence

of methanol produces 100 with the indicated stereochemistry.
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The analogous reaction of 89 with aqueous potassium carbonate in

the absence of methanol gave an excellent yield of a-hydroxyketone

104, presumably by a similar mechanism.
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Both the ketal 100 and the hydroxy ketone 104 were investigated

as potential mycosporin precursors. It was hoped that 104 could be

oxidized to an a-diketone so that methylation of the tautomeric enol

form, followed by condensation with a suitable amine, would lead to a

protected version of mycosporin. Unfortunately, oxidation of 104 using

pyridinium dichromate,79 pyridinium chlorochromate,65 copper(II)

acetate in acetic acid, 80 or Swern conditions81 provided only a host

of uncharacterized decomposition products, and this plan was therefore

abandoned.

An alternative method for introducing the side chain appeared to

lie in the conversion of 104 to its mesylate, thereby permitting

displacement with an amine at an oxidation level below that of the

mycosporin system. However, the reaction of 104 with methanesulfonyl

chloride in the presence of triethylamine gave the familiar enone

benzoate 55, presumably via 105 which rearranged to benzoate 106 and

then suffered elimination of mesylate.
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Although 104 had been recalcitrant toward oxidation, its ketal 100

was much more compliant, since treatment of 100 with pyridinium chloro-

chromate smoothly furnished the ketone 107 as a stable, crystalline

product. The desired mycosporin oxidation level had been attained at

last; only the elimination of methanol and replacement of the benzoate

by the amino side chain was needed to reach a synthetic mycosporin.

Unfortunately, these final operations have proven to be a non-trivial

100
PCC

107 108

Ph
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task. Exposure of 107 to camphorsulfonic acid in benzene resulted in

unchanged starting material and treatment with trimethylsilyl iodide82

was also without success.

A detour around this impasse was thought to lie in hydrolysis of

the dimethyl ketal 107 and subsequent methylation of the enol tautomer

with diazomethane which would provide 108. Acid catalyzed hydrolysis of

methyl ketals is generally more facile than that of acetonides and there-

fore mild conditions using aqueous ammonium chloride or aqueous hydro-

chloric acid were chosen in attempts to selectively hydrolyze the methyl

ketal of 107.61 To our surprise, these conditions did not affect the

methyl ketal at all but rather promoted elimination of the t3-acetonide

to yield 109. Apparently, the electronic influence of the neighboring

keto group retards hydrolysis of the ketal and thus /3-elimination of

the acetonide prevails.

0
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Brief treatment of 107 with aqueous trifluoroacetic acid cleanly

hydrolyzed the acetonide to produce diol 110. However, longer reaction

times, in the hope of achieving ketal hydrolysis, went unrewarded. The
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ketal was still intact, even after several days exposure to trifluoro-

acetic acid, whereas slow elimination from 110 led to 109 over the

course of the reaction time.

Throughout the latter stages of this synthetic exercise, where

conformational effects due to substituents on the heavily functionalized

cyclohexane could play a prominent role, the NMR spectra of key

intermediates were carefully scrutinized. Thus, it is of interest to

compare the NMR spectra of 100, 107, and 110, particularly as they

relate to the conformation of these structures. The proton on carbon

bearing the benzoate has a chemical shift of S 5.65, 5.67, and 5.65 in

these compounds respectively, and its resonance is split into a doublet

of doublets by the two neighboring hydrogens. The splitting patterns

for this proton in 100 (3=9.5, 3.9 Hz) and 110 (3=10.3, 4.4 Hz) indicate

that both axial-axial and axial-equatorial couplings are present and

imply that these structures adopt the conformations shown, in which

1,3-diaxial interactions are minimal. On the other hand, the splitting

100

107

H

110



41

pattern for the corresponding proton of 107 (3=3.9, 3.0 Hz) allows only

equatorial-equatorial and axial-equatorial coupling, which suggests a

conformation where the benzoate and the methylene group of the acetonide

are both axial. It is not obvious why 107 should maintain a conforma-

tion having a rather severe 1,3- diaxial interaction, but evidently the

transformation of the alcohol function of 100 to the keto group of 107

is accompanied by a dramatic conformational reorganization.

The diol 110 represents the most advanced stage in our progress

toward synthesis of the mycosporins. Within this structure are embodied

several of the major objectives conceived at the outset of this study.

Not the least of these are the elevation of quinic acid to the myco-

sporin oxidation level and preservation of the chirality provided by our

starting material. Completion of this route will hinge on our ability

to remove a mole of methanol from 110 or a close relative. Once

accomplished, however, this should provide an entry to the mycosporin

family through attachment of the appropriate side chains. Amen.



III. EXPERIMENTAL

General

42

Solvents were dried and distilled shortly before use by standard

methods. 83 Ether and tetrahydrofuran were distilled from sodium and

benzophenone under nitrogen. "Ether" used in workups refers to diethyl

ether, distilled but not dried. Benzene and toluene were distilled from

sodium and benzophenone under nitrogen and stored over 4A molecular

sieves. Dichloromethane, acetonitrile, dimethylformamide, dimethyl-

sulfoxide, pyridine, and other amines were distilled from calcium

hydride under nitrogen. Methanol was distilled from magnesium turnings.

Unless otherwise noted, starting materials were obtained from

commercial suppliers and used without further purification. Brine

refers to a saturated aqueous solution of sodium chloride. For isolation

of reaction products, the solvent was removed by rotary evaporation at

water aspirator pressure and residual solvent was removed under vacuum,

usually at less than 0.2 Torr. Reactions were routinely carried out

under an inert atmosphere of argon or nitrogen. Reaction flasks and

syringes were dried in an oven at 165°C and allowed to cool in a

dessicator over anhydrous calcium sulfate prior to use. Alternatively,

flasks were flame-dried under a stream of nitrogen or argon.

Analytical thin-layer chromatography (TLC) was conducted on

precoated TLC plates (silica gel 60 F-254, layer thickness 0.2 mm,

manufactured by E. Merck). Unless otherwise indicated, products were

visualized by oxidation of TLC plates with 3% cerium (IV) sulfate in 3N
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sulfuric acid. Flash chromatography was used routinely following the

procedure outlined by W. Clark Sti11.84 Silica gel columns for flash

chromatography utilized E. Merck silica gel 60 (230-400 mesh ASTM).

Medium pressure liquid chromatography (MPLC) was performed using an FMI

solvent pump. High pressure liquid chromatography (HPLC) was performed

using a Waters M-45 solvent delivery system with a Waters U-45 injector

and Waters semipreparative silica column. An ISCO variable wavelength

ultraviolet absorption detector was used for both high and medium

pressure liquid chromatography.

Rf values for analytical thin layer chromatography are given as a

general indication of relative polarity and are not intended to be

precisely reproducible. Melting points were obtained on a Buchi melting

point apparatus and are uncorrected. Infrared (IR) spectra were deter-

mined on a Perkin-Elmer Model 727B spectrophotometer. Proton nuclear

magnetic resonance (1H NMR) spectra were recorded on either a Varian

EM-360A, HA-100, FT-80A, IBM NR-80F, or Bruker AM-400 spectrometer.

Chemical shifts are expressed in ppm downfield from internal tetramethyl-

silane (TMS, 0.00). 1H NMR data are tabulated in order: multiplicity

(s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; bs, broad

singlet; dd, doublet of doublets; etc.), number of protons, coupling

constants (3) in Hertz. Carbon nuclear magnetic resonance (13C NMR)

spectra were recorded on either a Varian FT-801 IBM NR-80F, or a Bruker

AM-400 spectrometer. 13C Chemical shifts are also expressed in ppm

downfield from internal TMS (0.00). Optical rotations were measured in

1 dm cells of 1 mL capacity using a Perkin-Elmer Model 243 polarimater.

Low resolution mass spectra (MS) were obtained with either a Varian MAT

CH-7 or a Finnigan Model 4500 spectrometer at an ionization potential of
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70 eV. Exact mass determinations were performed on either a CEC-110C or

a Kratos MS-50 spectrometer at an ionization potential of 70 eV. Elemen-

tal analyses were performed by MicAnall Tucson, Arizona.

(1S,3R,4R,5R)-3,4-0-Cyclopentylidene-1,3,4-

trihydroxy-6-oxabicyclot3.2.11octan-7-one (38).

A mixture of d-(-)-quinic acid, (35, 25.00 g, 0.13 mol),

p-toluenesulfonic acid (0.11 g, 0.60 mmol), cyclopentanone (200 mL, 190

g, 2.26 mol), and benzene (250 mL) was stirred under reflux for 20 h

with water removal via a Dean-Stark trap. After cooling to room

temperature, sodium bicarbonate (0.15 g, 1.78 mmol) was added and the

mixture vigorously stirred for 15 min. Filtration through a bed of

charcoal and solvent evaporation left a residue which was dissolved in

dichloromethane and boiled with decolorizing carbon. Filtration and

solvent removal gave a solid which was recrystallized from benzene.

Further treatment of the mother liquour with decolorizing carbon enabled

crystallization of more product, yielding a total of 25.20 g (80%) of

38: Rf (ethyl acetate) 0.60; mp 139-141°C; [s]20D -38° (c

2.3, CHC13); IR (KBr) 3450, 1780 cm-I; 1H NMR (CDC13) S 4.67

(dd, 1H, J=3, 6 Hz), 4.25 (m, 2H), 3.05 (s, 1H), 2.62 (d, 1H, J=12 Hz),

2.25 (m, 3H), 1.8 (m, 2H), 1.65 (s, 6H); MS m/z 240 (Mi.).

Anal. Calcd for C12H1605: C, 59.99; H, 6.71. Found: C,

60.01; H, 6.72.
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(1R,2S,3R,5R)-1,2-0-Cyclopentylidene-

1,2,3,5-tetrahydroxy-5-hydroxymethylcyclohexane (39).

A solution of 38, (0.88 g, 3.70 mmol) in ethanol (20 mL) was stir-

red at room temperature with sodium borohydride (0.88 g, 23 mmol) for 20

h. Saturated, aqueous sodium chloride (20 mL) was added, and the mix-

ture was stirred for an additional 12 h. The product was extracted with

chloroform (5 x 30 mL) and the combined extracts were dried (sodium

sulfate) and concentrated to give crude triol 39 as a yellowish oil

(0.77 g, 86%). Crystallization from ethyl acetate/ethanol yielded 563

mg (63%) of 39 as a colorless solid: Rf (5% methanol/dichloromethane)

0.05; mp 93-94°C; [c]20D -42.3° (c 4.68, CH3OH); IR (KBr)

3350 cm-1; 1H NMR (d6-DMS0) S 5.20-4.90 (m, 1H), 4.50 (m, 1H),

4.30 (s, 1H), 4.10 (m, 3H), 3.50 (bs, 2H), 2.00 (m, 12H); MS m/z 244

(e); exact mass m/z 244.129 (Mt, calcd for C12H2005 244.131).

(5R,7R,8S,9R)-8,9-0-Cyclopentylidene-7,8,9-trihydroxy-

2,2-dimethy1-1,3-dioxaspiro[4.5]decane (40) and

(5R,7R,8S,9R)-8,9-0-Acetonide-7,8,9-trihydroxy-

2,2-dimethy1-1,3-dioxaspiro[4.51decane (41).

A solution of 39 (76 mg, 0.31 mmol), p-toluenesulfonic acid

(trace), dimethoxypropane (1 mL, 0.85 g, 8 mmol) and acetone (2.5 mL) in

dichloromethane (1 mL) was heated to reflux and then allowed to cool to

room temperature. The reaction was quenched by stirring with solid
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sodium bicarbonate. Filtration and solvent removal left a mixture which

was separated by medium pressure liquid chromatography (ethyl acetate)

to yield the monoacetonide 40 (28 mg, 32%) and diacetonide 41 (23 mg,

29%).

Cyclopentylidene acetonide, 40: Rf (ethyl acetate) 0.54;

[S]20D -14.7° (c 0.15, CHC13); IR (neat) 3500 cm-1; 1H NMR

(CC14) S 4.10 (m, 2H), 3.75 (m, 3H), 3.00 (s, 1H), 1.85 (m, 4H),

1.60 (m, 8H), 1.30 (s, 6H); MS m/z 284 (e), 269 (M+-15); exact mass

m/z 284.161 (Mt, calcd for C102405 284.162).

Diacetonide, 41: Rf (ethyl acetate) 0.46; ka,1 201) -23.0°

(c 0.33, CHC13); IR (CHC13) 3450 cm-I; IH NMR (CDC13) S

4.40-3.80 (m, 3H), 3.75 (s, 1H), 3.73 (s, 1H), 2.00 (m, 4H), 1.50 (s,

3H), 1.38 (s, 6H), 1.34 (s, 3H); MS m/z 243 (M+-15); exact mass m/z

243.121 (M+-151 calcd for C12H1905 243.123).

(5S,8R,9R)-8,9-0-Cyclopentylidene-8,9-dihydroxy-

2,2-dimethy1-1,3-dioxaspiro[4.5]decan-7-one (42).

Pyridinium chlorochromate (2.43 g, 11.24 mmol) was suspended in

dichloromethane (15 mL) under argon, and a solution of 40 (799 mg, 2.8

mmol) in dichloromethane (6 mL) was added rapidly at room temperature.

After 9 h the black reaction mixture was diluted with ether and the

solvent was decanted. The residual black solid was washed with ether

and the combined washings were filtered through a pad of silica on

Florisil. Evaporation of the solvent at reduced presure left 450 mg

(57%) of 42: Rf (10% ether/dichloromethane) 0.26; mp 105-107°C;
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[a1200 -49.5° (c 1.83, CHC13); IR (K8r) 1720 cm-1; 1H NMR

(CDC13) S 4.48 (m, 1H), 4.25 (d, 1H, J=7 Hz), 3.80 (s, 2H), 2.67 (d,

1H, J=1 Hz), 2.60 (s, 1H), 2.25 (m, 2H), 2.10-1.60 (m, 8H), 1.40 (s,

6H); MS m/z 282 (e), 267 (M+-15); exact mass m/z 282.147 (Mt,

calcd for C102205 282.147).

(5S,8R,9R)-8,9-Dihydroxy-2,2-dimethyl-

1,3-dioxaspiro[4.51decan-7-one (43).

A solution of 42 (302.5 mg, 1.07 mmol) in 80% acetic acid (20 mt.)

was set aside at at 0° C for 1 week. Solvent evaporation by vacuum at

room temperature left a residue from which 124 mg (54%) of 43 was

isolated after flash chromatography (ethyl acetate): Rf (20% ether/-

dichloromethane) 0.09; IR (CHC13) 3500, 1735 cm-1; 1H NMR

(CDC13) S 4.40 (m, 1H), 4.20 (m, 1H), 3.87 (s, 2H), 3.47 (bs, 1H),

3.35 (bs, 1H), 2.7 (m, 2H), 2.45-2.10 (m, 2H), 1.45 (s, 6H).

(5R,7R,8R,9R)-8,9-0-Cyclopentylidene-

7,8,9-trihydroxy-7-0-fimidazole-N-carboxv11-

1,3-dioxaspiro[4.51decan-2-one (49).

A solution of carbonyldiimidazole (608 mg, 1.67 mmol) in hot

benzene was added dropwise to a solution of 39 (103 mg, 0.42 mmol) in

refluxing benzene (20 mt.) under nitrogen over the course of 1 h. The

reaction mixture was allowed to cool to room temperature and the solvent
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was removed by vacuum evaporation. Saturated aqueous sodium chloride

was added and the product was extracted into ether. The ethereal

extract was dried (magnesium sulfate) and the solvent was evaporated to

yield 139 mg (90%) of 49. An analytical sample was prepared by

recrystallization from ether: Rf (5% methanol/chloroform) 0.17; mp

165-167°C; IR (KBr) 1780, 1760 cm-1; 1H NMR (CDC13) S 8.00 (s,

1H), 7.30 (s, 1H), 7.00 (s, 1H), 5.40 (septet, 1H), 4.20 (m, 4H), 2.50

(m, 2H), 2.05 (m, 4H), 1.70 (m, 6H); MS m/z 364 (e), 336 (M+-28),

335 (M+-29).

Anal. Calcd for C17H20207: C, 56.03; H, 5.54; N, 7.69.

Found: C, 55.75; H, 5.52; N, 7.65.

(5S,7R,8R,9R)-8,9-0-Cyclopentylidene-

7,8,9-trihydroxy-7-0-fmethy1-0-carboxy11-

1,3-dioxaspiro(4.51decan-2-one (50).

A solution of carbonyldiimidazole (675 mg, 4.16 mmol) in hot

benzene (10 mL) was added dropwise to a solution of 39 (112.8 mg, 0.46

mmol) in refluxing benzene under nitrogen over the course of 15 min.

The reaction was cooled to room temperature and the benzene was

evaporated. To the residue was added aqueous methanol (20 mL, 1%

water/methanol) and the solution was stirred overnight (18 h). Solvent

evaporation left a white solid to which brine was added. The product

was extracted into ether and the ethereal solution was dried (sodium

sulfate). Removal of the solvent and crystallization (ether/hexane)

yielded 105 mg (85%) of 50 as feathery white crystals: Rf (5%
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methanol/dichloromethane) 0.55; mp 125-130°C; m200 -1.76°

(c 1.1, CHC13); IR (CHC13) 1800, 1745 cm-I; 1H NMR (CDC13)

S 5.00 (m, 1 H), 4.15 (m, 4H), 3.75 (s, 3H), 2.40 (m, 2H), 2.00 (m,

4H), 1.70 (s, 6H); MS m/z 328 (e), 299 (M+-29).

Anal. Calcd for C102008: C, 54.88; H, 6.14. Found: C,

54.29; H, 6.21.

(1R,2S,3R,5R)-1,2-0-Cyclopentylidene-1,2,3,5-tetrahydroxy

-5-pivaloyloxymethylcyclohexane (51),

(1R,2R,3R,5S)-1,2-0-Cyclopentylidene-1,2,5-trihydroxy

5-hydroxymethy1-3-pivaloyloxycyclohexane '(52), and

(1R,2R,3R,5S)-1,2-0-Cyclopentylidene-1,2,5-trihydroxy

3-pivaloyloxy-5-pivaloyloxymethylcyclohexane (53).

A solution of 39 (500 mg, 2.05 mmol) in pyridine (25 mL) was

cooled to 0°C under argon. A solution of pivaloyl chloride (245 mg,

25 mL, 2.03 mmol) in pyridine (0.5 mL) was added dropwise and the

reaction was set aside at 5°C for 1 week. Ice was added and the

mixture was allowed to warm to room temperature. The solvent was

evaporated under vacuum and the residue was taken up into

dichloromethane. The solution was washed with saturated aqueous sodium

bicarbonate and with saturated aqueous copper (II) sulfate, and dried

over sodium sulfate. Filtration and solvent evaporation left a mixture

of mono and di pivalates which was separated by medium pressure liquid

chromatography (ether) to give 53 (79.3 mg, 19%), 52 (20.7 mg, 6%), and

51 (54.4 mg, 17%).
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Pivalate, 51: Rf (ether) 0.38; [a]20D -36.9° (c 0.42,

CHC13); IR (CHC13) 3550, 1730 cm-I; 1H NMR (CDC13) S 4.25

(m, 2H), 4.13 (d, 1H, J=7 Hz), 3.93 (s, 2H), 3.13 (bs, 1H), 2.87 (bs,

1H), 2.20-1.60 (m, 12H), 1.20 (s, 9H); MS m/z 328 (e); exact mass m/z

328.187 (Mt, calcd for C17H2806 328.189).

Pivalate, 52: Rf (ether) 0.20; [a]20D -46.1° (c 0.18,

CHC13); IR (CHC13) 3550, 1730 cm-I; 1H NMR (CDC13) S 1.8

(ddd, 1H, J=10, 7, 5 Hz), 4.33 (m, 1H), 4.00 (t, 1H, J=6 Hz), 3.40 (s,

1H), 3.34 (s, 1H), 2.50-1.40 (m, 12H), 1.18 (s, 9H); MS m/z 328 (e);

exact mass m/z 328.19 (M+1 calcd for C17H2806 328.189).

Dipivalate, 53: Rf (ether) 0.69; crystallized from ether/water,

mp 132-133°C; [c]20D
-38° (c 1.56, CHC13); IR (CHC13)

3560, 1730 cm-I; 1H NMR (CDC13) S 5.22 (ddd, 1H, J=10, 7, 5 Hz),

4.30 (m, 1H), 4.01 (d, 1H, J=6 Hz), 3.92 (s, 2H), 3.28 (s, 1H),

2.20-1.45 (m, 12H), 1.23 (s, 9H), 1.20 (s, 9H); MS m/z 413 (M++1).

Anal. Calcd for C22H3607: C, 64.06; H, 8.80. Found: C,

63.81; H, 8.95.

(5S,8R,9R)-8-Benzoyloxv-9-hvdroxy-

2,2-dimethy1-1,3-dioxaspiro[4.5]decan-7-one (54).

To a solution of 43 (11.3 mg, 0.05 mmol) in dichloromethane under

nitrogen was added pyridine (0.025 mL, 0.31 mmol, 6 eq), dimethylamino-

pyridine (7.6 mg, 0.06 mmol, 1.2 eq), and benzoyl chloride (0.017 mL,

0.15 mmol, 3 eq) and the reaction mixture was stirred for 36 h at room

temperature. The solvent was evaporated and the residue was purified
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by preparative thin layer chromatography (2% methanol/dichloromethane)

to yield 3.7 mg (22%) of 54: Rf (2% methanol/dichloromethane) 0.35; IR

(CHC13) 3550, 1750, 1730 cm-1; 1H NMR (CDC13) S 8.13 (m, 2H),

7.47 (m, 3H), 5.49 (d, 1H, J=4 Hz), 4.57 (m, 1H), 3.94 (s, 1H), 3.92 (s,

1H), 2.75 (bs, 2H), 2.35 (m, 2H), 1.45 (s, 3H), 1.43 (s, 3H); MS m/z 320

(e), 305 (M+-15); exact mass m/z 320.127 (M+, calcd for

C17H2006 320.126).

(5S)-8-Benzoyloxy-2,2-dimethy1-1,3-

dioxaspiro[4.5]dec-8-en-7-one (55).

From 43:

To a solution of 43 (23.4 mg, 0.11 mmol) in dichloromethane were

added pyridine (0.044 mL, 0.54 rrrnol, 5 eq), dimethylaminopyridine (15

mg, 0.13 mmol, 1.1 eq), and benzoyl chloride (0.014 mL, 0.12 mmol, 1.1

eq) and the mixture was stirred at 45°C. More dimethylaminopyridine

(15 mg, 0.13 mmol, 1.1 eq) and benzoyl chloride (0.014 mL, 0.12 mmol,

1.1 eq) were added and heating was continued for a further 2 h. The

mixture was diluted with dichloromethane and washed with water and

saturated sodium bicarbonate solution. The organic layers were dried

(sodium sulfate) and the solvent was removed to leave a residue from

which 2.3 mg (7%) of 55 was separated by preparative thin layer

chromatography (2% methanol/dichloromethane): Rf (10% ether/dichloro-

methane) 0.45; mp 124-125°C; [c'201) -7.2° (c 0.22, CHC13);

IR (CHC13) 1745, 1710 cm-1; 1H NMR (CDC13) S 8.10 (m, 2H),

7.63-7.46 (m, 3H), 6.65 (t, 1H, J=4.5 Hz), 3.97 (d, 1H, J=8.9 Hz, AB),
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3.93 (d, 1H, J=8.9 Hz, AB), 2.95 (d, 1H, J=16.0 Hz, AB), 2.89-2.76 (m,

3H), 1.43 (s, 3H), 1.42 (s, 3H); 13C NMR (CDC13) S 203.65, 178.24,

135.63, 122.91, 121.18, 119.76, 118.47, 117.86, 99.72, 70.11, 62.83,

38.42, 25.71, 16.39, 16.21; MS m/z 302 (e), 287 (M+-15); exact mass

m/z 302.115 (Mk, calcd for C17H1805 302.115).

From 81:

To a solution of 81 (215 mg, 0.56 mmol) in dichloromethane (3.5

mL) at room temperature was added triethylamine (0.2 mL). After 3.5 h

the reaction mixture was washed with 5% aqueous hydrochloric acid and

diluted with dichloromethane. The organic solution was washed with 5%

aqueous sodium bicarbonate and water, and was dried over sodium

sulfate. Filtration through silica, followed by evaporation of the

solvent, left 146 mg (86 %) of 55 as a white crystalline solid which was

recrystallized from ether. The product was identical to that prepared

from 43.

From 104:

To a solution of 104 (35.5 mg, 0.11 mmol) and triethylamine (0.077

mL, 0.55 mmol) in dichloromethane (2 mL) was added methanesulfonyl

chloride (0.017 mL, 0.22 mmol), and the mixture was stirred at room

temperature under argon for 0.5 h. The reaction was quenched with

saturated aqueous sodium bicarbonate (2 mL) and extracted with dichloro-

methane. Evaporation of the solvent left 43 mg of crude product from

which 55 was isolated by thin-layer chromatography, using 10% ether/

dichloromethane. For characterization, further purification by flash
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chromatography (2% ether/dichloromethane) was necessary and gave 5 mg

(15%) of 55, identical to material prepared from 43 and from 81.

(1S,3R,4R,5R)-1,3,4-trihydroxy-

6-oxabicyclo[3.2.11octan-7-one (56).

A solution of 38 (800 mg, 3,3 mmol) in 80% acetic acid (20 mL) was

stirred at room temperature for 24 h, and then heated to 55°C for a

further 24 h. Removal of the solvent via rotary evaporator as an

azeotrope with cyclohexane left a residue which was purified by flash

chromatography, eluting with a large volume of ethyl acetate. This gave

390 mg (67%) of 56. Further purification could be achieved by

sublimation: Rf (ethyl acetate) 0.26; mp 180-186°C; [a120D

-28.1° (c 0.442, CH3OH); IR (KBr) 3325, 1790 cm-1; 1H NMR

(d6 -DMSO) S 6.19 (s, 1H), 5.50 (d, 1H, J=4 Hz), 5.12 (d, 1H, J=7

Hz), 4.80 (t, 1H, J=5 Hz), 4.14 (dt, 1H, J=4, 5 Hz), 3.85 (m, 1H), 2.65

(d, 1H, J=11 Hz), 2.52 (dd, 1H, J=2, 5 Hz), 2.20 (d, 1H, J=2 Hz), 2.12

(d, 1H, J=11 Hz); 13C NMR (d6 -DMSO) S 177.5, 75.8, 71.4, 65.4,

65.1, 36.6; MS m/z 156 (M+-18).

Anal. Calcd for C7H1005: C, 48.27; H, 5.80. C, 48.28; H,

5.83.
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(1R,3R,4S,5R)-3-[t-Butyldiphenylsilyloxy]-

1,4-dihydroxy-6-oxabicylo(3.2.11octan-7-one (57)

and (1S,3R,4R,5R)-4-(t-Butyldiphenylsilyloxy1-

1,3-dihydroxy-6-oxabicyclo[3.2.1]octan-7-one (59).

t-Butyldiphenylsilyl chloride (0.26 mL, 1 mmol) was added dropwise

at room temperature to a solution of 56 (174.2 mg, 1.0 mmol) and

imidazole (170.0 mg, 2.5 mmol) in dimethylformamide (1.5 mL). The

mixture was stirred for 1.5 h and the solvent was removed under vacuum.

The resulting mixture of 57 and 59 was separated by medium pressure

liquid chromatography (10% ether/dichloromethane) to yield 122.0 mg

(30%) of the less polar 57 and 85.0 mg (20%) of the more polar 59.

57: Rf (10% ether/dichloromethane) 0.31; [a]20D -51.8° (c

0.52, CHC13); IR (neat) 3450, 1790 cm-1; 1H NMR (CDC13) S 7.45

(ml__ 10H), 4.73 (dd, 1H, J=5, 4 Hz), 3.85 (m, 2H), 3.10 (s, 1H), 3.00 (s,

1H), 2.60 (d, 1H, J=11 Hz), 2.25 (dd, 1H, J=6, 3 Hz), 1.90 (m, 2H), 1.10

(s, 9H); MS m/z 355 (M+-57).

59: Rf (10% ether/dichloromethane) 0.19; [a]201) 24.3° (c

0.18, CHC13); IR (neat) 3450, 1795 cm-1; 1H NMR (CDC13) S 7.50

(m, 10 H), 4.15 (m, 2H), 3.70 (m, 1H), 3.50 (bs, 1H), 2.56 (d, 1H, J=11

Hz), 2.10 (m, 5H), 1.10 (s, 9H); MS m/z 355 (M+-57); exact mass m/z

355.102 (M+-57, calcd for C19H1905Si 355.100).
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(1R,3R,4S,5R)-1,4-Diacetoxy-3-

[t-butyldiphenylsilyloxy]-6-oxabicyclo[3.2.1]octan-7-one (58) and

(1S,3R,4R,5R)-1,3-diacetoxy-4-[t-butyldiphenylsilyloxy]-

6-oxabicyclo[3.2.1loctan-7-one (60).

To a solution of 57 and 59 (89.0 mg, 0.22 mmol) in chloroform (1

mL) at room temperature was added pyridine (0.1 mL, 97.8 mg, 1.20 mmol),

acetic anhydride (0.1 mL, 108 mg, 1.06 mmol) and a catalytic amount of

4-dimethylaminopyridine. After stirring for 24 h the mixture was

diluted with ether and washed three times with saturated aqueous copper

sulfate. The organic layer was washed further with brine, saturated

aqueous sodium bicarbonate, and then again with brine. The solution was

dried (sodium sulfate) and filtered, and the solvent was removed to

leave a mixture of 58 and 60 (50 mg) which was separated by medium

pressure liquid chromatography (2:1 hexane/ether) to give the more polar

58, (26.7 mg, 25%) and the less polar 60, (15.6 mg, 15%).

58: Rf (2:1 hexane/ether) 0.14; 10(120D -25.1° (c 0.215,

CHC13); IR (neat) 1810, 1750 cm-1; 1H NMR (CDC13) S 7.40 (m,

10), 5.10 (t, 1H, J=5 Hz), 4.63 (t, 1H, J=6 Hz), 3.95 (m, 1H), 2.85

(ddd, 1H, J=11, 6, 3 Hz), 2.43 (d, 1H, J=11 Hz), 2.16 (s, 3H), 2.05 (s,

3H), 1.90 (dd, 1H, J=6, 3 Hz), 1.60 (m, 1H); MS m/z 496 (e), 453

(M+-43), 439 (M+-57); exact mass m/z 439.120 (M+-57, calcd for

C23H2307Si 439.121). The quinide 58 was also prepared in 62%

yield from 57 by an analogous procedure.

60: Rf (2:1 hexane/ether) 0.24; [0120D 24° (c 0.425,

CHC13); IR (neat) 1800, 1740 cm-1; 1H NMR (CDC13) S 7.50 (m,

10H), 4.87 (ddd, 1H, J=10, 7, 3 Hz), 4.38 (m, 2H), 2.90 (m, 2H), 2.35
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(m, 2H), 2.10 (s, 3H), 1.80 (s, 3H), 1.15 (s, 9H); MS m/z 453 (M +-43),

439 (M+-57); exact mass m/z 439.119 (M+-571 calcd for

C23H2307Si 439.121).

(1S,3R,4R,5R)-314-0-Benzylidene-1,3,4-

trihydroxy-6-oxabicyclo[3.2.1]octan-7-one (61).

A suspension of quinic acid (35, 5 g, 0.026 mol) in benzene (100

mL) and benzaldehyde (20 mL) containing a catalytic amount of

p-toluenesulfonic acid was refluxed for 20 h with water removal via a

Dean-Stark trap. The resulting solution was cooled to room temperature

and was washed with saturated aqueous sodium bisulfite. The

benzaldehyde-sulfite addition product formed a colloidal precipitate

which was dissolved by addition of water. The organic layer was

repeatedly washed with sodium bisulfite and the precipitates dissolved

and separated as before until most of the benzaldehyde was removed. The

organic layer was washed with saturated aqueous sodium bicarbonate,

dried (sodium sulfate), and the solvent evaporated to leave 5.48 g (80%)

of crude 61 as a mixture of diastereomers. A sample was purified by

flash chromatography (ethyl acetate): Rf (20% ether/dichloromethane)

0.36; IR (neat) 3475, 1790 cm-1; IH NMR (CDC13) S 7.80 (m, 2H),

7.50 (m, 3H), 6.18 (s, 0.33H), 5.18 (s, 0.66H), 4.75 (m, 1H), 4.45 (m,

2H), 3.7 (bs, 1H), 2.75 (d, 1H, J=12 Hz), 2.4 (m, 3H); MS m/z 262

(e), 261 (M+-1); exact mass m/z 262.084 (M+, calcd for

C14H1405 262.084).
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(1R,2S,3R,5R)-1,2-0-Benzylidene-1,2,3,5-tetrahydroxy-

5-hydroxymethylcyclohexane (62).

A solution of 61 (4.4 g, 16 mmol) and sodium borohydride (4.12 g,

108 mmol) in 100% ethanol (120 mL) was stirred at room temperature for

24 h. Saturated aqueous sodium chloride (80 mL) was added and stirring

was continued for another 18 h. The mixture was extracted with ethyl

acetate and the extract was dried over sodium sulfate. Filtration and

solvent evaporation gave 4.4 g (100%) of crude 62 as an extremely

hygroscopic, amorphous solid. Flash chromatography (10%

methanol/dichloromethane) gave pure 62: Rf (10% methanol/dichloro-

methane) 0.27; IR (neat) 3600-3200 cm-I; MS m/z 266 (e), 248

(M+-18). Further characterization was difficult due to the polarity

and hygroscopic nature of 62.

(1R,2R,3R,5S)-3-Acetoxy-5-acetoxymethy1-

1,2-0-benzylidene-1,2,5-trihydroxycyclohexane (63).

A solution of 62 (1.07 g, 4.01 mmol) in pyridine (25 mL) and

acetic anhydride (10 mL) was stirred at room temperature for 20 h. The

reaction mixture was filtered and the solvent was evaporated. Excess

pyridine was removed via an azeotropic distillation with benzene and the

residue was dissolved in dichloromethane and filtered again. Solvent

evaporation gave 1.15 g (82%) of 63 as an oil. An analytical sample was

obtained by medium pressure liquid chromatography (ether): Rf (ether)

0.39; IR (CC14) 3525, 1740 cm-1; 1H NMR (CDC13) S 7.35
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(m, 5H), 6.23 (s, 0.33H), 5.83 (s, 0.66H), 5.35 (m,1H), 4.43 (m, 1H),

4.27 (m, 1H), 3.95 (s, 2H), 3.05 (s, 0.33H), 2.85 (s, 0.66H), 2.50-1.80

(m, 4H), 2.10 (s, 3H), 2.00 (s, 3H); MS m/z 350 (e); exact mass m/z

350.1374 (W., calcd for C102207 350.1366).

(1R,2R,3R,5R)-1-Acetoxy-5-acetoxymethy1-

3-benzoyloxy-2-bromo-5-hydroxycyclohexane (64) and

(1R,2S,3S,5R)-1-Acetoxy-5-acetoxymethy1-

2-benzoyloxy-3-bromo-5-hydrdoxycyclohexane (65).

A suspension of 63 (263 mg, 0.78 mmol), N-bromosuccinimide (138.3

mg, 0.78 mmol), and a catalytic amount of benzoyl peroxide in carbon

tetrachloride (25 mL) was stirred at reflux for about 20 min, after

which the mixture was yellow, with solid succinimide floating on the

surface. The mixture was cooled to room temperature and filtered, and

the solvent was removed under vacuum. Purification of the mixture was

carried out by medium pressure liquid chromatography to give the less

polar 64 (130 mg, 40%) and the more polar 65 (73 mg, 22%).

64: Rf (20% ether/dichloromethane) 0.43; [c]2013 38.4° (c

0.49, CHC13); IR (CHC13) 3450, 1730 cm-1; 1H NMR (CDC13) S

8.00 (m, 2H), 7.45 (m, 3H), 5.50 (m, 2H), 4.58 (t, 1H, 3=4 Hz), 4.00 (s,

2H), 2.75 (s, 1H), 2.50-1.80 (m, 4H), 2.09 (s, 3H), 2.08 (s, 3H); MS m/z

357 and 355 (M+-73).

Anal. Calcd for C18H2107Br: C, 50.36; H, 4.94; Br, 18.61.

Found: C, 49.96; H, 4.74; Br, 18.28.
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65: Rf (20% ether/dichloromethane) 0.35; IR (CC14) 3500, 1740

cm-1; 1H NMR (CDC13) S 8.00 (m, 2H), 7.45 (m, 3H), 5.40 (m, 2H),.

4.35 (m, 1H), 3.97 (s, 2H), 2.70-1.90 (m, 3H), 2.10 (s, 3H), 1.86 (s,

3H); MS m/z 431 and 429 (M++1), 413 and 411 (M+-17).

(1R,3S,4S,5R)-4-Benzoyloxy-3-bromo-

1-hydroxy-6-oxabicyclo[3.2.1]octan-7-one (78).

To a solution of 61 (2.27 g, 8.65 mmol) in carbon tetrachloride

(150 mL) was added N-bromosuccinimide (1.7 g, 9.54 mmol) and benzoyl

peroxide (54 mg, 0.22 mmol). The mixture was refluxed for 1 h,

resulting in a yellow solution with solid succinimide floating on the

surface. After cooling, the solvent was evaporated and the residue was

chromatographed on a silica flash column. Elution (20% ether/dichloro-

methane) gave as the sole product 2.38 g (81%) of 78. Filtration of the

cooled reaction mixture prior to solvent evaporation resulted in

significantly lower yields. An analytical sample of 78 was obtained by

recrystallization from ethyl acetate/hexane: Rf (10% ether/dichloro-

methane) 0.23; mp 145-147°C; [a]20D +78° (c 0.118, CHC13);

IR (CHC13) 3500, 1800, 1725 cm-1; 1H NMR (CDC13) S 7.95 (m,

2H), 7.70-7.30 (m, 3H), 5.60 (d, 1H, J=4 Hz), 4.95 (m, 1H), 4.45 (m,

1H), 3.40 (s, 1H), 2.95-2.30 (m, 4H); MS m/z 343 and 341 (M++1).

Anal. Calcd for C14H1305Br: C, 49.28; H, 3.85; Br, 23.42.

Found: C, 49.35; H, 3.85; Br, 23.17.
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(5R,7R,8S,9S)-8-Benzoyloxy-9-bromo-7-

hydroxy-2,2-dimethy1-1,3-dioxaspiro[4,5]decane (79)

and (5R,7R,8S,9S)-7-Benzoyloxy-9-bromo-8-

hydroxy-2,2-dimethy1-1,3-dioxaspiro[4,51decane (80).

To a solution of 78 (650 mg, 1.9 mmol) in isopropanol (20 mL) was

added sodium borohydride (81.6 mg, 2.16 mmol). The mixture was stirred

under nitrogen at room temperature for 4 h and saturated aqueous ammo-

nium chloride was added, followed by water to dissolve the precipitate

formed. The mixture was extracted with ethyl acetate and the extract

was dried over sodium sulfate. Filtration and solvent evaporation left

a residue to which was added acetone (10 mL), 2,2- dimethoxypropane (10

mL) and a catalytic amount of p-toluenesulfonic acid. The mixture was

heated at reflux for 1 h, allowed to cool, and filtered through a short

silica column. (This procedure removed the p-toluenesulfonic acid

which, if present, promotes polymerization and results in a lower

yield. Solvent evaporation left a mixture of two products which were

easily separable by flash chromatography (10% ether / dichioromethane),

yielding 317 mg (43%) of the more polar 79 and 238 mg (32%) of 80.

79: Rf (10% ether/dichloromethane) 0.18; [ci]20D +27.6° (c

5, CHC13); IR (CHC13) 3500, 1720 cm-1; 1H NMR (CDC13) S 8.05

(m, 2H), 7.50 (m, 3H), 5.20 (dd, 1H, 3=12, 10 Hz), 4.35 (m, 1H), 4.02

(m, 1H), 3.80 (s, 2H), 2.70-1.60 (m, 5H), 1.40 (s, 6H); MS m/z 387 and

385 (M++1).

Anal. Calcd for C 17H2lBr05: C, 52.99; H, 5.50; Br, 20.74.

Found: C, 53.00; H, 5.35; Br, 20.45.
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80: Rf (10% ether/dichloromethane) 0.50; [ct]20D +15.3° (c

5, CHC13); IR (CHC13) 3600, 1720 cm-1; 1H NMR (CDC13) S 8.02

(m, 2H), 7.45 (m, 3H), 5.30 (m, 1H), 4.50-3.90 (m, 2H), 3.80 (s, 2H),

2.67 (d, 1H, J=3 Hz), 2.50-1.50 (m, 4H), 1.45 (5, 3H), 1.42 (s, 3H); MS

m/z 387 and 385 (M++1), 371 and 369 (M+-15), exact mass m/z 371.030

(M+-15, calcd for C1e1er05 371.032).

(5R,8S,9S)-8-Benzoyloxy-9-bromo-

2,2-dimethy1-1,3-dioxaspiro[4,5]decan-7-one (81).

A solution of 79 (33 mg, 0.086 mmol) in dichloromethane (5 mL)

containing pyridinium chlorochromate (93.6 mg, 0.43 mmol) was stirred

under nitrogen at room temperature for 24 h. Water was added and the

mixture was extracted with dichloromethane. The organic layer was dried

(sodium sulfate), filtered, and the solvent was evaporated. Flash

chromatography (2% ether/dichloromethane) of the residue gave a trace of

55 (Rf 0.45 in 10% ether/dichloromethane) and 16.6 mg (51%) of 81: Rf

(10% ether/dichloromethane) 0.54; IR (CHC13) 1750, 1730 cm-I; 1H

NMR (CDC13) S 8.07 (m, 2H), 7.45 (m, 3H), 5.52 (d, 1H, J=11 Hz),

4.55 (td, 1H, J=11, 5 Hz), 3.88 (s, 1H), 3.86 (s, 1H), 2.60 (m, 4H),

1.40 (s, 3H), 1.36 (s, 3H); MS m/z 385 and 383 (M++1), 384 and 382

(e), 369 and 367 (M+-15); exact mass m/z 367.018 (M+-15, calcd

for C16H1605Br 367.018).
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2-Amino-1,3-t-butyldimethylsiloxypropane (83).

To a solution of 2-amino-1,3-propanediol (30, 0.271 g, 3.0 mmol)

in dichloromethane (20 mL) was added triethylamine (1.7 mL, 12.0 mmol),

t-butyldimethylsilyl chloride (1.831 g, 12.1 mmol) and a catalytic

amount of 4-dimethylaminopyridine. The mixture was left at room

temperature under nitrogen for 3.5 days and then was washed with

saturated aqueous ammonium chloride and with water. The water layers

were extracted with dichloromethane and the combined organic layers were

dried over sodium sulfate. Filtration, solvent removal, and

distillation (Kugelrohr, 80-90°C, 0.05-0.001 mm) gave 0.552 g (58%) of

83, visible by TLC (10% ether/dichloromethane) when developed in an

iodine chamber: IR (neat) 3250, 1460, 1250 cm-I; 1H NMR (CDC13)

S 3.55 (dd, 4H, 3=6, 3 Hz), 2.85 (quintet, 1H), 1.75 (s, 2H), 0.90 (s,

18H), 0.07 (s, 12H); MS m/z 262 (M+-57); exact mass m/z 262.167

(M+-57, calcd for CI1H2002Si2 262.166).

(3'S,l'R,5'R,6'R)-5'-Benzoyloxy-2,2-dimethylspiro[1,3-

dioxolane-4,3'-[7]oxabicyclo[4.1.0]heptane] (88).

A catalytic amount of sodium hydride was added to a solution of 79

(38 mg, 0.099 mmol) in isopropanol (5 mL) at room temperature and the

reaction was immediately quenched with saturated aqueous ammonium

chloride. The mixture was extracted with ether and the extract was

dried over sodium sulfate. Filtration and removal of solvent left a

residue which was purified by flash chromatography (2% ether/dichloro-
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methane) to give 13.5 mg (45%) of 88: Rf (2% ether/dichloromethane)

0.25; tai20D
+115.5° (c 0.35, CHC13); IR (CHC13) '1730

cm-1; 1H NMR (CDC13) S 8.00 (m, 2H), 7.50 (m, 3H), 5.67 (m, 1H),

3.97 (d, 1H, J=9 Hz), 3.72 (d, 1H, J=9 Hz), 3.22 (s, 2H), 2.50-1.55 (m,

4H), 1.45 (s, 3H), 1.30 (s, 3H); MS m/z 289 (M+-15); exact mass m/z

289.107 (M+-15, calcd for C101705 289:108).

(5R,7R,95)-7-Benzoyloxy-9-bromo-2,2-

dimethy1-1,3-dioxaspiro[4.5]decan-8-one (89).

A solution of 80 (1.13 g, 2:9 mmol) in dichloromethane (22 mL) was

added to a suspension of pyridinium chlorochromate (3.15 g, 14.6 mmol)

in dichloromethane (8 mL). The mixture was refluxed for 11 h, cooled,

and quenched with water. The mixture was extracted with dichloromethane

and the black solids were broken up by further addition of water. The

organic layer was filtered through a column of silica gel and dried

(sodium sulfate), and the solvent was removed to leave a residue which

was purified by flash chromatography. This afforded 803.6 mg (72%) of

89: Rf (dichloromethane) 0.38; [(1]20D +33° (c 0.216, CHC13);

IR (CHC13) 1760, 1730 cm-1; 1H NMR (CDC13) S 8.02 (m, 2H),

7.45 (m, 3H), 5.82 (dd, 1H, J=14, 7 Hz), 5.07 (dd, 1H, J=141 6 Hz), 3.87

(s, 2H), 2.65 (m, 2H), 2.50 (dd, 2H, J=121 10 Hz), 1.50 (s, 6H); MS m/z

385 and 383 (M++1), 384 and 382 (e), 369 and 367 (M+-15).

Anal. Calcd for C17H19Br05: C, 53.27; H, 5.01; Br, 20.85.

Found: C, 53.00; H, 4.93; Br, 20.56.
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(5R,7R)-7-Benzoyloxy-2,2-dimethy1-

1,3-dioxaspirot4,5)dec-9-en-8-one (96).

A solution of 89 (14.2 mg, 0.037 mmol) in dimethylsulfoxide (DMSO,

0.25 mL) was added to a solution of potassium iodide (6.2 mg, 0.037

mmol) in DMSO at 125°C under nitrogen. The volume of the solution was

increased to 1 mL by addition of a further quantity of DMSO and the

mixture was heated for 15 min, during which it turned bright yellow.

The solution was cooled to room temperature and stirred for 15 min with

potassium carbonate (4.0 mg, 0.037 mmol). Cold brine was added and the

mixture was extracted with ether. The organic layer was washed with

water and brine and the solvent was evaporated to leave a residue which

contained mainly starting material by NMR analysis. Preparative layer

chromatography on silica gel (2% ether/dichloromethane) allowed identi-

fication of two minor components which were 55 (Rf 0.45 in 10% ether/

dichloromethane), identical to material prepared previously and 96: Rf

(10% ether/dichloromethane) 0.53; IR (CHC13) 1720 cm-1; 1H NMR

(CDC13) S 8.09 (m, 2H), 7.60-7.44 (m, 3H), 6.75 (dd, 1H, J=10.21

2.0 Hz), 6.09 (d, 1H, J=10.2 Hz), 5.95 (dd, 1H, J=12.1, 5.4 Hz), 4.06

(d, 1H, J=9.5 Hz, AB), 3.96 (d, 1H, J=9.4 Hz, AB), 2.55 (ddd, 1H,

J=12.51 5.2, 1.8 Hz), 2.45 (t, 1H, J=12.5 Hz), 1.48 (s, 3H), 1.47 (s,

3H); MS m/z 302 (e), 287 (M+-15).
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(7R,9R)-7,9-Dihydroxy-8,8-dimethoxy-

2,2-dimethy1-1,3-dioxaspiro[4.5]decane (99).

To a solution of 89 (36.7 mg, 0.096 mmol) in 3:1 methanol/water (5

mL) was added lithium hydroxide (22 mg, 0.52 mmol). The solution was

stirred at room temperature overnight, during which it became yellow,

and was diluted with water. The mixture was extracted with

dichloromethane and the organic extract was dried over sodium sulfate.

Filtration and removal of the solvent left 9.7 mg (39%) of 99 as a

single product: Rf (ethyl acetate) 0.39; IR (CHC13) 3620, 3540, 1730

cm-1; 1H NMR (CDC13) S 4.22 (m, 1H), 3.97 (m, 1H), 3.82 (s, 2H),

3.43 (s, 3H), 3.30 (d, 1H), 2.27 (d, 1H), 2.05-1.60 (m, 4H), 1.41 (s,

3H), 1.38 (s, 3H); MS m/z 262 (e), 247 (M+-15).

(5S,7R,9R)-7-Benzoyloxy-9-hydroxy-8,8-dimethoxy-

2,2-dimethy1-1,3-dioxaspiro[4.5]decane (100).

A solution of 89 (242 mg, 0.63 mmol) in anhydrous methanol (20 mL)

was cooled under argon to -78 C. Solid potassium carbonate (89 mg,

0.64 mmol) was added and the mixture was allowed to warm to 0°C over

the course of several hours. The reaction was terminated by addition of

pyridinium-p-toluenesulfonate (315 mg, 1.25 mmol) to the pink solution,

which caused the color to fade. The mixture was warmed to room tempera-

ture and diluted with ethyl acetate. The methanol was evaporated by

means of a rotary evaporator and the ethyl acetate solution was washed
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with saturated aqueous sodium bicarbonate and water. The organic layer

was dried by azeotropic distillation with benzene and the solvent was

removed to leave 211 mg of crude 100. Flash chromatography (10% ether/

dichloromethane) gave a sample of pure 100: Rf (10% ether/dichloro-

methane) 0.28; [a]20D +18.9° (c 0.45, CHC13); IR (CHC13)

3550, 1720 cm-1; 1H NMR (CDC13) S 8.01 (m, 2H), 7.60-7.43 (m,

3H), 5.65 (dd, 1H, J=9.5, 3.9 Hz), 4.08 (dd, 1H, J=5.91 3.7 Hz), 3.88

(d, 1H, J=8.6 Hz, AB), 3.78 (d, 1H, J=8.6 Hz, AB), 3.47 (s, 3H), 3.40

(s, 3H), 2.28-1.89 (m, 4H), 1.44 (s, 6H); 13C NMR (CDC13) S

165.44, 133.06, 130.36, 129.68, 128.49, 109.88, 99.03, 81.16, 74.01,

71.09, 70.31, 50.47, 49.56, 38.24, 37.93, 27.09, 26.91; MS m/z 366

(Mt), 348 (Mt-18); exact mass m/z 366.166 (Mt, calcd for

C19H2607 366.168).

Anal. Calcd for C19H2607: C, 62.27; H, 7.17. Found: C,

61.86; H, 7.05.

(5S,7R,9R)-7-Benzoyloxy-9-hydroxy-

2,2-dimethy1-1,3-dioxaspiro[4.5]decan-8-one (104).

To a solution of 89 (772.9 mg, 2.01 mmol) in a 2:1 mixture of

tetrahydrofuran and water (150 mL) cooled to 0°C was added potassium

carbonate (279.7 mg, 2.02 mmol) and the mixture was allowed to warm to

room temperature during 4 h. Partial evaporation of the solvent left an

aqueous layer which was extracted with ether. Evaporation of the ether

without drying gave 624.7 mg (97%) of 104 as a white solid. This was

moderately stable when refrigerated under argon but decomposed upon
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flash chromatography. Crystallization was carried out from ether/water:

Rf (10% ether/dichloromethane) 0.11; mp 84-87°C; [c]20D _7.40

(c 0.4, CHC13); IR (KBr) 3350, 1720 cm-I; 1H NMR (CDC13) S

7.98 (m, 2H), 7.40 (m, 3H), 5.92 (dd, 1H, J=9, 5 Hz), 4.30 (t, 1H, J=6

Hz), 3.97 (s, 1H), 3.95 (s, 1H), 2.60-2.00 (m, 4H), 1.45 (s, 6H); MS m/z

320 (e), 305 (M+-15), 277 (M+-43); exact mass m/z 305.104

(M+-151 calcd for C101706 305.103).

(5R,7R)-7-Benzoyloxv-8,8-dimethoxy-2,2-

dimethy1-1,3-dioxaspiro[4.5]decan-9-one (107).

To a solution of 100 (28.1 mg, 0.077 mmol) in dichloromethane (25

mL) was added pyridinium chlorochromate (42.5 mg, 0.197 mmol, 2.5 eq)

and sodium acetate (6.0 mg, 0.070 mmol, 1 eq), and the mixture was

allowed to stir at room temperature for 24 h. Ether was added and the

supernatant was decanted. The residual black tar was washed with ether

and the combined organic solutions were filtered through silica. Evap-

oration of the solvent left 25.2 mg (90%) of 107 containing a trace of

starting material. An analytical sample was prepared by flash chroma-

tography (5% ether/dichloromethane): Rf (5% ether/dichloromethane)

0.40; mp 99-102°C; [a]20D +71.6° (c 2.11, CHC13); IR

(CHC13) 1730, 1720 cm-1; 1H NMR (CDC13) S 7.92 (dd, 2H, J=1.0,

8.3 Hz), 7.61-7.43 (m, 3H), 5.67 (dd, 1H, J=3.9, 3.0 Hz), 3.94 (d, 1H,

J=9.0 Hz, AB), 3.56 (dd, 1H, J=1.3, 9.0 Hz, AB), 3.29 (s, 3H), 3.28 (s,

3H), 2.98 (dd, 1H, J=0.56, 12.3 Hz, AB), 2.86 (dd, 1H, J=2.31 12.9 Hz,

AB), 2.78 (dd, 1H, J=2.91 14.6 Hz, AB), 2.23 (ddd, 1H, J=2.4, 3.9, 14.6
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Hz, AB), 1.42 (s, 3H), 1.28 (s, 3H); 13C NMR (CDC13) S 201.66,

164.82, 133.67, 129.74, 128.92, 128.63, 108.93, 99.24, 80.95, 73.60,

69.17, 50.56, 50.17, 49.39, 37.01, 27.61, 26.02; MS m/z 364 (e), 349

(M+-15); exact mass m/z 364.153 (M+1 calcd for C19H2407

364.152).

(5R)-5-Benzoyloxy-3-hydroxymethy1-

6,6-dimethoxy-2-cyclohexenone (109).

A solution of 107 (2.3 mg, 0.006 mmol) in methanol containing

saturated aqueous ammonium chloride was stirred at room temperature for

3.5 days. The methanol was evaporated and the residue was extracted

with ether. The extract was washed with water and dried over sodium

sulfate. Filtration and solvent removal left 1.4 mg (72%) of 109, which

was passed through a small flash chromatography column: Rf (ether)

0.30; IR (CHC13) 3525 (weak), 1720, 1695 cm-I; 1H NMR (CDC13)

S 7.87 (m, 2H), 7.40 (m, 3H), 6.21 (m, 1H), 5.75 (dd, 1H, 3=4, 3 Hz),

4.22 (bs, 2H), 3.30 (s, 3H), 3.22 (s, 3H), 2.85 (m, 1H), 2.63 (m, 1H),

2.35 (m, 1H); MS m/z 306 (e), 275 (M-31), 274 (M -32); exact mass m/z

306.109 (hi+, calcd for C101806 306.110).
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(3R,5R)-3-Benzoyloxy-5-hydroxy-

5-hydroxymethv1-2,2-dimethoxycyclohexanone (110).

To a solution of 107 (14.2 mg, 0.039 mmol) in chloroform (1 mL)

cooled to 0°C was added 50% aqueous trifluoroacetic acid (0.5 mL).

Thin layer chromatography (ether) of the reaction mixture revealed

immediate formation of a new compound. Solvent evaporation and removal

of water via a benzene azeotrope gave 13.8 mg (100%) of 110 as a

colorless solid which was recrystallized from dichloromethane/hexane:

Rf (ether) 0.15; mp 148-150°C; [(1)20D -17.4° (c 0.5, CH30H);

IR (CHC13) 3500, 1720 cm-1; 1H NMR (d6-acetone) S 8.02 (m,

2H), 7.64-7.50 (m, 3H), 5.65 (dd, 1H, 3=10.3, 4.4 Hz), 3.51 (s, 1H),

3.48 (s, 1H), 3.43 (s, 3H), 3.36 (s, 3H), 2.99 (d, 1H, 3=13.3 Hz), 2.85

(bs, 3H), 2.45-2.37 (m, 2H); 13C NMR (d6-acetone) S 202.20,

165.13, 133.56, 129.78, 129.42, 128.63, 99.76, 73.45, 70.86, 68.73,

51.10, 50.27, 47.85, 35.88; MS m/z 324 (e), 306 (M+-18); exact mass

m/z 324.120 (M+, calcd for C102007 324.121).
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