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Abstract

Two efficient, regio- and stereo controlled synthetic approaches to the

synthesis of racemic analogs of pancratistatin have been accomplished and they serve

as the model systems for the total synthesis of optically active 7-deoxy-pancratistatin.

In the Diels-Alder approach, an efficient [4+2] cycloaddition of 3,4-methylenedioxy-

co-nitrostyrene with Danishefsky's diene to selectively form an exo-nitro adduct has

been developed as the key step in the construction of the C-ring of the target

molecule. In the Michael addition approach, the key step was a conjugate addition of

an organic zinc-cuprate to the 3,4-methylenedioxy-(B-nitrostyrene, followed by a

diastereocontroUed closure to form the cyclohexane C-ring of the target molecule via

an intramolecular nitro-aldol cyclization on a neutral alumina surface. A chair-like

transition state for such a cyclization has been established and such a chelation

controlled transition state can be useful in the prediction of diastereoselectivity in

other related 6-exo-trig nitroaldol reactions. Cyclization of the above products fi^om

both approaches by using a Bischler-Napieralski type reaction afforded two

lycoricidine derivatives 38 and 50 in good yields.

The initial results from the above modeling studies as well as the analysis of

the synthetic strategy were directed to a chiral pool approach to the total synthesis of

optically active 7-deoxy-pancratistatin. Selective monsilylation and iodination of L-

tartaric acid provided a chiral precursor for the proposed key Michael transformation.

The outlook for the total synthesis of 7-deoxy-pancratistatin by this approach is very

promising.
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A concise synthesis of novel designed, optically pure, Cz-symmetrical

disulfonylamide chiral ligands starting from L-tartaric acid has also been achieved.

This sequence employs the metallation of indole followed by Sfj2 replacement of a

dimesylate as the key step. The activity for this Cz-symmetric chiral disulfonamide

ligand in the catalytic enantioselective reaction has been confirmed by nucleophilic

addition to benzaldehyde in the disulfonamide-Ti (0-i-Pr)4-diethylzinc system with a

48% yield and a 33% e.e. value. Such a ligand tethered with a suitable metal complex

should be also applicable towards the total synthesis of 7-deoxy-pancratistatin.
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Chapter I

Introduction

1.1 Background

The Amaryllidaceae alkaloids' which constitute over 100 tyramine-derived

naturally occurring bases, possess a diversity of biological properties including

antineoplastic,^ growth regulatory,' mitogenic" and antimitotic activity.^ The extracts

of Amaryllidaceae plants have been used in folk medicine to alleviate a variety of

aiknents dating back to at least the fourth century BC* Within these extracts, the

phenanthridone alkaloids of the narciclasine family are of particular interest due to

their significant antineoplastic activity. This class includes lycorine 1, narciclasine 3

and its closely related congeners lycorcidine 2, pancratistatin 4, 7-deoxy-

dihydronarciclasine 5, dihydrolycoricidine 6, and 7-deoxy-pancratistatin 10 (for the

structures, see Fig.l). From a historical point of view, lycorine 1 was first shown to

possess antitumor activity in 1958/ Lycoricidine 2 and narciclasine 3, which were

discovered in 1968 from the bulbs of Lycoris radiate,* were also demonstrated to have

similar activity. Sixteen years later, another highly oxygenated phenanthridone

alkaloid was extracted from the root of the Hawaiian plant Pancratium littorale by

Pettit and co-workers.' The compound was named Pancratistatin 4, whose structure

was determined via single-crystal X-ray diffraction performed on its monomethyl

ether. Pancratistatin 4 was found to exhibit very potent antitumor activity^* (38-106%

life extension/0.75-12.5 mg/kg dose against murine P388
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OH

-i', a.

OH

1 lycorine
2 R=H, lycoricidine

3 R=OH, narciclasine

R o

4 R=OH, pancratistatin

OH

5 R=H, 7-deoxy-^ra/is-dihydronarciclasine

6 R=OH, /ra/t^-dihydronarciclasine

OH

7 R=H, 7-deoxy-cw-dihydronarciclasine

8 R=OH, cu-dihydronarciclasine
'.'.<•

- OH 10 7-deoxy-pancratistatm

NH

Figure 1





lymphocytic leukemia, P. S. system; 53-84% extension / 0.38-3.0 mg/kg against

murine M5076 ovary sarcoma). Because of the extensive interest in pancratistatin

and/or its related compounds as leads for drug development, structure-activity

Table 1. Results of Comparative Antitumor Evaluations of Isocarbostyrils

in the NCI In Vitro Primary Screen
*

Compound
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correlation of all of the above 2-9 compounds has been performed using the United

States National Cancer Institute's (NCI) "disease oriented" in vitro primary antitumor

screen.'" The results are shown in Table 1. When tested against the NCI human

tumor cell line panel, the natural products 2-6 showed cytotoxic activities by the

mean panel GI50 values of 10-150 nM according to NCI criteria while analogs 7-9

showed only very weak activity or were inactive in the NCI screen. Structure-activity

corelations thus demonstrated that the trans-BC ring junction in pancratistatin is

critical for useful cytotoxic activity since the only difference between the structures of

these two groups is the stereochemistry of the B-C ring. These results indicate that

the conformation of the C-ring is of great importance to the active pharmacophore.

Compounds 2-6 also showed very similar patterns of differential cell selectivity

within the 60 cell line panel, with particular activity against NSC brain, Ivmg, colon,

and renal cell lines. However, the selectivity profiles of 2-6 do not correlate well with

that of any established antitumor agents in the NCI database. Although the

mechanism of the antineoplastic action of pancratistatin remains to be elucidated, that

of narciclasine has been studied extensively. These studies"' '^ have suggested that

such a mechanism involves the inhibition of the growth of eukaryotic cells by the

disruption of protein biosynthesis which has been demonstrated both in cell-free

systems and in intact cells. It has been concluded that narciclasine inhibits the

binding of tRNA to the peptidyl transferase center of the 60S ribosomal subunit."

Since narciclasine also inhibits the binding of another peptide biosynthesis inhibitor,

anisomycin, whose mechanism is well known, the binding sites of anisomycin and
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narciclasine may well be similar." Thus the mechanism for pancratistatin is

anticipated to follow the same mechanism as narciclasine. Even though both

lycoricidine and narciclasine show activites against Ehrlich carcinoma,'^ more

attention has been paid to pancratistatin due to its particular promising activity against

murine P-5076 ovarian sarcoma, as well as murine P-388 lymphocytic leukemia.
^"^

Thus pancratistatin will be definitely needed for completion of clinical trials for

treatment of several types of cancer. A lot of efforts have been made in the past to

optimize the isolation procedure. Today, the highest yield to obtain 4 is ca. 0.039%

based on wet plant weight.^' Unfortunately this compound is still unavailable in the

required quantities by isolation methods, only 6 grams can be extracted from 44 kg of

plant material."* Synthesis, if competitive with isolation, would therefore be the way

to supply this important material. In addition to total synthesis, the structure of the

active pharmacophore may be deduced by the synthesis and evaluation of simplified

analogs. Pancratistatin does not have the tremendous complexity of taxol which is

another valuable antitumor nattiral product, but it is still quite difficult to synthesize,

as evidenced by the nimiber of difficulties encountered in its synthesis.'^ The first

synthesis of racemic pancratistatin was published by Danishefsky and Lee in 1989.'"

Six years later, asymmetric approaches to the compound were also accomplished by

Hudlicky'\ Trost'^ and Haseltine'** Recently, a formal synthesis of this compound

was disclosed by Magnus.'*'' :

In order to build a rich library of pancratistatin family analogs, the preparation

of new deoxygenated and epimeric versions of pancratistatin will have to be
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synthetically developed. Such derivatives would provide further details on the

structure-activity relationship of this family. More importantly, some of these

derivatives may also emerge with therapeutic potential in their own right. Thus, our

efforts in this area will be focused on the synthesis of structurally simplified analogs

of pancratistatin such as 7-deoxy-pancratistatin 10.





1.2 Literature Review for the Syntheses of 7-deoxy-Pancratistatin

The homolog 7-deoxy-pancratistatin 10 was first isolated by Ghosal and co-

workers^ in 1989 and has exhibited potent antiviral activity with a slightly improved

therapeutic index relative to pancratistatin due to its decreased toxicity.'^ With six

contiguous stereogenic centers in its C-ring, 7-deoxy-pancratistatin presents

considerable synthetic challenges, including the trans B-C amide ring junction and

the stereochemistry of the amino and hydroxyl groups of the C-ring. As a result of its

interesting properties and challenging molecular architecture, there has been

considerable effort extended to develop efficient syntheses of this compound. To

date, there have been two total syntheses of (+)-7-deoxy-pancratistatin. They are

reviewed in chronological order as follows.





(1) Keek's Total Synthesis 18

Keck and co-workers accomplished the total synthesis of (+)-7-deoxy-

pancratistatin in 1995.'* The key synthetic element in their approach is the use of a 6-

exo - trig radical cyclization between a benzylic radical and an oxime

OH
HO.

Vs^^
11

OMOM

8 steps

39%

1) n-BuLi

-98- -78°C ,

2) TPAP(Cat)

NMO
72%

BnO

13

OMOM
TBDMSO, ^Q

4 Steps

56%

\-6 BnO X= —O-^N^N

14

OMOM

TBDMSO

BujSnH

70%

\_^ H'^ ^OBn

15

6 Steps

56%

7-deoxy-Pancratistatiii

Scheme 1

ether (note structure 14) to construct the highly functionalized cyclohexane nucleus

(Scheme 1). The synthesis started from the readily available D-g;ulono-l,4-lactone-
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2,3-acetonide 11 as a chiral source, which furnishes carbons 4a-10b with the desired

absolute configurations at €,-€4. Conversion of 11 to the ester 12 was completed in

39 % yield in eight steps and was followed by the treatment of ester 12 with n-

butyllithium at low temperature to provide an unstable benzylic alcohol in a

surprisingly good yield. This alcohol was immediately oxidized with catalytic

ruthenium and morpholine-N-oxide to the keto aldehyde 13 in 72% yield, in which

the ClOb-Cl bond was established by the low temperature anionic homo-Fries

rearrangement. The desired radical precursor 14 was then obtained via a series of

standard reactions in four steps and 56% yield. The protected lactol was then

subjected to the McCombie-Barton radical cyclization by using BujSnH and AIBN in

toluene at 90 °C to close the crucial C4a-C10b bond of the chiral oxime to yield 15 as

a single stereoisomer with the required trans relationship in 70% yield. The final

stages to the target molecule 7-deoxy-pancratistatin included the protection of lactol

to lactone via trifluoroacetic anhydride, TBDMS removal, rutheniimi-catalyzed lactol

oxidation, reductive cleavage of the N-0 bond, lactone to lactam isomerization and

the fmal protecting group removal. The overall yield of (+)-7-deoxy-pancratistatin

starting from 11 was 7%.

The radical cyclization approach used by Keck appears to be superior in terms

of stereocontrol, despite the synthesis length which requires the construction of a

temporary ring in order to control the intrinsic cis selectivity of the radical C-ring

closure, and the inclusion of a number of protection and deprotection steps.
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(2) Hudlicky's total synthesis 19

Hudlicky and co-workers also completed the synthesis of (+)-7-deoxy-

pancratistatin in 1995 after their first generation attempt toward the asymmetric

synthesis (+)-7-deoxy-pancratistatin.'"' The key synthetic element in this approach is

the coupling of a higher order cyanocuprate with an aziridine (note the structure

OCX
16

Me02C^ ^OS02PhpN02
(1)

N
H 80%

(2)Bu3SnH, AIBN, 54% N
Me02C

17

'XT
^2Cu(CN)Li2

BF3 Et20, -78°C to rt

34%
{
'r/i^°oK

H''^"~C02lV1e

18

2 Steps

49%

4 Steps

30%

Scheme 2

7-deoxy-pancratistatin

18) to give the carbon framework of the title alkaloid. The basis for this work

involved the enantioselective dearomatization of bromobenzene by fermentation

using the microorganism Pseudomonas putida to produce an enantiomerically pure
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"nearly aromatic" precursor 16 as the starting material (Scheme 2). The

carbomethoxyaziridine 17 was generated by using methyl p-

nitrophenylsulfonyloxycarbamate/KjCOj followed by reduction with BujSnH.

Displacement of the carbamoylaziridine with the higher order cuprate Ar2Cu(CN)Li2,

proceeded in an S^2 fashion at the allylic position to provide the desired

methylcarbamate 18 in 34% yield. Deprotection of the acetonide, followed by

hydroxyl-directed epoxidation of the sterically hindered face of the olefin with

V0(acac)2 / t-BuOOH gave 19, which was then subjected to stereoselective ring

opening of the epoxide. Acetylation of the hydroxyl group and Bischler-Napieralski

type cyclization, followed by deacylation led to (+)-7-deoxy-pancratistatin.

The overall yield of (+)-7-deoxy-pancratistatin starting fi-om brombenzene

was 3% in 11 steps. The small number of steps and stereochemical efficiency of this

synthesis is extremely attractive, in spite of the low yield of only 34% for the key

coupling step.
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1.3 Our Synthetic Strategy for the Synthesis of T-deoxy-

Pancratistatin

As mentioned previously, the major difficulty with any approach to the

oxygenated 7-deoxy-pancratistatin has been in controUing the stereochemistry at

C10b-C4a and in introducing the oxygenation in the C-ring, imfortunately the trans

B-C ring junction is more difficult to generate than the corresponding cis-nng

junction. Moreover, lactam formation, normally a facile process, is very difficult in

the case of the trans-lactam, which contains at least four sp^-hybridized carbons while

formation of the epimeric cw-lactams is much easier. On the other hand, it is well

known that^° the Diels-Alder reaction is the most popular [4+2] cycloaddition which

has been used to elaborate the carbon backbone of many natural products. It has

remarkable regioselectivity, relatively predictable endo selectivity, syn

stereospecificity, and capacity to control the relative and absolute (if asymmetric)

stereochemistry at the newly created chiral centers. Thus, the above challenge for the

synthesis of trans fiised 7-deoxy-pancratistatin analogs should be overcome by using

an electron deficient /ra/i5-dienophile reacting with a relevant diene to control the

trans B-C ring junction, taking advantage of the concerted nature of the Diels-Alder

reaction. Ultimately, the absolute stereochemistry of the C-ring should also be

controllable by a suitable chiral catalyst as well. Thus, our retrosynthetic analysis of

7-deoxy-pancratistatin was proposed as outlined in Scheme 3.
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As it is depicted in Scheme 3, our plan for the synthesis of 7-deoxy-

pancratistatin analogs will entail an A-B-ring closure late in the synthesis with the

required rra«5-lactam formation using a Bishler-Napieralski-type cyclization (i.e., 20

-> target, Scheme 3). Synthesis of the intermediate hemiketal moiety of C-ring 21

would employ enantioselective catalytic Diels-Alder reaction methodology. The

mechanism for this key step will be a proposed tetrahedral arrangement around the

7-deoxy-pancratistatin

20

II

31

NO2

+ aOTBS
OTBS

21

Scheme 3

metal centre of the chiral catalyst by an achiral precursor nitroolefin (vide infra in the

asymmetric catalytic approach).

It is well known^' that nitro-olefins are excellent dienophiles in the Diels-

Alder reaction. Normally they require milder conditions than those required for

simple olefins and the nitro-group can control the regiochemistry of the addition very

effectively due to its electronic properties.^'" The McNulty group^^ has discovered a

novel method for the preparation of nitroalkenes based on an ultrasound promoted
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condensation of aldehydes with nitromethane. The use of anunonium acetate in

acetic acid was crucial to the success of this reaction. Such a catalyst makes the

process time shorter and suppresses completely the side-reaction polymerization of

nitroalkenes even with continuous sonication. Thus we will explore the potential of

using fraAi5-2-aryl-nitroalkenes prepared in such a way as the dienophile in Diels-

Alder reactions to react with furans and Danishefsky dienes, as potential routes to 7-

deoxy-pancratistatin analogs.

As mentioned previously, the most notable feature of this strategy (Scheme 3)

is the utilization of a chiral catalyst to stereoselectively assemble the cyclohexane C-

ring via a Diels-Alder reaction employing an achiral precursor 2-aryl-nitroolefin. The

basis for the trans B-C-ring junction is the utilization of a trans nitroolefin whose

trans-geometry assures the trans-BC ring junction desired. Also, the stereochemistry

of the C-ring will be introduced at this stage This strategy has the potential for ready

modification for the preparation of a wide range of analogs of lycoricidine type

alkaloids.

An alternative approach for the synthesis of 7-deoxy-pancratistatin, which

shares the similar advantage of the Diels-Alder approach, is via a combination

Michael addition of an organometallic reagent onto the nitroalkene followed by

subsequent intramolecular nitroaldol cyclization with an appropriately functionalized

carbonyl-containing side chain (various R groups possible), as shown in Scheme 4.

Nitroalkenes are the strongest Michael acceptors known" so far and the first catalytic

asymmetric version of the addition of dialkylzinc to co-nitroolefins has been



8*1

f. "''' 'M

rbirl,

|k 5}i



IS

reported.^'* Thus, we will also explore the possibility to make 7-deoxy-pancratistatin

by this Michael addition approach with a key step of adding both achiral and chiral

organometallic reagents to nitroalkenes together with a chiral catalyst and a non-

chiral catalyst respectively.

7-deoxy-pancratistatin
22

31

NO2

23

31

Scheme 4

The above two retrosynthetic analyses take advantage of Diels-Alder and

Michael addition methodology to construct the six-membered C-ring. The efficiency

of those syntheses will be reflected by the construction of the 7-deoxy-pancratistatin

framework through an asymmetric chiral catalyst to introduce three stereocenters into

the C-ring at one time.
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To support the development of this general strategy, we first started with a

model system to make the simplest racemic analogs of lycoricidine and then

expanded the studies to the asymmetric synthesis of analogs of 7-deoxy-

pancratistatin. The results will be presented and discussed in the next chapter.
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Chapter II

Results and Discussion

Current effort toward the synthesis of new simpUfied derivatives of 7-deoxy-

pancratistatin has been focused on the Diels-Alder and Michael addition approaches,

3, 4-methylenedioxy-co-nitrostyrene was used as the starting material in both

approaches. Novel racemic analogs of 7-deoxy-pancratistatin have been successfully

synthesized in very good yields based on the strategies described in Chapter I, using

either the Diels-Alder reaction or Michael addition as the key steps. These reactions

serve as perfect model studies toward the total syntheses the analogs of lycoricidine

and related alkaloids. Both chiral pool and asymmetric catalyst approaches have been

attempted to synthesize the optically active 7-deoxy-pancratistatin derivatives, based

on the methodology developed in the model system. Even though the total synthesis

of the final target molecule has not been achieved, the results so far manifest are very

promising for both approaches.

2.1 The synthesis of racemic analogs of lycoricidine

alkaloids-Modeling studies

2.1.1 The Diels-Alder Approach

The key step for the synthesis of racemic analogs of lycoricidine by the Diels-

Alder approach will be the critical highly regioselective [4+2] cycloaddition of the

3,4-methylenedioxy-(o-nitrostyrene dienophile 31 with Danishefsky's diene. As
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shown in Scheme 5, this reaction proceeded stereoselectively to give the expected

major exo-nitro adduct with an exo.endo ratio of 95:5 in 93% yield, which bears the

correct skeleton and /ra/jj-geometry contained in the structure of the final product 38.

NO,

O

31

^ OSiMe,

(1) A
(2);7TSA

OMe

OMe + O

32a

95:5

Scheme 5

>)Me

A exo

MeaSi

OMe

steric

repulsion

»': +.?

jlsion " \^
^

<'T. ,XK'

5- .SIMea
O
^ '"N electrostatic

.'_ -^ repulsion

MeO
H 1*N

I ; _

Me3Si-0 p^ - „

H O superimpose<d h'

MeO O'

H 1*n:-

H
structures J 5-

R>fV^0-SiMe3
H

Figure 2

The ratio of the adducts was evidenced by 'H NMR analysis. The absolute

stereochemistry of the major adduct 32a was deduced to be ejco-nitro based on the

literature results of the X-ray analysis of a similar compound.'' The formation of the

predominantly the ero-nitro product is believed due to less electrostatic repulsion
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between the strong negative charge of the nitro group and the negative charge on the

oxygen of the OTMS group in Danishefsky's diene as shown in Figxire 2. It was also

noticed that the higher endo.exo selectivity is due to the other substituted group in

Danishefsky's diene. Recently, Stoodley and co-workers found^* that the degree of

'electron richness' of a diene is an important consideration in endo.exo selectivity and

therefore 0-methyl/silyl groups are more effective than 0-acetyl substituents in

promoting the formation of eAco-nitro cycloadducts. With this right stereochemistry,

ketone 32a was further elaborated by chemical and stereoselective reduction with

NaBH4 in methanol to afford a single stereoisomer 33 which was then converted to

the acetate 34 by standard method (Scheme 6). The relative stereochemistry of

compoimd 33 was established by the n.O.e. experiment of its ester 34 as shown in

Fig. 3.

OMe

34

Figure 3

Initial attempts to reduce the nitro compound 34 to amine 35 by zinc and hydrochloric

acid" which is the most common chemical reduction method for such a
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transformation failed due to the instability of 35 to acidic conditions. We have thus

examined the reaction with several classes of chemical reducing agents under mild

conditions such as NaBH4/NiCl2,'° PtO^/Hz,'^ Smlj/MeOH,'^ HCO^NHyiO yoPd-C,"

NaBH4/Pd-C,'' and Al-Hg." Unfortunately, these systems failed to yield the amino

product 35. It has
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(

H. NaBH4, EtOH

NO2

32

OMe

OH

AC2O, EtsN

OMe

33

(

H/,

OAC

N02

34

OMe

Raney-nickel, Hj

750Psi

.y-'K'i

OAc

cica>CHi

OMe

35

(

OAc
OAC

II

OMe

NHCO2CH3

36

TfzO, DMAP O^<
O

OMe
NaOMe, THF-MeOH

OH

OMe

Scheme 6

been reported that'^ Raney-Nickel is a very effective catalyst for hydrogenation, and

can reduce a variety of organic functional groups in a decent yield. Thus, we found

that the high-pressure hydrogenation catalyzed by aqueous Raney-Nickel at a pressure
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of 750 Psi performed in a stainless bomb at room temperature in methanol can

quantitatively convert 34 into the expected amine 35. Protecting the resulting amino

group gave the carbamate 36. Formation of the lactam B-C-ring junction associated

with the target molecule was achieved by a Bischler-Napieralski-type cyclization" on

the carbamate 36 using a combination of triflic anhydride (TfjO) and 4-

(dimethylamino)-pyridine (DMAP), followed by acid catalyzed hydrolysis of the

resulting imidate and reacetylation due to partial acetate hydrolysis to provide cleanly

the tetracycle 37 in 80% yield. This Bischler-Napieralski type reaction most likely

proceeds via an isocyanate intermediate and closes in a 6-endo-dig transition state" as

"3'-° V H.nn'^ \

-OSCCF,

(x^"-^ kxO^
OCHi

H,0

R,

.9

<

Scheme?

shown in Scheme 7. Finally, deprotection of 37 with sodium methoxide-mediated

removal of the acetate afforded the target lycoricidine analogue 38. The overall yield

of 38 was 51% in 7 steps from readily available nitrostyrene 31. Compound 38 is a
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novel simplified deoxy-analog of lycoricidine alkaloids related to pancratistatin and

will facilitate pharmacophore studies in comparison with related alkaloids.
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2.1.2 The Michael Addition Approach

Encouraged by the Diels-Alder results, we extended our model system to a

wider scope by investigating the conjugate Michael addition as a route to synthesize

other deoxy analogs of lycoricidine. The nitrostyrene 31 was still the starting

material due to the fact that it is a very strong Michael acceptor. It has been reported^*

that the addition of lithium or magnesium cupates to a nitroalkene doesn't initiate

clean reaction due to electron-transfer side reactions and also the magnesium and

lithium nitronates obtained after addition can themselves add to nitroolefins and

hence lead to polymerization products. We thus chose the zinc cuprate to serve as the

Michael addition reagent to react with nitrostyrene 31. Another concern in terms of

the reactivity needed to synthesize the zinc-cuprate reagent is that commercially

available aliphatic bromides or chlorides are usually not reactive enough for zinc dust

insertion to occur. The problem may be solved using highly activated zinc metal"

although this is quite expensive and is complicated to prepare. The problem is best

overcome

Br(CH2)3C02Et ^"' LiI(Cat.)
, BrZn(CH2)3C02Et

CuCN.2LiCI

BrZnCu(CN)(CH2)3C02Et

39

Scheme 8
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by the treatment of the primary alkyl bromide with zinc dust (3.0 equiv.) which has

been previously activated with 3 mol% of 1 ,2-dibromoethane and 1 mol% MejSiCl in

the presence of a catalytic amount of a lithium iodide (0.25 equiv.). This is done in a

polar solvent like DMF (75 °C, 5h) as depicted in Scheme 8. This procedure was

carried out with ethyl 4-bromobutyrate followed by transmetallation in situ to the

corresponding copper reagent after the addition of CuCN • 2LiCl. This mixed

organometallic species readily reacted with 2-aryl-nitrostyrene 31 at °C. As also

shown in Scheme 8, this Michael reaction proceeded cleanly to yield nitroester 39 as

the main product with high regiospecificity and in 81% yield. The major side product

appeared to be 40 as analyzed by NMR and HRMS, in which the intermediate anion

i9

O2

39 40

Scheme 9

from 39 further reacted with 2-aryl-nitrostyrene 31 to form the dimer 40 as shown in

Scheme 9. It was observed that this polymerization can be reduced to a negligible

amount (<5%) if the addition of RCu(CN)ZnBr was done at -78 °C, followed by a

slow warming of the reaction mixture to °C. Furthermore, the reaction was best
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quenched at -78 °C with a weak acid Hke acetic acid in order to obtain the nitroester

39 as the sole product and avoid any ketone formation (Nef reaction)." The

advantage of the in-situ iodide generation methodology is obvious. It avoids the

preparation of the expensive and often light sensitive alkyl iodide which serves as the

classic precursor of such organozinc reagents.

Selective reduction of the nitroester with diisobutylaluminium hydride at low

temperature provided aldehyde 41. This compound is the key substrate for the

intramolecular nitroaldol cyclization (SchemelO) to test our ability to control the

stereochemistry of what will be the BC-ring fusion in the target molecule. This

cyclization serves as the key step to test the usefubiess of the Michael addition

approach to compounds of this type. The reaction was carried out via a neutral

alumina promoted chelation controlled intramolecular nitroaldol cyclization

according

Alumina _ H/,

^"° ^ <°rYV>OH .. O

41 42a

RO' \

95:5

Scheme 10
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to the modified literature method". The detailed procedure was developed as follows:

A solution of aldehyde 41 in dichloromethane was treated with neutral alumina at

°C, and the solvent was removed under a nitrogen flow. The resulting solid was left

standing at room temperature for 48 hours and two diastereomeric products 42a and

42b were formed cleanly in the ratio of 95:5 as shown in Scheme 10. Most

importantly, no dehydration was observed when neutral alumina was employed at

room temperature; while it has been reported that simply raising the reaction

temperature to 40 "C results in the formation of nitroalkenes as the major product."*"

The relative stereochemistry of the major isomer 42a was determined by analyzing

the coupling constants (Major: H-4a 64.45 ppm, dd, J=11.15 and 9.75Hz) from 'H

NMR. This reaction was believed to proceed through a proposed transition state as

shown in Scheme 10, in which an alumina-nitronate bischelate intermediate

undergoes intramolecular cyclization via a chelation controlled chair-like transition

state."*' All developing substituents occupy equatorial-like positions in order to obtain

a minimum energy conformation. The high diastereoselectivity observed from the

experiment is consistent with such a transition state very well. This model should

also be usefiil in the prediction of diasteroselectivity in other related 6-exo-trig

nitroaldol reactions, i.e. the chelation confroUed and chair like transition state can

serve as a means of controlling the relative stereochemistry in the product. Further

elaboration of nitroalcohol 42a toward the target molecule should be straightforward

following similar procedures developed in the Diels-Alder approach. First,
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nitroalcohol 42a was protected as the acetate ester followed by the reduction of the

nitro group with high pressure hydrogenation catalyzed by Raney Ni. Even though

the nitro group had been totally reduced, an intramolecular acyl transfer occurred

subsequently to yield an undesired acetamide 44 instead of the corresponding amine

as shown in Scheme 11. This problem was overcome by changing the protecting

group of 42a to TBDMS, which was quantitatively reduced to the corresponding

amine 46 without incident. Unfortimately, the resulting carbamate 47 prepared by

methoxycarbonylation of the amine 46 failed to cyclize by the previously used

method (modified Bischler-Napieralski-type reaction) due to the instability of the

TBDMS group under the cyclization conditions. Thus, the protecting group was

changed to acetyl in compound 48 by using a one-pot procedure as developed by

Ganem."^ The acetate 48 was smoothly cyclized under the modified Bischler-

Napieralski conditions to give the tetracycle 49. Finally, removal of the acetate

protecting group completed the synthesis of lycoricidine analogue 50 in 9 steps fi-om

readily available 2-aryl-nitroolefin 34 in overall 37% yield.

The synthetic route described above affords another novel derivative of

lycoricidine alkaloids related to pancratistatin, which will provide us with more

information about the active pharmacophore in these compounds through structure-

activity analysis. Since the synthetic methodology described here can be expanded to

elaborate other related structures for a variety of C-ring analogues, it establishes a
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OTBDMS 45

°jfji^^OTBDMS

AC2O, FeClj

<°rYV^0Ac '^

O^^*^ NHCOjMe

TfjO, DMAP

49
OAc

:=: ^OH 50
NH

Scheme 11
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general route to obtain the library of alkaloids needed to facilitate pharmacophore

studies of these valuable antineoplastic alkaloids.





31

2.2 The Chiral Pool Approach

With successful methodology developed in the modeling studies, especially in

the Michael addition approach, our efforts were focused on the total synthesis of

optically active and more oxygenated 7-deoxy-pancratistatin analogs by using either a

chiral starting material or a chiral catalyst. Due to the availability of materials and the

synthetic strategy already outlined, we combined the usage of chiral starting material

with the Michael addition reaction, to develop a "chiral pool approach". We also

considered the application of a chiral catalyst applied to the Diels-Alder approach (see

section 2.3).

The chiral pool approach for the enantoselective synthesis of lycoricidine type

alkaloid started with commercial, readily available L-tartaric acid. We planned to

make the Michael addition reagent with its two available chiral centers as shown in

Scheme 12. It was not clear at the time we began the project what the stereochemical

outcome of the initial diasteroselective conjugate addition would be, since there are

no precedents in the literature with regard to the stereochemical control in this kind of

Michael addition. We proposed that using the L-tartaric acid 51 would lead to the

desired natural stereochemistry of the target molecule based on the transition state

model developed in the modeling system. The initial chiral Michael addition would

likely give two diastereomers; we would hope to alter the stereochemistry in our

favour by using chelation versus non-chelation control. The stereochemistry of the

intramolecular nitroaldol cyclization could be controlled by a chelation control chair-
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like transition state with suitable protecting of the hydroxyls, in a modified version of

our previous model.

The synthesis started with L-tartaric acid which was converted to diol 53 by a

three step sequence using literature methods/^' *^' *' One of the hydroxyl groups in

diol 53 was selectively monosilylated by treatment with NaH and TBDMSCl in THF

HOOC roOHH HO
Three stqjs^

S—OH >-0P

Two steps

HO OH

L-Tartaric Acid 51

(D?

o) ecr-""'

55

~H
57 P=TBDMS

60P=Ac

(1) removal of P

OP i?)Sweni..„^

(3) Alumina

54

(1) Protecting

(2) Raney Ni, Hj q
"oycicoJMe"*' (
(4) TfjO, DMAP O'

(5) Deprotecting

Scheme 12
rb;

to provide monosilylated product. This was directly subjected to iodination via a

variation of the Corey protocol (Ij, PhjP, Imidazole , PhH/Et20 (1:2), 1.5 equiv of

each reagent).''* Thus the chiral precursor of the Michael addition reagent 57

(P=TBDMS) was synthesized in 85% yield over two steps from diol 53. It is obvious
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that the synthesis of the core molecule 54 will be the crucial step for this approach.

Based on the previous studies, the mixed organo zinc-cuprate reagent will still be the

ideal choice for the Michael addition reagent"*^ and it was formed by the reaction of

iodide 57 (P=TBDMS) with active zinc followed by the addition of the soluble salt

CuCN'2LiCl as shown in Scheme 13. Unforttinately, the reaction of this

organometallic species with the electrophilic 2-aryl nitroolefin did not lead to the

desired product 57 (P=TBDMS).

B—OTBDMS

(1) Active Zn, THF

(2)CuCN'2LiCI

o
(3) <

NO: Decomposes

57

Scheme 13

It was subsequently discovered that the TBDMS group was removed which resulted

in many unwanted side products, likely due to the attack of halide anions on silicon.

Therefore we decided to change the monoprotecting group on compound 57. This

was changed to the acetate by addition of AcCl and EtjN at -20°C to the diol to form a

new precursor for the Michael reagent 60 (P=Ac). So far, the yield for this selective

monoprotection is only 50% and is currently being optimized and circumvented by a

alternative route. The product could be obtained in fair amounts despite the low

acetylation yield, however, no desired Michael addition product was obtained after
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treatment of this precursor with Zinc and CuCN^LiCl followed by the addition of the

2-aryl-nitroolefin. It is obvious that more studies need to be done either to choose the

right protecting group or to optimize the Michael addition conditions so that it can be

functional in the reaction. Since this precursor was not active enough to react with

the nitroolefin, an approach was taken in an effort to optimize this conjugate addition

process via the formation of the so-called "high order" cuprate species R2Cu(CN)Li2,

as developed by Lipshutz/' which is more reactive than the mixed organo zinc-

cuprate. Thus, compound 58 was synthesized by metal-iodine exchange (t-BuLi,

THF, -78 °C, 1 h, then CuCN, 1 h) from 57 and reacted with 2-aryl-nitroolefm 31 at -

78 °C to -30 °C as shown in Scheme 14. Unfortunately, the major product proved to

be the elimination product 59 instead of the desired Michael addition product.

Changing the base from t-BuLi to less reactive MeLi or n-BuLi might avoid the

elimination product, however it has been reported'*'" "* that such conditions are

favorable for the generation of an intermediate lithiiun nitronate which is reactive

enough to

I « a—OTBDMS /

O^

—

.
^O (••>> r.irN -in in -itPr It, J V

:r-OTBDMS

(2) CuCN, -78 to -3(fC,lh ^ q

57
58

rOTBS

59

Scheme 14
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lead to partial polymerization resulting in moderate yields of the Michael-adduct.

The optimization of the reaction conditions is still a big challenge to the successful

realization of the chiral-pool approach.

Although the chiral-pool approach to the synthesis was obstructed in the

Michael addition step, the whole strategy for the asymmetric synthesis is still very

promising due to the fact that similar Michael additions successfully led to the

finished target molecule in the model studies.
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2.3 The Asymmetric Catalytic Approach

As mentioned previously, the other approach towards the total synthesis of

optically active 7-deoxy-pancratistatin derivatives is using a chiral catalyst in the key

Diels-Alder or Michael addition reaction. Based on our initial achiral modeling

studies, the rra«5-2-aryl-nitroolefin would again serve as the dienophile and a fiiran

derivative or Danishefsky reagent would function as the diene. While this realization

is a long-term goal, our major effort here will be focused on the design and synthesis

of a novel class of chiral ligand chelated with a suitable metal, as a general chiral

catalyst that may eventually be

Ind fe% m—Ind

PhSOjN NSOjPh

I

CH,
OSiMea

OSiMej

MejSiO,

H*n r"-

s

IndH\»1 [•"/-

Scheme 15

applicable to the above Diels-Alder reaction. The sense of the asymmetric induction

in this Diels-Alder reaction can be rationalized^" by assuming that the reaction will

proceed via the intermediacy of the chelated tetrahedral transition state assembly
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depicted in Scheme 15. The 2-aryl-iiitroolefin is chelated to the metal centre via two-

point binding. This leaves open the two faces Si and Re for attack of the diene.

Important structural attributes of this complex needed for enantioselective facial

selectivity would be controlled by the chiral ligand employed. We propose to prepare

a new type of helical or propeller shaped Cj-symmetrical 1,2-diamino ligand which

would effectively close off one face of the complexed dienophile by steric non-

bonding interactions of the aromatic groups. Thus, the furan or other diene can only

attack the complex through the Si face as shown in Scheme 1 5 due to steric blocking

of the i?e face.

Design and synthesis of chiral, optically pure, transition metal complexes for

the asymmetric Diels-Alder reaction has been a subject of considerable interest in

recent years and efficient catalysts for a niunber of asymmetric reactions have been

developed.'" The major class of Cj-symmetric chiral ligands used so far include diol,

diamino, disulfide and bis-oxazolines, chelated with suitable metals. These reagents

function effectively as chiral Lewis acids to catalyze a nimiber of useful

enantioselective Diels-Alder reactions.'' From among all the chiral ligands

considered, we are particularly interested in the chiral disulfonylamide derivatives

due to the fact that such ligands have advantages over the others. First, the pK, value

of sulfonylamide is much lower than that of alcohols. For example, pK^ values of N-

methyl trifluoromethanesulfonylamide and methanesulfonamide are 7.56 and 10.8

respectively, while the pK, values of classic alcohols are I6~18. Thus this is an

electron-withdrawing chiral ligand which will not only provide a chiral environment
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for the reaction, but will also increase the acidity of the Lewis acid so that the

catalytic activity might also be increased. Secondly, the rotation about the S-N bond

might be restrained in the chiral metal complex so that it can provide a rigid chiral

environment around the metal ion to increase the enantioselectivity. Due to the

rotational freedom that would be presented in a helical shaped ligand, we designed a

ligand employing double aromatic Ti-stacking to achieve structural rigidity. For

example, based on molecular modeling studies (Hyperchem AMI) for the designed

complex shown in Scheme 15, the ti-basic indole and the rr-acidic phenyl sulfonyl

will retam a parallel orientation at the ideal separation (3. 5A) distance to maximize k-

donor and ;i-acceptor interaction. The minimized structure shows the formation of a

rigid and effective chiral environment around the metal ion so that the diene can only

attack the complex from one face (Fig. 4).

Molecular Modelling fHYPERCHEM AMI)

Figure 4



.«^

%



39

Furthermore, from practical considerations, various sulfonylamides can be prepared

from different amines in reaction with commercially available sulfonyl chlorides.

The synthesis of a novel Cj-symmetrical disulfonylamide chiral ligand with the above

architecture and optimization of the catalytic activity through steric/elecfronic fine

tuning of the arylsulfonamide will be the key issues for this approach.

The synthesis of our ligand started with L-tartaric acid 51 as the chiral source.

Compound 65 was prepared in 7 steps as shown in Scheme 16 based on modifications

of literature procedures. The reduction of this azide compound 65 was performed by

using Adam's catalyst since it has been reported*' that Adam's catalyst was clearly

HOOC fOOH
(CH30)jC(CH3)j

I \
CtH^.TsOH

HO OH
EtOH

L-tartaric acid 51

CH3OOC ^OOCHj
.CHjOH \ .^ NaBH4

52

HO—

1

5—OH

V PhCHjBr, NaH

53

PhCHjO S OCH2PI1

jj^Q^
PhHjCO—. j^OCHjPh PhCH^O

CH,OH

HO OH

fil 62

MsCI, E%N,

>(
5—OCH2Ph

MsO OMs

a

rncHjO—% •

—

I3, DMSO ' /
90%

"
I \

OCHjPh
NaN3, DMSO BCi3.Me]S

N, N,

HO—

«

*—OH

N3 N,

65

Scheme 16
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superior to other catalysts for the reduction of azides, because the use of Pd/C and

Pearlman's catalyst normally lead to a fair amount (ca. 20-30%) of side product.

Thus catalytic hydrogenation of the azido groups of compound 65 using Adam's

catalyst under a hydrogen atmosphere afforded aminoalcohol 66 in a decent yield as

shown Scheme 17. Due to its high reactivity and water solubility (isolation

difficulties),

HO—^ m—OH HO—̂ •

—

OH TsO—« §—OTs
.' VVh,^-, \ f T$Cl,Pyr rr\ MeoH r\ ^"""^ n

Nj Nj HjN NHj TsN NTs

65 66
^7

TjO, Pyr

TsO—

s

TsHN NHTs - jj

68

Scheme 17

TsHN NHTs

the intermediate 66 was subjected to tosylation directly without further purification.

Treatment of 66 with pyridine and tosyl chloride followed by extraction with

dichloromethane led to the unexpected product 67 instead of compoimd 68. The

mechanism for the formation of 67 is still unclear although likely involves the

reaction of the diamino with solvent CHjClj. Besides this problem, there is a fiirther

disadvantage with this synthetic route, that being the fact that the key transformation



i)t>



41

(attatchment of the indolyl group) is the last step in this sequence. We therefore

considered a modified synthetic route, as shown in Scheme 18, in which we save the

nitrogen sulfonylation as the last step and the indole substituent is added early in the

synthesis. This route would allow for the preparation of many sulfonyl derivatives of

the key 1 ,2-diamino by reaction with various sulfonyl chlorides.

The synthesis began with diol 53 which was mesylated to afford 72. As

mentioned previously, conversion of the di-mesylate 72 into 74 would be the crucial

step in this improved sequence. This transformation was performed by the

deprotonation of indole using lithium hexamethyldisilazide (LiHMDS) followed by

the

MsO—» f—OMs
<''y~l

^^^^
LiHMDS, J A ^/

CO
\/ THF, renux AJq

72 73

Scheme 18

addition of the dimesylate 72 at -78 °C in THF and warming up to reflux temperature.

Only the monodisplacement product 73 along with polymerization product were

formed as shown in Scheme 18. Since this reaction proceeds through an Sn2

mechanism, increasing the nucleophilic ability of the starting material by changing

the solvent polarity should further increase the reactivity. The reaction was carried

out by treatment of indole with LiHMDS in THF- HMPA (4: 1) at -78 °C, (HMPA is a
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polar aprotic solvent), followed by the addition dimesylate 72. The reaction mixture

was then allowed to warm to room temperature over 2 h and then stirred at room

temperature for a further 8h. Addition of ethyl acetate and work up gave white

crystals that were identified as the N-substituted indole derivative 74 as shown in

Scheme 19. Further elaboration of compound 74 led to the key 1,2-diamino

compound 78 which was treated with TsCl in pyridine to give the desired di-tosylate

-o^ — en OC) P^
LiHMDS, N

O O =- u
m ^

72 74
'>

Scheme 19

80 in 74% yield along with 20% of the side product 79 as shown in Scheme 20. The

overall yield for this modified sequence was 24%, in 10 steps from the inexpensive

and commercially available L-tartaric acid.

( '\
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MtCUEtjN,

Hj, PtO,

\
HO OH

74 75

CO, .CO o;> CO
I ? NaN„DMSO, % f

r\ " /-\
MsO OlVto Nj Nj

76 77

o:>. ^co a) CO a> co
HiN NH, TsHV NHTi

79

TsHS Nl

78 80

Scheme 20

The novel chiral disulfonylamide ligand 80 which bears a chiral Cj axis has a

very good chelating ability to complex with a variety of transition metals. Thus, it is

anticipated to have widespread application in terms of catalyzing different

enantioselective reactions. In order to test the catalytic activity of this ligand, a

nucleophilic addition reaction of diethylzinc with benzaldehyde catalyzed by Ti(0'-

Pr)4 was performed in the presence of the disulfonylamide chiral ligand 80. This

reaction has been one of the most representative catalytic enantioselective reactions in

the literature," to test the performance of new ligand-metal complexes. Therefore,

benzaldehyde was treated with 1.7equiv of Ti (0'-Pr)4 and 1.5 equiv of Et2Zn at room

temperature in toluene in the presence of 0.05 equivalents of disulfonylamide 80

giving
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CO 05
/-( Ti(0-i-Pr)4 OH

TsHN NHTs ^ ^o,,fPhCHO + EtjZn ^ >\
Toluene, r.t., 22hr Pn Et

83

48%, 33%e.e.

Scheme 21

a nice, clean reaction. Not surprisingly, the corresponding (S)-alcohol 83 was

obtained in 48% yield with an e.e. value of 33% as shown in Scheme 21. This

enantiomeric excess (e.e.) value was determined by 300 MHz 'H NMR analysis of the

(S)-(+)-a-methoxy-a-(trifluoromethyl)phenyl acetate (MTPA) ester^^ and the absolute

configuration was established by measurement of optical rotation and comparison

with the literature data." The reaction was believed to be catalyzed by the complex

formed by the deprotonation of the sulfonamides by diethylzinc and chelation to the

titanium (IV) metal to generate the active chiral Lewis acid. This catalyst binds to

benzaldehyde activating it toward the asymmetric reaction with diethylzinc. Since the

complex provided a chiral environment for the nucleophilic attack, enantiomeric

excess for the reaction should be expected. In order to build a rich library of the

current catalytic systems, compound 81 and 82 have also been synthesized from the (-

)-diamino 78 and the corresponding sulfonyl chlorides in the presence of

triethylamine in CHjClj as shown in Scheme 22. The electron withdrawing properties

of these chiral ligands will help the complex form a much stronger Lewis acid, thus

higher catalytic activities should be expected at lower temperatures and should
^
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CC). so (Xi ^\/ RSOjCI, EtjN V^^N^
jT'^'^**^

78

RSOjHN NHSO]R

81-82

(82)

CFj

R- -0"^°^ ('*>: ~Q

Scheme 22

give higher e.e. values.

In the meantime, the use of our disulfonylamide chiral ligands has also been

expanded to the enantioselective Michael additions of diethylzinc to the co-

nitrostyrene as shown in Scheme 23. The reaction is quite clean and the yield is very

high,

©"^X^ 5h, 20°C, CH2CI2 W^
Scheme 23

however the sole product proved to be that of the substitution of the vinylic nitro

group by an ethyl group, as previously found by Seebach." Possible reasons for the

failure of this reaction might be due to either the absence of the complex of zinc and

disulfonylamide ligand or to side reactions such as electron transfer processes going

on.

Even though more experimental data are needed in order to clarify the

mechanism and optimize the reaction conditions, an 33% e.e. value in the first
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attempt on the model addeition reaction indicates the success of the current ligand

system. Thus, this novel Cj-symmetric chiral disulfonylamide ligand should

eventually be applicable toward the synthesis of lycoricidine type alkaloids.

AA Ij.

i-fyui
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2.4 Conclusion

In summary, syntheses of two racemic analogs of pancratistatin via Diels-

Alder and Michael addition routes have been established. The A-B-ring in both

routes was cyclized by using a Bishler-Napieralski-type reaction with the right trans-

lactam formation. In the Diels-Alder route, an efficient [4+2] cycloaddition of 3,4-

methylenedioxy-oo-nitrostyrene with Danishefsky's diene served as the key step in the

construction of the C-ring bearing the correct relative configuration and trans-

geometry with high exo-nitro selectivity. Among the key steps in the Michael

addition route were the conjugate addition of a mixed organo zinc-cuprate to 3,4-

methylenedioxy-co-nitrostyrene and diastereo- controlled cyclization of the

cyclohexane C-ring by an intramolecular nitro-aldol reaction on a neutral alumina

surface. A chair-like transition state for the nitro-aldol cyclization has been

established and can be useful in the predication of diastereoselectivity in other related

6-exo-trig nitroaldo cyclization. These two routes have a potential for ready

modification of more complicated analogs of lycoricidine type alkaloids.

The synthesis of optically active lycoricidine type alkaloids in non racemic

form has been attempted by using a chiral pool and an asymmetric catalytic approach.

In the chiral pool approach, the synthesis of two chiral precursors of the key Michael

addition reagent with two different monoprotecting groups has been accomplished. In

the asymmetric approach, the optically pure, Cj-symmetric, chiral disulfonylamide

ligand has been efficiently designed and synthesized. It has been demonstrated that

such a ligand has a good catalytic property in the enantioselective alkylation using
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diethylzinc and benzaldehyde. Even through a lot of further efforts are still needed in

terms of accomplishing the total synthesis, the successful model studies as well as the

positive results from the chiral pool approach together with the new chiral ligands are

encouraging for the ftiture asymmetric synthesis of lycoricidine type alkaloids.
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3.1 General Experimental Procedures

3.1.1 General Procedures

Unless otherwise indicated, all starting materials were obtained from

commercial suppliers and were used without further purification. All non-aqueous

reactions were conducted in flame dried or oven dried (120 °C) apparatus under an

argon atmosphere. All reactions were magnetically stirred unless otherwise noted.

Air - sensitive reagents and solutions were transferred via syringe or cannula and were

introduced under a positive pressure of argon. Reactions requiring heating were

immersed in a Cat M26-controlled silicon oil bath. The low-temperature baths were

acetone/ liquid N^ (-78 °C), acetonitrile/ liquid N^ (-41 °C), CCV liquid N^ (-20 °C)

and water/ice (0 °C). All reaction temperatures refer to bath temperatures. Removal

of solvents was normally accomplished using a Buchi rotary evaporator connected to

an aspirator vacuum.

Sodiimi hydride (NaH), 60% dispersion in mineral oil from Aldrich Chemical

Company, Inc., was used as obtained. The mineral oil in the sodium hydride was

removed by washing with dry hexane which was then removed via a syringe and

deposited in a beaker containing isopropyl alcohol and liquid nitrogen. The

remaining trace amounts of hexane were removed under vacuum, followed by

reintroduction of an argon atmosphere.

Zinc dust was purified by stirring with 5% hydrochloric acid for three

minutes. After the hydrochloric acid was decanted into a baker, the remaining zinc
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dust was successively washed with water, acetone and ether, and dried in a vacuum

desiccator whereupon it was ready to use.

"Dried azeotropically with benzene" refers to the following procedure:

Benzene was added to the compound to be dried. The solvent was then removed

under vacuum (<5mmHg) and the vessel was filled with argon.

"Concentrated in vacuo or evaporated in vacuo" refers to the removal of

volatile solvents via a Buchi rotary-evaporator attached to a water aspirator (15-

30mmHg) followed by evaporation in vacuimi (<5mniHg) to constant weight.

3.1.2 Chromatography

Column chromatography was performed using forced flow (flash

chromatography) of the indicated solvent system on Aldrich reagent silica gel (70-230

mesh).

Analytical thin layer chromatography (TLC) was performed by using

MACHEREY-NAGEL POLYGRAM SIL G/ UV254 pre-coated plastic plates (0.2

mm). Visualization was effected either by short-wavelength UV illumination,

exposure to iodine vapor, or by immersion in a solution of anisaldehyde in ethanol,

valine in ethanol, concentrated sulfuric acid in ethanol, 2,4-DNP in methanol, or 0.5%

ninhydrin in water, followed by heating with a hot air.
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3.1.3 Reagents and Solvents

Reagent-grade solvent was used for all extractions and work up procedures

without any purification. Distilled water was used for all aqueous extraction and for

obtaining all aqueous solutions. Reaction solvents and reagents were dried and

purified according to published procedures by distillation under argon or vacuum

from the appropriate drying agent:

Distilled from sodium-benzophenone ketyl: benzene, ether, tetrahydrofiiran.

Distilled from calcium hydride: methylene chloride, pyridine, toluene,

triethylamine, hexamethylphosphoramide.

Distilled from magnesium: methanol, ethanol.

3.1.4 Physical Data

Melting points were determined on a Kofler hot stage apparatus and are

uncorrected. Optical rotations were obtained in the stated solvent at ambient

temperature with a Rudolph Autopol III polarimeter.

Proton and carbon nuclear magnetic resonance ('H and ''C NMR) spectra

were taken on a Bruker Advance DPX-300 spectrometer. Chemical shifts are

reported in ppm from teframethylsilane with the solvent resonance of CDCI3

(7.27ppm for proton, 77.0ppm for carbon) as the internal standard. NMR data are

reported as chemical shift (multiplicity, nimiber of protons, coupling constant in Hz).
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Multiplicity is designated using the following abbreviations: s (singlet), d (doublet), t

(triplet), q (quartet), m (multiplet), br (broad), app (apparent).

Infrared spectra were measured on a Mattson Research Series FT-IR

spectrometer and are reported in wavenumbers (cm"') with polystyrene as standard.

Mass spectra were recorded on a Kratos Concept 1 S spectrometer operating in EI or

FAB mode and are reported as m/z values for the parent peak and the major

fragments.

H





3.2 The Detailed Synthesis

3.2.1 The synthesis of 38 was based on Scheme 24

54

CHO
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C^^O NH4OAC.HOAC o~ ^ /^==^/N02
+ CH3N02

AcjO,96% (X.J

30 31

3, 4- methylenedioxy-p-nitrostyrene 31

To a 125 ml round bottomed one-necked flask was added nitromethane (15

mL), ammonium acetate(10 g, 130 mmol), acetic anhydride (5 mL, 53 mmol), acetic

acid (5 mL, 87 mmol) and piperonal 30 (6 g, 40 mmol). The mixture was then

sonicated in a bath sonicator. After 6 hours sonication, no piperonal 30 was left as

indicated by TLC analysis. Yellow precipitates were formed during this period. The

mixtiu-e was then cooled down to °C and kept at °C for additional 1 h. The

precipitates were collected by filtration, and washed with water and petroleum ether.

Purification of this crude product by recrystalliztion twice with aqueous ethanol

afforded nitrostyrene 31 as a pale yellow needle crystal (6.2 g, 80%, chromatography

on silica gel of the mother liquid using CHjClj as eluant, gave an additional 1.2 g,

total 96%).

M.P.: 146-147 "C; TLC: Rf = 0.47 (Hexane : EtOAc = 4:1);

'H NMR (300 MHz, CDCI3): 8.00 (d, IH, J=13.6), 7.50 (d, IH, J=13.6), 7.09-

7.12 (d, IH, J=8.1), 7.01 (s, IH), 6.80 (d, IH, J=8.1), 6.08 (s, 2H);

•'C NMR (75 MHz, CDCI3): 151.8, 149.2, 139.5, 135.8, 127.0, 124.6, 109.5,

107.4, 102.5;

IR(KBr): 3118, 2919, 1629, 1604, 1491, 1456, 1335, 1267, 1102, 1032, 950,

897,817,728,534 cm-';
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MS (EI) m/z: 193 (56.4%, M"), 146 (87.5%), 131 (21.8%), 117 (18.1%), 103

(17.3%), 89 (100.0%), 63 (84.7%), 39 (34.6%); HRMS, calculated for C^^NO^:

193.0375; Found: 193.0384.

,N0, °^«

P~Y^y^'^^^ +
I

(1) toluene. S(PC

"SOTMSC

exo/endo = 95:5 93%

31 32a 32b

(3R*, 4R*, 5R*)-3-(l,3-benzodioxoI-5-yl)-5-methoxy-4-iiitrocyclohexan-l-one 32

A solution of l-methoxy-3-trimethylsilyloxybuta-l,3-diene (Danishefsky's

diene, 0.60 mL, 3.0 mmol) and nitrostyrene 31 (0.28 g, 1.4 mmol) in toluene (1 mL)

was heated in a sealed tube for about 8 hours until no starting material 31 was

detected by TLC. The toluene was then removed and tetrahydrofuran (20 mL) andp-

toluenesulfonic acid monohydrate (pTSA, 0.2 g, 1 .4 mmol) were added to the above

solution at °C. The resulting mixture was then stirred at °C for an additional 2 h

followed by addition of solid NaHCOj (0.2 g). The filtrate was concentrated under

reduced pressure and the residue was purified by flash chromatography

(hexane/acetone, 3:1) to provide ketone 32 as a 95:5 mixture of exo/endo isomers as

an orange solid (405 mg, 93%).

M.P. 70-72 °C; TLC: Rf = 0.2 (Hexane : Acetone = 3:1);
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'H NMR (300 MHz, CDCI3): 6.63-6.76 (m, 3H), 5.95 (s, 2H), 4.93 (dd, IH,

J=9.4, 1 1.6), 4.04-4.12 (m, IH), 3.36 (m, 4H), 3.03-3.09 (m, IH), 2.51-2.68 (m, 3H);

•'C NMR (75 MHz, CDCI3): 203.5, 148.7, 148.1, 130.6, 121.2, 109.1, 107.4,

101.8, 94.0, 78.9, 58.0, 46.4, 44.6, 43.3;

IR (KBr): 3414, 2990, 2909, 2256, 1719, 1553, 1505, 1443, 1384, 1250,

1239, 1191, 1125, 1093, 1035, 921, 814, 738, 724, 647 cm"';

MS (EI) m/z: 293 (100%, M"), 246 (31.4%), 215 (44%), 187 (85.7%), 173

(27.0%), 147 (35%), 131 (30.3%), 102 (29.6%), 71 (30.0%); HRMS, m/z calculated

for C,4H,5N06: 293.0899; Found: 293.0887.

NaBH4

OMe MeOH OMe

33

(IR*, 3R*, 4R*, 5R*)-3-(l,3-benzodioxol-5-yl)-5-methoxy-4-nitrocycIohexan-l-ol

33

To a solution of nitroketone 32a (400 mg, 1.37 mmol) in 10 ml methanol at

°C was added NaBH4 (500 mg, 13.65 mmol) portionwise and the reaction was

vigorously stirred at °C for 3 h until no starting material 32a was detected by TLC.

The reaction was neutralized by dropwise addition of saturated aqueous NH4CI,

concentrated under reduced pressure, diluted with saturated aqueous NaHCOj, and
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extracted three times with CHCI3. The combined organic phase was washed with

brine, dried over anhydrous Na2S04, and concentrated in vacuo to yield 436 mg of

alcohol 33 as a pale yellow solid which was used for the next step without further

purification.

TLC: Rf=0.25(CH2Cl2);

'H NMR (300 MHz, CDCI3) : 6.56-6.70 (m, 3H), 5.89 (s, 2H), 4.48 (t, IH,

J=10.6), 3.80 (dt, 2H, J=4.7, 11.0), 3.29 (s, 3H), 3.03 (dd, IH, J=3.0, 14.3), 2.86 (br,

s, IH), 2.54 (d, IH, J=13.2), 2.09 (d, IH, J=12.5), 1.53-1.65 (m, 2H), 1.27-1.43 (m,

2H);

"C NMR (75 MHz, CDCI3): 148.4, 147.6, 132.2, 121.0, 109.0, 107.6, 101.6,

95.3, 79.0, 66.8, 57.4, 44.0, 41.4, 38.1;

IR(KBr): 3406, 3112, 2922, 2360, 1635, 1554, 1505, 1251, 1139, 1042 cm';

MS (EI) m/z: 295 (45.4%, M"), 230 (46.9%), 217 (13.1%), 173 (11.8%), 149

(34.7%), 129 (55.4%), 112 (27.2%), 84 (100%), 70 (21.3%), 57 (26.6%); HRMS,

m/z, calculated for C,4H,7N06: 295.1056; Found: 295.1062.

AC2O, EtjN

'OMe „„.„ -Or
^O, DMAP, 0"C r^ T i OMe

\ k. J NO2
70-80%

33 34
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(IR*, 3R*, 4R*, 5R*)-3-(l,3-benzodioxol-5-yl)-5-methoxy-4-nitrocycIohexyl

acetate 34

Acetic anhydride (0.2 mL, 2.0 mmol) was added dropwise to an ice cooled

solution of nitroalcohol 33 (280 mg, 0.95 mmol), triethylamine (0.33 mL, 2.4 mmol)

and a catalytic amoimt ofDMAP in CHjClj (8 mL) at °C. The reaction mixture was

stirred at °C for 5 h until no starting material 33 was detected by TLC. The solution

was then concentrated in vacuo and column chromatography of this crude product on

silica gel (CH2CI2 /hexane, 1:1) afforded the acetate 34 (256 mg, 75% yield from

compound 32) as a white crystal.

M. P. 65-67 °C; TLC: Rf = 0.45 (CH^Cl^);

•H NMR (300 MHz, CDCI3): 6.60-6.74 (m, 3H), 5.94 (s, 2H), 4.94 (m, IH),

4.53 (dd, IH, J=9.8, 11.3), 3.88 (m, IH), 3.36 (s, 3H), 3.13 (t, IH, J=12.5), 2.66 (m,

IH), 2.26 (m, IH), 2.06 (s, 3H), 1.70 (dd, IH, J-13.2, 25.7), 1.50 (dd, IH, J=12.0,

23.7);

"C NMR (75 MHz, CDCI3): 170.6, 148.5, 147.7, 131.7, 121.1, 109.0, 107.5,

101.6, 94.9, 78.7, 68.6, 57.8, 43.8, 37.7, 34.8, 21.5;

IR (KBr): 3390, 2933, 1733, 1555 (NO^), 1489, 1380, 1246, 1096, 1039, 928,

819,634 cm-';

MS (EI) m/z: 337 (50.5%, M"), 230 (100%), 215 (19.1%), 199 (32.5%), 135

(39.2%), 115 (16.1%); HRMS, m/z calculated for C,6H„N07: 337.1161; Found:

337.1148.
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OAc OAc

RaneyNi, H2, MeOH

?'~~f^^ A OMe 650 Psi ?'~X T i "OMe
\ A.J NO2 \ JL J NH2

34 3S

(IR*, 3R*, 4R*, 5R*)-4-amino-3-(l,3-benzodioxol-5-yI)-5-methoxycyciohexyI

acetate 35

To a solution of the acetate 34 (120 mg, 0.35 mmol) in methanol (5 mL) was

added a catalytic amount of Raney Nickel and the reaction mixture was vigorously

stirred at room temperature in a hydrogen atmosphere with a pressure of 650 Psi in a

stainless steel bomb for 6 h. The resulting mixture was then diluted with methanol

and filtered through celite. The filtrate was concentrated in vacuo to afford amine 35

(109 mg, 100%) as a colorless oil.

TLC: Rf = 0.2 (CH^CljiMeOH^ 20:1);

'H NMR (300 MHz, CDCI3): 6.62-6.70 (m, 3H), 5.87 (s, 2H), 4.73-4.80 (m,

IH), 3.34 (s, 3H), 2.85 (m, IH), 2.70 (br, s, 2H, NH^), 2.44 (m, IH), 2.17 (m, 2H),

1.96 (s, 4H), 1.52 (dd, IH, J=12.5, 24.6), 1.27 (dd, IH, J=11.7, 23.2);

"C NMR (75 MHz, CDCI3): 170.6, 148.4, 147.2, 135.4, 121.4, 108.9, 107.9,

101.4, 81.6, 69.9, 59.1, 57.2, 45.7, 39.7, 34.8, 21.5;

MS (EI) m/z: 307 (66.5%, M"), 247 (37.1%), 202 (33.9%), 176 (28.8%), 163

(21.5%), 135 (17.1%), 112 (100%), 86 (58.1%); HRMS, calculated for C.sH^.NOs:

307.1419; Found: 307.1403.
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OAc

CICO2CH3, Et3N P-^ir^^OMe
Ah2°® CH2C12,00C \^KJ NHCO2CH3

35 36

(IR*, 3R*, 4R*, 5R*)-3-(l,3-benzodioxol-5-yl)-5-methoxy-4-(methoxycarbox

amido) cyclohexyl acetate 36

To a solution of amine 35 (130 mg, 0.42 mmol), triethylamine (0.2 mL, 1.26

mmol) in CH2CI2 (5 mL) was added methyl chloroformate (65 uL, 0.84 mmol) at

°C. The mixture was stirred for 4 h at °C until TLC showed the complete

consumption of the starting material 35. The solvent was then evaporated and water

was added. The aqueous layer was extracted three times with CH2CI2, and the

combined organic phase was dried over Na2S04. Evaporation of the solvent in vacuo

and flash chromatography (CHjClj) of the residue afforded carbamate 36 (148 mg,

96%) as a colorless solid.

TLC:Rf=0.3(CH2Cl2);

'H NMR (300 MHz, CDCI3) : 6.60-6.72 (m, 3H), 5.90 (s, 2H), 4.82 (m, IH),

4.69 (d, IH, J = 9.0), 3.59 (s, 3H), 3.36 (s, 3H), 3.44 (m, IH), 2.62 (m, IH), 2.52 (m,

IH), 2.10 (m, IH), 2.02 (s, 3H), 1.55 (m, 3H);

"C NMR (75 MHz, CDCI3): 170.8, 157.1, 148.1, 146.7, 135.5, 120.7, 108.6,

108.1, 79.6, 69.6, 59.4, 57.6, 52.3, 44.4, 39.8, 36.1, 21.6;
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MS (EI) m/z: 365 (21.3%, M^, 333 (46.2%), 290 (22.1%), 230 (100%), 199

(16.5%), 165 (16.8%), 135 (23.9%), 84 (18.9%); HRMS, calculated for C.gH^jNO^:

365.1475; Found: 365.1462. ,

•

;,. ^

OMe

NHCO2CH3

36

TfjO, DhMP

OAC

'OMe

(2R*, 4R*, 4aR*, llbR*)-2-acetoxy-4-methoxy-l, 2, 3, 4a, 5, 6, 11b-

octahydro[l,3] dioxolo[4,5-j] phenaiithridiii-6-one 37

To a solution of carbamate 36 (40 mg, 0.11 mmol) and 4-(N,N-

dimethylamino) pyridine (DMAP) (41 mg, 0.33 mmol) in CHjClj (5 mL) was added

trifluoromethanesulfonic anhydride (TfjO, 93 uL, 0.55 mmol) at °C over a period of

15 min. The reaction mixture was stirred for 16 h until no starting material 36 was

detected as indicated by TLC analysis. The mixture was then diluted with CHjClj

and washed subsequently with saturated aqueous NajCOj, 20% aqueous acetic acid

and saturated aqueous NajCOj. The organic phase was concentrated under reduced

pressure and the resulting imidate was hydrolyzed by mixing with 2N aq. HCl in THF

(10 mL) at room temperature for 20 h. After usual work up, the crude product was

then subjected to reacetylation by treating with ACjO (10 uL, 0.1 mmol), DMAP(12

mg, 0.1 mmol), EtjN (21 uL, 0.15 mmol) in CH^Clj at °C and stirring at 0-18 °C for
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10 h, followed by usual work up. The resulting light brown solid was subjected to

preparative thick layer chromatography (silica, CHCI3 /MeOH, 30:1). The single

major chromophoric band (Rf = 0.60) was extracted with CHCI3 to afford compound

37 (29 mg, 80%) as a white solid.

M.P. 240-242 °C; TLC: R^ =04 (CH^Clz/ MeOH = 20:1);

'H NMR (300 MHz, CDCI3): 7.58 (s, IH), 6.87 (s, IH), 6.32 (br, s, IH), 5.91

(s, 2H), 4.93 (m, IH), 3.43 (s, 3H), 3.34 (m, IH), 3.22 (m, IH), 2.79 (dd, IH, J =6.0,

1 1.7), 2.62 (m, 2H), 2.12 (s, 3H), 1.43 (m, 2H);

"C NMR (75 MHz, CDCI3): 170.3, 165.2, 151.4, 146.9, 135.4, 123.2, 108.4,

103.9, 101.7, 78.8, 69.2, 58.8, 56.5, 36.2, 33.8, 32.2, 21.1;

IR (KBr): 3451, 3195, 2925, 1737, 1600, 1480, 1382, 1247, 1095, 1030, 937,

887, 616 cm';

MS (EI) m/z: 333 (41.4%, M'), 273 (5.4%), 241 (100%), 228 (38.3%), 202

(38.6%), 189 (57.3%), 175 (6.7%), 83 (2.8%); HRMS: calculated for C.^H^NO^:

333.1212; Found: 333.1223.

OAc

ly^g
MeONa(Cat), MeOH-THF ^

96% \

37 38
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(2R*, 4R*, 4aR*, llbR*)-2-hydroxy-4-methoxy-l, 2, 3, 4, 4a, 5, 6, 11b-

octahydro[l,3] dioxoIo[4,5-j] phenanthridin-6-one 38

To a solution of acetate 37 (29 mg, 0.1 mmol) in dry MeOH-THF (3:1, 1 mL)

was added IM MeONa in MeOH (0.6 mL, 0.6 mmol) at °C. The mixture was

stirred at °C for 4 h and set aside at room temperature over night until TLC showed

complete consumption of the starting material 37. The mixture was then neutralized

with saturated aqueous NH4CI and extracted three times with CHCI3. The combined

extracts were washed with sat. aq. NaHCOj and brine and dried over Na2S04. The

filtrate was evaporated in vacuo and recrystallized in methanol to yield the final

alcohol 38 (24 mg, 96%) as a colorless solid.

M.P. 275°C (decompose); TLC: Rf = 0.13 (CH2CI2 : MeOH = 20:1);

'H NMR [300 MHz, (€03)280]: 7.30 (s, IH), 7.23 (s, IH), 6.91 (s, IH), 6.08

(s, 2H), 4.94 (d, IH, J=4.9), 3.67 (m, IH), 3.21 (s, 3H), 3.04 (m, IH), 3.00 (m, IH),

2.67 (m, IH), 2.37 (m, IH), 1.23-1.05 (m, 3H);

"C NMR [75 MHz, (003)280]: 164.7, 151.5, 146.9, 137.7, 124.0, 107.8,

105.3, 102.5, 79.2, 66.5, 59.3, 56.6, 40.1, 37.0, 36.1;

M8 (EI) m/z: 291 (51.1%, M^, 232 (19.3%), 215 (43.7%), 203 (100%), 189

(51.1%); HMRS, calculated for CsH^NOj: 291.1107; Found: 291.1115.
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3.2.2 The synthesis of 50 was based on Scheme 25

Zn, Lil(CaL), DMF CuCN, LiCl
Br(CH2)3C02Et '—!^ BrZn(CH2)3C02Et BrZnCu(CN)(CH2)3C02Et

OX^
NO,

31

O
o-~^

O

^ mN(
39

DIBAL-Ĥ H..J

H

NO2

41

Alumina

no AC2O, EtjN, DMAP _ ^">v^>>>. Raney Ni, H,, MeOH

vcrr
42 43

OH
HAc

44
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A. Br(CH2)3CO:Et
( '

)
Z". LiI(Cat.), DMF

BrZnCu(CN)(CH,)3C02Et
(2)CuCN.2LiCl

B. BrZnCu(CN)(CH2)3C02Et °^^^„^ /O^V^
O'

39

Ethyl (5R*)-5-(l,3-benzodioxol-5-yl)-6-nitrohexanoate 39

A two-necked flask which was flushed three times with dry Argon was

charged with zinc dust (3.2 g, 49 mmol), followed by successive injection of 1, 2-

dibromoethane (0.10 mL, 1.05 mmol) and 3 mL of dry DMF. The mixture was

heated gently on an oil-bath at 40 °C, stirred for a few minutes, and 50 uL (0.35

mmol) of chlorotrimethylsilane was then injected. The resulting mixture was heated

until the soap-like bubbles of ethylene had evolved and the zinc surface became dark

which indicated the activation. After the mixture was cooled back to room

temperature, lithium iodide (1.1 g, 8.7 mmol) and ethyl 4- bromobutyrate (5 mL, 35

mmol) were successively added under argon.. The reaction mixture was then warmed

up to 75 °C and allowed to stir at this temperature for an additional 5 h to give a dark

brown-yellow solution of the zinc reagent.

A second dry one-necked flask was charged with 2.7 g (63 mmol) anhydrous

lithium chloride which was dried at 130 "C under vacuum and 2.82 g (32 mmol) of

anhydrous copper cyanide. The flask was flushed three times with argon and freshly

distilled THF (5 mL) were added to the flask, which led, after 15 min sonication, to a
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clear yellow-green solution of the complex CuCN 2LiCl which was cooled to ca -40

°C and was used as such.

The two flasks were connected via a stainless steel cannula and the solution of

the zinc reagent was transferred to the THF solution of the copper cyanide and lithium

chloride through a positive argon pressure. To the resulting greenish solution, which

was warmed to °C, kept at this temperature for 5 min and then cooled to -78 °C, was

added a solution of nitrostyrene 31 (4.0 g, 21 mmol) in THF(10 mL). The reaction

mixture was allowed to slowly warm to °C and was kept at this temperature until no

nitrostyrene 31 was detected as indicated by TLC analysis (about 5 h). The reaction

mixture was then cooled back to -78 °C, quenched with acetic acid (6 mL in 1 5 mL

THF) and worked up by pouring the reaction mixture into a saturated aqueous NH4CI

solution. The solution was then extracted three times with ethyl acetate and the

insoluble copper salts were removed by filtration. The combined organic layers were

washed with a 10% aqueous Na2S204, brine and dried over Na2S04, and the solvent

was removed under reduced pressure. The crude oil was purified by flash

chromatography (hexane/acetone, 5:3) affording nitroester 39 (5.2 g) in an overall

yield of 81%.

TLC: Rf = 0.28 (Hexane : Acetone = 3:1);

'H NMR (300 MHz, CDCI3): 6.65 (m, 3H), 5.85 (s, 2H), 4.45 (m, 2H), 4.05

(dd, 2H, J = 7.0 and 14.3), 3.35 (t, IH, J=7.2), 2.28 (t, 2H, J=6.0), 1.65 (m, 2H), 1.50

(m,2H), 1.15(t,3H,J=7.3);
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'C NMR (75 MHz, CDCI3): 173.3, 148.5, 147.4, 132.7, 121.4, 108.9, 107.8,

101.5, 81.2, 60.6, 44.0, 34.0, 32.4, 23.0, 14.5;

IR(neat): 3418,2925, 1729, 1678, 1554, 1489, 1442, 1370, 1248, 1040 cm-'; ,

MS (EI, 70 eV) m/z: 309 (100%, M*), 275 (6.8%), 262 (100%), 217 (19.2%),

175 (61.6%), 162 (44.2%), 148 (61.4%), 117 (13.7%), 91 (6.9%), 71 (7.3%). t

H/,

<x/ N̂Oj

(1) DIBAL-H P
»-(

(2) Alumina q

39 42a 42b

(IR*, 2R*, 3R*)-3-(l,3-benzodioxoI-5-yl)-2-nitro-cyclohexan-l-ol 42

To a solution of nitroester 39 (4.4 g, 14 mmol) in CHjCl, (20 mL) was added a

solution of 1.5 M diisobutylaluminium hydride (DIBAL-H, 12 mL, 18 mmol) in

toluene at -78 °C over a period of 20 min under argon. The solution was stirred at -78

°C for 5 hours until no nitroester 39 was left as indicated by TLC analysis. The

mixture was then quenched with IN HCl (8 mL) and diluted with CH2CI2 (100 mL),

and allowed to warm to room temperature. The CH2CI2 layer was removed, washed

with brine, dried over Na2S04 and concentrated in vacuo to give the crude aldehyde

41 in quantitative yield.

To the solution of this crude aldehyde in dry CH2CI2 (15 mL) was added

chromatographic alimiina (50 g, BDH, Neutral Brockmann Activity I, 80-200mesh )
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at °C. The mixture was stirred for 1 h at room temperature and the CHjClj was

removed under a nitrogen flow. The resuUing soHd mixtxire was left standing for 48 h

at room temperature. The alumina was then washed with methanol and the filtered

extracts were evaporated in vacuo. The residue was purified by flash chromatography

on neutral alumina with elution by 20: 1 CHjClj-MeOH to afford the nitroalcohols 42a

and 42b (2.96 g) as a 95:5 mixture as a pale yellow solid in an overall yield of 71%.

The major isomer 42a exhibited the following spectroscopic properties:

M.P. 133 °C; TLC: R^ =0.3 (CH^Cla: MeOH = 20:1)

'H NMR (300 MHz, CDCI3): 6.62-6.75 (m, 3H), 5.94 (s, 2H), 4.43-4.50 (dd,

IH, J =9.7, 11.2), 4.13 (m, IH), 3.03-3.10 (dt, IH, J=3.8, 11.6, 15.3), 2.69 (s, br, IH,

OH), 2.09-2.14 (m, IH), 1.83-1.91 (m, 2H), 1.44-1.58 (m, 3H);

"C NMR (75 MHz, CDCI3): 148.3, 147.4, 133.4, 121.0, 109.0, 107.7, 101.5,

97.8,72.8,47.7,33.7,32.6,23.5;

MS (EI), m/z: 265 (98.2%, M"), 218 (82.3%), 190 (40.4%), 175 (27.6%), 135

(100%), 77 (11.3%); HRMS, calculated for CijH.jNOs: 265.0950; Found: 265.0957;

The crude aldehyde 41 has the following spectroscopic properties:

'H NMR (300 MHz, CDCI3): 9.65 (s, IH), 6.61-6.77 (m, 3H), 5.90 (s, 2H),

4.44-4.51 (m, 2H), 3.34 (m, 2H), 2.37 (m, 2H), 1.61 (m, 2H), 1.47 (m, 2H);

"C NMR (75 MHz, CDCI3): 202.3, 148.5, 147.5, 132.9, 121.4, 109.0, 108.0,

101.6,81.3,44.4,43.6,32.6,19.8;

IR (neat): 2938, 2360, 2341, 1725, 1546,1445, 1250, 1039, 933 cm';
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MS (EI), m/z: 265 (100%, M^, 162 (73.6%), 148 (74.8%), 135 (100%);

HRMS, calculated for C.jH.sNOs: 265.0950; Found: 265.0948.

OH

42

i
' t :

.

AC2O, EtjN, DMAP

OAc

43

(IR*, 2S*, 3R*)-3-(l,3-benzodioxol-5-yl)-2-nitrocyclohexyl acetate 43

Acetic anhydride (0.32 mL, 3.4 mmol) was added dropwise to a solution of

alcohol 42 (700 mg, 2.6 mmol), triethylamine (0.6 mL, 4.0 mmol) and DMAP(160

mg, 1.3 mmol) in CHjClj (20 mL) at °C. The reaction mixture was stirred at 0-18

°C overnight. Water (15 mL) was then added and the mixture was concentrated under

reduced pressure. The residue was diluted with CHjClj, washed with O.IN HCl,

saturated aqueous NaHCOj, and brine, dried over Na2S04, and concentrated in vacuo.

Chromatography of the residue on silica gel using CH2Cl2/hexane (1:1) as eluant

yielded 648 mg (85%) of acetate 43 as a white crystal.

M.P. 150-151 °C; TLC: Rf=0.75 (CHjCy;

'H NMR (300 MHz, CDCI3): 6.62-6.82 (m, 3H), 5.95 (s, 2H), 5.25-5.34 (dt,

1H,J=5.0, 10.9, 15.5), 4.61-4.68 (t, IH, J=l 1.1), 3.08-3.17 (dt, IH, J=3.8, 11.8, 15.4),

2.32 (m, IH), 2.03 (s, 3H), 1.90-2.00 (m, 2H), 1.45-1.63 (m, 3H);
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"C NMR (75 MHz, CDCI3): 170.0, 148.4, 147.6, 132.9, 121.0, 109.0,107.6,

101.6, 94.1, 73.9, 48.0, 32.7, 30.4, 23.2, 21.2;

IR (KBr): 3466, 2960, 1754, 1560, 1501, 1249, 1041, 938, 825 cm';

MS (EI) m/z: 307 (94.8%, M"), 260 (24.2%), 217 (51.2%), 201 (100%), 135

(34.0%); HRMS, calculated for CisH.^NOg: 307.1055; Found: 307.1050.

Raney Ni, H2
" P

650Psi /

O

43 44

N1-1(1R*, 2R*, 6R*)-2-(l^-benzodioxol-5-yi)-6-hydroxycyclohexyl] acetamide 44

To a solution of nitroester 43 (100 mg, 0.33 mmol) in methanol (10 mL) was

added a catalytic amount of Raney Nickel. The reaction mixture was vigorously

stirred at room temperature in a hydrogen atmosphere with pressure of 650 Psi in a

stainless-steel bomb for 12 h. The resulting mixture was then diluted with methanol

and filtered through celite. The filtrate was concentrated in vacuo and colimm

chromatography of this crude product on silica gel with elution by 30: 1 CHjClj-

MeOH afforded 58.6 mg (65%) of carbamate 44 as a white solid.

'H NMR (300 MHz, CDCI3): 6.61-6.78 (m, 3H), 5.94 (s, 2H), 5.49 (d, IH, J=

7.0), 3.76-3.58 (m, IH), 3.47-3.54 (m, 2H), 2.44 (m, IH), 2.13 (m, IH, OH), 1.82 (m,

5H), 1.37-1.52 (m,3H);
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•'C NfMR (75 MHZ, CDCI3): 173.0, 148.4, 146.8, 136.4, 120.9, 108.7, 107.8,

101.4, 76.1, 60.3, 48.7, 35.3, 34.9, 23.9, 23.5;

MS (EI) m/z: 277 (9.9%, M"), 218 (100%), 190 (19.6%), 135 (16.8%);

IR(KBr): 3421,1634,1038 cm"'.

OH

42

TBDMSCl

OTBDMS

45

(IR*, 2R*, 3R*)-3-(l,3-benzodioxol-5-yl)-2-nitro-l-cyclohexyloxy (tert-butyl)

dimethyl silane 45

To a solution of nitroalcohol 42 (230 mg, 0.86 mmol) in 2 ml dry DMF was

added imidazole (118.2 mg, 1.74 mmol) and TBDMSCl (170 mg, 1.1 mmol) under

argon. The reaction mixture was stirred at room temperature for 48 h until the

nitroalcohol was completely consumed as indicated by TLC analysis. Water was then

added and the mixture was diluted with ethyl acetate, washed with water, saturated

aqueous NaHCOj and brine, dried over Na2S04 and concentrated in vacuo.

Purification of this residue by flash chromatography on silica gel with elution by

CH2CI2 afforded 268 mg (96%) of compound 45 as a pale yellow solid.

M.P. 95-96 °C; TLC: Rf=0.75 (CH^Cl^);
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'H NMR (300 MHz, CDCI3): 6.60-6.73 (m, 3H), 5.92 (s, 2H), 4.50 (dd, IH, J=

8.6, 19.9), 4.14 (m, IH), 3.04 (m, IH), 2.06 (dd, IH, J=2.8, 4.6), 1.86 (m, 2H), 1.51

(m, 3H), 0.85 (s, 9H), 0.03 (d, 6H, J = 22.3);

•'C NMR (75 MHz, CDCI3): 148.3, 147.3, 133.7, 120.9, 108.9, 107.7, 101.5,

98.0, 73.7, 47.8, 34.5, 33.0, 26.0, 23.5, 18.2, -4.0, -5.1;

MS (EI) m/z : 322 (15.1%, M"-57), 292 (100%), 208 (46.5%), 135 (36.8%),

73 (12.4%); HRMS, calculated for CisH^oNOjSi (M"-C4H,0: 322.1111; Found:

322.1095.

Raney Ni, Hj, MeOH

'OTBDMS 650Psi ( 1 J Ahj
OfHOi V/V^ '^"2

OTBDMS

45 46

(IR*, 2R*, 6R*)-2-(l,3-benzodioxol-5-yl)-6-Itert-butyI (dimethyl) siloxyl]

cyclohexan-1-amine 46

To a solution of compound 45 (350 mg, 0.92 mmol) in methanol (5 mL) was

added a catalytic amount Raney Nickel and the reaction mixture was vigorously

stirred at room temperature in a hydrogen atmosphere with pressure of 650 Psi in a

stainless-steel bomb for 4 h. The resulting mixture was then diluted with methanol

and filtered through celite . The filtrate was concentrated in vacuo to afford amine 46

(3 1 5 mg, 1 00%) as a colorless oil.

TLC: Rf =0.2 (CH^Cl^ : MeOH = 20:1);.
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'H NMR (300 MHz, CDCI3): 6.67 (m, 3H), 5.84 (s, 2H), 3.41 (m, IH), 2.73 (t,

IH, J=9.2), 2.28 (m, IH), 1.86 (m, 2H), 1.64-1.68 (m, 3H), 1.38 (m, 3H), 0.85 (s, 9H),

0.06 (s, 6H);

"C NMR (75 MHz, CDCI3): 148.2, 146.4, 137.8, 120.8, 108.4, 107.9, 101.4,

61.5, 50.2, 34.8, 34.0, 26.2, 24.4, 18.8, -3.2, -4.3;

MS (EI) m/z : 349 (35.6%, M^, 292 (100%), 201 (9.6%).

CICO2CH3, EtjN oOTBDMS —^-* r
o

46

OTBDMS
miCOzCHj

47

(IR*, 2R*, 6R*)-2-(l,3-benzociioxol-5-yI)-6-[tert-butyl (dimethyl) siloxyl] N-

methoxycarbonyl cycIohexan-1-amine 47

To a solution of amine 46 (270 mg, 0.77 mmol), triethylamine (0.25 mL, 1.55

mmol) in CHjClj (5 mL) was added methyl chloroformate (93 uL, 1.2 mmol). The

reaction mixture was stirred at °C for 4 h until TLC showed the complete

consimiption of amine 46. The solvent was then evaporated and water was added.

The aqueous layer was extracted three times with CH^Clj, and the combined organic

phase were dried over Na2S04. Evaporation of the solvent in vacuo and flash

chromatography (CH2CI2) of the residue afforded carbamate 47 (302 mg, 96%) as a

colorless solid.
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TLC:Rf=0.3(CH2Cl2);

'H NMR (300 MHz, CDCI3) : 6.64-6.74 (m, 3H), 5.87 (s, 2H), 4.43 (s, br,

IH), 3.58 (m, 4H), 2.64 (m, IH), 2.00 (m, IH), 1.45 (m, 2H), 1.38-1.56 (m, 4H), 0.86

(s, 9H), 0.04 (d, 6H, J=7.4);

"C NMR (75 MHz, CDCI3): 147.9, 147.7, 137.6, 120.9, 108.9, 108.2, 101.1,

74.8, 61.6. 52.6, 48.5, 35.8, 35.4, 26.1, 24.2, 18.8, -4.0, -4.6;

MS (FAB), m/z: 406 (26.6%, MH^, 350 (95.3%), 201 (66.6%), 73 (100%);

MS (EI), m/z: 350 (100%, M"-57), 201 (15.2%). HRMS (EI), calculated for

C,7H24N05Si (M"-C4H,): 350.1424; Found: 350.1418.

'OTBDMS FeClj, AC2O r

AhCOzCHj O

47

OAc

HCO2CH3

48

(IR*, 2R*, 3R*)-3-(l,3-benzodioxol-5-yl)-2-(methoxy carboxamido) cyclohexyi

acetate 48

Anhydrous ferric chloride (18 mg, 0.11 mmol, 0.25 equiv.) was added in one

portion to a vigorously stirred mixture of carbamate 47 (174 mg, 0.43 mmol) and

AcjO (3 mL) at "C under argon. After sirring at °C for 15 min, the reaction

mixture was quenched with satiirated aqueous NaHCOj and diluted with CHjClj. The

aqueous phase was extracted three times with CHjClj and the combined organic

extracts were washed with brine, dried over Na2S04 and concentrated in vacuo.
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Purification of this crude product by flash chromatography on siUca gel (CHjClj)

gave 143 mg (85%) of acetate 48 as a pale yellow solid.

M.P. 110-111 °C; TLC: R^ = 0.2 (CH^Cy;

'H NMR (300 MHz, CDCI3): 6.57-6.47 (m, 3H), 5.92 (s, IH), 4.79 (m, IH),

4.42 (d, IH, J=9.3), 3.62 (m, IH), 3.49 (s, 3H), 2.50 (m, 2H), 2.04 (m, 4H), 1.61 (m,

2H), 1.53(m,3H);

'C NMR (75 MHz, CDCI3): 171.5, 157.0, 148.0, 146.6, 136.3, 121.1, 108.6,

108.2, 101.2, 75.7, 61.3, 52.4, 49.7, 34.9, 32.3, 24.0, 21.5;

IR (KBr): 3354, 2954, 2831, 1728, 1670, 1533, 1505, 1488, 1446, 1385,

1323, 1262, 1040, 935, 810, 631 cm';

MS (EI) m/z : 335 (19.3%, M^, 260 (100%), 217 (33.4%), 200 (37.9%), 187

(7.9%), 135 (11.4%); HRMS, calculated for CnHz.NOs: 335.1369; Found: 335.1355.

(
O

,Q^^ TfjO, DMAP. CH2CI2 o
i

'(

l^COzCHj O

OAc

48 49

(4R*, 4aR*, llbR*)-4-acetoxy-l, 2, 3, 4, 4a, 5, 6, llb-octahydro [1,3] dioxolo[4, 5-

j] phenanthridin-6-one 49

A solution of carbamate 48 (40 mg, 0.12 mmol) and 4-(N,N-dimethylamino)

pyridine (DMAP, 44 mg, 0.36 mmol) in CH2CI2 (4 mL) was treated with
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trifluoromethanesulfonic anhydride (TfjO, 0.1 mL, 0.6 mmol) at °C over a period of

15 min. The reaction mixture was stirred for 16 h until no carbamate 48 was detected

as indicated by TLC analysis. The mixture was then diluted with CHjClj, washed

subsequently with saturated aqueous NajCOj, 20% aqueous acetic acid and saturated

aqueous Na^COj. The organic phase was concentrated under reduced pressure and the

resulting imidate was hydrolyzed by mixing with 2 N aqueous HCl in THF (10 mL)

and stirring at room temperature for 20 h. After usual work up, the crude product was

subjected to a reacetylation step by treating with AcjO (10 uL, 0.1 mmol), DMAP (12

mg, 0.1 mmol), EtjN (21 uL, 0.15 mmol) in CH2CI2 (10 mL) at °C, stirring at 0-18

°C for 10 h followed by usual work up. The resulting light brown solid was subjected

to preparative thick layer chromatography (silica, CHClj/MeOH, 30:1). The single

major chromophoric band (R^ = 0.65) was extracted with CHCI3 to afford compoimd

49 (30 mg, 70-85%) as a white solid.

M.P. 255-256 °C; TLC: Rf = 0.36 (CH2Cl2:MeOH = 20:1);

'H NMR (300 MHz, CDCI3): 7.56 (s, IH), 6.78 (s, IH), 6.16 (s, br, IH), 6.04

(s, 2H), 4.77-4.86 (dt, IH, J=4.5, 10.7 and 14.0), 3.36-3.44 (d, IH, J=9.9 and 12.3),

2.81 (dt, IH, J=3.7, 12.0, and 15.7), 2.23-2.37 (m, 2H), 2.14 (s, 3H), 1.97-2.03 (m,

2H), 1.60 (m, IH), 1.34 (m, IH);

"C NMR (75 MHz, CDCI3): 170.7, 165.4, 151.5, 146.9, 136.8, 122.9, 108.3,

104.2, 101.8, 75.3, 58.6, 40.2, 29.7, 26.5, 22.8, 21.3;

IR(KBr): 3443, 3201, 2919, 1750, 1680, 1614, 1478, 1381, 1248, 1048, 936,

892.775,614 cm-';
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MS (EI) m/z : 303 (34.5%, M^, 243 (100%), 215 (70.2%), 202 (41.9%), 190

(24.1%), 175 (7.9%), 149 (7.0%), 115 (3.7%), 77 (2.0%); HRMS, calculated for

Ci^H.^NOj: 303.1170; Found: 303.1115.

hJ 1
H,„

O-y^'-^Y^^^'y^OAc NaOCH,, MeOH-THF PV^^Y'Y"'^^

49 50

(4R*, 4aR*, llbR*)-4-hydroxy-l, 2, 3, 4, 4a, 5, 6, llb-octahydro [1,3] dioxolo[4,

5-j] phenanthridin-6-one 50

To a solution of acetate 49 (44 mg, 0.15 mmol) in dry MeOH-THF (3:1,3

mL) was added a IM solution ofMeONa in MeOH (0.9 mL, 0.9 mmol) at °C. The

mixtxire was stirred at °C overnight and was then neutralized with saturated aqueous

NH4CI and extracted three times with CHCI3. The combined organic extracts were

washed with NaHCOj, and brine, dried over Na2S04 and evaporated in vacuo. The

crude product was then recrystallized from methanol to yield the final alcohol 50 (36

mg, 96%) as a colorless crystal.

M.P. 275-277°C; TLC: R^ =0.24 (CH^Clz : MeOH = 20:1);

'H NMR [300 MHz, (003)280]: 7.30 (s, IH), 7.19 (s, IH), 6.94 (s, IH), 6.07

(s, IH), 5.11 (d, IH, J=4.5), 3.46 (m, IH), 2.91 (t, IH, J=11.9), 2.55 (m, IH), 2.30 (d,

1H,J=11.2), 1.78-1.89 (m,2H), 1.1 1-1.50 (m,4H);



!> ,c.l^ I T V

'



79

"C NMR [75 MHz, (€03)280]: 164.8, 151.5, 146.8, 138.5, 123.8, 107.6,

105.5, 102.4, 71.9, 62.4, 40.1, 33.5, 27.1, 23.4;

IR(KBr): 3493, 3208, 3056, 2921, 2869, 1664, 1613, 1506, 1455, 1384, 1263,

1248, 1068, 1036, 931, 795, 622 cm';

MS (EI) m/z: 261 (100%, M"), 202 (81.4%),190 (25.5%), 156 (5.8%);

HRMS, calculated for C,4H,5N04: 261.1001; Found: 261.0994.
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3.2.3 The Synthesis of 67 was based on Scheme 26

HOOC COOH CH3OOC fOOCH, HO—• s—OH
(CHjOhCCCHjh .CHjOH \ f NiBH4 \

'

\ C6H6,T.OH / \ 1^^ " J \
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51 „ 53
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62 63

PhCHjO—5 r—OCHjPh Ho_^ -—OH
N«N3,DMSO \ / BCl3.M*2S \ f HO,.H,

90% r\

64

rr
Nj Nj

65

McOH

HO—% §—OHr TsO—-* m—OTs

j
'\ TsVl(V ,

''•: r LIHMDS,

HjN NHj

66

r
/ \ rvi"

T$HN NHTs ^'"N

TsO—«

TiCUPyr

OTj

68

69

^\
r

TsN NT»

67

Scheme 26



ot.

tWf



81

HOOC fOOH CH3OOC gOOCHj

/i
HO OH

\ COOH CHjOOe i;»J«

y ? (CH30);C(CH3)2 .CH3OH 1 ?

J \ QHs,TsOH 0\Jo

51 52

Dimethyl 2,3-O-isopropylidene-L-tartrate 52*'

A mixture of L-tartaric acid 51 (10 g, 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 two hours until a dark red

homogeneous solution was obtained. Addition 2,2-dimethoxypropane(10 mL, 77

mmol) and cyclohexane (45 mL) were then added to the above solution and the flask

was fitted with a vigreiix column. The mixture was heated again under reflux and the

acetone-cyclohexane and methanol-cyclohexane azeotropes were slowly removed.

After additional of another portion of 2,2-dimethoxypropane (3 mL, 25 mmol)

followed by heating and reflux for an additional 15 min, the mixture was cooled to

room temperature and anhydrous potassiimi carbonate (0.1 g, 0.72 mmol) was added.

The mixture was stirred until the reddish color was abated to give a yellow solution.

Volatile material was removed in vacuo and the residue was fractionally distilled

under vacuum (bp. 94-101°C/0.5mm) to afford ketal ester 52 (1 1.0 g, 80%) as a pale-

yellow oil. [a]^° = -48.4 (neat);

TLC: Rf = 0.43 (Hexane : EtOAc = 2:1);

'H NMR (300 MHz, CDCI3) : 4.79 (s, 2H), 3.81 (s, 6H), 1.47 (s, 6H);
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"C NMR (75 MHz, CDCI3) : 170.4, 1 14.2, 77.3, 53.2, 26.7.

CH3OOC JOOCIi HO ^_oH

/ \ NaBH4
)

(

'^^?<(^ EtOH O^^^^^C

52 53

2,3-Di-0-isopropyIidene-L-threitol53'"

Dimethyl 2,3-0-isopropylidene-L-tartrate 52 (1.0 g, 4.59 mmol) was added

dropwise to an ice-cooled suspension of sodium borohydride (0.7 g, 18.36 mol) in

absolute ethanol (8 mL) at °C. The mixture was then stirred at °C for 6 hours and

at room temperature overnight. The excess hydride was decomposed with 20% acetic

acid which was added in sufficient quantity to neutralize the mixture. The solids were

filtered off, washed with ethyl acetate and the filtrate was concentrated in vacuo. The

residue was mixed with ethyl acetate, filtered, the solids were repeatedly washed with

ethyl acetate and the filtrate was again evaporated in vacuo and the residue was

firactionally distilled under reduced pressure (b.p. 94-106 °C/0.4mm) to yield diol 53

(0.7 g, 80%) as a colorless to pale-yellow oil.

Ui*\ [ajo'" +2.78° (CHCI3, c=4.67); [a]^^* +2.50° (CHCI3, c=5);

TLC: Rf = 0.2 (Hexane : EtOAc =1:1)

IR (neat): 3399, 2987, 2881, 1457, 1374, 1218, 1056, 845, 515 cm"';
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'H NMR (300 MHz, CDCI3) : 4.08 (d, 2H, J=7.0), 3.69 (d, 4H, J=2.6), 3.40 (t,

2H,J=5.9), 1.39(s,6H);

''C NMR (75 MHz, CDCI3) : 109.7, 78.8, 62.6, 27.3;

MS (EI) m/z: 147 (49.3%, M'-CHj"), 131 (35.1%), 69 (18.4%), 59 (100%),43

(61.2%).

^°~1 *^OH PhCHjO-^ ^-OCHzPhH —:!=5-^ >^
A. O^ .0 PhCHzBr A )>X X

53 61

FhCHzO-^ ^OCHjPh
'1 r"'^"^*^'' PhCH^O-i =,-OCH2Ph

B. ^\/® CH3OH
y^\ HO OH

61 62

l,4-Di-0-benzyl-2,3-di-0-isopropylidene-L-threitol61'''

To a solution of sodium hydride (0.78 g, 28 mmol) in THF(10 mL) was added

diol 53 (1.8 g, 11.1 mmol) in THF (2 mL) at °C under argon. After the reaction

mixture was warmed up to room temperatiu-e, benzyl bromide(3.30 mL, 27.8 mmol)

was added dropwise. The resulting solution was stirred at room temperature for 12 h

and then heated under reflux for 2 h. After cooling in an ice bath, the mixture was

quenched by the addition of water (10 mL). Tetrahydrofixran was removed under

reduced pressure, the residue was diluted with water and extracted three times with
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diethyl ether. The combined organic extracts were washed with brine, dried over

anhydrous Na2S04, and concentrated in vacuo to give crude l,4-di-0-benzyl-2,3-0-

iso-propyhdene-L-threitol 61 (4.0 g) as a yellow oil which was used in the next step

without any purification.

The crude product 61 exhibited the following spectroscopic properties:

TLC: Rf = 0.8 (Hexane:EtOAc =1:1);

•H NMR (300 MHz, CDCI3): 7.32-7.42 (m, lOH), 4.61 (s, 4H), 4.10 (t, 2H,

J=10.8), 3.66 (d, 2H, J=3.l), 1.48 (s, 6H);

"C NMR (75 MHz, CDCI3): 138.4, 128.8, 128.1, 1 10.1, 73.9, 71.1, 27.4;

1,4-Di-O-benzyl-L-threitol 62''

To a solution of crude ketal 61 (4.0 g) in methanol (30 mL) was added 0.5 N

hydrochloric acid (3 mL), and the resulting mixture was gently heated to reflux. The

formed acetone and methanol were slowly distilled off Additional methanol (5 mL)

and 0.5 N hydrochloric acid (2 mL) were added as necessary until the ketal hydrolysis

was complete. The mixture was then diluted with satvu^ated sodiimi bicarbonate

solution and extracted three times with ether. The combined ether extracts were

washed with brine, dried over anhydrous Na2S04, and filtered. The filtrate was

concentrated in vacuo to give crude 1,4-di-O-benzyl-L-threitol 62 as a pale yellow

solid which was recrystallized twice fi-om chloroform/hexanes to provide 2.0 g (61%)

of pure diol 62. Concentration of the mother liquors firom the recrystallizations gave

a yellow solid which was subjected to column chromatography on silica gel
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(Hexanes/EtOAc, 3:2) to provide additional diol 62 (0.7 g, 21%, total 82%).. lit. m.p.

56-57° C.

M.P. 54-55 °C; TLC: Rf = 0.19 (Hexanes:EtOAc = 3:2)

'H NMR (300 MHz, CDCI3): 7.28-7.39 (m, lOH), 4.57 (dd, 4H, J= 12.0,

14.5), 3.89 (t, 2H, J=4.3), 3.58-3.67 (m, 4H), 2.78 (d, 2H, J=4.6);

'C NMR (75 MHz, CDCI3): 137.7, 128.5, 127.9, 73.6, 72.0, 71.6.

p,„,CO^ r-'" Msa.E..N. ''^"'"-V
--«=-

rvO/- AHO OH CH,Cl2,OC ^J Njj^^

62 63

(2S, 3S)-l,4-Bis(benzyloxy)butane-2,3-diol dimethanesulfonate 63"^

Methanesulfonyl chloride (0.2 mL, 2.5 mmol) was slowly added to an ice

cooled solution of diol 62 (330 mg, 1.1 mmol) and triethylamine (0.40 mL, 2.8 mmol)

in anhydrous dichloromethane (5 mL). After the solution was stirred for 5 h at °C,

water was added and the mixture was allowed to warm up to room temperature, and

was extracted three times with ethyl acetate. The combined organic phases were

washed with water and brine, dried over Na2S04 and concentrated in vacuo. Column

chromatography of the residue on siUca gel (hexane/ethyl acetate, 3:1) afforded

dimesylate 63 (337 mg, 90%) as a white solid, m.p. 73 °C. Lit."^ m.p. 73 °C;

TLC: Rf = 0.47 (Hexane: EtOAc = 3:2);
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'H NMR (300 MHz, CDCI3): 7.30-7.40 (m, lOH), 5.0-5.04 (m, 2H), 4.58 (d,

2H, J=11.6), 4.48 (d, 2H, J=11.6), 3.77-3.81 (m, 4H), 3.06 (s, 6H);

''C NMR (75 MHz, CDCI3): 136.90, 128.58, 128.17, 128.05, 78.73, 73.67,

68.64,38.78;

m. (Nujol): 3027, 1455, 1364 (S=0), 1332, 1173 (S=0), 1121, 1103, 913,

900,815,753.734,702,676.

PhCHjO-^ ft-OCHzPh PhCHzO^^ r-OCHzfh

J
y NaNj, DMSO J

\^

MsO OMs 80°C,90% N3 N3

63 64

(2R,3R)-l,4-Bis(benzyloxy)-2,3-diazidobutane64*'

A solution of dimesylate 63 (300 mg, 0.87 mmol) and sodium azide (228 mg,

3.5 mmol) in DMSO (5 mL) was stirred at 80 °C for 24 hours. After cooling to room

temperature, the mixture was diluted with water/brine 1:1 (18 mL) and extracted three

times with ethyl acetate. The combined organic extracts were washed with water and

brine, dried over Na2S04 and concentrated in vacuo. Column chromatography of the

brown residue on silica gel (hexane/EtOAc, 4:1) afforded diazide 64 (244 mg, 90%)

as a colorless solid. Lif". [aJo^' = -47.6 (c = 6, CHCI3).

TLC: Rf =0.57 (Hexane/EtOAc)=4:l);

'H NMR (300 MHz, CDCl3):7.32-7.40 (m, lOH), 4.58 (s, 4H), 3.74-3.92 (q,

2H, J=3.7, 8.4, 12.8), 3.66 (d, 4H, J=9.6);
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"C NMR (75 MHz, CDCI3): 137.8, 129.0, 128.4,.128.2, 74.0, 70.0, 61.4.

PhCHiO—

i

—OCHiPh

'

.

N3 N3

64 65

e45
(2S, 3S)-2,3-Diazidobutane-l,4-diol 65'

To a solution of dibenzyl ether 64 (240 mg, 0.86 mmol) in dry

dichloromethane (10 mL) was added a 2M solution of boron trichloride-dimethyl

sulfide complex in dichloromethane (1 mL, 2.0 mmol) via syringe at -40 °C

(acetonitrile/Nj). The mixture was allowed to slowly warm up to room temperature

and was stirred for 4 hours until a precipitate of diazidodiol 65 formed which

indicated the end of the reaction. The reaction mixture was then quenched with

saturated aqueous sodium bicarbonate and the aqueous layer was extracted three times

with ethyl acetate. The combined organic layers were washed with brine, dried over

Na2S04, and concentrated in vacuo. Purification of this pale brown solid by a short

column chromatography on silica gel using ethyl acetate/hexane 1:1 as eluent

afforded diol 65 (111 mg, 80%) as a white crystal. M.P. 78 °C; Lit."^ m.p. 79-80°C;

Lit'' [aJo" = -15.7 (c=6, MeOH);

TLC: Rf = 0.23 (Hexane : EtOAc =1:1);

'H NMR (300 MHz, CDCI3): 3.88 (br, s, 4H), 3.70 (m, 2H), 2.00 (br, s, 2H);
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"C NMR (75 MHz, CDCI3): 64.0, 62.7.

65 66

(2S, 3S)-2,3- Diaininobutane-l,4-diol 66"*

To a solution of the diazide 65 (150 mg, 0.87 mmol) in methanol- water (3:2,

7 mL) was added 15 mg of PtOj (Adam's catalyst) in one portion. The mixture was

vigorously stirred under a hydrogen atmosphere at room temperature for 24 hours.

The catalyst was then removed by filtration over celite and the filtrate was evaporated

in vacuo. The residue was dried azeotropically with absolute ethanol, and then

benzene to afford diaminoalcohol 66 (100 mg) as a colorless syrup which was directly

used in the next step without any further purification. Lit''^ [ol]q* = -3.87 (c=1.46,

MeOH).

Lit.'' 'H NMR (400 MHz, CD3OD): 4.59 (broad, s, OH and NH^), 3.61 (dd,

2H, J=l 1.0, 5.0, CH2OH), 3.52 (dd, 2H, J=l 1.0, 6.0, CH^OH), 2.88-2.79 (m, 2H, CH-

NH,);

Lit."' "C NMR(100 MHz, CD3OD): 65.01, 55.10.



u

'.l')

W-^n



m

HO-^ »-OH TsO-- r-OTs
TsCl, Pyr

*

5-r^2^ NH2 TsN^ NTs

66 67

(4S, 5S)-4, 5-bis (4-methylphenylsulfonyloxymethyI) tetrahydroimidazole 67

/?-Toluenesulfonyl chloride (267 mg, 1.4 mmol) was added to a solution of

diaminoalcohol 66 (32.8 mg, 0.27 mmol) in pyridine (3 mL) at °C and the reaction

mixture was stirred at the same temperature for 6 hours. Water (10 mL) was then

added and the mixture was concentrated under reduced pressure. The residue was

diluted with CH2CI2, washed with water, saturated sodium bicarbonate solution and

brine, dried over Na2S04 and concentrated in vacuo. Chromatography of this crude

product on silica gel using Hexane/EtOAc 3:1 as eluant afforded 122 mg (60%) of

tosylate 67 as a white crystal.

M.P.154-155°C; TLC:Rf=0.41(CH2Cl2); > -'

'H NMR (300 MHz, CDCI3): 7.69 (d, 4H, J=8.3), 7.62 (d, 4H, J=8.2), 7.28-

7.40 (dd, 8H, J=4.3, 8.0 ), 4.56 (s, 2H), 3.87-3.92 (dd, 2H, J = 4.0, 10.4), 3.76 (m,

2H), 3.18-3.24 (dd, 2H, J= 7.6, 10.3), 2.50 (d, 12H, J=3.1);

"C NMR (75 MHz, CDCI3): 145.7, 132.7, 132.4, 130.8, 130.5, 128.4, 128.1,

69.4,65.3,59.5,22.1;

MS (FAB, NBA as matrix) m/z: 749 (30.2%, MH^, 593 (21.2%), 577

(50.7%), 155 (72.9%), 91 (100%). ,
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3.2.4 The synthesis of 80 was based on Scheme 27

u/'U'k^ f^f\f\u EtOOC CCMjEt•*""\ ? EKXXL fOOEt \ f
NaBHj\ .?

Ab. EtOH. B«n.e.«
^

t f Ethyl orthoform.te
)

'

/ \
ConcH,SO„r.nu,

^
\
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^

HO OH

L-TartaricAcid 51 >jq

Acetone, HCI
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V
HO OH \/
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EtOH
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Scheme 27



<»?

n^

ft'
'

«T



91

HOOC ^OOH EtooC COOEt
^

* ABS EtOH, Benzene t ?
/ \ Cone H jSO^, reflux

j
\

\HO OH HO OH
L-Tartaric Acid

51 70

Diethyl L-tartrate 70""

A mixture of L-tartaric acid (10 g, 66.6 mmol), absolute ethanol (20 mL),

anhydrous benzene (35 mL) and cone, sulfuric acid (0.5 mL) was heated under reflux

for 12 hours with azeotropic removal of the formed water. After TLC showed the

complete consumption of the starting material, the mixture was cooled down to room

temperature, neutralized with triethylamine, and concentrated under reduced pressure.

The residue was then diluted with ether (500 mL), washed with water and brine, dried

over Na2S04 and evaporated in vacuo. The residue was finally distilled under reduced

pressure to yield diethyl L-tartrate 70 (1 1 g, 85%) as a yellow oil..

'H NMR (300 MHz, CDCI3): 4.54 (d, 2H, J=6.5), 4.28-4.35 (q, 4H, J=7.1),

3.33 (d, 2H, J=6.8, OH), 1 .33 (t, 6H, J=7.3, CH3);

"C NMR (75 MHz, CDCI3): 172.0, 72.5, 62.8, 14.5;

MS (EI) m/z: 133 (45.6%, M^-COjEt), 104 (100%), 76 (54.5%), 59 (1 1.6%).
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EtOOC fOOEt EtOOC, ^OOEt
\ ? Ethyl orthoformate

A Acetone, HCI

HO OH

70 :> 71

2,3-0-isopropylidene-L-tartrate71'"

A mixture of diethyl L-tartrate 70 (8.4 g, 0.4 mmol), acetone (12 mL), ethyl

orthoformate (9.4 mL) and 6M hydrogen chloride in dimethylformamide (1.0 mL)

was stirred at room temperature for three days. The resulting solution was then

neutralized with triethylamine and concentrated under reduced pressure. The residue

was then diluted with ether, washed with water and brine, dried over Na2S04 and

evaporated in vacuo. Distillation of the crude product (b.p. 106-108 °C/0.1 mm)

under vacuum afforded diethyl 2,3-0-isopropylidene-L-tartrate 71 (10 g, 84%) as a

white oil.

TLC: Rf = 0.42 (Hexane: EtOAc = 2:1);

'H NMR (300 MHz, CDCI3): 4.73 (s, 2H), 4.21-4.28 (q, 4H, J=7.0), 1.46 (s,

6H);1.30(t,6H,J=7.0);

"C NMR (75 MHz, CDCI3): 170.0, 1 14.1, 77.5, 62.3, 26.7, 14.5;

MS (EI) m/z: 231 (100%, M"-15), 173 (37.0%), 87 (22.5%), 59 (23.7%).

L^t „
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EtOOC COOEt HO—

m

5= OH

HI NaBH,
I

,

00 ^"O" O^ /O

71 53

23-Di-o-isopropyiidene-L-threitoi 53^

Diethyl 2,3-0-isopropylidene-L-tartrate 71 (1.0 g, 4.0 mmol) was added

dropwise to a suspension of sodium borohydride (0.62 g, 16 mmol) in absolute

ethanol (10 mL) at °C. The mixture was then stirred at °C for 6 hours and at room

temperature overnight. The excess hydride was decomposed with 20% acetic acid

which was added in sufficient quantity to neutralize the mixture. The solids were

filtered off, washed with ethyl acetate and the filtrate was concentrated under reduced

pressure. The residue was mixed with ethyl acetate again, filtered, the filtrate was

evaporated in vacuo and the residue was finally distilled (b.p. 94-106°C/0.4mm) to

yield diol 53 (0.53 g, 70-80%) as a colorless to pale-yellow oil. [af*= +3.8° (CHCI3,

0=5.1); Lit. [a]o''= +4.1° (CHCI3, c=5);

TLC: Rf = 0. 1 (EtOAc:Hexane =1:1);

'H NMR (300 MHz, CDCI3): 4.08 (d, 2H, J = 5.7), 3.69 (d, 4H, J = 2.6), 3.40

(t,2H,J = 5.9), 1.39(s,6H);

"C NMR (75 MHz, CDCI3): 109.7,78.8,62.6,27.3;

IR (neat): 3399, 2987, 2881, 1457, 1374, 1218, 1056, 845, 515 cm';

MS (EI) m/z: 147 (49.3%, M"-15), 131 (35.1%), 69 (18.4%), 59 (100%), 43

(61.2%).
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53 72

l,4-Di-0-methanesuIfoDyI-2,3-di-0-isopropylidene-L-threitoI72

Methanesulfonyl chloride (2.1 mL, 27.1 mmol) was slowly added to an ice

cooled solution of diol 53 (1.9 g, 11.8 mmol) and triethylamine (4.1 mL, 29.5 mmol)

in anhydrous dichloromethane (5 mL). The mixture was stirred at °C for 5 hours

until no starting material 53 was left as indicated by TLC analysis. Water was then

added to the above solution and it was extracted three times with ethyl acetate. The

combined organic phases were washed with water and brine, dried over Na2S04, and

concentrated in vacuo. Chromatography of the crude product on silica gel (ethyl

acetate/hexane, 1 :3) afforded dimesylate 72 (3.7 g, 95%) as a white solid.

M.P. 83-84 °C; TLC: Rf = 0.63 (EtOAc:Hexane = 2:1);

'H NMR (300 MHz, CDCI3): 4.25-4.36 (dd, 4H, J=11.2, 20.5), 4.13 (t, 2H,

J=10.4), 3.04 (s, 6H), 1.38 (s, 6H);

'^C NMR (75 MHz, CDCI3): 111.3,75.4,68.5,38.0,27.2;

IR (KBr): 3029, 2944, 1355, 11 74, 990, 936, 860, 834, 528 cm';
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MS (FAB, NBA as matrix): 319 (100%, MH^, 303 (21.6%), 165 (31.8%), 69

(31.7%), 43(40.5%). ' I' ' I: < , '. ?H J ;
': ^ it -^

- 'm 4i . < u:,

J \ H 1 ?
O. ^O >!

LiHMSS d^ ^O

72 , ,
74 jv.>

lH-l-indolyl[5-(lH-l-indolylmethyI)-2,2-dimethyI-l,3-dioxolan-4-yl] methane 74

To a solution of indole (127 mg, 1.1 mmol) in dry THF-HMPA (1:1, 5 mL)

was added a IM solution ofLiHMDS in THF (1.2 mL, 1.2 mmol) at -78 °C. After the

solution was stirred at -78 °C for 0.5 h, dimesylate 72 (87 mg, 0.27 mmol) in THF (3

mL) was then added. The reaction mixture was kept at -78 °C for 2 h and then slowly

warmed to room temperate followed by an additional 6h stirring until dimesylate 72

was completely consumed. Saturated aqueous NH4CI was then added to the solution

and the resulting mixture was diluted with ethyl acetate. The organic layer was

separated, and the aqueous phase was extracted three times with ethyl acetate. The

combined organic extracts were washed with water, and brine, dried over Na2S04 and

concentrated in vacuo. The residue was purified by flash chromatography on silica

gel (CHjClj-Hexanes, 5:1) to provide the desired N-substituted indole ketal 74 (80

mg, 8 1%) as a white crystal.





m

[aJo" = -2.3 (c=1.98, CHCI3).; M.P. 80 °C; TLC: R,=0.76 (CH^Cl^);

'H NMR (300 MHz, CDCI3): 7.67 (d, 2H, J=8.6), 7.16-7.19 (m, 4H), 7.07 (d,

2H, J=8.1), 6.55 (d, 2H, J=2.7), 6.27 (d, 2H, J=2.7), 4.15 (d, 4H, J=l 1.3), 3.94-4.02 (t,

2H,J=11.1), 1.37(s,6H);

•'C NMR (75 MHz, CDCI3): 136.7, 128.8, 122.3, 121.5, 120.1, 110.5, 109.9,

102.5,78.5,48.1,27.4;

IR (KBr): 3053, 2977, 2936, 1606, 1502, 1464, 1423, 1365, 1316, 1247,

1202,1166,1102,699 cm-';

MS (EI) m/z: 360 (50.4%, M^, 230 (13.9%), 172 (25.2%), 130 (100%), 43

(31.9%); HRMS, calculated for C23H24N2O2: 360.1838; Found, 360.1841.

^ ^ H30* ^ *M
HO OH

74 75

(2R, 3R)-1, 4-di (lH-l-indolyl)-2, 3-butanediol 75

To a solution of indole ketai 74 (0.57 g, 1.6 mmol) in methanol-THF (2:1, 20

mL) was added O.IN hydrochloric acid (20 mL). The resulting mixture was gently

heated under reflux for 1 hoiir. The formed acetone and methanol-THF were slowly

distilled off. Additional methanol-THF (2:1, 10 mL) and 0.5 N hydrochloric acid (5

mL) were added as necessary until ketal hydrolysis was completed. The solution was
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then diluted with saturated aqueous sodium bicarbonate and extracted with CHjClj.

The combined CHjClj extracts were washed with brine, dried over anhydrous Na2S04

and concentrated in vacuo. Column chromatography of this residue on silica gel (1%

MeOH in CHjClj) gave diol 75 (0.43 mg, 86%) as a pale yellow solid. [aJo" =

+71.78 (c= 1.91, CHCI3);

M.P. 114-116°C; TLC: Rf=0.37 (CH2Cl2:EtOAc = 8:1);

'H NMR (300 MHz, CDCI3): 7.65 (d, 2H, J=7.7), 7.06-7.32 (m, 8H), 6.52 (d,

2H, J=3.1), 4.13-4.35 (m, 4H), 3.91-3.96 (dd, 2H, J=5.6, 11.8), 2.16 (d, 2H, J = 6.2,

OH);

"C NMR (75 MHz, CDCI3): 136.6, 129.1, 128.5, 122.4, 121.6, 120.2, 109.7,

102.6,70.6, 49.6;

MS (EI) m/z: 320 (26.8%, M^, 159 (19.1%), 130 (100%), 83 (73.4%);

HRMS, calculated for C^oHzoNjO^: 320.1525; Found, 320.1528.

cn so c» so
y ? MsCl, EtjN 1 f

/\ " /\HO OH MsO OMi

75 76

(lR,2R)-3-(lH-l-indoIyl)-l-(mdolylmethyl)-2-(methyIsulfonyloxy) propyl

methanesulfonate 76
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Methanesulfonyl chloride (0.12 mL, 1.5 mmol) was slowly added to an ice

cooled solution of diol 75 (0.2 g, 0.63 mmol) and triethylamine (0.22 mL, 1.58 mmol)

in anhydrous dichloromethane (5 mL). The mixture was stirred at °C for 5 hours

until TLC showed complete consumption of the starting material 75. Water was then

added to the above solution. The mixture was extracted three times with ethyl

acetate. The combined organic extracts were washed with water and brine, dried over

Na2S04 and concentrated in vacuo. Chromatography of this crude product on silica

gel (ethyl acetate/hexane, 1:4) afforded dimesylate 76 (0.26 g, 90%) as a white solid.

TLC: Rf = 0.87 (CH^Cl^ : EtOAc =8:1);

'H NMR (300 MHz, CDCI3): 7.62 (d, 2H, J=7.8), 7.40 (d, 2H, J=8.2), 7.28 (t,

2H, J=7.5), 7.13-7.18 (m, 4H), 6.58 (d, 2H, J=3.2), 5.25 (t, 2H, J=5.5), 4.53 (dd, 4H,

J=16.9, 22.4), 2.05 (s, 6H);

"C NMR (75 MHz, CDCI3): 136.5, 128.9, 128.3, 123.0, 121.8, 120.7, 109.8,

103.5, 79.0, 46.4, 37.7, 32.0;

MS (FAB, NBA as matrix): 477 (57.1%, MH^, 168 (30.9%), 130 (100%).

NaNj, DMSO

76 77

(2R, 3R)-2, 3-diazido-l, 4-di (lH-1-indolyl) butane 77
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A solution of dimesylate 76 (0.28 g, 0.59 mmol) and sodium azide (0.15 g,

2.36 mmol) in DMSO (5 mL) was stirred at 80 °C for 24 hours. The resulting white

suspension was then diluted with water/brine 1:1 (25 mL) and extracted three times

with ethyl acetate. The combined organic extracts were dried over Na2S04, and

concentrated in vacuo. Chromatography of the remaining brown liquid on silica gel

using hexane/CHjClj 3:1 as an eluant afforded purified diazide 77 (0.19 g, 89%) as a

pale yellow solid.

[aJo" = -57.80 (c=2.9, CHCI3); TLC: Rf =0.45 (CHjCl^/hexane =1:1);

'H NMR (300 MHz, CDCI3): 7.66 (d, 2H, J=7.7), 7.12-7.28 (m, 6H), 7.03 (d,

2H, J=3.20), 6.57 (d, 2H, J=3.12); 4.31-4.48 (m, 4H), 3.70-3.75 (t, 2H, J=6.18);

•'C NMR (75 MHz, CDCI3): 136.2, 129.3, 127.9, 122.8, 121.9, 120.5, 109.2,

103.6,61.4,47.3;

MS (EI) m/z : 370 (27.9%, M"), 130 (100%), 77 (11.1%); HRMS, calculated

forQoH.sNg: 370.1654, Found: 370.1638.

K -^^^^^ K
Nj Nj NHj NH,

77 78

(2R, 3R)-l,4-di (lH-1-indoly) butane-2, 3-diamine 78
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To a solution of the diazide 77 (135 mg, 0.36 mmol) in methanol-water (3:2, 5

mL) was added 10 mg of PtOj (Adam's catalyst) in one portion. The mixture was

stirred vigorously under a hydrogen atmosphere at room temperature for 8 hours. The

catalyst was then removed by filtration over celite and the filtrate was concentrated

under reduced pressure. The residue was dried azeotropically with absolute ethanol

and then benzene to afford crude diamine 78 (143 mg) in quantitative yield as a

colorless syrup which was directly used in next step without further purification.

TLC: Rf= 0.54 (CH^Cl^ : MeOH =5:1);

'H NMR (300 MHz, CD3OD): 7.52 (d, 2H, J=7.5), 7.31 (s, 2H), 7.20 (d, 2H,

J=8.0), 7.00-7.07 (m, 4H), 6.39 (d, 2H, J=2.9), 3.98 (m, 4H), 2.99 (t, 2H, J=6.7);

''C NMR (75 MHz, CD3OD): 136.6, 129.2, 128.7, 121.6, 120.8, 119.4, 109.5,

101.4,52.0,50.2.

00 CO CX)^ rjo

"''^ ""»
T.HN \kT.

78 80

1-{(2R, 3R)-4-(lH-l-indolyl)-2, 3-diI(4-methylphenyl) sulfonamido] butyI}-lH-

indole 80

p-Toluenesulfonyl chloride (171 mg, 0.9 mmol) was added to an ice cooled

solution of 1,2-diamine 78 (131 mg, 0.41 mmol) and pyridine (0.1 mL) in CH2Cl2(10

mL) at °C and the reaction mixture was stirred at the same temperature for 6 hours.
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Water (15 mL) was then added and the mixture was concentrated under reduced

pressure. The residue was diluted with CH2CI2, washed with water, saturated aqueous

sodium bicarbonate and brine, dried over Na2S04 and concentrated in vacuo.

Chromatography of this crude product on siHca gel using CHjClj/MeOH 25:1 as

eluant afforded tosylate 80 (0. 1 8 mg, 74%) as a white power. ;t ^ .

[ay =+177.2 (c=l, CHCI3); M.P. 255-257 °C;

TLC:Rf=0.68(CH2Cl2:EtOAc=5:l); '
- ; •

• -

'H NMR (300 MHz, CDCI3): 7.45-7.49 (m, 6H), 7.00-7.05 (m, 8H), 6.89 (d,

2H, J=3.1), 6.56 (d, 2H, J=7.9), 6.27 (d, 2H, J=3.1), 5.41 (d, 2H, J=7.9), 4.14-4.21

(dd, 2H, J=6.9, 14.4), 3.89-3.97 (dd, 2H, J=7.8, 14.3), 3.76-3.84 (dd, 2H, J=7.4, 15.0),

2.35 (s, 6H);

"C NMR (75 MHz, CDCI3): 144.3, 136.0, 135.8, 130.1, 129.2, 128.2,

127.2,122.2, 121.4, 120.0, 109.2, 102.6, 53.4, 48.3, 22.0;

MS (FAB, NBA as matrix) m/z: 627 (32.0%, MH*), 130 (100%); HRMS,

calculated for C34H34N4O4S2H": 627.2021; Found: 627.1940. -7 4; .. .

00. ^CO rry oO
'

H2N NH2 02NhQ-S02HN^ \HS02^g.N02

78 81

;s2
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1-{(2R, 3R)-4-(lH-l-indolyl)-2, 3-di[(4-nitrophenyI) sulfonamidol buty!}-lH-

indole 81 , <5c5l,.'t^;TiM' 5',

p-Nitrobenzenesulfonyl chloride (29 mg, 0.13 mmol) was added to an ice

cooled solution of 1,2-diamine 78 (20 mg, 0.06 mmol) and triethylamine (36 uL, 0.25

mmol) in CH^Cl, (2 mL) at °C and the reaction mixture was stirred at the same

temperature for 6 hours. Saturated aqueous sodium bicarbonate (10 mL) was then

added. The mixture was stirred for 10 min and concentrated under reduced pressure.

The residue was diluted with CHjClj, washed with water, brine, and dried over

Na2S04 and concentrated in vacuo. Chromatography of this crude product on silica

gel using CHjClj/MeOH 98:1 as eluant afforded tosylate 81 (25.7 mg, 62%) as a

white powder.

[a]D-'=+287.24 (c=1.2. Acetone);

M.P. 210-211 °C; TLC: Rf = 0.22 (CH^Cl^: EtOAc = 10:1)

'H NMR (300 MHz, Acetone-dJ: 7.73-7.76 (d, 4H, J=8.5), 7.63 (d, 2H,

J=6.6), 7.54 (d, 4H, J=8.6), 7.20-7.27 (dd, 6H, J=8.4, 11.3), 7.06 (t, 2H, J=7.4), 6.86

(t, 2H, J=7.4), 6.23 (d, 2H, J=2.6), 4.63-4.68 (d, 2H, J=13.9), 4.36-4.49 (m, 4H);

"C NMR (75 MHz, Acetone-d^): 149.3, 144.6, 135.8, 129.4, 129.2, 127.3,

123.7, 121.7, 120.9, 120.0, 109.8, 101.9, 56.2, 46.7.

hJ NH, C"^Ch
,^^ /\ /=v

' O-SOjHN NHSO,-<J

78 82
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l-{(2R,3R)-4-(lH-l-intlolyI)-2,3-di((3-trifluoromethylben2ene) sulfonamido]

butyl}-lH-indole 82

3-(Trifluoromethyl) benzenesulfonyl chloride (16 mg, 0.06 mmol) was added

to an ice cooled solution of 1,2-diamine 78 (10 mg, 0.031 mmol) and triethylamine

(18 uL, 0.13 mmol) in CHXlj (1 mL) at °C. The reaction mixture was stirred at the

same temperature for 6 hours. Saturated aqueous sodium bicarbonate (10 mL) was

then added. The mixture was stirred for 10 min at room temperature and concentrated

under reduced pressure. The residue was diluted with CH2CI2, washed with water,

brine, and dried over Na,S04 and concentrated in vacuo. Chromatography of this

crude product on silica gel using CH^CU/MeOH 100:1 as an eluant afforded tosylate

82 (13.8 mg, 60%) as a white powder.

[alo" = +144.9 (c=0.61, Acetone);

M.P. 204-205 "C; TLC: Rf= 0.23 (CH2Cl,:EtOAc=10:l);

'H NMR (300 MHz, Acetone-d^): 7.82 (s, 2H), 7.47-7.58 (m, 6H), 7.35 (d,

2H, J=7.8), 7.12-7.20 (m, 6H), 6.94-7.06 (m, 4H), 6.15 (d, 2H, J=3.1), 4.60 (d, 2H,

J=l 1.5), 4.30-4.39 (m,4H);

"C NMR (75 MHz, Acetone-dJ: 141.1, 135.9, 130.6, 129.9, 129.8, 129.2,

128.9, 128.7, 123.2, 121.7, 121.2, 119.6, 109.5, 101.8,56.0,46.8;

MS (FAB, NBA as matrix): 735 (18.1%, MH^, 130 (100%); HRMS,

calculated for Cj.H^gFsNASjH*: 735.1534; Found: 735.1510.
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3.2.5 The synthesis of 57 and 60

^-1 5-OH HO-,H —=^!!— T-iO,^ ^O TBDMSCI (i i.

53 53a

HO^ rOTBDMS I ^-OTBDMS
"\ I2, PhsP, imidazole 1 f

"\/" PliH/Et20(l:2) O^ .O

53a 57

[(4S, 5S)-5-(hydroxymethyl)-2,2-dimethyl-l, 3-dioxolan-4-yI] methoxy (tert-

butyl) dimethyl silane 53a

Sodium hydride (0.38g, 16.0 mmol) was suspended in THF (15 mL) after

being washed with dry hexane. The diol 53 (1.3 g, 8.0 mmol) was added at °C and

the mixture was stirred at room temperature for 1.5 hours at which time a large

amount of an opaque white precipitate had formed. The tert-butyldimethylsilyl

chloride (TBDMSCI, 1.19 g, 7.9mmol) was then added and the reaction mixture was

vigorously stirred for 2.5 hours until the diol 53 was completely consumed as

indicated by TLC analysis. The reaction mixture was then quenched with saturated

aq. NaHCOj and extracted with diethyl ether repeatedly. The combined organic

extracts were washed with brine, dried over anhydrous Na2S04 and concentrated in
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vacuo to give 53a (2.2g) as a colorless oil which was used in the next step without

further purification.

The product 53a exhibited the following spectroscopic properties:

TLC: R<^0.7 (Hexane:EtOAc = 1:1);

•H NMR (300 MHz, CDCI3): 3.96-4.00 (m, IH), 3.84-3.89 (m, 2H), 3.64-3.77

(m, 3H), 2.55 (m, IH), 1.40 (d, 6H, J=4.8), 0.90 (s, 9H), 0.08 (s, 6H);

''C NMR (75 MHz, CDCI3): 109.5, 80.5, 78.5, 64.1, 63.1, 27.4, 27.3,

26.2,18.7,-5.1;

MS (EI) m/z: 261 (12.3%, M'-CHj), 219 (11.1%), 161 (24.5%), 131 (63.2%),

117 (28.5%), 75 (100.0%), 59 (47.6%), 43 (39.7%); HRMS, calculated for

C,3H28O4Si(-CH30: 261.1522; Found: 261.1538.

[(4S, 5R)-5-(iodomethyl)-2, 2-dimethyI-l, 3-dioxolaii-4-yl] methoxy (tert-butyl)

dimethyl silane 57

To a solution of alcohol 53a (2.2g, 8.0 mmol) in benzene-diethyl ether (1:2,

25 mL) was subsequently added triphenylphosphine (3.1g, 12.0 mmol), imidazole

(0.8g, 12.0 mmol) and iodine (3.0 g, 12.0 mmol) at °C. The resulting solution was

kept in the dark and vigorously stirred at room temperature for 4 hours until alcohol

53a was completely consumed as indicated by TLC analysis. Saturated aq. NaHCOj

was then added and the mixture was stirred for an additional 20 min and extracted

three times with CHjClj. The combined organic extracts were washed with 10%

Na2S204, brine and dried over anhydrous Na2S04 and concentrated in vacuo. Colimm
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chromatography of the residue on silica gel (hexane/CHjClj, 3:1) afforded 57 (2.7g,

85% from 53) as a colorless oil.

TLC: Rf=0.49 (Hexane:CH2Cl2=l:l);

'H NMR (300 MHz, CDCI3): 3.79-3.89 (m, 2H), 3.72-3.76 (m, 2H), 3.30-3.41

(m, 2H), 1.41-1.47(d, 6H, J=19.3), 0.91 (s, 9H), 0.01 (s, 6H);

"C NMR (75 MHz, CDCI3): 109.9, 81.5, 78.4, 64.1, 27.8, 27.7, 26.3, 18.7,

7.4, -5.0;

MS (EI) m/z: 371 (8.9%, M^-CHj), 271 (100.0%), 241 (89.9%), 185 (36.1%),

75 (35.7%), 59 (22.0%), 43 (36.4%); HRMS, calculated for C,3H27lO3Si(-CH30:

371.0540; Found: 371.0540.

^-1 5-OH HO-,

O. .0 Et3N,-20°C / \

53 53b

[(4S, 5S)-5-(hydroxymethyl)-2,2-dimethyI-l, 3-dioxoIan-4-yl] methyl acetate 53b

Acetyl chloride (AcCl, 41 uL, 0.58 mmol) was added dropwise to a

cooled solution of diol 53 (105 mg, 0.65 mmol) and triethylamine (91 uL, 0.65 mmol)

in CH2CI2 (5 mL) at -20 °C under argon. After 0.5 h, water, was added and the

mixture was concentrated under reduced pressure. The residue was then diluted with

CH2CI2, washed with water, brine and dried over anhydrous Na2S04 and concentrated
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in vacuo. Chromatography of the residue on siHca gel (Hexane/EtOAc, 1:1) afforded

monoacetate 53b (66 mg, 50%) as a colorless oil.
..-, •:

' i I

TLC: Rf=0.15 (Hexane: EtOAc=l:l);

'H NMR (300 MHz, CDCI3): 4.26 (m, IH), 4.08-4.15 (m, 2H), 3.91 (m, IH),

3.78 (m, IH), 3.67 (m, IH), 2.42 (m, IH, OH), 2.08 (s, 3H), 1.40 (d, 6H, J=3.1); I

"C NMR (75 MHz, CDCI3): 171.2, 110.2, 78.7, 75.5, 64.6, 62.3, 27.4, 27.3,

21.2;

MS (EI) m/z: 189 (38.5%, M^-CHj), 115 (33.8%), 69 (22.1%), 59 (36.0%),

43(100.0%); HRMS, calculated for QH.AC-CHjO: 189.1877; Found: 189.0770.

H0-« ^OAc I— ^OAc
j

\ Ph3P, imidazole, I; _
) \

53b 60

[(4S, 5R)-5-(iodomethyl)-2, 2-dimethyl-l, 3-dioxoIaii-4-yl] methyl acetate 60

To a solution of alcohol 53b (50 mg, 0.24 mmol) in benzene-diethyl ether

(1:2, 5 mL) was subsequently added triphenylphosphine (95 mg, 0.36 mmol),

imidazole (25 mg, 0.36 mmol) and iodine (91.4 mg, 0.36 mmol) at °C. The

resulting solution was kept in the dark and vigorously stirred at room temperature for

4 hours until alcohol 53b was completely consumed as indicated by TLC analysis.

Saturated aq. NaHCOj was then added and the mixture was stirred for an additional

20 min and extracted three times with CH2CI2. The combined organic extracts were
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washed with 10% Na2S204, brine and dried over anhydrous Na2S04 and concentrated

in vacuo. Column chromatography of the residue on silica gel (Hexane/EtOAc, 3:1)

afforded 60 (72.3 mg, 94%) as a colorless oil.

TLC: R^= 0.78 (Hexane :EtOAc=l:l);

'H NMR (300 MHz, CDCI3): 4.30-4.35 (dd, IH, J=3.9, 11.6), 4.13-4.19 (dd,

IH, J=5.6, 11.7), 3.98-4.01 (m, IH), 3.83-3.89 (m, IH), 3.20 (d, 2H, J=7.6), 2.10 (s,

3H), 1.41-1.46 (d,6H,J=15.2);

''C NMR (75 MHz, CDCI3): 171.0, 110.7, 79.7, 77.3, 64.7, 27.8, 27.7, 21.2,

5.9.
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