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Abstract 

The thesis is composed of two parts. The first focuses on synthetic efforts toward the total 

synthesis of swainsonine, an iminosugar, and was performed in the research laboratories of 

Professor George A. O'Doherty. Novel methodology was applied toward construction of 

multiple grams of advanced intermediates. The synthetic design also utilized high atom 

economy. The synthesis starts from furfural and proceeds through a novel palladium-mediated 

intramolecular cyc1ization as a key step. Potentially 3 steps remain for completion of the total 

synthesis. This work will compliment recent non-carbohydrate swainsonine routes. 

In the second part of this thesis, the synthesis of the C1S-C27 domain of okadaic acid is 

accomplished. Several key process improvements were realized which made this route scaleable. 

A large-scale synthesis was therefore undertaken, and multiple grams of advanced intermediates 

were produced. This work will aid in constmction of novel okadaic acid analogs with improved 

selectivity/ potency for serine-threonine specific protein phosphatases. 
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Swainsonine (1) (Figure 1) is a bicyclic polyhydroxylated alkaloid with four asymmetric centers 

was fIrst reported in a publication in 1973, as an isolated product from the fungal culture 

Rhizoctonia /eguminicola.! Additionally, swainsonine has been found in other natural sources 

including the toxic Australian plant Swainsona canescens/ locoweed (i.e. Astragalus species) 

found in the southeastern US/ as well in the fungus Metarhizium anisopliae.4 Swainsonine is 

further classifIed as an azasugar or iminosugar. Iminosugars are widespread in plants and 

microorganisms. These sugar mimics are characterized by replacement of the ring oxygen by 

nitrogen. Naturally occurring sugar mimics are classifIed into fIve structural classes: 

polyhydroxylated piperidines, pyrrolidines, indolizidines, pyrrolizidines, and nortropanes.5 

Swainsonine is classifIed as an indolizidine, along with other imino sugars such as 

castanospermine 2, while deoxynojirimycin 3 and deoxymannojirimycin 4 are categorized as 

piperidine type imino sugars (Figure 2). Castanospermine, deoxynojirimcyin, and 

deoxymannojirimycin are a1l2-deoxy iminosugars, while swainsonine is a 2,3-deoxy imino sugar. 
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Figure 2. 
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Biology 

Swainsonine first gained scientific interest when it was found to be a toxic agent to livestock 

which ingested Swainsona canescens in Australia.6 This gave rise to a great interest in these and --"--
other iminosugar compounds. Irninosugars are biologically active as glycosidase enzyme 

inhibitors.? Glycosidase enzymes cleave specific glycosidic bonds in poly- and oligosaccharides. 

The inhibition of glycosidase enzymes has potential for use in the regulation of a variety of 

cellular functions.s 

At physiological pH, the protonated amino group of iminosugars may mimic the developing 

charge of the pyranyl or furanyl transition state of glycosidase enzymes.S
,9 The configuration of 

hydroxyl substitutents on the ring of swainsonine like other bicyclic iminogsugars have less 

obvious structural relationships to sugars, but nonetheless can be compared. 
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Protonated swainsonine 5 resembles the five-membered ring of a mannosyl cation 6 (Figure 3).10 

This iminosugar therefore acts as a potent inhibitor of a-D-mannosidase. ll
, 12 This type of enzyme 

selectively hydrolyze a variety of a-mannopyranosyl residues. For (-)-swainsonine an lCso range 

between l.75 )lM-8 )lM has been reported for the inhibition of a-D-mannosidase (jack bean).13 

The high activity of swainsonine has been attributed to its bicyc1ic character, which may impose 

rigidity on a structure which mimics a transient species in the hydrolytic pathway of glycosidic 

linkages. 14 

Glycoproteins are hybrid molecules made in the cell which link sugar building blocks to protein 

backbones. Cancer 15, 16 and HIV17 infected cells have been shown to exhibit increased levels of 

glycoprotein processing enzymes. This feature may be taken advantage of by molecules such as 

swainsonine in cancer cell recognition and the targeting of diseases such as HIV by binding to the 

active site of specific glycosidases of infected cells. IS A review outlines the therapeutic potential 

of swainsonine. 19 
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Swainsonine has reached phase I clinical trials as a potent anticancer drug due to its 

antimetastatic activities.20 Its activity has been shown to reduce the growth of human melanoma 

cells (MeWo) by 50 %.21 It appears that significant quantities of swainsonine are well tolerated 

and produce minimal side-effects. During investigative research swainsonine was established to 

have the maximum tolerated oral dose as 300 )lglkg per day and has been shown to have a 

protective effect against high-dose chemotherapy.22 The bioavailability data for swainsonine has 

not been reported, however it is assumed that increased lipid solubility of some "prodrug-like" 

esters of swainsonine would in,crease their intestinal and cellular absorption. 23 

As swainsonine is a potent inhibitor of lysosomal a-mannosidase/4 it may have therapeutic 

prospects in the study and treatment of lysosomal storage diseases. These are genetic diseases in 

which there is a deficiency of a certain collection of enzymes that are capable of degrading 

molecules down to smaller building blocks. 5 

Understandably, there has been increasing demand for imingosugars due to their potential as 

therapeutic agents. Numerous imino sugars have been tested for activity against glycoprotein 

processmg enzymes. From SAR studies a general understanding of iminosugar activity has been 

developed. However, there is still a need for greater understanding of their mechanism of action 

in order to design more specific inhibitors. Synthetic analogs of swainsonine could help in this 

role. 
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In the vem of trying to develop more specific inhibitors, several groups have reported the 
-, ""---

synthesis of ring-size derivatives of swainsonine and its deoxy analogs. For example, a [5.5] 

fused O-pyrrolizidine analog 7 of swainsonine has been reported by the Fleet groUp/5 and [6.6] 

O-quinolizidine analogs 8 and 9 have been reported by the Pearson group (Figure 4),z6 Epimers 

of swainsonine have been produced with significant biological activities. For instance 1,2-di-epi-

swainsonine 10 has been shown to have a Ki of 6 ~M against a-D-mannosidase. 13 Analog 

construction can be fostered by a general and flexible route toward imino sugars that would allow 

access to a variety of stereoisomers and ring-size derivatives. 
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Scheme 1. 
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Information on the probable biomimetic pathway of natural products is helpful toward the 

rational design of improved synthetic routes. The biosynthesis of swaiilsonine starts with L-

lysine, similar to other indolizidine alkaloids (Scheme 1). Here a hydride migration from the 8 to 

1 position occurs for reduction of ketone 13.27 This is followed by a reductive amination of 14 to 

install the correct stereochemistry at the[6, 5] ring juncture of 1. 

Atom economical syntheses are idea1.28 However, the interpretation of the most practical 

synthesis is a sUbjective one which also necessitates the evaluation of industrial concerns (such as 

cost assessment, waste stream evolution, throughput capacity, turnover, temperature and pressure 

limitations, toxicity issues, to name but a few). Since many of the above issues are not addressed 

readily in academic settings, critical comparison of syntheses becomes a difficult challenge. 

Keeping subjectivity in mind, our group has endeavored to devise a highly atom economical 

construction of swainsonine relative to previous work. Highlights from previous syntheses are 

therefore provided below for background information. 

A number of approaches to swainsonine have made use of a carbohydrate source as the chiral 

precursor. This is understandable as four contiguous chiral centers of swainsonine resemble those 

of manno- and glucosugars. Making use of these preexisting chiral centers can have limitations 
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on analog development and the necessity for orthogonal protecting group manipulations. 

Additionally many of these strategies are not atom economical, as they introduce one or more 

carbinol centers at a later stage in their syntheses. Such examples of these carbohydrate-based 

methods are highlighted below through the works of the Cha, Pearson, Fleet, Chamberlin, and 

Kibiyashi groupS.29, 26, 25, 30,31 

Previous work 

Scheme 2. 
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One of the most efficient carbohydrate based syntheses of swainsonine is represented by the Cha 

group and depicted in Scheme 2. 29 The Cha group synthesized swainsonine in 7 steps by 

utilizing an intramolecular I,3-dipolar cyc1oaddition of an olefinic azide generated from tosylate 

15 (Scheme 2). Starting from 2,3-0-isopropylidene-D-erthrose, the tosylate 15 was prepared in 3 
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steps, which undergoes a 1 ,3-dipolar cycloaddition to give intermediate 16 that decomposes to the 

imine ester 17. Imine ester 17 is transformed to enamide intermediate 18 within three steps. 

Treatment of enamide 18 with a hydroboration, oxidation protocol affords the target molecule 

swainsonine (1). A nearly identical approach to swainsonine has been developed by Pearson. 26 

Scheme 3. 
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Fleet's synthesis (Scheme 3) starts from protected mannitol and yields the azido epoxide 19 in 

two steps.25 The azido epoxide undergoes a two carbon extension by initial esterification of the 

primary alcohol to produce an intermediate trifiate, followed by reaction with the lithium anion of 

tert-butyl acetate to give the chain extended ester 20. Hydrogenation of the azido ester then 

affords the pyrrolidine 21, which under basic conditions cyclizes to the 8-lactam 22. The 8-

Iactam 22 is reduced with borane dimethyl sulfide complex. The acetonide group is hydrolyzed 

under acidic conditions to yield (1) in 8 steps from the protected mannitol. 
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Scheme 4. 
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Chamberlin's 14 step approach to swainsonine starts from D-(-)-lyxose 23 (Scheme 4). A transient 

iminium species which is generated from precursor 24, is attacked by a tethered ketene dithiane to 

form lactam 25.30 The ring fusion of 25 needs to be corrected. This is furnished by formation of 

enamide intermediate 26 which can then undergo substrate controlled hydride reduction to form 

27. The natural product (1) is furnished in an additiona12 steps. 
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Kibayashi's 19 step approach to (~)-swainsonine starts from D-malic acid and utilizes an 

acylnitroso cycloaddition approach (scheme 5). 31 After formation of aldehyde 28 in 3 steps 

from D-malic acid, hydroxamic acid 29 is produced in an additional 9 steps. Hydroxamic acid 

29 is then oxidized to a transient acyl nitroso diene, which undergoes a [4 + 2] cycloaddition to 

give a 1:4 mixture of the trans-: cis-l,2-oxazinolactams (cis-l ,2-oxazinolactam 30, Scheme 5). 

The pivotal intramolecular hetero-Diels-Alder reaction occurs to yield the desired trans 1,2 

oxazinolactam 30 by employing aqueous conditions. The oxazinolactam 30 is transformed into 

the diol 31 in 3 steps, which then yields the natural product (1) after an acfditional 4 steps. The 

Keck group employs a very similar hetero Diels-Alder reaction strategy for their formation of 

. . 32 
swamsonme. 

The above syntheses are representative examples which utilize chiral pool starting materials. The 

following examples use non-carbohydrate sources for syntheses of swainsonine. Major 

drawbacks to many of the following routes are their poor stereoselectivity. 
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Sharpless's route (Scheme 6) 33 utilizes asymmetric catalysis to install the stereochemistry of 

swainsonine. The route begins from N-benzyl-p-toluenesulfonamide 32 and is converted, to ___ 

allylic alcohol 33 in 3 steps. Intermediate 33 with the suitably protected nitrogen is subjected to 

asymmetric Masamunel Sharpless epoxidation conditions 25 to give 34. Epoxy alcohol 34 is 

transformed into epoxy ester 35 in 10 steps. Epoxy ester 35 is converted to pyrrolidine hydroxy 

ester 36 after tosyl deprotection with sodium naphthalide. This labile intermediate is 

subsequently converted to a mixture of cis and trans fused bicyclic quaternary ammonium salts 36 

in 3 steps, which after deprotection yields (1) 10 19 steps. While this route allows for 

stereodivergent synthesis and therefore access to all 16 eplmers and/or enantiomers of 

swainsonine, it suffers in its inefficiency. 
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An approach by the Carretero group (Scheme 7) utilizes an a-hydroxy a, j3-unsaturated sulfone 

and proceeds in 10 steps from 37.13 The sulfone 38 is formed from the di-Boc protected derivative 

of 5-aminopentanal 37 in 1 step followed by a lipase mediated resolution. Ester 39 is formed 

from sulfone 38 in three steps which then forms the unsaturated indolizidine 40 in an additional 

three step sequence. The natural product is finally furnished in another three steps. Drawbacks 

toward this route include a resolution of the intermediate racemic sulfone. Additionally 

formation of a 40:60 ratio of 1,2 di-epi-swainsonine: (-) swainsonine necessitates a 

peracetylation! chromatographic separation! deacetylation sequence for their final steps. 



13 
Scheme 8. 
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Recently, the Hanaoka group attained (+1- ) swainsonine via a key cobalt mediated 6-endo-tet 

mode cyclization of (cis)-epoxy alkyne 43 to afford a stereoselective constructed (trans)-2-

ethynyl-3-hydroxypiperidine skeleton 44 (Scheme 8).34 The (cis)-epoxy alkyne 43 is obtained in 

5 steps from enyne 42, which is obtained from 4-hydroxy-butyraldehyde in 4 steps. Following 

formation of cis alkene 45, closure to the indolazidine core 46 is accomplished in a similar 

manner to Kibiyashi's route, by going through an intramolecular cycloaehydration. This 

synthesis is novel, but suffers in a similar fashion to Carretero's route which also forms both 

swainsonine and 1,2 bis-epi-swainsonine with the dihydroxylation step. Similarly to Carretero's 

work, this approach produces a racemic mixture of 1,2 di-epi-swainsonine: (-) swainsonine that 

necessitates peracetylation of the mixture followed by chromatographic separation and 

subsequent removal of acetyl groups. 
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O'Doherty-Abrams Synthetic Strategy to Swainsonine: Retrosynthetic Analysis 

Many of the groups' syntheses suffer from poor stereoselectivity and inefficient protecting group 

strategies. Keeping the ultimate goal of large-scale synthesis in mind, we started from a 

commodity chemical, furfural. Starting from this inexpensive source could allow for a 

stereodivergent synthesis of swainsonine and analogs. 

In general our group has been interested in developing practical approaches to stereochemically 

enriched structures with asymmetry that has been derived from asymmetric catalysis. We believe 

that the development of these routes will not only provide either enantiomer of the target 

------
molecule but ultimately result in synthetic approaches that are highly atom economical. 

We believe our approach toward swainsonine has novelty, such as an unprecedented palladium 

catalyzed ring cyclization. The relative stereochemistry for our synthesis of swainsonine will be 

completely substrate-controlled. Our strategy is highly atom economical, as all of the carbons of 

swainsonine are introduced after the first reaction step. Our designed 14 step synthetic sequence, 

may be reduced to a highly efficient 9 steps. Importantly our route will allow for the synthesis of 

analogs because the hydroxyl groups can be installed stereoselectively iIi a step-wise fashion. 

Our synthesis also addresses the possibility of creating novel unnatural iminosugar terminated 

oligosaccharides which may bind to glycoprocessing enzymes with improved selectivity for 

tumor cells. The synthesis of analogs should enhance the general understanding of iminosugar 

glycosidase inhibition through SAR studies and discovery of important binding interactions. 

Outlined in Scheme 9 is our retrosynthetic plan for the construction of swainsonine (shown as the 

(+) enantiomer). Proposed herein is a retrosynthetic strategy, utilizing an atom-economical route 



15 

that would yield swainsonine (1) exclusively. It IS envisioned that both enantiomers of 

swainsonine can be accomplished by this route. 

Scheme 9: 
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We enVISIOn (1) coming from perhydro-pyrano-piperidine 47 VIa a Sharpless asymmetric 

dihydroxylation followed by a reductive amination.35 A novel catalytic palladium mediated 

intramolecular coupling between a tethered nitrogen nucleophile and a ie-allyl palladium (II) 

species on substrate 48 occurs to yield the perhydro-pyrano-piperidine. The n-allyl palladium 

species originates from an induced ionization of carbonate 49. The palladium (0) source 

generated from Pdz(dba)3.CHCh adds to the opposite face of the carbonate of 49. Therefore, 

proceeding from 49 to 47 formally represents a double inversion event, providing net retention of 

configuration at the stereocenter of ring closure. The carbonate 49 originates from an 

Achmatowicz ring expansion of a 2-substituted furan 50. 36 In turn, 50 comes from furfural 51. 
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Synthesis 

Scheme 10. 
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Our synthesis begins with addition of allyl magnesium chloride to furfural (51) producing 

racemic homoallylic alcohol 52 (Scheme 10). This intermediate was subsequently protected as a 

. --~--

silyl ether with TBSCI to afford 53 (88 % yield). 

Scheme 11. 
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The silyl ether 53 is converted into alcohol 54 via a hydroboration/oxidation sequence (Scheme 

11). Over 25 grams of alcohol 37 has been produced for future work. Alcohol 54 was then 

tosylated to provide tolsylate 55. Tosylate 55 was then displaced by sodium azide to afford the 

azide species 56. 
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Scheme 12. 
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Azide 56 is converted to differentially N-protected awino alcohols furans 58 and 48 respectively 

(Scheme 12). Azide 56 is reduced with triphenylphospine, and protected in-situ to yield Cbz-

protected amine 57 or Boc-protected amine 59. The silyl groups of amines 57 and 59 are then 

removed using TBAF to give alcohols 58 and 49, both of which have been synthesized in over 

30 gram quantities each in preparation for future work. 
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1 Rl= H (52) 9-BBN 
2 Rl=H (52) BH30DMS 
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4 Rl=H (52) BH30DMS 
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It was envisioned that amines could be synthesized by employing a hydroboration/ nitrene 

addition protocol. This would reduce the five step sequence for making these amines to two 

steps. Attempts to efficiently produce the amine products are outlined in Table 1. A 

hydroboration of the alkene utilized a borane source of either 9-BBN (entry 1) or BH30DMS 

(entries 2-5). This was followed by the use of Chloramine-T (entries 1-2) or hydroxylamine-O-

sulfonic acid (entries 3-5) as the nitrene source. All entries were unsuccessful however. 
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Amino alcohol 50 next underwent oxidative Achrnatowicz ring expansion to provide a racemic 

mixture of alcohols 60 (Scheme 13). The mechanism for this ring expansion using NBSIH20 

conditions is shown in Scheme 14. 

Scheme 14. 
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In the Achmatowicz ring expansion (Scheme 14), the bromine source N-bromo succinimide 

(NBS), fIrst adds across the double bond of a furan derivative giving bromonium ion 61. Water 

then adds to the bromonium ion as shown in 62, providing hemiacetal 63. Bromine is eliminated 

after formation of the oxonium species 64. A nucleophilic attack by an oxygen lone pair onto the 



20 

oxonium carbon as drawn in 65 produces speCIes 66. After proton transfer and nng 

fragmentation, the ring expanded product 66 is obtained. The Achmatowicz ring expanded 

product consists of a mixture of ex and 13 anomers. Other conditions for this ring expansion 

Scheme 15. 
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After formation of the Achmatowicz cyclized product 60, a protection of the racemic mixture of 

anomeric alcohols is accomplished with benzyl bromide in the presence of silver oxide (Scheme 

15). The racemic mixture of axial and equatorial anomers 67 are separated efficiently via column 

chromatography. The axial anomer 68 is diastereoselectively reduced by employing Luche 

conditions to yield 69. The equatorial anomer was reduced under Luche conditions with no 

selectivity (not shown). Presumably the axial benzyl protected anomer is more conformationally 

rigid than the equatorial counterpart. This allows for better selectivity in the reduction step. The 

ex, 13 unsaturated alcohol 69 was then protected with ethyl chloroformate to yield carbonate 48. 
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Scheme 16. 
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With carbonate 48 in hand, conditions to obtain cycIized adducts 46 and 72 are realized using 

novel methodology (Scheme 16). The initial reaction conditions employed Pd2(dba)3 .CHCh 

with PPh3 to generate a palladium (0) source in situ. 

Scheme 17. 

Reaction Conditions A 
Entry 1 

48 69 

Reaction Conditions A 
Entry 2 multiple products 

73 

Reaction Conditions A:1.25 mol %. Pd2(dbab'CHCI3; 5 mol % PPh3; 1M TH, rt, 6 hr 

The reaction in Entry 1 was run in THF at room temperature for 6 hours, but attempts with the 

nitrogen protected with a Boc or Cbz group did not afford desired products 46 or 72 respectively 
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(Scheme 17). Instead alcohol 69 was obtained. This was encouraging news, as it appeared that 

ionization of the elttyl foonate had occurred by Itte palladium (0) source. However, it was 

believed that Itte protected nitrogen of 48 was a pOor nucleophile. In this vein a Boc-deprotection 

of amine 48 was undertaken. This gave compound 73, in which the benZYl group was hydrolyzed 

(Entry 2, Scheme 17). Attempts to cyclize this adduct were unsuccessful. 
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Thus we turned to base treatment. The use of the base potassium t-butoxide in conjunction with 

palladium (0) conditions and employing THF at room temperature on the N-Boc and N-Cbz 

substrates of cyclization precursors 48 and 70 afforded an apparent trans-fused ring closed 

products 46 and 72 (Entry 3, Scheme 18). Continued spectral analysis is imperitive for 

conclusive confirmation of these structures. Furthermore, these reaction conditions still 

necessitate optimization as reflected in modest yields of 30 % and 20 % respectively for 46 and 

72, A similar trans-fused bicyclic compound 75 was apparently obtained using the same reaction 
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conditions on carbonate 74 (Entry 4, Scheme 18). While not useful toward completion of 

theswainsonine synthesis it is still noteworthy that it appears a cis-fused ring closed product 77 

(Entry 5, Scheme 18) was obtained from 76. 

Future Work 

It is critical to improve the yield for these palladium catalyzed cyclizations. Should process 

optimizations fail to garner these results, other more conservative alternatives could be employed. 

Scheme 19. 

78 79 80 

The sequence in Scheme 19 has similar precedents and should provide the desired trans-fused 

perhydro-pyrano piperidine.37 Tosylate 78 should be transformed into azide 79 with sodium 

azide, which can be reduced and cyclized in one-pot to 80. 

Scheme 20. 
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With encouraging results in hand all that remains to synthesize swainsonine is to fmd conditions 

for the stereoselective dihydroxylation and deprotective reductive amination (Scheme 20). We 

believe the dihydroxylation step with osmium tetroxide (OS04) to install two of the four 

stereocenters in swainsonine will occur from the more open 13 face of 46 to yield 81. 

Scheme 21. 
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The completion of the synthesis should be accomplished via a one-pot deprotective reductive 

amination of 81 (Scheme 21). The benzyl group will fIrst be cleaved leading to a hemiacetal. 

This can then be ring opened, as seen in the left-hand transition state drawing 82. The amine can 

then attack the aldehyde leading to a transient iminium species 83. After subsequent reduction of 

imminium substrate 83, the natural product swainsonine (1) should be obtained. 

An asymmetric variant of the route described could be employed toward the enantioselective 

synthesis of swainsonine. It is noteworthy that only a few other approaches to (-) swainsonine 

have used an achiral , racemic compound as starting material. 
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The asymmetry of a stereodivergent swainsonine synthesis could be derived from an 

enantioselective allylation of furfural 51 by employing Keck's procedure (Scheme 22).38 This 

procedure uses the addition of an allyl tin species transmetallated with catalytic amounts of a 

chiral Lewis acid generated from a Ti (IV) species such as titanium tetraisopropoxide and R or S 

Binol to generate enantioselectively a homoallylic alcohol such as 85. 

Scheme 23. 
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Another asymmetric approach may be realized by an oxidation of alcohol 50 followed by a 

selective reduction offuran ketone 86, by employing the Noyori catalyst (Scheme 23),39 As there 

was literature precedent by the O'Doherty group for a similar amino alcohol, 40 this oxidation! 
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selective Noyori reduction sequence was recently employed to the substrate below with good 

success to provide 87 with a 98 % enantioselectivity.41 

Experimentals 

Unless otherwise noted, all experiments were carried out under an argon atmosphere in oven-

dried glassware using standard chemical reagent addition techniques including syringe, cannula, 

and addition funnels. The THF, diethyl ether, and benzene were distilled from Nalbenzophenone 

ketyl under N2 prior to use. The CH2Ch, CH3CN, triethylamine, diisopropyl amine, and toluene 

were distilled from CaH2 under N2. Purifications for intermediates 18-21 utilized recrystalization 

techniques with the solvent systems indicated. All other intermediates were purified using flash 

chromatography on lCN SiliTech 32-63D 60 A silica gel or Baker Flash silica gel 60 (40 pm) 

with the indicated mobile phase' systems. Analytical TLC was performed on 0.25 mm EM silica 

gel 60 F254 plates and visualized with UV (254 nm) and anisaldehyde stain (450 mL 95 % EtOH, 

25 mL concentrated H2S04, 15 mL of acetic acid, and 25 mL anisaldehyde). All NMR spectra 

were obtained using 200, 300 and 500 MHz Varian Inova instruments. All NMR spectra were 

obtained in CDCl3 and referenced to residual CHCh at 7.24 CH) and 77.0 (l3C) ppm. IR spectra 

were obtained using a Perkin-Elmer 1600 series FTIR. High resolution mass spectrometric 

(HRMS) data were obtained by the University of Minnesota Mass Spectrometry Laboratory using 

Cl and FAB techniques, which utilized both Finnigan M...AT 95 spectrometer and ~rI3 and VG 

7070E-HF spectrometer respectively. 
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OH 

~ 
52 

Homoallyl alcohol (52) 

Under a nitrogen atmosphere, a 2.0 M solution of allyl magnesium chloride (78 mL, 156 mmol) 

was added to aIM THF solution of furfural (15 g, 156 mmol) at 0 °C and allowed to slowly 

wann to room temperature. Mter 10 hrs the reaction was_complete and diluted with diethyl ether 

(200 mL) followed by a sodium bisulfate quench (100 mL) and then a sodium bicarbonate quench 

(300 roL) The reaction mixture was extracted with diethyl ether (2 x 400 mL). The combined 

ether layers were washed with sodium bicarbonate (200 mL), followed by brine (200 mL), and 

then dried (Na2S04) and concentrated in vacuo to a light colored oil. Flash chromatography 

afforded homo allyl alcohol 52 as a clear oil (18.93 g, 137 mmol, 88% yield). Rr 0.30 (30 % ether 

in hexanes). FTlR (thin film, cm_I) 3366,1638. IH NMR (200 MHz, CDCh) 07.35 (d, J= 0.8 

Hz, 1H), 6.32 (dd, J = 3.2, 1.6 Hz, IH), 6.18 (d, J = 2.8 Hz, 1H), 5.85 (m, IH), 5.00-5.17 (rn, 

2H), 3.74 (t, J = 6.6 Hz, 1H), 2.48 (bs, 1H). l3C (75 MHz, CDCh) 156.0, 141.9, 133.6, 118.3, 

110, 106,66.8,40. HRCI mlz calcd for [(CgH lO0 2)-OHt: 121.0653; Found 121.0652. 
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OTBS 

~ 
53 

TBS ether (53) 

Homoallyl alcohol 52 (19.48 g, 141 mmol, 1 equiv), TBSCI (25.53 g, 169 mmol) in methylene 

chloride (141 mL,l M) along with Et3N (34.22 g, 338 mmol) and DMAP (861 mg, 7.05 mmol) 

were charged to a single neck 500 mL flask under a nitrogen atmosphere at ambient temperature. 

Reaction completion occurred within 24 hours. The reaction mixture was diluted with diethyl 

ether (l00 mL) and quenched with 1 N HCI (100 mL), and the resulting mixture was extracted 

with diethyl ether (2 x 300 mL). The combined ether layers were washed with sodium 

bicarbonate (200 mL), followed by brine (200 mL), and then dried (Na2S04) and concentrated in 

vacuo to a light colored oil. Flash chromatography (50 g of Si02; eluent, 1% EtOAc: hexanes 

then 2 % EtOAc: hexanes then 3 % EtOAc: hexanes) afforded TBS ether 53 (26.34 g, 104 mmol, 

74 % yield). Rf 0.75 (30 % ether in hexanes). FTIR (thin film, cm-1) 3080 2911, 2826, 2874, 

2710,2350, 1670, 1567, 1454, 1347, 1245, 1089, 925, 832, 792. lH NMR (200 MHz, CDCh) 6 

7.34 (d, J= 0.8 Hz, 1H), 6.30 (dd, J= 3.2,1.6 Hz, IH), 6.18 (d, J= 2.8 Hz, IH), 5.85 (m, IH), 

5.05 (m, 2 H), 4.71 (t, J = 6.6 Hz, 1H), 2.55 (t, 6 Hz, 2 H), 0.89 (s, 9Hj, 0.05 (s, 3H), -0.06 (s, 

3H). DC NMR (50 MHz, CDCh) 156.8, 14l.3, 134.6, 117.2, 109.9, 105.8, 68.4, 41.5, 25.8, 18.2, 

-5.0. FAB HRMS mlz calcd for [(C14H2402Si)+NH4t: 270.1889; Found,270.l900. 
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OTBS 
/O,---l /"--.. ~OH V ~ ~ 

54 

30 

A 5M solution ofBH3.DMS (27.62 mL, 166 mmol) was added dropwise to alkene 53 (104.5 g, 

414 mmol) in a THF solution (414 mL, 1 M) -78 °C. After 4 hours, a basic solution of H20 2 

comprised of a 1.4 N NaOH solution (21.88 g NaOH, 390 mL DI H20) in combination with a 30 

% v/v H20 2 solution (58.91g, 572 mmol) was added slowly over 15 minutes to the reaction 

mixture at 0 °C. Moderate off gassing occurred upon initial introduction of the H20 2• The 

reaction was allowed to slowly warm to-ambient temperature and went to completion within 4 

hours before dilution with diethyl ether (200 mL). The resulting mixture was extracted with 

diethyl ether (2 x 400 mL). The combined ether layers were washed with sodium bicarbonate 

(200 mL), followed by brine (200 mL), and then dried (Na2S04) and concentrated in vacuo to a 

light colored oil. Flash chromatography (400 g of Si02; gradient eluent, 5:95 diethyl ether: 

hexanes, 10:90 diethyl ether: hexanes, 15:85 diethyl ether: hexanes, 20:80 diethyl ether: hexanes). 

Purified primary alcohol 54 was obtained (79.13 g, 292 mmol, 70.4 % yield). Rf 0.20 (30 % 

ether in hexanes).FTIR (thin film, cm-I) 3300, 2929, 2858, 1504, 1472, 1463, 1346, 1256, 1151, 

1060,1009,938,837. 837. IH NMR (200 MHz, CDCh) 8 7.33 (d, J= 0.8 Hz, 1H), 6.30 (dd, J= 

3.2, 2 Hz, 1H), 6.14 (d, J = 3.2 Hz, 1H), 4.74 (t, J = 5.8 Hz, 1H), 3.63 (t, J = 6.2 Hz, 2 H), 1.88 

(m,2H), 1.616 (m, 2H), 0.87 (s, 9H), 0.03(s, 3H), -0.06 (s, 3H). !3C NMR (50 MHz, CDCh) 8 

156.5, 141.3, 110.0, 105.9, 68.5, 62.9, 33.5, 28.6, 25.8, 18.2, -5.6, -5.0. FAB HRMS mlz calcd 

for [(CI4H2603Si)+Na]+: 293.1549; Found 293.1565. 
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To the alcohol 54 (14.1 g, 51.99 mmol) in aIM solution of methylene chloride (104 mL) stirring 

in a single neck 500 mL round bottom flask charged dimethyl ammonium pyridine (DMAP) (644 

mg, 5.28 mmol) along with Et3N (26.3 g, 260 mmol) and tosyl chloride (12.88 g, 67.59 mmol). 

The reaction proceeded at ° °C under a nitrogen atmosphere. After 6 hours the reaction was 

quenched with NH4Cl (200 mL). The resulting mixture was extracted with diethyl ether (2 x 400 

mL). The combined ether layers were washed with sodium bicarbonate (200 mL), followed by 

brine (200 mL), and then dried (Na2S04) and concentrated in vacuo to a light colored oil. Flash 

chromatography (60 g of Si02; gradient eluent, 3:97 ethyl acetate:hexanes, 4:96 ethyl acetate: 

hexanes, 5:95 ethyl acetate: hexanes) afforded tosyl ether 55 (15.44 g, 36.30 mmol, 70 % yield) 

as a clear oil. Rf 0.80 (30 % ether in hexanes). FTIR (thin film, em-I) 2953, 2929, 2856, 1598, 

1468, l360, 1253, 1177, 1149, 1097, 1008, 963, 923, 837, 815, 778, 742, 664. IH NMR (200 

MHz, CDCh) 07.77 (d, J= 8.4 Hz, 2H), 7.33 (m, 3H), 6.29 (m, 1H), 6.11 (dd, J= 3.2,0.8 Hz, 

IH), 4.62 (m, 1 H), 4.05 (t, J = 10.5 Hz, 2H) 2.44 (s, 3H), 1.74 (m, 2H), 1.48 (m, 2H) 0.83 (s, 

9H), -0.01 (s, 3H), -0.l3 (s, 3H). 13C NMR (75 MHz, CDCb) 0 156.5, 144.6, 141.4, l33.2, 129.8, 

127.9, 110.0, 106.0, 70.5, 67.7,32.7,25.7,24.8,21.6, 18.1, -5.0, -5.2. FAB HRMS mlz calcd for 

[(C21H3205SiS)+~t: 442.2; Found 442.3. 
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56 

Azide (56) 

The tosyl ether 55 (108 g, 254 mmol) was added to an acetoneIH20 solution (3:1 v/v ratio, 260 

mL) along with NaN3 (49.51 g, 762 mmol) and the mixture was heated to reflux (~60°C). The 

phase transfer catalyst tetra butyl ammonium bromide (TBABr) was added (4.09 g, 12.70 mmol) 

to significantly speeds up the reaction. After 3-4 hours the reaction was diluted with diethyl ether 

(250 mL) and sodium bicarbonate (250 mL). The resulting mixture was extracted with diethyl 

ether (2 x 50(rrllL). The combined ether layers were washed with sodium bicarbonate (300 

mL), followed by brine (300 mL), and then dried (Na2S04) and concentrated in vacuo to a light 

colored oil with significant precipitates. Compound was then diluted with hexanes (500 mL), 

filtered, and concentrated again in vacuo to a light colored oil without precipitation. Azide 56 

was obtained (64.32 g, 217 mmol, 75 % yield). Rf 0.80 (30 % ether in hexanes). FTlR (thin film, 

cm}) 2954, 2932, 2887, 2859, 2357, 2097, 1504, 1468, 1390, 1349, 1255, 1176, 1147, 1105, 

1007, 938, 836, 812, 777, 735, 665. IH NMR (200 MHz, CDCb) c5 7.30 (s, IH), 6.304 (dd, J = 

3.2,2 Hz, IH), 6.17 (d, J= 3.2 Hz, 1H), 4.71 (t, J= 5.8 Hz, 1H), 3.27 (t, .1.= 7.2 Hz, 2H), 1.86 

(m,2H), 1.66 (m, 2H), 0.89 (s, 9H), 0.05 (s, 3H), -0.08 (s, 3H). !3C NMR (50 MHz, CDCI3) c5 

156.7, 141.4, 110.0, 105.9, 68.0, 51.4, 34.0, 25.8, 24.8, 18.1, -5.0. FAB HRMS mlz calcd for 
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To the azide 56 (21.44 g, 72.39 mmol) at 0 °C in a THFIH20 (145 mL, 0.5 M) solution was added 

triphenyl phosphine (21.84 g, 83.26 mmol). After 10 hours, the reaction was quenched with 

potassium carbonate in H20 (2 g, 100 mL respectively). This was followed by the addition of t-

butyl dicarbonate (17.6 g, 80.64 mmol). After 12 hours sodium bicarbonate (100 mL) and diethyl 

ether (100 mL) were added. The aqueous layer was extracted twice with 300 mL of diethyl ettler. 

The combined ether layers were washed with sodium bicarbonate (200 mL), followed by brine 

(200 mL), and then dried (Na2S04) and concentrated in vacuo to a clear oil. Flash 

chromatography (100 g of Si02; gradient eluent, 5:95 diethyl ether: hexanes, 10:90 diethyl ether: 

h, 2945, exanes). Purified Boc-amine 49 was obtained (24.59 g, 66.52 mmol, 92% yield). Rf 

0.50 (30 % ether in hexanes). FTIR (thin film, cm-I) 3361, 2875, 2351, 1705, 1517, 1377, 1256, 

1166,1095,845,789. IHN1vlR (300MHz,CDCl3)£57.35 (d,J= 0.8 Hz, 1H), 6.31 (dd,J=3.3, 

1.8 Hz, 1H), 6.17 (d, J= 3.3 HZ,lH), 4.71 (m, 1H), 4.55 (bs, 1H), 3.13 (m,2 1H), 1.77 (m, 2H), 

1.57 (m, 2H), 1.49 (s, 9H), 0.88 (s, 9H), 0.06 (s, 3H), 0.06 (s,3H). 13C NMR (75 MHz, CDCh) £5 

156.9,155.9,141.3,110.0,105.8,68.2,40.3,34.1,30.9, 28.4, 25.8,18.2, -5.1, -5.0. FAB HRMS 

mlz ca1cd for [(CI9H3S04NSi)+Na]+ : 392.2233; Found 392.2231. 
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To the azide 56 (21.44 g, 72.39 mmol) at 0 °C in a THF solution (73 mL, 1 M) with a trace of 

water (1 mL) was added triphenyl phosphine (21.84 g, 83.25 mmol). After 10 hours, the reaction 

was quenched with potassium carbonateIH20 (2 g, 100 mL respectively). This was followed by 

the addition of benzyl chloroformate at ooe (25.6 mL, 76.0 mmol). After 12 hours sodium 

bicarbonate (100 mL) and diethyl ether (100 mL) was added. The resulting mixture was 

extracted with diethyl ether (2 x 400 mL). The combined ether layers were washed With sodium 

bicarbonate (200 mL), followed by brine (200 mL), and then dried (Na2S04) and concentrated in 

vacuo to a light colored oil. Flash chromatography (100 g of Si02;. gradient eluent, 5:95 diethyl 

ether: hexanes, 10:90 diethyl ether: hexanes) providing compound 57 (25.3 g, 62.6 nunol, 87 

% yield). Rf 0.50 (30 % ether in hexanes). IH NMR (200 MHz, eDeh) 07.34 (s, 5H) 6.29 (dd, 

J= 3.2, 2.0 Hz, 1H), 6.14 (d, J= 3.19 HZ,lH), 5.09 (s, 2H), 4.69 (t, J= 6.4 Hz, 1H), 3.19 (dd, J= 

13.2, 7 Hz, 2H), 1.80 (m, 2H), 1.55 (m, 2H), 1.80 (m, 2H), 0.87 (s, 9H), 0.03 (s, 3H), -0.09 (s, 

3H). 

Hydroxyl amine (58) 

OH H 
/O~~/N U ~ ~ 'Boc 

58 

To the N-Boc protected substrate 49 (1 g, 2.71 mmo1) in a THF solution (2.7 ml, 1 M) at 0 °e and 

under a nitrogen atmosphere was added tetra-butyl ammonium fluoride (2.97 ml, 2.98 mmol) and 
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the reaction was allowed to proceed until all starting material had disappeared (within 2.5-3 

hours), followed by an addition of diethyl ether (3 mL) and sodium bicarbonate (3 mL). The 

resulting mixture was extracted with diethyl ether (2 x 20 mL). The combined ether layers were 

washed with sodium bicarbonate (20 mL), followed by brine (20 mL), and then dried (Na2S04) 

and concentrated in vacuo to a light colored oil. Flash chromatography (5 g of Si02;. gradient 

eluent, 40:60 diethyl ether: hexanes, 50:50 diethyl ether: hexanes) providing hydroxyl amine 58 

(610 mg, 2.39 mmol, 88% yield). Rr 0.30 (30 % ether in hexanes). FTIR (thin film, em_I) 3334, 

2975, 2932, 2869, 1683, 1538, 1520, 1456, 1393, 1366, 1276, 1252, 1171, 1102. IH NMR 8 

7.35 (dd, J= 0.6,1.8 Hz, IH), 6.31 (dd, J= 3,1.5 Hz, 1H), 6.17 (d, J= 3.3 Hz, 1H), 4.73 (t, J= 

6.6 Hz, IH), 4.60 (bs, 1H), 3.13 (m, 2H), 2.65 (bs, IH), 1.86 (m, 2H), 1.80 (m, 2H), 1.41 (s, 9H). 

\3C (300 MHz, CDCh) 8 156.7, 156.1, 141.9, 110.1, 105.8, 79.2, 67.4, 65.9, 40.2, 32.5, 28.4, 

26.2,15.3. FAB HRMS mlz calcd for [(C\3H2I0 4N) + Ht: 256.1549; Found 256.1559. 

HO"'~~rBOC 
:::,-.,. H o 

60 

Anomeric alcohol (60) 

To the deprotected alcohol 58 (3 g, 11.75 mmol) at 0 °C in a 3:1 (v/v) THF/water solution (39 

mL, 0.3 M) was added sodium acetate trihydrate (1.60g, 11.75 mmol) , sodium bicarbonate 

(1.97g, 23.5 mmol) , and finally NBS (2.07 g, 11.63 mmol). After completion in 1.5 hours, the 

reaction was quenched with potassium bicarbonate (30 mL), and diluted with diethyl ether 
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(30 mL). The resulting mixture was extracted with diethyl ether (2 x 100 mL). The combined 

ether layers were washed with sodium bicarbonate (100 mL), followed by brine (100 mL), and 

then dried (Na2S04) and concentrated in vacuo to a clear oil. A diastereomeric mixture of 

anomeric alcohols 60 were obtained in 93 %. Purification was avoided. Rf 0.20 (75 % ether in 

hexanes). IH NMR (300 MHz, CDCh) 67.26-6.88 (m, IH), 6.12 (dd, J= 10.5,1.8 Hz, 1H), 6.07 

(dd, J= 10.2, 0.6Hz, 1H), 5.66 (d, J= 1.5 Hz, 1H), 5.62 (d, J= 3.3 Hz, 1H), 4.76 (bs, 1H), 4.60 

(dd, J = 7.8, 3.6 Hz, 1H), 3.76-3.71 (m, 1H), 3.15 (bs, 2H), 2.037- 1.93 (m, 1H), 1.87- 1.82 (m, 

1H), 1.71- 1.55 (m, 2H), 1.42 (s, 9H). l3C NMR (75 MHz, CDCh) 6 148.5, 145.0, 128.4, 127.3, 

90.8, 87.6, 79.5, 78.5, 73.2, 68.0, 40.8, 40.0,29.6,28.4,27.6,26.3,25.8,25.7,25.6. 

o H 
~~-BOC 
Lb 

OBn 

68 

Benzyl ether (68) 

To alcohol 60 (2.97 g, 10.95 mmol, 1 eq) in a methylene chloride solution (32.8 ml, 0.3 M) at 0 

°C under nitrogen was added silver oxide (5.07 g, 21.89 mmol, 2 eq) and benzyl bromide (2.81 g, 

16.42 mmol, 1.5 eq). After 24 hours the reaction was diluted with potassium carbonate (50 ml) 

and diethyl ether (50 ml). The resulting mixture was extracted with diethyl ether (2 x 100 mL). 

The combined ether layers were washed with sodium bicarbonate (100 mL), followed by brine 

(100 mL), and then dried (Na2S04) and concentrated in vacuo to a light colored oil. Flash 

chromatography (lOg of Si02;. gradient eluent, 40:60 diethyl ether: hexanes, 50:50 diethyl ether: 

hexanes) provided benzyl ether anomer 68 (519 mg, 1.44 mmol, 20 % yield). Rf 0.50 (50 % 
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ether in hexanes). FTIR (thin film, em_I) 3374, 2976, 2932, 2871, 1695, 1519, 1454, 1392, 1366, 

1250, 1170, 1096, 1037, 1025. IH NMR (200 MHz, CDCh) 07.33 (m, 5H), 6.90 (dd, J = 10.4, 

3.6 Hz, 1H), 6.09 (d, J= 10.2,lH), 5.39 (d, J= 3.6 Hz, 1H), 4.83 (d, J= 11.6 Hz, 1H), 4.66 (d, J 

= 10.8 Hz, 1H), 4.58 (bs, 1H), 4.44 (7.0, 3.4 Hz, 1H), 3.16 (m, 2H), 1.44 (s, 9H), 1.96- 1.57 (m, 

4H). !3C NMR (75 MHz, CDCh) 0 142.9, 127.7,92.0,73.5,70.2,40.1,28.2,26.6,25.7. FAB 

HRMS mlz ealed for [(C!3H2104N) + Ht: 362.1980. Found 362.1987. 

o Irl 

¢r'~-BOO 

OBn 

89 

Benzyl ether (89) 

Rf 0.50 (50 % ether in hexanes). IH NMR (200 MHz, CDCh) 07.40-7.31 (m, 5H), 6.90 (dd, J= 

10.6, 2 Hz, 1H), 6.14 (dd,J= 10.4, 1.8 Hz, 1H), 5.39 (s, 1H),4.94 (d,J= 11.8 Hz, 1H),4.71 (d, 

J= 12.0 Hz, 1H), 4.60 (bs, 1H), 4.07 (dd, J= 7.4,4 Hz, 1H), 3.16 (dd, J= 13.6,6.6 Hz, 2H), 

1.99-1.57 (m,4H), 1.44 (s, 9H). 
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a,j3-unsaturated alcohol (69) 

To the enone 68 (130 mg, 0.36 mmol) in a methylene chloride solution (0.36 mI, 1M) at -78 °C 

and under a nitrogen atmosphere was added a 004 M solution of cerium trichloride heptahydrate 

in methanol (CeCh.7H20, 0.90 mL, 0.36 mmol) followed by sodium borohydride (13.6 mg, 0.36 

mmol). The reaction was complete in 1.5 hours, and potassium bicarbonate (2 ml) was added 

along with diethyl ether (2 ml). The resulting mixture was extracted with diethyl~ether (2 x 20 

mL). The combined ether layers were washed with sodium bicarbonate (10 mL), followed by 

brine (10 mL), and then dried (Na2S04) and concentrated in vacuo to afford 69, a clear oil (109 

mg, 0.30 mmol, 83 % yield). Purification was not necessary for the subsequent ethyl formate 

protection. Rr 0.30 (50 % ether in hexanes). IH NMR (200 MHz, CDCh) 0 7.10 (s, 5H), 5.58 

(dd, J= 37.6,9.8 Hz, 2H), 4.87 (s, 1H), 4047 (d, J= 12 Hz, 1H), 4.36 (d, J= 12 Hz, IH), 4.25 (d, 

J = 6 Hz, 2H), 4.04 (bs, 1H), 3.68 (bs, IH), 0 lAO Hz, 9 H). l3C NMR (75 MHz, CDC13) 0 

156.3, 140.9, 137.8, 134.0, 128.5, 128.0, 127.8, 127.6, 127.0, 126.2,9304, 79.3, 71.3, 70.1, 67.8, 

65.3, 40.2, 30.3, 28.8, 28.5, 26.2. FAB HRMS mlz calcd for [(C2oH;9NOs) + Nat: 386.50186; 

Found 386.1939. 
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a, f3-unsaturated alcohol (90) 

To the enone 89 (628 mg, 1.74 mmol) in a methylene chloride solution (3.5mL, 0.5 M) at-78°C 

and under a nitrogen atmosphere was added a 0.4 M solution of cerium trichloride heptahydrate 

in methanol (CeC130 7H20) (4.34 mL, 1.74 mmol) followed by sodium borohydride (65.7 mg, 1.74 

mmol). The reaction was complete in 1.5 hours, and potassium bicarbonate (2 ml) was added 

along with diethyl ether (2 ml). The resulting mixture was extracted with diethyl ether (2 x 20 

mL). The combined ether layers were washed with sodium bicarbonate (10 mL), followed by 

brine (10 mL), and then dried (Na2S04) and concentrated in vacuo to afford 90, a clear oil (582 

mg, 1.60 mmol, 92 % yield). Purification was avoided until the subsequent ethyl formate 

protection. 
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Carbonate (48) 

To the a, f3 unsaturated alcohol 69 (144 mg, 0.40 mmol) in a methylene chloride solution (0.8 ml, 

0.5 M) was added pyridine (0.063 g, 0.79 mmol), dimethyl ammonium pyridine (4.83 mg, 0.040 

mmol) and ethyl chloroformate (47.29 mg, 0.44 mmol). The reaction proceeded at room 

temperature and was complete within 24 hour at which time potassium bicarbonate (10 ml) and 

diethyl ether (10 ml) were added. The resulting mLxture was extracted with diethyl ether (2 x 100 

mL). The combined ether layers were washed with 'sodium bicarbonate (100 mL), followed by 

brine (100 mL), and then dried (Na2S04) and concentrated in vacuo to a light colored oil. Flash 

chromatography (13 g of Si02;. eluent, 25:75 diethyl ether: hexanes) provided compound 48 (80 

mg, 0.18 mmol, 47 % yield). Rf 0.60 (50 % ether in hexanes). FTIR (thin film, cm-I) 3380, 

2961, 2355, 1727, 1516, 1382, 1261, 1165, 1024. IH NMR (500 MHz, CDC13) 8 7.32 (m,5H), 

5.94 (d, J = 10.0 Hz, IH), 5.84 (d, J = 10.0 Hz, IH), 5.06 (s, IH), 4.94 (d, J = 9.5 Hz, IH), 4.80 

(d, J = 12 Hz, IH), 4.61 (bs, 1H), 4.57 (d, J = 11.5 Hz, 1H), 4.21 (dd, J = 14.0, 7.0 Hz, 2H), 

3.909 (t, J = 9 Hz, 1H), 3.15 (m, 2H), 1.75 (m, 2H), 1.52 (m, 2H), 1.44 (m, 9H), 1.32 (t, J = 7 Hz, 

3B). l3C NMR (125 MHz, CDCh) 8 155.9, 154.8, 137.7, 129.3, 128.5, 128.1, 127.9, 127.8,93.4, 

79.1, 72.7, 70.2, 68.3, 64.4,40.5,29.0,28.4,25.9,14.2. FAB HRMS mlz calcd for [(C23H34N07) 

+ Ht: 436.2335; Found 436.2346. 
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Carbonate (76) 

To the a, f3 unsaturated alcohol 90 (40 mg, 0.11 romol) in a methylene chloride solution (0.5 M) 

was added pyridine (0.0175 g, 0.22 romol), dimethyl ammonium pyridine (1 mg, 0.01 romol), and 

ethyl chloroformate (13 mg, 0.11 romol). The reaction proceeded at room temperature and was 

complete in 4 hours, and then worked up with potassium bicarbonate and diluted with ether. The 

aqueous layer was extracted twice with 100 mL of diethyl ether. The combined ether layers were 

washed with sodium bicarbonate, followed by brine, and then dried over sodium sulfate before 

concentration to a yellow oil. The compound was purified by column chromatography (mobile 

phase solution 25: 75 diethyl ether: hexanes) providing compound 76 and 91 (30 mg, 0.09 romol, 

45 % yield). Rf 0.60 (50 % ether in hexanes). FTIR (thin film, cm-I) 3420, 2975, 1739, 1705, 

1516,1370,1259,1169,1059,1007. IH NMR (200 MHz, CDCh) 67.34 (m, 5H), 6.13 (ddd, J= 

10.1,4.8, 1.4 Hz, IH), 6.00 (d, J = 10.2 Hz, IH), 5.13 (s, IH), 4.84 (dd, J = 7,2.2 Hz, IH), 4.87 

(d, J = 12 Hz, IH), 4.66 (d, J = 11.8, 1H), 4.60 (m, 1H), 4.20 (dd, J = lA, 7 Hz, 2H), 3.74-3.68 (m, 

1H), 3.18 (m, 2H), 1.81-1.59 (m, 4 H), 1.44 (s, 9H), 1.31 (t, J = 7Hz, 3H). 13C NMR (75 MHz, 

CDC13) 6 156.2, 155.3, 137.9, 133.7, 128.6, 128.4, 128.0, 126.7, 110.7, 96.7, 73.6, 69.7,69.1, 

64.4, 40.4, 28.7, 27.8, 26.4, 14.43. FAB HRMS mlz calcd for [(C23H34N07) + Hr: 436.2335; 

Found 436.2333. 
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Carbonate (91) 

Rf 0.60 (50 % ether in hexanes). IH NMR (200 MHz, CDCI3) J 7.35 (m, 5H), 6.01-5.85 (m, 2H), 

5.19 (s, IH), 4.99 (d, J = 6.6 Hz, IH), 4.86 (d, J = 12.0 Hz, 1H), 4.64 (d, J = 12 Hz, IH), 4.54 (m, 

1H), 4.21 (dd, J= 14.4,7 Hz, 2H), 3.711-3.677 (m, IH), 3.15 (d, J= 5.6 Hz, 2H), 1.74-1.58 (m, 

4H), 1.44 (s, 9H), 1.32 (t, J= 7.2 Hz, 2H). 

Cis-fused Perhydro-pyrano-piperidine (77) 

BnOy0-y'""f 

~N) 

77 

I 

Boc 

To carbonate 76 (40 mg, 0.09 mmol) in a 1M THF solution under a nitrogen atmosphere at room 

temperature was added Pd(dba)2.CHCh (4mg, 0.004 mmol), and triphenylphosphine (6 mg, 0.012 

mmol). This was followed by the addition of potassium t-butoxidt; (7 mg, 0.09 mmol). The 

reaction went from an orange-brown color immediately to a black color. After 6 hours the 

starting material had disappeared, and the reaction was worked up by concentration. The 

compound was purified by column chromatography (mobile phase solution 10:90 diethyl ether: 

hexanes) providing compound 77 (16 mg, 0.051 mmol, 20 % yield). Rf 0.75 (50 % ether in 

hexanes). FTIR (thin film, em_I) 2964, 2927, 2859, 1694, 1454, 1414, 1393, 1377, 1365, 1343, 

1301, 1274, 1253, 1176, 1152, 1121, 1105, 1048, 1027,996,570. IH NMR (500 MHz, CDCI3) J 

7.35 (d, J= 4.5 Hz, 5H), 5.86 (dt, J= 11,2.5 Hz, IH), 5.72 (d, J= 10 Hz, IH), 5.06 (s, IH), 4.87 
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(d, J = 11.5 Hz, 1H), 4.54 (d, J = 11.5 Hz, 1H), 3.94 (s, J= 5.5 Hz, 1H), 2.29 (ddd, J = 13, 12.5, 

4.5 Hz, 1H), 1.90-1.86 (m, 1H), 1.65- 1.59 (m, 1H), 1.47 (s, 9H), 1.40- 1.23 (m, 3H), 0.90-0.87 

(m, 1H). l3C NMR (75 MHz, CDC13) 6 154.9, 137.9, 130.1, 128.4, 128.0, 127.6, 127.6,92.34, 

80.0, 69.7, 67.9, 30.3, 29.7, 28.4, 26.3, 24.2, 12.2. FAB HRMS mlz calcd for [(C23H34N07) + 

Ht: 346.2018; Found 346.2033. 

46 

Trans-fused Perhydro-pyrano-piperidine (46) 

To carbonate 48 (110 mg, 0.25 mmol) in methylene chloride (3 ml, 1 M) under a nitrogen 

atmosphere at room temperature was added Pd(dba)2oCHCI3 (13 mg, 0.013 mmol) , and 

triphenylphosphine (16.5 mg, 0.063 mmol). This was followed by the addition of potassium t-

butoxide (28.1 mg, 0.25 mmol). The reaction went from an orange-brown color immediately to a 

black color. After 6 hours the starting material had disappeared and the reaction was worked up 

by concentration. The compound was purified by column chromatography (mobile phase 

solution 10:90 diethyl ether: hexanes) providing compound 46 (25 mg, 0.076 mmol, 30 % yield). 

Rf 0.75 (50 % ether in hexanes). IH NMR (500 MHz, CDCl3) 67.38-7.30 (m, 5H), 5.96 (s, 2H), 

5.l6 (s, IH), 4.79 (d, J = 11.5 Hz, IH), 4.61 (d, J = 11.5 Hz, 1H), 4.33-4.30 (m, 2H), 3.80-3.85 

(m, 1H), 2.95-2.99 (m, 1H), 1.6-1.85 (m, 4H), 1.48 (s, 9H). FAB HRMS mlz calcd for 

[(C23H34N07) + Nat: 368.1838; Found 368.1849. 
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lH NMR (500 MHz, CDCh) 0 7.38-7.30 (m, 5H), 5.96 (dd, J= 9.9, 5.1 Hz, 2H), 5.81 (d, J= 10.2 

Hz, 1H), 5.16 (8, 1H), 5.03 (m, 3H), 4.83 (m, 1H), 3.66 (m, 1H), 3.50 (m, 1H), 3.27 (m, 1H), 

1.61-1.82 (m, 4H), 0.90 (8, 9H), 0.15 (8, 6H). 



45 
Literature Cited 

1 Guengerich, F. P.; Dimari, S. J.; Brodquist, H. P. JAm. Chem. Soc. 1973,95,2055-2056. 

2 Colgate, S. M.; Dorling, P. R; Huxtable, C. R. Aust. J Chem. 1979,32,2257-2264. 

3 Molyneux, R J.; James, L. F. Science 1982, 216, 190-19l. 

4 Schneider, M. J.; Ungemach, F. S.; Brodquist, H. P. JAm. Chem. Soc. 1982,104,6863-

6864. 

5 Asano, N.; Nash., R. J.; Molyneux, R J.; Fleet, G. W. J. Tetrahedron Asymmetry, 2000, 

11, 1645-1680. 

6 Colegate, S. M.; Dorling, P. R.; Huxtuble, C. R Aust. J Chem. 1979,32,2257-2264. 

7 For a good introCfUCtion to glycosidase inhibitors, see: Elbein, A. D. Crit. R~v. Biochem. 

1984,16,21-49. 

8 Cordes, E. H.; Bull, H. G. Chem. Rev. 1974, 74,581-603. 

9 de Raadt, Anna; Ekhart, Christian W.; Ebner, Michael; Stutz, Arnold E. Topics In 

Current Chemistry, 1997, 187, 157-186. 

10 Cenci di Bello, I.; Dorling, P. R.; Huxtable, C. R. Biochem. J. 1983,215,693-696. 

11 Tulsiani, D. R. P.; Harris, T. M.; Touster, O. J Bio!. Chem. 1982,257, 7936-7939. 

12 Spohr, u.; Bach, M.; Spiro, R. G. Can. J Chem. 1993, 71, 1919-1927. 

13 de Vicente, J.; Arrayas, R. G.; Canada, J.; Carretero, J. C. Synlett, 2000, 1, 53-56. 

14 Hempel, A; Camerman, N.; Mastropaolo, D.; Camerman, A. J Med. Chem. 1993,36, 

4082-4086. 

15 Goss, P. E.; Baker, M. A.; Carver, J. P.; Dennis, J. W. Clin. Cancer Res. 1995,1,935-

944. 

16 Das, P. c.; Roberts, J. D.; White, S. L.; Olden. K. Oncology Res. 1995, 7,425. 



46 
Literature Cited 

17 Karpas, A.; Fleet, G. W. J.; Dwek, R. A.; Petursson, S.; Namgoong, S. K.; Ramsden, N. 

G.; Jacob, G. S.; Rademacher, T. W Proc. Natl. Acad. Sci. US.A. 1988,85,9229-9233. 

18 For a review on cell surface recognition see: Yarema, K. J.; Bertrozzi, C. R. Current 

Biology, 1998,2,49-61. 

19 Winchester, B. G.; Fleet, G. W. J. Glycobiology, 1992,2, 199-210. 

20 Humphrie, M. J.; Matumoto, K.; White, S. L.; Molyneux, R. J.; Olden, K. Cancer Res. 

1988,48, 1410-1415. 

21 Dennis, J. W.; Koch, K.; Yousefi, S.; Vanderelst, I. Cancer Res. 1990,50, 1867-1871. 

22 Goss, P. E.; Reid, C. L.; Bailey, D.; Dennis, J. W. Clin. Can. Res. 1997,3, 1077-1086. 

23 Perrone, G. G.; Barrow, K. D.; McFarlane, I. J. Bioorg. & Med. Chern. Lett., 1999,7, 

831-835. 

24 Dorling, P. R.; Huxtable, C. R. ; Colgate, S. M. Biochern. J 1980,191, 649-65l. 

25 Carpenter, N. M.; Fleet, G. W. J.; Cenci di Bello, I.; Winchester, B.; Fellows, L. E.; 

Nash, R. J. Tetrahedron Lett. 1989,30, 7261-7264. 

26 a) Pearson, W. H.; Lin, Ko-Chung. Tetrahedron Letters, 1990, 31, 7571-7574. b) 

Pearson, W. H.; Hembre, E.:T. Tetrahedron Letters, 1993,34, 8221-8224. 

27 Razavi, R.; Polt, R. J Org. Chern. 2000, 65, 5693-5706. 

28 Trost, B. M.; Angew. Chern., Int., Ed. Engl. 1995, 34, 259-281. 

29 Cha, J. K.; Bennett III, R. B.; Choi, J.; Montgomery, W. D. J Arn Chern Soc 1989, 111, 

2580-2588. 

30 Chamberlin, A. R.; Miller, S. A. J Arn Chern Soc. 1990,112,8100-8112. 

31 Kibayashi, C.; Aoyagi, S., Naruse, M. J Org. Chern. 1994,59,1358-1364. 

32 Keck, G. E.; Romer, D. R. J Org. Chern. 1993,58,6083-6089. 



Literature Cited 

33 Adams, C. E.; Walker, F. J.; Sharpless, K.B. J Org. Chern. 1985,50,420-422. 

34 Mukai, C.; Sugimoto, Y; Miyazawa, K. Yamaguchi, S.; Hanaoka, M. J Org. Chern., 

1998,63,6281-6287. 

35 Wang, L.; Sharpless, K. B. J. Arn. Chern. Soc. 1992,114, 7568-757l. 

36 Achmatowicz, , 0.; Bielski, R. Carbohydr. Res. 1977,55, 165-176. 

37 Vidal, T.; Haudrechy, A.; Langlois, Y Tetrahedron Lett., 1999,40,5677-5680. 

38 Keck, G. E., Krishnamurthy, D. Org. Syn. 1997, 75, 12. 

39 Fuji, A.; Hashiguchi, S.; Uematsu, N.; llcariya, T.; Noyori, R. J. Arn. Chern. Soc. 1996, 

118,2521-2522. For catalyst preparation see: Haack, K.-J.; Hashiguchi, S.; Fujii, A.; 

llcariya, T.; Noyori, R. Angew. Chern., Int. Ed .. Engl. 1997, 36, 285-288. 

40 Haukaas, M.H.; O'Doherty, G. A. Organic Letters, 2001, 3, 3899-3902. 

41 Dr. Michael Haukaas applied this oxidation! selective Noyori reduction sequence to the 

substrate and obtained 98 % ee. 

47 



48 
Background 

Okadaic Acid (Ia) (Figure 1) is a marine natural product produced by dinoflagellates such as 

Prorocentrum lima. 1 It is found among marine filter feeders such as black sponges of the genus 

Halichondria where it was first isolated by Tachibana et a/..2 It possesses a formidable structure 

with seventeen stereo genic centers, three types of double bonds, three spiroketals, thirteen oxygen 

atoms attached to a thirty eight carbon backbone, as well as a tertiary a-hydroxy acid group. 

Figure 1. 

° H -:? 

H01<U= 0"" -I- ° -HO \ 7 , H: 
"OH 

1a 

1b 

1c 

R = H, okadaic acid 
R = CH3, dinophysistoxin 

R = H, 9,10-alpha-episulfide 

0:0= ° 38 H -
R 

The basic structure of okadaic acid can be found among other analogs, such as dinophysistoxin 

Ib (35-methyl okadaic acid) 3 as well as acanthifolicin Ie (9,lO-episulfj.de of okadaic acid) 4 as 

shown (Figure 1). 

Biology 

Okadaic acid and the mentioned congeners gained scientific attention when these marine toxins 

were determined to act as causative agents of diarrhetic shellfish poisoning (DSP) through their 

accumulation in edible shellfish.4
, 5 Okadaic acid has since been characterized as a non-phorbol 
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ester type tumor promoter, and as a potent inhibitor of protein phosphatases 1 and 2A at 

nanomolar concentrations.6 

The Forsyth group has produced inhibitory activity data for the protein phosphatases 1 and 2A 

using a malachite green assay system with a phosphopeptide substrate KRpTIRR.7 Against PPl, 

okadaic acid has an ICso value of 126 nM. Against PP2A, okadaic acid has an ICso value of 7 

nM.7 The Takai group has also determined inhibitory activity data for the protein phosphatases 1 

and 2A. Against PP1, okadaic acid has a Ki value of 145 nM, while against PP2A, okadaic acid 

has a Ki value of30 pm.8 

Norte and coworkers have shown that all the carbons of okadaic acid are derived from acetate. 

It has been demonstrated that acetate labeling patterns of okadaic acid is probably not due to 

involvement of citric acid pathway biosynthetic intermediates. Instead the I3C labeling patterns 

from [1,2-13C]acetate suggest 3-hydroxy-3-methylglutarate and other carboxylates generated via 

the tricarboxylic acid pathway may be involved. 4, 5 The origins of some of the oxygen atoms 

may be derived from acetate and glycolate. 
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The biosynthesis of okadaic acid's middle core 4, the focus of this thesis, is proposed to occur 

through a cyclization of a 13-epoxide 3, derived via oxidation of a disubstituted olefin 2 as 

outlined in Scheme 1. It is interesting that none of the total syntheses of okadaic acid make use of 

this biomimetic process. 

Previous Work 

Figure 2. 

1 a okadaic acid 

There has been significant scientific effort toward the synthesis of okadiac acid. Three total 

syntheses have been accomplished by the Isobe, Forsyth, and Ley groups to date.lO Additionally 

the Schlessenger and Marko groups have synthesized core fragments of okadaic acid. II
, 12 
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The different syntheses of okadaic acid are unique. An examination of the retrosynthetic designs 

of okadaic acid by other groups will provide background information for our work. 

Scheme 2. 

1a 

II 

5 

+ 

6 

PhSON"" 
2 ° 

28 ° 
7 

The retrosynthetic disconnection ofIsobe's synthesis is shown (Scheme 2).lOa,b The CI4-CIS E-

alkene is installed via a Julia olefination between the C14 sulfone anion of domain 5 and a CIS 

aldehyde of domain 6 (masked presently as a silyl protected alcohol). Likewise the C27-C28 

bond comes from the addition of the C28 sulfone anion of domain 7 added to C27 aldehyde of 6. 

All three domains derive their chirality from D-glucose. The stereochemistry of the a-hydroxy 

carboxylic acid of domain 5 stems from a stereos elective oxymercuration of an olefin followed by 

a reductive work-up. The Isobe group utilizes 106 steps for the total synthesis of okadaic acid. 
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For construction of domain 8 the Ley group utilizes methods developed in their laboratories for 

the asymmetric synthesis of a-hydroxy acids by employing a chiral dispiroketal (Scheme 3).IOd A 

Julia olefination occurs between the CI4 sulfone anion of domain 8 and the CIS aldehyde of 

domain 9 (masked above as a protected alcohol) to form the E-configured alkene. Domain 9 

incorporates a sulfone functionality at the C26 anomeric center which is activated toward 

nucleophilic displacement by the C27 acetylide anion of domain 10. The presence of the ortho-

methoxy group on the aryl ring of 9 greatly enhances its chelation of the sulfone oxygen with 

lewis acids, thus increasing its reactivity. After acetylide anion addition, a regio-selective 

hydroborationloxidation of the alkyne forms a single ketone that is then reduced and protected. 

Further elaboration forms okadaic acid. The Ley group utilizes 68 steps for its synthesis. 
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In our group's revised retrosynthetic direction,IOC the E-configured CI4-CIS alkene comes from 

an aldol coupling between the CIS methyl ketone of domain 13 and the CI4 aldehyde of domain 

12 (Scheme 4). This deviates from the original coupling strategy which utilizes the CIS 

carbanion of a J3-keto-phosphonate coupling to the CI4 aldehyde via a Masamune-Roush 

protocol. 13 The modified coupling strategy has the advantages of avoiding premature 

spiroketalization of the CI6 oxygen onto the CI9 ketal center that would form the 1,3-

dioxaspiro[3.4] octane system irreversibly. 14 

Likewise the C27-C28 bond is seen coming from a cerium-mediated coupling of the C28 anion of 

lipophilic domain 14 with the C27 aldehyde 13 (masked above as an O-silyl ether). 

Post-coupling transformations to furnish the natural product are minimal. The enone product of 

the aldol coupling reaction serves as a substrate for a diastereoselective ketone reduction using 

b 15 Corey's CBS- orane reagent. This is followed by intramolecular ketalization under 
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equilibrating conditions to afford the 1,3-dioxaspiro[3.4]octane nng system with the 

thermodynamically desired stereochemistry. 16 Saponification of the t-butyl group from domain 

12 simultaneously releases both the Cl carboxylate and C2 hydroxyl groups to provide the (J.­

hydroxy acid. Finally cleavage of the C27 and C24 benzyl ethers is affected with the use of 

lithium di-tertbutylbiphenylide (LiDBBP).17 

The major goal of this project is the large-scale preparation of the polyether domain 13, for use 

toward analog construction. It is envisioned that the syntheses of analogs would allow for the 

systematic probing of the okadaic acid pharmacaphore and create a better understanding of the 

functional groups which are necessary for maintaining the molecule's biological activity. These 

analogs may be used in studying the mechanism of phosphatase regulation. 

Protein Phosphatase Background 

Many cellular processes are regulated by the phosphorylation state of proteins. These cellular 

processes include glycogen synthesis, cell division, gene expression, neurotransmission, and 

muscle contraction.18 
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Figure 3. 
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Protein kinases phosphorylate proteins and are complimented by protein phosphatases which 

dephosphorylate proteins (Figure 3). Protein phosphatases and kinases are therefore jointly 

responsible for maintaining the phosphorylation of proteins in homeostasis. Both are implicated 

as important in cytokine signal transduction where changing this balance ultimately generates 

intracellular regulatory signals. 19 
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Over 100 protein phosphatases have been discovered to date, but there may be greater than 

1000. Understanding the roles of this vast number of phosphatases along with complimentary 

kinases is a significant challenge. 

A focus in our group has been to synthesize natural products and unnatural analogs which act as 

specific protein phosphatase inhibitors. Protein phosphatase 1 and 2A represent two of the four 

principle serine-threonine specific phosphatases in the cystol of eukariotic cells. This molecular 

cycle is partly responsible for inducing physicochemical changes in proteins, and thus serves an 

important role in the regulation of their action. Other molecules in the okadaic acid class ofPP1 

and PP2A SertThr phosphatase inhibitors include microcystin-LR, nodularin-Y, calyculin, 

tautomycin, cantharidin, thyrsiferyl-23-acetate, and fostriecin. All of these molecules exhibit 

inhibitory activity at a low or submicromolar levels consistently (ICso values).18 Additionally, all 

of these molecules appear to bind to the same site on the phosphatases. Therefore, a major 

challenge exists in understanding which phosphatase is responsible for a particular set of cellular 

processes. Making the challenge difficult is that the serine-threonine specific protein phosphatase 

family exhibits broad and overlapping substrate specificity. In fact the structural homology of the 

catalytic subunit of each of these enzymes show remarkable similarity .18 

The Forsyth group would like to investigate the role of PP1 vs. PP2A in cellular regulation by 

synthesizing molecules that will bind more specifically to either PP1 or PP2A. The okadaic acid 

class of inhibitors serves as an excellent scaffold from which to create these novel molecules. 

This should allow for a better understanding of the role each of these enzymes plays in protein 

regulation. 
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It is noteworthy that despite all the challenges encountered in discerning the roles of PPI vs. 

PP2A, there have been some recent encouraging breakthroughs in understanding how these 

enzymes effect intracellular signaling pathways. For instance okadaic acid was key in 

understanding that the peripheral hormone atrial natriuretic peptide, which controls blood 

pressure in the heart, is dephosphorylated by PP2A. 20 

Our group would like to gain a better understanding of the okadaic acid pharmacophore. Some 

limited SAR (structure activity relationship) studies using synthetic and semi-synthetic analogs 

have been informative in understanding okadaic acid's pharmacaphore. We would like to further 

elaborate these studies through a continuation of analog development and testing of these analogs 

for binding to PPI and PP2A. These studies may be helpful in designing okadaic acid analogs 

which exhibit specificity for PPI or PP2A. 
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Rational design of okadaic acid analogs starts with an understanding of its solution phase 

conformation. Over twenty years ago, solid and solution phase studies showed that the C l-C26 

portion of okadaic acid adopts a pseudo-macrolide conformation via intramolecular hydrogen 

bonding (Figure 4, A) and the C27-C38 domain of okadaic acid acts as a lipophilic domain.2 A 

recent study that examined the crystal structure of PPl co-crystallized with okadaic acid 

confirmed okadaic acid's active conformation, to a resolution of 1.9A. This study showed that 

the inhibitor bound enzyme shows little conformational change whencompared with two other 

PPl structures. 21 Both the pseudo-macrolide and lipophilic portions of the okadaic acid molecule 

appear to be important for reversible binding to PPl and 2A (Figure 4, B). Previous studies, in 

our group and others, have shown that specific functional groups of okadaic acid are critical in 

maintaining bioactivity.22 The Cl carboxylate appears to be a mimic of phosphoryl moieties of 

normal substrates and is important for the solution phase conformation of the natural product. 6 ill 

this light, isolation of C 1 esters of DSP toxin-producing strains of Prorocentrum show no activity 
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toward protein phosphatases.23 The C2 hydroxyl, C14-15 E-alkene, and C24 hydroxyl groups 

are also important for maintaining the molecule's pseudo-macrolide conformation.22 

Binding studies performed by Dr. Valerie Frydrychowski on truncated analogs of okadaic acid 

suggest that the pseudo-macrolide portion of okadaic is most substantial for inhibitory activity of 

PP2A, and that the lipophilic domain ofPPl plays a more significant role relative to PP2A.7 

Figure 5. 

1a R = OH. okadaic acid 
11 R = H. 7-deoxy okadaic acid 

The naturally occurring analog, 7-deoxy okadaic acid 11 was first isolated from the dinoflagellate 

P. Lima (Figure 5).24 Our group chose to use this congener of okadaic acid as an analogue 

scaffold as it has a less complicated structure and is nearly equipotent to okadaic acid. 7 Takai and 

co-workers have determined inhibitory activity data for 7-deoxy okadaic acid against PPI and 

PP2A. Against PP2A, 7-deoxy okadaic acid has a Ki value of 69 pM, relative to a Ki of 30 pm 

for okadaic acid. Against PPl, 7-deoxy okadaic acid has a Ki value of215 nM, relative to a Ki of 

145 nM for okadaic acid.8 The presence of the free C7 hydroxy group of okadaic lies outside the 

pseudo-macrolide conformation and does not appear to be a requirement for binding to PP 1 or 

PP2A. 



60 

Our group would like to probe both the pseudo-macrolide and lipophilic portions of 7 -deoxy 

okadaic acid. The most significant changes would involve the incorporation of variable C28-C38 

lipophilic domains. 

Forsyth-Abrams Synthesis 

One responsibility for construction of okadaic acid involves making process changes for the 

large-scale construction of the C15-C27 domain. As described, this domain is one of three major 

fragments of okadaic acid and will remain largely unchanged for analog construction. This 

domain is comprised of the C, D, and E rings of okadaic acid. It contains a bis-dioxydecalin ring 

system from C19-C26, as well as a 1,3-dioxaspiro[3.4]octane ring system from C16-C23. The 

C15-C27 is further characterized as having 5 chiral centers and an exo-methylene unit at C25. 

Among the chiral pool of carbohydrates, a-methyl-D-glucopyranoside was chosen as a building 

block for installation of the stereochemistry of this domain. 
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The retrosynthetic design for the C15-C27 domain (Scheme 5) follows largely from the original 

Forsyth route.9C Domain 15 was envisioned to arise from trans-configured bis-pyran 16 via 

secondary alcohol oxidation, olefination, and selective Wacker oxidation.25 The bis-pyran would 

then come from C-glycoside 17 via a one-pot acid-catalyzed double-deprotection, cyclization, 

and ketalization. The C-glycoside in turn was seen coming from altrose-configured pyran 18, 

which could come from a-methyl-D-glucopyranoside 19 in just three steps. 

Process changes from the original procedures were essential in making the C15-C27 domain 

synthesis amenable for a large-scale effort. These included a change or reduction in reagent 

stoichiometry, minimization or reduction of work-up conditions, and exploration of more 

efficient routes. 
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Starting from cx.-methyl-D-glucopyranoside 19, benzaldehyde dimethyl acetal was used to fonn 

the 4,6-di-O-benzylidene acetal of cx.-methyl-D-glucopyranoside 20 (Scheme 6).26 The acid 

catalyst source of p~ TsOR from the orginal procedure was exchanged for amberlystIR. -120 resins 

in order to completely eliminate the need for an aqueous work-up. This would have been a 

sizeable effort, as this reaction was run on as large as a one kilo scale. Methanol generated from 

this protection step was azeotropically removed with CHCb, the reaction solvent medium. 

Scheme 7. 

OH 

HO""cX''''~''·'Ph II \' ( 

,\\\ 0 
Mea" a 

20 

N-Tosyl imidazole 

NaH 

DMF, 0 °C, 5 h 

(65 "!o) 

• 

21 

Next acetal intennediate 20 was transfonned into manno epoxide 21 according to the original 

procedure (Scheme 7).27 After fonnation of the dialkoxide of 20 with 2.1 eq of sodium hydride, 

one equivalent of n-tosyl imidazole was suitable for regioselective tosylation. This was followed 

by ring-closure by the remaining nucleophilic alkoxide and concomitant tosylate displacement. 
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Presumably, C2 of 2 is more accessible for tosylation than C3 when using the bulkier n-tosyl 

imidazole. However, the selectivity is completely diminished when using p-tosyl chloride. 27 

Excess n-tosyl imidazole was avoided as it often gave a di-tosylate bi-product and lower overall 

yield. 

Scheme 8. 
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The manno epoxide 21 was next opened regio- and stereoselectively \vith the sodium salt of 

benzyl alcohol to yield 3-0-benzyl-a-D-altropyranoside 18 (Scheme 8).28 In this transformation 

benzyl alcohol also serves as the reaction solvent. Our concerns for this modest yielding step 

concentrated in the improvement of product isolation. We therefore addressed the current 

synthetic work-up. 

The work-up for this reaction requires heated vacuum distillation of excess benzyl alcohol. As 

the altropyranoside product 18 is readily soluble in benzyl alcohol, we believed the difficulty in 

removing this solvent was negatively effecting product yield. It was envisioned that reducing the 

neat benzyl alcohol to 10 equivalents would be a possible solution. Toluene as well as DMF were 

each employed as reaction solvents with the use of 10 equivalents of benzyl alcohol. 

Unfortunately appreciable product did not form under these conditions. 
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In place of using neat benzyl alcohol, an alternative approach to the opening of the manno 

epoxide 21 utilized potassium acetate in a solvent medium of acetic acid and DMSO. (Scheme 

9). 

Scheme 9. 

It was envisioned an acetic acid! DMSO solvent medium could yield 22 and then be removed 

more easily than benzyl alcohol (Scheme 9) ____ A survey of experiments was undertaken using 

potassium acetate in ranges of 3 to 10 equivalents. DMF was also employed as a solvent 

medium. These experiments did not yield desired products. 

Scheme 10. 

p-TSOH 9Bn 9Bn 
HO 

HOD:: 
TMSCI, Et3N TMSO~MS • .-

MeOH, rt, 2 h 
MeG'"'' 0 OH CH 2CI2, rt, 5 h . MeG"'" 0 OTMS 

(95%) 

18 23 24 

Removal of the 4,6-di-O-benzylidene acetal of18 withp-TsOH in methanol resulted in formation 

of the altrose-configured triol species 23, as in the original procedure (Scheme 10). Over 50 

grams of this product was cumulatively produced. 
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Triol species 23 was then persilylated using TMSCl to yield 24. It was found that this source of 

mono-silylating agent was cheaper than the bis-silylating agent N, O-bistrimethylsilyl 

trifluoroacetamide (BSTF A) utilized in the original process/9 and therefore more practical for a 

large-scale effort. The crude persilylated product 24 was next subjected to C-glycosidation 

conditions. 

Scheme 11. 
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The C-glycosidation of persilylated altropyranoside 24 used Gray's one-pot procedure, involving 

a Sakurai type reaction, to afford product 25 (Scheme 11)?O The original procedure makes use of 

5 equivalents of TMSOTf. Attempts to improve this reaction were undertaken by employing 

BF3.0Et2 as the Lewis acid source, but have met with little success. However, some economical 

improvements for this reaction were made by reducing TMSOTf from 5 equivalents to 1.5 

equivalents and trimethyl allylsilane from 5 eq, to 2 eq. Following the Sakurai reaction, the 4,6 

diol of 25 was reprotected as the 4, 6-0-anisylidene dimethyl acetal 26. Over 40 grams of 26 

was successfully produced. 
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A survey of various silyl protection reactions for the remaining secondary alcohol of 26 was 

undertaken (Scheme 12), as the original synthesis utilized 5 eq. of the expensive reagent 

TBSOTf. The initial survey of reactions utilizing a combination of TBSCI and DMAP were 

unsuccessful at producing significant quantities of the desired secondary protected alcohol. It 

was finally discovered that the in situ formation of TBSN03 from TBSCI and AgN03 was 

effective at formation of the protected alcohol 27?1 A hydroborationl oxidation sequence to form 

28 followed. This reaction sequence was also improved. In place of 9-BBN which required a 

stoichiometric equivalent for every equivalent of alkene, the use of BH3.DMS only required one 

third of one equivalent. The regioselectivity of the hydroborationl oxidation with BH3.DMS was 

equal to the original procedure. Over 10 grams each of27 and 28 remains. 
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Following its formation, a small amount of the primary alcohol 28 was subjected to TBAF 

deprotection conditions to produce diol species 29 (Scheme 13). This was in preparation for the 

investigation of the following oxidation reaction. It was envisioned that an extra oxidation step 

required in the original synthetic sequence could be eliminated by performing a one-pot double 

oxidation of diol 29 to lactone 30, going through a lactol intermediate. Several double oxidation 

conditions were attempted including the use of pyridinium chlorochromate (PCC),32 and 

tetrapropylammonium perruthenatel N-methyl-morphiline N-oxide (TP AP-NMO). 33 However 

the best conditions used a combination of TEMPO and iodobenzene diacetate (BAIB).34 This 

reaction was successful on small-scale but was problematic in producing high yields on reaction 

scales larger than 1 gram. Therefore, synthesis of the lactone intermediate was discontinued in 

lue of reverting to the original process. 
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In this vein, the primary alcohol 28 was subsequently oxidized to aldehyde 31 under Swem 

conditions (Scheme 14).19 It was found that either a butenyl Orignard species or butenyllithiated 

species was equally effective in formation of the 1: 1 mixture of diastereomeric secondary 

alcohols 32. Over 10 grams of32 remains for future work. 
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The secondary alcohol of 32 was oxidized to ketone 17 again under Swem conditions (Scheme 

15). Then an acid-catalyzed one-pot reaction to form 33 followed. Catalytic amounts of 

camphorsulfonic acid (CSA) induced the doub1e-deprotection, ring-cyclization and then 

ketalization events all in one-pot. 
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Selective primary alcohol protection of diol 33 was performed with TBSCI to afford TBS ether 

i6 (Scheme 16). The remaining secondary alcohol was then oxidized to ketone 34 under Swem 

conditions. After purification, the overall yield from 33 to 34 was 55 %. 
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Ketone 34 was next subjected to Wittig olefination conditions to provide the sensitive exocyclic 

alkene 35 (Scheme 17). This di-alkene was then selectively oxidized under standard Wacker 

conditions to provide what appears to be the methyl ketone 1. Further spectral evidence is 

necessary for definitive confirmation of this product. It is envisioned that future scale-up work of 

advanced intermediates will continue to provide significant quantities of the ClS-C27 okadaic 

acid domain, which will support the creation of novel analogs of okadaic acid. 
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Once significant quantities of both the CI-ClS aldehyde and C16-C27 bis-pJTan domains have 

been synthesized, they will be coupled together. The C27 O-silyl ether will be cleaved and 

oxidized to the C27 aldehyde. One of the goals will be to add variable lipophilic domains to the 

C27 aldehyde to create novel okadaic acid analogs (Figure 6). Our group has begun to 

investigate the significance of the lipophilic domain of okadaic acid. Enzymatic assays 

performed in our group have shown this portion of the molecule to be important for inhibition of 
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PPl and PP2A.9 Moreover, it appears that this liphophilic portion has greater significance for 

inhibition ofPPl relative to PP2A. The ICso values for the Cl-C27 truncated analog A (Figure 6) 

verses okadaic acid shows an SOO-fold decrease in activity against PPI, while showing only a 50-

fold decrease in activity against PP2A. More work on gaining a clearer picture of the lipophilic 

domain's significance in binding to the lipophilic groove of either PPl or PP2A needs to be 

accomplished.9 

Lipophilic fragments which will be used to investigate the significance of this domain include a 5 

carbon extension of the original intact spiroketal B (where X is a leaving group that could be 

attacked by amino acid residues ofPPl or PP2A, Figure 6). Our group would also like to employ 

a simple fatty acid side chain C. Additionally we would like to try the Adda side chain of 

microsystin D, which is in the okadaic acid class of molecules. Studies have shown that this side 

chain, a unique 20-carbon ~-amir acid, is important in phosphatase inhibition. For instance, 

hydrogenation or ozonolysis of the alkenoic positions of the Adda side chain of microsystin 

attenuates its activity.12 We would like to continue to explore the structural evidence that this 

side-chain is a peptidomimetic of the hydrophobic sequence (AMLF) of amino acids 36-39 of 

Conclusion 

Significant process improvements for many of the steps in the Cl5-C27 domain have been 

accomplished. These process changes have been put to test through a large-scale effort. Novel 

okadaic acid analogs can now be synthesized and tested to create a more empirical set of structure 

activity relationships, that will help define the okadaic acid pharmacophore. Furthermore, future 
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analog syntheses will aid in understanding the separate role of both PPI and PP2A in protein 

phosphatase regulation. 

Experimen tals 

Unless otherwise noted, all experiments were carried out under an argon atmosphere in oven-

dried glassware using standard chemical reagent addition techniques including syringe, cannula, 

and addition funnels. The THF, diethyl ether, and benzene were distilled from Nalbenzophenone 

ketyl under N2 prior to use. The CH2Ch, CH3CN, triethylamine, diisopropyl amine, and toluene 

were distilled from CaH2 under N2• Purifications for intermediates 18-21 utilized recrystalization 

techniques with the solvent systems indicated. All other intermediates were purified using flash 

chromatography on lCN SiliTech 32-63D 60 A silica gel or Baker Flash silica gel 60 (40 pm) 

with the indicated mobile phase systems. Analytical TLC was performed on 0.25 mm EM silica 

gel 60 F254 plates and visualized with UV (254 nm) and anisaldehyde stain (450 mL 95 % EtOH, 

25 mL concentrated H2S04, 15 mL of acetic acid, and 25 mL anisaldehyde). All NMR spectra 

were obtained using 200, 300 and 500 MHz Varian lTlOva instruments. All NMR spectra were 

obtained in CDCh and referenced to residual CHCh at 7.24 (lH) and-77.0 C3C) ppm. IR spectra 

were obtained using a Perkin-Elmer 1600 series FTIR. High resolution mass spectrometric 

(HRMS) data were obtained by the University of Minnesota Mass Spectrometry Laboratory using 

Cl and FAB techniques, which utilized both Finnigan MAT 95 spectrometer and NH3 and VG 

7070E-HF spectrometer respectively. 
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To a 0 °C solution of a-methyl-D-glucopyranoside 19 (1000 g, 5.15 mol) in CHCh ( 2.5 L) was 

added dimethyl acetal of benzaldehyde (745 g, 4.89 mol) and Amberlyst 15 I-E (10 g, 1 mol wt 

%). The mixture was heated to reflux and an azeotropic distillation took place at 53°C. The 

CHCh level was continually replenished during the azeotropic distillation. After 6 hours, the 

reaction was cooled to room temperature, filtered, and concentration to a wet yellow solid. The 

crude product was dissolved in et~yl acetate (1 L) and triturated with hexanes (5 L) to produce 

4,6-di-O-benzylidene acetal of a-methyl-D-glucopyranoside 20 as a white solid (712g, 2.52 mol, 

60 % yield). R f O.5 (100 % ethyl acetate) IH NMR (CDCh, 300 MHz) 8 7.45-7.52 (m, 2H), 7.33-

7.39 (m, 3H), 5.51 (s, 1H), 4.78 (d, J= 4 Hz, 1H), 4.29 (dd, J= 8.9, 3.4 Hz, 1H), 3.93 (dd, J= 9 

Hz, 1H), 3.73-3.82 (m, 2H), 3.64 (ddd, J= 9.1, 4.6, 4.4 Hz, 1H), 3.49-3.59 (m, 1H), 3.46 (s, 3H). 

Manno epoxide pyran (21) 27 

To a solution of 4,6-di-O-benzylidene acetal of a-methyl-D-glucopyranoside 20 (31.0 g, 109 

mmol) in 230 ml DMF was added sodium hydride (8.15 g, 340 mmol) at room temperature and 

under an argon atmosphere. Within a few minutes the reaction thickened to a paste. While 
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manually slurrying the reaction mixture at 0 °C, a solution of N-tosyl imidazole (24.5 g, 110 

mmol) in DMF (130 mL) was added dropwise over 40 minutes via addition funnel. The reaction 

was allowed to warm to rt over 4 hours, at which time the starting material had been consumed. 

The reaction mixture was slowly decanted into a magnetically stirred ice-water solution (2.5 L), 

and immediately an off-white precipitate appeared. This was filtered to give a crude product 

which was washed several times with water (3 x 100 rnL) to remove excess DMF. The crude 

cake was purified by a series of washes with 5 % ethyl acetate in hexanes (3 x 200 rnL) to remove 

ditosylate bi-products and provide manno epoxide 21 (17.4 g, 66 mmol, 60 % yield). Rr 0.6 (20 

% ethyl acetate in hexanes). lH NMR (CDCh, 300 MHz) 8 7.45-7.52 (m, 2H), 7.26-7.42 (m, 

3H), 5.57 (s, 1H), 4.90 (s, 1H), 4.26 (d, J = 6.2 Hz, 2H), 3.66-3.77 (m, 2H), 3.48 (d, J = 3.8 Hz, 

1H), 3.47 (s, 3H), 3.17 (d, J = 3.6 Hz, IH). 

9Bn 

HOXX= ""~",,Ph 

Mea"" a ° 
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3-0-benzyl-a-D-altropyranoside (18) 28 

To benzyl alcohol (250 rnL) in a 1L 3 neck flask, cooled to 0 °C and equipped with overhead 

stirring, was added NaH (9.08 g, 378 mmol, 10 eq.). Vigorous bubbling occurred. This was 

followed by addition ofmanno epoxide 21 (10 g, 38 mmol, 1 eq.). A heating mantle was used to 

heat the reaction to a temperature between 110 - 120°C for 7 h, at which time starting material 

was consumed. The reaction was cooled to room temperature, followed by the addition of 

methanol (100 rnL) and NaHC03 (20 rnL). Without extractive work-up, the reaction mixture 

was concentrated under vacuum at 85-90 0c. Benzyl alcohol distillates were collected. Following 
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significant removal of benzyl alcohol (ca 95 %), the concentrated solution was cooled and a crude 

product was afforded as a white solid product was precipitated by titration with hexanes (5-10 

ml). Dissolving the crude product in CHCh (10 mL) followed by titration with hexanes (10 mL) 

afforded 3-0-benzyl-cx.-D-altropyranoside 18 as a purified white solid (8.5g, 23 mmol, 60 %). Rr 

0.25 (2:1, hexanes: ethyl acetate). IH NMR (CDCh, 300 MHz) 8 7.46-7.52 (m, 2H), 7.25-7.40 

(m, 8H), 5.57 (s, IH), 4.88 (d, J= 12.8 Hz, IH), 4.75 (d, J= 12.8 Hz, IH), 4.56 (s, IH), 4.29-4.48 

(m, 2H), 3.97-4.03 (m, 2H), 3.82-3.89 (m, IH), 3.73 (dd,J= 9 Hz, IH), 3.43 (s, 3R). 

Triol (23) 35 
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To the 3-0-benzyl-cx.-D-altropyranoside 18 (8.30 g, 16.7 mmol) in methanol (18 mL) at rt was 

addedp-TsOH (212 mg, 0.13 mmol). After 1 hour, Et3N (0.2 mL) was added, and the mixture 

was concentrated to an oil. The crude triol 23 was purified via flash column chromatography (1: 1 

diethyl ether: hexanes to 50 % ethyl acetate in hexanes) to afford a c1~ar oil (6.00 g, 21 mmol, 95 

% yield). RrO.25 (100 % EtOAc). IH NMR (CDCh, 300 MHz) 8 7.25-7.39 (m, 5H), 4.79 (d, J= 

11.2 Hz, 1R), 4.64 (d, J= 1.2 Hz, IH), 4.53 (d, J= 11.2 Hz, 1H), 3.93-4.02 (m, IH), 3.75-3.97 

(m, 5H), 3.42 (d, J= 1.4 Hz, 1H), 3.41 (s, 3H), 2.70 (d, J= 5.6 Hz, 1H), 2.45 (bs, 1H). 
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To the triol 23 (20A3 g, 71.86 mmol) in CH2Clz (500 mL) at rt was added Et3N (60.1 mL, 431.2 

mmol) followed by TMSCI (54.7 mL, 431.2 mmol). After 12 hours, NaHC03 (150 mL) was 

added. The separated aqueous phase was extracted with CH2Cl2 (3 x 200 mL), and the combined 

organic phases were washed with brine (100 mL), dried over Na2S04, and concentrated to an oil. 

The crude trisilyl ether 24 was used in the next step without further purification. Rr 0.6 (20 % 
'. 

ethyl acetate in hexanes). 

C-glycoside triol (25) 

9Bn 

HOXX' ",."OH 

~"""., 0 OH 

25 

To the persylilated pyran 24 (25A7 g, 50.9 mmol, 1 eq) in acetonitrile (.20 mL) was added at 0 °C 

. allyl trimethlysilane (8.72 g, 76.3 mmol) followed by TMSOTf (16.96 g, 76.3 mmol). The 

reaction was complete after 2.5 hours and NaHC03 (30 mL) followed by ethyl acetate (100 mL) 

was added. The separated aqueous layer was extracted with ethyl acetate (3 x 75 mL) and the 

combined organic washed with brine (50 mL), dried over Na2S04, and concentrated to an oil. 

The crude C-glycoside triol25 was used in the next step without further purification. RrOA (100 

% ethyl acetate). 



9Bn 

HOXX' "",~,.~PMP 
~,,,,,,, a ° 

26 

4,6-di-O-p-anisylidene C-glycoside (26) 36 

79 

To the C-glycoside triol 25 (35g, 0.12 mol) in acetonitrile (250 mL) at room temperature was 

added p-TsOH (340 mg, 1.78 mmol) and benzaldehyde dimethyl acetal (39 g, 0.21 mol). After 

10 h Et3N (0.4 mL), ethyl acetate (200 mL), and NaHC03 (150 mL) were added. The separated 

aqueous layer was extracted with ethyl acetate (3 x 200 mL) and the combined organic layers 

washed with NaHC03 (100 mL) followed by brine (100 mL), dried over Na2S04, and 
--..--" 

concentrated to an oil. The crude product was purified via flash column chromatography to 

afford the 4,6-di-O-p-anisylidene C-glyocside 26 (30 % ethyl acetate in hexanes) as a light tan 

solid (47.2 g, 0.11 mol, 95 % yield). Rf 0.20 (30 % ethyl acetate in hexanes). IH NMR 87.51-

7.55 (m, 2H), 7.32-7.42 (m, 5H), 6.95 (d, J= 9 Hz, 2H), 5.81 (m, 1H), 5.60 (s, 1H), 5.17 (m, 2 

H), 4.94 (d, J= 12.5 Hz, 1H), 4.66 (d, J= 12 Hz, 1H), 4.29 (dd, J= 10, 5.5 Hz, 1H), 4.22 (dddJ 

= 10, 10,5 Hz, 1H), 4.06 (dd, J= 16,4 Hz, 1H), 3.95 (dd, J= 12,10.5 Hz, 2H) 3.85 (m, 4H) 3.75 

(t, J = 10.5 Hz, 1H) 2.88 (ddd, J = Hz, 1H) 2.62 (ddd, J = Hz, 1H), 2.36 (bs, 1H), 1.94 (s, 1H). 
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27 

TBS ether C-glycoside (27) 37 

To a solution of 4,6-0-anisylidene C-glycoside trio126 (16.03 g, 38.76 mmol), in DMF (160 mL) 

at 0 °C was added pyridine (14.1 mL, 174 mmol) followed by AgN03 (16.46 g, 96.90 romol) and 

then TBSCl (14.61 g, 96.90 mmol). After 7 hours the reaction was complete and NaHC03 (150 

mL) along with CH2Ch (150 mL) were added. The separated aqueous layer was extracted with 

CH2Clz (2 x 150 mL) and the combined organic layers washed with brine (100 mL), dried over 

Na2S04, filtered and concentrated to an oil. The crude product was purified via flash column 

chromatography (30 % ethyl acetate in hexanes) to afford TBS ether C-glycoside 27 as a clear 

oil (17.9 g, 34.0 romol, 88 % yield). Rf 0.75 (20 % ethyl acetate in hexanes). IH NMR (CDCh, 

300 MHz) 8 7.45 (d, J= 7.5 Hz, 2H), 7.27-7.39 (m, 5H), 6.91 (d, J= 7.5 Hz, 2H), 5.77-5.80 (m, 

1H), 5.56 (s, IH), 5.09-5.13 (m, 2H), 4.91 (d, J= 12 Hz, 1H), 4.63 (d, J= 12 Hz, 1H), 4.27 (dd, J 

= 10.25,4.5 Hz, 1H), 4.16 (ddd, J= 11,7.75,5.5 Hz, 1H), 4.03 (dd, J= 9.25,1.5 Hz, 1H), 3.86 

(d, J = 3 Hz, 1H), 3.82 (s, 3H), 3.77 (m, IH), 3.74 (dd, J = 10, 7 Hz, 2H), 2.77 (dddd, J = 14.5, 

7.5,7.5, 1H), 2.65 (ddd, J = 14.40, 8, 7.75 Hz, 1H), 0.88 (s, 9H), -0.01 (s, 3H), -0.04 (s, 3H). 



Primary alcohol (28) 38 

OBn 

TBSoy\, ••• ~."'PMP 
H~·····~O~O 

28 

81 

To a solution of the alkene 27 (4.82 g, 9.15 mmol, 1 eq) in THF (12.3 mL) stirring at -78 °C, was 

added via syringe a 1.2 M THF solution of BH3.DMS (0.35 mL, 3.66 mmol, 0.8 eq). After 2 

hours the reaction was warmed to 0 °C, and then after 3 hours a solution of H20 2 (3.9 mL, 25.6 

mL) and NaOH (l.77 g, 29.3 mmol) was slowly added. Some moderate foaming occurred upon 

initial addition. After an additional 1 h of stirring at 0 °C, NaHC03 (15 mL) followed by ethyl 

acetate (25 ml) was ~<!dded. The crude product was purified via flash column chromatography (20 

% ethyl acetate in hexanes) to afford alcohol 28 as a clear oil (4.0 g, 7.3 mmol, 80 % yield). Rf 

0.3 (50 % ethyl acetate in hexanes). IH 'NM'R (CDCb, 300 MHz) 87.45 (d, J= 6 Hz, 2H), 7.32-

7.37 (m, 5H), 6.92 (d, J = 6 Hz, 2H), 5.57 (s, 1H), 4.91 (d, J = 12.3 Hz, 1H), 4.63 (d, J = 12.3 Hz, 

1H), 4.25 (dd, J= 10.5, 5.5 Hz, 1H), 4.17 (ddd, J = 10,9.8,5.5 Hz, 1H), 4.05 (dd, J = 8, 5 Hz, 

1H), 3.83-3.78 (m, 1H), 3.83 (s, 3H), 3.75-3.70 (m, 2H), 3.68-3.60 (m, 2H), 3.48 (dd, J = 12, 5.5 

Hz, 1H), 2.30 (m, 1H), l.64-1.70 (m, 2H), 1.45-1.40 (m, 2H), 0.87 (s, 9H), 0.03 (s, 3H), -0.02 (s, 

3H). 
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31 

Aldehyde (31) 39 

To a -78°C solution of (COCl)z (1.60 mL, 2.33 g, 18.4 mmol) in CHzCh (27.0 mL) was added a 

solution ofDMSO (2.6 mL, 2.87 g, 36.7 mmol) in CH2Ch (5.2 mL). After 15 min. of stirring, a 

solution of the alcohol 28 (5.0 g, 9.2 mmol) in CH2Ch (10 mL) was added slowly via syringe. 

The resulting reaction mixture was stirred for 1 hat -78 °C before the addition of Et3N (8.37 mL, 

6.08 g, 59.7 mmol). After 30 min., the reaction was allowed to wann to 0 °C and stirred for an 

additional 1 h. At this time CH2Ch (50 mL) and NaHC03 (50 mL) were added to the reaction. 

The separated aqueous layer was extracted with CH2C12 (2 x 100 mL) and the combined organic 

layers washed with brine (50 mL), dried over Na2S04, and concentrated to an oil. The crude 

product was purified using flash column chromatography (25 % ethyl acetate in hexanes) to 

afford aldehyde 31 as a clear oil (1.61 g, 2.9 mmol, 85 % yield). R f 0.8 (40 % ethyl acetate in 

hexanes). IH NMR (CDCh, 300 MHZ), 8 9.82 (s, 1H), 7.45 (dd, J= 6.45, 2.1 Hz, 2H), 7.27-7.37 

(m, 5H), 6.92 (dd, J = 6.6, 1.8 Hz, 2H), 5.56 (s, 1H), 4.92 (d, J = 12.3 Hz, 1H), 4.63 (d, J = 12.3 

Hz, 1H), 4.23 (dd, J = 10.2,4.8 Hz, IH), 4.05-4.15 (m, 2H), 3.82 (s, 3H), 3.62-3.81 (m, 4H), 

2.60-2.75 (m, 1H), 2.52-2.57 (m, 2H), 1.75 (m, IH), 0.88 (s, 9H), 0.01 (s, 3H), -0.39 (s, 3H). 
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29 

Diol (29) 

To a solution of the alcohol 27 (1.84 g, 3.39 mmol) in THF (9.2 mL) at 0 °c was added aIM 

solution ofTBAF (10.2 mL, 10.16 mmol). After 1 hour at room temperature K2C03 (0.20 g) and 

H20 (10 mL), followed by NaHC03 (10 mL) and diethyl ether (20 mL) were added. The 

separated aqueous layer was extracted with diethyl ether (2 x 25 mL) and the combined organic 

layers washed with brine (20 mL), dried over Na2S04, and concentrated to an oil. The crude 

product was purified using flash column chromatography (40 % ethyl acetate in hexanes to 100 % 

ethyl acetate in hexanes) to afford diol 29 as a clear oil (1.05g, 2.4 mmol, 72 % yield). Rr 0.3 

(100 % ethyl acetate). [aJ25 = + 19.6 (c2.25, CHCh). FTIR (thin film, cm-I) 3401, 2954, 2926, 

2871, 1615, 1589, 1518, 1463, 1455, 1382, 1303, 1251, 1173, 1124, 1098, 1070, 1054, 1029,832. 

IH NMR (CDCh, 300 MHz) 8 7.28-7.44 (m, 7H), 6.90 (d, J= 8.1 Hz, 2H), 5.52 (s, IH), 4.91 (d, 

J = 12 Hz, IH), 4.64 (12.3 Hz, 1H), 4.00-4.27 (m, 4H), 3.63-3.93 (m, 7H), 3.81 (s, 3H), 2.29-2.38 

(m, 3H), 1.53-1.70 (m, 4H). DC (75 MHz) 8 160.1, 138.7, 130.3, 128.3, 127.5, 127.4, 113.6, 

102.3, 79.5, 73.6, 71.3, 69.6, 62.3, 60.1, 55.3, 31.0,29.7, 29.6, 25.7,25.6. E1 HRMS mlz calcd 

Lactone (30) 

H 9Bn 
0y0Y'l",~",PMP 

vt--O~o 
H 

30 

To a solution of diol 29 (68 mg, 0.16 mmol) in CH3CN (0.30 mL) at 0 °c was added 

iodobenzene diacetate (BAIB) (152 mg, 0.473 mmol) followed by TEMPO (4.92 mg, 0.031 
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mmol). The reaction was allowed to warm to room temperahlre, crushed 4A molecular sieves 

were added (7 mg, 10 wt %), and continual stirring occurred for an additional 24 hours. To the 

reaction mixture was added NaHC03 (0.5 mL) and ethyl acetate (2 mL). The separated aqueous 

later was extracted with ethyl acetate (2 x 2 mL)and the combined organic layers washed with 

brine (1 mL), dried over Na2S04, and concentrated to an oil. The crude product was purified via 

flash column chromatography (10 % ethyl acetate in hexanes to 50 % ethyl acetate in hexanes) to 

afford lactone 30 as a clear oil (33 mg, 0.077 mmol, 49 % yield). Rf 0.7 (60 % ethyl acetate in 

hexanes). [0.]25 = -24.3 (c 0.90, CHC13). FTIR (em-I) 3425.3, 2936.6, 1708.5, 1614.6, 151804, 

1452.7, 1371.1, 1251.6, 1173.3, 1103.5, 1027.8,831.9. IH NMR (CDCh, 300 MHz) 8 7.27-7046 

(m, 7H), 6.92 (d, J= 7.5 Hz, 2H), 5.52 (s, 1 H), 4.95 (d, J= 1104 Hz, 1H), 4.72 (d, J= 1104 Hz, 

1H), 4.52 (dd, J= 11.4,4.2 Hz, 1H), 4.36 (dd, J= 1004,5.1 Hz, 1H), 4.29 (dd, J= 10.5, 5.1 Hz, 

1H), 4.13 -4.23 (m, 2H), 3.89-3.96 (m, 1H), 3.83 (s, 3H), 3.69 (dd, J = 10 Hz, 1H), 2.75 (ddd, 

1H), 2.59 (dd, J = 17.1, 8 Hz, 1H), 2.16-2.20 (m, 1H), 1.80-1.88 (m, 1H). BC (75 MHz) 8 169.7, 

160.2, 138.0, 129.7, 128.4, 128.0, 127.8, 127.6, 113.7, 101.8,83.2,76.4,76.0,74.1, 70.2, 65.6, 

62.9,55.3,27.5,25.8. EIHRMS mlz calcd for [(C2JI260 7) + Nat: 449.16; Found 449.1557. 

32 

Secondary alcohol (32) 

To a solution of butenyl bromide (770 mg, 0.579 mL) in diethyl ether (28 mL) at -78 °c was 

added a 1.9 M solution of t-BuLi in hexanes (5.81 mL, 11.05 mmol). After stirring this mixture 
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for 30 minutes it turned light yellow. A solution of aldehyde 31 (774 mg, 1.43 mmol, 1 eq) in 

diethyl ether (28 mL) at -78 DC was added drop-wise via cannula. The reaction mixture was 

allowed to stir for an additional 1.5 hours before NaHC03 (15 mL) and diethyl ether (50 mL) 

were added. The separated aqueous layer was extracted with diethyl ether (2 x 50 mL) and the 

combined organic layers were washed with brine (20 mL), dried over Na2S04, and concentrated 

to an oil. The crude product was purified using flash column chromatography (10 % ethyl acetate 

in hexanes to 25 % ethyl acetate in hexanes) to afford alcohol 32 as a clear oil as a mixture of 

alcohols (0.588 g, 0.98 mmo1, 69 % yield). Rf 0.6 (30 % ethyl acetate in hexanes). IH NMR 

(CDC13, 300 MHz) 87.44 (d, J = 9Hz, 2H), 7.35 (dd, J = 16.75, 11, 4H), 7.27 (dd, J = 15.75, 7 

Hz, 2H), 6.90 (dd, J= Hz, 2H), 6.81- 6.84 (m, IH), 5.55 (s, IH), 5.05 (d, J= 17 Hz, 1H), 4.98 (d, 

J= 10 Hz, 1H), 4.90 (dd, J= 6.5 Hz, 1H), 4.61 (dd, J= 12.25, 5 Hz, IH), 4.25 (dd, J= 10, 5 Hz, 

1H), 4.13 (m, 1H), 4.03 (d, J= 9 Hz, 1H), 3.63- 3.82 (m, 7H), 2.05-2.21 (m, 2 H), 1.53-1.69 (m, 6 

H), 1.42-1.45 (m, 1H), 1.25 (dd, J= 16.25, 10.5 Hz, IH), 0.89 (s, 9 H), -0.05 (s, 3H), -0.06 (s, 

3H). 

17 

Ketone (17) 40 

To a - 78 DC solution of (COCl)2 (0.64 mL, 92.6 mg, 0.729 mmol) in CHzCh (1.5 mL) was added 

a solution of DMSO (0.10 mL, 110 mg, 1.5 mmol) in CH2Ch (0.27 mL). After 15 min. of 

stirring, a solution of the secondary alcohol 32 (291 mg, 0.486 mmol) in CH2Clz (0.6 mL) was 

added slowly via syringe. The resulting reaction mixture was stirred for 1 h at - 78 DC before the 
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addition of Et3N (0.446 mL, 322 mg, 3.16 mmol). After 30 minutes, the reaction was allowed to 

warm to 0 °C and stirred for an additional hour. At this time CH2Cl2 (5 mL) and NaHC03 (5 mL) 

was added to the reaction. The separated aqueous layer was extracted with CH2Clz (2 x 5 mL) 

and the combined organic layers washed with brine (5 mL), dried over Na2S04, and concentrated 

to an oil. The crude product was purified using flash column chromatography (25 % ethyl acetate 

in hexanes) to afford ketone 17 as a clear oil (1.61 g, 2.68 mmol, 70 % yield). Rr 0.75 (50 % 

diethyl ether in hexanes). IH NMR (CDCh, 300 MHz). 87.25-7.47 (m, 7H), 6.90 Cd, J= 3.2 Hz, 

2H), 5.76-5.84 (m, 1H), 5.54 (s, 1H), 5.03 (ddd, J = 17.5, 3.0,1,5 Hz, 1H), 4.98 (d, J = 10.5 Hz, 

1H), 4.89 (d,J= l2.5 Hz, 1H), 4.61 (d,J= 12Hz, 1H), 4.21 (dd,J= 10, 5 Hz, 1H), 4.06-4.11 (m, 
~'.-'--

1H) 4.01 (dd, J= 10,2.5 Hz, 1H) 3.82 (s, 3H), 3.77 (dd, J= 16.5, 3.5 Hz, 2H), 3.71 (d, J= 10.5 

Hz, 1H), 3.64 (d, J = 11 Hz, lH), 2.44-2.60 (m, 4H), 2.30-2.34 (m, 2H), 1.74-1.79 (m, lH), (0.86 

(s, 9H), -0.00 (s, 3H), -0.04 (s, 3H). 

MeQ H 9Bn 

~OH 
H 

33 

Bis-pyran (33) 

To a solution of ketone 17 (39 mg, 0.065 mmol) in a 2:1 mixture of benzene: methanol (1, 0.5 mL 

respectively) was added camphor sulfonic acid (3 mg, 0.013 mmol). The mixture was heated to 

reflux (65°C). After 5 h the mixture was cooled to rt and NaHC03 (1 mL) followed by ethyl 

acetate (2 mL) were added. The separated aqueous layer was extracted with ethyl acetate (2 x 2 

mL) and the combined organic layers washed with brine (1 mL), dried over NaZS04, filtered and 

concentrated to an oil. The crude product was purified using flash column chromatography (65 % 
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ethyl acetate in hexanes) to afford bis-pyran 33 as a clear oil (20 mg, 0.053 mmol, 60% yield). Rf 

0.25 (80 % ethyl acetate in hexanes). IH NMR (CDCI3, 300 MHz ) 8 7.27-7.37 (m, 5H) 5.82-

5.89 (m, IH) 5.06 (d, J= 17 Hz, IH) 4.99 (d, J= 10.5 Hz, 1H) 4.88 (d, J= 11.5 Hz, 1H) 4.73 (d, 

J = 12.5 Hz, 1H) 4.12 (m, 1H) 3.97 (s, 1H) 3.23 (s, 3H) 2.82 (s, 1H) 1.92-2.10 (m, 3H) 1.85:-1.90 

(m,4H) 1.79-1.80 (m, 1H) 1.53-1.62 (m, 3H). 

16 

Alcohol (16) 41 

To a solution ofbis-pyran 33 (34 mg, 0.071 mmol) in CHzCh (0.5 mL) was added Et3N (0.06 mL, 

0.42 mmol) followed by TBSCI (31 mg, 0.21 romol) and finally N, N-dimethyl amino pyridine 

(DMAP) (1 mg, 1 mol %) at room temperature. The reaction was run for 24 hours and then 

aqueous NaHC03 (0.5 mL) and CHzCh (1 mL) was added. The separated aqueous layer was 

extracted with CHzCh (2 x 1 mL) and the combined organic layers washed with brine (0.5 mL), 

dried over NaZS04, and concentrated to an oil. The crude alcohol'16 was taken forward to the 

next step without further purification. Rr 0.5 (60 % ethyl acetate in hexanes). IH NMR (CDCh, 

300 MHz) 8 7.31-7.44 (m, 5H), 5.84-5.97 (m, 1H), 5.02-5.14 (m, 2H), 4.90 (d, J = 12 Hz, 1H), 

4.80 (d, J = 12 Hz, 1R), 4.21 (d, J = 1.8 Hz, IH) 4.024 (dd, J = 0.9, 4.8 Hz, 1H), 3.81-3.94 (m, 

4H), 3.56 (ddd, J = 15.68, 10.05,5.4 Hz, IH), 3.28 (s, 3H), 2.84 (bs, IH), 2.11 (dd, J = 15.9, 7.5 

Hz, 2H), 1.80-1.99 (m, 4H), 1.54-1.69 (m, 2H), 0.91 (s, 9H), 0.06 (s, 3R), -0.03 (s, 3H). 



Ketone (33) 42 

MeQ H 9Bn 
: 0 -= - 0 

~OTBS 
H 

33 
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To a - 78 °C solution of (COCl)2 (13 mg, 0.01 mL) in CH2Ch (0.2 mL) was added a solution of 

DMSO (15 mg, 0.015 mL, 0.20 mmol) in CH2Ch (0.05 mL). After 15 min. of stirring, a solution 

of alcohol 16 (40 mg, 0.067 mmol) in CH2Ch (O.l mL) was added slowly via syringe. The 

resulting reaction mixture was stirred for 1 hour at - 78 °C before the addition of Et3N (44 mg, 

0.06 mL, 0.44 mmol, 6.5 eq). After 30 minutes, the reaction was allowed to warm to 0 °C and 

stirred for an additional h. At this ti1J1,S._CHzCh and NaHC03 were added to the reaction. The 

separated aqueous layer was extracted with CH2C12 and the combined organic layers washed with 

NaHC03 follov/ed by brine, dried over Na2S04, and concentrated to an oil. The crude product 

was purified using flash column chromatography (25 % ethyl acetate in hexanes) to afford ketone 

33 as a clear oil (20 mg, 1.33 mmol, 55 % yield over two steps). Rf 0.5 (20 % ethyl acetate in 

hexanes). IH NMR (CDCb, 300 MHz ) 8 7.49 (d, J = 7 Hz, 2H), 7.28-7.37 (m, 3H), 5.87-5.96 

(m, 1H), 5.03-5.14 (m, 2H) 5.12 (d, J = 14.7 Hz, 1H), 4.86 (d, J = 12.6 Hz, 1H), 4.16-4.27 (m, 

1H), 4.15 (dd, J = 10.5, 10.5 Hz, 2H), 4.01 (s, 2H) 3.79 (dd, J = 10.2, 10.2 Hz, IH), 3.28 (s, 3H), 

2.11 (dd, J = 14.7, 8 Hz, 2H), 1.83-2.00 (m, 4H), 1.56-1.72 (m, 2If), 0.86 (s, 9H), 0.08 (s, 3H), -

0.03 (s, 3H). 



Di-alkene (34) 43 

MeQ H 9Bn 

~OTBS 
H 

34 

89 

To a rt solution of methyltriphenylphosphonium bromide (46 mg, 0.13 mmol) in toluene (0.88 

mL) under argon was added potassium bis(trimethylsilyl)amide (0.5M, 0.20 mL). The yellow 

mixture was heated to 80-90 ec, and then the resulting solution was cooled to rt before the 

addition of the ketone 33 (25 mg, 0.051 mmol) in toluene was added via syringe. The resulting 

mixture was heated for 1.5 h at 80-90 ec, then cooled to rt before sodium bicarbonate (2mL) and 

diethyl ether (2 mL) were added. The separated aqueous layer was extracted with diethyl ether (3" 

mL) and the combined organic layers washed with brine (1 mL), dried over Na2S04, and 

concentrated to an oil. The crude product was purified using flash column chromatography (8 % 

ethyl acetate in hexanes) to afford bis-alkene 34 as a clear oil (19 mg, 0.061 mmol, 77 % yield). 

Rf 0.5 (15 % ethyl acetate in hexanes). lH NMR (CDCh, 300 MHz) (5 7.26-7.42 (m, 5H), 5.79-

5.90 (m, 1H), 5.43 (s, 1H) 5.06 (s, 1H) 4.97-5.03 (m, 2H), 4.91 (d, J = 12 Hz, 1H), 4.80 (d, J = 12 

Hz, 1H), 4.30 (dd, J = 4.8 Hz, 4.8 Hz, IH), 4.20 (d, J= 9 Hz, 1H), 3.77-3.88 (m, 2H), 3.63-3.71 

(m, 1H), 3.41 (dd, J = 9.6 Hz, 1H), 3.22 (s, 3H), 2.05-2.08 (m, 2H), 1.80-1.92 (m, 4H), 1.54-

1.61(m, 2H), 0.88(s, 9H), 0.03 (s, 3H) 0.02 (s, 3H). 



Methyl ketone (1) 

~o~ 
~O~OTBS 

H 

1 

90 

To a room temperature solution ofDMFI H20 (7:1 v/v ratio, 0.02 mL) was added CuCl (0.8 mg, 

0.008 mmol) followed by PdC12 (0.145 mg, 0.0008 mmol) followed by olefin 34 (2 mg, 50 % 

yield) in 0.1 mL DMF. The reaction was run under an O2 atmosphere and was worked up after 6 

hours. The crude product was purified using flash column chromatography to afford methyl 

ketone 1 (1 mg, 0.002 mmol, 45 % yield) (20 % ethyl acetate in hexanes). Rr 0.25 (15 % ethyl 

acetate in hexanes). FTIR (cm-!) 2957, 2924, 2857, 2357, 2338, 1713, 1629, 1463, 1359, 1260, 

1127, 1090, 1033, 839. !H NMR (CDCh, 300 MHz) 8 7.32-7.46 (m, 5H), 5.48 (s, 1H), 5.12 (s, 

1H), 4.93 (d, J= 12 Hz, 1H), 4.84 (d, J= 12 Hz, 1H), 4.33 (dd, J= 5.1 Hz, 1H) 4.26 (d, J= 9.6 

Hz, 1H), 3.83 (dd, J = 5.4, 2.1 Hz, 2H), 3.70- 3.78 (m, 2H), 3.44 (dd, J = 9.6 Hz, 2H), 3.25 (s, 

3H), 2.22 (s, 3H), 1.94-2.14 (m, 2H), 1.83-1.94 (m, 2H), 1.53-1.61 (m, 2H), 0.93 (s, 9H), 0.03 (s, 

3H) 0.02 (s, 3H). EI HRMS mlz calcd for [(C2sH4406Si)+ Nat: 527.2805; Found 527.2798. 
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l-Jna-l08-1 

University of Hlnnuota 
oepartmant of Cham I. trY 
VAC-20D -

pu15a Saqu.ncftl l~pUl 

Usar: cfoJna 
Dot., Jul. 13. 2000 
Solventl CDC13 
flh: 000713v~ 0801 -
s1-ortlng Tlm'l 11161111 
comp14t1on Tlmll 11161137 
Total acq. tim. 1 mlnutt 
U~ITYplU.-500 ".p.ctrum" 
Ambient t.mperature 
PULSE SEQUENCE 
R.14~. d.lay 1.500 Ite 
Pulse 10.0 d.gr'" 
Acq. tim. 1.111 .. c 
IIldth 400 •• 4-lIz 
16 I·.patttion c 

- OBSERVE HI. 200.nOlla KlI~ 
OATA PROCESSINO 

Line broadening 0.1 Hz 
fT.,lz132768 

; ': 
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: 
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I I 
9 8 
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I I -j I I I I I 

7 6 5- 4 3 2. 1 ppm 
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·1-jha-24-1 

Unlvo·r,lty or Hfnn"atA 
Department of Cheml.try 
VAC-200 

pu1&e SequenCe, s2pul 

User: cfojna 
O.t" Jan. 16, 2000 
Solvent: CDCl3 
f f 10: 0001l6V2_0101 
Sl4r tlnq Tim" 15,58,07 
Completion rlmll 18,06151 
TotAl ACq. tim. 1 mInute· 
UNrTYpIU,-500 nsp.ectrum" 
Ambf ent temperAture 
PULSE SEQUENCE 

R.1aK. delay 1.500 lie 
Pulse 50.0 deor,.s . 
Acq. time 1.111 ,eC 
Width 4002.4 ttz 
16 repelltlon' 

OBSERVE Hi, 200.1201122 KHz 
DATA PROCESSI/IO 
Lf ne broadenl ng 0.1 Hz 
fT ,Ize 32768 

I 
10 

I 
9 

OTBS 

~ 
53 

I 
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I 
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I 
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University of Minnesota 
Depar"tment of Chern 1 st.ry 
VAC-200 

Pul.e Sequence: s2pul 
User: cfojna 
Date: Jul. 20, 2000 
Solvent: CDC13 
f 11.: 0007Z0vZ_0201 

~~~~~!tYo~I~~~e:. f~;~i;i: 
Tolal acq. lime 1 rnlnute 
UNITYplus-500 "spectrum" 
Ambl ent temperature 
PULSE SEQUENCE 
Relax. delay 1.500 .eC 
Pulse 90.0 degrees 
Acq. lime 1.999 sec 
Wldth·4002.4 Hz . 
16 repetlt Ion. 

OBSERVE H1, 200.1209122 MHz 
DATA PROCESSING 
line broadening 0.1 Hz 
fT size 32766 

I 
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I 
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OTBS 
/OJ./'... .OH V ~. "-" 

I 
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1-J04-54-5 

Unlver,lty of HtnnuotA 
oepartmont of Choml,try 
VAC-ZOO 

pul" Sequ,nc" '2pul 
User: cfoJna 
Date: HH. 16, 2000 
solvent: CDC13 
File: 000318V2_3101 
stArting Time. 12 •• 17161 
Completion TIm .. 12147141 
Total acq. tIme 1 mInute 
UrnTYpluS-SO O IO,pectrum" 
Ambient tempdratura 
PULSE SEQUENCE 
. Rel'~' d.lay 1.500 ceG 
. PU158 90.0 dllor.8C 
Acq. tIme 1.898 lee 
lIldth qooz.'1 Mz 
16 repetition' 

OBSERVE HI, 200.1201122 KHz 
DATA PROCESSINO 

Line broadening 0.1 Hz 
fT ,Ize 32768 

::: '; 
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i ,.-
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l-Jna-117- 1 

University of Mlnn"ota 
Department of Cham I .try 
VAC-700 

pulse Sequence I c2pul 

User' cfoJna , 
Oat., Jul. 74, 7000 
Solv.ntl CDC13 
f 11.: 000724VZ_70 01 
StarllnQ TlmB! 15147138 
CompletIon rlmel 1&160:13. 
Total acq. tim. Imlnut. 
UNITVplu,-SOO "cp.clrum" 
AmblBnt t,mp,ratur' . 

PULSE SEQUENCE 
Relax. delay 1.50Q·, .• ac 
pulse !O.O degre., 

CI~ihtlo~2:4g~~ laC 

16 rep.tltlons 

g!W~~ocf~~fN~OO .1201122 MH~ 
LIn. broadening 0.1 Hz 
FT sin 32768 
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University of Minnesota 
Oepartment of Chemfstry 
VAC-200 

pulse Sequence: s2.pul 
User: cfojna 
Date: Hay. 31, 2000 
Solvent: COC13 
File: 000531<2_2401 
Starting TIme: 17:55:35 
Completion Time: 18:03:47 
Total aeq. time 1 minute 

UNITYplus-SOO "spectrum" 
Ambient temperature 
PULSE SEQUENCE 
Relax. delay 1.500 sec 
PUlse 90.0 degrees 
Acq. time 1.999 sec 
IoIldth 4002.4 Hz 
16 repet It f Ons 

OBSERVE H1, 200.1209122 HHz 
DATA PROCESSING 

l1 ne broadeni ng 0.1 Hz 
fT 5 I Z. 32768 
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49 

I i I 
8 7 

.. ------.--~-- .. 

101 

I I I I I I I -
) 6 5 4 3 2 1 ppm 

--- --.--,---

.~~ .... -----------------------------



STANDARD 1H OBSERVE 

PuIs. Saquanca. c2pul 
Usen' CfoJn4 
Oat., Hay. 25, 2000 
Solvent. COCIS 
fill: Jna-68-2p 
Starting Ti,,.., 18,68.22 
Complstton Tim .. 11,00,16 
Total acq. tim. 3 mlnut .. 
UNITYplus-500 "'p.ctr'um" 
AmbIent temperature 

PULSE SEQUENCE 
Relax. delay 1.600 lee 
Pul .. 90.0 dogr ... 
Acq. tim. 1.191 coc 
I.Ildth 6003.3 Hz 
64 repotltlons 

OBSERVE HI, 300.1853311 MHz 
DATA PROCfSSlnO 

LIne bro.danlng 0.1 Hz 
FT sill 131072 
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STANDARD 111 OBSERVE 

pulSe sequencer 'Zpul 

user,', cfoJna 
Oat 01 May. 11, 2000 
Solvlnt, CDC13 
file: I-jn.-68-1h 
SlartlnQ Tlml' 17,18,~5 
Tolal acq. tim. 3 mlnutll 
UNITYplUS-500 ",plc\rum" 
Ambient tempar,tur a 

PULSE SEQUENCE 
R.,.". dal,y 1.500 lie 
pulse 90.0 daoreel 
Acq. time LUI lOe 
Width 6003.3 Hz 
64 repetition; 

gmR~~OGE~!iN~ 00 .16m' G 
line broadening 0.1 Hz 
FT ,12. 131072 

60 

MHZ 
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1-Jno-105 32-38 

University of HlnnQ(ota 
Oepartmtnt of Cheml,trY 
VAC-200 

Pulse Sequence, '2pul 
U. er I c{ojn& 
Oat.: JUl. 11, 2000 
Solvent, COC'13 
file: 000711v2_1201 
StarlIng TIme, 13,54,24 
CompletIon TIme, 14,02;41 
Total 4Cq. t IlIIe 1 minute 
UNITYplu,-500 "spectrum" 
AmbIent temperature 

PULSE SEQUENCE 
R~la)(. dlthy 1.500 I.e 
Pulse 90.0 dagrell 
Acq. time 1.UI ,ec 
Width 4002.4 H2 
16 repetitions 

OBSERVE HI, 200.1201122 MHz 
DATA PROCESSINO 
line broadening 0.1 liz 
fT size 32768' 
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Unfverstty of Minnesota 
Oepartment of Chemistry 
VAC-200 

Pulse. Sequence: s2-pul 
User: cfojna 
Date: Sep. 9, 2000 
Solvent: CDC13 
File: 000909v2_0101 
Starting Time: 13:02:29 
Completion Time: 13:10:49 
Total acq. time 1 minute 
UNITYplus-SOO IIspectrumli 
Ambient temperature 
PULSE SEQUENCE 

Relax. delay 1.500 sec 
Pulse 90.0 degrees 
Acq. time 1.999 sec 
VII dth 4002.4 Hz 
16 repet it Ions 

08SERVE HI, 200.1209122 HHz 
DATA PROCESSING 
Line broadening 0.1 Hz 
fT size 32768 
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1-jna-72-2a 

Un I vers I ty of H t nnesota 
Department of Chemt stry 
VAC-200 

pulse Sequence: S2pul 
User: cfojna 
Date: MaY. 25, 2000 
Solvent: CDC13 
file: 000525v2 2001 
Stutlng TIme: 16:54:q5 
Completion Time: 17:02:57 
Total acq. time 1 minute 
UNITYplus-500 Iispectrum" 
AmbIent temperature 

PULSE SEQUENCE 
Relax. delay 1.500 sec 
Pulse 90.0 degrees 
Acq. tIme 1.999 sec 
Wj~th 4002.Q Hz 
16 repetitions 

OBSERVE Hl, 200.1209122 MHz 
DATA PROCESSING 

Line broadening 0.1 Hz 
FT size 3276B 
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Univ of MlnnHOlA, VI-SOO 

PuIs. S. ql.nell dpu1 

user: ( roJna 
Date: '.p. 5, 2000 
Solvent: ( OC13 
f 118' -Jna-143-3 

~~:~~ !rf Im81 10118142 
a Tlmll 10118160 

Tolal ae q. tim. 1 mlnutl 

UNITYplu • 500 tlcpactrurn" 
Ambient t plrature 

PULSE SE o WCE 
R.1.~. d loy 1.500 uc 
pul •• , 0.0 dogr ... 
Acq. tim 
III dth 3' 
51 ngl0 • 

OBSERVE 
DATA PROC 
line bro 
fT size 

-

1.881 .. e 
94.0 Hz 

fir, 411.5671218 
EjsSINO 

danlno 0.1 Hz 
USB 

If 
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Unlv of HlnnHot'a. VI-60D 

pulse Sequ.ncer c2pul 

usor: croJn. 
Date: NOV. 30, 2000 
solvent, CDC13 
fll.. 1-jnA-17S-2H 
start Ing TlmOl 22,11,08 
CompletIon Tim .. 22/23,01 
Total acq. time 3 11I1nut .. 
UNITYplUs-SOO "'pectrum"' 
Ambient temperature . 

PULSE SEQUENCE 
R.la~. delay 1.500 lie 
pulse 90.0 d.gr ... 
Acq. tim. 1.892 IOC 
Width 8000.0 H2 
64 rep.tltlons 
gmR~~OCE~~fN~Ba.s87121B KHz 
Lin. broadening 0.1 Hz 
fT size 32788 
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University of Minnesota 
Oepartment of Chemistry 
VAC-JOO 

Pulse Sequence: 's2pul 
User: cfojna. 
Date: Nov. 10, 2000 
Solvent: COC1J 
Fi le: 001110v3 2602 
Starting Time: 19:05:48 
Completion Time: 19:20:34 
Total acq. tfme 7 minutes 
UNITYplus-SOO "spectrum" 
Ambient temperature 
PULSE SEQUENCE 
Relax. delay 1.500 sec 
Pulse 90.0 degrees 
Acq. time 2.000 Sec 
Width 5998.8 Hz 
128 repet It Ions 

OBSERVE Hl, 299.9533609 MHz 
DATA PROCESSING 

Line broadening 0.1 Hz 
FT size 655J6 
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1-)na-8- 1 benzyllden. 

Unlvers Ity of Mlnnnota 
oepartm.nl of ChemistrY 
VAC-ZOO 

pulse Sequ,neOl .2pul 

U,er: efoJna 
oat., Mar. 22, ZOOl 
solvent, COC13 
File: 0103ZZv2_1I01 
Slartlnq Tim" 16,41,S8 
completion TlmO! 15,65,21 
Total aeq. tim. 1 minute 
UNITYp lUe-SOO "spectrum" 
Ambient temperature 

PULSE SEQUENCE 
Rala •• delay 1.600 lie 
pulee ,90.0 d.gr •• ' 
Aeq. tim. l.UI .. e 
'Jldlh 4002.4 Hz 
16 rapetltlon' 

OBSERVE HI, 200.1201122 MHZ 
OATA PROCESSINO 

Lin. broadening 0.1 Hz 
fT ,128 32166 
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1-Jna-16-2 

University of Hlnnuota 
Oepartment of Chern! Itry 
VAC-ZOO 

pulse S.qu,nC ••• 2pu1· 

User. efoJna 
Oote: Har. 21, ZOOl 
Solvent. COCI3 
file. 01032IV2_1801 
Starting Time. 11.43131 
Completion Tim" 18151124 
Tolal acq. tim. 1 minute 
UNITYplU,-SOO ".p.ctrUm" 
Ambient templr.ture 
PULSE SEQUENCE 
.814x. delay 1.500 lie 
pulse 80.0 dlSqro u 
Acq. tfme 1..51 I.e 
Width 4002.4 Hz 
16 repltit10nc 

OBSERVE HI. 200.1201122 MHz 
DATA PROCESSINO 
lin. broadening 0.1 Hz 
fT ,128 32758 
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University of "tnnesota 
Department of Chem1 stry 
VAC-ZOO 

Pulse Sequenc e: s2pul 

Uset: cfoj na 
Date: Hay. 25, 2001 

25v2_0301 
Solvent: CDC13 
File: 0105 
Start I ng 11 me 
CompletIon TIm 
Total acq. tIm 

: 13:21:35 
e: 13:29:28 
e 1 minute 

"spectrum"· UNITYplus-500 
Amb1 ent temper ature 

PULSE SEQUENCE 
1.500 sec 
grees 

999 sec 

Rela~. delay 
Pulse 90.0 de 
Acq. time 1. 
'Jldth 4002.4 
16 repetitiol " OBSERVE H1, 

DATA PROCESSIN 
line broadeni 
fT s fz. 32768 

Hz 

200.1209122 
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University of Minnesota, VXR-300 

Pulse Sequence: s2pul 
Us er: cfoJna 
Date: Jun. 23, 2001 
Solvent: COC13 
File: I-jna-95-3 
Starting Time: 17:12:32 
Completion TIme: 17:13:47 
Total acq. time 1 minute 
UNITYplus-SOO "spectrum" 
Ambient temperature 
PULSE SEQUENCE 

Relax. delay 1.500 sec 
Pulse 90.0 degrees 
Acq. time 2.000 sec 
Width 5999.7 Hz 
16 repet.1t Ions 

OBSERVE HI, 299.8589067 MHz 
DATA PROCESSING 
line broaden t"g 0.1 Hz 
fT size 131072 
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Unlv of Hlnn!Co\a, VI-SOD 

Pulo. Saqu.ncli c2pul 
uu:r: cfoJn& < 

O.te: Aug. 18, -ZOOl 
Solvant, COCl3 
fllt: I-Jna-1S Z- 3 
St.,tln9 Time, 01,38,43 
Completion Tlmel 08131166 
Total ocq. tim' 1 ml"ut. 
UNITYplu'-SOO "'pectrum" 
Amblant temperature 

PULSE SEQUENCE 
Relax. delay 1.500 UC 
pulse !O.O degree, 
Acq. lim. 1.882 .. c 
IJfdt.h 3000.0 Hz 
16 repatltlonc 

OBSCRVE /II, ~S1.B671~H MII% 
DATA PROCESSINO 
lIni broadening 0.1 liz 
fT flze 32768 
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Unlv of "Innuota, VI-SOO 

puls" Sequenc,r .2pul 
User: cfoJna 
oat.. Aug. 21, 2001 
Solv.nt: Cecl3 
f I Te: I-Jno-141- 2 

~~:~~!~fo~ITi~1I ~m::u 
Total acq. time 1 minute 
UNITYplus-500 ",peclrum" 
Ambl.nt temperature 
PULSE SEQUENCE 

ReI ••• del.y 1.500 lie 
pulse 90;~O degre •• 
Acq. tim. 1.812 loe 
Ylldth 8000.0 Hz 
16 rep.tltlon' 

~mRnOCEM~jNcilB .8671211 
Line broadening 0.1 Hz 
fT s12' ·31768 
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University of Minnesota 
Department of Chemi stry 
VAC-300 

PUlse Sequence: s2pul 

User: cfoJna 
Date, Sep. 14, 2001 
Solvent: COC13 
file: 010Sl4V3_090Z 
Starting Time: 13:05,04 
Completion Time: 13:15:42 
Total acq ~ time 3 mfnutes 
UNITYplus-500 "spectrum" 
Ambient temperature 
PULSE SEQUENCE 

Relax. delay 1.500 sec 
Pulse 90.0 degrees 
Acq. time 2.000 sec 
Width 5998.8 Hz 
64 repetitions 

OBSERVE HI, 299.9533609 MHz 
DATA PROCESSING 

Line broadening 0.1 Hz 
fT size 65536 
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I-Jn&-214 

University of Mlnnuota 
Department of Chomlltry 
VAC-3DD 

pulse Sequonell '2pul 
U$er: ctolna: 
Date, D.c. 3D, 2001 
Solv.nt, CDC13 . 
f 11.. 011230v3_0102 
starting Tlmel 18154107 
Completion TlmlJ 17103,14 
Total acq. tim. 1 mlnut .. 
UIIITVplus-SOO n,p.elrum" 
Ambient lemperaturl 
PULSE SEQUENCE 
Relax. delay 1. 500 Ole 
PUIS! 90.0 dlgree' 
Acq. tl .. o 2.000 .oc 
IJldlh 5118.8 Hz 
32 repltltlons 
gmR~~OCE~ifN~18 .amBD' 

LIne broadening 0.1 Hz 
fT ,Izi 65538 
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University of Minnesota 
Department of Chemi stry 
VAC-300 

Pulse Sequence: s2pul 
User! cfoJna 
Date: Sep. 19, 2001 
Solvent: CDC13 
-File: 010319v3 0702 
start 1 ng T1me: Is: 59: 23 
Completjon Time: 16:11:47 
Tota 1 acq. t 1me 3 m 1 nutes 
UNITYplus-SOO "spectrum" 
Ambient temperature 
PULSE SEQUENCE 
Relax. delay 1.500 sec 
PUlse 90.0 degrees 
Acq. time 2.000 sec 
W1dth 5998.8 Hz 
64 repet ft tons 

OBSERVE HI, 299.9533609 MHz 
DATA PROCESSING 
lfne broadening 0.1 Hz 
fT size 65536 
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Unlvorslty of IIlnnnota, VXI\-300 

Pulse S.qu.nell upul . 

User: efoJna 
Oat., Sop. 21, 2001 
Solvent I CDCl9 
file: l-jna-UI-2 
Startlnq TlmlJl 17,2.4,4S 
Completton Tlm61 17125152 
Total aeq. tlml 1 minute 
UNITYplus-SOO "'poetrum" 
Ambl.nt tamper.tur' 

PULSE SEQUENCE 
Relax. delay 1.500 He 
PUUI fO. 0 d.gr •• C 
Acq. tl",. 2.000 lie 
IIldth 5999.7 Hz 
1& rep.tltlon. 

~~W'~~OGE~~tN~!a.a561067 Mllz 
LIne broAd.nlng 0.1 Hz 
fT size i310n 
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I 

UnlY of Klnnuota, VI-SOD 

pul .. Sequence, s2pul 
U;er: c(oJn& 
O.t~: NoV. 13, zoot 
Solvent I CDC1S 
FI1.. l-Jn.-Ul-g 
Statt I ng TIme! 14115101 
Compl.tlon Tlmll 14118,00 
Total BCq. tIme 1 mInute 
UNlTyplu~-500 ",pactrum'l 
Ambl ent temperatura . 

PULSE SEQUENCE 
Relax. d.lay 1.500 lie 
pulse SO.O d.gr ... 
Acq. tim. 1.8U .. c 
Width 8000.0 Hz 
16 repetition' 

OBSERVE Hi, 411.8871211 Kllz 
DATA PROCESSING 

LIne broadening 0.1 Hz 
fT .Izi 31768 
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Uolv o( Hlon .. o1o, VI~600 

pUlse Sequence I ,1pUl· 

User: c(ojna 
Date: NoV. 25, 2001 
Solvent' CDCI3 
F II.: I-joo-10l-1 
starting Tlmat 11132114 
Completion Time. 11.36,61 
Total acq. time 3 mlnut .. 
UNITYplus-SOO "<peetrum" 
Ambient temperature 
PULSE SEQUENCE 
R.lu. d.lay 1.500 lee 
Pulse !O.O degre .. 
Acq. tIme 1.891. sac 
Width 8000.0 HZ 
64 repet It Ion. 

06SERVE HI, 411.8871211 MHz 
DATA PROCESSINO . 
Lin. broadenIng 0.1 Hz 
fT slz. 32768 
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Unlv of Hlnn .. ota, VI-500 

pulse s.quenC8: ,Zpul 

user: cfoJna 
nate, Nov. U, 1001 
Solvant: COCl3 
file: l-jn~-205-2 

start I ng TIm" 11,11148 
comphtlon Time, 11\10161 
Total aeq. time 1 minute 
UNITYplus-500 Uspectrum" 
Ambient temperaturl 
PULSE SEQUENCE 
ReI ••• d.'ay 1.500 "e 
pUlse 50.0 daorlll 
Aeq. tIm. 1.&82 lie 
IJldth 8000.0 Hz 
16 repetltlon& 

OBSERVE Hl, ~lS,BB71Zll KHz 
DATA PROCESSINO 

Line broad.nlno 0.1 III 
FT slz. 3Z76B 
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University of Mlnnesota,I'IXR-300 

Pulse Sequence: sZpul 
User: cfoJna 
Oate: reb. 111 2002 
Solvent: CVC13 
file: I-Jna-Z28-1 
Starting Time: 10:32:52 
Completion Time: 10:34:04 
Total acq. time 1 minute 
UNITYplus-SOO "spectrum" 
AmbIent temperature 
PULSE SEQUENCE 
Relax. delay 1.500 sec 
PUlse 90.0 degrees 
Acq. time 2.000 sec 
WIdth 5999.7 Hz 
16 repetitions 

OBSERVE HI, 299.8589067 MHz 
DATA PROCESSING 

Line broadening 0.1 Hz 
FT size 131072 
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STANDARD IH DBSERVE 

Pulse Sequence: 52-pul 

User: cfojna 
Dato: Mar. 17. 2002 
Solvent: COCl3 
fi Ie: I-Jna-234-2 
Starting Time: 13:58:3 
Completion Time: 13:59:4 
Tolal acq. time 1 minute 
UNITYplus-500 "spectrum 
Amht Bnt temperature 
PULSE SEQUENCE 
Relu. delay 1.500 sec 
Pul.e 90.0 degree. 
Acq* time 1.999 sec 
WI dth 6003.3 liz 
16 repetitions 

OaSERVE Ill, 300.168339 
DATA PROCESSING 

LI.,e broaden I ng 0.1 Hz 
fT size 131072 
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STANDIIRD 1H OBSERVE 

Pulse Sequence: sZpul 
User: cfojna 
Date: feb. 18, 2002 
Solvenl: COCl3 
flle: I-jna-230-2b 

~~:~~!~ro~l~r~e: ln~;i; 
Total acq. time 1 mInute 

UNITYplus-SOO "spectrum" 
11mb I ent temperature 
PULSE SEQUEtlCE 
Relax. delay 1.500 sec 
Pulse 90.0 degrees 
Acq. time 1. 999 sec 
Vldth 6003.3 Hz 
16 repetitions 

OBSERVE HI, 300.1683396 MHz 
OATil PROCESSl NG 

Line broadenIng 0.1 Hz 
FT slz. 131072 
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STANDARD IH OBSERVE 

Pulse Sequence: s2.pu\ 
User: cfojna 
Date: Mar. 4, 2002 
Solvent: COCl3 
file: I-jna-231-3 
Starting Time: 12:37:01 
Completion Time: 12:45:55 
Tota 1 acq. time 8 minutes 
UNITYp 1 us-SOO "spectrumll 

Ambhnt temperature . 

PULSE SEQUENCE 
Relax. delay I.S00 sec: 
Pulse 90.0 degrees 
Acq. time 1.999 sec 
IJldth 6003.3 Hz 
150 repeti tlons 

08SERVE Hl. 300.1683357 MHz 
DATA PROCESSING 

Llne broadening 0.1 Hz 
fT size 131072 
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