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Abstract

The deoxy derivative of pancratistatin 1.10 was prepared in good yield through

the use of a [4+2] Diels-Alder cycloaddition and Bischler-Napieralski cyclization

approach. The Bischler-Napieralski cyclization was shown to yield two additional side

products 2.9, 2.10, however, under slightly modified hydrolysis conditions, the

tetracyclic product 2.11 was obtained exclusively in greater than 84% yield. Initial

screening of the di-hydroxylatgd derivative, and the other complementary pair

analogue 1.10' previously prepared in our laboratories gave interesting results. Both of

these compounds were shown to exhibit cytostatic activity; the mono-alcohol was

marginally active while the di-hydroxylated analogue proved to be more potent

although one to two magnitudes less potent than pancratistatin itself Human tumour

cell line assay results indicated that the di-hydroxylated derivative exhibited selective

cytotoxic inhibition in the following cell lines: non-small cell lung cancer line

NCI-H226 (ED50 - 0.65 ^g/mL), leukemia cell lines CCRF-CEM (ED30 = 0.55

Hg/mL) and HL-60(TB) (ED50 = 0.89^ig/mL). Our results demonstrated that the

pharmacophore is not a mono-alcohol, and that the minimum pharmacophore contains

the hydroxyl group at the C4 position in addition to either, or both, of the hydroxyl

groups present at C2 and C3.' The minimum pharmacophore has been narrowed to only

three possibilities which are current synthetic targets in several research groups.





in

The controlled Grignard addition to the tartaric acid derived bis-Weinreb

amide 1.25 afforded a direct entry to a host of 1,4-diflferentiated tartaric acid derived

intermediates (2.12-2.18). This potentially usefiil methodology was demonstrated

through the efficient synthesis of the naturally occurring lactone 2.23, which bears the

inherent syn-dio\ subunit. Based on this result, a similar approach to the synthesis of

syn-dio\ bearing natural products looks very promising?

A direct 2,3-diol desymmetrization method using TIPS-triflate was shown to be

effective on the selective differentiation of Z,-methyl tartrate (and diisopropyl tartrate).

The mono-silyl-protected intermediates 2.31 also proved to be useful when they were

selectively differentiated at the 1,4-carboxyl position (2.35, 2.36) through the use of a

borohydride reducing agent. Furthermore, the mono-silyl-protected derivative

underwent periodate cleavage affording two synthetically useful a,P-unsaturated

esters 2.43, 2.44, with one of esters being obtained via a silyl-migration method.''
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INTRODUCTION





1.1 Backeround

An important development in the field of natural products was the first

recognition of stereochemistry by Louis Pasteur in the mid 1800's. It was the first time a

theory had been suggested that a racemic molecule containing two isomers could be

physically separated. One hundred years later, Bijvoet presented the first evidence that

the absolute configuration of a chiral molecule could be determined by anomalous X-ray

scattering. Recent developments in the field of medicinal chemistry have been largely

concentrated in the isolation, identification and synthesis of natural products. This is in

part due to their interesting chemical structures, but also largely because of their

therapeutic properties.

In modem drug design, the importance of stereoisomerism became apparent

during the famous thalidomide incident. The incident caused a permanent danger to the

field of drug development and still can be found mentioned amidst numerous literature

prefaces and academic research records, haunting and reminding us of its absolute

significance.

One of the earliest natural products, camphor, was recognized thousands of years

ago to have medicinal value and was used as a therapeutic treatment internally for

calming influence in hysteria, nervousness, neuralgia, and serious diarrhea; externally for

sprains, bruises and local rheumatism. It has a white crystalline appearance and isolated

in quantity from the tree Cinnamonum camphora, which thrived in the area which is now

China and part of South Asia."* It was not until Marco Polo's expedition to Asia in the





thirteenth century that camphor's therapeutic properties were documented in the Western

World, he described it as 'balsam of disease".

Recent development in this field proved to be a rewarding venture especially with

the numerous discoveries of natural products processing unique and prominent biological

properties. One of these more well known natural products taxol 1.1 (Bristol-Myers

Squibb Company, New York, N.Y.), is now approved for use in the treatment of cancer

under the generic name "paclitaxel". Paclitaxel was first reported in the early 1960s when

the National Cancer Institute (NCI) initiated a program to screen a wide variety of natural

extracts for biological activities. Five years later, Wall and Wani from the Research

Triangle Institute, North Carolina successfully isolated the first batch of the active

compound, from the bark of the Pacific yew tree^ (Taxus brevifolia). Initial studies of the

mechanism of action showed a contribution from microtubule destabilization (in cell

mitosis, leading to cell death). Years later, paclitaxel was found to work differently; it

possesses the ability to induce tubulin assembly in microtubules, and stabilizes them to

the extent that mitosis is actually disrupted.^ This discovery renewed a tremendous

amount of interest in this area since this mechanism of anticancer action had never been

reported previously. However, due to the scarcity of the available material, together with

the limited amount of Yew trees available for extraction purposes, clinical trials were not

performed. Fortunately, a closely related analogue 10-deacetyl baccatin III 1.2 was later

discovered in the leaves of a closely related European species shrub Taxus baccata,

which was not endangered and a sufficient amount was isolated to carry out clinical

studies. In 1992, the Food and Drug Administration (FDA) approved the use of taxol for





the treatment of advanced ovarian cancer. In 1994 it was approved for the treatinent of

breast cancer.

/

Fig. 1

Ph NH O

1.3 taxotere

Further structural analysis of paclitaxel and analogues revealed that the removal

of the acyl groups at positions C2, C7 and CIO (Fig. 1) did not provide any significant

effect in regard to activity.* In fact, one of the synthetic analogues, taxotere 1.3, was

found to be an even more potent ariti-cancer agent when tested against a series of human

tumor cell lines. In addition, it was also found to have the highest activity, when tested

against breast cancer patients in phase II clinical study.

Another important observation in regard to the structural-activity relationship was

the replacement of the eight-membered octane (B) ring with a substituted seven-

membered ring. According to recent studies this change did not show a significant

decrease in the ability of the molecule to induce tubulin depolymerization. On the other
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hand, fragmentation of the oxetane (D) ring leads to a drastic decrease of biological

activity.' This type of structure-activity relationship is an integral part of a drug

innovation and design program, where functional groups are fragmented and put together

in order to obtain an optimum drug target, after a lead compound such as taxol had been

identified. Chemists across the globe constantly race against time to be the first to report

the total synthesis of a natural product once it has been isolated and biologically

identified. Despite these constant efforts, sometimes the potent biological properties of

the natural product often fail to be passed on for further clinical studies due to many

factors; such as side effects, poor absorption and most often, due to the limited supply of

the natural material. It is true that nature has given us much of the medicine we find on

the counter today, a number of which have been heavily altered to achieve the best

medicinal values. The ideal drug in theory should be able to elicit the best biological

response in the lowest concentration and has the simplest chemical structure. From a

medicinal chemistry standpoint, such compounds are given the term "pharmacophore",

which literally means the best biological properties in the simplest form.



'~>i



1.2 Pancratistatin and Complimentary Analogues >r

The Amaryllidacae alkaloids,'^ including (-) lycorine 1.4, trans-

dihydronarciclasine 1,5 and more than 100 others belong to an important class of

naturally occurring alkaloids and are of interest due to their important biological

activities.
''"''' The phenanthridone alkaloids of the narciclasine family are perhaps one of

the more important sub-classes due to their potent anti-cancer and antiviral activities.

This includes lycoricidine 1.6, pancratistatin 1.7, 7-deoxy-dihydronarciclasine 1.8 and 7-

deoxy-pancratistatin 1.9.

Pancratistatin was initially isolated in 1978 from the root of the Hawaiian plant

Pancratium littorale and its chemical structure was confirmed by Pettit and co-workers.'^

The compound itself showed tremendous promise as a cancer drug candidate due to its

potent anti-tumour activity'^ (0.75-12.5 mg/kg dose against murine P388 lymphocytic

leukemia, 0.38-3.0 mg/kg against murine M0576 ovary sarcoma) and has since attracted

numerous synthetic efforts. A combination of structural complexity, as well as the

scarcity of available material (extraction yielded only 6 g from 44kg of plant material)

has limited the application of this compound in further clinical studies. The first racemic

synthesis of pancratistatin was accomplished by Danishefsky and Lee in 1989'^, and

since then various synthetic methods have been reported mainly for yield optimization

purposes; notably by Hudlicky'^, Trost'^, Haseltine^^ and more recently Magnus and co-

workers.^'

Surprisingly, no in-depth structure-activity relation studies have been reported to

date. When pancratistatin is compared to the other phenanthridone alkaloids, the results

have shown the presence of the trans B/C ring junction in the molecule has a marked
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increase in terms of biological activity^^ while on the other hand, the absence of the

hydroxyl groups at CI and C7 positions (Fig. 2) did not seem to play a significant role in

activity.^^ These preliminary pharmacophore studies formed the basis of our approaches

to determining the absolute minimum pharmacophore of pancratistatin.

OH

1 .4 lycorine

Fig. 2

OH O

1 .5 frans-dihydrolynarciclasine

OH

OH

OH O

1.6 lycoricidine 1 .7 pancratistatin

OH

OH o

1 .8 7-deoxy-ffans-dihydrolynarciclasine 1.9 7-deoxy-pancratistatin





The minimum pharmacophore of pancratistatin determined up to this point is the

1,7-deoxy derivative 1.13 where the hydroxyl groups at CI and C7 positions are not

present. What about the requirement of the three remaining hydroxyl groups? In order to

answer this question, and to avoid the requirement to synthesize all of the six different

hydroxyl analogues as well as testing them independently, we devised a functional group

"complementary analog" method in the hopes of systemically evaluating the role of the

three hydroxyl groups at C2, C3 and C4 positions.

OH

OH

Fig. 3

OH

1.10"

i.ir

OH

These three pairs of complementary analogues (Fig. 3), by definition bear the

same structural skeleton with different functionality but between them cover all of the





functional groups on the minimum known pharmacophore 1.13. Therefore, compounds

1.10 and 1.10' may be considered complementary analogues to the presently known

minimum cytotoxic pharmacophore. Thus, the determination of the final pharmacophore

could be narrowed down to a more manageable number of compounds, where the

individual synthesis between the complimentary pairs (1.10-1.12) can potentially speed

up the analytical, as well as the synthetic process. For example, if the synthetic mono-

alcohol derivative 1.12' of complimentary pair 3 turned out to posses optimum cytotoxic

properties, then we could conclude that the minimum pharmacophore not only consists of

the trans-B/C ring junction, but also requires a hydroxyl group at the C2 position. By the

same token, if the complementary diol 1.12 were to be tested positive for cytotoxic

activity, then we could eliminate the requirement of the hydroxyl group at the C2

position, and concentrate on the remaining two mono-alcohols 1.10' and 1.11', in which

either of them can potentially be the minimum active pharmacophore.

The process of the determination of the minimum pharmacophore of

pancratistatin started off with the synthesis of the deoxy analogue 1.13', which was found

to be biologically inactive. This result helps to confirm the role of the hydroxyl group in

terms of biological properties, and that at least one of the hydroxyl groups in the

cyclohexane ring might be required to elicit an optimum spectrum of biological activity.

Based on this information, we decided to focus on the synthesis of the complementary

analogues 1.10 and 1.10' with the purpose of further refining the minimum cytotoxic

pharmacophore, and to explore general methodology from Z,-tartaric acid which might be

applicable to the asymmetric synthesis of the known bioactive triol 1.13.
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1.3 Synthetic Strategy

Previously, we published a report on the synthesis of the mono-alcohol derivative

1.10' via a stereoselective nitroaldol approach^" (Scheme 1). This is a potentially useful

method for the construction of the trans-B/C ring junction system, which was shown to

be critical for biological activity. In addition, we also discovered an alternative Diels-

Alder method which was shown to be an even more effective synthetic pathway (Scheme

2), proceeding to afford the desired exo-nitro Diels-Alder adduct with high

stereoselectivity (exo:endo 95:5). Based on this observation, we expect this route could

be potentially applicable for the preparation of the complimentary diol 1.10 bearing the

syn-d\ol subunit.

<

Scheme 1

NO,

0°C, 81%

BrZnCu(CN)(CH2)3COjEt

95:5 d.e.

1.14

dichloromethane,

alumina, 0°C P

1.14'

<

CHO

1.15





11

In the nitroaldol approach, two aldol products (1.14, 1.14') were provided with

high regio- and stereoselectivity. One notable aspect of this method is the ability to

generate the desired cyclized nitro-product in one step under neutral conditions'^

(alumina in dichloromethane), with diastereoselectivity of greater than 90%. Further

structxiral analysis proposed that the production of the exo cyclized nitroaldol product

underwent a chair-like transition state, where the bischelated intermediates with all

constituents in an equatorial position occupied the most favourable energy conformation

1.15, and the subsequent cyclization afforded the exo-nitroaldol product with high

stereoselectivity.

Another method for generating the exo or /ran^-nitroaldol product could be

performed using the same starting nitroalkene 1.16, only in this case it would act as a

dienophile and along with the corresponding Danishefsky's diene 1.17, afforded the

predominantly exo-nitro product 1.18, with an exo: endo ratio of 95:5 %.

Scheme 2 endo; less steric replusion.

more electrostatic replusion

OMe

,SiMe,

• ', ' o

exo. more steric replusion,

less electrostatic replusion

'OMe
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The resulting Diels-Alder adduct was predominantly the exo-nitro product, due to

mainly to the electrostatic repulsion in 1.19 between the nitro group of the dienophile and

the bulky silyl-protected ether group of the diene 1.20. Moreover, according to Stoodley,

the ratio of exo selectivity might also be contributed to the presence of the electron rich

methoxy or the silyl-protected ether group of the diene.^^ Regardless of the conditions,

with the production of the predominant exo product, we could use this as a model study

for the generation of the other pancratistatin analogues, such as the C2, C3-hydroxylated

derivative described in the previous complimentary pair analysis (Fig. 3)

Based on the result of the Diels-Alder approach, we are confident that a similar

method could be applied for the construction of the di-hydroxylated derivative 1.10,

which is the other complementary pair analogue together with the previously synthesized

mono-alcohol. Preliminary retrosynthetic analysis (Scheme 3) has shown that this Diels-

Alder approach should in theory, also favour the formation of the nitro Diels-Alder

adduct 1.21, as well as the introduction of the olefmic functionality at the appropriate

position. This allows for further chemical manipulation and the synthesis of the desired

complimentary pair analogue.

OH

^^

OAc OAC

NHCOOMe

n
•o

<!'

NO,

NHCOOMe
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1.4 Chiral Synthons Approach -'

The Diels-Alder approach was shown to be a highly efficient method for the

construction of the trans-B/C ring junction. Its synthetic value in the preparation of the

other complementary diol could diminish rather quickly since the placement of the

hydroxyl groups is now no longer in a locality where a Diels-Alder approach could

provide. In addition, we have yet to rule out the minimum pharmacophore of

pancratistatin could be the tri-hydroxylated derivative 1.13, which would require a

different method for the introduction of the three chiral hydroxyl groups.

Based on this realization, it would be efficient if we could use other synthetic

methodology not only for the purpose of retaining the important trans-BIQ ring junction,

but also for the incorporation of the syn-dAoX subunit. It is well known in the literature that

Z,-tartaric acid bearing the innate .s>'«-2,3-diol functionality could be used in the

construction of larger and more complex organic molecules. In fact, Z,-tartaric acid and

derived tartrates are used extensively as ligands and chiral auxiliaries in asymmetric

synthesis. This can be seen in the bis (phenylphosphinite) derivative of TADDOL, also

known as TADDOP 1.22 by Seebach in the enantioselective 1, 3-diphenylallylation of

carbon nucleophiles (Scheme 4).

Pti^ ^^\ ^Ph

OAc

Scheme 4
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As chiral auxiliaries, Z,-tartaric acid derivatives are also applied extensively in

industrial processes, such as the scale-up preparation of the anti-inflammatory agent

Naproxen 1.24 by the Zambon group (Scheme 5). The /.-tartrate in this case, was used

to promote the stereospecific rearrangement of the brominated acetaP^, producing the

arylacetic acid 1.23 with excellent diastereoselectivity (d.e. 98%).

Scheme 5

MeO MeO

COOMe

COOMe

AgBF,, CI(CHj)jCI,

1.23

Naproxen

Ij' COOMe HCl,Hp,85«C,
"

f
96%, 98%de

0'
-OH

MeO
MeOOC

COOH

Perhaps one of the most important applications of tartaric acid is its utilization in

chiral building blocks. This can be accomplished by the modification of the terminal

carboxy groups, which can then be incorporated into more complex compounds (Scheme

6). For example, the novel HIV-1 protease inhibitor 1.26, with its 5yn-diol subunit, could

be afforded effectively starting from the bis-Weinreb amide 1.25 derived from Z-tartaric

acid
30

Scheme 6

NMeOMe

NMeOMe

1.25

(i) p-dPrjCjH^CHjMgCI,

THF, 95%
^-

(ii) NHjOH-HCI, EtOH,

H,0, 82%
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One of the most well known syntheses utilizing chiral intermediates derived from

tartaric acid is the preparation of the syn-dio\ containing natural product zaragozic acid C

by Evans and co-workers in 1994.^' The key step in the synthesis of zaragozic acid 1.29

involved the construction of the core carbon framework via a Lewis acid catalyzed aldol

reaction between a chiral aldehyde 1.28 and a protected silyl ketene acetal 1.27; both

intermediates were derived from tartaric acid. In addition, Evans also demonstrated the

ability to selectively differentiate the terminal carboxy group of the acetal protected butyl

tartrate in one high yielding step (Scheme 7).

Scheme 7

OX
LiHMOS, TMSCI. THF,

O^^x^"-"^®" -78=C. 30min..(>>C.

30niin, 97%

COOIBu exit:
COOtBu

1.27

OBn

1.28

(/PtOjTiClj. CHjClj,

78°C, 2h. -40°C,

2 5h. 76%

0<
BuOtOC f°°^%B„

TBSO

1.29

These are just some of the examples amidst countless applications of tartaric acid

as a chiral pool building block in efther industrial processes or academic research. In fact,

at the present moment, there are more than 10.000 related citations, reports and patents in

the span of the last 25 years. In a broader sense, tartaric acid can be found used in dental

materials and ceramics as well as pharmaceutical products.^^ In a more related sense,

tartaric acid and derivatives readily undergo fragment elongation or alkylation (via the

bis-Weinreb amide) chemistry; combined with its inherent 5>'«-diol subunit, they can be

potentially useful chiral building blocks for the construction of pancratistatin, as well as

its complementary analogues we discussed earlier.
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1.5 The Importance of1,2-svn-diol subunits in Natural Products

The syn-6\o\ subunit has been found in numerous natural products identified to

date; its common appearance can be attributed to general biosynthetic pathways: for

example from poly acetate (AcetylCoA) and peroxidase type transformations, or

carbohydrate sources. For example, tartaric acid is obtained not by chemical synthesis but

isolated in quantity, as potassium hydrogen tartrate, which is a common enzymatic by-

product in the wine industry. As for more complex natural products, it is often difficult to

devise biosynthetic pathways because there are simply too many variables for accurate

determination. The shear number of enzymes involved in biosynthesis is too immense to

study, and at any given time it would be nearly impossible to predict which particular

enzyme is responsible for catalysis when a minor structural alteration has occurred. For

example, it was not until the discovery of Wallach and Ruzicka that the biosynthesis of

terpenes was realized to occur from a common building block, the isoprene units, in

which the true origin had been concealed for a long period of time. The biosynthesis of

alkaloids, another mystery was partly solved by Schopf and Robinson'''', on the

suggestion that they were derived from a-amino acids. Based on these pioneer studies,

the motivation nowadays for total synthesis no longer heavily relies on unambiguous

chemical synthesis, but rather on the challenge inherent in synthesizing intriguing

structures via a chiral pool approach. j .

Natural product chemistry as defined today is mainly concemed with the

formation, structure and properties of the so called "secondary" metabolites. Although

there isn't any clearly defined rule on the separation between primary and secondary
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metabolites, it is general to assume common sugars such as glucose, fructose and

mannose belongs to the primary category. The more complex natural sugars chalose,

streptose and mycaminose which were discovered as part of the constituents of anti-

biotics are now regarded as part of the secondary metabolic family.^''

Recent development in this area has proven to be a rewarding venture; in 1994 Li

and co-workers^'* successfully isolated one of the most potent anti-tumour agents known

to date, fi-om a well known tropical fruit tree Annona muricata. Since then, there have

been more than 40 different annonaceous acetogenins isolated from the stems, leaves and

seeds on this particular plant. Today, acetogenins and more than 300 related analogues

have been extracted from various related species^'""'^, all comprised of anywhere from a

35- to a 37-carbon fatty acid chain linking two tetrahydrofuran or tetrahydropyran

moieties together.''^ Two of these acetogenins 1.30, 1.31, isolated from the seeds of

Annona chermimolia native to Peru^^, have been shown to posses selective cytotoxicity

for human tumour cell lines, with potencies of 10,000 times that of adriamycin when

tested against human prostate (PC-3), breast (MCF-7) and colon (HT-29) tumour cell

lines^^

syn-diol

Fig. 4

ACH^U /^
OH 6

1.31 annocherimolin
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Further studies of these acetogenins have shown that they inhibit cancerous cells

via a mechanism responsible for mitochondrial complex I (NADH-ubiquinone

oxidoreductase) blockade"*', as well as through the inhibition of the NADH oxidase,

which is prevalent in the plasma membranes of tumour cells.'*^ The summary of their

respective activity in brine shrimp lethality test (BST), as well as cytotoxicity in human

tumour cell lines is compared (Table l/*^ with the known control agent adriamycin.

Table 1 Human cancer cell line EDso Oig/mL)

compound BSTLCso A-549 MCF-7 HT-29 A-498 PC-3 MIA PaCa

Annomolin 9.40x10' 2.37 1.15x1(H 8.92x10-5 6.88x10* 5.39x106 2.18

annocherimolin 5.80x10-' 1.56 4.06x10* 2.49x10« 1.53x10' 1.02 1.20x10=

adriamycin N/A 1.13x10' 1.82x102 1.28x102 2.26x10' 5.02x10^ 2.62x10'

So far, there hasn't been any reported total synthesis of these two acetogenins.

This might be due to the structural complexity of the molecules; more specifically the

heavily substituted THF ring moiety, in which contained a tram-lWY ring junction

connected by a syn-6\o\ subunit""^ (Fig. 5), combined with the locations of the chiral

hydroxyl groups on the fatty acid chain could potentially make a chemical total synthesis

a daunting task. Based on this observation, we feel that a chiral pool approach utilizing

/.-tartaric acid as a starting intermediate could be a potentially useful method for the rapid

construction of the skeletal core framework of acetogenins.

Previous examples^^""" of tartaric acid and its application as a chiral building

block gave us a glimpse of the importance of the syn-6\o\ subunit in a number of natural

products. Due to the innate Ca-symmetrical nature of the compound however, a certain
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Fig. 5

R R'

amount of effort would be required for the selective differentiation of the terminal

carboxy groups, as reported in the synthesis of zaragozic acid C 1.29 by Evans and co-

31
**

workers , in addition to the differentiation of the internal syn-2,3-dio\ subunit. After a

recent literature search, we feel that a more direct approach to the differentiation of

tartaric acid is required, since most of the current synthetic methodologies'*^ available in

this area have concentrated on derivatization and the use of expensive reagents, where the

lengthy procedures often generate the desymmetrized products in poor yields.

Furthermore, we are confident the synthetic methodologies developed herein would be

greatly beneficial to the synthesis of 7-deoxy pancratistatin 1.13, which also possesses the

inherent 5y«-diol subunit (Fig. 6).

Fig. 6

Q^ syn-diol subunit

OH

1.13
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2.1 Synthesis ofthe a, B-hydroxyl analoeues (1.10) ofPancratbtatin

The potent biological properties of pancratistatin and its structural analogues,

namely lycoricidine'*^ 1.6 have attracted considerable interest, both in the area of isolation

optimization and total synthesis. There are currently a few groups'^'^' in the world that

are actively pursuing the synthesis of pancratistatin and its analogues. Herein we report

the first synthesis and systematic study of the a, P-hydroxyl analogues (1.10, 1.10') of

Pancratistatin.

Here at Brock, we have developed a highly efficient Diels-Alder method for the

rapid construction of the trans B/C ring junction. This provided an alternative method for

the synthesis of pancratistatin, as well as various other analogues in a highly efficient

manner. The onset of the synthesis began with the preparation of the nitroalkene

derivative, which could be easily prepared from piperonal 2.1 via the Henry reaction

(Scheme 8/^ providing the (£)-isomer of the alkene exclusively in q yield of up to 80-

85%.
Scheme 8

• nitromethane, dichloromethane

acetic acid, acetic anhydride

ultrasound, 4 hours

95%, (E)-isomer exculsively

<J
NO,

1.16

The addition of acetic anhydride in the preparation of the nitroalkene improved

the yield by an additional 10-15%. Although the exact reason was unclear, it was thought

that the presence of water in the reaction might contribute negatively to the overall yield

of the reaction.
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The resulting nitroalkene, together with butadiene sulfone 2.2, was subjected to

Diels-Alder conditions similar to those of Bryce.'*^ This afforded the concerted Diels-

Alder adduct 2.3 in yield of 85% in the presence of ZnCh as Lewis acid catalyst. This

highly efficient approach allowed us to rapidly construct the core of the molecule, more

importantly the trans-B/C ring junction, as well as the position of the olefin functionality,

which allowed for further chemical manipulation (Scheme 9).

Scheme 9

rc^
<:x7""ZnCI2

toluene, cat.quinol, 127oC,

12 hours,

2.2 2.3

The next step required a chemoselective reduction of the terminal nitro functional

group to its corresponding amine without the destruction of the olefin functionality at the

C2 and C3 position. It was realized that such reduction could be performed via an

aluminum amalgam method''^ where the nitro group was selectively reduced to the amine

2.3'. Due to the relative water solubility and polarity of the amine, it was immediately

reacted with methyl chloroformate to give the corresponding carbamate 2.4 in 96%

overall yield from the Diels-Alder adduct (Scheme 10).

Scheme 10

(i)AI-Hg, THF/HjO,

22°C, 12 hours

(ii) methylchloroformate,

dichloromethane,

EtjN, 0°C, 5 hours
NHCO/te
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With the terminal amine now protected, it would be safe to subject the carbamate

to oxidation in the hopes of converting the olefinic functionality to its corresponding

epoxides. It was our expectation that epoxidation afforded the two diastereomers (2.5, 2.6,

a, y9-epoxides ratio 2.7:1), which were readily separable on silica gel column

chromatography. Surprisingly, both of the diastereomeric epoxides provided the same

product upon the ring opening step when they were subjected to reflux conditions with

aqueous sodium benzoate independently. Initially, it was uncertain how the two different

epoxides would produce the same a, yff-diol product when spontaneously exposed to the

same type of epoxide opening conditions, as previously documented by Magnus and co-

workers. Upon further molecular analysis, the conformationally biased diastereomeric

epoxides are opened exclusively by axial attack of the nucleophile as in 2.7 (either ~0H

or "OBn). Therefore, the epoxide 2.5 is opened by axial attack at the C2 position while

the other diastereomeric epoxide 2.6 is opened axially at the C3 position, yielding the

same 2,3-diaxial diol (the relative stereochemistry of the product was confirmed by X-ray

structural determination. Fig. 7), which was subsequently re-protected with acetic

anhydride to afford the diacetate product 2.8, with yields of 55 to 62% from the

diastereomeric epoxides (Scheme 11).

Scheme 11 (i) MCBPA. 0»C

(ii) sodium benzoate, o

Hp. reflux /
NHCOjMe (ill) ACjO/Py: \





24

X-ray crystallography''^ confirmed the structure of the di-acetate derivative (Fig.

7), notably the chair conformational structure of the cyclohexane ring, as well as the

relative three-dimensional proximity of the carbamate and the aromatic constituent. The

latter observation proved to be critical for the requirement of ring closing reactions in the

constructionof the cyclic intermediate. i

Fig. 7

Cyclization of the phenanthridone intermediate could be accomplished as reported

by Banwell and co-workers'* in 1995. Initial experimentation on similar reaction

conditions afforded the desired cyclized product, but with poor temperature control the

product was often isolated in poor yield. However, modified reaction conditions with the

use of TfjO and DMAP gave a much better yield of the cyclized product (Scheme 12),

along with two other side products (2.9, 2.10) which were identified by Electro-spray

Ionization Mass spectrometry (ESI-MS, Appendix A) and 'HNMR studies (Appendix B,

C) to be intermediates during hydrolysis. This result was somewhat surprising

considering that the acidic hydrolysis conditions should promote the formation of the

amide much more readily than the intermediates; similar observations were also reported

by Magnus and co-workers.^'



*
.v'f^

>>i.i Ki^
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Further experimental improvements under the optimized cyclization/hydrolysis

(HCl/dioxane) conditions as well as a final reprotection step (acetic anhydride/pyridine)

afforded the cyclized protected diol 2.11 in 74-90% yield (Appendix D), with no

detectable trace of side products. Finally, de-protection of the cyclized product with

sodium methoxide completed the synthesis to give the desired a,fi-diol 1.10 (Appendix E),

with a yield of 96%. Scheme 12

OAc

OAc

OAc
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Hg/mL), as well as two of the leukemia cell lines; CCRF-CEM (ED50 = 0.55 ng/mL) and

HL-60(TB) (ED50 = 0.89 ng/mL).

The present study helps further to define the minimum cytotoxic pharmacophore

shared by pancratistatin 1.7 and /ran^-hydrolycoricidine 1.13. In addition to the necessary

conformationally locked tram-fased B/C ring junction, at least two correctly positioned

hydroxyl groups appear to be needed in the cyclohexane ring for potent cytotoxic activity.

The results with the complementary analogues 1.10 and 1.10' rule out any monoalcohol

analogue as a minimum pharmacophore and the modest potency of 1.10' suggests the

importance of either, or both, of the C2 and C3 hydroxyl groups, in addition to the C4

hydroxyl as a minimum pharmacophore. We tentatively conclude that the minimum

structural pharmacophore must reside in either of the diols 1.11 and 1.12 (Fig. 8) or may

in fact be that depicted in the triol 1.13.

Fig. 8

1.11 1.12 1.13

The triol 1.13 depicted in the figure above, presented a synthetic challenge with

the Diels-Alder reaction method described earlier, namely due to the presence of the three

stereocenters in the cyclohexane ring. Thus, a new type of reaction should be considered,

preferably a method where all of the stereocenters were incorporated early in the

synthesis, as opposed to later functional group manipulation. This realization led us to the

exploration of the field of chiral synthesis or a synthesis that utilizes chiral building

blocks.
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2.2 Synthesis, application and selective addition of 2,3-O-isopropvlidene bis-Weinreb

amide

The successful synthesis of the a,^-diol derivative 1.10 of pancratistatin allowed

us to come to a realization that an alternative method for the preparation of similar

analogues bearing two or more chiral hydroxyl groups was required. This lead us to the

investigation of natural chiral products that have the direct integration of the 1 ,2-diol

subunit; such as isoprenoids, alkaloids, polyketides and carbohydrate derivatives. Tartaric

acid is an example of a precursor which is widely used for the preparation of syn-\,2-

diols in the synthesis of important natural products^^"^"* (e.g.. Acetogenins^^). It is readily

available in large quantity, and more importantly, possesses the innate 5>'«-2,3-diol

subunit necessary for the rapid construction of pancratistatin and related analogues.

Before the onset of these potential applications, a critical problem that needed

addressing was the selective differentiation of the Z,-tartaric acid 2.11 and its derived

chiral precursors, namely the terminal 1 ,4-carboxylate groups which could serve as the

location for linear chain elongation. This requirement led us to pursue the synthesis of the

C2 symmetrical 2,3-0-isopropylidene-l,4-bis-Weinreb amide^^ 1.25, which possesses

both high versatility for functional group manipulation, and lacks the propensity for

tertiary alcohol formation due to presence of excessive nucleophiles (Scheme 13).

Scheme 13

HO OH (a) Q-^o (fa) MeO )__/ OMe
)~-\ ^

) f
" nV y-N

HOOC COOH MeOOC^^COOMe ^^ O Me

2.11 B1 ,.„

(a) 2,2-dimelhoxypropane. pTSA, cyclohexane.

(b) N,0-dimethylhydroxylamine hydrochloride, trimethylaluminum
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Our initial investigation began with the synthesis of dimethyl-2,3-<5-

isopropylidene tartrate diester Bl (scheme 13) from Z,-tartaric acid, in the presence of

cyclohexane, 2,2-dimethoxypropane and catalytic p-toluenesulfonic acid monohydrate.

This one step synthetic method was well documented in the literature and used

extensively for the preparation of protected 5'>'«-2,3-diol functionality. The methyl ester

was then converted to the desired bis-Weinreb amide in the presence of N,0-

dimethylhydroxylamine hydrochloride and trimethylaluminum as an activation reagent.

Alternatively, isopropylmagnesium chloride could also be used in place of

trimethylaluminum, as reported 6y Williams and co-workers^^, but the yield was

somewhat less desirable. When the bis-Weinreb amide was subjected to selective

Grignard reagents of varying sizes, a range of interesting results were obtained, which are

summarized in the following table (Table 2).

The yields for the Grignard additions to the bis-Weinreb amide were surprisingly

effective, particularly when the alkyl group of the Grignard reagent was small, for

example, with methyl and ethyl magnesium chloride. However, the formation of the

diketone products became increasingly sluggish as the alkyl group increased in size,

especially in the case of isopropyl magnesium chloride where sonication was required to

obtain a reasonable yield of 2.14'. In all cases, with either kinetic temperature or solvent

dilution control, the mono-Weinreb amide and the diketone products could both be

isolated in high yield. It was discovered however, that olefmic derivatives bearing allyl

and vinyl (2.16, 2.15) functionality were significantly more difficult to prepare. In the

case of the allyl addition, the resulting product was found to be prone to rearrangement
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Scheme 14

oX
MeO 'y 1 OMe ""9^

>~<>'\ THF
Me O

1.2S

Me

R = vinyl

oX
OMgBr

N

MeO

Me

I

Me
OMe

oX

HjO oX

2.19

OMe

Me

^/\ 0^^
2.16

M«^ ,OMe

Mg

This statistical Grignard addition approach provided a very encouraging result

since much of the research in the area of 1,4-diol differentiation was based on either a

three step reduction, mono-protection and oxidation method or the utilization of a

protected cyclic anhydride intermediate.^^ Although the latter method did prove to be a

reasonable method for 1,4-carboxyl differentiation, the inherent syn-2,3-d\o\ subunit

however was often not differentially protected. This, together with a more in depth and

complex synthetic route, limits its potential in a wider range of synthetic applications.

Through our unique "statistical" method {vide infra), we have successfully differentiated

a wide range of intermediates (2.12-2.18) bearing fragments of varying sizes in an

efficient manner. In addition, we have shown that this direct approach could be used

effectively in the synthesis of the naturally occurring lactone 2.23, which was reported to

be an important bacterial metabolite responsible for lateral root formation in various

infected plant species^' (Scheme 15).
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Scheme 15

V V V
o^o o-^p o^O

MeO ) f OMe 1.10PhMgCI >

—

( OMe LiAIH,. THF , /

Me ''^ o^ Me q "^ ^^^ J^ 2 ^^

2.18
1.2S

trim ethylphosphonoacetate

LiHMDS

2.22

Based on the previous examples, the mono-phenyl derivative 2.18 was readily

produced from the bis-Weinreb amide. The resulting ketone was then subjected to lithium

aluminum hydride reduction to afford the mono-aldehyde products as a diastereomeric

mixture (2.20, 2.20') according to crude 'HNMR studies. It was to our surprise at this

point that neither of the aldehyde products could be isolated and quantified. Thus, the

formation of the aldehyde was not confirmed until conversion to its corresponding

olefinic ester was performed. Standard Homer-Emmons methodology employing lithium

bis (trimethylsilyl) amide as the base furnished the desire /ra«5-Wittig olefin 2.21 in 72%

yield as a 3:1 mixture of diastereomers (from 'HNMR integration), from the mono-

phenyl Weinreb amide derivative. Following Raney nickel hydrogenation of the olefin,

and the chemoselective reduction of the benzylic alcohol, the aliphatic ester product 2.22

was obtained in a yield of 95%. Acidic hydrolysis of the 0-isopropylidene protecting

group and a subsequent transesterification step afforded the desired butyrolactone 2.23 in

an overall yield of57% in four steps.
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An alternative method was also investigated based on the preparation of a mono-

aldehyde derivative via a selective reduction pathway starting from the bis-Weinreb

amide. The rationale behind this approach was the ability to simultaneously generate two

different functional groups in one step. While retaining the general Weinreb amide

subunit at one end, an electron deficient aldehyde could be a potentially useful location

for generating a chiral hydroxyl group via nucleophilic addition. Initial experimentation

with the reducing agent diisobutylaluminum hydride did not provide any isolatable

ft)

aldehyde, contrary to the earlier report by Weinreb and co-workers. Alternative

reducing agents such as sodium bis (2-methoxyethoxy) aluminum hydnde (Red-Al) and

lithium tri-/gr/-butoxyaluminum hydride were also ineffective to generate the

corresponding aldehyde. We tentatively concluded that the use of bulky reducing agents

might be detrimental for Lewis acid co-ordination^'^ (2.24-2.26) between the eight

different heteroatoms (2 x 4), which is required for hydride reduction to occur. Even with

an excess of reducing agents (DIBAL, Red-Al), only a minute amount of the aldehyde

was observed based on crude 'HNMR studies. Therefore, we came to the conclusion that

either the A'-methoxy-carbonyl or acetonide-carbonyl Lewis acid interaction would be

favoured by a less bulky reducing agent. To further investigate this hypothesis, lithium

aluminum hydride was chosen as the reducing agent and after subsequent aldehyde

trapping, 35% of the corresponding Homer-Emmons product 2.28 was isolated, along

with 27% of the bis-olefm product 2.29. Moreover, thin layer chromatography (TLC)

proved to be an ineffective monitoring protocol since both the starting amide 1.25, as

well as the two aldehyde products 2.27, 2.27' were found to have similar polarity and dye

reactivity when stained with 2,4-dinitrophenylhydrazine (DNP). Furthermore, due to their
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instability, both of the aldehydes were not isolated^^ and quantified independently. The

only evidence for the aldehydes was the products derived from the Homer-Emmons

olefination and crude 'HNMR spectrum studies.
t

Scheme 16

Red-AI

heteroatoms

MeO )
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I OMe
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O OMe
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1.0 eq. LiAIH,

Jf r\\
O OMe
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H'/\ H

H H

2.26

LiHMDS,
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20-35%

oX
^^^-^ ^^~Sr^

2.27 R = NOMeMe, R' = H
2.27* R = R' = H

In summary, we have successfully developed a short and efficient method for

differentiating the syn-\,\ carboxyl groups of I-tartaric acid. Moreover, we have

demonstrated that the bis-WeinreB amide precursor 1.25 could be used as a building

block for the construction of more complex natural product 2.23. This result further

strengthens the possibility that the bis-Weinreb derived aldehydes (2.27, 2.27') can also

be used in the synthesis of the bioactive triol 1.13, via a Morita-Baylis-Hillman^ type

coupling reaction. However, due to time constraints, the full synthetic value and

potential of the bis-Weinreb amide derived aldehydes were not further investigated.
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2.3 Differentiation ofthe innate svn-2,3 hydroxyl group ofL-tartrate

Previously, we have discussed the possible ways to differentiate the terminal

carbonyl groups of tartaric acid using either nucleophilic attack or partial reduction on the

bis-Weinreb amide. We now turn our attention to the differentiation of the C2-

symmetrical syn-2,2 hydroxyl subunit (Scheme 17).

Scheme 17

HO OH steps HO OR

00 00

Currently, there are only a handful of strategies for syn-l,!) diol differentiation;

trichloroacetimidation,^^ palladium catalyzed allylation,^^ and reduction of benzylidene

acetals by boron reducing agents.^^ These methods require the use of expensive reagents,

and often the products are isolated in poor yield. In a more statistical approach however,

better yields are reported with the requirement of additives such as silver oxide and

various halo-lanthanides.^^ It was not until recently in our laboratory that a high yielding

method^ was developed based on a statistical approach of silyl protection. This

methodology (Scheme 18) not only effectively differentiates the syn-2,7> diol subunit, but

reaction of this differentiated intermediate also gives rise to a product with syn-\,A

carbonyl differentiation. To our best knowledge, this is the first report of successfiil syn-

1,2,3,4 differentiation employing the silyl-protecting group method.
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Scheme 18

HO OH TIPS-OTf, 2,6-lutidine, ho OTIPS TIPSO OTIPS
'

: f dichloromethane or I \ f

MeO-^^fy-OMe ^^^^^^^'^'
^ r*.O^f\-OU. + MeO^^fyOMa

2.30 2.31 Major 2.32 Minor

With the use of a slight excess of TIPS-OTf, the starting Z-methyl-tartrate 2.30

was converted to the corresponding mono silyl-protected product 2.31 with excellent

yield (in some cases nearly quantitatively). The formation of bis silyl-protected product

2.32 occurred very slowly and it was only wdth sonication that a reasonable amount (80%)

of the bis-OTIPS product 2.32 was isolated, along with 12-13% of the mono protected

product. Although the mono-protection method was investigated earlier and under

statistical approach, the differentiation results were often poor^^ with yields in the range

of 30-60%. Therefore, the rationale behind the success of this experiment must be based

on something not previously investigated. Further studies showed that 'butyldimethylsilyl

triflate (TBDMS-OTf) as the silylation agent provided the corresponding mono 2.33

(78%) and bis-protected product 2.34 (14.5%) in reasonable yield (Scheme 19); although

the numbers were slightly lower than that of TIPS-OTf These observations indicate

consistency with the size of the silyl reagent, and we arrived at the conclusion that the

steric hindrance effects of the silyl group must impose a strong influence on the

activation barrier. Thus, even in the absence of kinetic control, the mono-silyl protected

product could be afforded in excellent yield.

Scheme 19

2.33 2.34

»\°» TBDMS-OTf, 2,6-lutidine, "°, /^^^^^ T«°^sq OTBDMS

/ \ dichloromethane /—\ , /—(.

MeO—

y

V- OMe ^ MeO—/ \—OMe + MeO—/ \—OMe

78% 15%
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With the 2,3-diol now fully differentiated, numerous options are now available for

further synthetic applications. First, the remaining hydroxyl group can be protected by a

different class of protecting group. Secondly, on a more related note, the 2,3-diol

differentiation opens up the possibility for chemoselective reduction of the less hindered

carbonyl group, thus providing the fully differentiated /.-tartrate derivative in only two

steps (Scheme 20). In the literature, this type of reduction method could be found in the

utilization of a borane/sodium borohydride complex
70

HO OTIPS

MeO—/ \—OMe

O O

2.31

Scheme 20

HO OTIPS

NaBH^
HO—/ V-OMe

O

58% 2.35

PPTS,
toluene, 2200

HO OTIPS

HO OTIPS

+ MeO—/ ^^OH

38% 2.36

PPTS,
toluene, 70"C

HO OTIPS

O

2.35'

O

2.36'

In the presence of borane-dimethyl sulphide and sodium borohydride (in THF),

two isomeric diol derivatives (2.35, 2.36) were readily isolated (1.5:1) in excellent yield

(96%). Both of these diols underwent cyclization to afford lactones (2.35', 2.36').

Compound 2.35 readily cyclized on its own accord but when subjected to acidic

conditions (pyridinium-4-toluene sulfonate, PPTS) in toluene, the corresponding lactone

was isolated in quantitative yield without the need of column purification. The other

isomeric diol 2.36 however, only afforded the desired lactone under slightly more
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forceful conditions. When it was heated in toluene (70'^C) with PPTS for three hours, a

quantitative yield of the lactone was recovered without column purification. The slower

cyclization of the second diol was postulated to be due to the steric crowding of the P-

OTIPS subunit, thus rendering the terminal hydroxyl group a less effective nucleophile.

The utilization of borane methyl sulphide/sodium borohydride managed to provide a

reasonable amount of the isomeric diols, the selectivity however was somewhat less than

what we expected. Due to this reason, a more bulky tartrate derivative was prepared

(Scheme 21) based on the rationale that a more sterically crowded ester might provide

improved reduction selectivity. The preparation of the mono-OTIPS diisopropyl ester

was performed under similar conditions described previously in the preparation of the

mono-OTIPS dimethyl ester (Scheme 18). After column purification, the corresponding

diisopropyl ester 2.37 was isolated in good yield (80%), ahhough it required a longer

reaction time. When subjected to similar reducing conditions (borane/methyl sulphide,

sodium borohydride), the diisopropyl ester reacted slower and to our delight provided a

much improved result where only one diol was isolated (60% yield) 2.38 with no

presence of the other isomeric diol. This result concurs with our earlier assumption with

regard to steric factors and reduction selectivity.
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organic intermediates and they have been extensively applied in synthetic applications.

Two of the glyceraldehydes shown here (2.39, 2.40) were reported in many literature

examples but both suffer inherent limitations. In the case of the protected acetonide

glyceraldehydes, both of the alcohol groups are not differentiated and will require further

synthetic manipulation once the acetonide was hydrolyzed. Similarly, the benzyl

protected glyceraldehyde 2.40 requires a further chemo-selective de-protection step to

avoid the loss of any olefmic functionality (i.e. Wittig product), when the standard

hydrogenolysis or hydrogenation method is applied.

Fig. 9

O ,0 BnO ,0

/ \. HO.. / \
H ^^0-/ H

2.39
2.40

To the best of our knowledge, these examples could serve as models for creating an ideal

chiral building block containing three carbons of more. Initial experimentation (Scheme

22) with the mono-OTIPS tartrate derivative allowed the construction of the triol 2.41 in

good yield (82%), following treatment with sodium borohydride/lithium chloride in

ethanol. Although lithium aluminum hydride could potentially be used as an alternative

reducing agent, experimental results have shown that the isolated yield was somewhat

lower, perhaps due to the exothermic conditions produced by the rapid production of

hydrogen gas. This four carbon chiral intermediate was then converted to the

corresponding glyceraldehyde 2.42 via a standard chemo-selective periodate cleverage

method (Scheme 22), then immediately trapped with 1 .0 equivalent of Homer-Emmons

reagent to afford the (£)-a, P-unsaturated ester 2.43 (72%) in 2 steps from the triol.
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Initially to our surprise, under standard Homer-Emmons conditions, a different

product was also isolated, along with the desired (£)-unsaturated ester. Further

investigation by 'HNMR ruled out the formation of the (Z)-unsaturated isomer. It was not

until further experimentation with an excess ofLiHMDS in THF that we detected that the

desired silyl-protected unsaturated ester was steadily converted to new product 2.44 (82%

yield). Thus, we tentatively conclude the formation of this new product must be caused

by the excess of LiHMDS. Furthermore, high resolution EIMS analysis gives a similar

fragmentation pattern, as well as an identical mass. Therefore, we conclude that the new

product must consist of the same makeup as the desired (£)-isomer, which leaves us to

investigate the possibility of a silyl-protection group migration, as it was well

documented in less hindered silanes such as TBDMS.^^ As it turns out, 'HNMR and

'^CNMR support this assumption and the new product is indeed consistent with the

migrated product 2.44, consisting of a secondary alcohol as well as a terminal -OTIPS

protecting group.

Scheme 22
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The non-migrated product 2.43 contains a set of fully differentiated functional

groups; including a primary alcohol, an allylic alcohol as well as an unsaturated ester, all

in only four steps from dimethyl I-tartrate. This result further solidifies the potential use

of glyceraldehydes as synthetic intermediates. Moreover, we successfiilly demonstrated a

more rapid synthetic method for the preparation of Z-glyceraldehydes, which are

generally considered to be expensive and difficult to prepare.
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III

CONCLUSION
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To summarize up to this point, we have successfully prepared the a,.p-hydoxyl

derivative 1.10 of pancratistatin via an efficient Diels-Alder approach. In addition, the

cyclized product 2.11 was isolated in excellent yield (85%), and with no detectable trace

of side products under modified Bischler-Napieralski conditions. Furthermore, the

isolated intermediates confirmed that the cyclization did in fact, occur via a 6-endo-dig

transition state^'' 3.1, and that the tetracyclic product (Scheme 23) could be afforded

exclusively with optimum hydrolysis conditions.

Scheme 23
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OR 1.10

R = OMe, OTf

Initial screening of this complementary pair of analogues turned out to be quite

interesting, the mono-alcohol 1.10' displayed only marginal inhibition activity (ED50 =

40.1 ^g/mL), while the hydroxylated analogue 1.10 proved to be quite potent in inhibition

(ED50 = 0.45|j,g/mL), although still not as active as pancratistatin itself This result

provided a confirmation that the minimum pharmacophore for pancratistatin might in fact

require a minimum of at least two hydroxyl groups for optimum bioactivity. The

marginal inhibition data of the mono-alcohol showed that in addition to the single

hydroxyl group at C4 position, either, or both of the C2 and C3 hydroxyl group might be

required for potent cytotoxicity. Thus, the minimum pharmacophore might be the two

remaining di-hydroxylated derivatives (1.11, 1.12), or even the CI, C7-deoxy-

pancratistatin 1.13, where all of the hydroxyl groups are required to elicit an optimum

bioactivity.
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The second part of the project deals with an alternative approach for the synthesis

of the tri-hydroxylated derivative 1.13, as well as potential application to the preparation

of 5yn-diol subunit bearing annonaceous acetogenins such as annomolin 1.30. We have

successfully prepared a few chiral synthons based on the selective differentiation of L-

tartaric acid. Differentiation of the terminal carboxyl group of the Q-symmetrical tartaric

acid was accomplished initially by the conversion to its corresponding bis-Weinreb

amide 1.25, and then subsequent utilization of a statistical Grignard alkylation approach,

which afforded the fragment elongated diketones (2.12-2.18') in good yield. In addition,

the potential of this method was further demonstrated on the rapid synthesis of the

naturally occurring lactone 2.23, bearing the innate ^yw-diol subunit. By the same token,

we have also demonstrated that a host of fully differentiated chiral synthons could be

prepared directly via a highly selective silyl-protecting group method. The resulting

intermediates bearing the syn-l,?) diol subunit could then be differentiated at the terminal

carboxyl location with the utilization of a selective reduction methodology. Furthermore,

we have also demonstrated the synthetic potential of this mono-silyl derivative 2.31 in the

preparation oftwo silyl-protected glyceraldehydes (2.43, 2.44).
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IV

EXPERIMENTAL
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General Procedures

All the reagents used in this project were obtained from Sigma-Aldrich and other

commercial suppliers, unless otherwise specified. Glassware was flame dried under a

stream of argon prior to use and all reactions were performed under argon and agitated

with a magnetic stirring bar. "via cannula" refers to addition method where a stream of

positive pressure of Argon was applied, "concentrated under reduced pressure" refers to

the removal of solvent by the use of a Buchi rotary-evaporator attached to a water

aspirator (15-30 mmHg), and followed by high pressure vacuum evaporation (< 5mmHg).

Preparation ofSolvents

Unless otherwise specified, all organic solvents mentioned in this thesis project

were distilled and pre-dried prior to use. Dichloromethane, triethylamine and pyridine

were distilled under calcium hydride and stored under 4A molecular sieves. Toluene was

distilled from sodium/benzophenone, while tetrahydrofuran was pre-dried with lithium

and nitrogen immediately prior to use. Methanol was pre-dried with magnesium strips,

distilled and stored under 4A molecular sieves prior to use. Hexane was pre-dried with

calcium hydride, distilled and stored under 4A molecular sieves. Dimethylformamide was

pre-dried with calcium hydride, distilled under reduced pressure and stored under 4A

molecular sieves before being used. Nitromethane was pre-dried with magnesium

sulphate, distilled and stored under 4A molecular sieves prior to use.
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Instrumental Analysis

Melting points were obtained on an electro-thermal apparatus, and are

uncorrected. Specific rotations were recorded on an AutoPol III automatic polarimeter.

Infrared spectra were recorded on a Mattson Research Series FT-IR spectrometer using

chloroform on a pair of KBr salt plates. 'HNMR (300MHz) and '^CNMR (75MHz)

spectra were obtained on a Bruker Advance DPX300 Digital FT spectroscopy instrument

with a QNP VT probe and tetramethylsilane as an internal standard. Mass Spectra were

obtained using either electron impact (EI) or fast atom bombardment technique (FAB) on

a Kratos Concept IS high resolution E/B mass spectrometer. Abbreviation for NMR

spectra includes (s) singlet, (d) doublet, (t) triplet, (q) quartet, (m) multiplet, (dd) doublet

of a doublet. Electrospray mass spectrometry (ESI-MS) was performed via direct infusion

on a Bruker EsquireLC ESI-LC/MS spectroscopy instrument equipped with Bruker

Daltonics esquireNT 4.0 DataAnalysis (Version 2.0, build No. 99) analytical software.

Purifications and Chromatography

Column purifications were performed using Aldrich reagent grade silica gel (70-

300 mesh) and the gradient solvent* elution ratios were reported independently.

Thin layer chromatography (TLC) was performed with the use of Macherey-

Nagel Polygram Sil. G/ UV254 pre-coated plastic plates. Visualization was performed by

either long or short wavelength UV illumination, or with the use of stains such as

anisaldehyde, concentrated sulphuric acid and 2,4-dinitrophenylhydrazine (DNP),

followed by a period of heating via hot air.
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Experimental Data (Project A)

Synthesis of 5-[(E)-2-nitrovmylJ-l,3-benzodioxole 1.16

<1
o-

1.16

In a round bottom flask was placed piperonal (2 g, 0.013 mol), ammonium acetate

(2.1g, 0.027 mol), and a solution of the previously distilled nitromethane (8.5mL, 0.160

mol). The mixture was submerged in an ultra sound bath where a solution of acetic acid

(2.4 ml, 0.040 mol) and acetic anhydride (0.5 ml, 0.006 mol) was added. The mixture was

sonicated for approximately 4 hours. The resulting yellow solution was then diluted with

dichloromethane, extracted with several portions of water, dried over sodium sulphate

and was concentrated under reduced pressure to afford a yellow solid. Re-crystallization

with aqueous ethanol produced the desired nitroalkene 1.16 as long yellow needles (1.96g,

78%). An additional 221 mg of product could be recovered from the mother liquor. M.p.

= 146-147''C , 'H-NMR (CDCI3): 5 8.00 (d, J= 13.6, IH), 7.50 (d, J = 13.6 Hz, IH),

7.09-7.12 (d, J= 8.1 Hz, IH), 7.01 (s, IH), 6.80 (d, J- 8.1, IH), 6.08 (s, 2H); '^C-NMR

(CDCI3): 6 151.8, 149.2, 139.5, 135.8, 127.0, 124.6, 109.5, 107.4, 102.5; IR (KBr in

CHCI3): 3118, 2919, 1629, 1604, 1491, 1456, 1335, 1267, 1102, 1032, 950, 897, 817,

728, 534 cm-'; ElMS m/z (%) 193 (56.4) 146 (87.5), 131 (21.8), 117 (18.1), 103 (17.3),

89 (100), 63 (84.7), 39 (34.6); HREIMS: calcd. for C9H7NO4, 193.0375, found 193.0384.
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Synthesis of 5-f(JR,6S)-6-nitrocyclohex-3-en-l -ylJ-1,3-benzodioxole 2.3

NO2

(Without ZnCb) To a high pressure vessel (HPV) fitted with a glass container was

added the previously prepared nitroalkene 1.16 (344 mg, 1.78 mmol), butadiene sulfone

(2.1 g, 17.8 mmol) and a catalytic amount of hydroquinol. The starting materials were

dissolved in warm toluene (10 ml), sealed and placed in a pre-heated oven for 20 hours at

an approximate temperature of 127°C. The resulting crude solution was diluted with

dichloromethane, washed with sodium bicarbonate, dried over sodium sulphate and

concentrated under reduced pressure to give a dark yellow oil. Flash column

chromatography with 1:3 ethyl acetate: hexane afforded the desired Diels-Alder adduct

2.3 as light yellow needles (282 mg, 64%). M.p. = 125-130°C; 'HNMR (CDCI3): 5 6.77-

6.69 (m, 3H), 6.0 (s, 2H), 5.84-5.72 (m, 2H), 4.94-4.85 (m, IH), 3.40-3.30 (m, IH), 2.79

(m, 2H), 2.54-2.38 (m, IH), 2.34-2.28 (m, IH); '^C-NMR (CDCI3): 5 148.3, 147.3, 134.2,

126.9, 123.0, 121.2, 108.9, 108.0,"l01.5, 88.0, 44.4, 33.6, 31.6; IR (KBr in CHCI3): 3427,

2388, 2350, 2285, 1549, 663, 629, 560, 504, 405 cm"'; EIMS m/z (%) 247 (32.1) 201

(12.3), 200 (43.4), 135 (100), 128 (10.5), 115 (13.6), 79 (19.3), 77 (15.8); HREIMS:

calcd. for C13H13NO4, 247.08445, found 247.08601.
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Synthesis of (lS,6R)-6-(l,3-benzodioxol-5-yl)cyclohex-3-en-l-amine 2.3'

<

^"..

2.3'

NH,

To a round bottom flask was added mercuric bromide (100 mg, 0.277 mmol) and

2 ml of distilled water. The mixture was stirred at room temperature for 10 minutes. To

this stirring solution was then added a few pieces of aluminum foil and stirring was

continued until the solution turned cloudy and eventually to dark grey. The grey solution

was decanted and the solid washed successively with a solution of95% ethanol and ether.

The resulting aluminum particles were diluted with tetrahydrofiiran. The previously

prepared Diels-Alder adduct (50 mg, 0.202 mmol) was added, and the reaction was

stirred at room temperature for 3 hours. The crude solution was then filtered, washed with

tetrahydrofiiran and concentrated under reduced pressure to afford the crude amine 2.3'

as clear colourless oil.





so

Synthesis of methyl (lS,6R)-6-(l,3-benzodioxol-5-yl)cyclohex-3-en-l-ylcarbamate 2.4

NHCO^Me

2.4

To a round bottom flask was added the previously prepared amine (40mg, 0.184

mmol) dissolved in 1 ml of dichloromethane. The solution was stirred at 0°C for 10

minutes. To this stirring solution was added methyl chloroformate (17 |xl, 0.221 mmol)

slowly followed by the addition of triethylamine (31 \i\, 0.221 mmol). The mixture was

stirred at 0°C for 2 hours until all of the starting material had disappeared according to

TLC analysis. The resulting mixture was then quenched with ammonium chloride,

filtered and concentrated to afford a white powder. Flash column chromatography with

1:3 ethyl acetate: hexane produced the desired product 2.4 as a white crystal (53mg, 96%

from 3). M. p. = 139-140°C; 'HNMR (CDCI3): 6 6.77-6.67 (m, 3H), 6.0 (s, 2H), 5.78-

5.66 (m, 2H), 4.53 (s, IH), 3.92-3.90 (d, J= 6.8 Hz, IH), 3.59 (s, 3H), 2.88-2.77 (m, IH),

2.56-2.44 (m, IH), 2.39-2.22 (m, 2H), 2.05-1.96 (m, IH); '^C-NMR (CDCI3): 5 156.8,

148.2, 146.6, 137.1, 126.8, 125.3,"l21.2, 108.6, 108.1, 101.3, 52.3, 51.2, 45.3, 33.8, 32.7;

IR (KBr in CHCI3): 3387, 3019, 2924, 2400, 1516, 1424, 1216, 1053, 928, 759, 669, 546

cm-'; EIMS m/z (%) 275 (26.9) 243 (12.3), 221 (10.9), 201 (15.9), 200 (100), 189 (16.8),

140(22.8), 135 (45.3); HREIMS: calcd. for Ci5H,7N04, 275.11575, found 275.1 1696.
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Synthesis of methyl (3S, 4R)-4-(l,3-benzodioxol-5-yl)-7-oxabicyclo[4. 1.0]hept-3-

ylcarbamate 2.5, 2.6.

NHCOjMe

2.5. 2.6

In a round bottom flask was placed MCBPA (100 mg, 0.579 mmol), and 1 ml of

dichloromethane. The solution was stirred at 0°C for 1 5 minutes. In another round bottom

flask was placed the previously prepared 2.4 (53mg, 0.193 mmol), dissolved in 1 ml of

dichloromethane and the contents were stirred at 0°C for a few minutes. To this was then

added the MCBPA solution via cannula, and the mixture was stirred at 0°C for 2 hours

until all the starting materials had disappeared according to TLC analysis. The resulting

mixture was then quenched with saturated ammonium chloride, filtered and concentrated

to afford a colourless oil. Flash chromatography with 1 :4 ethyl acetate: hexane afforded

the two diastereomeric epoxides (2.5, 2.6) as a clear and colourless oil (56 mg, 93%).

Both isomers were used immediately for the next step. Compound 2.5 : 'HNMR (CDCI3):

5 6.78-6.69 (m, 3H), 5.94 (s, 2H), *4.75 (s, IH), 3.77-3.71 (t,J=7.6Hz, IH), 3.59 (s, 3H),

3.32(d,y= 1.9Hz, 2H), 3.22 (t, 7=4.1 Hz, IH), 2.75(m, IH), 2.52-2.39 (m, 2H), 2.1 1-

2.05 (dq,J= 2.4, 9.1 Hz, IH), 1.85-1.77 (dd, J = 8.6, 15.5 Hz, IH); '^C-NMR (CDCI3): 6

156.7, 148.3, 146.8, 135.9, 121.3, 108.8, 108.1, 101.4, 53.8, 52.7, 51.9, 50.3, 41.3, 32.1,

30.8; IR (KBr in CHCI3): 3682, 3617, 3434, 3019, 2897, 2777, 2562, 2400, 1711, 1056,

1444, 1352, 1216, 1041, 935, 732, 669 cm''; EIMS m/z (%) 291 (6.9) 217 (14.9), 216
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(100), 135 (12.9), 81 (15.0); HREIMS: calcd. for C15H17NO5, 291.11067, found

291.11136.

Compound 2.6 : 'HNMR (CDCI3): 5 6.76-6.59 (m, 3H), 5.95 (s, 2H), 4.24 (s, IH), 3.85-

3.73 (m, IH), 3.52 (s, 3H), 3.32(s, 2H), 3.25-3.19 (m, IH), 2.78-2.70 (m, IH), 2.52-2.29

(m, 2H), 2.12-2.03 (m, IH); '^C-NMR (CDCI3): 5 156.7, 148.3, 146.8, 136.1, 121.4,

108.7, 108.1, 101.4, 54.2, 52.7, 51.4, 49.1, 34.2, 32.1, 30.8; IR (KBr in CHCI3): 3682,

3436, 3019, 2924, 2777, 2564, 2400, 171 1, 1507, 1446, 1354, 1216, 1042, 937, 733, 669

cm-'; EIMS m/z (%) 291 (18.3) 252 (13.2), 217, (15.2), 216 (100), 148 (10.3), 135 (14.3),

81 (12.7); HREIMS: calcd. for C15H17NO5, 291.1 1067, found 291.1 1072.

Synthesis of methyl (lS,2R,4S,5S)-2-(l, 3-benzodioxol-5-yl)-4,5-

dihydroxycyclohexylcarbamate 1.1.

OH

NHCOjMe

2.7

In a round bottom flask was placed the previously prepared epoxides 2.5, 2.6 (56

mg, 0.192 mmol), powdered sodium benzoate (14mg, 0.098 mmol) and 1 ml of distilled

water. The contents were then submerged in a water bath and were heated to 1 00°C for

12 hours. The resulting solution was then filtered, and concentrated to a brown oil where

it was used immediately for the next step.
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Synthesis of methyl (lS,2R,4S,5S)-2-(l,3-benzodioxol-5-yl)-4,5-

diacetoxylcyclohexylcarbamate 2.S.

OAc

OAc

NHC02Me

To the previously prepared diol 2.7 was added pyridine (2.0 ml) and acetic

anhydride (2.0 ml). The contents were then stirred at room temperature for 12 hours. The

resulting mixture was quenched with saturated sodium bicarbonate, filtered, and

concentrated under reduced pressure to afford a white paste. Flash column

chromatography with 1 :3 ratio of ethyl acetate: hexane afforded the desire di-acetate

product as white crystals (47mg, 62% from the a, P-epoxides 2.5 and 2.6). M. p. = 187-

188"C; 'HNMR (CDCI3): 6 6.76-6.63 (m, 3H), 5.93 (s, 2H), 5.07 (d, J= 2.9 Hz, IH),

4.97 (d, /= 2.8 Hz, IH), 4.48 (d, J= 6.7 Hz, IH), 3.92 (d, J= 10.2 Hz, IH), 3.51 (s, 3H),

2.75-2.68 (m, IH), 2.32-2.26 (m, IH), 2.13 (s, 3H), 2.11 (s, 3H), 2.03-1.99 (m, 2H), 1.83-

1.65 (m, IH); '^C-NMR (CDCI3): 6 170.0, 169.9, 156.5, 148.3, 146.9, 135.8, 121.2, 108.7,

108.0, 101.4, 69.5, 68.6, 53.8, 52.3, 50.0, 43.9, 34.4, 33.5, 21.5; IR (KBr in CHCI3): 3445,

2956, 2361, 2059, 1720, 1638, 1490, 1371, 1233, 1036, 937, 755, 633 cm''; EIMS m/z

(%) 393 (4.9) 199 (12.0), 198 (62.2), 177 (11.1), 148 (15.4), 130 (32.4), 81 (14.3), 43

(100); HREIMS: calcd. for CgHjsNOg, 393.14236, found 393.14401.
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Synthesis of compound [(2S,3S, 4aS, llbS)-6-oxo-l, 2, 3, 4, 4a,5, 6,11b-

octahydrofl, 3]dioxolo[4, 5-j]phenanthridine-2, 3-diyl] diacetate 2.1 1

.

OAc

OAc

2.11

In a round bottom flask was placed the di-acetate derivative 2.8 (60mg, 0.153

mmol), DMAP (56mg, 0.458 mmol) and 2 ml of dichloromethane. The content was then

cooled to -10°C for 15 minutes before a solution of Tf20 (130 ^I, 0.765 mmol) was added

slowly over 10 minutes. Upon stirring for 2 hours at -10°C, the solution turned to a purple

colour, then it was gradually warmed to -2°C. The content was then quenched with a few

drops of saturated sodium bicarbonate, filtered and dried under reduced pressure to afford

a white paste. To this crude material was then added dioxane (1 ml), and the mixture

stirred at room temperature for a few minutes before a solution of aqueous HCl (2 M, 1 .5

ml) was added slowly. The entire mixture was stirred at room temperature for 1 8 hours or

until all the intermediate products (2.9, 2.10) had disappeared according to TLC analysis.

The resulting solution was then filtered and concentrated under reduced pressure to give a

colourless oil which was immediately diluted with pyridine (1 ml) and acetic anhydride

(1 ml). The mixture was stirred at room temperature for 6 hours before it was quenched

with saturated ammonium chloride, filtered and concentrated under reduced pressure to

afford a white solid. Flash column chromatography with 1 :4 ethyl acetate: hexane yielded

the cyclized di-acetate product 2.11 as white crystals (46 mg, 85% from 2.8).





2.9 R = OMe
2.10 R = OTf

M.p. = 193''C; 'HNMR (CDCI3): 5 7.56 (s, IH), 6.72 (s, IH), 6.05 (s, 2H), 5.69 (s, IH),

5.14-5.08 (m, 2H), 3.68-3.57 (dt, J= 5.5, 11.8 Hz, IH), 3.08-2.96 (dt, J= 3.9 ,12.6 Hz,

IH), 2.50 (d, J= 14.5 Hz, IH), 2.13 (s, 3H), 2.09-2.02 (m, 2H), 2.04 (s, 3H), 1.92-1.83

(m, IH); '^C-NMR (CDCI3): 5 169.9, 169.7, 166.2, 152.0, 147.3, 137.3, 123.7, 108.8,

104.2, 102.2, 68.5, 68.4, 50.7, 36.4, 31.8, 27.5, 21.5, 21.4; IR (KBr in CHCI3): 3429,

3193, 2923, 2363, 1743, 1671, 1459, 1370, 1236, 1165, 1036, 934, 753 cm-'; EIMS m/z

(%) 361 (53.6) 243 (16.3), 242 (81.2), 241 (100), 240 (38.8), 239 (11.8), 224 (11.8), 208

^(10.5); HRMS: calcd. for C,9H23N06, 361.1 1615, found 361.1 1659.

2.9 : 'HNMR (CDCI3): 5 7.19 (s, IH), 6.76 (s, IH), 6.00 (s, 2H), 5.15-5.1 1 (m, 2H), 3.85

(s, 3H), 3.36-3.28 (m, IH), 2.71-2.63 (m, IH), 2.51-2.36 (m, 2H), 2.09 (s, 3H), 2.04 (s,

3H), 1.92-1.82 (m, IH); EIMS m/z (%) 375 (29.0) 317 (14.9), 316 (78.3), 272 (17.9), 256

(39.7), 255 (14.2), 254 (14.1), 246 (16.5), 43 (100); HREIMS: calcd. for C19H21NO7,

375.1318, found 375.1326.

2.10 : 'HNMR (CDCI3): 5 7.48 (s, IH), 6.76 (s, IH), 6.09 (s, 2H), 5.32-5.10 (m, 2H),

4.26-4.17 (dt, J= 3.2, 11.7 Hz IH), 3.32-3.23 (dt, J= 3.7, 12.2 Hz, IH), 2.79 (m, IH),

2.61 (m, IH), 2.38-2.29 (m, IH), 2.14 (s, 3H), 2.08 (s, 3H), 2.0-1.89 (m, IH); FABMS

m/z H^ (%) 494 (28.9), 492 (10.7), 434 (12.4), 241 (12.2), 240 (14.5), 225 (17.6), 147

(1 1.9), 43 (100); HRFABMS: calcd. For C,9H^909NSF3, 494.07326, found 494.04998
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Synthesis of (25,35,4aS,l lb5)-2,3-dihydroxy-l,3,4,4a,5,l lb-hexahydro[l,3]dioxolo[4,5-

y]phenanthridin-6(2//)-one 1.10.

OH

1.10

In a round bottom flask was placed the di-acetate 2.11 (24 mg, 0.068 mmol) and a

1:3 mixture of tetrahydrofuran (0.5 ml) and methanol (1.5 ml). The content was stirred

for a few minutes at room temperature before a solution ofNaOMe (IM in methanol, 1.5

ml, 0.143 mmol) was added slowly. Upon further stirring at room temperature for 12

hours, the cloudy solution turned clear. The resulting mixture was then quenched with a

few drops of saturated ammonium chloride, filtered with ethyl acetate through a syringe

filter (NS 4mm) and concentrated under reduced pressure to afford the final diol product

1.10 as a brown solid (18 mg, 96%). M.p. = 227-230°C; 'HNMR (CDCI3): 5 7.38 (s, IH),

6.88 (s, IH), 6.04 (s, 2H), 3.97-3.96 (s, br, IH), 3.62-3.52 (dt, J= 5.8, 12.4 Hz, IH), 3.32

(s, 2H), 3.03-2.93 (dt, J= 3.3, 12.5 Hz, IH), 2.34-2.30 (d, J= 13.7 Hz, IH), 2.02-2.00 (m,

2H), 1.98-1.80 (m, IH); '^C-NMR (CDCI3): 5 167.1, 151.9, 147.0, 139.1, 123.3, 107.4,

103.9, 102.4, 68.9, 68.8, 35.7, 32.7, 28.9, 19.8, 13.4; IR (KBr in CHCI3): 3416, 2924,

2852, 1700, 1489, 1443, 1249, 1090, 1039 cm"'; ElMS m/z (%) 277 (37.5), 242 (10.6),

241 (13.7), 216 (10.0), 202 (40.7), 189 (19.4), 43 (100); HREIMS: calcd. for C14H15NO5,

277.09502, found 277.09486.
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Experimental Data (Project B)

Synthesis oi dimethyl (4R,5R)-2,2-dimethyl-l,3-dioxolane-4,5-dicarboxylate B\P

X.
MeO

—

y \—OMe

O O

B1

A mixture of L-tartaric acid (lOg, 67 mmol), 2,2-dimethoxypropane (19 mL, 0.15

mol), anhydrous methanol (4 mL)^ and /7-toluenesulfonic acid monohydrate (400 mg, 2.1

mmol) was stirred and heated under reflux for 2 hours until a dark red homogeneous

solution was obtained. A further addition of 2,2-dimethoxypropane (10 mL, 77 mmol)

and cyclohexane (45 mL) to the reaction mixture was made and the flask was fitted with

a Vigreux column. The mixture was then heated under reflux while the acetone-

cyclohexane and methanol-cyclohexane azetropes were removed slowly. After the

addition of another portion of 2,2-dimethoxypropane (3 mL, 25 mmol) followed by

heating and reflux for an additional 15 minutes, the mixture was cooled to room

temperature. The resulting dark red solution was added anhydrous potassium carbonate

(0.1 g, 0.72 mmol) and stirred vigorously until the reddish colour was abated to give a

yellow solution. Fractional distillation under reduced pressure (bp. 94-101°C/0.5mm)

afforded the ketal ester Bl as a pale yellow oil (1 1.0 g, 80%). [ajo^^ -48.4° (neat); 'H-

NMR (CDCI3): 5 4.79 (s, 2H), 3.81 (s, 6H), 1.47 (s, 6H); '^C-NMR (CDCI3): 5 170.4,

114.2,77.3,53.2,26.7
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Synthesis of l-[(4R,5R)-2,2-dimethyl-5-propionyl-l,3-dioxolan-4-yl]propan-l-one 2.13'.

o o

A solution of bis-Weinreb amide 1.25 (20.0 mg, 0.072 mmol) in THF (1 mL) was

stirred at 0°C for 15 minutes before a solution of ethylmagnesium chloride (2.0 M in THF,

0.079 mL, 0.158 mmol, 2.2 eq.) was added slowly over 5 minutes. The resulting mixture

was quenched with ammonium chloride at zero degrees. Subsequent extraction with ethyl

acetate, washing with aqueous ammonium chloride, drying with sodium sulphate and

evaporation to dryness afforded the final product 2.13' as colourless oil (14.7 mg, 98%).

[a]D^^ +29.3° (MeOH, c = 0.75); 'H-NMR (CDCI3): 5 4.59 (s, IH), 2.69 (m, 2H), 1.44 (s,

3H), 1.10 (t, J = 7.0 Hz, 3H); '^C-NMR (CDCI3): 6 81.8, 77.8, 77.4, 77.0, 32.8, 26.6, IR

(KBr in CHCI3): 3089, 1845, 1800, 1725, 1216, 704, 669; MS m/z (%) 214 (1.7) 157

(28), 57 (100); HREIMS: calcd. for C11H18O4, 214.1205, found 214.1187.
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Synthesis of (4R, 5R)-N-methoxy-N-methyl, 2, 2-trimethyl-5-propionyl-l, 3-dioxolane-4-

carboxamide 2.13.

A solution of bis-Weinreb amide 1.25 (20.0 mg, 0.072 mmol) in THF (1 mL) was

stirred at zero degree for 15 minutes before a solution of ethylmagnesium chloride (2.0M

in THF, 0.038mL, 0.076 mmol, 1.1 eq.) was added dropwise over 15 minutes. The

resulting mixture was quenched with ammonium chloride at zero degree, washed with

ethyl acetate, aqueous ammonium chloride, dried over Na2S04, and evaporated under

reduced pressure to afford the crude product. Flash column chromatography using 3:1

ethyl acetate: hexane gave the desired product 2.13 as colourless oil (12.7 mg, 72%).

[a]D^^ +36.0° (MeOH, c = 0.45); 'H-NMR (CDCI3): 5 5.05 (d, J= 5.5 Hz, IH), 4.85 (d, J

= 5.4 Hz, IH), 3.73 (s, 3H), 3.25 (s, 3H), 2.78 (m, 2H),1.52 (s, 3H), 1.46 (s, 3H), 1.10 (t,

J= 7.4 Hz, 3H); '^C-NMR (CDCI3): 5 209.3, 170.2, 113.1, 82.6, 74.4, 62.1, 33.1, 32.9,

27.1, 26.6, 7.6; IR (KBr in CHCI3): 3428, 2976, 2915, 1719, 1671, 1383, 1215, 1157,

1069, 757; MS m/z (%) 245 (4.9), 188 (28), 157 (15), 130 (62), 57 (100); HREIMS: calcd.

for C11H19NO5, 245.1263, found: 245.1272.
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Synthesis of 1-[{4R,5R)-5-isobutyryl-2,2-dimethyl-],3-dioxolan-4-ylJ-2-methylpropan-J -

one 2.14'

A solution of bis-Weinreb amide 1.25 (20.0 mg, 0.072 mmol) in CH2CI2 (1 mL)

was stirred at room temperature for 5 minutes. To it was added a solution of

isopropylmagnesium chloride (2.0 M in THF, 0.145 mL, 0.290 mmol, 4.02 eq.) and the

mixture was submerged in a sonic bath for 3 hrs. The reaction was then quenched with

ammonium chloride, washed with ethyl acetate and the organic layer was dried over

Na2S04 and evaporated under reduced pressure to give the crude product. Flash column

chromatography with 1:2 ethyl acetate: hexane afforded the desired product 2.14' as a

colourless oil (9.7 mg, 56%). [ajo^^ +56.3° (MeOH, c = 0.16); 'H-NMR (CDCI3) 5 4.76

(s, IH), 3.1 (sept. y= 6.8 Hz, IH), 1.43 (s,3H), 1.18 (d, J= 6.8 Hz, 3H), 1.13 (d,y= 6.8

Hz, 3H); '^C-NMR (CDCI3): 5 131.0, 128.9, 80.3, 37.3, 26.3, 18.5, 17.6; IR (KBr in

CHCI3): 2903, 1721, 1216, 728; MS m/z (%) 242 (3.5) 171 (39.8), 71 (100); HREIMS:

calcd. for C13H22O4, 242.1518, found 242.1523.
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Synthesis of (4R, 5R)-5-isobutyryl-N-methoxy-N, 2, 2-trmethyl-l, 3-dioxolane-4-

carboxamide 2.14.

o o

2.14

A solution of bis-Weinreb amide 1.25 (20.0 mg, 0.072 mmol) in THF (1 mL) was

stirred at zero degree for 1 5 minutes before a solution of isopropylmagnesium chloride

(2.0M in THF, 0.144 mL, 0.288 mmol, 4.0 eq.) was added slowly. When the addition was

completed, the mixture was further stirred at room temperature for 2 hrs. The reaction

was then quenched with ammonium chloride and the organic layer was dried and

evaporated under reduced pressure to give the crude product. Flash column

chromatography with 3:1 ethyl acetate: hexane afforded the final product 2.14 as a

colourless oil (14.3 mg, 77%). [a]D^^ +10.0° (MeOH, c = 0.09); 'H-NMR (CDCI3): 6 5.06

(d,y= 4.8 Hz, IH), 4.97 (d, J= 4.8 Hz, IH), 3.72 (s, 3H), 3.25 (s, 3H), 3.09 (spt, J= 6.8

Hz IH), 1.52 (s, 3H), 1.44 (s, 3H), 1.16 (d, J = 6.8 Hz, 3H), 1.12 (d, J = 6.8 Hz, 3H); '^C-

NMR (CDCI3): 6 113.1, 81.3, 745, 62.1, 97.8, 32.9, 27.1, 26.7, 18.8, 17.8; IR (KBr in

CHCI3): 3109, 1714, 1668, 1467, 1384, 1233, 825, 634; MS m/z (%) 259 (5.1) 244 (2.7),

188 (53), 130 (90), 43 (100); HREIMS: calcd. for C12H21NO5, 259.1420, found 259.1422.
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Synthesis of l-[(4R,5R)-5-acetyl-2,2-dimethyl-l,3-dioxolan-4-yl]ethanone l.W.

X
o

o

2.12"

A solution of bis-Weinreb amide 1.25 (20.0 mg, 0.072 mmol) in THF (1 mL) was

stirred at zero degree for 15 minutes before a solution of methylmagnesium chloride (3.0

M in THF, 0.053 mL, 0.159 mmol, 2.2 eq. ) was added slowly over 10 minutes. When the

addition was completed, the mixture was allowed to stir at zero degrees for one hour

before it was quenched with aqueous ammonium chloride. The crude solution was diluted

with ethyl acetate (5 mL), dried over Na2S04 and filtered under reduced pressure to

afford 2.12' as a clear colourless oil (12.3 mg, 92%). [a]u^ +2.7 ° (MeOH, c = 0.75); 'H-

NMR (CDCI3): 6 4.58 (s, 2H), 2.33 (s, 6H), 1.46 (s, 6H); '^C-NMR (CDCI3): 5 206.7,

112.6, 81.8, 26.2 ; IR (KBr in CHCI3): 3020, 1725, 1216, 864, 669; MS m/z (%) 171

(5.2), 158 (10.6), 143 (22.2), 43 (100); HREIMS: Calcd. for C8H,,04 (M-CH3), 171.0657,

found 171.0655.
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Synthesis of (4R, 5R)-5-acetyl-N-methoxy-N, 2, 2-trimethyl-l, 3-dioxolane-4-carboxamide

2.12.

X
MeO

\
N

/
Me O O

2.12

To a solution of bis-Weinreb amide 1.25 (20.0mg, 0.072 mmol) in THF (1 mL)

was stirred at C for 15 minutes before a solution of methylmagnesium chloride (3.0M

in THF, 0.026mL, 0.078 mmol, 1 .08 eq.) was added over 30 minutes. When the addition

was completed, the reaction was immediately quenched with aqueous ammonium

chloride (0.2mL) at zero degree. The crude solution was diluted with ethyl acetate (2 mL),

dried over Na2S04 and filtered by suction. Evaporated under reduced pressure gave a

colourless oil which was purified by flash chromatography (1:3 ethyl acetate: hexane)

affording 2.12 as a colourless oil (12.1 mg, 73%). [a.]o^ +20.8 ° (MeOH, c = 0.48); 'H-

NMR (CDCI3): 5 5.05 (d, J= 5.0 Hz, IH), 4.84 (d, J= 5.0 Hz, IH), 3.73 (s, 3H), 3.25 (s,

3H), 2.32 (s, 3H), 1.52 (s, 3H), 1.46 (s, 3H); '^C-NMR (CDCI3): 6 206.6, 169.8, 112.9,

82.7, 74.0, 61.7, 32.6, 26.8, 26.3; IR (KBr in CHCI3): 2940, 1721, 1668, 1383, 1 171-1279,

707-811, 669; MS m/z (%) 231 (0.9) 216 (2.8), 188 (23), 143(9), 130 (43), 43 (100);

HREIMS: calcd. for CioH^NOs, 231.1 107, found 231.1099..
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Synthesis of (4R, 5R)-5-benzoyl-N-methoxy-N, 2, 2-trimethyl-l, 3-dioxolane-4-carboxamide

2.18

oX
MeO

/i—^ V—Ph
Me o O

2.18

To a solution of bis-Weinreb amide 1.25 (25 mg, 0.090 mmol) stirring at -5 °C in

THF ( 0.5 mL) was added phenylmagnesium bromide (0.095 mL, l.OM THF, 0.095

mmol) over 15 minutes. After 50 minutes, the resulting mixture was quenched with

aqueous ammonium chloride, filtered and concentrated under reduced pressure to give a

colourless oil. Flash column chromatography using 1 :4 ethyl acetate: hexane afforded the

monophenyl carboxamide 2.18 as a clear and colourless oil (20.8 mg, 78%). [ajo -52°

(MeOH, c = 0.17); 'H-NMR (CDCI3): 5 8.08 (d, ./= 7.1 Hz, 2 H), 7.61 (t, J= 7.2 Hz, IH),

7.5 (t, J= 7.6 Hz, 2 H), 5.57 (d, J= 5.0 Hz, IH), 5.43 (d, J= 5.0 Hz, 1 H), 3.67 ( s, 3 H),

3.23 (s, 3 H), 1.58 (s, 3 H), 1.41 (s, 3 H); '^C-NMR (CDCI3): 6 195.8, 170.7, 135.4, 134.1,

129.8, 129.0, 1 13.6, 79.9, 74.6, 61.9, (32.9,) 27.0, 26.9; IR (KBr in CHCI3): 3016, 2939,

1723, 1669, 1455, 1383, 1216, 1080, 754, 509; MS m/z (%) 293 (0.6), 188 ( 34), 130 (55),

105 (100), 88 (18), 77 (26); HREIMS, calcd. for CijHigNOs: 293.1263, found: 293.1251.
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Synthesis of methyl (2E)-4-{(4R, 5S)-5-[hydroxy(phenyl)methyl]-2, 2-dimethyl-l, 3-

dioxolan-4-yl}-4-oxobut-2-enoate 1.1\.

X
MeOjC

To a dried round bottom flask was added lithium aluminum hydride (11.0 mg,

0.290 mmol), diluted with 1 mL of distilled THF and the mixture was allowed to be

stirred at -78°C for 10 minutes. To this was added dropwise the previously prepared

monophenyl carboxamide 2.18 (34.0 mg, 0.116 mmol) in THF via carmula, the mixture

was stirred for 1 5 minutes and the reaction was then quenched with saturated ammonium

chloride at 0°C. The resulting solution was concentrated under reduced pressure, and the

crude aldehyde was immediately used in the following step without fiirther purification.

To a dried round bottom flask was added trimethylphosphonoacetate (56 \xL, 0.348

mmol), diluted with 1 mL ofTHF and the solution was allowed to be stirred at 0°C for 15

minutes. To this was added LiHMDS (1.0 M in THF, 0.348 mL, 0.348 mmol) slowly

over 5 minutes and the mixture was stirred vigorously for an extended 20 minutes. To

this stirring solution was added the previously prepared crude aldehyde in THF via

cannula, the mixture was stirred for 30 minutes and then quenched with saturated

ammonium chloride at 0°C, filtered and concentrated under reduced pressure to afford a

clear viscous oil. Flash column chromatography with 1 : 1 ethyl acetate: hexane afforded

the desired olefin ester 2.21 as a clear and colourless oil (20 mg, 57%, 2 steps from

aldehyde). Further 'H-NMR analysis showed the presence of three possible isomers (d.e.

> 3:1). HREIMS: calcd. for C,6H2o05, 292.131 1, found, 292.1321.
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Synthesis of methyl 4-[(4R,5S)-5-benzyl-2,2-dimethyl-l,3-dioxolan-4-yl]-4-oxobutanoate

2.22.

X.
9. P

MeO,C.

\—-Ph

2.22

To a dried round bottom flask was added the olefin esters 2.21 (three isomers,

10.0 mg, 0.034 mmol), diluted with a 1:1 ratio of absolute ethanol (1 mL) and Raney

nickel slurry (1 mL, 50% in H2O). The mixture was refluxed at 80°C for two hours, while

maintaining stirring. The reaction was then filtered, concentrated under reduced pressure,

and filtered once again to afford the ketal ester 2.22 as a clear yellow oil (1 1 mg, >95%).

[a]D^^ +12.6° (MeOH, c = 0.02) 'H-NMR (CDCI3): 6 7.26 (m, 5H), 3.92-3.86 (m, IH),

3.74 (m, IH), 3.67 (s, 3H), 2.96 (dd, J= 6.6, 14.0 Hz, IH), 2.85 (dd, J= 5.3, 14.0 Hz,

IH), 2.48 (m, 2H), 1.68 (m, 2H), 1.37 (s, 3H), 1.36(s, 3H); '^C-NMR (CDCI3): 5 174.1,

137.8, 129.8, 128.8, 126.9, 108.8, 81.3, 79.8, 77.6, 52.0, 39.5, 30.8, 28.2, 27.7; IR (KBr

in CHCI3): 2897, 1732, 1460, 1266, 1010, 759; MS m/z (%): 263 (8.2), 189 (10.5), 187

(34.0), 130 (15.8), 129 (100); HREIMS: calcd. for (M-CH3) C|5H,904, 263.1283, found,

263.1282.
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Synthesis of (5S)-5-[(lS)-l-hydroxy-2-phenylethyl]dihydrofuran-2(3H)-one 2.23.

2.23

To a dried round bottom flask was added the starting ketai ester 2.22 (11.0 mg,

0.04 mmol), diluted with 1 mL of methanol and the solution was stirred vigorously at

room temperature while a solution of 2N HCl (0.5 mL) was added slowly over 5 minutes.

When all the starting material had disappeared, the mixture was diluted with 1 mL of

methanol, and concentrated under reduced pressure to afford the desired lactone 2.23 as a

viscous yellow oil (8 mg, 95%). [ajo^^ +14.1° (MeOH, c = 0.08); 'H-NMR (CDCI3): 5

7.36 (m, 5H), 4.48 (m, IH), 3.84 (m, IH), 2.95 (s, IH), 2.93 (s, IH), 2.6 (m, 2H), 2.2 (m,

2H); '^C-NMR (CDCI3): 5 177.7, 137.4, 129.8, "129.2, 127.3, 81.5, 77.6, 74.8, 40.3, 30.1,

29.0, 24.4; IR (KBr in CHCI3): 3321, 2924, 2360, 1768, 1024, 702; MS m/z (%) : 206

(20.4), 188 (5.6), 130 (6.0), 121 (44.9), 115 (36.0), 103 (22.8), 92 (100); HREIMS: calcd.

for Ci2H,403, 206.0943, found, 20*6.0943.
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Synthesis of /, 1 '-[(4R,5R)-2,2-dimethyl-l,3-dioxolane-4,5-diyl]bis{3-

[methoxy(methyl)amino]propan- 1-one} 2.19.

oX
MeO
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Synthesis of methyl (2E)-3-((4R, 5S)-5-{[methoxy(methyl)amino]carbonyl}-2, 2-dmethyl-

1,3-dioxolan-4-yl)acrylate 2.28.

Me' C02Me

Into a round bottom flask was placed LiAlH4 (14 mg, 0.362 mmol) and

tetrahydrofuran (1 mL), and the cloudy solution was stirred at -78°C for 10 minutes. To

this was then added the starting amide 1.25 (100 mg, 0.362 mmol) in THF (1 mL) via

carmula and the mixture was stirred at -TS^C for 30 minutes. When all the starting

material had disappeared, it was quenched with a solution of saturated ammonium

chloride at 0°C. The resulting solution was concentrated under reduced pressure, and the

crude mono-aldehyde 2.27 was immediately used in the following step without further

purification.

To another dried round bottom flask was added

trimethylphosphonoacetate (176 ^L, 1.086 mmol), diluted with 1 mL of THF and the

solution was allowed to be stirred at 0°C for 15 minutes. To this was added LiHMDS (1.0

M in THF, 1.00 mL, 1.086 mmol) slowly over 5 minutes and the mixture was stirred

vigorously for an extended 20 minutes. To this stirring solution was added the previously

prepared crude aldehyde 2.27 in THF via cannula, stirred for 30 minutes and the resulting

mixture was then quenched with saturated ammonium chloride at CC, filtered and

concentrated under reduced pressure to afford a viscous oil. Flash column

chromatography with 1 :3 ethyl acetate: hexane afforded the desired olefin ester 2.28 as
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clear and colourless oil (30-35 mg, 30-35%). [ajo^^ = +10.27° (MeOH, c = 0,08) 'H-

NMR (CDCb): 5 6.91-6.84 (dd, J= 5.3, 15.8 Hz, IH), 6.11-6.06 (dd, J= 1.2, 15.8 Hz,

IH), 4.89 (m, IH), 4.47 (d, J= 6.7 Hz, IH), 3.66 (s, 3H), 3.63 (s, 3H), 3.14 (s, 3H), 1.40

(s, 6H); '^C-NMR (CDCb): 6 169.3, 166.5, 144.0, 122.4, 112.0, 77.3, 61.8, 51.8, 32.5,

27.2, 26.4, 14.3; IR (NaCl): 2897, 1732, 1460, 1266, 1010, 759; MS m/z (%) 258 (M^ -

methyl, 15.0), 185 (47.3), 155 (100), 127 (37.5); HREIMS: calcd. for CHieNOfi,

258.09776, found 258.09730.

Synthesis of dimethyl (2E, 2 'E)-3, 3 '-[(4S, 5S)-2, 2-dimethyl-l, 3-dioxolane-4, 5-

diyljbisacrylate 2.29.

Me02C COjMe

To a round bottom flask was placed LiAlH4 (55 mg, 1.448 mmol),

tetrahydrofiiran (2 mL), and the cloudy solution was stirred at -78°C for 10 minutes. To

this was then added the starting amide 1.25 (100 mg, 0.362 mmol) in THF (1 mL) via

cannula and the mixture was stirred at -78°C for 45 minutes. When all the starting

material had disappeared, it was quenched with a solution of saturated ammonium

chloride at 0°C. The resulting solution was concentrated under reduced pressure, and the

crude mono-aldehyde 2.28 was immediately used in the following step without further

purification.
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To another dried round bottom flask was added trimethylphosphonoacetate (176

|iL, 1 .086 mmol), diluted with 1 mL ofTHF and the solution was allowed to be stirred at

0°C for 15 minutes. To this was added LiHMDS (1.0 M in THF, 1.00 mL, 1.086 mmol)

slowly over 5 minutes and the mixture was stirred vigorously for an extended 20 minutes.

To this stirring solution was added the previously prepared crude aldehyde 2.28 in THF

via cannula, stirred for one hour and the resulting mixture was then quenched with

saturated ammonium chloride at 0°C, filtered and concentrated under reduced pressure to

afford a viscous oil. Flash column chromatography with 1:5 ethyl acetate: hexane

-•

22
afforded the desire olefin ester 2.29 as clear and colourless oil (52 mg, 53%). [ajo =

+8.55° (MeOH, c = 0.04) 'H-NMR(CDCl3): 5 6.91-6.86 (dd, J = 1.8, 14.5 Hz, 1H),6.19-

6.13 (d, y= 15.0 Hz, IH), 4.30 (m, IH), 3.78 (s, 3H), 1.48 (s, 3H); '^C-NMR (CDCI3): 6

166.8, 144.3, 122.8, 112.3, 62.1, 52.1, 27.5, 26.7; IR (NaCl): 2897, 1732, 1460, 1266,

1010, 759; MS m/z (%) 255 (M^ - methyl, 27.5), 195 (13.4), 181 (22.0), 156 (25.5), 125

(17.4), 113 (20.8), 98 (100); HREIMS: calcd. for CuHisOe, 255.08626, found

255.08686..
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Experimental Data (Project C)

Synthesis of dimethyl (2R,3R)-2-hydroxy-3-[(triisopropylsilyl)oxy]succinate 2.31.

HO OTIPS

MeO—/ \—OMe

2.31

A solution of dimethyl-Z,-tartrate (50 mg, 0.281 mmol) in dichloromethane (1 mL)

was stirred at room temperature for 15 minutes before triisopropyl

trifluoromethanesulfonate (0.337 mmol, 1.2 eq.) was added slowly over 5 minutes. When

the addition was complete, the mixture was stirred at room temperature for 10 minutes,

and then 2,6-lutidine (0.337 mmol, 1.2 eq.) was added dropwise. The entire mixture was

stirred at room temperature until all the starting material had disappeared. The crude

solution was immediately quenched with saturated ammonium chloride, dried over

Na2S04 and evaporated under reduced pressure to give a colourless oil. Flash column

chromatography with 1:4 ethyl acetate: hexane afforded the desired product 2.31 as clear

oil (83-92mg, 88-98%). [a] d^^ +23.0° (MeOH, c = 0.03); 'H-NMR (CDCI3): 5 1.04-1.10

(m, 21H), 3.80 (s, 3H), 3.81 (s, 3H), 4.6 (s, IH), 4.82-4.84 (m, IH); '^C-NMR (CDCI3): 5

172.2, 171.4, 74.50, 73.83, 52.93, 52.67, 18.21, 12.95; IR (KBr in CHCI3): 3559, 2868-

2947, 1764, 1464, 1438, 1262, 1157, 1104, 883, 683; MS m/z (%) 291 (M^ - isopropyl,

100), 231 (44.2), 203 (77.8), 145 (75.5); HREIMS: calcd. for Ci2H2306Si, 291.12639,

found 291.12613.
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Synthesis of dimethyl (2R,3R)-2,3-bis[(triisopropylsilyl)oxy]succinate 2.36

OTIPS OTIPS

UeO-^ \—OMe

2.36

A solution of dimethyl-Z,-tartrate (100 mg, 0.562 mmol) in dichloromethane (1

mL) was stirred at room temperature for 15 minutes before triisopropyl

trifluoromethanesulfonate (2.25 mmol, 4.0 eq.) was added slowly over 5 minutes. When

the addition was completed, a solution of 2,6-lutidine (2.25 mmol, 4.0 eq.) was added

dropwise. The entire mixture was then suspended in an ultrasound bath for 4 hours or

until all the starting material had disappeared according to TLC analysis. The crude

solution was quenched with saturated ammonium chloride, dried over Na2S04 and

evaporated under reduced pressure to give a viscous oil. Flash column chromatography

with 1:5 ethyl acetate: hexane afforded the desired product 2.36 as a clear brown oil

(196mg, 71%). [a]D^^+11.0° (MeOH, c = 0.01); 'H-NMR (CDCI3): 6 1.01-1.13 (m, 42H),

3.74 (s, 6H), 4.82 (s, 2H); '^C-NMR (CDCI3): 8171.8, 75.8, 52.1, 18.5, 18.3, 18.1, 13.8,

13.1, 12.7; IR (KBr in CHCI3): 2945, 2867, 1771, 1740, 1464, 1143, 1081, 1050, 997,

883, 680; MS m/z (%) 447 (M^ - isopropyl, 8.7), 287 (100), 245 (15.3); HREIMS: calcd.

for C2iH4306Si2, 447.25982, found 447.25977
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Synthesis of dimethyl (2R, 3R)-2-{[tert-butyl(dimethyl)silyl]oxy}-3-hydroxysuccmate

2.33 and dimethyl (2R,3R)-2,3-bis{[tert-butyl(dimethyl)silyl]oxy}succimte 2.34.

HO OTBDMS TBDMSO OTBDMS

"iTMeO—^ \—OMe

O O

2.33

A solution of dimethyl-Z,-tartrate (156 mg, 0.876 mmol) in dichloromethane (2

mL) was stirred at room temperature for 15 minutes before /er/-butyldimethylsilyl

trifluoromethanesulfonate (1.051 mmol, 1.2 eq.) was added slowly over 5 minutes. When

the addition was completed, the mixture was stirred at room temperature for 10 minutes,

and then a solution of 2,6-lutidine (1.051 mmol, 1.2 eq.) was added dropwise. The entire

mixture was stirred at room temperature until all the starting material had disappeared.

The crude solution was immediately quenched with saturated ammonium chloride, dried

over Na2S04 and evaporated under reduced pressure to give a colourless oil. Flash

column chromatography with 1:4 ethyl acetate: hexane afforded the two desired products

as clear oils (Compound 2.33, 200mg, 78%). [a]D^^ +21.2° (MeOH, c = 0.03); 'H-NMR

(CDCI3): 5 4.51 (s, IH), 3.68 (s, 3H). 3.67 (s, 3H), 3.02 (m, IH), 0.75 (s, 9H), 0.00 (s,

3H), -0.12 (s, 3H) ; '^C-NMR (CDCI3): 8 171.7, 171.3, 74.0, 73.9, 52.8, 52.7, 25.8, 18.5,

-4.5; IR (KBr in CHCI3): 2955, 2932, 2859, 1761, 1473, 1438, 1259, 1208, 1153, 1102,

839, 781, 758 cm"'; EIMS m/z (%) 277 (M^ - methyl, 2.3), 236 (13.9), 233 (15.9), 175

(79.9), 147 (100); HREIMS: calcd. for CHaiOsSi, 277.11073, found 277.11089.

(Compound 2.34, 52 mg, 15%) [a]^^ +9.5 ° (MeOH, c = 0.02); 'H-NMR (CDCI3): 6

4.65 (s, IH), 3.73 (s, 3H). 0.88 (s, 9H), 0.09 (s, 3H), 0.00 (s, 3H); '^C-NMR ( CDCI3): 5

171.7, 75.2, 52.2, 25.9, 18.6, -4.4, -5.0; IR (KBr in CHCI3): 2952, 2928, 2856, 1753,
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1473, 1434, 1296, 1252, 1210, 1166, 1132, 983, 837, 782, 667 cm-'; EIMS m/z (%) 391

(M^ - methyl, 5.1), 351 (12.0), 350 (26.9), 349 (100), 289 (31.8), 147 (26.0), 73 (82.3);

HREIMS: calcd. for Ci7H3506Si2, 391.19721, found 391.19932.

Synthesis of methyl (2R,3S)-3,4-dihydroxy-2-[(triisopropylsilyl)oxy]butanoate 2.35 and

methyl (2R,3S)-2, 4-dihydroxy-3-[(triisopropylsilyl)oxy]butanoate 2.36.

HO OTIPS HO OTIPS

HO—/ V-OMe MeO—y V--OH

o b
2.35 2.36

A solution of the starting mono-silyl di-ester 2.31 (100 mg, 0.299 mmol) in THF

(1 mL) was stirred at zero degrees for 15 minutes before a solution of borane-methyl

sulfide complex (2.0 M in THF, 0.299 mmol) was added slowly. The solution was then

warmed to room temperature and stirred for 30 minutes. After 30 minutes, a catalytic

amount of powdered sodium borohydride was added and the mixture was stirred at room

temperature for 12 hours. The crude solution was then cooled to zero degrees, quenched

with saturated ammonium chloride, dried over sodium sulphate and evaporated under

reduced pressure to give a colourless oil. Flash column chromatography with 1 :3 ethyl

acetate: hexane afforded 2.35 (53 mg, 58%) and 2.36 (35 mg, 38%) respectively as clear

oils. Compound 2.35 : [ajo^^ +3.7° (MeOH, c - 0.01); 'H-NMR (CDCI3): 6 4.38 (d, J =

5.8 Hz, IH), 4.27, (m, IH), 4.13 (m, 2H), 3.60 (s, 3H), 0.93-1.00 (m, 21H); '^C-NMR

(CDCI3): 5 174.5, 104.6, 83.3, 75.6, 71.8, 62.9, 52.1, 18.3, 13.4; IR (KBr in CHCI3): 3439,
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1638, 881, 745, 679; MS m/z (%) 275 (M^ - isopropyl, 1.9), 263 (7.4), 231 (4.1), 215

(4.7), 203 (30.5), 173 (100); HREIMS: calcd. for CuHzaOsSi, 263.13148, found

263.13197. 2.36 : [aJo^^+lO.O" (MeOH, c = 0.02); 'H-NMR (CDCI3): 5 0.99-1.11 (m,

21H), 3.64-3.67 (m, 2H), 3.70 (s, 3H), 3.79-3.84 (q, J= 4.8 Hz, IH), 4.41-4.43 (d,y=4.4

Hz, IH); '^C-NMR (CDCI3): 5 173.1, 74.9, 73.7, 70.7, 63.3, 52.5, 51.2, 18.2, 12.7; IR

(KBr in CHCI3): 2946, 2868, 2360, 1754, 1464, 1146, 1104, 883, 758, 683; MS m/z (%)

263 (M* - isopropyl, 39.5), 275 (2.5), 231 (81.7), 203 (55.9), 173 (100); HREIMS: calcd.

forCiiH2305Si,263.13148,found263.13213

Synthesis of (3R,4S)-4-hydroxy-3-[(triisopropylsilyl)oxy]dihydrofuran-2(3H)-one 2.35'.

HO OTIPS

o-

2.35'

A pure sample of 2.35 (48 mg, 0.157 mmol) in dried toluene (1 mL) was stirred at

room temperate for 5 minutes. To this solution was then added a catalytic amount of

pyridinium /7-toluenesulfonate (PPTS) and a small amount of 4A molecular sieves. The

entire mixture was then stirred vigorously for 4 hours or until the starting material had

disappeared on TLC. It was then cooled to zero degrees, quenched with saturated

ammonium chloride, dried over Na2S04 and evaporated under reduced pressure to afford

the desired lactone 2.35' as clear colourless oil (43 mg, quantitative yield). [a]D^^ +21.0°

(MeOH, c = 0.04); 'H-NMR (CDCI3): 5 1.22-1.38 (m, 21H), 4.13-4.18 (m, 2H), 4.53-

4.56 (d, y = 7.5 Hz, IH), 4.60-4.65 (m, IH), 4.72-4.80 (q, IH); '^C-NMR (CDCI3): 5
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175.9, 74.6, 74.1, 70.4, 17.8, 17.7; IR (KBr in CHCis): 2945, 2868, 2360, 1785, 1465,

1162, 1118, 1020, 919, 883, 802, 687; MS m/z (%) 274 (M^ 2.1), 231 (4.4), 203 (32.8),

174 (14.8), 173 (100); HREIMS: calcd. for Ci3H2604Si, 274.16004, found 274.16062.

Synthesis of (3R,4S)-3-hydroxy-4-[(triisopropylsilyl)oxy]dihydrofuran-2(SH)-one 2.36'.

HO OTIPS

o-
-o^

2.36'

A pure sample of 2.36 (50 mg, 0.163 mmol) in dried toluene (1 mL) was warmed

to 70°C and stirred vigorously for 15 minutes. To this solution was then added a catalytic

amount of pyridinium jp-toluenesulfonate (PPTS), and the mixture was stirred for 3 hours

or until the starting material had disappeared on TLC. It was then cooled to zero degrees,

quenched with saturated ammonium chloride, dried over Na2S04 and evaporated under

reduced pressure to afford the desired lactone 2.36' as a clear colourless oil (45 mg,

quantitative yield), [ajo^^ +33.0° (MeOH, c = 0.09); 'H-NMR (CDCI3): 5 0.98-1.16 (m,

21H), 3.96-4.00 (m, 2H), 4.26-4.28 (d, J = 5.1 Hz, IH), 4.31-4.42(m, 2H); '^C-NMR

(CDCI3): 5 175.0, 75.0, 74.5, 71.2, 17.9, 12.7 ; IR (KBr in CHCI3): 2945, 2868, 1777,

1465, 1163, 1110, 1017, 883, 830, 691; MS m/z (%) 231 (M* - isopropyl 100), 203 (2.1),

173 (12.9), 146 (26.7), 131 (11.5) ; HREIMS: calcd. for CioHi904Si, 231.10526, found

231.10447.
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Synthesis of diisopropyl (2R,3R)-2-hydroxy-3-[(triisopropylsilyl)oxy]succinate 2.37.

HO OTIPS

.0-^ V-0.

b o'

2.37

To a solution of diisopropyl-Z,-tartrate (56 mg, 0.239 mmol) in dichloromethane

(2 mL), was added triisopropyl trifluoromethanesulfonate (0.256 mmol, 1.2 eq.) slowly

under stirring. The mixture was stirred at room temperature for 10 minutes before a

solution of 2,6-lutidine (0.256 mmol, 1 .2 eq.) was added slowly over 5 minutes. Stirring

was continued for 2 hours or until all the starting material had disappeared according to

TLC analysis. The crude solution was then quenched with saturated ammonium chloride,

dried over sodium sulphate and evaporated under reduced pressure to afford a colourless

oil. Flash column chromatography with 1:4 ethyl acetate: hexane afforded the desired

product 2.37 as a clear and colouriess oil (74 mg, 79%). [a\u^ +11.1° (MeOH, c = 0.09);

'H-NMR (CDCI3): 5 1.01-1.22 (m, 21H), 1.25-1.28 (m, 12H), 4.41-4.42 (d, J= 1.1 Hz,

IH), 4.70-4.71 (d,/= 1.6 Hz, IH), 5.03-5.14 (m, 2H); '^C-NMR(CDCl3)6 171.1, 170.3,

74.1, 73.6, 69.9, 69.2, 21.8, 21.7, 17.9, 17.7, 12.7, 12.3; IR (KBr in CHCI3): 2944, 2868,

1757, 1466, 1387, 1375, 1263, 1161, 1105, 884, 681; MS m/z (%) 347 (M^ - isopropyl,

22.6), 309 (8.7), 263 (41.2), 217 (18.3), 173 (30.2), 131 (100); HRMS: calcd. for

Ci6H3i06Si, 347.18899, found 347.19007.
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Synthesis of isopropyl (2R,3S)-3,4-dihydroxy-2-[(triisopropylsilyl)oxy]butanoate 2.38.

HO OTIPS

HO ^ r^^
6

2.38

A pure sample of 2.37 (50 mg, 0.128 mmol) in dried THF (1 mL) was warmed to

SO^C. While maintaining stirring, a solution of borane-methyl sulfide complex (2.0 M in

THF, 0.256 mmol, 2.0 eq.) was added slowly and the mixture was stirred for 12 hours

before it was cooled down to 30°C. To this warm mixture was then added a catalytic

amount of powdered sodium borohydride, and the solution was stirred vigorously for 24

hrs then gradually cooled to room temperature. The mixture was immediately quenched

with saturated ammonium chloride, dried over Na2S04 and evaporated under reduced

pressure to give a clear oil. Flash column chromatography with 1:3 ethyl acetate: hexane

afforded the desired diol 2.38 as clear and colouriess oil (26 mg, 60%). [a]D^^ +12.7° (c

0.01, MeOH); 'H-NMR (CDCI3): 5 5.15-5.07 (m, IH), 4.44-4.43 (d, J = 3.9 Hz, IH),

3.91-3.86 (q, J= 5.0 Hz, IH), 3.74-3.72 (d, J= 5.0 Hz, 2H), 1.30 (s, 3H), 1.28 (s, 3H),

1.21-1.08 (m, 21H); '^C-NMR (CDCI3) 5 173.8, 73.8, 73.2, 69.6, 63.5, 22.1, 18.3, 12.6;

IR (KBr in CHCI3): 2945, 2868, 1804, 1779, 1466, 1387, 1146, 1106, 1069, 1017, 884,

684; MS m/z (%) 291 (M* - isopropyl, 3.8), 259 (11.4), 249 (14.2), 232 (3), 231 (100);

HREIMS: calcd. for CisHjTOsSi, 291.16278, found 291.16207.
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Synthesis of (2S,3S)-3-[(triisopropylsilyl)oxy]butane-l,2,4-triol 2.41.

HO OTIPS

HO—/ ^^ OH

2.41

To a pure sample of 2.31 (50 mg, 0.149 mmol) was added ethanol (1 mL, distilled

over molecular sieves). The solution was cooled to zero degree and a stoichiometric

amount of powdered sodium borohydride (0.337 mmol, 1.2 eq.) was added slowly while

maintaining vigorous stirring. After one hour of stirring, a catalytic amount of lithium

chloride was added and the white mixture was stirred at zero degrees for 2 hours. The

mixture was then quenched with 2N HCl, dried over Na2S04 and evaporated under

reduced pressure to give a clear oil. Flash column chromatography with 2:1 ethyl acetate:

hexane afforded the desired triol 2.41 as white powder (34 mg, 82%). Mp. > 200°C

(decomp.) [a\u'^ +3.2° (MeOH, c = 0.08); 'HNMR triacetate (CDCI3): 6 5.09 (m, IH),

4.41-4.31 (dd, J- 2.0, 12.0 Hz, IH), 4.22-4.09 (m, 3H), 3.97-3.93 (m, IH), 2.02 (s, 3H),

2.01 (s, 3H), 1.99 (s, 3H), 1.01 (m, 21H); '^C-NMR triacetate (CDCI3): 6 169.7, 169.6,

169.2, 71.3, 68.2, 64.0, 60.9, 19.9, 19.8, 19.8, 16.9, 16.8, 11.4; IR (triol, KBr in CHCI3):

3450, 2945, 2866, 1464, 1384, 1 114, 1072, 494 cm"'; EIMS triacetate m/z (%) 361 (M^ -

isopropyl, 13.8) 199 (10.6), 174 (14.7), 173 (100); HREIMS (triacetate): calcd. for

Ci6H2907Si, 361.16825, found 361.16771.
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Synthesis of (2S)-2-hydroxy-2-[(triisopropylsilyl)oxy]propanal 2.42 and methyl

(2E,4R)-5-hydroxy-4-[(triisopropylsilyl)oxyJpent-2-enoate 2.43.

O OTIPS

>
H ^ OH

2.42

To a pure sample of 2.41 (lOOmg, 0.360 mmol) was added distilled water (3 mL),

and the mixture was stirred at room temperature for 5 minutes. To this cloudy solution

was added NaI04 (0.504 mmol, 1.4 eq.) slowly in several portions. When the addition

was over, the crude mixture was stirred for a further 30 minutes, then it was quenched

immediately with saturated sodium bicarbonate, extracted with 3 portions of

dichloromethane, dried over Na2S04 and concentrated under reduced pressure to afford

the crude aldehyde 2.42 as a colourless oil.

OTIPS

Me02C- // \ OH

2.43

To another round bottom flask was added trimethyl phosphono-acetate (0.540

mmol, 1.5 eq.), diluted with THF (1 mL) and stirred at zero degree for 5 minutes. To this

clear solution was then added LiHMDS (0.396 mmol, 1.1 eq.) slowly and the entire

mixture was stirred for an extended 2 hours. To this ylide solution was added the

previously prepared crude aldehyde 2.42 via cannula, stirred for 30 minutes or until all

the starting material had disappeared according to TLC analysis. The crude solution was

then quenched with ammonium chloride, dried over Na2S04 and evaporated under

reduced pressure to give a viscous oil. Flash column chromatography with 1:3 ethyl

acetate: hexane afforded the desired Wittig product 2.43 as a colourless oil (78 mg, 72%

from 2.41). [a]D^^+19.5° (MeOH, c = 0.03); 'H-NMR (CDCb): 5 7.00-6.94 (dd, J- 5.2,
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15.4 Hz, IH), 6.13-6.07 (dd, J = 1.40, 15.8 Hz, IH), 4.57-4.52 (m, IH), 3.76 (s, 3H),

3.73-3.57 (m, 2H), 1.16-1.05 (m, 21H),; '^C-NMR (CDCI3): 6 167.0, 148.3, 122.0, 72.9,

66.6, 52.1, 18.4, 12.7; IR (KBr in CHCI3): 2945, 2868, 1728, 1661, 1464, 1438, 1304,

1 165, 1 136, 1 160, 981, 884, 685; MS m/z (%) 271 (M^" - methoxy, 38.7), 259 (49.5), 227

(22.2), 157 (27.1), 131 (58.1), 97 (100); HREIMS: calcd. for CuHjvOaSi, 271.17295,

found 271.17207.

Synthesis oi methyl (2E,4R)-4-hydroxy-5-[(triisopropylsilyl)oxy]pent-2-enoate lAA.

OH

MeO.C^' V__-0T1PS

2.44

A pure sample of 2.43 (50mg, 0.166 mmol) in THF (1 mL) was stirred at room

temperature for 5 minutes. To this solution was then added an excess amount of LiHMDS

(0.332 mmol, 2.0 eq.) slowly and the mixture was stirred for 2 hours or until no starting

material was present according to TLC analysis. The crude mixture was then immediately

quenched with saturated ammonium chloride, dried over Na2S04 and evaporated under

reduced pressure to give a brownish oil. Flash column chromatography with 1:3 ethyl

acetate: hexane afforded the desired re-arranged alkene 2.44 as a clear colourless oil (41

mg, 82%). [a]D^^ +8.0 ° (MeOH, c - 0.04); 'H-NMR (CDCI3): 5 6.95-6.89 (dd, J = 4.4,

15.8 Hz, IH), 6.20-6.15 (dd, J= 1.9, 15.7 Hz, IH), 4.41-4.38 (m, IH), 3.87-3.82 (dd,y =

3.9, 9.8 Hz, IH), 3.75 (s, 3H), 3.62-3.56 (m, IH), 1.16-1.06 (m, 21H); '^C-NMR (CDCI3):

6 166.7, 148.0, 121.4, 71.6, 66.4, 51.6, 17.9, 1 1.8; IR (KBr in CHCI3): 2945, 2867, 1728,

1464, 1312, 1271, 1 121, 883, 685; MS m/z (%) 271 (M^ - methoxy, 3.2), 259 (37.9), 227

(92.2), 157 (31.5), 145 (36.9); HREIMS: calcd. for Ci4H2703Si, 271.17295, found

271.17346.
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Abstract—Two deoxy-analogues of the anticancer/antiviral agent pancratistatin containing functionality complementary to the

minimum structural pharmacophore were synthesized and subjected to anticancer screening. One of the analogues exhibited selec-

tive inhibition of certain tumor cell lines but was significantly less potent than the natural products. The minimum structural

pharmacophore has now been refined from eight to three possible structures, fr; 2001 Elsevier Science Ltd. AH rights reserved.

The Amaryllidacae^ alkaloid pancratistatin 1, isolated in

small quantities from the Hawaiian Hymenocallis littor-

alis- along with some of its closely related natural con-

geners including notably /ra«i-dihydrolycoricidine 2

(Scheme 1), has demonstrated antiviral activity as well

as potent cytotoxicity against certain tumor cell lines.
^•'*

The promising pharmacological profile of the com-

pounds, in addition to the complex polyoxygenated

phenanthridone skeleton, has attracted considerable

synthetic interest, and pancratistatin has been the sub-

ject of several elegant total syntheses.' Despite the

potent activity of 1 and 2, no systematic study.has been

undertaken to define minimum structural requirements

of the pharmacophore or to identify the biological tar-

get of these compounds. Structural similarity to the

related alkaloid narciclasine has led to the suggestion

that the compounds may be inhibitors of protein bio-

synthesis,^'' although more definitive studies have been

hampered in part by the limited supply of these alkaloids.

Limited structure-activity correlations of the natural

compounds 1 and 2 and a few minor natural and semi-

synthetic analogues have defined some of the structural

requirements of the cytotoxic pharmacophore. Com-
pounds 1 and 2 shared a similar potency and profile of

cytotoxicity activity against the NCI panel of 60 human
tumor cell lines, indicating that the C-1 and C-7

hydroxyl substituents are not requirements of the phar-

macophore.*" In addition, the C-7 hydroxyl was not

required for antiviral' activity. On the other hand, the

trans-BjC ring junction stereochemistry was found to be

OH

OH

•Corresponding author. Tel.: +1-905-688-5550; fax:

9020; e-mail: jmcnuUy(« chcmiris.labs.brocku.ca

-1-1-905-682-

Scheme 1.

0960-894X/01/$ - sec front matter © 2001 Elsevier Science Ltd. All rights reserved.
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crucial for potent cytotoxicity in both the natural series*

and in a fully oxygenated synthetic derivative.^* Lastly,

oxygenated jeco-analogues (B/C ring opened) of these

compounds were devoid of biological activities.^'' These

studies indicate that the conformation of the C-ring, or

more specifically, the correct spatial orientation of one

or more of the hydroxyl substituents at positions C-2,

C-3, and C-4 are essential for recognition. At present,

compound 2 is the structurally simplest analogue

known that exhibits potent cytotoxicity. Based on this

information, eight possible structures could embody the

overall minimum pharmacophore; one triol (i.e., com-
pound 2), three diols (2a,3P; 2a,4P; or 3p,4P), three

monoalcohols (2a; 3P; or 4P) or the fully deoxygenated

cyclohexane derivative. As a means of systematically

evaluating the role of the three hydroxyl groups at C-2,

C-3, and C-4 in 2, we divided the functionality into pairs

of complementary analogues. We define these as pairs of

analogues of the active compound having the same

structural skeleton with differing functionality but

between them covering all of the functional groups on
the minimum known pharmacophore. Compounds 3
and 4 may therefore be considered complementary ana-

logues to the presently known minimum pharmaco-
phore in 2. We previously reported the synthesis of

compound 4^ using a stereoselective nitroaldol

approach. We now report the preparation of the com-
plementary analogue 3, utilizing a Diels-Alder approach
to the core structure, as well as the cytotoxic screening

of both of these analogues.

The most direct synthetic route to diol 3 is outlined in

Scheme 2. Diels-Alder reaction of nitroalkene 5^ with

butadiene using a modification of the method reported

by Bryce'° provided the cyclohexene derivative 6 and
allowed us to secure the necessary future trans-B/C ring

junction early in the synthesis. In our hands, the reac-

tion proceeded faster and gave cleaner product under
Lewis acid catalysis (ZnCl2) in a sealed bomb. Chemo-
selective reduction of the nitro group was best achieved

*
< NHCCMe

'
< 1 NHCO,Me

-^
<

QAc

.OAc

NHCO.Me

OAc

10 0.

<
0'
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using aluminium amalgam in THF, with the resulting

amine being immediately protected as the methoxy-
carbonyl derivative giving cyclohexene 7 in 96% overall

yield from 6." Epoxidation with MCPBA gave the a-

and P-epoxides 8 and 9 (ratio 2.7:1) in 93% yield. The
epoxides were readily separable on flash silica and
independently subjected to a surprisingly stereospecific

ring opening using the method reported by Magnus and
co-workers.'*^ Reaction of the a-epoxide 8 with refluxing

aqueous sodium benzoate followed by treatment with

acetic anhydride in pyridine provided the diacetoxy deri-

vative 10 in 55% yield. Similar opening of the P-epoxide 9

and likewise protection as the diacetate gave the same
diol derivative 10 in 62% yield. Under these conditions,

the conformationally biased diastereomeric epoxides are

opened exclusively by axial attack. Thus in 8, opening

occurs from the axial direction by attack at C-3 while

the diastereomeric epoxide 9 is opened by axial attack

at C-2 yielding the same 2,3-diaxial diol. The relative

stereochemistry in product 10 was confirmed by a single

crystal X-ray structural determination (Scheme 3). The
crystal structure clearly shows the chair conEermation

of the cyclohexane ring of 10 locked by the equatorial

aryl and methoxycarbonylamino substituents as well as

the ^/a.\'(a/-2,3-diacetoxy substituents.'- All four sub-

stituents on the cyclohexane ring are therefore set up
with the correct relative stereochemistry desired in ana-

logue 3. Cyclization of 10 to give the phenanthridone

skeleton was effected in low yield (5-15%) using the

method of Banwell." Under these conditions two inter-

mediate products were also isolated in addition to the

desired product 13. These were readily identified as 11

and 12 in comparison with the results of the Magnus
work.^ Further investigation showed that the cycliza-

tion reaction with TfiO and DMAP was extremely

rapid, complete in 15min at 0°C, giving 12 which

slowly converts to 13 on standing. Quenching the reac-

tion after 15min and acidic hydrolysis of the mixture

led also to partial loss of the acetate groups requiring a

final re-acetylation step. The cyclization process is very

sensitive to traces of water, however under the opti-

mized cyclization/hydrolysis/reprotection protocol a

74-90% yield of the cyclized protected diol Orould be

realized with no detectable trace of the side products.

Removal of the acetate groups completed the synthesis

of the desired diol 3.

Initial screening of complementary analogues 3 and 4

against the P-388 mouse leukemia cell line gave inter-

esting results. The mono alcohol derivative 4 displayed

marginal inhibition (ED5o = 40.1 ng/mL) while the diol 3
proved to be relatively potent (ED5o = 0.45ng/mL),
although less potent than pancratistatin itself. Further

comparative assaying of compound 3 against the NCI
60 panel human tumor cell-line assay was undertaken

simultaneously with authentic pancratistatin. The
results confirmed that 3 was in fact overall two to three

magnitudes less potent than pancratistatin although

selective inhibition of some of the cell lines was indi-

cated. Compound 3 inhibited proliferation of the non-

small cell lung cancer line NCI-H226 (ED50 = 0.65 ng/mL),
as well as two of the leukemia cell lines; CCRF-CEM
(ED5o = 0.55ng/mL) and HL-60(TB) (ED5o = 0.89ng/

mL). Overall, compound 3 was not sufficiently potent to

generate a useful mean-graph for COMPARE analysis'*

(Scheme 3)

The present study helps further define the minimum
cytotoxic pharmacophore shared by pancratistatin 1

and /ranj-dihydrolycoricidine 2. In addition to the

necessary conformationally locked trans-fused B/C ring

junction, at least two correctly positioned hydroxyl
groups appear to be needed in the C-ring for potent

cytotoxic activity. The results with the complementary
analogues 3 and 4 rule out any monoalcohol analogue
as a minimum pharmacophore and the modest potency
of 3 suggests the importance of either, or both, of the

C-2 and C-3 hydroxyl groups, in addition to the C-4
hydroxyl as a minimum pharmacophore. We tentatively

conclude that the minimum structural pharmacophore
must reside in either of the diols 14 or 15 (Scheme 3) or

may in fact be that depicted in the trihydroxy containing

natural product 2. The synthesis of analogues 2, 14 and
15 is currently under investigation in our laboratories.
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Abstract—Controlled addition of Grignard reagents to tartaric acid derived bis-Weinreb amide 3 provides a facile, direct entry to

desymmetrized l,4-functionalized-i>7i-2,3-diol intermediates 4 and to C,-symmetrical 1 ,4-diketones 5. The synthetic versatility of

this method is exemplified by short syntheses of the natural plant growth regulator 10 and the synthetically valuable cyclooctene

derivative 13. © 2001 Elsevier Science Ltd. AH rights reserved.

The 1,2-diol subunit occurs in a large number of natu-

ral products of various classes including isoprenoids.

alkaloids, polyketides and carbohydrate derivatives.

Not surprisingly, methods for the asymmetric synthesis

of both syn- and anr/-l,2-diols have received much
attention including catalytic asymmetric routes to syn-

1,2-diols via Sharpless asymmetric dihydroxylation'

and more recently an/;-l,2-diols via the List proline

catalyzed aldol reaction.- In order to prepare syn-\,2-

diols through asymmetric dihydroxylation, one first has

to assemble the requisite olefin of defined geometry as

the substrate for the reaction. Tartaric acid 1 is a classic

chiral-pool alternative for the rapid asymmetric synthe-

sis of syn-\,2-dioh. It is readily available in either

enantiomeric form and possesses an innate 5>'«-2,3-diol

subunit. Tartaric acid is used extensively as a chiral

precursor in the asymmetric synthesis of natural and
non-natural products' as well as C^-symmetrical

molecules including chiral ligands." Most literature

methods for the differentiation of the 1,4-carboxylate

residues on tartaric acid derivatives involve reaction on
a 2,3-protected derivative (0-benzylidene or acetonide)

via the intermediacy of a reduced 1,4-dioI. Selective

mono-protection' of one alcohol residue and re-oxida-

tion of the remaining alcohol to the aldehyde allows for

subsequent elaboration. The efficiency and versatility of

the tartrate route would be greatly improved if con-

trolled differentiation of the two carboxyl groups at CI
and C4 were possible directly at the oxidation level of

the carboxylic acid leaving valuable functionality at

both ends for subsequent manipulation.

• Corresponding author. Fax: 905 682 9020; e-mail: jmcnulty^

chemiris.labs.brocku.ca

The direct differentiation of the 1 ,4-carboxyIate groups

has been achieved via acylation (esterification, amina-

tion, etc.) of cyclic tartrate-anhydride derivatives.*

Inherent limitations of this method are the necessity for

chemoselective manipulations of the 1,4-carboxylate

residues in the presence of two acetate esters, in addi-

tion to the impossibility of selective organometallic

additions. The 2,3-0-isopropylidene-l,4-bis-Weinreb

amide derivative of tartaric acid 3 has been reported

and converted to Cj-symmetricaP 1,4-diketones using

benzyl Grignard reagents as a route to HIV type-1

protease inhibitors. A recent report described one

example of mono addition to this intermediate* with

benzylmagnesium chloride allowing entry to a non-

symmetrical 4-oxo-Weinreb intermediate, possessing

differential functionality at the two carbonyl positions.

We felt it worthwhile to investigate the generality of

this procedure as a more direct asymmetric route to

.svn-2,3-dioIs retaining useful differentiable 1,4-func-

tionality as well as Cj-symmetrical analogs. We now
report that controlled organometallic addition to the

bis-Weinreb amide 3 can provide good to excellent

yields of differentiated non-symmetrical derivatives 4 as

well as valuable Cj-symmetrical 1,4-diketone intermedi-

ates 5.

L-Tartaric acid 1 is readily converted to dimethyl-2,3-

O-isopropylidene tartrate diester 2 in one step on a 100

g scale.* Conversion of the diester to the bis-Weinreb

amide 3 can be achieved using trimethylaluminum acti-

vation.^ The bis-Weinreb derivative could also be pre-

pared in similar yield directly from the diester using the

method of Williams and co-workers."^ The results of

the addition reaction of various Grignard reagents to

bis-Weinreb amide 3 are summarized in Table 1. For

0040^039/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.
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Table 1. Selective addition of Grignard reagents to bis-Weinreb amide 3

o

3 X.N(OMe)Me

RMgCI

TMF
o ° y y

4a -f X-N(OMe)Me <•-<

R- Ms (a), El (b), 'Pr (c). allyl (d), benzyl (•). phanyl (f)

Entry R-Mg-CI ( # equiv.) Time (min)/Temp (°C) Product Yield (%)

1
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OH OH

11

Scheme 2. Synthesis of cyclooctene 13.

currently with hydrogenolysis of the benzylic secondary

alcohol as expected to furnish the protectee! diol 9.

Hydrolysis of the O-isopropylidene acetonide under
acidic conditions and concomitant transesterification

provided the desired butyrolactone 10 directly (IR:

C=0 1768 cm-'). 'H and "C NMR spectra as well as

the optical rotation were in complete accord to those

reported." Of note here is the rapid assembly of the

desymmetrized intermediate 9^ in three steps and 57%
overall yield from 4f.

In addition to the increasing recognition of cyclooctane

derivatives as natural products, cyclooctene derivatives

have proven to be synthetically valuable intermediates

in their own right and are of considerable recent inter-

est. Conversion of cyclooctenes to fused bicyclo

[3.3.0]octanes may be carried out via an epoxidation-

fragmentation strategy.'- In addition, oxidation and
amination protocols can provide stereochemically

defined acyclic fragments as well as O- and A'-hetero-

cyclic derivatives." It was therefore of interest to inves-

tigate the elaboration of tartaric acid into a chiral,

Cj-symmetrical cyclooctene framework, as outlined in

Scheme 2. Reduction of the bis-allyl ketone 5d gave the

Cj-symmetrical diol 11 as the major product along with

a minor amount of the non-symmetrical diastereomer

12 (ratio 11:12 = 84:16). Ring-closing metathesis on 11

proceeded slowly in toluene at 80°C to give the synthet-

ically valuable C-symmetrical cyclooctene derivative 13

in 59% yield.' No protection of the hydroxyl groups'**

was necessary using the standard Grubbs catalyst under
these conditions."

'Compound 9: 'H NMR (CDCI,): S 7.2-7.3 (m, 5H), 3.91 (m. IH).

3.74 (m, IH). 3.67 (s. 3H). 2.97 (dd. 7=14.0, 6.6, IH). 2.86 (dd.

y=14.0, 5.3. IH), 2.3-2.5 (m. 2H), 1.6-1.8 (m, 2H). 1.38 (s. 3H),

1.37 (s, 3H); "C NMR (CDC!,): 6 174.1. 137.8, 129.8, 128.8, 126.9,

108.8, 81.3, 79.8, 77.6, 52.0, 39.5, 30.8, 28.2, 27.7.

'Compound 13: 'H NMR (CDCl,): 6 5.11 (t, 7=5.2, 2H), 4.26 (s,

2H), 4.18 (dd, 7=8.2, 4.2, 2H), 2.2-2.4 (m, 4H), 1.8 (br s, 2H). 1.45

(s, 6H); "C NMR (CDClj): <J 128.1, 108.3, 76.7, 67.6, 29.1. 27.3.

In summary, we have shown that the tartaric acid

derived bis-Weinreb amide 3 provides a general entry to

useful desymmetrized keto-Weinreb intermediates 4 as

well as Cj-symmetrical diketones 5 through the direct,

selective functionalization of the carboxylate residues.

The utility of this method in the synthesis 5>'w-l,2-diols

is exemplified by the synthesis of the natural butyrolac-

tone 10 as well as a synthetically useful cyclooctene

derivative 13. Further application of this methodology
towards the synthesis of natural products is currently in

progress.
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Abstract—Direct desymmetrization of tartaric acid esters with TIPS-triflate proceeds in up to 99% yield giving the useful

intermediates 2a-b. Selective reduction of the ester groups provides access to fully differentiated threonolactone derivatives while

reduction of both esters of 2a followed by period^te mediated diol cleavage allows access to 2-0-TI PS-protected L-glyceraldehyde.
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The 1,2-diol subunit occurs in a large number of natu-

ral products of various classes including isoprenoids,

alkaloids, polyketides and carbohydrate derivatives.

Methods for the asymmetric synthesis of both syn- and
a«/i-l,2-diols have received much attention including

catalytic asymmetric routes to syn-\,2-d\o\s via Sharp-

less asymmetric dihydroxylation' and more recently

both syn- and an//-l,2-diols via catalytic asymmetric

aldol reactions.- Tartaric acid 1 is a classic chiral-pool

alternative for the rapid asymmetric synthesis of syn-

1,2-diols. It is readily available in either enantiomeric

form and possesses an innate 5'>'n-2,3-diol subunit. Tar-

taric acid has been used extensively as a chiral precur-

sor in the asymmetric synthesis of natural and
non-natural products'" as well as Cj-symmetrical

molecules including chiral ligands." One limitation of

the chiral-pool approach from tartaric acid is that often

several steps are necessary to desymmetrize.(C2 to C,)

the molecule through either differentiation of the 1.4-

carbonyl groups or of the internal 2,3-diol. A similar

problem exists for differentiation of the 1,2-diol func-

tionality in non-symmetrical adducts produced through

catalytic asymmetric processes.^ We recently reported

on a very successful and general method for the differ-

entiation of the 1 ,4-carboxylate groups of tartaric acid

via mono addition of Grignard reagents to the bis-

Weinreb amide derivative.' This method allows rapid

access to asymmetric extended linear fragments con-

taining the internal 1,2-diol functionality. We next

turned our attention to the problem of the 2,3-diol

differentiation. A comprehensive literature survey

revealed that essentially four methods have been uti-

lized to achieve this transformation in the tartrate

series. The 'statistical' approach (vide infra), conducted

by employing 1 equiv. of reagent, is most simple and
direct although unfortunately usually low yielding. The
other general methods reported include conversion of

the diol to a cyclic 0-stannylene acetal followed by

alkylation or acylation,* desymmetrization through

reduction of a 2,3-diol derived benzilidene acetal,' and

mono-acetylation of a cyclic orthoacetate derivative.*

The latter three methods all require at least two steps to

achieve the desired de-symmetrization.

Returning to the statistical approach, it is well known
that the mono-functionalization of similar or homo-
topic 1,2-diols can be a challenging problem due to the

similar reaction rates of the diol and intermediate mono
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Scheme 1. TIPS protection of tartrate diesters.
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functionalized derivative with the alkylating or

acylating agent.' Even when a stoichiometric amount of

such an agent is employed, mixtures of diol, mono- and

bis-protected product are formed. In the case of tartaric

acid diesters, mono-functionalization of the internal

2,3-diol (acetylation, tosylation, benzylation etc.) gener-

ally proceeds in 30-60% yield* using the 'statistical'

method. Additives such as silver oxide'" and lanthanide

chlorides' have been reported to assist mono-function-

alization in some cases. A direct, high yielding mono-
functionalization of tartaric acid diester did not appear

to be a very rewarding venture. Notwithstanding this

prognosis, we have observed (Scheme 1) that silyl-pro-

tection of dimethyltartrate la with triisopropylsilyl

(TIPS) triflate in either dichloromethane or dimethyl-

formamide proceeds rapidly to the desymmetrized

mono-TIPS 2a derivative but very slowly to the bis-

TIPS derivative 3. We now report an optimized proce-

dure for this simple and direct de-symmetrization

proceeding routinely in 88-99% yield as well as some
synthetic transformations of the useful desymmetrized

product monoalcohols 2a and 2b.

Reaction of dimethyltartrate la in dichloromethane

with TIPS-OTf (1.2 equiv.) at 21°C in the presence of

2,6-lutidine (1.2 equiv.) provided alcohol 2a in 88-99%
yield." Diisopropyl tartrate lb reacted somewhat
slower under the same conditions to give the monopro-
tected non symmetrical alcohol 2b in 80% yield. Under
these conditions the TLC profile indicates only a trace

of the bis-silylated product 3. We were somewhat sur-

prised at the high degree of selectivity shown in this

transformation and wondered initially if this was not

the result of some unexpected complexation (or precipi-

tation) of an intermediate from which 2a/b was
obtained by hydrolysis. However, even when 2a was
treated with an excess TIPS-OTf and 2,6-lutidine (4.0

equiv. each) the second silylation was very slow. The
bis-TIPS derivative 3 could only be obtained in good
yield when this reaction was subjected to sonication

(Branson 5510, 22°C, 4 h) giving 3 in 80% yield. The
selectivity observed appears to be simply due to steric

hindrance imposing a high activation barrier for the

second silylation step. The reaction with t-

butyldimethylsilyl (TBDMS) triflate was less selective

under these conditions but still provided the mono-
TBDMS derivative from la in a useful 78'% yield as

well as the bis-TBDMS derivative corresponding to 3

(14.5%). Cyclic 2,3-bis-TBDMS protected tartrate

derivatives have been previously reported in good yields

through normal silylation protocols,'^ and a bis-TIPS

protected tartaric acid derived cyclic imide derivative

has been reported." Steric factors are likely less impor-

tant in these rigid cyclic //ireo-imides due to the lesser

degree of rotational freedom allowing bis TlPS-silyla-

tion to proceed. The use of the bulky TIPS group then

was key to the high selectivity observed in this kineti-

cally controlled differentiation of the homotopic
hydroxyl groups in the acyclic tartrate esters.

We have investigated several useful synthetic elabora-

tions of the desymmetrized tartaric diesters 2a and 2b.

Threonic acid 5 and threonolactone 6 derivatives are

conveniently prepared by partial reduction and cycliza-

tion of 2,3-protected tartrates, sometimes via a cyclic

anhydride 4 (Scheme 2) and have been utilized in

several valuable synthetic transformations.'* The value

of these intermediates is limited however as in almost

all cases the 2,3-diol unit is not differentially pro-

tected.^^ The mono-TIPS protected esters 2a and 2b

potentially offer a rapid entry to fully differentiated

threonolactones provided selective ester reductions can

be carried out. The selective reduction of an a-hydroxy

ester in the presence of a second ester fortunately is a

well know transform typically achieved by the use of

borane/sodium borohydride combinations.* In the

present application, the desymmetrized dimethyl tar-

trate 2a reacted with borane-dimethyl sulfide and

sodium borohydride (Scheme 3) in THF to give a

mixture of the two readily separable isomeric diols 7a

(58%) and 8a (38%), 96% total isolated yield. The diol

7a slowly cyclized of its own accord and readily so

upon treatment with mild acid (pyridinium-4-toluene

sulfonate (PPTS), toluene, 21°C, 4 h) to give lactone 9

quantitatively. The minor diol 8a obtained from the

reduction underwent cyclization under slightly more
forcing conditions (PPTS, toluene, 70°C, 3 h) to give

the isomeric lactone 10, also in quantitative yield. Thus,

in addition to achieving the selective reduction of the

a-hydroxy ester, lactone formation proved to be a very

convenient method to discriminate between the primary

and secondary alcohol functions in 7a and 8a. Reduc-

tion of the 2,3-diol differentiated isopropyl ester 2b

under the same conditions proved to be highly regiose-

lective, although more sluggish in comparison to 2a.

Starting diester still remained after 24 h, however the

only reduction product was the diol 7b (60% isolated

yield from 2b) with no trace of isomeric 8b being

observed. In contrast to methyl esters 7a and 8a, the

isopropyl ester 7b was more stable presumably due to

the increased steric hindrance around the isopropoxy

substituted acyl group. Threonolactone derivatives 9

and 10 are densely functionalized, fully differentiated

chirons in contrast to the literature derivatives outlined

in Scheme 2 (6a-d) and offer considerable promise for

a variety of transformations towards linear syn-l,2-dio]
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Scheme 3. Synthesis of differentiated threonic acid and threonolactone derivatives.

containing fragments. The stability of 7b offers an
alternate route to open chain threonic ester derivatives.

Optically active, protected derivatives of D- and L-gly-

ceraldehyde, such as the acetonide 12a and the 2-O-ben-

zyl derivative 12b (Scheme 4), are valuable C3-building

blocks and have been utilized extensively in organic

synthesis.'" While these two compounds are the most
important members of protected chiral glyceraldehydes

available, both suffer inherent limitations. For example
in the acetonide 12a, the primary and secondary diols

are not differentiated and would require selective

manipulations later on in a synthesis subsequent to

acetonide hydrolysis. In derivative 12b, the benzyl ether

-V°-)

can lead to subsequent chemoselective incompatibilities

also. For example Wittig or Horner-Wadsworth-
Emmons olefination of 12b gives an 0-benzyI contain-

ing olefin''* in which hydrogenolysis or hydrogenation

could not be effected selectively. We felt that the l-O-
TIPS-L-glyceraldehyde 12c would be an ideal C3 build-

ing block not subject to either of the limitations stated

above. Reduction of both esters of the mono-0-TIPS
protected tartaric acid 2a was readily achieved using

sodium borohydride/lithium chloride in ethanol to give

the differentiated 2-0-TIPS protected L-threitol deriva-

tive 11 in 82% yield. Periodate cleavage of the 1,2-diol

in 11 was carried out under standard conditions'** giv-

ing the desired 2-0-TIPS protected L-glyceraldehyde

12a 12b

TIPSO
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O d
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PSO OH
''i 1 NaBH,/LiCI

A V--OMe *-
II n EtOH

NalO<

HjO/CHjCI,

NaHCO, 12c
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I o
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HO.
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\
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THF

TIPSO OH
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Scheme 4. Synthesis of differentiated allylic alcohols from 2-O-TIPS-L-glyceraldehyde.
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12c as a colorless viscous oil. Reaction of the aldehyde

with the Homer-Emmons reagent provided the {£)-

olefin 13 in 72% yield from 11. Olefin 13 is a C5 chiron

incorporating five-differentially functionalized carbons

and is available in only four steps from dimethyl tar-

trate. The ready access and presence of useful function-

ality, including a free primary alcohol, a protected

allylic alcohol as well as an unsaturated ester, offers

much potential for 13 as a useful synthetic

intermediate.

Finally we made an interesting observation during the

Homer-Wadsworth-Emmons reaction. If a slight

excess of LiHMDS was employed during this reaction,

a minor isomeric product could be isolated from the

reaction. This compound was subsequently identified as

the product of silyl migration to the less hindered

primary position, 13 to 14. The isomerization could be

completely avoided employing a 1 : 1 ratio of phospho-

nate to base during the olefination reaction. In addition

when a purified sample of 13 was treated independently

with LiHMDS in dry THF, isomerization occurred

readily giving 14 as the major product (82% yield).

Compound 14 contains a free allylic alcohol as well as

an unsaturated ester and further increases the versatility

of this methodology from the differentiated glyceralde-

hyde 12c. 1,2-Silyl migrations from one hydroxyl to

another are well documented with less hindered silanes

such as TBDMS"" and appear to be rare in the case of

the TIPS group.""

In conclusion, we report a simple one-step method for

the direct 2,3-diol differentiation in tartaric diester

derivatives. Selective reduction of the ester residues has

been demonstrated leading to the potentially valuable

fully differentiated threonolactone derivatives 9 and 10.

Complete reduction and periodate cleavage of the

desymmetrized tartrate diester opens a route to a valu-

able differentiated glyceraldehyde derivative 12c. This

compound has been elaborated to the two highly func-

tionalized linear C5 chirons 13 and 14. Application of

this methodology towards the preparation of biologi-

cally active compounds containing extended linear frag-

ments is currently in progress in our laboratories.
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