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ABSTRACT

This thesis focuses on the design and syntheses of the sulfonium-ion analogues of

australine, lentiginosine, swainsonine, and other analogues of salacinol as potential

glycosidase inhibitors, together with the investigation of their enzyme inhibitory

activities .

The syntheses of several bicyclic sulfonium-ion analogues of a naturally

occurring glycosidase inhibitor, swainsonine, in which the bridgehead nitrogen atom is

replaced by a sulfonium-ion, are described. These compounds were designed to test the

hypothesis that a sulfonium salt carrying a penuanent positive charge would be an

effective glycosidase inhibitor. We postulated that a permanent positive charge on the

sulfur atom will mimic the highly unstable oxacarbenium ion transition state in a

glycosidase-catalyzed hydrolysi s reaction. Screening of these compounds against

Drosophila melanogaster Golgi-a-mannosidase II (dGMIl), an important mannosidase

that is involved in the N-glycosylation pathway, showed that the configuration of the

sulfonium-ion center is critical for activity and the design of new agents should

incorporate this feature.

The syntheses of eight s ulfonium compounds with structures related to the

naturally OCCUlTing pyrrolizidine alkaloid, australine, in which the bridgehead nitrogen

atom is replaced by a sulfonium-ion, are also described. The conformational preferences

of these compounds, based on analysis of IH_I H vicinal coupling constants and 10

NOESY data, are attributed to both steric and electrostatic interactions. These
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compounds will be used in the study of structure-activity relationships with glycosidase

enzymes.

Finally, synthesis of analogues of the naturally occurring glycosidase inhibitor,

salacinol, in which the D-arabinitol ring has been replaced by n-lyxitol or D-ribitol, along

with polyhydroxylated imino- and thio-alditols, containing a pho sphate group instead of

the usu al sulfate gro up in the side chain are described . Screening of these compounds

against recombinant human maltase glucoamylase (MGA), a critical intestinal

glucosid ase involved in the processing of o ligosacc harides into glu co se , shows that the y

are not effective inhibitors of MGA and demonstrate s the importance of the D-arabinitol

configuration of the heterocyclic ring and the sid e chain substituents of salacinol for

effective inhibition. Th e compounds were also screened again st dGMII and were found

not to be effective inhibitors of thi s enzyme.

Keywords:

Glycosidase inhibitors, sulfonium salts, syntheses, Golgi mannosidase II, human maltase

glucoamylase.
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THESIS OVERVIEW

Chapter 1 pre sents an introduction to glycosidases, their mechanism of action,

and some examples of naturally occurring and synthetic inhibitors of glycosidases. It

also introduces Golgi-a-mannosidase II (G MlI) and recombinant human maltase

glucoamylase (MGA).

Chapter 2 presents the manuscripts (Kumar, N. S.; Pinto, B. M. 1. Org. Chern.

2006, 71,1262-1264; Kumar, N. S.; Pinto, B. M . Carbohydr. Res . 2006,341,1685-1691)

that describe the synthesis of thioswainsonine and 7-epi-thioswainsonine as potential

glycosidase inhibitors. It was thought that sulfonium salts carrying a permanent positive

charge would mimic the oxacarbenium-like transition state for the enzyme-catalyzed

hydrolysi s reaction .

Chapter 3 describes the de sign and the attempted synthesis of trans-fused

thioswainsonine. It describes the importance of the configuration of the sulfonium center

in thioswainsonine to be an effective GMII inhibitor.

Chapter 4 describes the synthesis of a sulfonium-ion analogue of di-epi

swainsonine and its development as potential glycosidase inhibitor. It also presents the

X-ray crystallographic analysis of the complex of di-epi-thioswainsonine with dGMll and

the analysis of the enzyme-inhibitor interactions in the active site.
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Chapter 5 describes the design and synthesis of the sulfonium-ion analogue of 8

epi-lentiginos ine and its developm ent as potent ial inhibitor of Golgi a-mannosidase II. It

also presents the X-ray crystallographic analysis of the complex of 8-epi

thiolentiginosine with dGMII and the analy sis of the enzyme-inhibitor interactions in the

active site.

Chapter 6 prese nts a manuscript (Kumar, N. S .; Pinto, B. M. 1. Org. Chem. 2006,

7/, 2935-2943) that describes the synthesis and conformational analysis of bicycli c

sulfonium salts with structures related to the naturally occur ring pyrroliz idine alkaloid,

australine, in which the bridgehead nitrogen atom is replaced by a sulfonium-ion.

Chapter 7 prese nts a manuscript (Kumar, N. S. ; Pin to, B. M. Carbohydr. Res.

2005,340,2612-2619) that describes the synthesis of D-lyxitol and D-ribitol analogues of

the naturally occurring glycos idase inhibitor salacinol. It also describes the importance

of the D-arabinit ol conf iguration in the heterocyclic ring for effective inhibition again st

MGA.

Chapter 8 describes the synthes is of novel analogues of the glycos idase inhibitor

salacinol containing a phosphate moiety. It also describes the importance of the hydroxyl

and/or sulfate groups on the side chain for effec tive inhibition against MGA.

Chapter 9 presents the general conclusions resu lting from the work in this thesis.

xx



CHAPTER 1: INTRODUCTION



1.1 General Introduction to Carbohydrates

The name "ca rbohydr ate" means "hydrate of carbon", whi ch was derived from the

general formula CxCH20 )y where x and y are integers greater than 2. For instance,

glucose, with molecular formula C6H I 20 6 can be written as C6(H20 k Carbohydrates are

the main source of energy in the form of glycogen and starch, in animals and plants,

respectively. Aside from this vital nutritional role , carbohydrates also serve as structural

materials (cellulose and chitin), a component of the energy tran sport compound ATP,

recognition sites on cell surfaces, and components of RNA and DNA. Carbohydrates

have complex structures which enable them to be involved in a wide range of processes.

Unlike amino acids, which generally form only one type of linkage, two identical

monosaccharide units , for instance, glucose, can form more than 10 different

disaccharides.

Carbohydrates are usually attached to proteins (glycoproteins and proteoglycans)

and lipids (glycolipids) on cell surfaces. They are collectively known as glycoconjugates

and they vary during cell development and disease states. Glycoconjugates playa critical

role in cell adhesion , hormonal regulation, immunological protection, cell growth, blood

clotting and infiammation. I
•
2 These structures serve as receptors for other cells , bacteria,

. . d h "1 4VIruses, tOXInS an orrnones.:"

1.2 N-Linked Glycan Biosynthesis

The glycans on glycoproteins are either linked to an asparagine residue through an

N-glycosidic bond or to serine and threonine residues through an O-glycosidic bond . The

processing of the oligosaccharides on a glycoprotein is a complex process that requires

the participation of a variety of enzymes, both glycosyltransferases, which synthesize
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glycosidic bonds, and glycosidases , which hydrolyze glycosidic bonds. The N-linked

biosynthetic pathway, which involves the form ation and maturation of the

oligosaccharides attached to the asparagine side chain of proteins, is necessary for the

proper processing of proteins formed in the endoplasmic reticulum (ER) and Golgi

apparatus.Y"

The maturation process is initiated from dolichol pyrophosphate (PPDol) in the

ER where a series of glycosyltransferase enzymes converts PPDol to a lipid linked glycan

precursor, Glc3Man9GlcNAc2PPDol (wh ere Gle is glucose, Man is mannose, and GIeNAc

is N-acetylglucosamine). This precursor is then transferred to specific as paragine

residues in the growing pol ypeptide chain by oligosaccharyl transferases in the ER.

Carbohydrate units attached to the asp aragine have a common inner- core structure.

The processing of complex N-linked glycoproteins occurs initi ally in the ER and later

in the Golgi apparatus by the participation of a large number of enzymes, as shown in

Scheme 1.1. The trimming process start s with the action of glu cosidases I and II, which

removes the thr ee terminal glucose residues from GIe3Man 9GIeNA c2. A collection of

processing mannosidases in the ER and the Golgi complex then clea ve the four a-I---7 2

Man residues to yield MansGlcNAc2. The Golgi GIeNAc tran sferase, whi ch initiates

branching of complex oligosaccharides, then add s GlcNA c, while Go lgi mannosidase II

removes one a-I---73- and one a -I---76-linked mannose residue, yielding

GIcNAcM an3GIeNAc2. T his oligosaccharide product is extended by branching Gl cNAc

transferases to give bi-, tri- , and tetra-antennary structures. Finally, the distal sugars such

as galactose , N-acetylgal actosamine, fucos e, and sialic acid residues are add ed by the

1



acti on of the corres ponding glycosyl tran sferases to yie ld the wide variety of s tructures

found in mature g lycopro te ins .

G lucos idas e I
•

Glu cosida se II
•

1ER M annosidase I

N-A cetylglucosamine
..
Transfer ase

1Goigi Mann osidase II

Goigi Mannosidase I..

Glycosyl Transferases

• Complex Glycan

a -I ,3-Mannose

a- I,6-Mannose

a - 1,2-Mannose

~-I ,4- Ma nnos e

'Y a-I, 2-Glucose

~ a -I ,3-Glucose

, ~-l ,4-N-Acetylglucosamine

__ ~-I ,2-N-Acety lglucosamine

Scheme 1.1 N-linked glyc an biosynthesis.
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Interferen ce with the trimming pro cess v ia g lucos idase and/or mannosid ase

inhibitors block s the maturati on of oli gosaccharid es to co mplex structures . ' Th e displ ay

of immature or "aberra nt" structures has implications for the prop agation of tu mors. T he

tumor ce lls ex hibit very complex carbo hydra te struc tures ' and it is bel ieved that these

structures pro vid e signa l stimuli for rapid proli ferati on and metastasis of tum or cell s .

S ince the tumor and normal ce lls have different rates of ce ll grow th, a glyc osidase

inhibitor can be used to inh ib it the assembly of co mplex o ligosacchari de struc tures . For

example, swainso nine (1.1), a plant-deri ved alkalo id is a Golg i n- mannosidase II

inhibitor and it interferes with the N-gl ycosyl ati on pathway in glycopro te in biosynthesis .

T reatment with swainso nine (1. 1) has led to a significant red uction of tum or ma ss in

human pa tients with advance d mali gnancies, and is a pro mising drug therapy for pati en ts

suffering from brea st , liver, lung cancer , and other malignan cies.fl " The potential to

inhibi t cancer gro wth and metastasi s by interfering with the expression of complex

carbohy drate s tructures, sugges ts an alte rna tive therapeutic stra tegy for the treatment of

ca ncer.

~OH

OH OH

Swainsonine (1.1)

Figure 1.1 Struc ture of swa insonine (1.1) .
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1.3 Glycosidases

Gl ycosidases (a lso know n as glycoside hydrolases) are enzy mes that ca ta lyze the

hydrol ysis of glycos idic linkage to give tw o sma ller suga r uni ts as show n in Sc he me 1.2.

Th ese enzymes have been classi fied into four gro ups , based upon whether they invert or

reta in the ano meric config uration and whe the r they cleave axial or equa torial glycos ides.

Th e mechani sm of the inv ertin g and retaining ~ -glycosidase was initi all y pro posed by

Koshl and l l and is still widely accepted . I 2
-
18

~OR .. ~OH + HOR

Scheme 1.2 Hydrol ysis of a glycosidic bond.

In ge nera l, two carboxyl groups in the enzy mes' ac tive si tes are invol ved in the

hydrolysis o f a g lycosidic bon d and it is beli ev ed that only one of the ca rboxylate groups

is prot on ated in the enzy me ac tive s ite . Invertin g glycosidases wo rk th rough a single

dis placement mech ani sm (Sc heme 1.3). The carbo xylic aci d first proton ates the ag lycon

to make it a better leaving group. The parti al positive charge formed at an anomeri c

center is s tabi lized by the de localiza tio n of a lone pair on the ring oxygen to form a

trans ition state co mplex. Th e second carboxylate abs tracts a proton fro m a water

molecule mak ing it a better nuc1eophile, which in turn attacks the an om eric center via a

SN2-1ike mech an ism.
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Enzyme

OH (A
HO~-~O (OR

HO~~
OH 1

H-O-H

e(

y
Enzyme

OH

HO~O
HO~

HOOH

Enzyme

o-J::
#

OH 8+ H--? °
HO 0 '.8
HO -, - OR

OH",

H-'O' _
-H

8- ,

Y
Enzyme

Enzyme

eJ::° 0

Hy
Enzyme

:j:

Scheme 1.3 Inverting mechanism of gly cosidases .

In the case of the retaining glycosidases , the stereochemi stry at the anomenc

ce nter is not changed because the reaction proceeds VIa a double displacement

mechani sm. The first step is similar to that of an inverting glycosidase, in which the

agl ycon is first partially protonated. Then, inst ead of a hydroxyl gro up attacking, the

second car boxylate acts as a nucleophil e and attacks the anomeric center to give a

glycosyl-enzyme intermediate. In the second step, the carbox ylate deprotonates the water
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mol ecule, whi ch then attacks the anomeric ce nter and displ aces the carboxylate leavin g

group , as shown in Scheme 1.4.

Enzyme

OH t~
HO~-O (OR
HO~

OH 1ey
Enzym e

Enzyme

eJ::
OH 0", 0

HO~'-----' O,H
HO \Hay

Enzyme

Enzyme

OH 8~~

~
+ H-

HO 0 '.8+
HO . -OR

HO'. 8-

Y
Enzyme

Enz yme

~
Ho~OHo 0 0
HO H-O-R

HO

Y
Enzyme

Enzyme

~OH 0 0

~g40H
HOHy

Enz ym e

Scheme 1.4 Retaining mechan ism of glycosidases.
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In retaining gly cosid ase s, the catalytic res idues are se parated by approximatel y 5

A, wh ereas in the inverting glycosidases the se paration is 9-10 A. 16,17 It is believed that

the separation of ca ta lytic residues is greater in the in verting g lycos idases in order to

accommodate the water molecule that initi ates c leav age of the glycosid ic bond .

Both retaining and inv erting glycosidase s catalyze rea cti on s that proceed throu gh

a similar transiti on state in whi ch there is a partial positi ve ch arge o n both the endocyc lic

and exocyc lic oxygen ato ms, and the bond between the en docycl ic oxygen and the

anomeric car bon atom has a partial doubl e bond character (Fi gu re 1.2).

:j:
E nzyme

8-:I:
~

OH + W ,O 0
8 +

HO 0 \8
HO -, -OR

HO"
Nu

Figure 1.2 P rop osed transition state for glycosidase-me d iated reactions.

Enzy mes promote reactions by low er ing the activation energy, which is the res ult

of the stro ng binding to the transition state by means of e lec trostatic or hyd rophobic

interaction s within the enzy me ac tive s ite. Th ere ma y be some non -co valent int eraction

bet ween the en zym e and the subs trate at the gro und state, res ulting in gro und-s tate

stabi liz ation, but the int eractions at the transition state of an enz yme-cata lyzed reac tion

are muc h st ro nger. 19 Hen ce, co mpounds wh ich mimic both the s hape and c harge of the
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oxacarbenium-like transition state are believed to be potential inhibitors of glycosid ases .

These typ es of mol ecules should bind to the active site of the enzyme with high affinity.

The stereoelec tronic requirement for plan arity of an oxacarbenium ion is definite.

Th e most substantia l evidence for thi s geometry is from isotope effect measurements

which showed vari ous degree s of Sp2 character at the anomeric carbon of the tran sition

state. Th e conformation of the furanosyl cati on is probabl y an enve lope CEor EJ ) with

C-I , C-2, C-4 and 0-4 being co-planar, whereas in the case of a pyranosyl cation, it is

probabl y a half-chair (4H3 or .lH4) or a classical boat e ,5B or B2,s), as illu strated in Figure

~
OH 0+

~HO~+
HO OH

HO O~H
HO

3E E3
4

H 3

~OH
HO

+ OH

~OH ~OH
I HO HO

OH HO OH

3
H 4

2,58 8 2 5,

Figure 1.3 Proposed conformations of oxacarbenium ion s .
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1.4 Glycosidase Inhibitors

Inhibition of glycosidases are very important In controlling many biological

processes and could eventually lead to the development of drugs for disorders such as

di b . I . fecti d 1 ) 0 21ia etes, vira In ecnons an cancer. ,- , Glycosidase inhibitors can also provide

information about the structure and the mechanism of action of these enzymes.

Although there have been different approaches taken in designing inhibitors for

glycosidases, most of them have focused on mimicking the shape and/or charge of the

transition state of the enzyme-catalyzed hydrolysis reaction . Much of the focus has been

on designing inhibitors that have a hal f-chair conformation since it is the commonly

accepted conformation of the transition state. 15,22 However, it should be noted that there

are reports present which support the possibility of the formation of a boat transition state

during glycosidase-mediated hydrolysis.23-26

Designs focusing on charge have mimicked the positive charge build up during

glycosidase-mediated hydrolysi s in a number of different places " since the charge is

distributed among the aglycon, ring oxygen as well as the anomeric carbon, as shown in

Figure 1.2. The first step in glycosidase-mediated cleavage involves the protonation of

the exocyclic oxygen of the glyco sidic bond; thus, an early transition state may have a

substantial build up of positive charge on this atom (see Figure lAA) . Compounds such

as acarbose (1.2) and mannostatin A (1.3) in which the exocyclic oxygen is replaced with

an amine, can be considered as transition state analogues of this class. Nojirimycin (1.4)

and swainsonine (1.1) are examples of compounds that mimic the charge build up on the

endocyclic oxygen atom . The transition state may also have positive charge on the

anomeric carbon (Figure lAC) . Therefore, compounds such as isofagomine (1.5) and

II



sias tatin B (1.6) , in whi ch the anomeric carbon is repl aced by a nitrogen ato m, are

examples of th is c lass. A more probable transition state wo uld perhap s have the positi ve

charge dist ributed over severa l atoms and the g lycosidase inhibi tors, ge mdiam ine (1.7)

and nagstatin (1.8), fa ll under thi s ca tegory.

A B

OH

HO---£q'~
HO-y+

OH

c

Figure 1.4 Cha rge build up on di fferent ato ms during g lycos idase-mediated
hydrol ysis reaction s.
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HO~OH
HO~H3C

H~~~OH
HO~O 0 ;#OH

HO O 0
HO

HO OH

Acarbose (1.2)

~H2

HO""CrSCH3

HC( :;'OH

Mannostatin A (1.3)

OH
HO~\~-'~H
HO~OH

OH

Nojirimycin (1.4)

OH
HO (~ , .

H~NH

Isofagomine (1.5)

HO C02H

HO~NH
NHAc

Siastatin B (1.6)

OH
HO~\--'~ H
HO~NH2

OH

1.7 Nagstatin (1.8)

Figure 1.5 Structures of comp ounds 1.2 - 1.8.

1.4.1 Nitrogen Containing Analogues

Sugars in whi ch the oxy gen atom is repl aced with a nitrogen atom represent a

large class of compounds and are commonly known as iminosugars. Th e most important

class of reversible glycosidase inhibitors is compo sed of naturally occurrin g

pol yhydroxylated pyrrolidine, piperidine, pyrrolizidine and indolizidine alkalo ids which

are monocyclic and bicyclic amin es.7.22.27-3I It has been postulated that these compounds
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mImIC the shape and charge of the oxacarbenium-like transiti on state of the enzym e-

cata lyzed hydrolysis reaction, thus making them good glycosidase inhibitors.n .3::> The

nitrogen atoms in these compounds are protonated at physiolo gical pH and it is believed

that this action provides the stabilizing electrostatic interaction s betwee n the inhibitor and

the carboxy late residues in the enzyme active site. Preparation of structurally modifi ed

analogues of these naturally occurring comp ounds has generated much interest since the

biological activity of these molecules varies substantially with the number, pos ition, and

the stereochemistry of the centers bearing hydroxyl groups, as well as the ring size.l 3
-
38

1.4.1.1 Pyrrolidines

Pyrrolidine is a five memb ered ring containing a nitrogen atom. 2,5-Dideoxy-2,5-

imino-D-mannitol (DMDP, 1.9) was first isolated in 1976 from the leave s of the legume

Derris ellipt ica'" and was later show n to be a powerful ~-glucosi dase inhibi tor. Another

example of this class of compounds is I ,4-dicleoxy-1 ,4-imino-D-ara binitol (1.10) which

was first found in the fruits of Angyloca lyx bout iqueanus.t" and is a potent a-glucos idase

inhibitor."

H
N

HOk"\\"-OH

HO OH

DMDP (1.9)

H
NHOH

HO OH

1.10

Figure 1.6 Structures of compounds 1.9 and 1.10.
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1.4.1.2 Piperidines

Piperidi ne is a SIX membered heterocycl ic amine. In 1966, the firs t natural

glucose mimic, Noj irimycin (1.4), was isolated from bacteria42 and was found to be a

potent (J, - and ~-gJucosid ase inhibitor. lsofagomin e (1.5) and siastatin B (1.6) are other

exampl es of this class of compo unds which show strong inhibitory activ ities against

glycosi dases.

1.4.1.3 Pyrrolizidines

Pyrrolizidines are heterocycles with two five membered rings fused together. The

structural re lationships of this class of compounds to suga rs are less obv ious but the

orientations of the hydroxyl groups on the rings ca n be compared to those of

monosaccharides. Alexine (1.11), isolated from the legume Alexa leiopetala , was the

first exa mple of this class of co mpounds.l'' Australine (1.12), a uM inhibitor of

glucoa mylase , is another exa mple of a pyrroliz idine alkaloid and was iso lated from the

f «seeds 0 Castanospe rmum australe.

_ OH

W OH
HO H OH

Alexine (1.11)

_ OH

W OH
HO H OH

Australine (1.12)

Figure 1.7 Structure of alexine (1.11) and australine (1.12).
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1.4.1.4 Indolizidines

Indolizid ines are bicycli c heterocycles with a five- and a six-mem bered ring fused

together. Swai nso nine (1.1), iso la ted fro m Swai nsona canescens , is an examp le of an

ind oli z idine alkaloid.4s Swain sonine (1.1) is also found in locoweeds and is responsible

for loco-disease (" loco" is a Spanish word meaning crazy) in the western Un ited St ates."

Swainsonine (1.1 ) is a nM inhibitor of Go lgi-n -rnan nosidase II in the N-g lycosylat ion

path way. Cas tanospermi ne (1.13)47 and (+)- Ientiginosi ne (1.14)48 are ot her examples of

naturall y occurr ing indolizidine alkaloids that are I-!M inhibitor s of ~-glucosidases49 and

amy log lucosidase." respecti vel y.

H0XJ{
HO"" N ~

H 
OH OH

Castanospermine (1.13)

(P "OH
H OH

(+)-Lentiginosine (1.14)

Figure 1.8

1.4.1.5 Nortropanes

St ruc tu res of castanosperm ine (1. 13) and lenti ginosin e (1.14).

Nortropan es (8-azab icyclo[3.2 .1[octanes) also contain a f ive- and a six- membered

ring system but have di fferent rin g co nnec tiv ity than indo lizi d ines . Th is is a new c lass of

compounds that was add ed to the previous fo ur grou ps after the di scovery of

ca lystegi nesr'" Ca lys teg ines have a nortrop an e ring system, two to four hydroxyl gro ups

varying in position and stereochemistry, and an am ino ketal funct ionality . Ca lysteg ine A3

(1.15), ca lys tegi ne B I (1.16) and ca lysteg ine B, (1.17) are examples of this c lass of

com pou nds.
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HO
HO~H
HO-~

Calystegine A3 (1.15)

HO

HO~\H
HO~~

"IIOH

Calystegine 8 1 (1.16)

HO~OH
·NH

HO""

Calystegine 8 5 (1.17)

Figure 1.9 Structures of calystegine an alogues 1.15 - 1.17.

1.4.2 Thiosugars

Compounds in which the ring oxygen ato m is repl aced by a sulfur atom are well

studied in the literature and some show interesting biologi cal properties. Th e first

naturally occurring thiosugar was S-thio-O-mannopyranose (1.18), isolated from the

marine sp onge Clathria pyramida, whi ch is found off the coast of New South W ales .51

S-Thi o-o-mannopyranose (1.18) shows antibacterial ac tivity against both Gram po sitive

and Gram negati ve bacteria . The synthes is o f S-thio-o-xylop yranose (1.19) was achi eved

independently by three different groups.:~ 2-54 In 196 2, S-thi o-o-gJucopyranose (1.20) was

synthes ized by Feather and Whistler55 and it was found to inhibit o -glucose-s timulated

insulin release. i''' Other thiosugars such as S-thio-o-galactopyranose (1.21)57 and S-thio-

L-fuc opyranose (1.22)58 hav e als o been synthesized . Thiosugars have becom e very

important targ ets because of their potenti al as glycosidas e inhibitors.
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HO OH
HO~JS
HO~OH

1.18

S
HO~0\ OH
HO~

OH

1.19

HL(OH
S

HO~OH
OH

1.21

HO~S
H~O~OH

OH

1.20

OH

H3C~H
HO O H

1.22

Figure 1.10 Structures of compounds 1.18 - 1.22 .

Replacement of an oxygen atom by a sulfur atom in the interglycosidic linkage

has been well studied and some of these compounds have shown inhibitory activities

agai nst various enzymes. For ex ample, Hashimoto et al. synthesized a series of U-L-

fucopyranosyl disaccharides (1.23 - 1.26) for the purpose of characterizing U-L-

fucosidase s." Compound 1.25 was found to be a competitive inhibitor of kidney U-L-

fucosidase , with a K, value of 0.65 mM .

Several kojibioside analogues (1.27 - 1.29) were synthesized in our laboratory .P"

62 Compound 1.27 was found to be a competitive inhibitor of glucosid ase r tK, = 2.0

mM); however, it did not show any significant activity against glu cosidase II. In

contrast, compound 1.28 was determined to be a moderate inhibitor of glucosidase II (K;

= 1.0 mM ), but showed poor activity against glucosidase I.
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1.23

1.26

1.24

~
OH H*HO

HO S
HO OH

HOO 0

OAII

1.27

~
OH H*HO

HO S
HO OH

HO S 0

OPr

1.29

1.25

~
OH H*HO

HO 0
HO OH

HO S 0

OPr

1.28

Figure 1.11 Structures of compounds 1.23 - 1.29.

Th e syntheses of l -deoxy-3-0-(5-thio-a-D-glu copyr anosyl )-mannojirimycin

(1.30), methyl 3-0- (5-thio-a-D-glucopyranosyl )-5-thio-a-D-mannopyranoside (1.31), and

methyl 3-0 -(5-thio -a-D-glucopyranosyl)-a -D-mannopyranoside (1.32) were reported as

potential Gol gi endo- a -mannos idse inhibitors.61 The disaccharide analogues of a -D-

M an-( l --->2)-a-D-Man-OMe (1.33-1.35), containing sul fur In the nng and/or

interglycosidic linkage, were synthesized in our laboratory as potential inh ib itors of the

processing mannosidase Cl ass I enzymes."
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;~OH HO
HO X OH

HO HOOH()~
Z

1.30: X=S, Y=NH , Z=H
1.31: X=S, Y=S, Z=OMe
1.32: X=S, Y=O, Z=OMe

1.33 : X=S, Y=S
1.34: X=S, Y=O
1.35 : X=O, Y=S

Figure 1.12 Structures of com pounds 1.30 - 1.35.

1.4.3 Sulfonium Salts

The nitroge n atom 10 aminosugars (sec tion 1.41 ) is known to be protonated at

physiological pH, thus providing the stabilizing electrostatic interactions between the

inhibitor and the carboxy late residues in the enzyme active site. An alternative way of

achieving such a charged species would be to synthesize compounds that will bear a

permane nt positive charge at the nitrogen position, for example, sulfonium salts.

The synt heses of bicyc lic sulfonium salts to serv e as glycos idase inhibitors have

been precedented in the work of Siriwardena and co-workers.Y''" Most recently, they

have reported the synth esis of compound 1.36 and shown that it is not only a potent

inhibitor of seve ral mannosidases, but also ex hibits more selectivi ty than swai nsonine

(1.1) .66 This concept of exchanging a nitrogen atom with a sulfonium-ion was also

exploited by our group. We described the synthesis, free and enzyme-bound

conforma tions, and glycos idase inhibitory activ ity (albeit weak) of a sulfonium-ion

analogue (1.37) of casta nospermine (1.13).68.69 The syntheses of di-O-methylated
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(1.38)70 and 5-0-methyl (1.39) 71 sulfonium derivatives of swainsonine (1.1) have been

reported in the literature.

Cf-\'OH
S\\'~

OH

1.36

-

+ I

'-o"CQ
OH 0 _

1.38

1.37

OT5

WOH
- OH/ 0

1.39

Figure 1.13 Structures of sulfonium salts 1.36 -1.39.

In addition, the discovery of a new class of glycosidase inhibit ors, namely

salacinol (1.40) and kotalanol (1.41) from Salacia reticulata (known as kothalahimbutu

in Singhale se), with intriguing inner-salt sulfonium sulfate structures72-74 has led to

significant synthetic efforts to construct sulfonium salts with potential glycosidase

inhibitory activiti es.75- 89 The 1,4-anhydro-4-thio-D-arabinitol moiety with the positive

charge at the sulfur atom is postulated to bind to glycosidase enzymes by mimicry of the

shape and charg e of the oxacarbenium-ion transition state in the glycosidase-mediated

hydroly sis reaction. I'' The inhibitory activities of salacinol (1.40 ) against sucrase and

maltase are nearly equi valent to acarbose (1.2), an a -glucosidase inhibit or which is

clinically used for the treatment of diabetes. However, the inhibitory activity of salacinol

(1.40) against isornalta se is greater than that of acarbose (1.2).73 The safety profile
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studies have shown that the oral ingestion of S. reticulata extract at a dose of 5,000

mg/kg had no seri ous acute toxicity in rats." Thus, it appears that even Nature has

exploited sulfonium-ions fo r glycosid ase inhibition, and it is therefore of interest to

examine sulfonium-ion analogues of the known nitrogen-based glycosidase inhibitors as

candidates with increased potency and/or se lectiv ity.

OH

.i...:: : OH
:+ :: -

~S! OS03

HO )_~
He{ OH

Salacinol (1.40)

OH OH OH

cYYJ
~S! OS030H OH

HO }_~

Ho' OH

Kotalanol (1.41)

Figure 1.14 Structures of sa lac ino l (1.40) and kotalanol (1.41 ).

1.5 Golgi a-Mannosidase II (GMII)

The desi gn of Golgi-ex-mannosid ase II (GMII) inhibitors is the main focus of this

thesi s. GMII belongs to glycosyl hydrolase family 38 92 and is one of the key components

of the N-gl ycosylation pathway in protein synthes is. It is a protein with molecular weight

of 125 kDa and is responsible for the cleavage of ex- ( 1-73) and ex-( 1-76) linked man nose

residues from the substrate GlcNAcM an5GlcNAc2 in the oli go saccharide processin g

pathway. The enzyme is highly specific and does not cleave the mannose res idues unless

the Gl cNAc tran sferase has already attac hed the ~-( 1-72) GlcNAc moiety to the

substrate. i" GMIl operates by a double displacement mechani sm in whi ch the product

retains the confi guration at the anomeri c carbon.
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Since it is difficult to produce mammalian GMII in sufficient amounts, GMII from

Drosophila me lanogaster (dGMII) was used as it has similar structural and functional

features. dGMII shows high sequence identit y with human GMII (4 1% identit y, 6 1%

similar), and therefore serves as a good model for structural studies (Figure 1.15).94 The

active site is very similar to that of human GMII and consists of conserved and identical

amino acid residues, which are mostly negatively charged. Rose et al. had shown that

dGMII displays comparable kinetic properties and inhibitor sensitivity to mammalian

GMII together with the same substrate specificity."

A B c

Figure 1.15 Molecular surface representation of the convex. (A) and the planar face
(B) of the dGMII molecule. Molecular surface images are colored for electrostatic
potential (red for negat ive, blue for positive). Arrows indicate the pore (A) and active site
(B) regions. (C) Molecular surface representation of the planar face of dGMII, colored
for homology with the sequence of human GMII (dar k green for identical, light green for
conserved, yellow for similar and white for different residues) (Reprinted by permission
from Macmillan Publi she rs Ltd: European Molecular Biology Organization , 20, 3008 
30 17, © 200 1).

dGMII inhibitors bind to this enzyme with hydrophobic and hydrogen bonding

interactions. Amino acids such as Trp 95, Phe 206 and Tyr 727, which have aromatic

rings, show hydrophobi c interactions with the hydrocarbon rings of swainsonine (1.1) as

illustrated in Figure [.1 6.94 There is a Zn ion prese nt in the active site which is



coordinated to the OD I oxygen of Asp 92 and Asp 204 and also with the NE2 nitrogen of

His 90 and His 471 . Compo unds in th is thesis were sc ree ned ag ains t dGMlI.

TYRA727

Swainsonine

ASPA204

\
\

\
\

\
\
\

\,
\
\
\

,-- ..-------

#'
ASPA92

Figure 1.16 X-ray crys ta l s truc ture of swa inso nine (1.1) in the ac tive site o f dGMII.

1.6 Recombinant Human Maltase GJucoamylase (MGA)

In the treatment of Type II (noninsulin-de pendent) diabetes, postp randial blood

g lucose lev els ca n be lowered by delayin g the digesti on of inges ted carbohydrates ." On e

strategy to achieve thi s is to inhib it the activ ity of pancreat ic a-am ylase , which breaks

down com plex starc hes to o ligosaccharides , and/o r to inhib it membrane-bound intestinal

24



a -g lucosi dases, whic h co nverts oligosaccharides to g lucose in the small intestine.

Carbo hydra te analogues suc h as acarbose (1.2) and mi glitol (1.42) revers ibly inhibit the

fun cti on of pan creati c a-amy lase and ce rtai n membrane-bound intesti na l a-

glucosidas es." These inhibi tors red uce both hyperglycemia and hyperins uline m ia, which

in tum decreases insulin res is tance and stress on the beta-cells, hence, prev enti ng fur ther

. I' d d di d 97-99InS U In - epe n ent isor ers .

~
OH~OH

HO N
HO

OH

Miglitol (1.42)

Figure 1.17 St ructure of miglitol (1.42) .

M altase glucoam ylase (M GA) is an a-glucosidase enzy me attached to the

membrane of sma ll intes tina l epi the lia l ce lls and is respon sible for the fina l step of

mammal ian starc h d igestio n to give g lucose. IOO SaJacinol (1.4 0) is a good inhi bi tor of

MGA wi th a K; va lue of 0. 19 !lM . l o l All co mpo unds syn thesized in th is thesis we re

tes ted against MGA.
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CHAPTER 2:
SYNTHESIS OF THIOSWAINSONINE

AND 7-EPI-THIOSWAINSONINE AS POTENTIAL
GLYCOSIDASE INHIBITORS

Reprodu ced in part wi th permission from :

I) Journal of Organic Chemistry 2006, 71, 1262 - 1264. Copyright 2006 American

Chemical Society.

2) Carbohydrate Research 2006, 34 1, 1685 - 1691 . Copyrig ht 2006 E lsevier.
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2.1 Introduction

A polyhydroxyJ ated indolizidine, swainsonine (1.1), was fi rst isolated from the

fungus Rhi zocton ia leguminicola 102,103 and later found in the Australian plant Swainsona

canescens.t i It is an inhibitor of Golgi a-mannosidase II (GMIl), a key compo nent in

the N-glycosy lation pathway. The structural analogues of swainsonine (1.1) have

generated much interes t since the biological activities of such molecul es vary

substantially with the number, position and the stereochemistry of the centers bearing the

hydroxyl grou ps. We therefore design ed thioswainsonine (2.1) and 'l -epi-

thioswa insonine (2.2), in which the bridgehead nitrogen atom is replaced by a sulfonium-

ion, as candidate glycosidase inhibitors.

OH

1.1 2.1

OH

-

+ CI

W OH

6HH bH
2.2

Figure 2.1 Structures of swainsonine (1.1), thioswainsonine (2.1) and 7-
ep i-thioswianson ine (2.2).

2.2 Results and Discussion

Retrosynthetic analysis of the bicyclic sulfonium salt A indica tes that it could be

synthesized by an intramolecul ar displacement of a suitable leaving group on a pendant

side-chain by a cyc lic thioether (Scheme 2. 1). The key intermediate B could, in turn, be

synt hesized from alcohol C. This route was chosen in order to provide fl exibility In

synthesizing compounds havin g diffe rent confi gurations of the ring systems.

27



OP

A

OP

OP >

P = protecting group
L = leaving group

> f(0P
OH OP

C

Scheme 2.1 Retrosynthetic analysis of compounds 2.1 and 2.2.

2.2.1 Synthesis of7-epi-Thioswainsonine (2.2)

I ,4-Anhydro-2,3,5-tri-O-benzyl-l-thio-D-arabinitol (2.3) was synthesized from

commercially available L-xylose in six steps using the procedure of Satoh et at (Scheme

2.2).104

L-Xylose

S

BnoH

BnO OBn

(67% 6 steps)

2.3

..

Scheme 2.2

NaH/DMF/

BnBr

MsCI/ pyr...

2.4

Synthesis of compound 2.3.

28
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2) NaBH4 / EtOH
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Scheme 2.3 outlines two method s for the synthes is of compound 2.5 ,

corre sponding to C. Compound 2.3 was initially debenzylated using standard Birch

reduction to give compound 2.6.78 The primary hydroxyl group was then selectively

protected using a trityl group to give 2.7 in 8 J% yield. The two seco ndary hydroxyl

groups were protected as their benzyl ethers, and the trityI group was removed to give the

desired product 2.5 in 70% yield. Alternatively, compound 2.5 was synthesized directly

from 2.3 by selective removal of the primary benzyl ether using 1.5% H2S04 / AC20 to

give the corresponding ace tate which was subsequently removed by methanolysis to give

alcohol 2.5 . The second sequence was higher yielding and shorter than the first.

1) 1.5% H2S04 ! AC20
2) NaOMe ! MeOH
63% (2 steps)

S

BnoH

BnO OBn

2.3

SHOH
BnO OBn

2.5

Ref. 78

1) NaH ! DMF !
BnBr..

2) Formic Acid!
Et20

70 % (2 steps)

SHOH
Hd " OH

2.6

j
TrCI ! Pyr.
81%

S

TroH

HO OH
2.7

Scheme 2.3 Synthesis of compound 2.5 .

To synthesize compound 2.8 , corresponding to B, alcohol 2.5 was first oxidi zed

under Swern oxidation condition using TFAA to give aldehyde 2.9 in 8 1% yield (Scheme

2.4). Treatment of 2.9 with a freshly prepared Grignard reagent derived from the reaction
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of 2-(2-bromoethyl)-1,3-dioxane and ma gnesium furn ish ed co mpo und 2.10 as a 7: I

mixture of diastereomers in 84 % yie ld . The major Iso mer 2.10a was iso la ted by

crys ta lliza tion, and after cycli zation , it was dedu ced that co mpo und 2.10a had the R

co nfigura tion at C- 5. The stereochemistry at C -5 depend s o n w hic h face of the alde hyde

is a ttacked by the nucleoph ile (Figure 2.2) . Presumabl y, the magnesium io n res tric ts the

ro ta tio n of the a lde hyde moiet y by coord ina ting w ith the C-3 oxygen atom and the

a ldehyde oxygen. Nu cleophili c add itio n on the re face of the alde hyde (route a) would

g ive co mpo und 2.10a , wh ereas that o n the si face of the alde hyde (ro ute b) would furni sh

co mpo und 2.10b. Since the si face is ste rica lly hind e red co mpared to the re face ,

preferential addition on the re face produces co mpo und 2.10a as the maj or iso mer.

Y s

9~
Mg- -0 OBn

I
Bn

2.9

2+
Bn )'{lg

' 0 .

~
: O H

BnO

SH a Nu
Nu· b

I \
OH

(rjSz
BnO OBn

2.10b
minor

OH

(~
BnO OBn

2.10a

major

Figure 2.2 M agn esium coord ina tio n favors the formation o f 2.10a
(ro ute a) over 2.10b (ro ute b).
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The secondary hydroxyl group at C-5 of compound 2.lOa was protected as benzyl

ether to give compound 2.11 in 92% yield. Finally, the I,3-dioxane group was

hydrolyzed to give the corresponding aldehyde that was subsequently reduced USIng

NaBH4 to give 2.8 in 69% yield (Scheme 2.4).

2.5 DMSO / TFAA /
•

DIPEA / CH2CI 2
81%

o

H~
BnO OBn

2.9

():~MgBr

THF
84%
(d.r. 7:1)

OBn

O~S'ICb )-(
BnO OBn

2.11

i) AcOH / H2S04 /

H20 (80:0.5:19.5)

ii) l\JaBH4 / EtOH

69% (2 steps)

OBn

M~~
BnO OBn

2.8

l\JaH / DMF /

BnBr
92%

t: OH

6'CO~S);
5' /b

3
, . - ~\--{

4' BnO OBn

2.10a

Scheme 2.4 Synthesis of compound 2.8.

Initially, we anticipated that compound 2.14 could be synthesized directly from

alcohol 2.8 by converting the hydroxyl group at C-8 to a triflate moiety, which could be

displaced by the cyclic thioether. The reaction did not proceed as planned and compound
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2.12 was the only sulfonium salt that was isolated (Scheme 2.5). Presumably, the

primary hydroxyl group at C-8 of compound 2.8 was converted to the corresponding

triflate and then the oxygen atom at C-S attacked C-8 faster than the thioether.

Subsequent attack by the thioether on the benzyl group at C-S would then yield 2.12. The

stereochemistry at the sulfonium-ion center of compound 2.12 was assigned with the aid

of ID-NOESY experiments which showed a correlation between H-4 and +SCH2Ph,

suggesting that the benzyl group at the sulfonium center and the C-4 substituent were

trans to each other. Treatment of 2.8 with methanesulfonyl chloride furnished the

corresponding sulfonate ester, which was subsequently treated with LiBr to give the

bromide 2.13 in 94% yield. In contrast to the tosylate analogue." compound 2.13 did not

undergo spontaneous cyclization to form the desired bicyclic sulfonium salt. Treatment

of compound 2.13 with AgOTf in CH2Ch to promote cyclization gave the undesired

product 2.12 once again. However, when the same reaction was carried out using

CH3CN as solvent, the reaction proceeded smoothly to give the desired sulfonium salt

2.14 in 71% yield as stable, colorless oil. Compound 2.14 was remarkably stable even

after long-term storage at room temperature. The ring junction of this bicyclic compound

2.14 was cis as expected because of the strain in the trans isomer, in agreement with the

theoretical calculations done by Izquierdo and co-workers." The stereochemistry was

further confirmed with the aid of ID-NOESY experiments which showed a correlation

between H-7 and H-2ax, and the configuration at C-S of compound 2.14 was also

assigned by means of a ID-NOESY experiment, which showed a correlation between H

7 and H-S; the stereochemistry of compound 2.10a was thus assigned by inference. The

benzyl protecting groups were removed with boron trichloride at -78 °C to give the
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desired bicyclic sulfonium salt 2.2 in 78% yield. During the course of deprotection, some

of the triflate counterion was exchanged with the chloride ion. Hence, the deprotected

bic ycli c sulfonium salt was treated with Amberl yst A-26 (chloride form ) to completely

exchange the triflate counterion with chloride ion.

2.13

..
~

gOTf I CH2CI2
35%

OBn

~
BnO OBn

i) MsCl 1pyr.
ii) LiBr I fHF I reflux

94% (2 steps)

Bn

~
k-OTf

4 1
3 2

BneJ OBn
2.12

jAgOT! I CH3CN
71%

+-CI

WOH

OH OH

2.2

i) BCI3 I CH2CI2 I -78 "C..
ii) Ion Exchange

(Amberlyst A-26)

78%
OBn OBn

2.14

Scheme 2.5 Synthesis of compound 2.2.



2.2.2 Synth esis of Thioswainsonine (2.1)

Compound 2.15, corresponding to C, was synthesize d from commerc ially

availabl e u-Iyxose, as shown in Scheme 2.6. 2,3,5-Tri-O-benzyl-O-lyxofuranoside (2.16)

was prepared in three steps starting from D-Iyxose, as described by Postema et a l. 105

Reduction of 2.16 with sodium borohydride afforded the diol 2.17 in 9 1 % yield.

Selective protection of the primary hydroxyl gro up using tert-butyldimethylsilyJc hloride

gave 2.18 in 93 % yield. The O-arabinitol derivati ve 2.18 was con verted to the O-ribitol

derivative 2.19 by a Mitsunobu reaction using p-nitrobenzoic acid. Deprotection of the

p-nitrobenzoyl and tert-butyldimethylsilyl groups using sodium methoxide and

tetrabutylammonium fluor ide, respectively, gave the diol 2.20. Although the preparation

of 2.20 from L-ribose was reported by Elie et al, 106 the method was not practical for large

scale synthes is since L-ribose is very expensive. Hence, we started with less expensive

D-I yxose to synthesize 2.20 by inverting the configuration at C-4 using a Mitsunobu

reaction. Compound 2.20 was converted to the dimesylate using methanesul fonyl

chloride in pyridine and the dimesylate was treated with sodium sulfide to give 2.21 In

87% yield . The primary benzyl ether was selectively removed using I% H2S0 4 / AC20 to

give the correspo nding acetate which was subsequently removed by methanolysis to give

co mpound 2.15 in 65% yield.
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OH

BnokOH

BnO OBn

2.17

..
97%

NaBH4 I EtOH
o

BnoHOH

BnO OBn

2.16

3 steps

Ref. 105
O-Lyxose -------------

OBn

P-N02BZO*OTBDMS

BnO OBn

2.19

j1) NaOMe I MeOH
2) TBAF I THF

p-N02BzOH I PPh3..
DIAD I THF

TBDMSCI I
imidazole I
DMF
93%

OH
BnokOTBDMS

BnO OBn

2.18

OBn

HO*OH

BnO OBn

57% (3 steps)

2.20

1) MsCI I pyr.

2) Na2S.9H20 I DMF

87% (2 steps)

S

Bnok

BnO OBn

2.21

1) 1% H2S04/Ac20

2) NaOMe/MeOH
65% (2 steps)

SHOH
BnO OBn

2.15

Scheme 2.6 Synthesis of compound 2.15.

Swern oxidation of compound 2.15 using DMSO and trifluoro acetic anhydride

furnished aldehyde 2.22 , which was subsequently treated with freshl y prepared Gr ignard

reagent from the reaction of 2-(2-bromoethyl)-1,3-dioxane and magnesium to give

inseparable diaste reorners 2.23a and 2.23b as a 2: I mixture, along with a trace amount of
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di astereomer 2.23c (Scheme 2.7). 2.23c was the result of epimerization at C-4, facilitated

by the alde hyde group in 2.22. After cyclization, it was found that the major compound

2.23a had the required R configuration at C-S. Mo st of the min or isomer 2.23b was

recr ystallized out from the mixture using EtOAc and Hex ane .

2.15
DMSO / TFAA

DIPEA / CH2CI2

o

H~
BnO OBn

2.22

C);~MgBr

THF

68% (2 steps)
dr. 2:1(2.23a :2.23b )

(~~
BnO OBn

2.23a : R1 = OH, R2 = H (major)
2.23b : R1 = H, R2 = OH (minor)

+

OH

(~"'Q
BnO OBn

2.23c (trace)

Scheme 2.7 Synthesis of compou nds 2.23a - 2.23c.

Th e secondary hydroxyl group at C-S in eac h of co mpo unds 2.23a and 2.23c was

protected as a benzyl e the r to g ive compounds 2.24a and 2.24c, resp ecti vely (Scheme

2.8) wh ich were sepa rated by flash chromatography. The I,3-d ioxane protecting group in

co mpound 2.24a wa s hydrol yzed to gi ve the corres po nding alde hyde, whic h wa s

subse que ntly reduced using NaBH4 to furni sh co mpo und 2.25 in 7 1% yie ld. Treatment

of 2.25 with methanesulfonyl chloride furni shed the corresponding sulfonate ester, whi ch

was subse que nt ly treated with LiBr to give bro mide 2.26 in 90% yield. Compound 2.26

was treated with silver triflate in CH~CN to prom ote cyc liza tion, giving the desired

sulfo nium salt 2.27 in 88 % yield as stable, col orless o il. T he ring j unction of this bicyclic
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compound 2.27 was cis as expected.71.I07,I08 The configuration at C-S of compound 2.27

was assigned by means of a lD-NOESY experiment, which showed a correl ation

between H-S and H-7; the stereochemistry of compound 2.23a was thus assigned by

inference . The benz yl protecti ng groups were removed with boron trichloride at - 78 °C

and the product was subsequently treated with Amberlyst A-26 (chloride form ) to

completely exch ange the trifJate counterion with chloride ion to give compound 2.1 In

70% yield .

NaH / DMF
2.23a /2.23c --- - .-.

BnBr

OBn

(~" q +
BnO OBn

2.24c (7%)

OBn

(~
BnO OBn

2.24a (88%)

i) AcOH / H2S04/

H20 / 1,4-dioxane
(78 :0.5:20:1 .5)

ii) NaBH4 / EtOH

71% (2 steps)

AgOTf /
CH3CN

88%

OBn

~
BnO OBn

2.26

i) MsCI / Pyr.

ii) LiBr / THF / Reflux

90% 2 steps

OBn

~
BnO OBn

2.25

OBn

OBn OBn

i) BCI3 / CH2CI2 /

-78°C

ii) Ion Exchange
(Amberlyst A-26)

70 %

2.27 2.1

Scheme 2.8 Synthesis of compound 2.1.
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2.3 Conclusions

The syntheses of thioswainsonine (2.1) and 7-ep i-thioswainsonine (2.2) were

achieved by using multi-step procedures. The synt hetic strategy relied on the

intramolecular displacement of a leavin g group on a pendent acyc lic chain by a cyclic

thioether. Both 2.1 and 2.2 were tested aga inst MGA and dGMII and were found not to

be effect ive inhibitors of these enzymes . These results are further elaborated in Chapter

3.

2.4 Experimental Section

2.4.1 General Methods

Optical rotations were measured at 23 °C and reported in deg.drnl.gl .crrr'. IH

and 13C NMR spectra were recorded with frequencies of 500 and 125 MHz, respectively.

All assignments were confirmed with the aid of two-dimensional I H, I H (gCOSY) and

IH, 13C (gHMQC) experiments using standard Varian pulse programs. Processing of the

spectra was perfo rmed with MestRec software . ID-NOESY experiments were recorded

at 295 K on a 500 MHz spec tromete r. For each ID-NOESY spec trum, 51 2 scans were

acquired with Q3 Gaussian Cascade pulse. A mixi ng time of 800 ms was used in all the

ID-NOESY experiments. Matrix-assisted laser desorption ionization time-of-flight

(MALDI-TOF) mass spectra were obtained using 2,5-dihydroxybenzoic acid as a matrix.

The high resolution mass spectrum was recorded in positive-mode with turbo-ion spray

ionization on a Hybrid Quadrupole-TOF LC/MSIMS mass spectrometer. Analytical thin

layer chromatography (TLC) was performed on aluminum plates precoated with silica gel

60F-254 as the adsorbent. The devel oped plates were air-drie d, exposed to UV light

and/or sprayed with a solution containing 1% Ce(S 0 4)2 and 1.5% molybdic acid in 10%
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aqueous H2S04, and heated. Column chromatography was performed with silica gel 60

(23 0-400 mesh ).

For linear and mon ocycl ic systems, carboh yd rat e nomenclature was applied ,

whereas for all bic ycli c systems , IUPAC nomenclature was used .

1,4-Anhydro-5-0-trityl-l-thio-o-arabinitol (2.7).

A mixture of compound 2.6 (4. 10 g, 27.3 mmol ) and trityl chloride (12.90 g, 1.7

equiv.) in pyridine (200 mL) was stirred at room temperature under N2 atmos phere for 40

h. Th e reaction mi xture was co ncentrated and the crude product was puri fied by fla sh

chro matography [CH2Cl2/MeOI-I, 1:0 -7 20: II to give co mpo und 2.7 as white foam (8 .70

g, 81 %) : laID+ 6.2 (c 0 .7 , CH2Cl2); IH NMR (COCl 3): 87.46 - 7.20 (rn, ISH, Ar ), 4 .2 1

(ddd, IH, J 1a,2 = 6.9 Hz, J 1b.2 =Jz» =7.1 Hz, H-2), 3.81 (dd, 1H, h,4 =6.8 Hz, H-3), 3.48

- 3.35 (rn, 2H, H-4 , H-5 a), 3.30 (dd, IH, J 4 ,Sb = JS a,Sb = 7.3 Hz , H-5b), 3.04 (dd, 1H, J 1a. 1b

= 10.6 Hz , H-Ia), 2.69 (dd , IH, H-Ib); DC NMR (C0 2Ch) : 8 136.05 (3C ipso) , 128.8 

127.4 ( 15CA r) , 87 .5 (Ph3C), 81.7 (C- 3), 78.1 (C-2 ), 67 .1 (C-5), 48.2 (C-4 ), 33 .0 (C- I) ;

MALOI-TOF MS : m/; 415 .17 (M+ + Na) , 431 .20 (M+ + K). An al. Caled for C24H2403S:

C, 73.44; H, 6.16. Found : C, 73.65 ; H, 6.30.

1,4-Anhydro-2,3-di-O-benzyl-l-thio-o-arabinitol (2.5)

A mixture of co mpo und 2.7 (8 .00 g, 20 .5 mmol ) and 60 % NaH (2 .70 g, 2.5 equiv )

in OMF (250 mL) was stirred in an ice bath for 10 min . A so lution of benzyl bromide

(7 .0 mL, 2.2 equiv) in OMF (20 mL) was added , and the so lutio n was stirred in an ice

bath for 90 min. Th e reacti on was quenched w ith ice wa ter ( 150 mL) and extrac ted with

Et20 (2 x 200 mL) . Th e co mbined organic phase wa s washed with br ine ( 100 ml.), dri ed
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(Na2S04) and concentrated . T he residue was dissolved in I: I formi c ac id I Et20 so lution

(300 mL) and the so lutio n was stirred at room tempera ture for 90 min. T he mixture wa s

di lute d with Et20 (200 mL) and washed with H20 (2 x 100 ml.), sa t. aq. NaH C0 3 (2 x

100 mL) and brine ( 100 rnL). Th e organic phase was d ried over anhydro us Na2S04,

filtered and co ncentrated . Th e crude product was purified by flash chro matograp hy

[hex an es/EtOAc, 4: 1 -7 3: 1] to g ive co mpo und 2.5 as a pal e yellow oiJ (4 .7 1 g, 70%).

Alternative method for the synthesis of 1,4-anhydro-2,3-di-O-benzyl-l-thio-D

arabinitol (2.5)

Compound 2.3 (6.0 I g, 14. 3 mmol ) in J .5% H2S04 I Ac 20 (30.0 rnL) was stirred

at room temperature for 16 h an d the n parti tio ned bet ween EtOAc (200 mL) and H20

(100 mL). Th e organic layer was washed with H20 ( 100 mL), sa t. ag . Na HC03 (3 x 100

rnl.), fo J/owed by brine ( 100 mL). Th e o rga nic layer was dried over anhydrous Na2S0 4

and co ncentra ted. Th e crude prod uc t was di luted with MeOH ( 150 mL) and JM NaOMe

I MeOH solution was adde d until the so lution was basic. The mixture wa s stirred at room

temperature for J h and then neutral ized with Ac OH. The mixture was concentrated and

then partitioned between EtOAc (200 mL) and H20 (100 mL). The organi c ph ase was

washed with H20 (100 mL) and bri ne ( 100 mL). Th e organic laye r was dried over

anhy drous Na2S04, filt ered and co nce ntrated . T he crude pro d uct was puri fied by flash

chromatography [hexaneslEtO Ac, 4: I -7 3: I] to give co mpou nd 2.5 as a colorless o il

(2 .97 g, 63 %): [aiD - 9.7 (c , 1.1, C H2C1 2 ); ' H NMR (CDC h ): 8 7.39 - 7 .24 (m, 10H ,

Ar), 4 .69 and 4 .63 (2d , eac h 1H, J a.b = I J .8 Hz, CH2P h), 4 .58 and 4 .53 (2d, eac h 1H, J a,h

= I 1.8 Hz, CH2Ph), 4. 19 (ddd , I H, J 1a,2 = J 1h,2 = h,3 = 5.3 Hz, H-2), 4.04 (dd, IH, h.4 =

4. 8 Hz, H-3), 3.69 (dd, IH, J4,Sa = 5.3 Hz, lsa,Sh = 11.4 Hz, H-5a), 3.66 (dd, IH, J4.5b =
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5.2 Hz, H-5b), 3A8 (ddd, IH, H-4), 3.04 (dd, J H, 11a, I b =11.2 Hz, H-l a), 2.86 (dd, IH,

H- J b); 13C NMR (CDC!]): () 138.2, 137.9 (2C;pso), 128.8 - 128.0 (IOCA r) , 85.3 (C-3),

85.0 (C-2), 72.7, 72. J (2 CH 2Ph), 63.7 (C-5), 51.5 (C-4), 32.6 (C- I); MALDJ-TOF MS:

m/: 331.20 (M+ + H), 353.19 (M+ + Na), 369.17 (M+ + K). Anal. Calcd for C I9H2203S: C,

69.06; H, 6.71. Found: C, 69.36; H, 6.65.

(2S,3S,4R)-2,3-Dibenzyloxy-4-formaldehyde-thiolane (2.9)

A solution of trifluoroacetic anhydride (0.7 mL, 9.3 mmol) in CH2Ch (5 mL) was

added to a stirred solution of DMSO (1.2 mL, 17.2 mmol) in CH2Ch (12 mL) at -78 DC

under N2 atmosphere dropwise and the mixture was stirred at -78 DC for 30 min. A

solution of 2.5 (0.70 g, 2.12 mmol) in CHzCI2 (12 mL) was added dropwise while

maintaining the temperature below -78 DC and the stirring was continued for 1.5 h. A

solution of diisopropylethylamine (2.0 mL, 11.0 mmol) in CHzCh (12 mL) was added

dropwise and the stirring was continued at -78 DC for an additional 2 h. The reaction was

quenched with aqueous HCl (0.5 M, 5 mL) and the mixture was partitioned between Et20

(150 mL) and H20 (50 mL). The Et-O layer was washed with HzO (50 mL) and brine

(50 mL). The organic phase was dried over anhydrous NaZS04, filtered and concentrated.

The crude product was purified by flash chromatography [hexanes/EtOAc, 6: I] to give

aldehyde 2.9 as a pale yellow oil (0.56 g, 81 %): ra]o -3.5 (c 1.2, CH 2Ch); 1H NMR

(CDCh): () 9A4 (d, IH, hs = 2.8 Hz, H-5 ), 7.36 - 7.25 (m, 10H, Ar), 4.66 and 4.57 (2d,

each IH, 1a,b = 11.9 Hz, CH2Ph), 4A9 (s, 2H, CHzPh), 4A4 (dd, IH, Ji.: = 1].4 = 2.5 Hz,

H-3), 4.23 (ddd, IH, 11a,2 = 11b,Z = 3.2 Hz, H-2), 3.80 (dd, IH, H-4), 3.16 (dd, IH, 11a, I b =

IIA Hz, H-Ia), 3.00 (dd, IH, H-Ib); 13C NMR (CDCl 3) : () 198A (C-5), 137A, 137A
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(2Cipso) , 128.8 - J 28.0 (I OCAr) , 85.6 (C -3), 83.4 (C-2), 72 .3, 71.5 (2 CH 2Ph), 58.5 (C- 4),

34.7 (C- l); MALDI-TOF MS: m/z 329.15 (M+ + H), 35 1.13 (M+ + Na), 367.09 (M+ + K).

An al. Calcd for C19H2003S: C, 69.48 ; H, 6 .14 . Found : C , 69 .61 ; H, 6.26 .

1,4-Anhydro-6,7-dideoxy-2,3-di-O-benzyl-1-thio-7-0 ,3-d ioxa n-2-yl)-D-a ltro-heptitol

(2.1Oa)

To a stirred solution of 2(S),3(S) ,4(R)-2 ,3- d ibe nzy loxy-4-fonna lde hyde -thio lane

2.9 (0 .54 g, 1.64 mmol ) in THF ( J0 mL) at 0 °C und er N2 was adde d the Grignard

rea gent, prepared freshly from 2-(2-bromoethyl )-1 ,3-dioxane (0. 5 ml., 3.67 mmol ) and

Mg (0. 18 g, 2 equiv) in THF (10 mL). The mixture was stirred at ambient temperature

for 15 h and then the reaction was quenched with H20 ( 10 mL). THF was rem oved using

a rotary evaporator. The residue was diluted with Et20 ( 100 ml.) and wash ed with H20

(50 mL) and brine (50 ml.). The organic phase was dried over anhydro us Na2S04,

filtered, and concentrated. The crude product was purified by flash chro ma tog raphy

[hex an eslEtOAc, 4: I to 2: J] to give compound 2.10 as a white so lid (0.62 g, 84%).

Ana lys is by NMR spectroscopy showed that the product was a mi xture of two iso me rs

(-7 : I) at the s tereog enic C-5 center. The maj or iso mer (2.10a) was o btained by

crysta lliza tion from hexanes/EtOAc as a white so lid: mp 69 - 71 °C ; [CX]D - 9.4 (c 0.9,

CH2Cb); 'H NMR (CDC I3): () 7.38 - 7.23 (m, 10H , Ar), 4 .69 and 4 .65 (2d, each 1H, J s»

= 11.6 Hz, CH2Ph), 4 .56 (s , 2H, CH2Ph ), (dd, IH, Ji s». = hb.2' = 4.3 Hz, H-2'), 4 .30 (dd,

1H, Ji .: = h.4 = 4.0 Hz , H-3), 4 .19 (ddd, IH, J 1a.2 = J 1b•2 = 4. 8 Hz, H-2), 4. 12 - 4.07 (rn,

2H, H-4 'eq, H-6 'eq ), 3.76 (ddd , I H, h ax,4'eq= J 4'axYax= 11.9 Hz, J4'ax,5'eq = 2.5 Hz , H-4 'ax),

3.73 (ddd , IH, h ax,6'eq = J Yax,6'ax= J [.9 Hz, J "'eq,6'ax= 2.5 Hz, H-6'ax), 3.66 (rn, IH, H-5 ),

3.33 (dd, IH, 14,5 = 7.1 Hz, H-4), 3.20 (d, IH, hOH = 3.6 Hz, OH), 3.06 (dd , IH, J1 a,l b =
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I 1.3 Hz , H-I a), 2.88 (dd , I H, H-I b), 2.07 (ddddd, IH, hax,S'eq= J 3.1 Hz, h eqS ax=JS'ax.6'eq

= 5.0 Hz, H-5 'ax), 1.80 - 1.50 (rn, 4H, H-6a, H-6b, H-7a, H-7b ), 1.33 (ddddd, J4'eqS cq =

ls'eq ,6'eq = 4.8 Hz, H-5'eq ) ; I:lC NM R (CDC1]): 0 138.3, 138.0 (2C;pso), 128.7 - 127.9

( IOCAr) , 102.3 (C-2'), 85 . 1 (C-2), 84 .9 (C-3), 73 .4 (C- 5), 72.1 ,71.7 (2 CH2P h), 67 . 14 (C

4 '),67. 11 (C -6'), 55 .2 (C-4), 33 .5 (C - I) , 3 1.7 (C-7) , 30.0 (C-6), 25 .9 (C-5'); MALDI-TOF

MS: m/; 445 .54 (M+ + H), 46 7.39 (M+ + Na) , 483 .38 (M + + K). Anal. Ca lcd for

C2sH.120SS: C, 67.54; H, 7.25 . Found: C, 67.85; H, 7 .30 .

1,4-Anh ydro-6,7-dideoxy-2,3,5-tri-O-benzyl-l-thio-7-(1,3-dioxan-2-yl)-O-altro

heptitol (2.11)

A mi xture of co mpo und 2.10a (0.42 g, 0.95 mmol ) and 60 % Na H (57 mg, 1.5

equiv) in DMF (15 mL) wa s stirred in an ice bath for 20 min . A so lut ion of benzy l

bromide (0 .19 ml., 1.3 equiv) in DMF (2 mL) was added, and the so lution was stirred at

room temperature for 2 h. Th e reaction was quenched with ice water (50 m L) and the

mi xtu re was d ilute d with Et20 ( J00 mL). The organic layer was was hed with l-bO (50

mL) and br ine (50 mL) . The organic ph ase was dried over anhydro us Na2S0 4, filtered ,

and co ncentra ted. T he crude produc t was purifi ed by flash chromatography

Ihexanes/EtOAc, 5: I] to g ive co mpo und 2.11 as a co lor less oil (0.47 g, 92 %) : [ex]I) - 11.1

(c 1.1, C H2C1 2); I H NMR (C DC!)): 8 7.40 - 7 .26 (rn, ISH , Ar), 4.6 1 and 4 .57 (2d, each

IH, J a,b = 12.1 Hz , CH2Ph), 4.52 and 4.44 (2d, eac h [H, J a,b = 10.7 Hz, CH2Ph), (dd , IH,

Ji s» . =h b,2' =5,0 Hz, H-2'), 4.46 and 4.4 1 (2d, eac h I H, J a,b = 12.0 Hz, CH2Ph), 4 .24 (dd ,

J H, 1-]. ,) = i} ,4 = 3.3 Hz, H-3), 4 . 17 (ddd, IH, J 1a,2 = J 1b,2 = 3.9 Hz, H-2), 4 . 15 - 4 .04 (m,

2H, H-4' eq , H-6'eq ), 3 .75 (ddd, IH, hax,4'cq=h ax5 ax= 12.0 Hz, h ax5 eq=2.5 Hz, H-4 'ax),

3.73 (ddd, I H, J 6'ax,6'eq=J S'ax,6'ax= 12.0 Hz, JS'eq,6'ax =2.5 Hz, H-6' ax), 3 .64 (ddd, IH, h s=
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8.9 Hz, Jss« = 3.9 Hz, J S,6b = 6.0 Hz H-5), 3 .5 1 (dd, IH, H-4), 3 .08 (dd, IH, J1 a,l b = Il.4

Hz, H-I a), 2.90 (dd, 1H, H-I b), 2.06 (ddd dd, IH, J S'ax5eq = 12.5 Hz, J4'eq5 ax = J S'ax,6'eq =

4 .9 Hz, H-5'ax), 1.90 - 1.63 (m, 4H, H-6a, H-6b , H-7a, H-7b), 1.32 (ddddd, h eq.s'eq =

1s'eq,6'eq = 1.3 Hz, H-5'eq ) ; IJC NMR (C OClJ): 8 138.8, 138.5, 138.2 (3Cp,o), \ 28.9 

127 .6 (l5CA r) , 102.5 (C-2'), 85.3 (C-2), 85. \ (C -3), 79 .8 (C-5), 7 1.8, 7 1.7, 71. 5

(3 CH 2Ph), 67.1 (2C, C-4', C-6'), 53. 7 (C-4), 34 .0 (C - I), 30.3 (C-7), 26 . 1 (C-6), 26 .0 (C

5'); MALOI-TOF MS: m/; 535 . 12 (M+ + H), 55 7. 14 (M+ + Na) , 573 .09 (M+ + K). Ana l.

Calcd for CJ2H3S0SS: C , 71 .88; H, 7.16. Fo und : C , 72.06 ; H, 7.09.

1,4-Anh ydro-6,7-dideoxy -2,3,S-tri-O-benzyl-l -thio-D-altro-octitol (2.8)

A so lutio n of 2.11 ( ] .00 g, 1.87 mm ol) in AcOH :H20 :H2S0 4:1,4

di axane;79 : 19.5 :0.5 : I (50 mL) was st irred at am bie nt temperature for 20 h. The mixture

was diluted with Et20 (200 ml.) and washed with H20 (2 x \00 mL ), sat. aq. Na HC OJ

( 100 mL ) and brin e ( 100 mL ). Th e orga nic phase was dried over anhydrous Na2S04,

filtered, and concentrated. Th e residue was dilu ted with 95% EtOH ( 100 mL ) and the

solution was cooled to 0 "C. NaBH4 (30 mg, 0 .5 eq uiv) wa s added and the mixture was

stirred in an ice bath for 1 h. Th e reacti on was qu enc hed with AcOH (0 .5 mL ) and the

mixture was concentrated . The residue was diluted wi th Et20 (200 m L) and washed with

H20 (100 mL) and brine (100 mL). Th e organic phase was dried over an hydrous

Na2S04, filtered, and concentrated . Th e cr ude produ ct was pur ifie d by flas h

chromatography [hexanes/EtOAc, 3: I] to give co mpound 2.8 as a co lor less oi l (0 .62 g,

69 %): [a]D - 20.0 (c 0.9 , CH2C1 2); IH NMR (C OCl J): 87.34 - 7.23 (m, 15H, Ar), 4.63

and 4.57 (2d, each lH, J a,b = 12.2 Hz, CH2Ph), 4 .53 and 4.47 (2d, each l H, J a,b = 11.5 Hz,

CH2Ph), 4.48 and 4.43 (2d, eac h 1H, J a,b = 12.1 Hz, CfhP h), 4 .23 (dd, 1H, h .J = 1],4 =
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3.0 Hz, H-3), 4.19 (ddd, I H, Js«: =J lb.2 =3,6 Hz, H-2), 3.66 (ddd, I H, h s=8,9 Hz, JS,6a

=JS,6b = 4.5 Hz , H-5), 3.64 - 3 ,55 (m, 3H , H-4 , H-8a, H-8b), 3.10 (dd , IH, J1 a,I b = 10.8

Hz, H-la), 2 .93 (dd , IH, H- I b), 1.77 - 1.6 I (m, 4H, H-6a, H-6b , H-7a, H-7b) ; I3C NMR

(CDC!:I): () 138.4, 138.3, 138 .1 (3C ipso) , 128.7 - 127.8 ( 15CAr) , 85 .2 (C-2) , 84. 8 (C-3) ,

80 .0 (C- 5) , 72.0, 71 .6, 71 .5 (3 CH2P h), 63.2 (C- 8) , 53.8 (C-4) , 34.3 (C- I), 28 . 1 (C-6) ,

27.8 (C-7); MALDI-TOF MS : m/; 47 9.1 8 (M + + H), 501.11 (M+ + Na) , 517. J 0 (M+ + K).

Anal. Calcd for C29H3404S: C, 72.77; H, 7 .16. Found: C, 72.89; H, 6.9 I.

1,4-Anhydro-8-bromo-6,7,8-trideoxy-2,3,5-tri-O-benzyl-l-thio-D-altro-octitol (2.13)

To a stirred solution of 2.8 ( 120 mg, 0.25 mrnol ) in pyridine (5 mL ) at 0 °C under

N2 wa s added methanesulfon yl chloride (24 JlL, 1.2 equiv.). The mi xture was stirred at 0

°C for 2 h and concentrated under high vacuum. The residue was diluted with Et20 (50

mL ) and the organic phase was washed with H20 (20 ml.), 1M HC] (20 rnL), sa tura ted

aqueous NaHC03 (20 ml.), and brine (20 mL). The organic layer was dried over

anhydro us Na2S04, filtered, and concentrated. The residue together with LiBr ( 109 mg , 5

equiv) in THF (5 mL) was refluxed under N2 for 3 h and then concentrated . T he residue

was diluted with Et20 (50 ml.) and wash ed with H20 (2 x 20 ml.) and brin e (20 m L).

Th e organic phase was dried over anhyd rous Na2S04, filtered , and concentrated . Th e

crude product wa s purified by flash chroma tography [he xanes/EtOAc, 6: I] to g ive

co mpo und 2.13 as a colorless o il ( 128 mg, 94 %) : [al o - 10.9 (c 1.3, CH2Cl2) ; I H NMR

(C DC I3) : () 7. 35 - 7.26 (rn, ISH , Ar), 4 .63 and 4 .59 (2d, each IH, Ja.b = 12. J Hz , CH2Ph ),

4.51 and 4.45 (2d, each 1H, J a,b = 12.0 Hz, CH2 Ph), 4.49 and 4.47 (2d, each IH, J a,b =

11.4 Hz, CH2Ph), 4.22 (dd, IH, Ji .: =Ji ,« =3.3 Hz, H-3), 4.05 (ddd, IH, J 1a,2=J 1b,2 =3.8
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Hz, H-2 ), 3.64 (ddd, J H, J4,5 = 6.0 Hz, J5,6a = 8.7 Hz, J5,6b = 2.2 Hz, H-5), 3.52 (dd, 1H,

H-4), 3.38 - 3.33 (m, 2H, H-8a, H-8b ), 3.12 (dd, IH, J1 a, lb = 11.3 Hz, H-Ia), 2.94 (dd ,

1H, H-l b), 1.95 - 1.72 (m, 4H, H-6a, H-6b, H-7a, H-7b); LIC NMR (CDCh): 8 138.5,

138.3, 138.1 (3C ipso ) , 128.7 - 127.9 (15C Ar) , 85.1 (C-2), 84 .9 (C-3) , 79.4 (C-5), 71.9,

71.7,71.6 (3CH2Ph), 53.8 (C-4), 34.3 (C-8), 34.1 (C-I), 30 .2 (C-7), 28 .0 (C -6); MALDI

TOF MS: m/; 461.21 (M+ - Br). Anal. Calcd for C29H:nBrO:;S: C, 64 .32 ; H, 6.14 . Found :

C, 64.67; H, 6.18 .

1,4-Anhydro-2,3-di-O-benzyl-4(R)-( tetrahydrofuran-2(R)-yl)-1- [benzyl-(S)

episulfoniumylidene]-D-threitoI triflate (2.12)

To a stirred solution of 2.8 (55 mg, O. I2 mmol) in CH 2Ch (2 mL) at 0 DC under

N2 atmosphere was added triflic anhydride (20 u.L, 1.1 equiv) and pyridine (9 ul., 1.0

equiv). Th e mixture was stirred in an ice bath for I h and then conce ntrated. The crude

product was purified by flash chromatography rCH 2C1 2:MeOH, 50 : 11 to give compound

2.12 as a pale yellow oil (34 mg, 48 %) .

Alternative method for the synthesis of 1,4-Anbydro-2,3-di-O-benzyl-4(R)-

(tetrahyd rofu ran -2(R)-yl)-l- [benzyl -(S)-episulfoniumylidene] -D-threitol

(2.12)

triflate

A solution of compound 2.13 ( 100 mg, 0.19 mmol) in CH2C1 2 (4 mL) under N2

atmosphere was treated with AgOTf (95 mg, 2 equiv) for 3 h at ambient temperature.

The solvent was removed and the crude product was purified by flash chromatography

lCH2Cb :MeOH, 1:0 to 33: II to give compound 2.12 as a colorl ess oil (40 mg, 35 %): [a] D

- 20.5 (c 0.9 , CH2Cb ); IH NMR (CDC13) : 87.36 - 7.16 (m , ISH , Ar ), 5.20 and 4.32 (2d,
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each IH, l a,b = 12.1 Hz, S+CH2Ph ), 4 ,52 and 4 .49 (2d, each I H, l a,b = 12.2 Hz , CH2Ph),

4.42 and 4.34 (2d, each I H, la,b = I 1.8 Hz, CH2Ph), 4 .40(s , IH, H-3), 4 .36 (d, IH, l lb,2 =

3.8 Hz, H-2), 4.30 (d, IH, lla,lb = 14.1 Hz, H-l a), 3.99 (ddd , IH, hs =9.6 Hz, Jss«= l S,6b

= 6.5 Hz, H-5) , 3.69 (ddd, IH, lsa ,Sb= h a,sa= 8.4 Hz , h b,Sa= 5.7 Hz, H-8a), 3.64 (dd, IH,

H-I b), 3 .6 1 (ddd, I H, ha.Sb = 6.8 Hz, h b,Sb= 8.2 Hz , H- 8b ), 3.50 (d, IH, H-4), 1.70 - 1.59

(rn, 2H, H-6 a, H-7a), 1.43 (m, IH, H-7b), 0 .63 (m, IH, H-6b); 13C NMR (CDC ]3): 8

136.4, 135 .9 (2C pso) , 131 .1 - J 28 .2 ( 16C Ar) , 121 .0 (q, IC , Jc» = 3 18.5 Hz, OTf), 84. 2 (C 

3) ,82.8 (C- 2), 76.1 (C-5), 73.1 ,71.9 (2 CH 2Ph), 69 .3 (C-8), 66 .3 (C-4), 50 . J (S+CH2P h),

48 .2 (C- l ), 30 .3 (C -6) , 25 .4 (C- 7) ; MA LDI-TOF MS : m/z 461.28 (M+ - OTf). Ana l.

Celled for C 30H33F30 6S2: C, 59 .00; H, 5.45 . Found : C, 59.32; H, 5.60.

(15 ,5R ,6R,75,85)-5,7,8-TribenzyIoxy-1-thioniabicycIo[4.3.0]nonane tritlate (2.14)

A so lution of compound 2.13 ( 110 mg, 0 .20 mmol) in CH3CN (4 mL) was treated

with AgOTf ( 104 mg, 2 equiv) for 20 h at amb ient temperature. The solvent was

rem oved and the crude product was puri fied by flash c hro ma tog raphy [CH2Cb:MeOH,

1:0 to 20 : 1] to g ive compo und 2.14 as a co lorless oi l (88 mg, 71 %): [a] D - 14.4 (c 0 .8,

CH2C1 2); 'H NMR (CDC!)) : 8 7 .29 - 7 ,03 (rn, I5H , Ar ), 4 .53 and 4 .34 (2d , eac h JH, l a.b

= 11.5 Hz, CH2P h), 4 .5 I and 4 .35 (2d , each IH, i .; = 12.1 Hz, CH2Ph), 4 .49 (m, IH, H

8), 4 .47 and 4.43 (2d, each IH, l a.b = 12.0 Hz , CH2P h), 4.25 (dd, IH, h,s = 3.8 Hz , -'6.7 =

7.8 Hz , H-7), 4.04 (dd, I H, ls,6 = 4.4 Hz , H-6), 3 .89 (dd, IH, 19a,9b =14. 8 Hz, Jes«= 6.6

Hz, H-9a), 3.76 (ddd, IH, l4 eq,S= 4 .9 Hz , l 4ax,5 = 1.9 Hz, H-5 ), 3.66 (dd, IH, l S,9b = 3.0

Hz, H-9 b), 3 .6 1 (rn, IH, H-2eq), 3.29 (ddd, IH, h ax,3ax = hax,2eq = 12.8 Hz, h ax,3eq = 3.6

Hz , H-2ax), 1.92 (m, IH, H-3 ax ), 1.74 (dddd d, JH, h ax3eq = J5.3 Hz, h eq,4eq = h eq ,4ax =

h eq.3eq =4 . J Hz, H-3eq), 1.60 (dddd, IH, h ax,4eq = J3.9 Hz , hax.4eq =4.4 Hz, H-4eq), 1.34
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13 s:(dddd, IH, hax,4ax = 11.7 Hz, H-4ax); C NMR (COCh): u 137.0, 136.6, 136.4 (3Cpso) ,

130.0 - 128.2 (15CAr) , 120.9 (q, IC, 1C,F = 318.8 Hz, OTt), 84.8 (C-7), 83.6 (C-8), 72.9,

72.7,71.0 (3CH2Ph), 69.0 (C-5), 55.4 (C-6), 43.9 (C-9), 35.4 (C-2), 23.3 (C-4), 16.7 (C-

H, 5.45. Found: C, 58.92; H, 5.49.

(15 ,5R,6R,7S,8S)-I-thiooiabicyclo[4.3.0]000ao-5,7,8-triol chloride (2.2)

BCb gas was bubbled vigorously through a solution of 2.14 (100 mg, 0.16 mmol)

in CH2Cb (6 mL) at -78 DC under N2 atmosphere for 10 min. The mixture was stirred at

-78 DC for 2 h and a stream of dry air was blown vigorously over the solution to remove

excess BCh. The reaction was quenched with MeOH (2 mL) and the solvent was

removed. The residue was co-evaporated with MeOH (2 x 2 mL) and then washed with

CH 2Cb (2 x 2 mL) to give a white solid. The solid was dissolved in MeOH (5 mL) and a

freshly washed ion exchange resin (Amberlyst A-26 (chloride form), 100 mg) was added.

The mixture was stirred at room temperature for 1 h and filtered. The filtrate was

concentrated and recrystallized from MeOH:CH2Cb to give compound 2.2 as white

crystals (29 mg, 78%): mp 195 - 197 DC; [aJI) - 38.0 (c 0.5, CH 30H); I H NMR

(C0300): 04.49 (dd, 1H, Ji» =6.0 Hz, 16,7 = 8.6 Hz, H-7), 4.42(m, 1H, H-5), 4.37 (ddd,

1H, ls.9a =7.4 Hz, 18,9b =5.9 Hz H-8), 3.86 (dd, 1H, ha,9b = 13.8 Hz, H-9a), 3.69 (dd, 1H,

ls.6 = 4.3 Hz, H-6), 3.58 (ddd, 1H, hax.2eq = 12.3 Hz, heq,3ax = heq,3eq = 4.0 Hz, H-2eq),

3.52, (ddd, IH, hax.3eq = 3.6 Hz, hax.3ax = 12.1 Hz, H-2ax), 3.18 (dd, IH, H-9b), 2.19

(ddddd, IH, hax,4ax = 11.9 Hz, hax,3eq = 15.4 Hz, haX,4eq =3.6 Hz, H-3ax), 2.06 - 1.81 (m,

3H, H-3eq, H-4ax, H-4eq); 13C NMR (C0300): 0 78.0 (C-7), 77.2 (C-8), 62.4 (C-5),
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59.3 (C-6), 44.1 (C-9), 36.7 (C-2), 25.7 (C-4), 16.2 (C-3); MALDI-TOF MS: m/; 191.22

(M+ - CI). Anal. Calcd for CgH 1SCI03S: C, 42.38; H, 6.67. Found: C, 42.31; H, 6.72.

1,3,4-Tri-O-benzyl-D-arabinitol (2.17)

To a stirred solution of 2,3,5-tri-O-benzyl-D-Iyxofuranoside 2.16 (5.64 g, 13.4

mmol) in EtOH (150 mL) at 0 °C was added sodium borohydride (0.215 g, 6.72 mmol)

gradually. After stirring for 1.5 h at 0 °C, the reaction was quenched with AcOH and the

reaction mixture was concentrated. The residue was diluted with EtOAc (200 mL) and

washed with H20 (2 X 100 mL) and brine (100 mL). The organic phase was dried over

anhydrous Na2S04 and concentrated. The crude product was purified by flash

chromatography (Hexanes:EtOAc, 1:3 to I: I) to give 2.17 as a colorless oil (5.50 g,

97%): [alD-20.5 (c 0.5, CHC!J); 'H NMR (CDCI 3) 87.38-7.25 (ISH, m, Ar), 4.74 and

4.54 (2H, 2d, Ja,b = I 1.5 Hz, CH2Ph), 4.63 (2H, s, CH2Ph), 4.53 and 4.48 (2d, each 1H,

Ja,b = 12.5 Hz, CH2Ph), 4.0 I (I H, ddd, Ji.: = 1.8Hz, J 1a,2 =hSb =6.1 Hz, H-2), 3.88 (I H,

dd, lsa,Sb = 11.7 Hz, J4 ,Sa =4.1 Hz, H-5a), 3.81 (I H, dd, 1],4 =5.9 Hz, H-3), 3.75 (I H, dd,

hSb = 3.7 Hz, H-5b), 3.72 (lH, ddd, H-4), 3.55 (I H, dd, J1a,lb =9.9 Hz, H-I a), 3.47 (I H,

[3 ~dd, H-I b); C NMR (CDC!]) u 137.84, 137.80, 137.75 (3C;pso), 128.52-127.79 (15C, Ar),

79.48 (C-4), 77.00 (C-3), 74.37, 73.44, 72.38 (3CH2Ph), 71.22 (C-I), 69.67 (C-2), 60.47

(C-5); MALDI-TOF MS: m/; 423.07 (M+ + H), 445.12 (M+ + Na), 4.61.11 (M+ + K).

Anal. Calcd forC26H300s: C, 73.91; H, 7.16. Found: C, 74.05; H, 7.21.

1,3, 4-Tri-O-benzyl-5-0-tert-butyldimethylsilyl-D-arabinitol (2.18)

A mixture of 2.17 (5.24g, 12.4 mmol), imidazole (3.72g, 54.6 mmol), and

TBDMSCI (2.07g, 13.6 mmol) in dry DMF (50 mL) was stirred at 0 °C under N2 for 30
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mm. The reaction was quenched with ice (20 ml.), and the reaction mixture was

partitioned between Et20 (200 mL) and H20 ( 100 mL). The se parated organic phase was

washed with H20 (100 mL) and brine ( 100 mL). Th e organic layer was dr ied over

anh ydrous Na2S04 and concentrated . Th e res idue was purified by flas h chro matograp hy

(hexanes :EtOAc, 3:1) to giv e 2.18 a co lorless oi l (6 . I64g, 93 %) : [a Jo - 14 .4 (c 0 .9,

CHCI3) ; IH NM R (COCh) D 7.35-7 .25 ( 15H, m, Ar), 4 .74 and 4.60 (2H, 2d , Ja•b = 11.7

Hz, CH2Ph), 4.69 and 4.51 (2 H, 2d, Ja ,b = I 1.9 Hz, CH2Ph), 4.5 1 and 4.45 (2 H, 2d, J a,b =

I 1.6 Hz, CH2Ph), 4.05 ( IH, dddd, Ji .: = 2.3 Hz, J ,a,2 = J 1b,2 =5.9 Hz, hOH =5.9H z, H-2),

3.88 ( IH, dd , lsa,Sh = 11 .0 Hz, J4 ,Sa = 4.2 Hz, H-4a), 3.78 ( IH, dd , h Sb =4.9 Hz, H-5b),

3.77 ( IH, dd , h.4 = 4. 1 Hz, H-3), 3.73 ( IH, ddd , H-4), 3.54( 1H, dd , J 1a, l b = 10.0 Hz, H

Ia), 3.4 9 ( IH, dd, H-l b), 3.02 ( IH, d, OH), 0.89 1 (9H, s, (CH3):,CSi), 0.05 (6H, s,

(CH3)2 S i); 13C NM R (COC I3) 0 149.11 ,1 45.62,1 40 .95 (3C ir so) , 128.35-127. 60 ( 15C, Ar) ,

80 .25 (C-4), 77.25 (C-3), 73 .65 , 73 .26, 72.84 (3CH2Ph), 71.1 6 (C- I) , 69. 75 (C-2) , 62.04

(C-5), 25.88 (3C, (CH3)3CSi) 18.23 ( 1C, CS i), -5.40, -5.44 (2C, (CH3)2S i); M ALOI-TOF

MS: m/; 537.89 (M+ + H), 559.33 (M + + Na). Anal. Ca lcd for C32H440 sS i: C, 71. 60 ; H,

8.26. Found: C, 71.44; H, 8.34.

1, 3, 4-Tri-O-benzyl-D-ribitol (2.20)

A solution of 2.18 (6.50 g, 12.1 mm ol ) in THF (60mL) co nta ining p-ni tro be nzo ic

acid (4.06 g, 24 .2 mmol) and triphen ylph osphine (6.36 g, 24 .2 mm ol ) was cooled to 0 "C .

A so lution of dii sopropylazodicarboxylate (4 .8 mL , 24.2 mmol ) in TH F (30 mL) was

added to the mi xture over 2 h. After sti rri ng for 20 h at ambient tem peratu re, the reac tion

mixture was co ncentra ted and then par titioned between Et20 (200 mL) and H20 ( 100

mL). Th e organic phase was was hed with sa tura ted aqueous NaH C0 3 (3 x 50 ml.),
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followed by brine (50 mL). The organic layer was dried over anhydrous Na2S04 and

concentrated under vacuum. The residue was dissolved in MeOH (50 mL) and IN

NaOMe/MeOH (1.0 mL) was added. The mixture was stirred at room temperature for I

h and concentrated . The residue was partitioned between Et20 (150 ml.) and H20 (100

mL). The organic layer was wa shed with brine (50 mL), dried over anhydrous Na2S04,

and concentrated. The residue wa s re-dissolved in THF (50 mL) and a solution of

tetrabutylammonium fluoride (I M in THF, 13.0 mL, 13.0 mmol) was added. The

mixture was stirred at room temperature for 1.5 h and partitioned between Et20 (150 mL)

and H20 (50 mL). The organic layer was washed with brine (50 mL) , dried over

anhydrous Na2S04, and concentrated. The crude product was purified by flash

chromatography (hexanes:EtOAc, 4: I to 1:1) to give 2.20 as a colorless oi I (2.80 g, 57%).

See Ref. 106 for ex peri mental data .

1,4-Anhydro-2,3,5-tri-O-benzyl-l-thio-n-Iyxitol (2.21)

To a stirred so lution of 2.20 (6.01 g, 14.2 mmol) in pyridine (60 mL) at 0 °C

under N2 was added methanesulfonyl chloride (2.70 mL, 2.5 equiv. ) dropwise . The

mixture was stirred at 0 °C for 2 h and concentrated under high vacuum. The residue was

diluted with EtOAc (200 mL) and the organic phase was washed with H20 (100 mL), I

M HCl (100 mL), saturated aqu eous NaHC03 (2 x 100 mL), and brine (100 mL) . The

organic layer was dried over anhydrous Na 2S04 and concentrated. The residue was

dissolved in dry DMF (60 mL) together with Na2S.9H20 (4.6 1 g, 1.3 equiv .). The

mixture was stirred at 105 °C for 2 h. After cooling to room temperature, the mixture

was diluted with Et20 (200 mL) and washed with H20 (3 x 100 mL) , followed by brine

(100 mL). The organic layer was dried over anhydrous Na2S04 and concentrated. The
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crude product was purified by a flash chromatogr aphy (hexanes:EtOAc, 5: I) to give 2.21

a colorless oil (5 .20 g. 87 %): [a]D +94.0 (c 0.9, CHCh); IH NMR (CDC I3) 07.38-7 .22

( ISH, rn, Ar), 4.88 and 4 .78 (2H, 2d, J a,b = 11.6 Hz, CH2Ph), 4.68 (2H, s, CH2Ph) 4.49

(2H, s, CH2Ph), 4 .20 ( IH, dd, Ji.: = 3.1 Hz , h.4 = 3.8 Hz, H-3), 4.04 ( IH, ddd, J 1a,2 =

9.2H z, J 1b,2 = 6.3 Hz , H-2 ), 3.89 (I H, dd , J 4•5a =7.3 Hz, J Sa,Sb = 8.7 Hz, H-5a ), 3.58 ( IH,

m, H-4 ), 3 .54 ( IH , dd , J4 ,5b = 6.6 Hz , H-5b), 3.07 (I H, dd , J 1a. 1b = 9.2 Hz, H-I a), 2.92

( IH, dd, H-I b); 13C NMR (CDC13) 0 138 .85, 138.33, 138.27 (3C ipso) , 128.68-127.64

(15C, Ar), 83.71 (C -2), 78 .99 (C-3), 73.81, 73.56, 72.37 (3CH2Ph), 70.42 (C-5), 40.92

(C-4), 30.56 (C-I); MALDI-TOF MS: m/; 421.29 (M+ + H), 443 .29 (M+ + Na) , 459.29

(M+ + K), 511.32 (M+ + Bn), 313 .28 (M+ - OBn) . An al. Calcd for C26H2S03S: C, 74 .25 ;

H, 6.71. Found: C, 74.02 ; H, 6.73.

1,4-Anhydro-2,3-di-O-benzyI-1-thio-D-lyxitol (2.15)

A solution of 1A- anh ydro-2,3 ,5-tri -O-benzyl-4 -thio-O-lyxitol (2.21 ) (5 .00 g, 11 .9

mrnol ) in 1.0% H2S04 / AC20 (50.0 ml.) was stirred at ambient temperature for 14 hand

then partitioned between EtOAc (200 ml.) and H20 (100 mL). The org anic layer wa s

washed with H20 (100 ml.), sa t. aq. NaHC03 (2 x 100 ml.), followed by brine ( 100 mL).

The organic layer was dried over anh ydrou s Na2S04, filtered , and co nce ntrated und er

reduced pre ssure . Th e crude product was dissolv ed in MeOH (200 mL ) and 1M NaOMe

/ MeOH solution wa s added until the soluti on was basic. The reaction mixture was

stirred at room temperature for I h and then neutralized with AcOH . Th e mixture was

concentra ted and then part ition ed between EtOAc (300 mL ) and H20 ( 100 mL ). Th e

orga nic phase was washed with H20 (100 rnL) and brine (100 rnL). Th e organic layer

was dried over anhydrou s Na2S04, filtered and co ncentrated . Th e crude product wa s
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puri fied by flash chromatograph y [hexanesfEtOAc, 3: I] to give compound 2.15 as a

co lorless o il (2 .55 g , 65 %): [a] o - 12.9 (c 1.1 , CH2CI2 ); 'H NMR (C OCh) : 87.38 - 7. 28

(rn, IOH, Ar ), 4.79 and 4.64 (2d , each 1H, J a,b = 11.9 Hz, CH2Ph ), 4 .69 and 4.61 (2d , each

IH , J a,b = 12.1 Hz, CH2Ph ), 4.17 - 4.15 (m, 2H, H-2, H- 3), 3.92 (dd, IH, hSa = 7 .1 Hz,

J Sa,Sb = 11.5 Hz, H-5a), 3.77 (dd , I I-l, h Sb =4.9 Hz, H-5b), 3 .55 (ddd , 1H, h ,4=5.4 Hz,

H-4 ), 3.04 (dd, 1H, J 1a,2 =4.2 Hz , J 1a,lb = 10.5 Hz , H-I a), 2 .92 (dd , 1H, J 'b ,2 =4.6 Hz, H

Ib); 13C NMR (COCl 3): 8 138.1, 138.0 (2Cpso) , 128.8 - 127. 8 ( lOCAr) , 81.7 (C- 2), 81. 2

(C -3 ), 73.4, 72.4 (2 O hPh), 63 .1 (C -5) , 47.5 (C -4) , 3 1.2 (C - l ); MALOI-TOF MS : m/z

33 1.2 1 (M+ + H), 352.84 (M+ + Na), 368.97 (M+ + K). An al. Calcd for C19Hn03S: C ,

69 .06; H, 6.71. Found: C, 69.20; H, 6 .85 .

1,4-Anhydro-6,7-dideoxy-2,3-di-O-benzyl-I-thio-7-(1, 3-dioxan-2-yl )-D-manno

heptitol (2.23a) ; 1,4-Anhydro-6,7-dideoxy-2,3-di-O-benzyl-l-thio-7-(l, 3-dioxan-2

yl )-L-gluco-heptitol (2.23b) & 1,4-Anhydro-6,7-dideoxy-2,3-di-O-benzyl-I-thio-7-(1 ,

3-dioxan-2-yl)-(o-talo / L-allo )-he ptitol (2.23c)

To a stirred solution of DMSO ( 1.5 ml., 21.5 mrn ol ) in CH2Cl 2 ( 15 mL) at - 78 °C

under N2 atmosphere was added a so lution of trifl ou roacetic anhyd ride (0 .87 mL, 11 .6

mm ol ) in CH2C h (5 mL) drop wise, and the mi xtu re was stir red at - 78°C fo r 30 min. A

so lution of compo und 2.15 ( 1.0 I g, 3.06 mrnol) in CH2Cl 2 ( 15 mL) was added dropwise

while mai ntaining the temperature below -78°C and the stirri ng was continued for 1.5 h.

A so lution of diisopropylethylamine (2 .3 mL, 12.6 mmol ) in C H2Cl2 ( IS mL ) was adde d

dro pwi se and the stirr ing was continued at -78 °C for an ad dit iona l 2 h. The react ion wa s

qu ench ed by the additi on of aq ueous HCl (0 .5 M , 5 mL ) and the mix ture wa s partiti on ed

between Et20 (200 mL) and H20 (SO mL). The Et20 layer was washed with H20 (SO
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mL) and brin e (50 mL). Th e organic phase was dri ed over anhydro us Na2S04, filt ered,

and co ncentrated. Th e cr ude product was purified by flash chro ma tog raphy

[hexanes/EtOAc, 6: I] to give the alde hyde 2.22. Compound 2.22 wa s diluted with THF

( 15 mL) and cooled to 0 °C under N2. A Grignard reagent, freshl y prep ared fro m 2-(2

bromoethyl)-1,3-dioxane (0.75 mL, 5.49 mmol) and Mg (272 mg, 10.90 mmol ) in THF

( 15 ml.), was added dropwise. Th e reacti on mixture was stirred at ambient temperature

for 14 h and then the reacti on was quench ed w ith 0.5 M HCI (5 mL), and co nce ntrated .

Th e residue was diluted wi th Et20 (200 mL) and washed with H20 (2 x 50 mL) and brin e

(50 mL). The organic phase was dr ied ov er anhyd rou s Na2S0 4, filte red , and

co ncentra ted . The crude product was purified by fla sh chro ma togra phy [he xa nes/EtOAc,

3: I] to give a 2: I mixture of co mpo unds 2.23a and 2.23b, respect ively, a long with a trace

amount of compound 2.23c as a wh ite so lid (0 .92 g, 68%).

Data for the major diastereom er (2.23a) : 'H NMR (CDCI 3): 07.40 -7.31 (rn, IOH, Ar),

4 .98 and 4.74 (2d, eac h IH, Ja.b = 11 .6 Hz, CH2Ph), 4 .63 and 4.5 8 (2d, each 1H, J a.b =

12.1 Hz, CH 2Ph), 4 .54 (dd , 11-1 , Jri« =J n b = 4.8 Hz , H-2'), 4 .27 (dd, I H, Ji .: = 3.0 Hz,

1-.,.4 = 3.9 Hz , H-3), 4 .15 - 4 .08 (m, 2H, H-4'eq , H-6 ' eq ), 4 .02 (ddd, I H, J 1b,2 = 6.2 Hz,

J 1a,2 = 9.0 Hz, H-2), 3.91 (ddd, IH, h ,6b = 2.0 Hz, J4 ,s = J S.6a = 9.2 Hz, H-5), 3.72 (ddd ,

1H, J 4'ax,S'cq =2.4 Hz, h ax,4'cq =h axs 'ax = 12.1 Hz, H-4'ax), 3.72 (ddd, 1I-l, Js-~q ,6'ax =2.4 Hz,

J6 ' a x , 6 ' ~q =J S'ax,6'ax = 12.1 Hz, H-6'ax), 3. 19 (dd, 11-1, H-4), 3.08 (dd, I H, J1 a,lb =9.3 Hz, H

l a), 2 .90 (dd, IH, H-Ib), 2 .07 (dd ddd, 11-1, h~q ,S 'a x =J S'ax,6'cq = 4 .9 Hz, J S'ax,S'eq = 12.7 Hz,

l-l-S'ax), 1.79 - 1.64 (rn, 3H, 1-1-6a, H-7 a, H-7b), 1.43 - 1.29 (m, 2H, H-5 ' eq, H-6b); I."C

NMR (C OCl.,,) : 0 138.7, 138.2 (2C ipso) , /28.7 - 127.7 ( IOCAr), 102.4 (C-2 '), 83.5 (C-2) ,
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79.6 (C-3), 73.9, 72.4 (2CH2Ph), 71.5 (C-5), 67.13 (C-4'), 67.11 (C-6'), 51.6 (C-4), 31.4

(C-7), 31.0 (C-I), 29.7 (C-6), 25.9 (C-5').

For the mixture of 2.23a, 2.23b and 2.23c: MALDI-TOF MS: m/; 445.30 (M+ + H),

467.32 (M+ + Na), 483.30 (M+ + K). Anal. Calcd for C2sHJ20SS: C, 67.54; H, 7.27.

Found: C, 67.20; H, 7.45.

The minor isomer (2.23b) was obtained by crystallization from hexanes/EtOAc as a

white solid: mp I J6 - 118°C; [aiD + 5.2 (c 0.6, CH2Cl2); IH NMR (CDC!]): 0 7.36 

7.29 (m, 10H, Ar), 4.86 and 4.63 (2d, each IH, 1a,b = 11.7 Hz, CH2Ph), 4.70 and 4.59 (2d,

each IH, 1a,b = 12.1 Hz, CH2Ph), 4.50 (dd, IH, Jrt« = 1n b = 5.0 Hz, H-2'), 4.J6 - 4.03

(m, 4H, H-2, H-3, H-4'eq, H-6'eq), 4,0 I (ddd, 1H, 14,s = l s,6a = 4.2 Hz, l s,6b = 8.4 Hz, H

5), 3.74 (ddd, IH, hax,S'eq = 2.4 Hz, hax,4'eq = haxs'ax = J2.0 Hz, H-4'ax), 3.71 (ddd, 1H,

is'eq,6'ax = 2.5 Hz, hax,6'eq = l s'ax,6'ax = J 1.8 Hz, H-6'ax), 3.42 (dd, JH, h.4 = 4. J Hz, H-4),

3.05 (dd, JH, 1 Ia,2= 7.0 Hz, 1 la,lb = 10.5 Hz, H-Ia), 2.94 (dd, IH, 1 1b,2= 5.5 Hz, H-Ib),

2.04 (ddddd, 1H, heq5ax = l s'ax,6'eq = 5.0 Hz, ls-ax5cq = 12.6 Hz, H-5'ax), 1.77 (dddd, IH,

hb,7a = 5.2 Hz, 16a,7a = 9.3 Hz, ha,7b = J4.0 Hz, H-7a), 1.65 (dddd, IH, ha.7b = 6.7 Hz,

16b,7b = 8.6 Hz, H-7b), 1.53 (dddd, IH, 16a,6b = 14.1 Hz, H-6b) 1.46 (m, IH, H-6a), 1.31

(ddddd, IH, heq5eq = ls-eq,6'eq = 1.2 Hz, l s'ax,S'eq = 13.4 Hz, H-5'eq); IJC NMR (CDC!]): 0

138.1, 137.7 (2Cipso) , 128.8 - 127.9 (lOC Ar) , 102.3 (C-2'), 82.1 (C-2), 81.6 (C-3), 73.5,

72.5 (2CH2Ph), 69.1 (C-5), 67.10 (C-4'), 67.08 (C-6'), 52.4 (C-4), 31.7 (C-7), 30.9 (C-I),

30.4 (C-6), 26.0 (C-5'); MALDI-TOF MS: m/: 445.26 (M+ + H), 467.30 (M+ + Na),

483.27 (M+ + K). Anal. Calcd for C2sHJ20SS: C, 67.54; H, 7.27. Found: C, 67.80; H,

7.49.
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1,4-Anhydro-6,7-dideoxy-2,3,5-tri-O-benzyl-l- thio-7-(l,3-dioxan-2-yl)-D-manno

heptitol (2.24a) & 1,4-Anhydro-6,7-dideoxy-2,3,5-tri-O-benzyl-l-thio-7-(1, 3-dioxan

2-yl)-(D-talo / L-allo )-heptitol (2.24c)

A mixture of co mpo unds 2.23a / 2.23c (145 mg, 0. 33 mmol ) and 60 % NaH (20

mg, 1.5 equiv) in DMF (8 mL) was stirred in an ice bath for IS min . Benzyl bromide (66

u.L, 1.3 equiv) was added and the soluti on was stirred at room temperature for 2 h. The

reac tion wa s quen ch ed with ice water ( I mL) and the mi xture was diluted with Et20 (SO

mL). Th e organic layer was washed with H20 (20 mL) and brine (20 mL). Th e organic

phase was dried over anhydro us Na2S04, filtered, and concentrated . The crude product

was purified by flash chro ma tog raphy [hexanes/EtOAc, 5: I] to g ive 2.24a ( 153 mg, 88%)

and 2.24c (12 mg, 7%).

Data for the major diastereomer (2.24a): [aJD -5.3 (c 1.1, CH2Ch) ; IH NMR (CDCI 3): 0

7.36 - 7 .24 (rn, J5H , Ar ), 5.07 and 4 .59 (2d, each IH, Ja.b = 11 .4 Hz, CH2Ph ), 4 .56 (s ,

2H, CHzPh), 4 .56 and 4 .32 (2d , each 1H, Ja•b = 11 .0 Hz , CH2Ph), 4 .50 (dd, 1H, Ju ,r, =

hb.2· = 5.1 Hz, H-2'), 4.34 (dd , I H, h3 = ]",4 = 2.8 Hz, H-3), 4 .09 - 4.05 (rn, 2H , H-4'eq,

H-6'eq ), 4 .02 (ddd , IH, J 1b,Z = 6.5 Hz, Js«: = 10.5 Hz, H-2), 3.98 (ddd , JH, Jss«= J S,6b =

4.3 Hz, J 4,s = 9.9 Hz H-5 ), 3.72 (ddd, IH, h ax,s 'cq = 2.4 Hz , h ax,4'eq = J 4'ax5 ax = 12.0 I-Iz, 1-1 

-l'ax ), 3.7 1 (ddd, IH, ls 'eq.6·ax = 2.4 Hz, J 6·ax.6'eq = J S'ax,6'ax = 11 .9 Hz, H-6'ax), 3 .44 (dd, I H,

1-1-4), 3. 13 (dd, 1H, J 1a, Ib =9.6 Hz, H-I a), 2.95 (dd, I H, H-I b), 2 .06 (ddddd, IH, h eq5ax =

JS'ax.6'eq = 5.0 Hz , JS'ax5 eq = 12.6 Hz, H-5' ax ), 1.93 (dddd, IH, J 6a,7a = 4 .7 Hz , J 6a,7b = I J.2

Hz , J 6a,6b = 14.8 Hz, H-6a), 1.78 - 1.63 (rn, 2H, H-7a, H-7b ), 1.51 (dddd, 11-1, J 6b.7b = 5.0

Hz, J 6b,7a = 10.7 Hz, H- 6b ), 1.31 (m, 11-1 , H-S'eq); I3C NMR (CDCh): 8 139. 3, 138.9,

138 .2 (3Cipso) , 128.7 - 127.5 ( 15C Ar) , 102 .5 (C-2 '), 84 .7 (C-2), 78 .6 (C-3), 77.6 (C-5),
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73.8,72.4,71 .2 (3CH2Ph), 67 .1 (2C, C-4' , C-6'), 49.4 (C-4) , 30.7 (C- I), 29.4 (C-7), 26 .0

(C-5'), 25 . I (C-6); MALDI-TOF MS : m/r 535 .08 (M+ + H), 55 6.96 (M+ + Na), 573 .32

(M+ + K). Anal. Calcd for C32H380SS : C, 71.88; H, 7.16. Found: C, 71.59; H, 7.35.

Data fo r the minor diastereorner (2.24c): [aJD - 17.1 (c 0.4, CH 2Cb); IH NMR (CDCh):

07.37 - 7.22 (m, 15H, Ar), 4 .62 and 4.58 (2d, each IH, J a,b = 12.4 Hz, CH2Ph), 4.55 and

4.46 (2d, each IH, J a.b = I 1.4 Hz , CH2Ph), 4.46 and 4.42 (2d , each IH, J a,b = 11.9 Hz,

CfhPh), 4.43 (dd, IH, J i sr, =hb,2' = 3.6 Hz, H-2' ), 4.1 3 - 4 ,04 (m, 2H , H-4'eq , H-6'eq ),

4.00 (dd, IH, Js: =h4 = 3.3 Hz, H-3 ), 3.96 (ddd, IH, J 1b,2 =5.7 Hz, J 1a,2= 8.7 Hz, H-2),

3.69 (ddd , 1H, hax,5'cq = 2.5 Hz , h ax,4'eq = hax,5'ax = 12.1 Hz, H-4'ax), 3.68 (ddd , IH,

h eq,6'ax = 2.5 Hz , J6 'ax,6'eq = J Y ax,6'ax = 12.0 Hz , H-6'ax ), 3.60 (dd, IH, h s= 7.0 Hz H-4 ),

3.35 (m, 1H, H-5 ), 3.03 (dd, 1I-I, J1 a,l b = 10.2 Hz , H- Ia), 2.85 (dd, 1H, H-I b), 2.04

(ddddd, 1H, h eq,S'ax = h ax,6'eq = 4.9 Hz, J Y ax,S'eq = 12.6 Hz , H-5 'ax ), 1.77 - 1.59 (m, 4H ,

H-6 a, H-6b, H-7a, H-7b), 1.31 (rn, 1H, H-5'eq); 13C NMR (CDC h ): 0 138.32, 138.27,

138.11 (3C;pso), 128.8 - 127.6 ( 15C A r) , 102.1 (C-2'), 80.7 (C- 2), 79.8 (C-3), 79.7 (C-5) ,

71. 99 , 71.96, 71.36 (3CH2Ph), 66 .9 (2C, C-4' , C-6'), 51.3 (C-4), 30 .9 (C- I) , 30 .4 (C-7),

25.8 (C-5 ' ), 25.5 (C-6); MALDI-TOF MS : m/; 535.15 (M+ + H), 557.12 (M+ + Na),

57 2.95 (M+ + K). Anal. Calcd for C32H3SO.'iS: C, 71.88; H, 7. 16. Found: C, 72.05; H,

7.27 .

1,4-Anhyd1'0-6,7-dideoxy-2,3,5-tri-O-benzyl-l-thio-D-manno-octitol (2.25)

A so lution of 2.24a ( 135 mg, 0.25 mmol ) in AcOH:H20:H2S04: 1,4

diox ane;78:20 :0.5: 1.5 (5 mL) was stirre d at room temperature for 20 h. The mixture was

diluted with Et20 (50 mL) and washed with H20 (20 mL), sa t. aq. NaHC03 (2 x 20 mL )

and brine (20 mL). The organic phase was dried over anhydrou s Na2S04, filtered, and
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concentrated. The residue was diluted with 95 % EtOI-l (30 mL) and the solution was

cooled to 0 "C. NaBH4 (10 mg, I equiv) was added and the mixture was stirred in an ice

bath for I h. The reaction was quenched with AcOH (0.2 mL) and the mixture was

concentrated. The res idue was diluted with Et20 (50 mL) and washed with H20 (20 mL)

and brine (20 mL). The organic phase was dried over anhydrous Na2S04, filtered , and

concentrated. The crude product was purified by flash chromatography [hex anes/EtOAc,

3: II to give compound 2.25 as a white solid (86 mg , 71 %): mp 98 - 100°C; [a] o - 6.0 (c

0.5, CH2C1 2); IH NMR (C DC !:l): 07.36 - 7.21 (rn, ISH, Ar), 5.12 and 4.58 (2d , each IH,

J a.b = I 1.3 Hz, CH2Ph) , 4 .59 and 4 .56 (2d , each IH, J a,b = 12.6 Hz, CH2Ph), 4 .53 and 4.37

(2d, each I H, J a,b = 11 .1 Hz, CH2Ph), 4,34 (dd , IH, I n =h ,4= 2.9 Hz, H-3) , 4 .05 (ddd ,

IH, J 1b,2 =6,5 Hz, J 1a.2 = lOA Hz, H-2), 4.00 (ddd, IH, J 4 ,s= J S.6b =3.9 Hz, J S,6a =9,9 Hz,

H-5), 3.62 (ddd, IH, h a,8a =hb.8a =5.7 Hz, lsa,8b = 10.9 Hz, H-8a), 3.56 (ddd, IH, hb.8b =

5.7 Hz, Jiss «> 7.1 Hz, H-8b), 3.50 (bs, IH, H-4), 3 .13 (dd, IH, J1a,lh = lOA Hz, H-la),

2.95 (dd , IH , H-Ib), 1.85 - 1.50 (m, 4H, I-I -6a, H-6b, H-7a, H-7b); 11C NMR (CDC!J): 0

139.2, 138.5, 138 .1 (3Cipso) , 128.7 - 127.6 ( 15CAr) , 84 .9 (C-2), 78.6 (C -3), 78 .0 (C-5),

73.8,72.5,71.8 (3 Cf-hPh), 63.3 (C-8), 49.2 (C-4) , 30.7 (C-I), 27.8 (C -6), 27. 3 (C -7);

MALDI-TOF MS : m/; 478.97 (M+ + H), 501.07 (M+ + Na), 516.91 (M+ + K) . Anal.

Celled for C29H1404S: C, 72.77; H, 7.16. Found : C , 73,01; H, 7.27.

1,4- Anhyd ro-8-bromo-6,7,8-trideoxy-2,3,5-tri-O-benzyJ-l-thio-D-mallllo-octitoJ

(2.26)

To a stirred so lution of 2.25 (60 mg, 0.13 mmol ) in pyridine (4 mL) at 0 °C under

N2 was added methanesulfonyl chloride (12 ~L, 1.2 equiv.). The reaction mixture was
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stirred at a °C for 2 h and then quenched with ice (0.5 mL). The mixture was

concentrated under high vacuum and then diluted with Et20 (50 mL). The organic phase

was washed with H20 (20 mL), 1M HCl (20 ml.), saturated aqueous NaHC01 (20 mL),

and brine (20 mL). The organic layer was dried over anhydrous Na2S04, filtered, and

concentrated. The residue in THF (4 mL) together with LiBr (55 mg, 5 equiv) was

refluxed under N2 for 2 h and then concentrated. The residue was diluted with EhO (50

mL) and washed with H20 (2 x 20 mL) and brine (20 mL). The organic phase was dried

over anhydrous Na2S04, filtered, and concentrated. The crude product was purified by

flash chromatography [hexanes/EtOAc, 5: IJ to give compound 2.26 as a colorless oi I (61

mg, 90%): [aJD -6.2 (c 0.8, CH2Ch); IH NMR (COCH: 07.38 - 7.23 (m, ISH, Ar), 5.1 I

and 4.6 J (2d, each IH, Ja,b = 11.3 Hz, CH2Ph), 4.6 J and 4.58 (2d, each JH, Ja,b = J2.2 Hz,

CH2Ph), 4.51 and 4.37 (2d, each IH, Ja,b = I J.4 Hz, CH2Ph), 4.35 (dd, IH, Ji.; = Js« =

3.0 Hz, H-3), 4.06 (ddd, IH, J 1b,2 =6.6 Hz, J 1a,2= 10.5 Hz, H-2), 3.98 (ddd, IH, ls,6b =3.3

Hz, ls.6b = 4.2 Hz, Js« = 10.0 Hz, H-5), 3.43 (dd, IH, H-4), 3.41 - 3.36 (m, 2H, H-8a, H

8b), 3.15 (dd, IH, J1a.1b =9.4 Hz, H-I a), 2.97 (dd, IH, H-I b), 2.0 I - 1.89 (rn, 3H, H-6a,

H-7a, H-7b), 1.56 (m, 1H, H-6b); I1C NMR (COCl 1): 0 139.2, 138.6, 138.1 (3Cpso) ,

128.7 - 127.6 (15C Ar) , 84.9 (C-2), 78.6 (C-3), 77.5 (C-5), 73.8, 72.5, 71.6 (3C1-bPh), 49.4

(C-4), 34.3 (C-8), 30.7 (C-I), 29.6 (C-6), 27.3 (C-7); MALOI-TOF MS: m/; 461.29 (M+ 

Br). Anal. Calcd for C29Hl1Br01S: C, 64.32; H, 6. J4. Found: C, 64.08; H, 6.32.

(lS ,5R,6R,7R, 8S)-5,7 ,8-Tri benzyloxy-l-thioniabicyclo[4.3.0]-nonane triflate (2.27)

A solution of compound 2.26 (55 mg, 0.10 mmol) in CH1CN (3 mL) was treated

with AgOTf (26 mg, I equiv) for 14 h at ambient temperature. Another equivalent of

AgOTf (26 mg) was added and the reaction mixture was stirred for an additional 10 h.
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The solvent was removed and the crude product was purified by flash chromatography

[CH 2Ch:MeOH, 20: I] to give compound 2.27 as a colorless syrup (55 mg, 88%): [aJo

38.2 (c 0.5, CH 2Ch); IH NMR (CDC!]): 87.37 - 7.20 (m, ISH, Ar), 4.98 and 4.59 (2d,

each IH, Ja,b = 11.0 Hz, CH2Ph), 4.85 (ddd, IH, h,8 = 2.8 Hz, ls,9b = 7.2 Hz, Jss« = 10.0

Hz, H-8), 4.69 and 4.65 (2d, each IH, Ja.b = 11.5 Hz, CH2Ph), 4.66 and 4.46 (2d, each

1H, Ja,b = 11.9 Hz, CH2Ph), 4.54 (dd, IH, J6,7 = 3.0 Hz, H-7), 4.39 (bs, IH, H-6), 4.17

(dd, IH, ha,9b=12.2 Hz, H-9b), 3.93 (bs, IH, H-5), 3.65 (m, IH, H-2eq), 3.34 (ddd, IH,

hax.leq = 2.8 Hz, hax,lax = 10.9 Hz, hax,2eq = 13.3 Hz, H-2ax), 3.19 (dd, IH, H-9a), 2.05 

1.76 (m, 4H, H-3ax, H-3eq, H-4ax, H-4eq); 11C NMR (CDCI 3): 8 137.1, 137.1, 136.8

(3Cpso) , 129.0 - 128.2 (15CAr) , 120.9 (q, IC, JC,F = 318.5 Hz, OTf), 82.8 (C-8), 79.4 (C

7),75.1,74.1,71.1 (3CH2Ph), 69.7 (C-5), 52.8 (C-6), 43.5 (C-9), 40.4 (C-2), 25.8 (C-4),

16.2 (C-3); MALDI-TOF MS: m/; 461.25 (M+ - OTf). Anal. Calcd for CloH13F106S2: C,

59.00; H, 5.45. Found: C, 59.24; H, 5.52.

(1S,5R,6R,7R, 8S)-1-thioniabicyclo[4.3.0]nonan-5,7,8-triol chloride (2.1)

BCh gas was bubbled vigorously through a solution of 2.27 (50 mg, 82.0 umol) 10

CH2Ch (5 mL) at -78 DC under N2 for 10 min. The mixture was stirred at -78 DC for 2 h

and a stream of dry air was blown vigorously over the solution to remove excess BCI1.

The reaction was quenched with MeOH (2 mL) and the solvent was removed. The

residue was co-evaporated with MeOH (2 x 5 mL) and then washed with CH 2Ch (2 x 2

mL) to give a white solid. The solid was dissolved in MeOH (5 mL) and a freshly

washed ion exchange resin (Amberlyst A-26 (chloride form), 60 mg) was added. The

mixture was stirred at room temperature for 30 min and filtered. The filtrate was

concentrated and recrystallized from MeOH:CH2Ch to give compound 2.1 as white
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crystals (1 3 mg, 70 %): mp > 2 19 DC (decomp.) ; [a]D - 6.8 (c 0. 3, CHJO H) ; JH NMR

(CDJOD): 84.52 - 4 .42 (m, 3H, H-5, H-7, H-8), 3.80 (dd, I H, JS,9b = 7.7 Hz , h a,9b = 12.2

Hz, H-9b), 3.7 9 (bs, I H, H-6), 3.68 (m, I H, H-2eq), 3.58, (ddd, I H , Ju , ..1cq = 3. 1 Hz,

h ax,Jax = Il.l Hz, hax,2eq = 14 .0 Hz, H-2ax), 3.15 (dd , I H, JS.9a = 9.9 Hz , H-9a), 2.36

(dddd, I H, 14ax.5 = 2.6 Hz, h eq,4ax = 3.7 Hz, J4ax,4eq = h ax,4ax = 14 .0 Hz, H-4ax), 2, 14

(ddddd, 1H, lzeq,Jax = hax,4eq = 3,2 Hz, hax,Jcq = 15,1 Hz, H-3ax), 1.97 (ddddd, IH, lzcq,Jeq

=h eq,4eq = 3.6 Hz, H-3eq), 1,86 (dddd, I H , J 4cq,5 =3.4 Hz , H-4eq ); I1 C NMR (C D]OD) : 8

74 ,S (C-7), 74. 3 (C-8), 63 .3 (C-5), 57 .5 (C-6) , 43. 8 (C-9), 40.6 (C-2), 27. 5 (C-4), 15 .3

(C-3) ; M ALDI-TO F MS : m/: 191. 27 (M+ - Cl ). Anal. Calcd for CsH 15C10,S : C, 42 .38 ;

H, 6.67. Found : C, 42 .29; H, 6.73.
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CHAPTER 3:
ATTEMPTED SYNTHESIS

OF TRANS-FUSED THIOSWAINSONINE
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3.1 Introduction

In chapter 2 the sy nthes es of the sulfoniurn-ion analogues of swainsonine (2.1 ) 109

and 7-epi-swainsonine (2.2)108 was reported. These compounds were screened against

Drosophila GMII (dGMII) but were not effective inhibitors of dGMII, whereas

swainsonine (1.1) is a nM inhibitor of recombinant HGMII. Th e X-ray structure of

swainsonine (1.1) bound in the active site of dGMII shows that swainsonine (1.1) is

pre sent in a trans-fused configuration . The sulfonium salts 2.1 and 2.2 are cis-fused and

they cannot interconvert to the trans configuration as opposed to their nitrogen analogues

since sulfonium inversion has a high ac tiva tion barrier. I 10 Thus, it would appear that the

configuration of the sulfonium-ion might be critical for activity, and the design of new

agents should incorporate thi s feature. Hen ce , we de signed the trans-fused sulfonium

ion s 3.1 and 3.2 as potential dGMII inhibitors. Due to the ring stra in, we anticipated that

the trans- fus ed bicyclic sulfonium sa lt would be higher in en ergy than the cis-fused

system. This was further supported by the theoretical calculation s performed on 8-0

methylthioswainsonine by Izquierdo et al .7 1 that showed that the trans-fu sed would be

higher in energy than the cis- fused sys tem. Ne vertheless, we attempted to synthesize

compounds 3.3 and 3.4 s ince they could, in principle, be prepared from a readily

avail able start ing material.

63



- - -waH + CI +CI /1, + CIwaH waH WaH
-

OHOH OH OH OH OH OH OH

1.1 2.1 2.2 3.1

-

CX(-
1 + C1
' s

OH

iSH OH

3.2

/1, +CI

W OH

6H bH
3.3

CIwaH
OH OH

3.4

Figure 3.1 Structures of compounds 1.1, 2.1, 2.2, 3.1 - 3.4 .

3.2 Results and Discussion

Retros yntheti c analysis indicates that compounds 3.1 - 3.4 could be synthesized

from diene A through ring closing metathesis (RCM) (Scheme 3.1). Compound A could,

in turn, be synthesized from B.

OH

OH ;>

~
OP , CI-

~'~~
PO OP

A

P = Protecting group

>
o

~
PO OP

B

Scheme 3.1 Retrosynthetic analysis of compounds 3.1 and 3.3.
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Sch em e 3.2 outlines the sy nthesis of the diene 3.5 , co rres po nd ing to A, whi ch was

sy nthesized, in tum, fro m the aldeh yde 2.9 (correspondi ng to B). T reatment of 2.9 w ith

viny l magn esium bromide furni shed insep arable d iastereomers 3.6a and 3.6b as a 3: I

mi xture. The seconda ry hydroxyl group at C-S in eac h of co mpo unds 3.6a and 3.6b wa s

protected as a ben zyl ether to giv e co mpo unds 3.7a and 3.7b, resp ectively, whi ch were

separated by flash chro matography. The major isomer was co upled with allyl bromide

and AgB F4 to give the key intermediate 3.5 in 97 % yie ld. Th e stereochem istry at the

sulfo nium-ion center was assigned with the aid of a NOESY ex pe rime nt whi ch sho we d a

co rre lat ion between H-4 and H-I', suggesting that the allyl side chai n and the C- 4

substitue nt were trans to each other.

--- - - - - .

o

H~
BnO OBn

2.9

~MgBr

THF

OH

~
BnO OBn

3.6a/b

NaH /DMF /
BnBr

7
~6

Bnd

3.5

OBn

~Br

AgBF 4

97%

OBn

~So
)--(

BnO OBn

3.7a : 63%} 2 t
3.7b : 18% 5 eps

Scheme 3.2 Synthesis of compound 3.5.
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We next turned our attention to the ring closing metathesis reaction. First we

attempted the reaction using the I sl generation Grubbs' catalyst (3.8) but we did not

observe any of the desired product. However, the reaction did proceed with Grubbs' 2nd

generation catalyst (3.9) to give the trans-fused bicyclic sulfonium salt 3.10 (Scheme 3.3)

in 35% yield along with the side product 3.7a (55%). Most of the Grubbs' catalyst

impurities were removed by flash chromatography and the mixture was further purified

by reverse phase HPLC using H20/CH3CN. Figure 3.3 shows the IH NMR spectra of

compound 3.10 after flash chromatography and after further purification by reverse phase

HPLC. It appears from the IH and 13C NMR data that compound 3.10 underwent ring

opening of the six membered ring by nucleophile X to give compound 3.11 (Scheme 3.3).

The H-6 and H-9 protons were more shielded in compound 3.11 relative to compound

3.10. In addition, compound 3.11 is less polar than 3.10, as indicated by TLC, suggesting

that a nucleophile X have reacted with the intermediate strained bicyclic sulfonium salt

(3.10) to give thio-ether 3.11. We do not have enough experimental evidence to

comment on the identity of the nucleophile (X) involved in the opening of this trans

fused system. HRMS showed a peak corresponding to M-X (where M is the molecular

weight) which might be the result of cyclization back to the bicyclic sulfonium-ion when

pulsed with the laser. Hence, due to the instability of the trans-fused bicyclic sulfonium

salt (3.10), the synthesis of compounds 3.1 - 3.4 were abandoned.
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Scheme 3.3 A ttempted synthesis of trans-fu sed bicycl ic sulfonium salt.
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~o 4.0 3 0 20
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Figure 3.3 IH NMR spectra of compound 3.10. a) before HPLC. b) after HPLC.

3.3 Conclusions

The trans-fused bicyclic sulfonium salt (3.10) was synthesized successfully by

employing ring closing metathesis reaction. Due to ring strain, the trans-fused system

was not stable and underwent a ring opening reaction. Hence, the synthesis of such

strained systems was abandoned.
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3.4 Experimental Section

1,4-Anhydro-2,3-di -O-benzyl-4(R)-(1(SfR)-O- benzy1-2-propenyl)-l-thio-D- threitol

(3.7a/3.7b)

Vinyl magnesium bromide (I M in THF, 10 mL, 10 mmol) was added to a stirred

solution of 2.9 (1.15 g, 3.5 mmol) in anhydrous THF (20 mL) under N2 atmosphere at -78

°C dropwise and the mixture was stirred at ambient temperature for 14 h. The reaction

was quenched by addition of ice (2 mL) and the mixture wa s diluted with EtOAc (200

mL). The reaction mixture was wa shed with H20 (2 x 50 mL) and brine (50 mL) . The

organic layer was dried over anhydrous Na2S04, filtered , and concentrated. The residue

was purified by flash chromatography [hexanes:EtOAc, 6: I] to give compounds 3.6a and

3.6b as a mixture of diastereomers. The mixture wa s diluted with OMF (50 mL) and

cooled to 0 "C. NaH (200 mg, 60% in oil, 1.5 equiv .) wa s added gradually and the

mixture was stirred at 0 °C for 10 min . A solution of benzyl bromide (0 .70 mL , 1.3

equiv) in OMF (5 mL) wa s added , and the solution was stirred at room temperature fo r I

h. The reaction wa s quenched by addition of ice water (50 mL) and the mixture was

diluted with EtOAc (200 mL) . The organic layer was wa shed with H20 (2 x 70 mL) and

brine (70 mL). The organic phase was dried over anhydrous Na2S04, filtered, and

concentrated. The crude product was purified by fla sh chromatography [hexaneslEtOAc,

20 : I] to give compounds 3.7a (985 mg , 63 %) and 3.7b (284 mg, 18%) as colorless oils.

Data for the major dia stereorner (3.7a) : [a]D -17.8° (c 0.9, CH 2CJ 2) ; IH NMR (COCJ ]): 0

7 .34 - 7.23 (ISH, m, Ar) , 5 .77 (J H, ddd, Js« =8.1 Hz, J 6,7a = 10.3 Hz, J6 ,7b = 17.3 Hz, H

6), 5.36 (I H, dd, ha,7b = 1.7 Hz, H-7a), 5.25 (I H, ddd, ls.7b = 0.7 Hz H-7b), 4.65 and

4 .58 (2H, 2d, Ja ,b = 12.2 Hz, CH2Ph), 4.59 and 4.28 (2H, 2d, J a,b = 11 .9 Hz, CH2Ph),
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4.39(2H, s, CH2Ph), 4.23 (J H, dd, h 3= h,4 = 3. J Hz, H- 3), 4.14 (I H, ddd , J v«: = J l b,2 =

4.3 Hz, H-2), 3.90 ( IH, dd , h s = 8.4 Hz, H-5), 3.49 ( IH, dd, H-4 ), 3.07 ( IH, dd , J1 a.Jb =

11 s;:11 .4 Hz, H-I a), 2.86 ( IH, dd , H-I b); . C NMR (C DC I3): u 138.5 , 138.4, 138.2 (3C pso) ,

136.3 (C-6), 128.6 - 127.7 (l5CAr) , 120.4 (C-7), 85.0 (C-2) , 84.4 (C-3), 8 1.9 (C- 5), 71.6,

71 .3, 70.4 (3 CH 2Ph), 54 .4 (C-4), 34 .0 (C- I) ; MALDI-TO F MS: m/r 44 7.34 (M+ + H),

469.43 (M+ + Na), 485 .38 (M+ + K). Anal. Ca lcd for C28 H300 3S: C, 75.30 ; H, 6.77 .

Found: C, 75 .53; 1-1 , 6 .70 .

Data for the minor diastereomer (3.7b) : [a] o + 18.3° (c 1.0, CH2C1 2); IH NMR (C DC!]) : 0

7.38 - 7.24 ( ISH, rn, Ar), 5 .75 ( IH, ddd , J S,6 = 8.0 Hz, J 6,7a = 10.3 Hz , J 6,7b = 17.5 Hz, H-

6), 5.29 (I H, ddd, J S.7a = 0.7 Hz, h a.7b = 1.6 Hz, H-7a), 5 .26 (l H , ddd, J<,,7b = 0.8 Hz H-

7b), 4.63 and 4.4 2 (2 H, 2d, Ja,b = 11 .5 Hz, CH2Ph), 4 .60 and 4.35 (2H, 2d, J a.b = 11.8 Hz,

CH2Ph), 4 .58 and 4.52 (2H, 2d, J a.b = 11 .9 Hz, CHzPh), 4. J 8 ( IH, ddd , J 1a,2 =J 1b,2 =Ji .: =

5.5 Hz, H-2), 4 .0 I ( IH, dd , h,4 = 5. 1 Hz , H-3), 3.92 ( IH, dd, hs = 7.6 Hz, H-5), 3.4 3

( 1H, dd, H-4), 3.04 ( IH, dd, J1 a, l b = 11.1 Hz, H-I a) , 2.88 (I H, dd, H-I b); 13C NMR

(CDCl3): 0 138.5,1 38.4 ,138.2 (3Cpso) , 137 .1 (C-6), 128.7 - 127 .8 (l 5C Ar) , 11 9.5 (C-7),

85.4 (C-2), 84 .9 (C-3), 82 .2 (C-5), 72.4, 72.0, 70.7 (3 CH2Ph), 53 .7 (C-4) , 32 .3 (C- I);

MA LD I-TO F MS : m/; 447.25 (M+ + H), 469.18 (M+ + Na), 485. J 6 (M+ + K). Anal.

Ca lcd for CZSH3003S: C, 75.30; H, 6.77. Found: C, 75.1 4 ; H, 6.83 .

1,4-Anhydro-2,3-di-0-benzyl-4(R)-(1(5/R )-O- benzy1-2-propenyl )-l- [ally I-(R)-

episulfoniumylidene]-o -threitol tetratluoroborate (3.5)

To a stirred solution of compound 3.7a (402 mg, 0 .90 mm ol ) and a llylbrorn ide (90

ui, 1.1 equiv .) in CH3CN ( 10 mL) und er N2 was adde d Ag BF4 (200 mg, 1.1 eq uiv .). T he
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mi xture was stirred at 65°C for 16 h and then co ncentra ted. T he crude product was

purified by flash chro matography [CH2C1 2:MeOH, 20: 1] to g ive co mpound 3.5 as a

co lorless syrup (502 mg, 97%): [a ] D - 48.5° (c 0. 8, C H2Ch ); ' H NMR (CDCh): 8 7.3 5 

7.11 ( I5H , m, Ar), 5.80 ( IH, dddd , J 1a'2' = 6.5 Hz , J 1b ' ,2 ' = 8.5 Hz, Jzs« = 10.2 Hz , h ,3b'

= 16.7 Hz, H-2 '), 5 .63 ( IH, ddd , JS,6 = 8.4 Hz , J 6,7a = 10.2 Hz , J6 ,7b = 17.0 Hz , H-6), 5 .56

( 11-1, d, H-3a'), ( IH, d, H-3b' ), 5 .53 (IH, d, H-7 a), 5.36 (tH, d, H-7b), 4.57 (2H, s,

CH2Ph), 5.56 and 4 .22 (2H, 2d, J a,b = 11.6 Hz, CH2Ph), 4.46 - 4 .42 (2H, m, H-2, H-3),

4 .36 and 4.30 (2H, 2d, J a.b = 11.6 Hz, CH2Ph ), 4 .30 ( IH, dd , J 1a' , l b' = 12.9 Hz, H-I a '),

4 .12 - 4.05 (3H, m, H-l a, H-5, H- J b '), 3.80 (I H, d, h,s =9.3 Hz, 1-1-4), 3.65 (I H, dd , J 1b.2

=3.5 Hz, J1 a, l b = J 3.3 Hz, H-I b); I'!>C NMR (C DCI3) : 8 J 36.9, 136.3, 136 .1 (3Cpso), 133.7

(C -6) , 129.0 - 128.2 (l5CA r) , 128.7 (C- 3 ' ), 124 .7 (C- 7) , 124 .5 (C -2') , 82.6 (C-2), 82.2

(C -3), 77.8 (C-5), 72. J, 71.7, 71.1 (3 CH 2Ph), 65.8 (C-4), 46 .8 (C- I '), 45.7 (C- I );

MALDI-TOF MS: m/z 48 7.23 (M+ - BF4) . A na l. Ca lcd for C'!>IH3SBF40'!>S : C , 64 .8 1; H,

6. 14. Found: C, 64 .80 ; H, 6.20.

(I S ,5(SIR ),6R,75 ,85 )-5 ,7,8-Tribenzyloxy-1-thioniabicyclo[4.3.0]non-3-ene

tetrafluoroborate (3.10)

To a stirred so lution of compound 3.5 (20 0 mg, 0.35 mm ol ) in toluene (50 ml.)

und er N2 was added Grubbs ' cata lys t (3. 9, 40 mg, 0. 15 equiv.). Th e mix ture was stirred

at 65 DC for 20 h and then co ncentrated . The crude product wa s puri fied by flash

chro ma tography [C H2C1 2: MeOH, 20: I ] to give co mp ound 3.10 as a pale yell ow oil (67

mg, 35%) . Analysis by NM R showed that there we re so me ca ta lys t impu rit ies present.

Att empts were made to purify the product fur the r using HPLC [H20:CH ,!> CN, 72:28 to
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55:45J (0.05% TFA); however, the trans-fused product 3.10 und erwent ring opening of

the six membered ring by nucleophile X to give the undesired product 3.11 .

Data for compound 3.10 : I H NMR (CDCI~ ) : 87.38 -7.08 ( ISH, m, Ar ), 6.47 ( I H, ddd ,

J4•S =hh,4 = 2.4 Hz , h.4= 10.0 Hz , H-4), 6.07 ( IH, m, H-3), 4 .7 J and 4.4 1 (2H, 2d, Ja.b =

12.0 Hz, CH2Ph), 4.65 (I H, dd, ha,~ =7.8 Hz, h a,2b = 13.0 Hz , H-2a), 4.54 and 4.49 (2H,

2d, J a,b = 12.5 Hz, CH2Ph), 4.45 (I H, m, H-8), 4.30 - 4.16 (3H, m, H-7 , H-5, H-9a), 4.26

(2d, s, CH2Ph), 3.92 ( IH, d, J ) .6 = 8.2 Hz , H-6) , 3.75 (2H, m, H-2b , H-9b ); I ~C NMR

(CDC1~ ) : 8 140.2 (C-4) , 136.09,136.05,1 35. 6 (3Cpso) , 129.1 - 128.3 (l5CAr), J21.5 (C

3),83.07 (C-8) , 83.03 (C -7), 72.7, 72.0, 7 1.8 (3 CH 2Ph), 7 1.6 (C-5), 64.1 (C-6), 45 .2 (C

9), 35.3 (C-2); MALDI-TOF MS : m/; 459 .40 (M+ - BF4 ) .

Data for co mpound 3.11 : laJD- 40 .0° (c 0.3, CH2C h ); 'H NMR (CDCI~): 87.35 - 7.19

( ISH, m, Ar ), 5.83 (I H, dddd , J S,7 =0.8 Hz, 1<..Sb = 4.8 Hz, Ji s« = 8.9 Hz , J 6,7 = 11 .0 Hz ,

H-7). 5.61 (I H, dddd , Jss« = J 6.Sb = 1.3 Hz, J ) .6 = 9.5 Hz , H-6 ), 4.88 ( IH, ddd, lsa.Sb =

13.1 Hz , H-8a), 4.76 (I H, ddd, H-8b), 4.66 and 4.56 (2H, 2d , i .; = 12.3 Hz , CH2Ph),

4 .53 and 4.27 (2H, 2d , J a,b = 11.8 Hz, CH2Ph), 4.36 and 4 .32 (2H, 2d, J a.b = [1.8 Hz,

CH2Ph), 4 .34 ( IH, m ,H- 3), 4 .31 ( JH, ddd , h s = 9.6 Hz , H-5 ), 4. 18 (1H, ddd , Ji .: = J 1b.2

= 2.1 Hz, J 1a.2 = 4.1 Hz , H-2), 3.46 (I H, dd , Js» = 1.1 Hz, 1-1-4), 3.1 J (I H, dd , J 1a•1b =

11.7 Hz, H-[ a), 2.92 ( t H, dd, H-Ib); I ~C NMR (CDCI ~) : 8 [38.2, 138.1 , 137 .9 (3C pso) ,

135 .4 (C-6), 128 .7 - 127 .8 (I SCAr), 127.0 (C-7), 84.8 (C- 2), 84.4 (C-3) , 75 .9 (C-5) ,

71.23,71.17,71.03 (3 CH2Ph), 64.4 (C-8), 55 .5 (C-4), 34.9 (C-I ). MALDI-TOF MS : m/;

459. 34 (M+ - X) . HRMS Ca 1cd for C29H~ IO~S rM+ - XJ: 459.1 994. Found : 459.19 85 .
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CHAPTER 4:
SYNTHESIS OF A SULFONIUM-ION ANALOGUE

OF DI-EPI-SWAINSONINE AND ITS DEVELOPMENT
AS A POTENTIAL GLYCOSIDASE INHIBITOR



4.1 Introduction

In order to mimic the charge state of swainsonine (1.1), we have described the

syntheses of the sulfonium-ion analogues of swainsonine (2.1) 109 and 7-epi-swainsonine

(2.2)108 (Chapter 2), which incorporate a permanent positive charge at the position

occupied by the nitrogen atom in the original structures. Compounds 2.1 and 2.2 were

not effective inhibitors of dGMIl, whereas compound 1.36 inhibited recombinant HGMII

with a K, value of 15 J.lM. The major difference between compounds 2.1 - 2.2 and 1.36 is

the stereochemistry at the sulfonium-ion center which cannot invert easily as opposed to

its nitrogen analogue since it has a high inversion barrier. J
10 Thus, it would appear that

the configuration of the sulfonium-ion is critical for activity and the design of a new

agents should take this into account. We report herein the synthesis of the sulfonium-ion

analogue of di-epi-swainsonine (4.1) which bears the correct configuration at the

sulfonium center. We note, however, that compound 4.1 also differs from swainsonine

(1.1) in the stereochemistry at C-5; this compound was designed by modeling studies that

places the hydroxyl group at C-5 at approximately the same position as that of

swainsonine (1.1) in the active site. We also report the X-ray crystallographic analysis of

the complex of compound 4.1 with dGMII and its inhibitory activity against dGMII.

\
2\Q-+ ~ 1

4 6 78 OH
~",.

OH OH

4.1

Figure 4.1 Structure of the sulfonium-ion analogue
of di-epi-swainsonine (4.1).
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4.2 Results and Discussion

4.2.1 Molecular Modeling

Molecules that bind to proteins are In general flexible and may change their

conformation when bound to the protein. Hence , the bioactive conformation of the

protein-bound ligand does not necessarily have to be either the global or a local energy

minimum of the unbound molecule. IIIThe program AutoDock has proven to be

effective in the study of the interaction of proteins with flexible molecules and in the

prediction of energetically favorable associations and stable complexes, However, in this

flexible docking procedure, the flexibility is limited to the rotatable single bonds in the

ligand while flexibility in cyclic parts of the ligand is neglected, Flexibility of the protein

is also neglected. Recently, distorted rings in the active site of macromolecules, due to

the steric stress imposed by the macromolecule, have been noted in several

I I I' did' 112-114 C I ' . idmacromo ecu e- igan comp ex stu res. onsequent y, It IS necessary to cons: er

different conformers of the ring as starting points for the docking studies. These studies

were performed by Dr. X. Wen.

A random sampling of the conformational space of compound 4.1, USIng a

random search routine, identified 23 principal conformations of the fused ring moiety.

Subsequently, each of these conformations was docked into the active site of dGMII,

determined from the high-resolution X-ray structure of the swainsonine-dGMII

coruplex ." For each starting conformer, one hundred docked structures (100 runs), were

obtained by use of Lamarckian Genetic Algorithm searches. The resulting structures

were ranked in order of increasing energy and sorted into clusters using a 2.0 A tolerance

all-atom root mean square deviation (RMSD) from the lowest-energy structure. The



lowest-energy docked conformation in the best cluster was then selected as the

representative of each conformer of compound 4.1. Twenty-three lowest-energy docked

structures of 4.1, representing some likely binding modes, were analyzed. The lowest

docked energy and the average energy of the best cluster for each conformer of 4.1,

together with the number of structures in the cluster, are listed in Table 4.1. The docked

energy is the sum of the intermolecular energy and the internal energy of the ligand.

Compound 4.1 could be docked in several conformations in the acitive site of

dGMII each with distinct orientations. Based on the distance between the zinc ion and

the hydroxyl groups of compound 4.1, and the distance between the sulfonium-ion center

and the hydroxyl group of the catalytic nucleophile Asp 204 115 (Table 4.2), the 23

conformers could be complexed with dGMII in 12 different binding modes (Figure 4.2).

The most favored mode of binding of compound 4.1, predicted by the modeling

studies, is mode I which includes conformers 6Ci T9. 6Sl T9and 3HJ E9 (Figure 4.2). In

this case, the three conformers exhibit very similar binding modes in the active site of

dGMII, including the possible coordination with the zinc ion by the 7- and 8-hydroxyl

groups on the five-membered ring; as well as similar docked energies (Table 4.1). The

overlay of the docked 4.1 with swainsonine (1.1) obtained from the X-ray structure of the

swainsonine-dGMII complex shows a good correspondence with all three hydroxyl

groups of compound 4.1 with the sulfur atom in to the position of the protonated

nitrogen atom of swainsonine (1.1). Hence, the sulfur is an average distance of 2.91 A

from Asp 204 and, therefore, it is ideally positioned to interact with the catalytic center.

On the other hand the carbon atoms of the docked compound 4.1 in the active site of
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dGMII could not be superimposed on the equivalent parts of swain sonine (1.1) from the

crystal structure.

A key feature of the other predicted modes of binding is that the distance between

the zinc ion and the 7- and/or 8-hydroxyl groups of 4.1 are more than 2.5 A (Table 4.2).

Previou s studies of dGMII- inhibitor complexes with different binding affinities have

shown that coordination of the zinc ion with two hydroxyl groups of the inhibitor is

required to give a high-affinity inhibitor. We infer, therefore, that if compound 4.1

adopts a binding mode II to XII, it would not be a good inhibitor of dGMII.
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Tabl e 4.1
dGMILa

Calculated en ergies for the co mp lex of 4.1 dock ed in the ac tive site of

Number Number Docked Intermolecul ar Internal ene rg y
M od e Conformati on h of in best energy (kcal energy of ligand

clu ster s cl us ter rnol' )" (kca l rnol' )" (kca l mol' )"

I 6C liT 4 87 -9.50(-9.30) -9.26 -0.243 9

J 6Sl T9 3 92 -9.55 (-9.4 2) -9.29 -0.26
I 3

HJ E9 I 100 -9.55(-9.44 ) -9.4 1 -0.14
II 4S2/sT7 2 90 -9.22(-9.10) -9. 12 -0.10
III 4 H 1ST 3 73 -9.17(-9.03) -9. 12 -0.055 7

IV 3
CJ E7 2 85 -9.17(-9.09) -8.98 -0.1 9

IV 4 2 88 -9.27(-9.18) -9.13 -0.1 4S6/E7
IV 4 3 69 -8.99(-8.93) -8.62 -0.37S61E1

IV 3C6;9S 1 4 83 -9.14(-9.0 I) -8.8 1 -0.33
IV 4S6fE 2 85 -9. 11(-9.00) -8.88 -0.22
IV 4H 18E 2 79 -8.96(-8.83) -8.9 1 -0.055

V 2S6/8T7 3 27 -8.87(-8.64) -8.79 -0.08
VI 4H 18T 3 42 -8.85(-8.54 ) -8.74 -0.113 9

VII 4 4 45 -8.89(-8.77) -8.92 +0.03H3!Ec>
VII 6C ;IT 3 85 -8.90(-8.69) -8.95 +0.063 6
VII 4H l iT 3 90 -8.89(-8.7 1) -8.73 -0.165 6

VII 7 3 56 -8.83(-8.55) -8.83 -0.01B5,21 E
VII 2

SJ E6 4 44 -8.38(-8.24) -8. 15 -0.23
VIII 4S<fE7 3 28 -8,75(-8.49) -8.44 -0.3 1
lX 4

SJ
9
T 8 3 51 -8.72(-8.47) -8.52 -0.20

X 'i
HJ

9E 4 24 -8.72(-8.39) -8.33 -0.39
XI 7CJ

1T
2 4 46 -8.53(-8.33) -8.28 -0.24

XI 5,2BFTs 4 79 -8.26(-7.85) -8.02 -0.25
a Dock ed struc tures are gro uped into clus ters, the lowest energy clus ter being shown.

b Con formation of the fused rin g of 4.1.

C Of the lowest dock ed energy co nformation in the cluster ; the energy of the cluster

average is given in parentheses .

d O f the lowest dock ed ene rgy conforma tion in the clus te r.
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Table 4.2 D istance between the zi nc ion and the hydrox yl groups of
4.1, and the distance be tween the sul fon ium-ion center and the hyd roxyl group of residue
Asp 204a

.

8

Distance (A)

Groups of Mode I Mo de Mode Mode Mo de Mode

compoun d
Residu es in (-9.53 II III IV V VI

4.1
dGMII active si te kcal (-9.22 (-9 . 17 (-9.\ 0 (-8.87 (-8 .85

mar l) kcal kca l kcal kcaJ kcal
ma rl ) ma r l) marl ) ma rl) marl )

OH-8 Zn 2.46 1.89 1.79 2.30 4.65 3.43

OH-7 Zn 1.87 3.28 4.49 4.24 3.86 3.54

s+ As p2040D I 2.91 2.9 1 2.80 2.96 3.70 4.0 8

Mode Mode Mode Mo de Mode Mode
Groups of

Residu es in
VII VIII IX X XI XII

compoun d
dGMII acti ve site

(-8.79 (-8.75 (-8 .72 (-8.72 (-8.53 (-8 .26
4.1 kcal kcal kcal kcal kca l kcal

mar l) mar l) ma r l) mar l) ma r l) ma rl)

OH-8 Zn 7.50 7.78 6.04 3.23 3.72 3.53

OH-7 Zn 6.00 6.94 5.40 5.27 3.8 6 2.57

s+ Asp2040D I 2.92 2.60 4.4 3 3.78 4.78 2.75

II Average distances each mode . T he average energy each mode IS giv enIn In In

parentheses.

MODEl
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MODE III
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MODE IX

MODE XI MODE XII

Figure 4.2 Twelve binding modes of compound 4.1 in the ac tive site of dGMII
from dockin g calculations: The zinc ion is shown as a pink ball and the relevant s ide
cha ins as s ticks. Atoms of 4.1 are s how n in different co lors (red, oxy gen; yell ow,
sulfur; and green, car bo n) . The ca lculated st ructure (g reen carbon atoms) is
superimposed on the c rystal structure of swainsonine (1.1, salmon carbon ato ms) in
the active site of dGMII.

4.2.2 Synthesis

Bicyclic sulfonium sa lts such as A could be synthesized by an intramolecular

displacement of a suitable side-chain leaving group by a cyclic thioether (Scheme 4.1) .

The key intermediate B co uld , in tum, be synthes ized from C.
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(~f>-op
'1\\'~

OP OP

A

cL

=~~> ~~I{-op
OP OP

B

p = protecting group
L = leaving group

> ,..Q-OP
\'

I
OH OP

C

Scheme 4.1 Retrosynthetic analysis of compound 4.1.

Compound 4.2, corresponding to C, was synthesized from commercially available

u-Iyxose, as shown in Scheme 4.2. Compound 2.17 was converted to the dimesylate

using methanesulfonyl chloride in pyridine and the dirnesylate was treated with sodium

sulfide to give 4.3 in 89% yield. The primary benzyl ether was selectively removed using

I% H2S04 / Ac20 to give the corresponding acetate which was subsequently removed by

methanolysis to give compound 4.2 in 60% yield.

Ref. 81
D-Iyxose

r-(0r-0 H

BnO r-\ .
BnO OBn

2.17

1) MsCI I pyr.

2) Na2S.9H20
89% (2 steps)

S
HO/ ""Q

BnO OBn

1) 1% H2S04 /Ac 20

2) NaOMe/MeOH
60% (2 steps)

S

Bno/" "Q

BnO OBn

4.2 4.3

Scheme 4.2 Synthesis of compound 4.2 .
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Swem oxidation of co mpo und 4.2 using trifluoroaceti c anhydr ide as the activator

furn ished aldehyde 4.4, whic h was subse quently treated with a so lution of the freshly

prep ared Gri gn ard reagent from the reac tion of 2-(2-bro moethy l)- 1,3-d ioxane and

magn esium to give diastereomers 4.5a and 4.5b as a 3: I m ixture (Sche me 4 .3). Th e

major isomer 4.5a was recrystalli zed fro m the mixture using EtOA clHexane and, aft er

cyc lization, it was found that co mpound 4.5a had the requi red S configuration at C-5.

T he secondary hydroxyl group at C-5 of compound 4.5a was protected as a benzyl ether

to g ive co mpo und 4.6 in 92 % yield (Sc he me 4 .3). Th e I ,3-d ioxane pro tec ting group was

hydrol yzed to g ive the corres po nd ing alde hyde, which was subse q ue ntly redu ced usin g

NaB~ to furn ish alcohol 4.7 in 67% yield . Trea tment of co mpo und 4.7 wi th

methanesulfonyl chlori de furni shed the corresponding sulfo nate ester, which was

subsequently treated with LiBr to g ive the bromide 4.8 in 87 % yield . Compound 4.8 wa s

treated with silver trifl ate in CH3CN to promote cycli zati on, givi ng the desired sulfonium

sa lt 4.9 in 84 % yield as a s tab le, co lorless oil. T he ring ju nc tion of thi s bicyclic

d 4 9 · d 7 1 107- 109 Th b I ' dcompoun . was CiS, as ex pec te . ' e enzy protectm g gro ups we re rem ove

with boron trichl oride at -78 °C and the product was subse que ntly treated with

Amberlyst A-26 (chloride fo rm) to completely exch an ge the trifl ate counterion with

chloride ion to give co mpound 4.1, since our previous wor k had sho wn that some of the

trifl ate counterion was exc ha nge d by chloride ion during the co urse of deprotection .l'"

T he co nfigura tion at C-5 of co mpound 4.1 wa s ass igned by means of a 1D-NOESY

ex pe rime nt, which showed a co rre latio n bet ween H-5 and H-7 as well as bet ween H-5

and H-8; the ste reoche mistry of co mpo und 4.5a was thu s assigned by inferen ce.
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DMSO / TFAA
4.2

DIPEA / CH2CI 2

o
) 1 SH'1"Q
BnO OBn

4.4

THF

58% (2 steps)
dr. 3:1 (20a:20b)

OBn

( yV"'Q
BnO OBn

4.6

i) AcOH / H2S04/

H20 / 1,4-dioxane
(78:0 .5:20:1.5)

ii) l\JaBH4 / EtOH

67% (2 steps)

NaH / DMF..
BnBr

92%

(~~~
BnO OBn

4.5a: R1 = OH, R2 = H (major)
4.5b: R1 = H, R2 = OH (minor)

OBn

rJ1//,( Sj
OH )---\

BnO OBn

4.7

i) MsCI / Pyr.

ii) LiBr / THF

87% 2 steps

(" f~OH
~'( ~

OH OH

OBn

rJ1/,,( Sj
Br )---\

BnO OBn

4.8

i) BCI3 / CH2CI 2 /

-78°C..
ii) Ion Exchange

(Amberlyst A-26)

79%

AgOTf / CH3CI\J

84%

\

I/"q-+OTf
OBn

\ ", . -

OBn OBn

4.1 4.9

Scheme 4.3 Synthesi s o f compound 4.1.

4.2.3 Enzyme Inhibitory Activity

Compound 4.1 was screened aga inst dGMII and wa s found to be a we ak inhibitor

of thi s enzyme with an IC 50 value o f 2 .0 mM . Although , this compound was a weak

84



inhibitor, we were encouraged since compounds 2.1 and 2.2 were not active. Hence,

inverting the stereochemistry at the sulfonium-ion center had improved the activity

against dGMIl.

4.2.4 X-ray crystallography

The crystal structure of compound 4.1 bound in the active site of dGMIl was

solved by Dr. O. A. Kuntz. Compound 4.1 adopted a 3C6/E7 conformation, as show n in

the electron density map (Figure 4.3), as well as in the stereoview of the density (Figure

4.4). In contrast to prediction, this conformation corresponds to Mode IV in the

modeling studies. The interatomic distances in the crystal structures of dGMII

complexed with compound 4.1, swainsonine (1.1), and mannostatin A (1.3) are

summarized in Table 4.3. Unlike swainsonine (1.1) and mannostatin A (1.3), which have

two hydroxyl groups coordinating to the zinc ion, compound 4.1 has only a single

hydroxyl group at C-S interacting with the zinc ion. The positively charged sulfur atom

has strong electrostatic interactions with Asp 204 (00 I) and weaker ones with Asp 341

(002) and Tyr 269 . The hydroxyl group at C-S forms hydrogen bond s with Asp 92

(00 I), Asp 204 (00 \) , Asp 472 (002) and His 47\ (NE2). The C-7 hydroxyl group

forms hydrogen bonds with Asp 472 (00 J) and Tyr 727 (OH) and the C-S hydroxyl

group hydrogen bonds with Arg 228 (NHz).
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Figure 4.3 Electron density in the active site of the dGMII complexed to 4.1. This
omit map is generated from the final model by removing the inhibitor followed by a
maximum likelihood refinement. The J Fobs-Fcalc map (yellow) is contoured at 3.5 sigma.
The 2Fobs-Fcalc map (blue) is contoured at 2 sigma. The resolution is 1.2 A. Water
molecules are shown as red spheres and zinc is depicted as a magenta sphere. Amino
acids which make important interactions with the inhibitor are labeled.
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Figure 4.4 Stereoview of the electron density of 4.1 in the active site of dGMII.
IF obs-Feale omit map den sity is contoured at 3 .5 sigma (- 0.5 e k \ The active-site zinc
is represented as a ma genta s phere.

OH

H2~

HQlI'~S"
<:

Ho" "DH

Swainson ine (1.1) Mannostatin A (1.3)

Figure 4.5 Structures of co m pounds 1.1 and 1.3.
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Table 4.3 Interatomic distances in the cry stal structure of dGMII complexed with
4.1. For comparison, distances in the complexes with the strong inhibitor swainsonine or
mann ostatin A (PDS 2F70) are also presented. The swai nsonine complex used in the
compari son is a 1.3A structure (Kuntz, D. A. and Rose, D. R. unpubli shed). Interatomic
distances less than 3.2A are shown except for sulfur atom interactions where a cut-off
distance of 3.5 A was chosen . Similar interatomic contacts that have increased in distance
to greater than 3.5A are shown in bold . (cfl) refers to the altemative orientation of the C
7 thio-methyJ group of mannostatin A (1.3).

dGMII
complex Sw ainsonine (1.1) Mannostatin A (1.3) 4.1
with : (from PDB : 2F70)

Zinc Interactions
Protein or Inhibitor Distance Distance

Atom (A) (A)
H90 NE2 2.10 2.13 2.04
D92 001 2.24 2. 14 2.03
D2040D2 2.17 2.06 2.05
H47l NE2 2.09 2.09 2.01

OH-7 2.20 OH -3 2.18 OH-8 2. 19
OH-8 2.13 OH- 2 2.23 --

Protein Interactions
Protein Inhibitor Distance Inhibitor Distance Inhibitor Distance

0

(A) (A)Atom Atom (A) Atom Atom
H90 NE2 OH-8 2.97 OH-2 3.07 --

D92 ODl OH-7 2.92 OH-3 2.92 OH-8 2.87
092 002 OH -8 2.54 OH -2 2.55 C-9 2.90
0204002 OH-7 2.83 OH -3 2.92 OH-8 2.76

OH -8 2.97 OH -2 2.82 --

N-l 2.75 N-I 2.77 S-I 3.44
0204002
R228 NH2 OH-5 3.06

Y2690H N-I 4.17 N-I 2.78 S-I 3.56

0341002 OH-8 3.60 OH-2 3.13 --

N-I 2.99 S-1 3.84
H471 NE2 OH-7 3.12 OH-3 3.10 OH-8 3.15
0472001 OH-5 2.56 OH-4 2.59 OH-7 2.55
0472002 OH-7 2.60 OH-3 2.53 OH-8 2.56
Y727 OH OH-5 2.64 OH-4 2.72 OH -7 2.7 1

WATERS N-I 3.03 OH-5 3.12
C-7(cfl) 2.56,2.85,2.88
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Figure 4.6 s hows the overl ays of compound 4.1 with swamsonme (1.1) and

mannostatin A (1.3) bound in the ac tive site of dGMII. The po sition of the C-7 hydroxyl

group of swainsonine (1.1) is a lmost identi cal to that of the C-8 hydroxyl group of

compound 4.1. In add ition, the orientation of the C-7 hydroxyl group of 4.1, places the

hydroxyl moiety at approx ima tely the same position as the C-S hydro xyl group of

sw ain sonine (1.1 ). Unlike swainsonine (1.1), how ever, only on e hydroxyl grou p of 4.1 is

in contact with the active-site zin c ion. In additi on, the position of the sulfonium ce nter,

whic h was designed to ha ve elec tros ta tic inter act ion s with Asp 204, differs from that of

the nitrogen atom of swainsonine (1.1) .

T he mannostat in A (1.3 ) ring supen mposes o n the five -me mbered nng of

compound 4.1 and ev en has an almost indistingui sh able ring conformation. Th e positions

of the C-3 and C -4 hydroxyl groups of mannost atin A (1.3) are nearl y identi cal to C-8

and C-7 hydroxyl gro ups of 4.1 , respec tive ly. Th e posit ion of the amine moiety of

mannostatin A (1.3) differs from the position of the sulfoniurn-ion center of 4.1 which

shows only a we ak inter action with Asp 204 (3.44 A).
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Figure 4.6 Superposi tion of inhibitors wi thi n the ac tive si te of dGMII. 4.1 is co lored
green, swainsonine (1.1) is co lored ye llow and mannostat in A (1.3) is co lored orange.
The active-site zinc is represented as a magenta sphe re. Coordi na te files of the dGMII:
swainsonine compl ex (POB: JHWW, top) or man nostat in A:d GMII co mp le x (POB:2F70 ,
bottom) were least-square-superposed usin g the program ProFit wi th the 4.1:dGMIl
compJex reported here (PO B: 20 W 6), and the coord inates for the inhibitor s and zinc
extracted.

From the superposition of compound 4.1 with swainso nine (1.1) and mannostatin

A (1.3) (Figure 4.6), it is not obvious wh y co mpou nd 4.1 woul d not be a reasonab ly good

inhibitor, despite having only a sing le hyd roxyl group coord inated to zin c. Howev er, the

low activity can be rationalized by looking at the overlay of ac tive-si te ami no ac ids in the

dGMIl complexes with co mpo und 4.1 , swainsonin e (1.1) and ma nnostatin A (1.3)

(Figure 4.7 ). The hyd ro xyl group at c-s of 4.1 ca uses a noticeable dis placement of Arg

228 of about I A as co mpared with the swai nsoni ne (1.1) and mannostat in A (1.3)
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complexes. One might have expected that the hydrogen bond formed between the amine

of Arg 228 and the hydroxyl group of 4.1 would lead to a tight interaction and good

inhibitory properties, but the very weak inhibition seen with dGMII indicates that this is

not the case and that the displacement of the Arg22 8 results in an unfavorable

consequence that outweighs any advantage that the arginin e:hydroxyl interaction might

have provided. Hence, a compound which lacks a hydroxyl group at C-5 might be a

better inhibitor of dGMIl since the absence of the hydrogen-bond ing interaction would

not lead to displacement of the molecule relat ive to swainsonine (1.1).
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Figure 4.7 Comparison of positions of the active site residues in dGMII in complex
with 4.1 (green, 20W6), swainsonine (1.1, yellow, IHWWW) or mannostatin (1.3,
orange, 2F70). The superposition was carried out with ProFit. Zinc is represented as a
magenta ball and its position comes from the IHWW structure which was the reference
structure to which the other complexes were fitted.

The inhibitory activity of compound 4.1 against dGMJI is consistent with the

modeling studies, which predicted that 4.1 would be active if it adopted one of the

conformations from mode I (Table 4.1). Given that compound 4.1 is present in the 1CJE7

conformation (mode 4, Table 4.1), it is not surprising that it is not an effective inhibitor

of dGMII.
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4.3 Conclusion

The synthesis of the sulfoniurn-ion analogue of di-epi-swainsonine (4.1), which

was deigned using molecular studies, was achieved by use of a multi-step procedure.

Compound 4.1 was a weak inhibitor of dGMII, whereas compounds 2.1 and 2.2 did not

show any activity against this enzyme. It would appear that the stereochemistry at the

sulfonium-ion center is critical for activity. Furthermore, we noted from the X-ray

crystal structure of 4.1 bound in the active site of dGMIJ that the hydroxyl group at C-5,

through interaction with Arg 228, caused an unfavorable placement of the molecule in the

enzyme active site. Hence, compounds which lack a hydroxyl group at C-5 and bear the

correct stereochemistry at the sulfonium-ion center might show greater inhibitory activity

against dGMII.

4.4 Experimental Section

4.4.1 Molecular modeling (Performed by Dr. X. Wen)

The initial structures of compound 4.1 were constructed by making all possible

ring conformations using molecular mechanics with a random search routine,

implemented in Sybyl 6.6 (Tripos, Inc.) in the following manner: the maximum number

of search iterations was set to 3000, with a 3 kcalmor l energy cut-off, and 0.2 RMS

threshold. The structure energy minimization was performed using the standard Tripos

molecular mechanics force field and Gasteiger-Marsili charges,116,117 with a 0.001

kcalmor l energy gradient convergence criterion. The atom charges were retained on 4.1

for the docking calculations.

The X-ray structure of dGMII co-crystallized with swamsorune (1.1) was

retrieved from the Protein Data Bank (POB ill: I HWW).94 This structure was prepared
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usin g the Syb yl 6.6 program package (T ripos, Inc.), and was used as the mod el for the

macr om olecul e in the dock ing stud ies of 4.1. Swain sonine (1.1) and all water molecul es

were rem ov ed fro m the protein s truc ture. Onl y polar hydrogen s were added to the

protein , and Kollman united -atom partial charges l 18 were assign ed .

Autom ated docking was performed with AutoDock 3.0 .111 23 Conformer s of

compound 4.1 obta ined from conformational analysis were do cked into the ac tive si te o f

dGMII. Atomic affinity and electrostatic grid maps usin g Au toGrid 3.0 111 were

co mputed for eac h ato m type in compound 4.1. The Lamarcki an Geneti c Algori thm

(LGA) was used with the default settings, and 100 LGA docking runs were performed for

eac h sta rting structure .

For each starti ng co nfo rmer, o ne hundred docked struc tures ( 100 run s) were

obta ined and we re c lus tered according to the results differing in positi on al root-mean

square deviation (RM SD) and energy.

4.4.2 Synthesis

1,4-Anhyd ro-2,3,S-tri-O-benzyl-1-thio-L-ribitol (4.3)

To a stirred so lution of 2.17 (14.7 g, 34.8 mmol) in pyridine ( 150 mL) at 0 °C

und er N2 was adde d methanesulfonyl chloride (7.0 mL, 2.6 eq uiv.) drop wise . Th e

mixtu re was stirred at 0 °C for 2 h and concentrated under high vacuum . T he res idu e was

diluted with EtOAc (300 mL) and the or ganic phase wa s washed with H20 ( 100 m L), 1M

HCI ( 100 m l.) , saturated aqueou s Na HC0 1 (2 x 100 ml.), and bri ne ( 100 mL). T he

organic layer was dr ied over anh ydrou s Na2S04 and co nce ntra ted. T he residue was

dissol ved in d ry DMF ( 150 mL) together with Na2S.9H20 ( 10.9 g, 1.3 equiv.). Th e
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mixture was stirred at 105 DC for 2 h. After cooling to room temperature, the mixture

was diluted with H20 (100 mL) and extracted with Et20 (3 x 150 mL). The combined

organic phase wa s washed with H20 (2 x 100 mL), followed by brine (100 mL) . The

organic layer was dried over anhydrous Na 2S04 and concentrated. The crude product

wa s purified by flash chromatography (hexanes:EtOAc, 6: I) to give 4.3 as a colorless oil

(13.02 g, 89 %): [a] D -72.0 (c 0.25, CH2CI2); 1}-1 NMR (CDCI 3) 87.36 - 7.29 (rn, ISH,

Ar) , 4.65 and 4 .61 (2d, each 1H Ja.h = 12.3 Hz, CH2Ph), 4.58 and 4.54 (2d, each IH Ja•b =

12.1 Hz, CH2Ph) , 4 .54 and 4.50 (2d, each 1H J a,b = 12.1 Hz, CH2Ph), 4.04 (ddd, 1H, Ji .:

= 3.6 Hz, J 1b,2 = 5.5 Hz, J 1a,2 = 6.8 Hz, H-2), 3.97 (dd, IH, J1,,4 = 3.8 Hz, H-3), 3.69 (rn,

IH, H-4), 3.53 (dd, IH, J4,5a = 6.9 Hz , lsa,5b =9.9 Hz, H-5a), 3.47 (dd , IH, h 5b =6.1 Hz,

H-5b), 3.0 (dd, IH, J 1a•1b = 10.2 Hz , H-I a), 2.9 (dd, IH, H- J b); 13C NMR (COCl )) 8

138.33, 138.29, 138.26 (3C;pso), 128.6-127.9 (15 CAr), 81.2 (C-3), 79.9 (C-2), 73 .3, 72.2,

72.1 (3 cthPh), 72.1 (C -5) , 47.4 (C-4) , 30.9 (C-I) ; MALOI-TOF MS: m/; 421.40 (M+ +

H), 443.43 (M+ + Na), 459.44 (M+ + K), 511.45 (M+ + 8n). Anal. Calcd for C26I-hs03S:

C, 74 .25; H, 6.71. Found: C, 74.08; 1-1, 6.84.

1,4-Anhydro-2,3-di-O-benzyl-l-thio-L-ribitol (4.2)

A solution of 4.3 (2.9 g, 6 .9 mmol) in 1.0% H2S04 / Ac20 (50.0 mL) was stirred

at ambient temperature for 16 h and then partitioned between EtOAc ( 150 mL) and H20

(50 mL). The organic layer wa s washed with H20 (50 ml.), sat. aq. NaHC03 (2 x 50

ml.), followed by brine (50 mL) . The organic layer was dried over anhydrous NaZS04,

filtered, and concentrated under reduced pre ssure. The crude product was dissolved in

MeOH (l00 ml.) and 1M NaOMe/MeOH solution was added until the solution was basic.
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The reaction m ixture was stirred at room temperature for I h and then neu trali zed with

AcOH. The mi xtu re was co ncentrated and then partitioned between EtOAc ( 150 mL)

and H20 (50 mL). T he organic phase was wash ed with H20 (50 mL) and brin e (50 mL).

T he organic layer was dried over an hydrous Na2S 0 4, filtered and co ncentrated . T he

crude product was pu rified by flash c hromatography [hexaneslEtOAc, 3: I] to give

compound 4.2 as a co lorless oil (1.37 g, 60%): [a .l D - J05 .9 (c 0.43 , CHzClz); IH NMR

(CDCh): 87.38 - 7.29 (m, 10H, Ar), 4.66 and 4.58 (2d, each 1H, Ja .b = 12.2 Hz, CHzPh),

4 .63 and 4 .56 (2d, each IH, J a,b = 12.0 Hz, CH2Ph), 4 . 15 (ddd, IH, Ji .: = 3.4 Hz, J 1a•2 =

J 1b,2 =4.3 Hz, H-2), 3 .92 (dd , 1H, h .4 =5.8 Hz, H-3), 3.75 - 3.60 (m, 3H, H-4 , H-5a, H

5b ), 2 .30 (dd, IH, J 1a, l b = I 1.2 Hz, H-I a) , 2 .86 (dd, JH, H-I b); DC NMR (C DCh): 8

138.3,138.1 (2Cipso) , 128.7 - 128.0 (10 C Ar), 82.6 (C-3) , 79.1 (C-2), 72 .7, 71. 9 (2

CHzPh), 62.6 (C -5), 50 .3 (C -4), 31.3 (C -I); MALDI-TOF MS: m/; 331 .40 (M+ + H),

353.42 (M + + Na), 369.38 (M+ + K), 421.46 (M + + Bn ). Anal. Calcd for CI9Hn03S: C,

69 .06; H, 6.7 1. Fo und: C, 69.4 1; H, 6.83 .

I ,4-Anhyd ro-6,7-dideoxy-2,3-di -0-benzyl-I- thio-7-(1,3-dioxan-2- yl)-L-allo-heptitol

(4.5a)

To a stirre d so lution of DMSO (1.2 mL, 17.2 mmoJ) in CH2CIz (12 mL) a t -7 8 DC

und er N2 atmosphere was adde d a solution of tritluor oaceti c anh ydride (0 .68 mL, 9.1

mmol) in CHzCIz (5 mL) drop wise, and the mixture was stirred at -78 DC for 30 min . A

so lution of co mpound 4.2 (0 .79 g, 2.39 mm ol ) in C H2CIz ( 10 mL) was added dropwise

while maintaini ng the tempe rature below -78 DC and the stirr ing wa s co nt inued for 1.5 h.

A solution of dii sopropylet hylamine (1.8 mL, 9 .86 mmol) in CH2CIz (15 mL) was added

dr op wise and the stirr ing was co ntinued at -78 °C for an add itional 2 h. Th e react ion was
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quench ed by the addition of aqueous HC] (0 .5 M, 4 mL) and the mixture was partitioned

between Et20 (200 mL) and H20 (50 mL). The Et-O layer was washed with HzO (50

mL) and brine (50 mL). The organic phase was dried over anhydrous Na 2S04, filtered ,

and concentrated . The crude product was purified by fla sh chromatography

[hexanes/EtOAc, 6: I] to give the ald ehyde 4.4 . Compound 4.4 wa s diluted with THF ( 12

mL) and co oled to 0 "C under Nz. A Grignard reagent, fre shly prepared from 2-(2

bromoethyl )-1,3-dioxane (0.59 mL, 4.3 mmol) and Mg (213 mg, 8.5 mmol) in THF (13

ml.), wa s added dropwise. The reaction mixture was stirred at ambient temperature for

16 h and then the reaction was quenched by addition of 0.5 M HCI (3 mL), and

concentrated . The residue was di luted with Et-O (200 mL) and washed with HzO (2 x 50

mL) and brine (50 mL). The organi c phase was dried over anhydrous Na 2S04, filtered ,

and concentrated. The crude product was purified by flash chromatography

[hexanes/EtOAc, 3:1] to give compound 4.5 as a white solid (0 .617 g, 58 %). Analysis by

NMR spectros copy showed that the product was a mixture of two isomers (-3: I) at the

stereoge nic C-5 center. The major isomer (4.5a) was obtained by cr ystallization from

hexanes/EtOAc as a white solid: mp 73 - 75°C; [a]o - 74.3 (c 0.18, CHzC1 2); 'H NMR

(CDCh) : 87.30 - 7.21 (m, IOH, Ar), 4.56 and 4.52 (2d, each I H, Ja•b = I 1.9 Hz, CH2Ph) ,

4.54 and 4.47 (2d, each 1H, J a,b = 12. J Hz, CHzPh), 4.47 (dd, I H, J ri« = J 2'7b = 4.8 Hz ,

H-2' ), 4 .07 - 4 .02 (m , 4H, H-2, H-3 , H-4'eq , H-6'eq) , 3.69 (ddd , IH, h ax,5'eq = 1.3 Hz ,

J4'ax.4'eq = J 4'ax5'ax = 12.1 Hz, H-4'ax ), 3.68 (ddd, 1H, h 'eq.6'ax = 1.3 Hz, J 6'ax.6'eq = h 'ax,6'ax =

12.1 Hz, H-6'ax ), 3.46 (dddd, 1H, 1),6a =h,OH =2.5 Hz, J4 ,5 =7.2 Hz , J5.6b =9.7 Hz, H-5),

3.38 (dd, 1H, h .4 = 4.7 Hz, H-4), 3.22 (d, IH, OH), 2.95 (dd, l H, J' a,Z = 6.2 Hz, J'a, lb =

10.8 Hz , H-I a) , 2.80 (dd , I H, J l b,2 = 5.0 Hz, H-I b), 1.99 (ddddd, IH, h eq,5'ax = h 'ax,6'eq =
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5.0 Hz, ls-ax,5'eq= 13.4 Hz, H-5' ax), 1.74 - 1.61 (m , 3H, H-6a, H-7a, H-7b), 1.48 (m, I H,

H-6b), 1.27 (ddddd, ] H, h eq,5'cq= h 'eq ,6'eq = 2.5 Hz , H-5' eq ); 13C NM R (C DC!]) : 0 138.2,

138.1 (2C ipso) , J28 .6 - 127 .9 ( 10 CAr), 102.2 (C-2 '), 82.2 (C-3), 80 .0 (C -2) , 73.9 (C-5),

72.1,72.0 (2 CH2Ph), 67.1 5 (C-4'), 67 .13 (C -6'), 53.4 (C-4) , 31.6 (C-7 ), 31. 2 (C- J), 29.8

(C -6), 25.9 (C -5 '); MALDI-TOF MS : m/z 445.36 (M+ + H) , 467.39 (M + + Na), 483.39

(M+ + K), 535 .44 (M+ + Bn ). An al. Ca lcd for C25H3205S: C , 67 .54 ; H, 7 .25 . Found : C,

67 .25; H, 7 .49 .

1,4-Anhydro-6,7-dideoxy-2,3,5-tri-O-benzyl-l-thio-7-(1,3-dioxan-2-yl)- i.-allo

heptitol (4.6)

A mixtu re of compounds 4.5a (320 mg, 0 .72 m mol) and 60 % Na H (44 mg, 1.5

equiv) in DMF ( 15 mL) was stirred in an ice bath for 15 mi n. Benzyl bromide ( 145 ~L,

J.3 equiv) was adde d and the so lution was stirred at roo m temperature for 2 h. Th e

reac tion was qu ench ed w ith ice water (2 mL) and the mixture was diluted with Et20 ( 100

mL). The orga nic lay er was washed with H20 (50 mL) and brine (50 mL). T he organic

phase was dri ed over anhydrous Na2S04, filtered, and co nce ntra ted . Th e cr ude product

was puri fied by flash chro matography [hexaneslEtOAc, 7 :2] to g ive co mpo und 4.6 as a

co lor less oi l (354 mg, 92%). See Ref. 109 for experimental da ta.

1,4-Anhydro-6, 7-dideoxy-2,3,5-tri-O-benzyl-l-thio-L-allo-octitol (4.7)

A so lution o f 4.6 (250 mg, 0.4 7 mmol ) in Ac O H:H20:H2S04: 1,4

dioxane;78:20 :0 .5 : 1.5 ( J5 mL) was stirre d at room temperature for 20 h. The mixture

was diluted wi th Et20 (100 mL) and washed with H20 (50 mL), sat. aq. NaH CO, (2 x 50

mL ) and brine (50 mL). The orga nic phase was dried over anhyd ro us Na2S04, fi ltered,
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and concentrated. The residue was diluted with 95% EtOH (80 mL) and the solution was

cooled to 0 "C. NaBH4 (19 mg, I equiv) was added and the mixture was stirred in an ice

bath for I h. The reaction was quenched with AcOH (0.4 mL) and the mixture was

concentrated. The residue was diluted with Et20 (100 mL) and washed with H20 (50

mL) and brine (50 mL). The organic phase was dried over anhydrous Na2S04, filtered,

and concentrated. The crude product was purified by flash chromatography

[hexanes/EtOAc, 3: IJ to give compound 4.7 as a colorless syrup (150 mg, 67%): [aJo

33.3 (c 0.15, CH2Ch); IH NMR (CDC!]): 87.37 - 7.21 (m, 15H, Ar),4.63 (s, 2H, CH2Ph)

4.53 and 4.47 (2d, each IH, Ja,b = 11.4 Hz, CH2Ph), 4.48 and 4.45 (2d, each 1H, Ja,b =

12.2 Hz, CH2Ph), 4.0 I (dd, 1H, J2,] = h,4 = 3.4 Hz, H-3), 3.95 (ddd, IH, J 1b,2 = 5.6 Hz,

J 1a,2 = 8.3 Hz, H-2), 3.62 - 3.55 (m, 3H, H-4, H-8a, H-8b), 3.38 (ddd, IH, he,= 2.9 Hz,

Jss«= ls,6b = 6.9 Hz, H-5), 3.07 (bs, IH, H-I a), 2.88 (bs, IH, H-I b), 1.75 - 1.55 (m, 4H,

H-6a, H-6b, H-7a, H-7b); IlC NMR (CDCl l ) : 8 138.5, 138.3, 138.2 (3Cpso) , 128.7 

127.9 (15 CAr), 80.7 (C-2), 80.1 (C-5), 80.0 (C-3), 72.3, 72.2, 71.6 (3 CH 2Ph), 63.1 (C-8),

51.2 (C-4), 31.1 (C-I), 28.1 (C-6), 27.6 (C-7); MALDI-TOF MS: m/; 479.18 (M+ + H),

501.25 (M+ + Na), 517.27 (M+ + K), 569.26 (M+ + Bn). Anal. Ca1cd for C29H3404S: C,

72.77; H, 7.16. Found: C, 72.59; H, 7.32.

1,4-Anhyd ro-8-bromo-6,7,8-trideoxy-2,3,5- tri-O-benzyl-l-thio- L-allo-octitol (4.8)

To a stirred solution of 4.7 (75 mg, 0.16 mmol) in pyridine (6 mL) at 0 "C under

N2 was added methanesulfonyl chloride (J 5 ML, 1.2 equiv.). The reaction mixture was

stirred at 0 "C for 2 h and then quenched with ice (0.5 mL). The mixture was

concentrated under high vacuum and then diluted with Et20 (50 ml.). The organic phase
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wa s washed with H20 (20 mL), 1M HCl (20 mL), saturated aqueous NaHCO] (20 ml.),

and brine (20 mL). The organic layer was dried over anhydrous Na2S04, filtered, and

concentrated . The residue in THF (6 mL) together with LiBr (70 mg, 5 equiv) was

refluxed und er N2 for 2 h and then concentrated. The residue was diluted with Et20 (50

mL ) and washed with H20 (2 x 20 mL) and brine (20 mL). The organic phase was dried

over anhydrous Na2S04, filtered, and concentrated. The crude product was purified by

fla sh chromatography [hexaneslEtOAc, 5: I] to give compound 4.8 as a co lorless oil (74

mg , 87 %) : [a] D - 36.7 (c 0.3 , CH2C1 2); IH NMR (COCl.,) : 3 7.28 - 7.16 (m, 15H, Ar) ,

4.55 and 4.52 (2d, each IH, Ja,b = 12.3 Hz, CH2Ph) , 4.44 and 4.41 (2d, each I H, J a,b =

11 .8 Hz , CH2Ph), 4.44 and 4.39 (2d, each IH, Ja.b = 12.2 Hz, CH2Ph ), 3.91 (dd, IH, Ji .: =

h.4 = 3.5 Hz, H-3), 3.89 (m, IH, H-2), 3.56 (dd, IH, J4 ,5 =6.8 Hz , H-4), 3.31 (ddd, IH,

J5 .6a = J 5.6b = 6.9 Hz, H-5), 3.30 - 3.22 (m, 2H, H-8a, H-8b), 2.98 (dd, 1H, Ji «: = 7.2 Hz,

Jl a,lb = 10.2 Hz, H-I a), 2.80 (dd, 1H, i;, =5.3 Hz, H-I b), 1.90 - 1.57 (m, 4H, H-6a, H

6b H-7a, H-7b) ; I]C NMR (COCI]): 3 138.4, 138.2, 138.2 (3C pso), 128.6 - 127.9 (15

CAr), 80.4 (C -2 ), 80. 3 (C-3), 79.3 (C-5), 72.17, 72.15, 71 .8 (3 CH 2Ph), 51.2 (C-4), 34.2

(C-8), 31.1 (C-I ), 29.6 (C-6 ), 28.2 (C-7); MALOI-TOF MS : m/z 461 .31 (M + - Br). Anal.

Calcd for C29H]]BrO]S : C, 64.32 ; H, 6.14 . Found : C, 64 .05; H, 6.18.

(IR,55,65,7R ,85)-5,7,8-Tribenzyloxy-I-thioniabicyclo[4.3.0]nonane triflate (4.9)

A solution of compound 4.8 (120 mg , 0.22 mmol ) in CH]CN (5 mL) was treated

with AgOTf (57 mg, I equiv) for 12 h at ambient temperature. Another equivalent of

AgOTf (57 mg) was added and the reaction mixture was stirred for an additional 14 h.

The so lvent was removed and the crude product was purified by flash chromatography

[CH 2Cb:MeOH, 20: I] to give compound 4.9 as a co lorless syru p (114 mg, 84%): [all)-
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78.6 (c 0.14, CH2Cb); IH NMR (CDC!]): () 7.39 - 7.28 (m, ISH, Ar), 4.75 (m, IH, H-8),

4.73 (dd, IH, h8 = J 6,7 = 3.2 Hz, H-7), 4.69 and 4.59 (2d, each IH, Ja,h = 11.8 Hz,

CH2Ph), 4.64 and 4.58 (2d, each JH, Ja,b = J J.6 Hz, CH2Ph), 4.55 and 4.47 (2d, each JH,

Ja,b = I 1.6 Hz, CH2Ph), 4.08 - 3.98 (m, 2H, H-5, H-6), 4.06 (d, IH, J9a,9b = 14.0 Hz, H

9a), 3.72 - 3.60 (m, 2H, H-2ax, H-2eq), 3.70 (d, IH, H-9b), 2.07 (ddddd, IH, hax,4eq =

heq''''ax = 2.8 Hz, hax,4ax = haxJeq = hax,3ax = 13.2 Hz, H-3ax), 1.93 (ddddd, I H, heq,4eq =

heq,4ax = heqJeq = hax,"'eq = 3.2 Hz, H-3eq), 1.83 (dddd, IH, heq,5 = 3.2 Hz, J4ax,4eq = 15.2

Hz, H-4eq), 1.42 (m, JH, H-4ax); I."C NMR (CDCI.,,): () 136.94, J36.93, 136.87 (3 Cpso),

128.9 - 128.0 (15 CAr), 120.8 (q, IC, Jcs > 318.J Hz, OTf), 81.0 (C-7), 75.6 (C-8), 73.8,

73.3,71.4 (3 QhPh), 69.3 (C-5), 52.7 (C-6), 47.5 (C-9), 37.8 (C-2), 21.7 (C-4), 16.2 (C-

3); MALDI-TOF MS: m/; 461.29 (M+ - OTf). Anal. Calcd for C."oH."."F.,,06S2: C, 59.00;

H, 5.45. Found: C, 59.35; H, 5.59.

(lR,5S,6S,7R ,8S)-1-thioniabicydo[4.3.0]nooao-5,7,8-triol chloride (4.1)

BCI." gas was bubbled vigorously through a solution of 4.9 (60 mg, 98.4 umol) in

CH2Cb (6 mL) at -78 DC under N2 for JO min. The mixture was stirred at -78 DC for 2 h

and a stream of dry air was blown vigorously over the solution to remove excess BCI 3.

The reaction was quenched with MeOH (2 mL) and the solvent was removed. The

residue was co-evaporated with MeOH (2 x 5 mL) and then washed with CH2Cb (2 x 2

mL) to give a white solid. The solid was dissolved in MeOH (6 mL) and a freshly

washed ion exchange resin (Amberlyst A-26 (chloride form), 80 mg) was added. The

mixture was stirred at room temperature for 30 min and filtered. The filtrate was

concentrated and recrystallized from MeOH:CH2Cb to give compound 4.1 as white

Icrystals (17.6 mg, 79%): mp 172 - 173 DC; [aJo - 60.0 (c 0.25, CH30H); H NMR
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(CD30D): 0 4.56 (rn, 1H, H-8), 4.55 (dd, 1H, h.s = 3.5 Hz, 16,7 = 10.8 Hz, H-7), 4.41

(ddd, 1H, 1S,6 = 14a,s = 14b,S = 3.1 Hz, H-5), 3.83 (dd, IH, H-6), 3.65 (ddd, IH, heq,3ax =

heq,3eq = 3.1 Hz, hax,2eq = 12.0 Hz, H-2eq), 3.62 (d, IH, ha,9b= 13.9 Hz, H-9a), 3.58 (dd,

IH, 1S,9b= 3.5 Hz, H-9b), 3.24 (ddd, IH, hax,3eD, = 3.2 Hz, hax,3ax = 12.8 Hz, H-2ax), 2.28

- 2.19 (rn, 1H, H-3ax), 1.97 (ddddd, 1H, heq,4ax = heq,4eD, = 3.7 Hz, hax,Jeq = 15.2 Hz, H

3eq), 1.96 - 1.91 (rn, 2H, H-4ax, H-4eq); 13C NMR (CDJOD): 074.9 (C-7), 71.4 (C-8),

62.2 (C-5), 55.3 (C-6), 47.3 (C-9), 37.6 (C-2), 25.1 (C-4), 15.6 (C-3); MALDI-TOF MS:

m/; 191.34 (M+ - CI). Anal. Calcd for CsHlsClOJS: C, 42.38; H, 6.67. Found: C, 42.16;

H,6.60.

4.4.3 Enzyme Inhibition (Performed by Dr. D. A. Kuntz)

Assays of mannosidase activity were carried out in 96-well microtitre plates at

3rC in a 50 uL reaction containing, 4 mM para-nitrophenyl a-D-mannopyranoside

(Sigma), 40 mM MES pH 5.75, 20 ug/ml bovine serum albumin and varying

concentrations of inhibitor. The reaction was initiated by adding 5 uL of dGMII (250 ng)

in 10 mM phosphate (pH 7.0) and 100 mM NaCI to 45 uL of the reaction mixture. The

reaction was allowed to proceed for 30 min and was then stopped by addition of 50 uL of

0.5 M sodium carbonate. Absorbance values were measured at 405 nm in a microplate

reader (Molecular Devices). All reactions were carried out in quadruplicate. Controls

without inhibitor were measured 8 times. The ICso is the concentration of inhibitor at

which the enzyme exhibits 50% of the control activity, and was determined graphically.
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4.4.4 X-ray Crystallography (Pe rformed by Dr. D. A. Kuntz)

4.4.4.1 Crystallization

Puri fied dGMII In Tris-buffer ( 10 mM Tris pH 8.0, 150 mM NaCI) at a

concentration of approximatel y 16 mg/ml was thawed and used for c rysta llization

without an y further treatment. Crystals of dGMII and compl exes were grown using the

hanging-drop vapor diffusion method using I ml of Tris-re servoir-buffer (0.1 M Tri s

pH 7.0, 8.5 w/v% PEG 6K, 2.5 v/v % methylpentane diol (MPD) in each well of the

crystal tray . A to tal of 3 u l protein so lution was combined with 3 p l crys ta l seeds in

reservoir buffer to fonn the crystallization drop. Preparation of the seeds followed the

Hampton protocol for the Seed Bead Kit. Seeds had been aliquoted at suitable

concentrations and stored at -80 °C where they remai ned useable for at least 2 years.

dGMIV4.1 co m plexes were obtained by soaking of a dGMII cr ystal in inhibitor

solution. dGMII crys tals were first gro wn in Tri s-buffer for 16-18 h. Crystals were

washed in either phosphate-buffered reservoir so lution (PBSR) (0. 1 M sod ium phosphate

pH 7.0, 8.5 w/v% PEG 6K 2.5 v/v % MPD) followed by a 24 h soak in PBSR containing

2 mM 4.1. Crystal s were then passed throu gh solutions of PBSR with I mM 4.1 and

increasing concentrations of MPD (10, 15, 20 , 25% v/v ) for cr yop rotection . Crystals

were flash frozen in liquid nitrogen .

4.4.4.2 Data Collection

X-ray diffraction data were collected at 100 K on Bearnline A I at the Cornell

High Energy Synch rotron Source. Data were integ rated and scaled usin g HKL2000. A

constant se t of Rrree data was created by reading the data into CCP4 119 and merging with a
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previous Rrree data set. The data was then written in mtz, ens, and hkl f4 formats for use in

subsequent refinement programs.

4.4.4.3 Refinement

Th e struc ture of the dGMII-inhibitor complex was initi all y phased by molecul ar

repl acement usin g the software program CNS. 120 Rigid bod y refinement was carried out

against the publi shed structure of native dGMII (POB: IHTY) with Tri s and waters in the

region of the ac tive site removed. Thi s wa s followed by simulated annealing to 3500 K,

group B-factor refinem ent, and individual B-factor refinemen t. At thi s stage, the R-factor

was 20% and the F obs-Fcalc den sity c lea rly revealed the presen ce of bound compo und and

unassi gn ed waters. Additional water molecules were pick ed usin g the ArplWarp ro utine

in CCP4. 121 Li gand molecule dicti on arie s and starting coordi nate files were ge ne ra ted

using the ProOrg server (http://dav ap cl.bioch.dundee.ac .ukJprograms/prodrg/). Ligand

fittin g and chec king the model for proper fit to the den sit y was performed using the

program COOt. 122 At thi s stage , high resolution refi ne ment usin g SHELX9i 23 was

started. CGLS refinement to increasin g resolution was followed by refinem ent of

anisotropi c B- factors. This was fo llowe d by a number of iterative rounds of mod el

building usin g Coot and SHELX97 refin em ent where c lear alternative conformati on s of

side cha ins we re inse rted into the mod el , and waters we re adde d, and s ide cha ins were

regulari zed . Hydrogen atoms were added and the oc cupancy of the alternative

conformati on s wa s refined in later rounds of SHELX97 refinement. Stati sti cs for data

collection and re fine ment are presented in Table 4.3. T he mod el was prepared for POB

deposition using she lxpro whic h remov es the hydrogen atoms from the deposi ted

molecul e. The quality of the final model and ligand geometry were assessed using a
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number of structure validati on programs including MolProbity

(http: //mo lprobity. bioche m.d uke.edu/), the Va lidation Su ite (http://b io tec h.e bi.ac. uk) , and

hetze (http://xray.bmc.uu.se/hicup/). Protein overlays and rm sd calculations were carried

out using ProFit (http://www.bioi nf.org .ukfsoftware/profitiindex .htmJ). Graphics were

ge ne rated using Pym ol (http://py mo l.sourceforge.net) and Mol script (http: //ww w.avatar.

se/mo lscriptl) .
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Table 4.4 Statistics for data co llect ion and refinement of com pound 4.1.

POB codelH ET sy mbo l

Data Collec tion

Ce ll dimension s (A)

Data processing (DENZ O/SC A LEPAC KJXPREP)
Resolution (A) overall

Resolution (A) high resolution she ll

Unique Reflections

Redundancy (overail/hi_res)

flsigma (overail/hi_r es)

% Completeness (o verall/hi_res)

R merge (overall/h i_res)

Refin ement

R,eJRrree for all reflec tio ns

Rtes/Rrree for Fo>4sigm a

Atom s in Model

Amino Acids

Alternate Conformation s

Water Molecules

rm sd bonds (A)

rmsd angles (0)
o J

Average B factor A ~

Overall

Protein Main C ha in

Prote in S ide C hai n

Water

Bound Com po und

Others (MPD,NAG, P0 4,S0 4,Zn)
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C HESS-A I

69. 0 x 109.6 x 138.9

20- 1.20

1.25-1 .20

324786

7 .4/3.7

1212.1

99 .2/97 .2

0.08510 .6
SHELX L97

0.1 18/0.1 53

0.1 0410.136

9894

1015

3 1

1466

0.015

2.3

22 .7

17.1

22.4

38 .9

16.0

43 .8



CHAPTERS:
SULFONIUM-ION ANALOGUE

OF 8-EPI-LENTIGINOSINE: SYNTHESIS, ENZYMATIC
ACTIVITY, AND X-RAY CRYSTALLOGRAPHY
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5.1 Introduction

(+)-Lentiginosine (1.14), isolated from Astragalus lent iginosus, is a powerful

inhibitor of amyloglucosi dases, especially glucoa mylase, which are widely used in

industry for the conversion of starch into gtucose." On the other hand, 8-epi-

lentiginosine (5.1), recently isolated from the leaves of Brazilian Ipomoea carnea.i' " is a

good inhibitor of lysosomal a-mannosidase from rat epididymis (ICso 4.6 u.M). It is also

a powerful inhibit or of lysosomal a-mannosidase in human Iymphoblasts (lCso = 5.0

u.M ), although it is substantially less active than swainsonine (1.1) (lCso = 0.04 .uM).125

Hence, a minute structura l modification can lead to dramatic changes in terms of

selectivi ty and inhib itory act ivities agai nst glycos idase enzymes .

W OH
OH OH

1.1

Cq-OH
OH

1.14 5.1

Figure 5.1 Structure of swainsonine (1.1), lentiginosine (1.14) and 8-
epi-Ientiginosine (5.1).

Siriwarde na and co-workers have synthesized the corresponding S-substituted sulfonium-

ion analogue (5.2) of 8-epi-lentiginosine (5.1) and showed that it is a competitive

inhibitor of recombinant human-Golgi a-mannos idase II (K, = 15 u.M) and recomb inant

human-lysosomal a- mannosidase (K; = 0.8 .uM).66 We have repor ted the synthes is and

the X-ray crystal structure of the bicyclic sulfonium salt (4.1) bound in the active site of

dGMII (Chapter 4). We found that the hydroxyl group at C-5 has an unfavorable

interact ion with Arg 226 residue in the enzy me active site. Hence, we now report the

108



synthesis, enzyme inhibition and the crystal structure of the dGMII-bound sulfonium-ion

analo gue of 8-epi- lentiginosine (5.3) which lacks a hydroxyl group at C-5. Based on the

X-ray crystallographic analyses of compounds 4.1 and 5.3 as well as of related

compounds with dGMII, we propose that the water molecule substructure in the active

site plays a significant role in dictating inhibitory activity.

-
CI

C'I " f~OH

S" '---(
OH

5.2

( "f5\.-OH
\" '---(

OH

5.3

Figure 5.2 Structures of compounds 5.2 and 5.3.

5.2 Results and Discussion

5.2.1 Synthesis

Retrosynthetic analysis of the bicyclic sulfonium salt 5.3 indicated that it could be

synthesized by an intramolecular displacement of a suitable leaving group on a pendant

side-chain by a cyc lic thioether (Scheme 5.1 ). The key intermediate 5.4 could, in turn, be

synthesized from the aldehyde 4.4 .

2 CI
( Br

C~ + ~~Q-oBn Q-0Bn' 'q--0H > >4 6 7
5, \\ '

\"

OH OBn g OBn

5.3 5.4 4.4

Scheme 5.1 Retrosynthetic analysis of compound 5.3.
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Scheme 5.2 outlines the synthesis of compound 5.3 from aldehyde 4.4 .

Compound 4.4 was reacted with 2-( I ,3-dioxan-2-yl)-ethyltriphenylphosphonium bromide

(synthesized from 2-(2-bromoethyl)-1 ,3-dioxane and PPh:\) 126 to give compound 5.5 by

Wittig chain extension as a 16: I mixture of isomers in 99% yield. The alkene 5.5 was

reduced using NaBH,JCoCl 2 to give compound 5.6 in 63% yield .127 The 1,3-dioxane

protecting group was hydrolyzed to give the corresponding aldehyde that was

subsequently reduced with NaBH4 to furni sh compound 5.7 in 76% yield. Treatment of

alcohol 5.7 with methan esulfonyl chloride gave the corre sponding sulfonate ester that

was subsequently treated with LiBr to furni sh the bromide 5.4 in 98% yield. Compound

5.4 was treated with silver triflate in CHJCN to promote cyclization, giving the desired

sulfonium salt 5.8 as a stable, colorless syrup in 77% yield. The ring junction of this

b· I" d 58 ' d 71107-lo9 Th b I .ICYc IC comp oun . was CI S, as expecte . . e enzy protecting groups were

removed with boron trichloride at -78 °C and the product was subsequently treated with

Amberlyst A-26 (chloride form) to compl etely exchange the triflate counterion with

chloride ion to give compound 5.3 in 81 % yield.
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o
) 1 S

H /" 'Q
BnO OBn

4.4

~/" ,,(SI

OH )---\
BnO OBn

5.7

nBuLi / THF

99 %

i) AcOH / H2S0 4/
H20 / 1,4-dioxane
(77 :0.7:19 :3.3)

~

ii) NaBH4 / EtOH

76 %

(b/"'~~
BnO OBn

5.5

j
NaBH4 / CoCI2·6H20

EtOH / THF

63%

(b"'q
BnO OBn

5.6

i) MsCI / Pyr.

ii) LiBr / THF

98%

~/,,(SI

Br )---\
BnO OBn

5.4

77%

OTf

CQ-°Bn
OBn

5.8

i) BCI3 / CH2CI 2 /

-78 DC

ii) Ion Exchange
(Amberlyst A-26 )

81 %

CI

CQ-°H
OH

5.3

Scheme 5.2 Synthesis of compound 5.3 .
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5.2.2 Enzyme Inhibitory Activity

Compound 5.3 was screened against dGMII and was found to be a good inhibitor

of this enzyme, with an IC50 value of 14 ~M . Compound 4.1 had an ICso value of 2000

~M (Chapter 4). Hence, by removing a hydroxyl group at C-5, the activity of compound

5.3 again st dGMII had increased by more than a 140 fold.

5.2.3 X-ray crystallography

The crystal structure of compound 5.3 bound in the active site of dGMII was

solved by Dr. D. A. Kuntz. Compound 5.3 adopted a :lC6/E7 conformation like

compound 4.1, as shown in the electron density map (Figure 5.3), as well as in the

stereoview of the density (Figure 5.4). Thus, the ring conformation in itself is not a

determinant of the improved inhibition. The interatomic distances in the cryst al

structures of dGMII complexed with compound 5.3, swainsonine (1.1), and mannostatin

A (1.3) are summarized in Table 5.1 . Unlike swain sonine (1.1) and manno statin A (1.3),

which have two hydroxyl groups coordinating to the zinc ion, compound 5.3 has only a

single hydroxyl group at C-8 interacting with the zinc ion. The positively charged sulfur

atom has electrostatic interactions with Asp 204 (00 I), Asp 341 (002) and Tyr 269.

The hydroxyl group at C-8 forms hydrogen bonds with Asp 92 (00 I), Asp 204 (00 I),

Asp 472 (002) and His 471 (NE2). The C-7 hydroxyl group forms hydrogen bonds with

Asp 472 (00 I) and Tyr 727 (OH).
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Figure 5.3 Electron density in the act ive site of dGMII complexed to 5.3 . The Fobs

F ca1c map (yellow) is contoured at 3.5 sigma. The 2Fobs-Fc alc map (blue) is contoured at 2

sigma. The resolution is 1.77 A. Water molecules are shown as red spheres and zinc is
depicted as a magenta sphere. Amin o acids which make important interactions with the
inhibitor are labeled.

Figure 5.4 Stereoview of the e lectron density of 5.3 in the active site of dGMII. The
electron density in the IF obs-Fcalc omit map is co ntoured at 2 .5 sigma (- O. J 8 e A-.1) (blue)
or 5 sigma (0.36 e k:l) (red). The act ive-s ite zinc is represe nted as a grey sp here.
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Table 5.1 Interatomic distances in the crystal structure of dGMll complexed with
5.3. For comparison, distances in the complexes with the strong inhibitor swainsonine
(1.1) or mannostatin A (1.3) (PDB: 2F70) are also presented. The swainsonine complex
used in the comparison is a 1.3A structure (Kuntz, D. A. and Rose, D. R. unpublished).
Interatomic distances less than 3.2A are shown except for the sulfur atom interactions
where a cut-off distance of 3.5 A was chosen. Similar interatomic contacts that have
increased in distance to greater than 3.5A are shown in bold.

dGMII
complex Swainsonine (1.1) Mannostatin A (1.3) 5.3

with: (from PDB: 2F70)
Zinc Interactions

Protein or Inhibitor Distance Distance
Atom (A) (A)

H90 NE2 2.10 2.13 2.10
092 001 2.24 2.14 2.09
0204002 2.17 2.06 2.09
H471 NE2 2.09 2.09 2.08

OH-7 2.20 OH-3 2.18 OH-8 2.20
OH-8 2.13 OH-2 2.23 --

Protein Interactions
Protein Inhibitor Distance Inhibitor Distance Inhibitor Distance
Atom Atom (A) Atom (A) Atom (A)

H90 NE2 OH-8 2.97 OH-2 3.07 --

092 001 OH-7 2.92 OH-3 2.92 OH-8 2.98
092 002 OH-8 2.54 OH-2 2.55 C-9 2.93
0204002 OH-7 2.83 OH-3 2.92 OH-8 2.79

OH-8 2.97 OH-2 2.82 --

N-J 2.75 N-I 2.77 S-I 2.96
0204002
Y2690H N-I 4.17 N-I 2.78 S-I 3.64

0341002 OH-8 3.60 OH-2 3.13 --

N-I 2.99 S-I 3.94
H471 NE2 OH-7 3.12 OH-3 3.10 OH-8 3.28
0472 001 OH-5 2.56 OH-4 2.59 OH-7 2.61
0472002 OH-7 2.60 OH-3 2.53 OH-8 2.59
Y727 OH OH-5 2.64 OH-4 2.72 OH-7 2.64
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Figure 5.5 shows the overlays of compound 5.3 with swainsonme (1.1) and

mannostatin A (1.3) bound in the active site of dGMII. The position of the C-7 hydroxyl

group of swainsonine (1.1) is almost identical to that of the C-8 hydroxyl group of

co mpound 5.3 . In addition, the or ientation of the C- 7 hydroxyl group of 5.3, places the

hydroxyl moiety at approx imately the same posi tion as the C-5 hydroxyl group of

swainsonine (1.1). Unlike swainsonine (1.1), only one hydroxyl group of 5.3 is in

contact with the active-site zinc ion. In additi on, the position of the sulfonium-ion center,

which was designed to have electrostatic interactions with Asp 204, differs from that of

the nitrogen atom of swainsonine (1.1).

The mannostatin A (1.3) ring superi mposes on the five-membered r ing of

compound 5.3 and has an indistinguishable ring con formation. The positions of the C-3

and C-4 hydroxyl groups of mannostatin A (1.3) are nearly identical to the C-8 and C- 7

hydroxyl groups of 5.3, respectively. Even though the position of the amine moiety of

mannostatin A (1.3) differs from the posit ion of the suJfonium-ion center of 5.3, its

distance with Asp 204 (0 0 l) is comparable; hence, the sulfonium-ion has strong

electrostatic interactions with the Asp 204 (0 0 I ).
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Figure 5.5 Superposition of inhibitors within the active site of dGMII . 5.3 is colored
magenta, swainsonine is col ored yellow and mannostatin A is co lored orange. The
active-s ite zinc is represented as a ma genta sphere. Coordinate fil es of the dGMII:
swainsonine complex (PDB: IHWW, top ) or mannostatin A:dGMII co m plex (PDB:2F70,
bottom) were least-square-superposed using the program ProFit with the 5.3:dGMII
complex reported here (PDB :20W7), and the coordinates for the inhibitors and zinc
extracted .

The high precision of the crystal structure, in particular the so lve nt positions,

permits us to suggest an explanation for the 142-fold better inhibition of 5.3 (lCso = 14

uM ) compared to 4.1 (lCso= 2000 uM), even though the only difference between the two

compounds is the additi on of a sing le hydroxyl group at C-S . Wh en the two structures

are superimposed , the inhibitors overlap almost completel y (Figure 5 .6). When looking

for movements in the amino ac ids of the protein, the only noti ceable change in the region

of the active site is the movement of Arg228, with small movements in the Arg876
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carbonyl oxygen and the hydroxyl group of Ser268. Thus, the backbone and s ide chain

s truc tures are almost superimposable, and interaction distances between the side chains

and inhibitor s are almos t identical (Table 4.3, Table 5.1). A cha nge in the position of

Ar g228 would not itself account for the I42-fold reduction in potency. In fac t, from the

superpos ition of more than twenty dGMlI structures available in the Protein Data Bank it

is c lea r that Arg228 is one of the residues in the acti ve s ite that has some po sitional

flexib ility a lthoug h none of the other dGMII complexes shows a shift o f position as

significa nt as seen in the dGMlI:4.1 complex. Of parti cular interest is the fact that the

structure exhibiting the next largest de gree of motion of Arg228 IS the

dGMII: sw ain sonine (1.1) complex. The NH 2 group of Ar g228 in the swainsonine (1.1)

complex moves 0.66 Afrom the Arg228 NH2 group of the mannostatin A (1.3) complex

while the Arg228 NH 2 group of the 4.1 complex has moved an additional 0.5 A.

Swain sonine (1.1) has an ICso of about 0.02 uM; thu s, it is about 100,000 fold more

potent than 4.1 und er identical assay conditions. The fact that swainsonine (1.1) induces

significa nt moti on of Ar g228 in the dGMII compl ex (while at the sa me tim e being one of

the most potent inhibitors of dGMII) indicates that som e movement of the Arg228 is not

detrimental ; there fore, some other factor mu st be resp onsibl e for the poor inhibitory

ability of the hyd roxyl-containing 4.1.
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Figure 5.6 Su perpos ition of the inhibitors 4.1 and 5.3 withi n the acti ve s ite of dGMII.
4.1 is co lored gree n and 5.3 is magen ta. Su perposition was performed usin g ProFi t.

Examination of the water molecul es in the active site that are close to the inhibitor

sugges ts that there is a large rearran gement in the wa ter subs truc ture . T he elec tro n

densiti es of the water molecules are we ll defined (Figure 5.7) in each of the dGMll:4.1

and dG MII:5 .3 structures but the waters them selves are not at the same posi tion (Figure

5 .8) . In fact , one of the wa ters (Wat467) whic h is normall y in c lose pro ximity to Arg228

is m issin g in the dG Mll:4.1 structure . Comparison with the other dGMll co mplex

struc tures indicates that this is the onl y instance where thi s wa ter molecule is missing.

An overlay of eight struc tures is s how n in Figure 5 .9 . Th ere is noticeable movem ent of a

num ber of water molecul es within the active site region dep end ing on the nature of the

inh ibitor bound. G roupings of "conserved" water po siti ons ca n be seen near Arg228,

whil e the dGMlI:4.1 water molecule posi tion s (co lored gree n) hav e se parated fro m these

c lusters. Th e moti ons of Arg228 and Ser268 are o bv ious in thi s ove rlay.
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Figure 5.7 Comparison of electron density in the region around Arg228. The
presence of water density at the position of Wat467 in the 5.3 structure (top) and its
absence in the 4.1 structure bottom is unambi guous . The electron density is a 2Fob,-Fcalc
map contoured at I sigma.
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Figure 5.8 Th e water struc ture in the active site of dGMII is altered s ignificantly
be tween the 4.1 and 5.3 co mp lexes . The 4.l:dGMII (green) structure was superimposed
on the 5.3:dGMII (red) structure using the supe rposit ion algo rithm in COOt.122 4.1 is
show n in the active si te in green while 5.3 is shown as magenta. The active-sit e zinc is
show n as a magent a sphe re . Water mol ecul es that d iffer in pos itio n are shown as green
and red sphe res . W aters at co mmo n pos itions wi thin the two struc tures are co lore d
ye llow. Th e nitrogen atoms of Arg228, the only res idue in the ac tive s ite region to
dem onst rate significant motion (0.8 -0.9 Angstrom) are co lored blu e to emphasize the
d ifferen ce at that resid ue . Th e asteris k marks the wa ter molecul e Wat467 that is missing
in the 4.1 complex.
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Asp204

W467

•

Asp270

Figure 5.9 Overlays of 8 different dGMII complex structures highlighting the active
site region around Arg228 and water 467. dGMII complex with: 4.1 (POB : 20W6,
green) , 5.3 (POB: 20W?, magenta), swainsonine (POB: I HWW, red), mannostatin A
(POB: 2F70, yellow), deoxymannojirimicin (POB : I HXK, white), kifunensine (POB:
I PS2, blue), 5-thio-o-mannopyranosylamine (POB: I R33, slate), or hydroxyphenylethyl
[amino]-methylpyrrolidine-diol (PDB: 2F18, salmon). In comparison, with over 20
dGMII complexes in the POB , only in the case of 4.1 is the water at a position equivalent
to Wat467 missing.

Thus, we propose the following scenario to explain the poor inhibition of 4.1.

Binding of 4.1 to the active site causes motion of Arg228 by an extra 0.5 A. from that

seen in the swainsonine (1.1) complex . Although seemingly minor, it is sufficient to lead

to the displacement of conserved Wat467. Thi s movement of Wat467 leads to a

concomitant movement of the associated water molecules and Ser268 (OH) as the

hydrogen bonds in the active site rearrange. This subs tantial change in the water network
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is proposed to be unfavorable energetically and leads to the poor inhibitory activity noted

with 4.1. The almost identical compound 5.3 does not cause this motion and the

subsequent water rearrangement ; hence it is a more potent inhib itor. As the C3 position

of swainsonine (1.1) is the one closest to Arg228, an unfavorable movement of Arg228

equivalent to that seen in the comp ound 4.1 complex would be expected to occur with

swainsonine analogues which are C3-be ta substituted. Indeed Pearson and Hembre

obse rved a 700-fold decrease in inhibitory activity again st jack bean mannosidase when

an ethyl group was placed at the C3-beta position of swainsonine (6), and a complete loss

of inhibitory activity with an n-butyl analogue.!" A scenario similar to the one described

here may be respon sible for the observed loss of activity.

The importance of the solvent on ligand binding was recently discussed by

Gloster et al in which they assessed the binding of 18 putative transition- state mimics to a

beta-g lucosidase.V" In that report, the random distribution of similar inhibitors across the

enthalpy-entropy landsca pe was attributed to the enormo us contribution of so lvation and

desolvation effec ts on ligand binding.

5.3 Conclusion

8-epi-Thiolentiginosine (5.3) is a good inhibitor of dGMll with an ICso of 14 uM,

whereas di-epi-thioswainsonine (4.1), which bears a hydroxyl group at C-S, is a weak

inhibitor of this enzym e. Unlike compound 4.1, compound 5.3 does not cause substantial

Arg 228 displacement and the subsequent change in the water network, which is

predicted to be energetica lly unfavorable. Hence, by removing a hydroxyl group at C-S,

the activity of compound 5.3 has increased by more than 140 fold. Th is conclusion

highlights the important contribution of the solvent substructure to effective inhibit or
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binding, an as pec t often neglected in doc kin g or inhibitor design effo rts . Finall y, the

res ults dem onstrate the utility of high resolution crysta llographic analysis in deri ving

ins ights into the intri cate detail s of enzy me inhibitio n.

5.4 Experimental Section

5.4.1 Synthesis

1,4-Anhydro-5,6,7-trideoxy-2 ,3-di-O-benzyl-l-thio -7-(1 ,3-dioxan-2-yl )-L-ribo-hept-5

enitol (5.5)

To a stirred suspe ns io n of 2-( I ,3-d ioxan-2 -y l)-ethy l-tr iphe ny lphospho nium

bro mide (274 mg, 0. 6 mmol) in dry THF (3 mL) at -20 DC under N2 was add ed a so lution

of n-BuLi in pentan e (0 .3 ml., 2 .0 M, 0.6 mmol ) and the mixture was stirred at - 20 DC for

1 h. A solu tion of alde hyde 4.4 ( 100 mg , 0.31 mmol ) in THF ( I m L) wa s added and the

mixture was stirre d at ambient temperatu re fo r 2 h. Th e reac tio n mixture was diluted

with Et20 (50 ml.) an d washed with H20 (2 x 20 m L) and brine (20 mL). Th e or gani c

ph ase was dri ed ov er anhydro us Na2S04, fi ltered, and co ncentra ted . Th e crude product

was purifi ed by fla sh chro matog raphy [hexan es/Etr.rAc, 5 : I] to give compo und 5.5 as a

co lorless oi I ( 129 mg, 99%). A na lysis by NMR spectroscopy sho we d that the product

was present as a mix ture of isom ers (- 16: I) at the double bond .

Data for the major isomer : IH NMR (C DC lj ) : 8 7.3 8 - 7.27 ( IOH, m, Ar) , 5.5 6

( IH, m, H- 6 ), 5.49 ( IH, dddd , J 5,7a = h ,7b = 1.2 Hz, h s= J 5,6 = 10.6 Hz, H-5), 4 .68 and

4 .64 (2H, 2d, J a,b = 12.4 Hz, CHzPh), 4.65 and 4 .6 1 (2H, 2d, Ja,b = 12.0 Hz, CH2Ph), 4.5 2

( JH, dd , J ri« = J 2'7 b =5.2 Hz , H-2' ), 4.40 ( IH, dd , h,4 =6.7 Hz, H-4 ), 4 , 13 ( I H, ddd , Jz.:

= 3.5 Hz, Js «: = J l b,2 = 4.4 Hz, H-2), 4.10 - 4 .06 (2H, m, H-4eq ', H-6eq') , 3.74 - 3.70
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(3H, m, H-3 , H-4'ax , H-6 'ax), 2.96 (2H, d, H-Ia, H-Ib) 2.44 (2H, ddd, h7 = 6.3 Hz , H

7a, H-7b), 2.08 ( IH, m, H-5ax '), 1.31 (IH, ddddd, heq,S'eq = J Yeq,6'eq = 1.2 Hz , h eq.5'eq =

J Yeq.6'eq = 2.3 Hz, ls'ax5 eq = 13.4 Hz, H-5'eq); 13C NMR (CDCl3): 8 138.43 , 138.38

(2C pso) , 131.9 (C-5) , 128.6 - 127.9 ( 10 CAr), 126.6 (C-6) , 101.8 (C -2' ), 86 .3 (C-3) , 79 .3

(C-2), 72.5 , 72 .0 (2 CH2Ph), 67 .1 (C-4' , C-6'), 44 .2 (C-4) , 33 .8 (C -7), 3 1.6 (C-I ), 25 .9 (C

5').

For the mixture of isomers of 5.5: MALDI-TOF MS: ml z 426 .90 (M+ + H), 44 9.03 (M++

Na), 464 .97 (M+ + K). An al. Calcd for C25H3004S: C, 70 .39 ; H, 7.09. Found : C, 70 .56 ; H,

7.21.

1,4-Anhydro-5,6,7-trideoxy-2,3-di-O-benzyl-l-thio-7-(1,3-dioxan-2-yl)- L-ribo

heptitol (5.6)

To a stirred so lution of compound 5.5 (800 mg, 1.88 mmol) and CoCb.6H20 (530

mg, 2.2 3 mm ol) in a mixture of EtOH (40 mL) and THF (10 mL) at 0 "C was added

NaBH4 ( 170 mg, 4.50 mmol) gradually. The mixture was stirred at room temperature for

3 h and then quenched with H20 (10 mL). The mixture was concentrated to a small

volume and extracted with Et20 (2 x 100 mL ). The combined organi c extracts were

washed with H20 (20 mL) and brine (20 mL). The organic phase was dried over

anh ydrou s Na2S04, filtered, and concentrated. The crude product was pu rified by flash

chroma tography [hex anes/EtOAc, 5: II to gi ve compound 5.6 as a co lorless o il (507 mg,

63%): [aI D- 66.r (c 0 .22, C H2C I2) ; 'H NMR (CDC h): 87.38 - 7.28 ( IOH, m, Ar), 4 .65

and 4 .58 (2 H, 2d, J a,b = 12.3 Hz, CH2Ph), 4.62 and 4 .55 (2H, 2d , J a.b = 12.1 Hz, CH2Ph ),

4.48 ( IH, dd , Jri« = h7b = 5.2 Hz, H-2'), 4.11 ~ 4.07 (3H , m, H-2, H-4eq ', H-6eq ' ), 3 .75

(2H, m, H-4'ax, H-6' ax ), 3.62 (I H, dd, h3 = 3.4 Hz, h,4 = 6.2 Hz, H-3), 3.46 ( IH, m, H-
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4),3 .00 (I H, dd, J 1a.2=5.0 Hz, J1a,lb = I 1.0 Hz, H-I a), 2.88 (I H, dd, J 1b,2 =4.9 Hz, H-I b),

2.07 (I H, ddddd, J4'eq,S'ax = JS'ax.6'eq = 5.0 Hz, J 4'ax,S'ax = J S'ax,6'ax = JS'ax,S'eq = 12.6 Hz, H

5'ax ), 1.87 - 1.32 (7H, m, H-5a, H-5b, H-6a, H-6b, H-7a, H-7b, H-5eq'); 13C NMR

(CDCh): 8 138.4, 138 .3 (2Cipso) , 128.8 - 127.2 (10 CAr), 102 .3 (C-2'), 85.5 (C-3) , 79 .0

(C-2), 72.5, 71.9 (2 CH2Ph), 67.1 (CA', C-6'), 48.1 (C-4), 35.5 (C-5), 35.3 (C-7), 30.8 (C

I), 26.1 (C-5'), 23 .3 (C-6); MALDI-TOF MS: mil. 429.35 (M+ + H), 451.38 (M+ + Na),

467 .38 (M + + K). Anal. Calcd for C2sH3204S : C, 70.06; H, 7.53. Found : C, 70.31 ; H,

7.76 .

1,4-Anhydro-5,6,7-trideoxy-2,3-di-O-benzyl-l-thio-L-ribo-octitol (5.7)

A solution of 5.6 (500 mg, 1.17 mmol) in AcOH:H20:H2S04:1,4

dioxane ;77: J 9:0.7:3.3 (30 mL) was stirred at room temperature for 20 h. The mixture

was diluted with Et20 (200 mL) and washed with H20 (50 mL), sat. aq. NaHC03 (2 x 50

mL) and brine (50 mL). The organic phase was dried over anhydrous Na2S0 4, filtered ,

and concentrated. The residue was diluted with 95% EtOH (200 mL) and the solution

was cooled to 0 "C. NaBH4 (45 mg, 1 equiv) was added and the mixture was stirred in an

ice bath for I h. The reaction was quenched with AcOH (0.5 mL) and the mixture was

concentrated. The residue was diluted with Et20 (200 mL) and washed with H20 (2 x 50

mL) and brine (50 mL) . The organic phase was dried over anhydrous Na2S04, filtered,

and concentrated. The crude product was purified by flash chromatography

[hexanesfEtOAc, 3: I J to give compound 5.7 as a colorless oil (330 mg , 76 %) : [aID 

105.0° (c 1.0, CH2Cl2); IH NMR (COCl 3) : 87.38 - 7.29 (I OH, m, AI), 4.67 and 4 .54 (2H,

2d, J a,b = 12.1 Hz, CH2Ph), 4.63 and 4.59 (2H, 2d, i.; = 12.3 Hz , CH2Ph), 4.12 (I H, ddd,

h,3= 3.5 Hz, Js«: = J lb.2 =4.6 Hz, H-2) , 3.62 (2H , dd , h a.8=hb.8 = 6.6 Hz, H-8a, H-8b),
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3.58 (lH, dd , h,4= 3.5 Hz, H- 3), 3.48 ( IH, m, H-4 ), 3.00 ( IH, dd, J 1a.1b =11 .1 Hz , H-Ia),

2.89 ( 1H, dd , H-l b), 1.88 ( IH, rn, H-5a), 1.60 - 1.35 (5 H, m, H-5b, H-6a, H-6b, H-7a,

H-7b); I JC NMR (C OCl J) : 8 138.34 , 138.26 (2Cipso) , 128.7 - 128.0 ( 10 CAr) , 85. 7 (C-3),

78.7 (C- 2), 72 .6, 71.8 (2 CH zPh), 63 .0 (C-8), 48.1 (C-4), 35.2 (C-5), 32.8 (C -7), 30.8 (C

1), 25.0 (C-6); MALOI-TOF MS : m/; 373.54 (M + + H), 395 .43 (M+ + Na), 411 .43 (M+ +

K), 463 .55 (M+ + Bn). An al. Ca led for C22HzsOJS: C, 70 .93; H, 7.58 . Found : C, 70 .64 ; H,

7.79.

1,4-Anhyd ro-8-bromo-5,6,7,8-tetradeoxy-2,3-di-O-benzyI-l-thio-L-ribo-octitoI (5.4)

To a stirre d so lution of 5.7 (2 10 mg, 0.56 mmol ) in pyridine (20 mL) at 0 "C

under Nz was added methanesulfonyl chloride (55 ul., 1.2 equi v.). Th e reaction mixture

was stirred at 0 °C for 2 h and then quenched with ice (1.0 mL). Th e mixture was

concentrated und er high vacuum and then diluted wi th Et-O (100 mL). The organic

phase was washed with H20 (20 ml.), 1M HC] (20 rnl.), saturated aqueo us NaH CO] (20

mL ), and bri ne (20 mL). Th e organic layer was dr ied over anh yd rou s Na2S04, filtered ,

and con centrated. The residue in THF (20 mL) togeth er with LiBr (250 mg, 5 equiv) was

reflu xed und er N2 for 2 h and then co nce ntrated. Th e res idue was diluted with Et-O (100

mL) and washed with H20 (2 x 20 mL) and brin e (20 mL). The organ ic phase was dr ied

over anhydrous Na2S04, filtered, and concentrated . T he crude product was purified by

flash chrom atography [hexanesfEtOAc, 5: I] to give co mpound 5.4 as a co lor less oil (240

mg, 98%): [aiD - 96.3° (c 0.93 , CH zC!z); ' H NMR (C OC!:J): 87.39 - 7 .29 ( IOH, m, Ar),

4 .68 and 4 .55 (2H, 2d, Ja.b = 12.3 Hz, CHzP h), 4 .63 and 4 .50 (2 H, 2d, J a.h = 12.1 Hz,

CHzPh), 4.1 3 ( IH, ddd, J ' a.Z = J 1b,2 = Ji .s = 4.4 Hz, H-2 ), 3.59 (I H, dd , 1],4 = 6.9 Hz , H-3),

3.47 (I H, ddd , h5a = 4.3 Hz , h ,5b = 9.0 Hz, H-4 ), 3.3 7 (2H, dd, h a.8 = hb.8 = 6.8 Hz, H-
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8a, H-8b), 3.00 ( IH, dd , l la,lb= 11.2 Hz, H-I a), 2.89 (I H, dd, H-I b), 1.90 - 1.81 (3 H, m,

H-5a, H-7a, H-7b), 1.52 - 1.36 (3 H, m, H-5b, H-6a, H-6b); 13C NMR (COCh): 8 138.3,

138.2 (2Cpso) , 128.7 - 128.0 ( 10 CAr), 85.8 (C-3), 78.5 (C-2) , 72.6, 71. 8 (2 CH2Ph), 47.8

(C-4), 34.4 (C- 5), 33 .7 (C-8), 32.8 (C- 7), 30 .9 (C- I) , 27.4 (C-6); MALOI-TO F MS: m/;

355.07 (M+ - Br ), 434.79, 436 .8 1 (M + + H). Ana l. Calcd for Cn Hn Br02S: C , 60 .69 ; H,

6.25 . Found : C, 60.99 ; H, 6.27.

OR ,65,7R,85 )-7 ,8-Dibenzyloxy- l -thionia bicycJo[4.3.0]nonane triflate (5.8)

A so lutio n of co mpound 5.4 ( 190 mg, 0 .44 mmol ) in CH JC N ( IS mL) wa s trea ted

with AgOTf ( 112 mg, I equiv) fo r 14 h at ambient temperature. An oth er equiva lent of

AgOTf (112 mg) was add ed and the reacti on mixture was stirred for an additiona l 10 h.

The solvent wa s rem ov ed and the crude product was purified by fla sh chromatograph y

[CH2Ch:MeOH, 20 : I] to give co mpo und 5.8 as a colorless syrup ( 169 mg, 77 %): [0:1 0 

118.00 (c 0. 85 , CH2C1 2); IH NMR (C OCl J): 8 7.35 - 7.22 ( IOH, m, Ar), 4 .67 and 4 .59

(2H, 2d, l a,b = 11.6 Hz, CfhPh), 4 .68 - 4.6 1 (2H, m, H-7 , H-8), 4.5 7 and 4 .54 (2 H, 2d,

l a,b = 11.9 Hz, CH2Ph), 3.93 ( f H, dd , l S,9a = 4. 1 Hz, 1 9a.9b = 14.4 Hz, H-9a), 3.80 ( IH ,

ddd , lsax,6 =l Seq,6=2.3 Hz, l 6,? = 11 .5 Hz, H-6), 3.72 ( IH, d , H-9b), 3.69 ( IH, m, H-2eq ),

3 .46 ( l H, ddd , h ax,Jeq= 3.0 Hz , h ax.3ax= h ax,2eq = 12.6 Hz , H-2ax), 2.20 ( IH, m, H-5eq),

2.09 (1H, m, H-3eq ), 1.86 ( IH, dd dd, h r:q,Sax=4.3 Hz, lsax,Seq=l 4ax,Sax = 14.9 Hz, H-5ax) ,

1.60 - 1.49 (2H, m, H-3ax, H-4 eq ), 1.26 ( I H, m, H-4ax); IJC NMR (COCl J): 8 137.1,

137.0 (2Cpso) , 128.9 - 128.3 ( 10 CAr), 120. 8 (q, IC , Jc:r = 320.0 Hz, OTf) , 80.4 (C-8),

75 .1 (C-7), 73. 9, 73. 1 (2 CH 2Ph), 47.6 (C-9), 47 .3 (C -6), 38 . 1 (C-2) , 22.6 (C-3), 2 l.7 (C 

5), 17.4 (C-4); MALOI-TOF MS: m/; 355.36 (M + - OTf) . Ana l. Calcd for Cn Hn FJOsS 2:

C, 54 .75; H, 5.39 . Fo und : C, 54.53 ; H, 5.44.
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OR ,65,7R ,85)-1- Thioniabicyclo[4.3.0]nonan-7,8-diol chloride (5.3)

BC !] gas was bubbl ed vigo ro us ly throu gh a solution of 5.8 (65 mg, 0.1 3 mm ol ) in

CH2C1 2 (6 mL) at -78°C under N2 for 5 min. The mixture was stirred at - 78°C for 2 h

and a strea m of dry air was blown vigorously over the so lution to remove ex cess BC h .

The reaction was quenched with MeOH (2 rnL) and the solvent was rem ov ed. Th e

residue was co -evaporated with MeOH (2 x 5 mL) and then washed with CH2C1 2 (2 x 2

mL) to g ive a white so lid. The so lid wa s di ssolved in MeOH (6 mL) and a freshl y

wa shed ion ex ch ange resin (Amberlyst A-26 (chloride form), 80 mg) wa s added. The

mixture wa s stirred at room temperature for 30 min and filtered . The filtrate was

concentrated and recrystallized from MeOH :CH2Ch to give compound 5.3 as white

crystals (22 mg, 81 %): mp 176 - 178 °C; [aJ D-58.3° (c 0 .36, MeOH); I H NM R (CDCh ):

.5 4.62 - 4.51 (2H, m, H-7 , H-8), 3.81 (I H, ddd , J Sax,6 = JSeq,6 = 3.3 Hz, J6 ,7 = 11.1 Hz , H

6), 3.65 ( I H, m, H-2eq), 3 .65 - 3.56 (2H , m, H-9a, H-9b), 3.23 (I H, ddd, h ax,3eq=3.2 Hz,

h ax.3ax = h ax,2eq = 13.1 Hz , H-2ax ), 2 .31 (I H, dddd , J 4eq,Seq = J 4ax,Seq = 3.2 Hz , J 5ax.5eq =

15.4 Hz, H-5eq ), 2.21 (I H, ddddd, hcq ,4eq = h eq,4ax = h cq,3eq = 3.5 Hz, hax,3eq = 14.4 Hz,

H-3eq), 2 . 10 (I H, dddd , J4 eq ,Sax = 4.4 Hz, J 4ax.Sax = 12.9 Hz, H-5ax ), 1.88 - 1.65 (3H, m,

H-3ax , H-4ax, H-4eq); 13C NMR (CDC!J): .5 74 .2 (C-7), 71 .1 (C-8) , 48.2 (C -9), 48.0 (C

6), 37.7 (C-2), 2 1.8 (C- 3), 20.5 (C- 5) , 17.5 (C -4); MALDI-TOF MS : m/; 175 .29 (M + 

CI). An al. Calcd for C gH l sCl02S: C, 45.60; H, 7 .17. Found : C, 45.43; H, 7.33.

5.4.2 Enzyme Inhibition (Perform ed by Dr. D. A. Kuntz)

Assays of mannosid ase activity were ca rr ied out in 96-well microtitre plate s at

3rC in a 50 uL reaction containing, 4 mM para-nitrophenyl a-O-mannopyranoside

(Si gm a), 40 mM MES pH 5.75 , 20 ug/ml bovine serum albumin and varying
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concentrations of inhibitor. The reaction was initiated by adding 5 uL of dGMIl (250 ng)

in IO mM phosphate pH 7.0 and 100 mM NaCl to 45 uL of the reaction mixture. The

reaction was allowed to proceed for 30 min and was then stopped by adding 50 uL of 0.5

M sodium carbonate. Absorbance values were measured at 405 nm in a microplate

reader (Molecular Devices). All reactions were carried out in quadruplicate. Controls

without inhibitor were measured 8 times. The ICso is the concentration of inhibitor at

which the enzyme exhibits 50% of the control activity, and was determined graphically.

5.4.3 X-ray Crystallography (Performed by Dr. D. A. Kuntz)

5.4.3.1 Crystallization

Purified dGMII II1 Tris-buffer (J 0 mM Tris pH 8.0, 150 mM NaCI) at a

concentration of approximately 16 mg/ml was thawed and used for crystal Iization

without any further treatment. Crystals of dGMII and complexes were grown using the

hanging-drop vapor diffusion method using I ml of 'Iris-reservoir-buffer (0.1 M Tris

pH 7.0, 8.5 w/v% PEG 6K, 2.5 v/v% methyl-pentane diol (MPD) in each well of the

crystal tray. A total of 3 p I protein solution was combined with 3 ul crystal seeds in

reservoir buffer to form the crystallization drop. Preparation of the seeds followed the

Hampton protocol for the Seed Bead Kit. Seeds had been aliquoted at suitable

concentrations and stored at -80°C where they remain useable for at least 2 years.

dGMIV5.3 complex was obtained by soaking of a dGMIl crystal in inhibitor

solution. dGMll crystals were first grown in Tris-buffer for 16-18 h. Crystals were

washed in MOPS buffered reservoir solution (MBSR) (0.1 M MOPS pH 7.0, 8.5 w/v%

PEG 6K 2.5 v/v% MPD) followed by a 24 h soak in MBSR containing 2 mM 5.3.

Crystals were then passed through solutions of MBSR with I mM 5.3 and increasing
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concentrations of MPD (1 0, 15, 20, 25% v/v) for cryoprotection. Crys tals were flash

frozen in liquid nitrogen.

5.4.3.2 Data Collection

X-ray diffraction data was collected at 100 K with a Bruker X8 Proteum sys tem

consisting of a Bruker Microstar rotating anode generator, Montel op tics and a CCO

detector. Data were integrated and scaled using the Proteum suite of programs. A

constant set of Rrree data was created by reading the data into CCP4 119 and merging with a

previou s Rfree data set. The data was then written in both mtz and ens format for use in

subsequent refinement.

5.4.3.3 Refinement

The structure of the dGMIl -5.3 complex was initially solved by molecul ar

replacement using the software program CNS. 120 Rigid body refinement was carried out

aga inst the published structure of native dGMII (POB: I HTY) with Tris and waters in the

region of the active site removed. This was followed by simul ated annealing to 3500 K,

group B-factor refine ment and individual B-factor refinement. At this prel iminary stage

Rand Rrree were 19% and 22 %, respectively and the Fons-Feale density clearly revea led the

presence of bound com pound and unassigned water molecules . Additional water

molecul es were placed using the Arp/Warpf " routine in CCP4. Ligand molecule

dictionaries and starting coordinate files were gene rated usin g the ProOrg server

(http://dava pc l .bioch.dundee.ac.uklprograms/prodrg/). Ligand fitting and checking for

proper fit to the density was perfo rmed using the program Coo tl22 with intermittent

rounds of energy minimi zation using REFMAC.I ~o Clear alternative conformations of
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side chains were then inserted, followed by REFMAC refin em ent. l'' The quality of the

mod el was assessed usin g MolProb ity (http://mo lprob ity .b ioc hem.duke .edu/) , and the

Va lida tion Suite (htt p://biotec h.ebi.ac .uk) . Ligand geometry was chec ked usin g hetze

(http://x ray .bmc .uu.se/hic upl) . Prote in overlays and rmsd ca lculatio ns we re ca rried o ut

using ProFit (http://www .bio inf.org .uk/software/p rofitl inde x.htm l). Graphi cs we re

generated using PyMol (http://p ymol.sourceforge.ne t). S tatis tics for data collecti on and

refinement are presented in Table 5.1 .
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Table 5.2 Sta tis tics for data co llec tio n and refinem ent of co mpo und 5.3.

POB code/HET sym bol 20 W 7INK2 (5.3)

16.8

14.3

16.5

26 .2

10.0

41. 6

20 -1.77

1.81 -1 .77

101363

7.2/3.7

19.8/3.7
99.5/92.9

0.06/0.35

CCCP4IREFMAC

0.162/0.203

94 73

101 5

14

11 25

0.025

2

Data Co llec tion Bruker ProteumX8

Cell dimension s (A) 68 .90 X 108.6 X /37 .8

Data Processing (DENZO/SCA LEPAC KlX PRE P)

Resolution (A) overall

Resoluti on (A) high resolution she ll

Unique Reflections

Redundanc y (overa illhi_ res)

l/sigma (overalllhi_ res)

% Completeness (overalllhi_res)

R merge (overaIJlhi_res)

Refin emenl

RteJRfree for all refl ect ion s

Atoms in Model

Amino Ac ids

A lternate Conformations

Water Molec ules

rmsd bo nds (A)

rmsd ang les (0)

Average B Fac tor A2

Overall

Pro te in Main C ha in

Protein Side C hai n

W ater

Bound Compound

Others (MPD ,NAG,P04,S0 4,Zn )
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CHAPTER 6:
SYNTHESIS AND CONFORMATIONAL ANALYSIS

OF BICYCLIC SULFONIUM SALTS.
STRUCTURES RELATED TO THE GLYCOSIDASE

INHIBITOR AUSTRALINE

Reprodu ced in part with permi ss ion from

Journal of Organic Chemistry 2006, 7J, 2935 - 2943 . Copyright 2006 A merican

C hemica l Society.
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6.1 Introduction

The Austra lian legume, Castanospermum australe , is a rich source of struc turally

complex polybydroxylated alkaloids that are proving to be powerful reversible

I id inhibi 49 13 1-138g ycost ase In I itors. . Tetra bydroxyindo lizidines such as castanospermine

(1.13)47 and 3-epi-cas tanospermine (6.1)139 as well as tetrahydroxypyrrolizidines sucb as

australine (1. 12),44 4-ep i-australine (6 .2) 140 and 2-ep i-australine (6 .3 ) 141 were isolated

from tbe seeds of this legum e, Castanosperm ine (1. 13) was tbe major species of the

alkaloid component and was shown to be a powerful inhib itor of several glyco sidases,

including tbe glucosidase involved in tbe N-glycosylation pathway and the mammalian

intestinal sucrase. In contrast, 3-epi-castanospermine (6.1) does not disp lay a wide range

of biological activi ties; nevertheless, it is a potent amylog lucosidase inbibi tor. A similar

structural type of pyrrolizid ine, alexine (1. 11 ), was isolated from the pods of the legum e

Alexa leiopetala.i'

__OH

OH

1.11

6.1

~OH

W OH
HO H OH

1.12

__OH

W OH
HO H OH

6.2

1.13

;-N--C°
H

W OH
HO H b H

6.3

Figure 6.1 Structures of compounds 1.11 - 1.13, 6.1 - 6.3 .
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The pyrro lizidines 6.1 - 6.3, 1.11 and 1.12 are potent inhibitors of glycosidases

and they appear to be more selective in their binding to specific enzymes than

castanospermine (1.13). For instance, alexine (1.11) IS a good inhibitor of

amyloglucos idase, but on the other hand , displays poor inhibitory activities aga inst

mammalian glucos idases . r" Australine (1.12) is a powerful fun gal amyloglucos idase and

glycoprotein-processi ng glucosi dase I inhibitor; however, it shows no significant

inhibition aga inst ~-glucosid ase, a and ~-mannos id ase , or o. and ~-galactosid ase

enzymes.44.137.1 38 4-epi-A ustraline (6.2) displays strong activi ty aga inst digestive c-

glucosidase, but shows only modest activities again st glucos idase I, ~-glucosidase and c -

. 118 140rnannosidase enzymes . . .

Preparat ion of structurally modifie d analogues of these naturall y occ urn ng

co mpounds has generated much intere st since the biological activities of these molecules

vary substantia lly with the number, position, and the stereochemistry of the centers

b . h d I II I . . 33-38ean ng y roxy group s, as we as t i e ring size." . We, therefore, designed the

analogues (6.4 - 6.11 ) in which the bridgehead nitrogen atom is replaced by a sulfonium-

ion as candidate glycos idase inhibitors. We reasoned that the permane nt positive charge

on the sulfur atom would mimic the highly unstabl e oxacarbenium-ion like trans ition

state and enhance the electros tatic interac tions between the inhibito r and the enzyme.

These com pounds (6.4 - 6.11) can be considered to be either sulfonium analogues of

alexine (1.11) and australine (1.12) or the ring cont racted analogues of swainsonine (1.1).
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R1~~:ZTf
\JJOH

H 6H

6.4 : R1 = CH3 , R2 = H
6.5 : R1 = H, R2 = CH3

WOTf
s'

OH

HO H 6H

6.8

050 Tf
s+

OH

H bH
6.6

6.9 : R1 = CH3 , R2 = H
6.10: R1 = H, R2 = CH3

~C'~Tf
\.1JOH

H6 H bH
6.7

6.11

Figure 6.2 Structures of compounds 6.4 - 6.11 .

We report herein the synthesi s of the sulfonium ions 6.4 - 6.11, together with

their conformational analysis, as inferred from IH_1H vicinal coupling constants C1H,H) of

the ring protons and one-dimensional nuclear Overhau ser enhancement spectroscopy

( ID-NOESY) experiments. The effects of both electrostatic and steric interactions on the

conformations of these compounds are described.

6.2 Results and Discussion

6.2.1 Synthesis

Retro synth etic analysis of compounds 6.4 - 6.11 revealed that they could be

synthesized from a common precursor C (Scheme 6.1). Compounds A and B could be

synthesized by intramolecular addition of the cyclic thioether across the double bond in

the presence of a suitable electrophile. Compound C could, in turn, be synthesized from

D.
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~
OTf #

1 8+ /
OP

x H bp
B

P = protecting group
X = H or OH

8

====~: > HOH

PO OP
D

Scheme 6.1 Retrosynthetic analysis of compounds 6.4 - 6.11.

To synthesize compounds 6.4 - 6.6, the primary hydrox yl group in compound 2.5

was converted to a tosylate that was treated, in turn, with allylmagnesium bromide to give

compound 6.12 in 84% yield (Scheme 6.2). After tosylati on, there was always a small

amount of a more polar compound present, as indicated by TLC. We reasoned that this

polar compound might be the bicyclic sulfonium salt formed from the thioether

displacement of the tosylate. The polar comp ound was in equilibrium with the less polar

tosylated compound and could not be isolated by column chromatography. This type of

sulfur participation was report ed earlier by Hughes et al.142,14 ~ who appli ed the ring

contraction of a 5-thiopyranoside to make a 4-thiofuranoside. We empl oyed the same

strategy to add an allyl group at C-5. Usually, the formation of a C-C bond by

displacement of a tosylate group with a Grignard reagent is low yieldin g or is transiti on

metal-catal yzed ,1 44.1 47 but in this case the reaction proceeded smoothly at ambient

temperature in good yield. We believe that allylmagnesium bromid e reacts with the

intermediate strained bicycli c sulfonium salt to give comp ound 6.12 .
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OTs

S ~~V.SS:,+
TsoH -;

BnO OBn Bnd OBn

~MgBr

Et20

84% (2 steps)

~
BnO OBn

6.12

Scheme 6.2 Synthesis o f co mpo und 6.12.

Compound 6.12 wa s treated with trifli c ac id at -5°C to give an inseparabl e I: I

mixture of 6.13 and 6.14 in 52 % yield (Scheme 6.3). At lower temperatures, the reaction

was incon veni entl y s low and at higher temperatures, only decomposition of the start ing

material was ob serv ed. The ring junction of these bicyclic compounds (6.13. 6.14) is cis

as expected since the trans isomer would be stra ined and of higher energy, in agreement

with the work of Cere and co_workers. J07
,148 Th e stereochemistry at C-8 was ass igned

with the aid of a ID-NOESY experiment which showe d a correlation between H-2a and

H-9 for compound 6.13, and a correlation between H-2a and H-8 for compound 6.14.

Debenzylation of compounds 6.13 and 6.14 using boron trichloride ga ve the desired

products 6.4 and 6.5 , respectively, in 75 % yield .
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~
BnO OBn

TfOH / CH2CI 2

-5°C
52%

6.12

1) Br2 / CH2CI2 / 0 -c
2) AgOTf

75%

6.13: R1 = CH3, R2 = H
6.14: R1 = H, R2 = CH3

6.4 : R, = CH3 , R2 = H
6.5 : R1 = H, R2 = CH3

Bra>OTI
:I:

S OBn

H 6Bn

6.15

'lc~TI
cL>-OBn

H 6Bn

6.16

BCI3 / CH2CI2
~

-78°C
7 1%

'lc+) TI
cL>-0 H

=c ~

H OH

6.6

Scheme 6.3 Synthesis of compo unds 6.4 - 6.6.

Compound 6.6 was also synthesized starting from the common intermediate 6.12.

Treatment of compound 6.12 with bromine at 0 DC afforded the bicyclic sulfonium salt as

a 4: 1 diastereomeric mixture , with a bromide counterion. The counterion was

immediately exc hanged to triflate, using silver triflate, to give compound 6.15 in 75%

yie ld (Scheme 6.3), since our previous work had shown that the bromide counterion

resulted in reversible ring opening in a related bicyc lic sulfonium salt.68 The

diaste reomeric mixture 6.15 was treated with silver oxide in aqueous THF to give the

alkene 6.16 in 92% yield, the sulfonium center making the elimination reaction more

facile because of the acidity of H-8. Even stor ing compound 6.15 for severa l months at

room temperature, resulted in spontaneous elimination to give compound 6.16. Finally,

the benzyl groups were removed using boron trichloride to give the desired product 6.6 in

71% yield.
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Compounds 6.17 and 6.18 we re synthesized from aldehyde 2.9 as sho wn in

Schem e 6.4. Ald ehyde 2.9 was tre ated with allyl magnesiu m bromide to give a 3:5

mi xture of diastereomers 6.18 and 6.17 whi ch were sepa rated by flash chro ma tog raphy .

o

H~
BnO OBn

2.9

OH

~ ,
BnO OBn

6.17 (51%)

9H

~
BnO OBn

6.18 (30%)

Scheme 6.4 Synthesis o f diastereom ers 6.17 and 6.18 .

Compounds 6.8 and 6.11 were sy nthes ized fro m co mpo und 6.18 (Scheme 6.5) .

Treatm ent of compound 6.18 with bromine gave the bicycli c sulfonium salt wh ose

bromide counteri on was exc hanged wi th triflate using silve r tri tlate. T he co rres po ndi ng

salt, wh en subj ected to treat ment with aqueous silve r oxide, underwent e lim ination to

gi ve co m pound 6.19 in 72% yield. T he ste reoc hemis try at C- 6 of co mpo und 6.19 was

sugges ted by the absence of a H.JH 6 correlation (s tro ng HJH6 correlatio n was ob se rved

for co mpound 6.20 ) in the \ D-NOESY spectrum; the stereoc he m istry of co m pound 6.18

wa s thu s assign ed by inference. Deprotection of the ben zyl groups using boron

trichl oride at - 78 °C gave the target co mpound 6.8 in 8 \ % yie ld . Reduction of the

doubl e bond usin g Pd/C ga ve a 4: I di astereomeric mix ture of which compound 6.11 wa s

the major product. The stereochem istry at C-8 was ass igned by me an s o f a ID -N OESY

experiment which showed a co rre lation between H- 2a and H- 9. The diastereoselecti vity
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can be explained by the fact that co mpo und 6.8 has a concave structure and the addition

of hydrogen tak es place from the least hindered , co nvex face .

OH

4
BnO OBn

6.18

1) Br2 / CH2CI2 / a DC ..
2) AgOTf

3) A920 / H20 / THF

72% (3 steps)
6.19

BCI3 / CH2CI2

-78 DC
81 %

>-s+~Tf_W OH
HO H OH

6.11

Pd / C / H2

MeOH
77%

q50Tf
S OH

o .

HO H bH

6.8

Scheme 6.5 Synthesis of compounds 6.8 and 6.11.

Th e same series of reactions was applied to compound 6.17 to synthesize

compound 6.7 (Sc he me 6.6) . Reduction of the double bond USIng PdlC gave a 3:2

diastereorneri c mixture of 6.9 and 6.10 in 7 J % yield. With the aid of ID-NOESY

experiments, the stereochem is try at C- 8 was as signed such that the structure 6.10 was

att ributed to the isomer wh ich sho we d a strong correlation between H-2a and H-8

wh ereas structu re 6.9 was ass igned to the isom er which showed no correlati on between

H-2a and H-8, but a corre lation between H-2a and H-9. The reducti on of the doubl e bond

in compo und 6.7 was less diastereoseJecti ve, pre sumabl y because the hydrox yl group at

C- 6 block s the co nvex face of compo und 6.7.
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OH

4
BnO OBn

6.17

1) Br2 / CH2CI2 / 0 °c
2) AgOTt
3) Ag 20 / H20 / THF

77% (3 steps)

OBn

HO H b Bn

6.20

BCI3 / CH 2CI 2

-78 °C
83 %

R, Ji2 -OTt

tGOH

Hd H bH
6.9 : R1 = CH 3, R2 = H

6.10 : R1 = H, R2 = CH 3

Pd / C / H2..
MeOH
71%

~C'~Tt

clrOH

Hd H bH
6.7

Scheme 6.6 Synthesis of compounds 6.7, 6.9 and 6.10.

6.2.2 Conformational Analysis

Application of the Karplus relationshipr" to the observed vicinal IH_1H coupling

constants led to the proposed conformations of compounds 6.4 - 6.11 (Table 6. J). These

conformations were furt her confirmed with the aid of one-dimens ional nuclear

Over hauser enhancement spectroscopy ( I D-NOES Y) experiments (Figure 6.3) . We

sugges t that ring A of compounds 6.5 - 6.11 exis ts in a :IE conformation since the vicinal

coupling constant between H(2a)-H(3), H(3)-H(4) and H (4)-H(S) is small (0.0 - 2.4 Hz)

whereas the coupling constant betwee n H(2b)-H(3) is about 4.0 - 4.8 Hz (Figure 6.4).

This is in agreement with the I D-NOESY experiments where compounds 6.5 - 6.11 do

not show any H(2a)IH(4) NOE corre lation since they adopt a :IE conformation in which

both H(2a) and H(4) are in pseudo-equatorial orientations. This conformation would

place the hydroxyl groups at C-3 and C-4 in pseudo-axial positions, a higher energy

conformation than the E:I conformation in which the hydroxy l groups occ upy pseudo-

142



equatorial positions. Similar results were noted in our previous work in which the

preferred conformation of the bicyclic sulfonium-ion positioned the hydroxyl groups in

axial orientations. The conformational preference wa s attributed to favorable electrostatic

attraction between the hydroxyl groups with the sulfonium center which outweighed the

steric effects.68
,79 On the other hand, ring A of compound 6.4 adopts an E~ conformation

since it exhibits an H(2a)!H(4) correl ation; hence, both H(2a ) and H(4) are in pseudo

axial orientations . Based on analysis of vicinal coupling constants we also propose that

compounds 6.6 - 6.8 with a doubl e bond at C-8 have ring B in a twi st conformation;

hence, compound s 6.6 - 6.8 have an overall conformation of 5T6 ~E . Thi s conformation

was further supported by ID-NOESY experiments which showed H(2a)!H(9b ),

H(4)!H(6a), H(7a)!H(9a), H(7b)fH(9a), and H(4)/H(7a) correlations. From the analysis

of vicinal coupling constants and ID-NOESY data, we propose that the B ring of

compounds 6.4, 6.9 and 6.11 has a 7E conformation . There was a NOE correlation

between H(6b)!H (8) for compounds 6.4 and 6.11 and there was no correlation between

H(6a)/H(9) for compounds 6.4 and 6.9; hence, they are present in a 7E conformation.

Based on analysis of vicinal coupling constants, we also propose that ring B of

compounds 6.5 and 6.10 has an E7 conformation, as corro bora ted by ID-NOESY

experiments which showed a NOE co rre lation between H(6b)!H(8) and H(S)/H(7b) for

compound 6.10 . Both compound s 6.5 and 6.10 showed a NOE correlation between

H(9)/H(7a ) and al so between H(9 )/H(7b) which implies that the meth yl group is in a

pseudo-equatori al orientation . In co mpo unds 6.4, 6.5, 6.9, 6.10 and 6.11, the methyl

group has a significant effect on the co nformation since it occupies a pseudo-equatorial

position . By ch anging the configurati on at C-8 in compound s 6.4 and 6.9, and hence the
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orientation of the methyl group, the conformation of ring B changes from 7E to E7 . In

compound 6.11 , the hydroxyl group at C-6 is in a pseudo-axial orientation, whereas the

C-6 hydroxyl group of compound 6.9 is in a pseudo-equatorial orientation ; thus, the

configuration of the carbon bearing the methyl group and hence the orientation of the

methyl group plays the major role in determining the conformation of the B ring. Hence,

compounds 6.4 , 6.5, 6.9, 6.10 and 6.11 have an overall conformation of 7E EJ , E7 JE, 7 E

J E, E7 J E and 7E J E, respectively. Both electrostatic and steric effects control the

conformations of compounds 6.4 - 6.11. Thus, changing the configuration at C-8 or

changing the C-8 substituent from a methyl group to an exo-methylene group has a

significant impact on the conformation of these compounds. The ability to tailor the

preferred conformations of these compounds through the judicious choice of the type,

location and stereochemistry of pendant functional groups could be of significance in the

design of molecul es as candidate glycos idase inhibitors .
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Table 6.1 Vicinal coupling constants for compounds 6.4 - 6.11 and their proposed
conformations.

Vicinal
Coupling Compounds

Constant (Hz) 6.4 6.5 6.6 6.7 6.8 6.9 6.10 6.11

ha,'J, 4.8 2.0 0.0 2.1 0.0 2.4 0.0 2.2

hb,3 4.8 4.0 4.3 4.2 4.1 4.8 4.1 4.6

1],4 4.8 2.0 0.0 2.0 0.0 2.4 2.0 2.2

hs 3.8 0.0 0.0 2.0 0.0 2.4 0.0 2.2

J S,6a 3.8 8.0 4.3 0.0 na 1.5 5.2 na

ls.6b 5.9 8.0 9.9 na 8.0 na na 6.3

J6a,7a Overlap Overl ap 8.6 5.2 na 3.7 5.2 na

J 6a,7b Overlap Overlap 5.0 2.3 na a 7.9 na

J 6b,7a Overlap Overlap 8.6 na 7.2 na na 11.2

J6b ,7b Overlap Overlap 8.6 na 9.8 na na 6.1

ha,8 6.0 6.9 na na na I 1.3 6.8 6.7

hb,8 6.0 6.9 na na na 5.6 9.9 6.7
Proposed

7E E E7 JE sT6 JE sT6 JE sT6 JE 7E JE E7
3E 7E JEConformation J
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6.4 6.5

6.9

6.10 6.11

Figure 6.3 Observed NOE correlations for compounds 6.4 - 6.11.
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A Ring

Figure 6.4 Sche matic representations of 7E E3, E7 3E, 7E 3E and 5T6
J E conformations .

6.3 Conclusions

The syntheses of the bicyclic sulfonium analogues (6.4 - 6.11) related to

austra line have been achieved starting from a com mon precursor 2.5 . The

confo rmational prefe rences of these compou nds based on vicinal proton coupling

consta nts and NOE data have been proposed. We note that there is significant

conformational change when changing an exo -methylene group to a methyl group. We

also note that the hydroxyl groups at C-3 and C-4 prefer to occupy pseudo-axial

positio ns. Both electrostatic effect s and steric effects govern the conforma tional

prefere nces of these compounds.

Compounds 6.4 - 6.11 were screened aga inst dGMII and were found not to be

effective inhibitors of this enzyme. This is in agreement with our previous work

(Chapters 2-5) where we proposed that a trans- fused bicyclic system or a cis-fused

system with correc t stereoc hemistry at the sul foniurn-ion center is required for effective
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inhibition of dGMII. We also noted that the rin g contrac ted an alogue of swainsonine

have marked ly dec reased ac tivi ty agai ns t G MII compared to swainsoni ne. l" T here is an

enormo us impact on nitrogen inversion in go ing fro m an indolizidine to a pyrro liz idi ne

system since the trans- fu sed pyrrolizidine is ver y high is energy than the cis-fused

pyrroJizidi ne . Hen ce, the rin g co ntrac ted swainsonine is most probabl y present in cis

fused co nfig ura tion; therefor e, it is less effective inhi bitor of GMII.

6.4 Experimental Section

1,4-Anhydro-2,3-di-O-benzyl-4(R)-(3-butenyl)-1-thio-D-threitol (6.12)

T rieth ylamine (0. 19 rnl., 1.26 mmol ), tosyl chloride (26 0 mg, 1.33 mmol ), and 4

di me thy lami nopyrid ine (20.0 rng, 0 .13 mm ol ) were ad ded to a stirred so lut ion of 2.5 (370

mg, 1.12 mmol ) in CH2C b (10 mL) at 0 °C und er N2 atmosphere. The m ixture was

stirred at 0 °C for 2 h and then co nce ntra ted. T he crude tosylated produ ct wa s purified by

flash chro ma tography lhexan es/EtOAc, 6: I] and the product was d issol ved in Et20 (20

mL). Ally lmag nes ium bromide ( I M in Et20, 2.5 mL, 2.5 mmol ) was ad ded dropw ise

and the mixture was stirred at amb ient temper ature under an N2 atmosphere for 16 h. T he

reac tion was qu ench ed w ith ice (5 mL) and the mi xture was diluted w ith Et20 ( 100 m L).

T he react ion mixture was washed with H20 (2 x SO mL) and brine (SO mL). T he organ ic

layer was dri ed over anhydrous Na2S04, fi ltered and concentrated . Th e cr ude pro d uct

was puri fied by flas h chroma tography [hexanes/EtO Ac, 1:0 -----+ 10: I] to give compound

6.12 as a co lorle ss oil (330 mg, 84%): [a] 1) + 9.80° (c j .02 , C H2Cb); lH NMR (CDC !]): 8

7.38 - 7 .28 (rn, 10H , Ar), 5.68 (dddd, I H, J 6a,7 = .I6b,7 = 6.6 Hz, h.Sb = 17.0 Hz, J ts« =

10.2 Hz , H-7), 5.02 (dddd, IH, J6a,8b= J 6b,Sh = J Sa,Sh = 1.6 Hz, H-8b ), 4 .96 (dd, IH, H-8a ),

4 .68 and 4.60 (2d, each IH, J a,b = 11.7 Hz, CH2Ph ), 4.5 9 and 4.55 (2d, eac h IH, J a,b =
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11.9 Hz , CH2Ph), 4.08 (ddd, IH , 11a,2 =11b.2 =h .-" =5.9 Hz, H-2), 3.80 (dd, IH, h.4 =5.7

Hz, H-3 ), 3.23 (ddd , IH, h Sa = 5.1 Hz, 1 4,so = 9.9 Hz , H-4 ), 3. J7(dd , IH, J1 a,I b = 10.9 Hz,

H-I a), 2.85 (dd, 1H, H-I b), 2. 10 (rn, IH, H-6b) , 2.05 (ddddd, IH, 1 5b,6a =1 6a.6b =7.3 Hz ,

1 Sa,6a = 14.2 Hz, H-6a), 1.95 (dddd, IH, 1 Sa,Sb = 6.5 Hz, H-5b), 1.62 (dddd, IH, H-5a);

I"C NM R (C DC!)): (5 138.4,138.2 (2Cpso) , 137.9 (C-7 ), 128.7 - 128.0 ( IOC Ar) , 115.5 (C

8), 88.7 (C-3), 85 .1 (C-2), 72.8 , 72.2 (2 Cl-hPh), 48 .2 (C-4) , 34 .8 (C- 5) , 32.7 (C- 6), 31 .7

(C-I ); MALDI-TOF MS: m/; 355.30 (M + + H) , 377 .28 (M + + Na ), 393 .22 (M+ + K).

Anal. Calcd for CnH260 2S: C, 74 .54; H, 7.39. Found : C, 74.68; H, 7.38 .

(1R,3S,4S,5R,8(R/S) )-3,4-Dibenzyloxy-8-methyl-1-thioniabicycJo[3.3.0]octane triflate

(6.13/6.14)

A solution of trifluoromethanesulfonic acid (0 .05 mL, 0.57 mmol ) in CH2Ch (2

mL) was added dropwise to a stirred so lution of 6.12 (200 mg, 0.57 mmol ) in CH2Ch (8

mL) at -5°C under N2 atmosphere. The mixture was stirred at -5 °C for 2 h and then

concentrated . The crude product was purified by n ash chromatography lCH 2ChlMeOH,

1:0 -----t 20: I] to give pale yellow oil (150 mg, 52 %). Analysis by NMR showed that the

product was a mixture of two isomers (- I: I) at the stereogenic C-8 ce nter. The

stereochemistry was assi gn ed with the aid of a lD-NOESY spectrum whi ch showed a

strong correl ation between H-2a and H-8 fo r compound 6.14 and no correlation for

compound 6.13.

Data for the ( IR,3SAS,5R,8R)-3,4 -Dibenzyloxy-8-meth yl-l-thioniabicycl0[3.3.0 ]octane

triflate (6.13): 'H NMR (C D"O D) : (5 7.38 - 7.12 (rn, 10H, Ar ), 4 .87 (dd, IH, Jss« = 2.6

Hz, 15.6b = 7.7 Hz, H-5), 4.60 and 4.48 (2d, each IH, 1a,b = 11.9 Hz, CH2Ph), 4.53 and

4.41 (2d, ea ch 1H, 1a,b = 12.2 Hz, CH2Ph), 4.32 (d , IH, hb." = 5.0 Hz , H-3), 4.19 (s, IH,
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H-4), 4 . 15 (rn, 1H, H-8), 3.60 (dd, 1H, h a.2b = 15.3 Hz, H-2b), 3.34 (d, IH, H-2a ), 2.46

(m, II-I, H-7a), 2.38 (rn, 1H, H-6a), 2.2 1 (rn, IB , H-6b), 2.05 (m, 1H, H-7b), 1.48 (d,

3H, H-9); I3 C NMR (CO]O O): 8 136.4 - 136 .1 (2Cipso) , 129 .1 - 128.3 ( fOCA r) , 12 1.0 (q,

IC, J C.F= 318.6 Hz, OTf), 87.2 (C-4), 83 .5 (C-3), 72.2, 72.1 (2 CH2Ph), 70.5 (C-5), 6 1.8

(C-8), 40 .3 (C-2), 38 .9 (C- 7), 3 f .7 (C-6), 15 .1 (C-9) .

Data for the ( IR,3S,4S,5R ,8S)-3,4-0i ben zyloxy-8-m ethyl -l-thioniabicyclo[3.3.0]octane

trifl ate (6.14) : IH NMR (CO JOO) : 87.38 - 7.1 2 (m , IOH, Ar), 4 .83 (dd , IH, J S.6a = J S,6b =

8.8 Hz, H-5), 4 .56 and 4.51 (2d, each IH, Ja.b = 11 .7 Hz, CH2Ph), 4.46 (d. 1H, h bJ = 4.5

Hz, H-2), 4.55 and 4.42 (2d, eac h IH, J a,b = 11 .9 Hz, CH2Ph), 4 .30 (m, 11-1 , H-8), 4.25 (s,

IH, H-4), 3.66 (d, IH, ha,2b = 15.0 Hz, 1-1 -2a), 3.60 (dd, 1H, H-2b), 2.50 - 2.39 (m, 2H,

H-6a, H-6b ), 2.27 - 2.15 (m, 2H, H-7a, H-7b ), 1.60 (d, 3H, H-9); IJC NMR (COJOO) : 8

136.4 - 136.1 (2C ipso) , 129.1 - 128.3 ( IOCA r) , 121.0 (q, 1C, J C,F = 318.6 Hz, OTf), 86 .2

(C-4), 84 .9 (C-3), 72.7 , 72.2 (2 CH 2Ph ), 70.4 (C- 5), 56. 5 (C-8), 46.4 (C-2), 36.5 (C-7),

31 .2 (C-6), 17.6 (C- 9) .

For the mixture of 6.13 and 6.14: MALOI-TOF MS: m/; 355 .04 (M+ - OTf) . Anal. Ca lcd

for C23 Hn FJOsS2: C, 54 .75; H, 5.39. Fo und: C, 54 .38; H, 5.55 .

(lR ,35,45 ,5R,8(R/5) )-8-methyI-l-thioniabicycIo[3.3.0]octan-3,4-diol tritlate (6.4/6.5)

BC h gas was bub bled vigorous ly through a so lution of 6.13/6.14 ( 100 mg, 0.20

mm ol ) in CH 2C h ( 15 mL ) at - 78 DC under N2 atmos phere for 5 min . T he mixture was

stirre d at - 78 DC for 2 h and a strea m of dry air was blow n vigorous ly over the so lutio n to

rem ove excess BC h. The reaction was que nched wi th MeOH (5 mL) and the solvent was

rem oved. Th e residue was co-evaporated with MeOH (2 x 5 mL) and the crude product
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was washed with CHzClz (2 x 2 mL) to give a yellow oil (48.0 mg, 75 %). Analysis by

NMR showed that the product was a mixture of two isomers (-I : I) at the stereogenic C-8

center. The stereochemistry wa s assigned with the aid of a ID-NOESY spectrum which

showed a strong correlation between H-2a and H-8 for compound 6.5 whereas there was

a correlation between H-2a and H-9 for compound 6.4.

Data for (I R,3SAS,5R,8R)-8-methyl-l-thioniabicyclo[3.3.0]octan-3A-diol triflate (6.4) :

1H NMR (CD30D): (54.41 (ddd, IH, Js«: = lzb,,,, = 1.1,4 = 4.8 Hz, H-3), 4.29 (ddd, 1H,

hs = Jss« =3.8 Hz, lS ,6b =5.9 Hz, H-5), 4.16 (dd, IH, H-4), 4.01 (ddq, IH, ha,s =hb,S =

6.0 Hz l S,9 = 6.9 Hz , H-8) , 3.51 (dd, J H, lza,Zb = 14.0 Hz, H-2a), 3.18 (dd, IH, H-2b ),

2.46 - 1.88 (m, 4H, H-6a, H-6b, H-7a, H-7b), 1.41 (d, 3H, H-9); I"'C NMR (CD30D): (5

119.8 (q, 1C, l e,F = 315.4 Hz, OTf), 81.6 (C-4), 81.0 (C-3) , 68 .9 (C-5), 56.6 (C-8) , 38. 2

(C- 2), 35.2 (C-7), 31.1 (C-6), 13.3 (C-9).

Data for (I R,3SAS,SR,8S)-8-methyl-I-thioniabicyclo[3.3.0]octan-3A-dio l triflate (6.5):

IH NMR (CD",OD): (54.59 (ddd, IH, lza,,,, =10,,4 = 2.0 Hz, Jn;: = 4.0 Hz , H-3), 4 .5 I (dd,

1H, ls.6a = l S,6b = 8.0 Hz, H-6), 4.42 (d, IH, H-4), 4 .15 (ddq, 1H, ha,s =hb,S = l S,9 = 6.9

Hz , H-8) , 3.68 (dd, I I-I, Ju ». = 14.5 Hz , H-2a), 3.48 (dd, J H, H-2b), 2.46 - 1.88 (rn, 4H ,

H-6a, H-6b, H-7a, H-7b), 1.44 (d. 3H, H-9 ); I"'C NMR (CD",OD): (5 119.8 (q, IC , ley =

315.4 Hz , OTf), 79.7 (C-3) , 76.4 (C-4) , 71.8 (C- 5) , 61.5 (C-8), 46.4 (C- 2) , 38 .0 (C-6),

32.0 (C-7), 16.7 (C -9 ).

For the mixture of 6.4 and 6.5: MALDI-TOF MS : m/; 175.24 (M + - OTt) An al. Cal cd

for C9HJ5F",05SZ: C, 33 .33; H, 4 .66. Found : C, 33 .0 I ; H, 4 .58 .

151



(15,35,45,5R,8R)-3,4-Dibenzyloxy-8-bromomethyl-1- thioniabicyclo[3.3.0]octane

triflate (6.15)

Br2 (6 1.0 u.l., J .20 mmol) was added dropwi se to a stirre d so lution of 6.12 (420

mg, 1.19 mmol ) in CH2Ch ( 10 mL) at 0 DC und er N2. Th e mi xture was stirre d at 0 DC for

2 h and then silve r trifl ate (3 10 mg, 1.20 mmol ) was added . St irri ng was co ntinued at 0

DC for an additiona l 2 h and the mixtu re was co ncentra ted. T he crude product was

purified by flash chromatogra phy [CH2CI2/MeOH, 1:0 ---+ 20: I] to give a co lorless oi l

(520 mg, 75 %) as a 4 :1 mi xture of d iastereomers. The major co mpone nt of the mi xtu re

wa s assigned to be the diastereomer with the R co nfiguration at C-8 o n the basis of

ana lysis of a \ D-NOESY spectru m whi ch showed a corre lation bet ween H-2a and H-9.

Data for the major isomer (6.15): IH NMR (CD2C1 2): <5 7 .42 - 7.24 ( 01, 10H, Ar), 5.02

(dd, IH, J S,6a =JS,6b = 8.7 Hz, H-5), 4.70 and 4 .63 (2d, eac h IH, J a.b = 11.9 Hz, CH2Ph),

4 .64 (d, IH, hb,3 =4.3 Hz, H-3), 4 .62 and 4.5 6 (2d, each IH, J a,b = I 1.7 Hz, CH2Ph), 4.59

(rn, IH, H-8), 4.42 (s, \ H , H-4), 4 .08 (d, IH, h a.2b = 15,2 Hz, H-2a), 4.04 (dd, \ H, h a.9b =

11 ,5 Hz, Jes«= 4.9 Hz , H-9a), 3.97 (dd, I H, J S,9b = 7.8 Hz , H-9b), 3.83 (dd, IH, H-2b),

2 .72 (m, J H, H-6a), 2 .6 1 ( 01, \ H, H-6 b), 2.55 (m, \ H , H-7 a), 2 .43 (m, IH, H-7b); 13C

NMR (CD2C12) : <5 126.8, 126.6 (2C;pso), J 19 .\ - 11 8.3 ( IOCAr ) , I J J.I (q, IC, Jc,F = 306. I

Hz, OTf), 75 .9 (C-4), 75.4 (C-3), 63 .0, 62 .3 (2 CH2Ph), 6 1.3 (C-5) , 58.4 (C-8) , 37 .7 (C

2), 26 .3 (C -7), 2 1.8 (C- 6), 20 .5 (C -9) .

For the mi xture o f diastereomers: MALDI-T OF MS : m/; 43 5. 13, 433, \3 (M+ - OTf),

353,22 (M+ - (OT f, HBr)), Anal. Calcd for Cn H26Br iF30 SS 2: C, 47. 34; H, 4.49. Found:

C, 47 ,66; H, 4.36 .
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(IS,3S,4S,5R)-3,4-Dibenzyloxy-8-methylene-l-thioniabicyc1o[3.3.0]octane

(6.16)

triflate

Silver oxide ( 126 mg, 0.61 mmol ) was added to a stirred so lution of 6.15 (320

mg, 0.55 mmol) in H20:THF ( I : I, 10 mL). Th e mixture was stirred at ambient

temperature for 20 h and conce ntrated . The crude product was purified by flash

c hromatography [CH2Ch/MeOH , 1:0 - 20: 1J to give co mpo und 6.16 as a colorless oil

(254 mg, 92 %): [a]D + 50.2° (c 1.08, CH2Ch); 1H NMR (C OCl.') : 07 .31 - 7.09 (m , 10H,

Ar ), 6 .24 (ddd, 1H, Ju s« = h o,9a = ) 9a,9b = 1.9 Hz , H-9a), 5.83 (ddd, J H, ha,9b = h b,90 =

1.9 Hz, H-9b), 4.99 (dd , 1H, 1.".6a = 4.6 Hz, lS ,6b = 10.1 Hz , H-5 ), 4.58 and 4.48 (Zd, each

IH, l a,b = 11.9 Hz, CH2Ph ), 4 .48 and 4.40 (2d, each IH, ) a.b = J 1.6 Hz, CH2Ph), 4.42 (d,

1H, hb, .1 =4.0 Hz, H-3), 4 .33 (s, 1H, H-4), 3.95 (dd, 1H, Jic». = 14.8 Hz, H-2b), 3.78 (d ,

IH, H-2a), 3.01 (ddddd, IH, ) 6a,7a = l 6b,7a = 8.0 Hz , h a.70 = 16.0 Hz , H-7a), 2.82 (ddddd,

IH, ) 6a,7h = 5.6 Hz , ) 6b.70 = 7.7 Hz, H-7b), 2.64 (dddd, I H , .ha .6b = 13.3 Hz , H-6b), 2.30

(dddd, IH, H-6a); DC NMR (COCl 3) : 0 142.8 (C-8), J36.1, J 35.8 (2C pso) , 128.8 - 128.0

( IOC A r) , 124.9 (C-9), 120.1 (q, IC, l c ,F = 306.5 Hz, OTf), 87 .8 (C-4), 83.7 (C-3), 72.2,

72.0 (2 CH 2Ph), 70.2 (C-5 ), 52 .5 (C -2), 35.6 (C-7), 29.8 (C-6); MALDI-TOF MS: m/;

353.06 (M+ - OTt) Anal. Caled for CnH2sF.10sS2: C, 54.97 ; H, 5.0 I. Found: C, 54 .67 ;

H,5 .29 .

( I S,3S,4S,5R)-8-MethyJene-l-thioniabicyclo[3.3.0]octan-3,4-diol triflate (6.6)

BCh gas was bubbled vig orou sly through a solution of 6.16 (55.0 mg, 0.11 mmol)

in C H2C1 2 (10 mL) at -78 °C under N2 atmosphere for 5 min . The mixture was stirred at

-78 °C for 2 h and a stream of dr y air was blo wn vigorou sl y ov er the so lution to rem ove

ex cess BCh. The reacti on was qu enched with MeOH (5 mL) and the so lvent was
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removed. The residue was co-evaporated with MeOH (2 x 5 mL) and the crude product

was washed with CH2C1 2 (2 x 2 mL) to give compound 6.6 as an amorphous solid (25.0

mg, 71 %): [ala +133.9° (c 0.91, MeOH); I H NMR (CD:;OD): 6.11 (ddd, IH, ha,9a =hb,9a

=ha,9b = 1.7 Hz, H-9a), 6.03 (ddd, IH, ha,9b =hb,9b = 1.9 Hz, H-9b), 4.72 (dd, IH, Jss« =

4.3 Hz, ls,6b = 9.9 Hz, H-5), 4.59 (d, IH, hb,J = 4.3 Hz, H-3), 4.52 (s, 1H, H-4), 4.08 (dd,

IH, ha,2b = 14.1 Hz, H-2b), 3.47 (d, IH, H-2a), 3.38 (ddddd, IH, 1 6a,7a = 1 6b,7a = 8.6 Hz,

ha,7b = 16.0 Hz, H-7a), 2.89 (ddddd, IH, 1 6a,7b = 5.0 Hz , 16b,7b = 8.6 Hz, H-7b), 2.55

(dddd, IH, 16a,6b = 12.9 Hz, H-6a), 2.42 (dddd, 1H, H-6b); "c NMR (CD:;OD): 8 144.6

(C-8), 123.4 (C-9), 120.6 (q, IC, Jcr = 315.9 Hz, OTt), 83.4 (C-4), 79.2 (C-3), 73.8 (C

5),55.0 (C-2), 35.2 (C-7), 29.7 (C-6); MALDI-TOF MS: m/z 173.24 (M+ - OTf). Anal.

Calcd for C9Hi.\F30sS2: C, 33.54; H, 4.07. Found: C, 33.23; H, 4.21.

1,4-Anhydro-2,3-di-O-benzyl-4(R)-(1(S/R)-hydroxy-3-bu tenyl)-1- thio-0- threitol

(6.17/6.18)

Allyimagnesium bromide (I M in Et20 , 1.4 mL, 1.4 mmol) was added to a stirred

solution of 2.9 (230 mg, 0.70 mmol) in anhydrous Et20 (5 mL) under N2 atmosphere at 0

DC dropwise and the mixture was stirred at ambient temperature for 16 h. The reaction

was quenched with ice (5 mL) and the mixture was diluted with EhO (100 mL). The

reaction mixture was washed with H20 (2 x 50 mL) and brine (50 mL). The organic

layer was dried over anhydrous Na2S04, filtered and concentrated. Analysis by NMR

showed that the crude product was present as 1:2 mixture of diastereomers 6.18 and 6.17,

respectively. The crude product was purified by flash chromatography [CH2Cb/MeOH,

1:0 - 49: I] to give 6.17 (133 mg, 51 %) and 6.18 (78 rng, 30%).
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Data for the major diastereomer (6.17): [a]o -12.0° (c 1.0, CH2Cl2); 'H NMR (COCl l): 0

7.38 - 7.27 (m , 10H, Ar), 5 .81 (dddd, IH, Joh,7 = 6.9 Hz, J 6a.7 = 7.3 Hz , J is« = 10.2 Hz ,

h.Sb = 17.0 Hz, H-7), 5.11 (dddd, IH, J oa,8b= J6b ,Sb = JS3.Sb = 1.8 Hz, H-8b), 5.09 (dddd,

IH, J 6a,Sa= J 6b,Sa = 1.1 Hz H-8a), 4 .78 anel 4.63 (2e1, each IH, J a,h = 11 .6 Hz, CH2Ph) ,

4 .60 and 4 .58 (2d, each IH, J a,b = 11.8 Hz, CH2Ph), 4.18 (ddd, I H, Js«: = J 1b.2 = Ji., =

5.6 Hz, H-2), 4.11 (dd, 1H, h.4 = 5.5 Hz, H-3), 3.83 (ddd, IH, h s = 2.8 Hz , .lS.ob = 5.9

Hz, .lS,6a = 7.4 Hz, H-5 ), 3.49 (dd , IH, H-4), 3.02 (del, IH, J 1a,lb = 11 .1 Hz, H-I a), 2.83

(dd, IH, H-I b), 2.24 (delelelel, 1H, J6a.ob = 14.1 Hz , H-6a), 2.12 (ddddd, IH, H-6a); Uc

NMR (C OCl l ): 8 138.2, 137.7 (2Cpso) , 134.5 (C-7), 128.8 - 128.0 (JOC Ar) , 118.1 (C-8),

86.0 (C-3), 84.5 (C -2) , 73.1,72.2 (2 CH 2Ph), 70.2 (C-5), 54.9 (C-4), 41.6 (C -6), 31.9 (C

I); MALOI-TOF MS : m/r 371. J 7 (M+ + H), 393 .19 (M+ + Na), 409.16 (M+ + K). Anal.

C alcd for CnH260 ,S : C , 71.32; H, 7.07. Found: C, 71.59; H, 7.21.

Data for the minor diastereomer (6.18): [a]o -25 .0° (c 1.0, CH2Ch); I H NMR (C OCl l) : 8

7.39 - 7.28 (m, JOB, Ar), 5.83 (dddel, IH, J 6b .7 = 6.8 Hz , J oa,7 = 7.7 Hz, h.sa = 9.6 Hz,

h.Rh = 17.5 Hz, H-7), 5.13 (dddd, JH, J oa.Sb= J 6b.Sb = JSa,Sb = 1.5 Hz, H-8b), 5.11 (dddd,

IH, J 6a,Sa= J 6b.Sa = 1.5 Hz H-8a), 4.71 and 4 .65 (2d, each IH, J a,b = 11.7 Hz , CH2Ph ),

4 .59 and 4 .56 (2d, each IH, Ja.b = I J.9 Hz, CH2Ph ), 4.30 (dd, IH, h J =h,4 =4.1 Hz, H

3), 4 .22 (ddd, IH, J 1a.2 = J 1b,2 =4.7 Hz, H-2), 3.77 (ddd, IH, J 4,5 = J S.6b = 7.6 Hz, ls ,6<1 =

4.0 Hz, H-5 ), 3.36 (dd , IH, H-4 ), 3.08 (dd , 1H, J 1a•1b = 11.2 Hz, H-l a), 2.90 (dd, 1H, H

I b), 2.45 (rn, IH, H-6a), 2.19 (ddddd, 1H, H-6a); 11C NMR (COCl l): 8 J38.1, 134.6

(2C ipso) , 134.5 (C-7 ), /28.8 - 128.0 ( JOC Ar) , 118.6 (C-8), 85 .0 (C-3), 84 .9 (C- 2) , 73 .0 (C

5), 72.2, 71 .8 (2 CH 2Ph), 54.3 (C-4), 40.3 (C- 6) , 33.4 (C-I); MALOI-TOF MS: m/;
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371.12 (M+ + H), 393 . 14 (M+ + Na ). Anal. Caled for CnH2601S: C, 71.32; H, 7.07.

Found : C, 7 J .57 ; H, 6.89 .

(lS,3S,4S,5R,6R)-3,4-Dibcnzyloxy-8-methylene-l-thioniabicyclo[3.3.0]octan-6-ol

triflate (6.20)

Br2 ( I 1.4 ul., 0 .2 1 mm ol ) wa s added to a stirred so lutio n o f 6.17 (78 rng, 0.21

mm ol ) in C H2Cl2 (6 mL) at 0 "C und er N2. The mixture was stirred at 0 "C for J.5 hand

then silver tri fla te (65 mg, 0 .21 mm ol) was added. Stirring was continued at 0 "C for an

additiona l 2 h and the mixture was filtered . The filtrate was concentrated and then

dissolv ed in H20:THF ( I : I , 5 mL). S ilver oxide (48 mg, 0.25 mmol) wa s added and the

mixture was stirr ed at ambient temperature for 16 h and concentrated. The crude product

was purifi ed by flash chroma tography [CH2CblMeOH, 1:0 -----+ 10: 1] to give compo und

6.20 as a pa le yell ow oil (8 1 mg,77%) The stereochemistry at C-6 was assigned with the

aid of a I D-NOESY spectrum which showed strong correlation between H-4 and H-6.

[a] D +47 .0° (c 1.1, CH 2C U ; IH NMR (CD2Cb) : 07.38 - 7.2J (m, 10H, Ar), 6 .14 (dd,

JH, h a,9a =h a,9b = 2.4 Hz, H-9a), 6 .03 (dd, I H, h a.9b = 2.4 Hz, H-9b), 5.16 (s, I H, H-4 ),

5 .11 (d, I H, hOH=5.4 Hz , OH), 5 .02 (d, I H, Js.6=8.5 Hz , H-5), 4.98 (m , I H, H-6 ), 4 .75

and 4.60 (2d, each I H, J a,b = I 1.6 Hz, CH2P h), 4 .68 and 4.43 (2d, each I H, J a, h= I 1.3 Hz,

CH2Ph), 4 .49 (d, I H, hbJ =4.5 Hz, H-3), 4 .08 (dd, I H, h a, 2b = J4 .5 Hz, H-2b ), 3 .70 (d .

I H, H-2a), 3.32 (dddd, I H, h a.7b = 16.1 Hz, H-7 a), 3.04 (dd, I H, H-7b); 11C NMR

(C D2Cl2): 0 136.8, [36.7 (2C ipso) , 135.9 (C- 8) , 128 .9 - 128.6 ( IOCAr) , 128.7 (C-9) , 120 .9

(q, I C, J C,F = 3 18. 1 Hz, OTf), 83.9 (C -4), 83.8 (C-3 ), 72.6, 72.5 (2 CH2P h), 72.2 (C-6),

71. 0 (C-5), 54 .4 (C-2), 40.0 (C- 7); MALDI-TOF MS : m/; 369.26 (M+ - OT f). An al.

Caled fo r C21H25F10 6S2: C , 53.27 ; H, 4 .86. Found: C , 53. 19 ; H, 4 .76.
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(15,35,45 ,5R ,65)-3,4-Dibenzyloxy-8-mcthylene-1 -thioniabicyclo[3.3.0]octan-6-ol

tritlate (6.19)

Br2 ( 10.2 u.L, 0.19 mmol) was ad de d to a stirred so lution of 6.18 (70 mg, 0 .19

mmol ) in CH2Ch (6 mL) at 0 °C und er N2. Th e mixture was stirred at 0 °C for 1.5 h and

then silver trifl ate (58 mg, 0 .19 mrnol ) was adde d. Stirring was co ntinued at 0 °C for an

addition al 2 h and the mi xture was filtered. T he filtrate was co ncentrated and the residu e

was dissolv ed in H20:THF (I: I, 5 mL). Silver oxide (4 3 mg, 0 .22 mmoJ) was add ed and

the mixture was stirred at ambient temp erature for 16 h and co ncentrated . Th e crude

product was pur if ied by flash chro ma tography ICH2CIz/MeOH , 1:0 - 10: I] to give

co mpo und 6.19 as a pale ye llow oi l (68 mg, 72%). Th e stereoche mistry at C-6 was

assigned wi th the aid of a ID-NOESY spectrum whi ch showed no co rre lation be tween H

4 and H-6. [a.lo + I01.3 0 (c 0.8, CH2C!z); IH NMR (CD2C1 2): 87.31 - 7. I4 (m, 1OH, Ar ),

6.15 (dd, IH, J t ss « = J 9a,9b = 2.7 Hz, H- 9a), 5 .96 (dd, IH, h a,9b = 2.7 Hz, H-9b), 5 .03 (d,

1H, J 6,O H =3.6 Hz, OH), 4.80 (bs , 2H, H-5, H-6 ), 4.63 and 4.49 (2d , each IH, J a,b = 11 .6

Hz, CH2Ph ), 4 .56 (s, 1H, H-4), 4.4 1 (s, 2H, CH2Ph ), 4.38 (d, IH, hb,l = 4 .7 Hz, H- 3),

3.84 (dd, IH, ha,2b = 14.7 Hz, H-2b), 3.59 (d, IH, H-2a), 3.33 (dddd, 1H, ha,7b = 16.0 Hz ,

H-7a), 2.79 (bd, IH, H-7b); "c NM R (C D2C1 2): 8 141.5 (C-8), 136.5, 135 .9 (2Cpso),

129.0 - J28.4 ( IOCAr) , 127 .5 (C-9), 120.9 (q, IC, J C, F = 3 18.4 Hz, OTf), 86.2 (C-4), 83 .9

(C-3), 80.4 (C -5), 75. 2 (C-6), 72.7, 72.6 (2 CH 2Ph), 52 .5 (C-2), 43 . 1 (C-7) ; MA LD I-TO F

MS: m/z 369.36 (M+ - OTf). Anal. Ca lcd for C21H2SF30 6S2: C , 53.27; H, 4.86. Fou nd : C,

53 .31; H, 4.72 .
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(IS ,3S,4S,5R,6R)-8-Methylene-l-thioniabicyclo[3.3.0]octan-3,4,6-triol triflate (6.7)

BCh gas wa s bubbled vigorously through a so lution of 6.20 (102 mg, 0 .20 mrnol)

in CH 2C1 2 ( 10 mL) at -78 °C under N2 atmosphere for 4 min. The mixture was stirred at

-78 "C for 1.5 h and a stream of dry air was blown vigorously over the so lution to

remove excess BCl l . The reaction was quenched with MeOH (5 mL) and the so lvent was

removed. The residue was co-evaporated with MeOH (2 x 5 mL) and the crude product

was washed with CH2C1 2 (2 x 2 mL) to give compound 6.7 as a colorless oil (55 mg,

83 %): [aJD +169.1° (c 0 .9, MeOH); IH NMR (COlOO): 86.29 (dd, IH, h b,9a = 1.2 Hz,

Jt ss« = 2.7 Hz , H-9a), 6.16 (dd, I H, hb,9b = 2.3 Hz , h a,9b = 2.7 Hz , H-9b), 4 .87 (dd , IH,

16,7b = 2.3 Hz , 16.7a = 5 .2 Hz, H-6), 4.60 (dd, 1H, h .4 = hs = 2.0 Hz , H-4) , 4 .56 (ddd, I H,

ha3 = 2.1 Hz, Ju,: = 4.2 Hz, H-3), 4.13 (bs, IH, H-5), 4.10 (dd, IH, h a,2b = 14.1 Hz, H

2b), 3.70 (dddd, I H, h a,7b = 16.2 Hz, H-7a), 3.55 (dd, IH, H-2a), 2.87 (dddd, I H, H-7b);

11C NMR (C0100): 8 142.2 (C-8), 125.9 (C -9), 120.6 (q, lC, ley = 316.5 Hz, OTf), 81.4

(C- 3), 81.0 (C -5 ), 78.8 (C-4) , 74 .2 (C-6), 54 .2 (C-2), 42.9 (C-7); MALOI-TOF MS: m/;

189.24 (M+ - OTf) . Anal. Calcd for C9HI1Fl06S2: C , 31 .95; H, 3.87. Found : C, 31 .75 ; H,

3.91.

(IS ,3S,4S,5R,6S)-8-Methylene-l-thioniabicyclo[3.3.0]octan-3,4,6-triol triflate (6.8)

BCh gas was bubbled vigorously through a so lution of 6.19 (80 mg, 0.15 010101)

in CH2C1 2 (10 mL) at -78°C under N2 atmosphere for 4 min. The mixture was stirred at

-78°C for 2 h and a stream of dry air was blown vigorously over the solution to remove

excess B'Cl-; The reaction was quenched with MeOH (5 mL) and the so lvent was

removed. The residue was co-evaporated with MeOH (2 x 5 mL) and the crude product
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was washed with CH2Cb (2 x 2 mL) to give compound 6.8 as a colorless oil (42 mg,

81 %): [a] D +203.8 ° (c 0 .8, MeOH); 'H NMR (CDlOO): 0 6.18 (dd, IH, hb.9a = Jt ss « =

2.9 Hz, H-9a), 6.11 (bs , 1H, H-9b), 4.97 (s, 1H, H-4), 4.79 (ddd, IH, h 7b = 7.2 Hz, JS,6 =

8.0 Hz, J 6,7a =9.8 Hz , H-6 ), 4 .60 (d, JH, hb,l =4.1 Hz, H-3 ), 4.58 (d. 1H, H-5 ), 4. J4 (dd,

IH, h a,2b = 14.1 Hz , H-2b), 3.59 (dd, IH, H-2a), 3.47 (dddd, IH , ha.7b = J5.6 Hz, H-7a),

3 .05 (dd, IH, H-7b); IlC NMR (CDlOO): 0 138.4 (C-8), 125.9 (C -9 ), 120.6 (q , IC, J C,F=

3 16. 1 Hz , OTt) , 79.4 (C-4 ), 79 .1 (C- 5), 73.2 (C-3), 71.4 (C- 6), 55.2 (C -2), 40.3 (C-7);

MALDI-TOF MS : m/: 189.12 (M + - OTf). Anal. Calcd for C9HuFl06S2: C, 31.95 ; H,

3.87. Found: C, 31.66 ; H, 3.83 .

(IR ,3S,4S,5R,6R,8(R/S))-8-methyl-1-thioniabicyclo[3.3.0]octan-3,4,6-triol triflate

(6.9/6.10)

10% Pd/C (10 mg) was added to a stirred solution of 6.7 (38 mg, 0.11 mmol) in

MeOH (5 mL ). The mixture was stirred under H2 pressure (100 psi) for 5 h, fi Itered

though Celite and conce ntrated. The residue was washed with CH2Cb (2 x 2 mL ) to give

pale yellow oil (27 mg , 71 %). Analysi s by NMR showed that the product wa s a mixture

of two isomers (-3 :2) at the stereogenic C-8 center. The stereochemistry was assigned

with the aid of NOESY spectrum with showed a strong correlation between H-2 a and H- 9

for compound 6.9 whereas compound 6.10 showed a correlation between H-2a and H-8 .

Data for the major dia stereomer (6.9): I H NMR (COlO O): 04.99 (ddd , IH, J S.6 = J 6,7a =

5.2 Hz, J6.7b = 7.9 Hz , H-6) , 4.66 (dd, IH, h.4 = 2.0 Hz , hb,l = 4.1 Hz, H-3 ), 4 .62 (bs,

1H, H-4 ), 4.31 (d, 1H, H-5), 4.28 (m, IH, H-8), 3.80 (dd, IH, h a.2b = 14.4 Hz , H-2b ),

3.68 (d, IH, H-2a), 2.80 (ddd, IH, ha,7b = 13.8 Hz, H-7a), 2.11 (ddd, IH, H-7b), 1.68 (d ,
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3H, H-9); I ~C NMR (CD~OO) : 8 120.6 (q , 1C , J C,F = 253.0 Hz, OTf) , 8 1.0 (C-4), 80.4

(C-3 ), 79.9 (C-5), 75.4 (C-6), 57. 6 (C-8), 48 .6 (C-2), 44.4 (C- 7), 17.6 (C -9 ).

Data for the min or di astereom er (6.10): IH NM R (CO~OO): 84.77 (dd, IH, Js.« = 1.5 Hz,

J6, 7b = 3.7 Hz, H-6), 4.51 (ddd , IH, ha,~ = h,4 = 2.4 Hz, hbJ = 4.8 Hz , H-3), 4.46 (m,

1H, H-8), 4.40 (dd, 1H, h 5 = 4.8 Hz, H-4), 4.28 (dd, IH, H-5), 3 .71 (dd, IH, ha,2b = 14.5

Hz, H-2b ), 3.44 (d, IH , H-2a), 2.73 (ddd, IH, h a,7b = 14 .2 Hz, H-7 a), 2.34 (dd, 1H, H

7b ), 1.6 1 (d, 3H, H-9 ); I ~C NMR (CO~OO) : 8 120.6 (q, 1C, J C,F = 3 16.3 Hz, OTf) , 80.6

(C-4) , 80 .6 (C- 5), 79.8 (C -3), 76.1 (C -6), 53.4 (C- 8), 43.1 (C-7), 40.6 (C-2) , 13.0 (C-9).

For the mixtu re of 6.9 and 6.10: M ALOI-TOF MS: m/; 191.26 (M+ - OTf). Anal. Calcd

for C9HI 5F~06S 2 : C, 3 1.76; H, 4.44. Found: C , 3 1.69 ; H, 4 .62.

(lR,3S,4S ,SR,6S,8R)-8-methyl-1-th ioniabicyclo[3.3.0]octan-3,4,6-tr iot triflate (6.11)

10% Pd/C ( 12 mg) was added to a stirred so lution of 6.8 (45 mg , 0. 13 mmol) in

Me OH (6 mL). Th e mixture was stirre d und er H2 pressure ( 100 psi) for 4 h, filtered

thou gh Celite and concen trated. T he res idue was washed with CH2C1 2 (2 x 2 mL) to give

pal e yell ow oi l (35 mg, 77 %). Analysis by NMR showed that the produ ct was a mixture

of two isomers (-4 : I) at the stereogenic C- 8 ce nter. Th e major compon ent of the mixture

was assigned to be the dias tereome r wi th the R configura tion at C-8 on the bas is of a 10

NO ESY spec tru m whi ch showed a correlation be tween H-2a and H-9.

Data for the major diastereomer (6.11): IH NMR (C 0 30 D): 84.78 (dd, IH, h.4 = Js.: =

2.2 Hz, H-4 ), 4 .70 (ddd, IH, J5 ,6 = 6.3 Hz, J6 ,7b = 8.3 Hz, J 6,7a = 11 .2 Hz, H-6), 4 .54

(ddd , 1H, h a,3 = 2.2 Hz, hb,~ = 4.6 Hz, H-3), 4.3 5 (dd, IH, H-5), 4 .08 (ddt, IH, h a,s =

hb,8= J S,9 =6.7 Hz, H-8), 3,76 (dd, IH, h a,2b = 14 ,6 Hz, H-2b), 3.5 1 (dd, IH, H- 2a ), 2.6 1

(ddd, IH, h a,7b = 12.4 Hz, H-7a), 2.43 (dd, IH , H-7b), 1.56 (d, 3H, H-9); 13C NMR
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(CD :lOD): 0 120.6 (q, 1C, Jc» =3 16.3 Hz, OTf), 79 .0 (C-4), 77.9 (C-3), 73. 2 (C-6), 71.2

(C-5), 48.8 (C-8), 4 1.5 (C-2), 40 .0 (C-7), 13.2 (C-9) ; MALDI-TOF MS : m/; 191.14 (M+

- OTt) Anal. Calcd for CgHlsF:106S2: C, 31.76; H, 4.44 . Found: C, 3 1.43 ; H, 4.68.
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CHAPTER 7:
SYNTHESIS OF D-LYXITOLAND D-RIBITOL

ANALOGUES OF THE NATURALLY OCCURRING
GLYCOSIDASE INHIBITOR SALACINOL

Reproduced in part with permiss ion from

Carbohydra te Research 2005, 340, 261 2 - 26 19. Copyright 2006 Elsevier.
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7.1 Introduction

Salacinol (1.40), isolated from Salacia reticulata, is a very weak inhibitor of

dGMII (lC so = 7.S mM). Rose et al. obtained a X-ray structure of dGMII with salacinol

(1.40) bound in the active site, as shown in Figure 7.2. 90 The hydroxyl groups on the 4-

thio-D-arabinitol ring of salacinol (1.40) interact with Asp 472, Arg 876, Asp 92 and with

the zinc ion in the enzyme active site. The sulfonium-ion center has a weak interaction

(3.24 A) with Asp 204. The Zn ion coordinates to HO-2 of salacinol (1.40) and with Asp

204, Asp 92, His 90, His 471 residues of the enzyme to give rise to square pyramidal

geometry (T s) as shown in Figure 7.3. On the other hand, with swainsonine (1.1), the Zn

ion has an octahedral geometry (T6) since it coordinates to both OH-7 and OH-8 as

shown in Figure 7.4.94

WOH
OH OH

Swainsonine (1.1)

OH

~- - OH
-+ ~ -

rySj OS03

HO ) __~

Hd OH

Salacinol (1.40)

Figure 7.1 Structures of swainsonine (1.1) and saJacinoJ (l.40).
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Figure 7.2 X-ray crystal structure of salacinol (1.40) in the active site of dGMII. 9o
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Figure 7.3 'T, coordination of Zn ion with salacino l (1.40) .
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ASPA204

Figure 7.4

HIS A471

T6 coo rd ina tio n of Zn ion with swainsonine (1. 1) .

With compound s such as salacinol (1.40), ghavamiol (7.1), blintol (7.2) and Tris

(7.3) in the active site, the Zn ion have a T" (square-pyramidal) coordination and these

co m pounds s ho w weak inhibitory activities (IC"o values in the mM range) against

GMIl . ISI On the other hand, co m po unds such as swainsonine (1. 1) and

deoxymannojirimycin (DMNJ, 7.4) have a T 6 (oc tahedra l) coordination with the Zn ion94

and both are good inhibitors of GMIL Presumably, if the Zn ion has T6 coordination at

the transition s ta te of the glycosidase mediated hydrolysis reaction, an e ffective mimic of
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the tran sition state might require T6 coord ina tio n with the Z n ion. C on sequently, it is our

hypothesis that compounds that have T 6 coord ina tio n with the zin c ion would bind tighter

in the en zym e active site than compounds hav ing T s coord ina tio n.

OH

~=- .; OH
'+ = -

~NH/ OS03

HO _,,_~
Hcf- OH

Ghavamiol (7.1)

OH

HOXH2
OH

Tris (7.3)

OH

.s.>.
=- .:. OH
' + - -

~se/ OS03

HO _"~
Hcf OH

Blintol (7.2)

HO~H
HO -NH

HO

DMNJ (7.4)

Figure 7.5 Structures of co mpou nds 7.1 - 7.4.

Inverting the s tereoche mis try of sa lac ino l (1.40) at C-3 might give ri se to an

oc ta hedra l coordi natio n to the zinc ion as both the C-2 and C-3 hydroxyl groups would be

SY Il , ther eb y could result in a transiti on -s tate anaJogue and a tight-bind ing inhibito r. We

not e , however, that this coordination wo uld req uire reorienta tion of the res t o f the

mol ecule in the active site. Hence, we desi gn ed the Iyxit ol ana logue (7.5) of salacinol

(l .40) as po te ntial GMII inhibitor. We also des igned the ribitol analogue (7.6) of

sa laci no l (1.40), in which the stereochemi stry, re lative to sa lac ino l (1.40), at C-2 is

inverted , as a pot enti al g lycos idas e inhibitor.
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OH
, 3'

1'-~OH

~S; OSO;-
HO ~,~1

HC{ 3 2 OH

1.40

OH

.i..- - OH
~ + .:. -

~S! OS03
HO )--\

HO OH

7.5 7.6

Figure 7.6 Structures of co mpounds 1.40, 7.5 and 7.6 .

7.2 Results and Discussion

7.2.1 Synthesis

The target compounds 7.5 and 7.6 cou ld be synthes ized by alkyl at ing the

anhydro-alditol deri vatives at the rin g sulfur atom (Scheme 7. J). This route was chosen

in order to provide flexibility in synthes iz ing compounds having different configurations

of the su gar rin gs. Th e alk ylation of 1,4-anhydro-2,3 ,5-tri-O-p-methoxybenzyl -4-thio-D-

lyxitol (7.7) and I,4-anhydro-2,3,5-tri -O-p-methoxybenzyl-4-thio-D-ribitol (7.8) with 2,4-

O-benzylidene-L-erythritol -l ,3-cycli c s ulfa te (7 .9) , previously synthes ized in our

76 IS' .laboratory, .. - should afford compounds 7.5 and 7.6, resp ectively.

OH

~OH
+ -

HO~ OSO,

HO OH

s
==~; ) POH

PO OP

P = Protecting group

+

7.9

Scheme 7.1 Retrosynthetic an al ysi s on com po unds 7.5 and 7.6 .
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Th e required compo und 7.7 was prepared from compound 2.21 (Sc heme 7.2). In

or der to e liminate the problematic hydrogenolysi s step of re moving the ben zyl eth er

gro ups after the co up ling reacti on be twee n ben zyl -protected thio-D-Iyxi tol and 7.9, we

decided to use p-methoxybenzyl (PMB) protecting groups. The acid-sensitive PMB

gro up is a suitable choice si nce the benzylidene group from the L-cycl ic sulfa te is a lso

ac id labile and both co uld be cleaved in one pot by ac id hydrol ysis after the co upling

reaction between 7.9 and 7.7 .78 Hen ce, the benzyl protecting group was cleaved using

Birch redu ction to g ive the triol 7.10 in 86 % yie ld. Reprotect ion of the trio l 7.10 with

PMB gro ups afforded the required co mpound 7.7 in 94% yie ld .

S

Bno~
BnO OBn

2.21

- 78 DC

86%

S

HO~
HO OH

7.10

j
NaH / DMF /
PMBCI

94%

S

PMBO~
PMBO aPMB

7.7

Scheme 7.2 Sy nthesis o f co mpo und 7.7.

T he requ ired compound 7.8 was sy nthesize d from co mmerc ially av ail able 0 -

ribose (Sc heme 7.3). Methyl 2 ,3,S -tri- O-ben zy l-D-ribofura noside (7.11) was pre pared in

two steps s tarting fro m n -ribose , as descr ibed by Barker and Fletch er. ls:; 1,4-Anh ydro-4-

thio-n-ribi tol (7.12) was pre pared from 7.11 in nin e steps as described by Naka et a/. 154

PMB pro tec tion of co m po und 7.12 a fforded the des ired co mpound 7.8 in 9 J % yield .
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Althou gh the sy nthes is of 7.8 was repo rted ear lier by Minakawa et al., IS5 we employed an

alternat ive rou te (Scheme 2.3) simil ar to that de scribed above for the preparation of 7.7,

where 2.21 was prep ared fro m O-lyxose (c ha pte r 2).

D-Ribose
2 steps

Ref. 153

o
Bno~OMe

Bnd 'b Bn

7.11

9 steps

Ref. 154

S

HO~
Hc/ "-;'OH

7.12

j
l\J aH / DMF /
PMBCI

91%

S

PMBOU

PMBd '-;'OPMB

7.8

Scheme 7.3 Synthesis of co mpound 7.8.

We next turn ed o ur atte ntio n to the co upling reac tion. Thus, compo und 7.13 was

prepared by a lky latio n of PMB-protected anhyd ro-I-thio- O-lyxitol 7.7 with the

ben zyl idene-p rotected L-cyclic sulfate 7.9 in J, I, I,3,3,3-hexafl uoro-2-p ropano l (HF IP)

co nta ining K2CO:; at 70 DC in 90% yield (Sc he me 7.4). The ch oice of HFIP as a so lve nt

was based on our previ ou s work where the yie ld of the cou pl ing re act ion was highest

whe n HF IP was used as solvc nt" Pot assium carbo nate was used to prevent the

hydrol ysis of the cyclic sulfate. f" The stereochemist ry at the sulfur cen ter was ass igned

with the aid of a NOESY ex perime nt which showed a co rre lation bet wee n H-4 and H-I' ,

suggest ing that the L-erythritol s ide chain and the C -4 substitue nt were trans to each

oth er. Deprotecti on of 7.13 pro ceeded smoothly in aqueous trifluor oa cet ic aci d (T FA) to

g ive the fina l co mpound 7.5 in 78% yield.
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7.7 + 7.9
HFIP

90 %

s' OSO;

PMBOJ=(

PMBO OPMB
7.13

aq. TFA

78%

OH

~= .; OH
' + '" -

~S/ OS03
HO _)-\.

HO OH
7.5

Scheme 7.4 Synthesis of the lyxitol analogue (7.5) of salacinol (l.40).

Compound 7.6 was obtained in a similar manner by coupling of 7.8 with the L-

cyclic sulfate 7.9 to produce the sulfonium salt 7.14 in 92% yield (Scheme 2.5).

Deprotection with aqueous TFA produced com pound 7.6 in 81% yield. Proof of

stereochemistry at the stereogenic sulfur atom was established as befor e with a NOESY

experi ment.

7.8 + 7.9
HFIP

Ph

O~O
.i..
'+ .z; -

~S'7 0803
PMBO ~

PMBCf" -;"OPMB

7.14

aq. TFA

81%

OH

~= .; OH
'+ '" -

~8'7 0803
HO ~

HCf' '-;"OH

7,6

Scheme 7.5 Syn thesis of the ribitol analogue (7.6) of sa lacinol (1.40).
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7.2.2 Inhi bitory Activities

7.2.2.1 Goigi a-Mannosidase II

Compounds 7.5 and 7.6 were screened against dGMII and were found not to be

effective inhibitors. Presumably, what will be required is presentation of syn hydroxyl

groups at C-I and C-2 (7.15), not C-2 and C-3 to allow proper orientation of the mol ecule

in the active site as shown in Figure 7.7 . However, the sulfonium salt 7.15 would be in

equilibrium with D-arabinopyranose derivative 7.16 (Scheme 7.6) . We anticipated that

the tautomerized form 7.16 would be the major isomer since it does not have any charge

separation and has a six-membered ring, whereas compound 7.15 has charge separation

and a five-membered ring. Accordingly, the synthesis of compound 7.15 was not

attempted.
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ASPA341

Figure 7.7 Superimposition of the X-ray crystal structures of swainsonine (1.1) and
salacinol (1.40) in the active site of GMII.

OH

l '~~OH
:+ OSO;

~t~OH
HO 5 ~,'!-;-;\U

Hd 3
2 OH

HO

OH

~= : OH
: OS03H

::9

7.15 7.16

Scheme 7.6 Tautomerization of compound 7.15 .
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7.2.2.2 Recombinant Human Maltase GJucoamylase (MGA)

As a final point of interest, we comment on the screening of the compounds

synthesized in this study against recombinant human maltase glucoamyJase (MGA), a

critical intestinal glucosidase involved in the processing of oligo saccharides of gluco se

into gluco se itself. Compounds 7.5 and 7.6 were not effective inhibitors of MGA (Figure

7.7) , whereas salacinol (1.40) inhibited this enzyme with a K, value of 0.19 !lM. 'o, It

would appear that the D-arabinitol configuration in the heterocyclic ring displayed by

salacinol (1.40) is critical for activity, and the design of new agent s for the treatment of

Type 2 diabetes should incorporate this feature .

OH

.i..= ~ OH
~ - - - - - - - - ~:T_ - - -PS03
:Ho~- l :
, ~,.,--"
: Hd OH: '
'- - - - - - - - - - - - - - - ' 4-thio-D-arabinitol

1.34 (100%)

OH

~- . OH
~ + .: -r-:": OS03

HO ~

HO OH

7.5 (8%) 7.6 (48%)

Figure 7.8 Structures of compounds 1.40, 7.5 and 7.6. Percentage in parentheses
indicates the degree of inhibition of MGAnt (active human recombinant MGA amino
terminal catalytic domain) dependent maltose hydrolysis in the presence of 200 u.M
of inhibitor, when measured with 1 mM malto se as substrate.l'"

7.3 Conclusions

We have successfully synthesized D-lyxitol (7.5) and D-ribitol (7.6) analogues of

the naturally occurring glycosidase inhibitor, sa lacinol (1.40). Screening of compounds

7.5 and 7.6 against dGMIl showed that they were not effective inhibitors of this enzyme.

Presumably, what is required is the presentation of syn hydroxyl groups at C-I and C-2 ,

not C-2 and C-3 to allow the proper orientation of the molecule in the active site in order
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to have T6 coord ina tion with the Zn ion . Co mpo unds 7.5 and 7.6 were also screened

ag ainst MGA and were found not to be effective inhibi tor s of thi s enzyme . Hence, the 0

ara binito l co nfigura tio n in the heterocycl ic ring of sa laci no f is importan t for e ffec tive

inhibiti on of MGA and the design of new agents s hould incorporate this feature.

7.4 Experimental Section

1,4-Anhydro-l-thio-D-lyxitol (7.10)

To co nde nsed NH ) (- 30 mL) at -78 "C was adde d lithium metal (4 small p ieces)

gradually . A so lutio n of 2.21 (0.70g, 1.7 mmol ) in Et20 (5 mL) was then added to the

mixture dropwise. T he mi xtu re was stirred at -78 °C to ambient temperature for 5 h. The

reac tion was qu ench ed with MeOH (5 mL) and co ncentra ted . Th e crude produc t was

purified by flash chro matography (CH2C1 2:MeOH , I: 10 to I :8) to give compound 7.10 as

a co lorles s o il (0 .2 15 g, 86 %): [a] D +3.96° (c 0 .2 1, C HC!J); IH NMR (C DC I)) 0 4.38

( IH, dd , Ji» =4. 3 Hz, 1),4 =6.7 Hz, H-3), 4 .26 ( IH , dd d, J 1a,2 =5.9 Hz, J 1b.2 =5.2 Hz , H

2) , 4.01 ( JH, dd, J 4 ,Sa = 2.6 Hz, JS a,Sb = 11.9 Hz , H-5 a), 3.69 ( JI-1 , dd, h Sb = 5.0 Hz, H

5b ), 3.56 ( I H, ddd , H-4), 3.04 ( l H, dd , J, a,l b = 11.5 Hz, H-Ia), 2 .89 ( IH, dd , H-Ib); 13C

NMR (CDCl 3) 0 76.62 (C -2), 74 .23 (C- 3), 60 .16 (C -5), 55.70 (C -4 ), 37 .43 (C- I). Anal.

Calcd for CSH 100 3S: C , 39. 98; H, 6.71 . Found : C , 39 .62 ; H, 6.65 .

1,4-Anhydro-2,3,5-tri-O-p-methoxybenzyl-l-thio-D-lyxit01 (7.7)

A so lutio n of 7.10 (0 .20 I g, 1.33 mm ol ) in DM F (20 mL) was adde d to a

sus pension of NaH (60 % in o il, 175 mg, 3.3 eq uiv.) in DMF (30 mL) at 0 "C und er N2.

Afte r stirring at 0 "C fo r 45 min , p -m ethoxyben zyl chlor ide (0 .68 7 g, 3.3 eq uiv .) was

adde d drop wise . Th e rea cti on mixtu re was stirre d at roo m temperature for 2 h and the n
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quenched with ice (20 mL ). Th e mixtu re was diluted with H20 (50 mL) and ex trac ted

with Et20 (3 x 100 mL). T he organic phase was dried over anhydrous Na2S04 and

concentrated. Th e crude product was pu rified by flash chro matography (hexanes :EtOAc,

8: I to 5: I) to give compound 7.7 as a co lorless o il (0.640 g, 94 %): fa.]o - 2.08° (c 0.25 ,

CH C!]); I H NMR (CDC!]) () 7 .28-7 .19 (6 H, m, Ar ), 6.90 -6 .79 (6 H, m, Ar), 4 .76 and 4.59

(2H, 2d, J a,b = I 1.4 Hz, CH2Ar), 4.48 (2H, s, CH2Ar), 4.43 and 4.42 (2H, 2d, J a,b = 11 .4

Hz CH2Ar), 4./ 4 ( I H, dd , Ji .s = 3. 1 Hz, h4 =4.0, H-3), 3.9 8 ( I H, ddd , J 1a.2 = 9.2 Hz,

J 1b.2 = 6. 1 Hz, H-2), 3.82 ( IH, dd , h5a = 7.2 Hz, lsa ,5b = 8.7 Hz, I-I -5a), 3.8 1 (3 H, s,

CH10Ar), 3.80 (3H, s, CH30Ar), 3.79 (3H, s, CH 30Ar), 3.53 ( I H, ddd , J4 ,5b = 6.6 Hz H

4), 3.4 7 ( I H, dd, H-5b ), 3.0 I ( I H, dd , J1 a,l b = 9.3 Hz, H-I a), 2.86 ( I H, dd, H-I b); 11C

NMR (CDC!]) s 159.45 , 159.42, 159. 32, (3Cipso) , 131.01 -11 3.84 ( 15C, Ar), 83.41 (C-2),

78.38 (C-3), 73 .34 , 73 .20, 72.03 (3CH2Ar), 70 .08 (C-5), 55.52, 55.49, 55 .47 (3CH30Ar),

45.98 (C-4), 30.59 (C- I); MALOI-TO F MS : m/; 511.28 (M+ + H), 53 3.26 (M+ + Na),

549.2 1 (M+ + K ). Anal. Ca lcd for C29H3406S: C, 68.2 1; H, 6.7 1. Found : C, 67.90; H,

7.09 .

1,4-Anhydro-2,3,5-tri-O-p-methoxybenzyl-1-thio-D-ribitoI (7.8)

A so lutio n of 7.12 (0 .5 10 g, 3.4 mmol ) in OMF (30 ml.) was add ed to a

suspension of NaH (60 % in oil , 0.449 g, 3.3 equ iv.) in OMF (50 ml.) at 0 °C und er N2.

Aft er stirri ng at 0 °C for 45 min , p-methoxyb en zyl bromide ( 1.74 g, 3.3 eq uiv.) was

add ed dropwise. Th e reaction mixture was stirred at roo m temperature for 2 h and then

quenched with ice (20 mL ). Th e mixture was diluted wi th H20 ( 100 mL ) and ex trac ted

with Et20 (3 x 100 mL ). Th e org anic phase was dr ied over anhydro us Na2S0 4 and

concen trated. Th e crude product was pur ified by flash chro ma tog rap hy (hex anes:EtOAc,
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8:1 to 5:1) to give co mpound 7.8 as a white solid (1.58 g, 9\ %). See Ref. 155 for

experime nta l data.

1,4-Anhydro-2,3,S-tri-O-p-methoxybenzyl-l-[[(2S,3S)-2,4-O-benzylidene-3

(sulfooxy)butyl]-(S)-episulfoniumylidene]-D-Iyxitol Inner Salt (7.13)

To a mixture o f 7.7 (90 mg, 0.176 mmol ) and the t-cycli c sulfate 7.9 (57 mg, 1.2

equiv .) in HFIP (0 .5 mL) was added K2CO) (5 mg). The mixture wa s stirred in a sealed

tub e at 70 °C for 16 h. The reacti on mixture was concentrated and the crude product was

purifi ed by flash chrom atography (CH2C1 2:MeOH, 1:0 to 15: I) to giv e co mpound 7.13 as

an amorphous solid ( 124 mg, 90% ): [aJD -11.58° (c 0 .53, CHCI); IH NMR (COCl ) 0

7.46-6.84 ( 17H, m, Ar), 5.36 ( IH, s, CH2Ph ), 4. 85 ( IH, ddd , J 1a•2 = 6.1 Hz, J 1b.2 = 8.6 Hz,

h ) = 2.5 Hz , H-2), 4 .70 and 4.45 (2H, 2d, Ja ,b = 11 .0 Hz, CH 2A r), 4.60 (2H, s, CH2Ar),

4.57 ( JH, dd , Jvs« = 5.5 Hz, J4a'4b' = [ 1.0 Hz , HA a' ), 4 .53 ( IH, dd, Js,« = 3.9 Hz , H-3),

4.44 (l H, m, H-3') , 4 .33 (I H, m, H-4) , 4 .30 and 4.26 (2H , 2d, Ja ,b = I 1.7 Hz, CH2Ar),

4.26-4.2 1 (2 H, m, H-2 ' , H-Ia ' ), 4 .19 ( IH, dd , J1 a' l b' = 13.6 Hz , H-Ib ' ), 3 .9 1 ( IH, dd ,

J la, lb = 12.9 Hz, H-l a), 3.8 J ( 11-1, dd , h5a = 4.6 Hz , h a,5b = 9.8 Hz, H-5a), 3.80 (3H, s,

CH) OA r), 3.79 (3H, s, CH)OA r), 3.76 (3H , s, CH)OAr), 3.74 ( IH, dd , J n b' = 3.9 Hz , H

4 b'), 3.7 1 ( IH, dd , J4•5b = 4.6 Hz, H-5b ), 3.54 ( IH, dd , H-Ib); I)C NMR (C OCl) 0

159.86,159.81,159.77 (3Cpso, PMB), 137.04 ( IC pso, Ph), 130.3 2-113.98 (20C, Ar),

101.50 ( IC , CH2Ph), 8 1.5 1 (C-2) , 78.33 (C-3) , 76.01 (C- 2'), 74 .24 , 73 .38 and 73 .29

(3 CH2Ar), 69.54 (CA'), 67 .72 (C-3' ), 65.41 (C- 5), 62.55 (C-4), 54.15 -53.29 (3C,

CH)OAr), 47 .63 (C- I') , 41 .40 (C- I) ; MALDI-T OF MS : m/; 78 3.45 (M+ + H), 805.21

(M+ + Na), 82 1.84 (M+ + K). Anal. Ca lcd for C4oH46012S2: C, 61.3 6; H, 5.92 . Found: C,

6 1.6 1; H, 6.04.
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1,4-Anhydro-2,3,5- tri-O-p- methoxybenzyl-1-[[(25 ,35)-2,4-0-benzylidene-3

(sulfooxy)butyl]-(R)-epi sulfoniumylidene]-D-ribito l Inner Salt (7.14)

To a so lution of 1,4-anhydro-2,3,5- tr i-O-p- me thoxybenzy l-4- thio-D-ribito l (7.8)

(300 mg, 588 mm ol ) and the L-cycli c sul fate 7.9 ( 192mg, 1.2 equi v.) in HFIP (1.5 mL)

wa s added K2C0 3 (20 mg) . T he mixture wa s stirred in a sea led tub e at 70 DC for 16 h. T he

react ion mixture was co ncen tra ted and the crude produ ct was puri fied by flas h

ch romato graph y (C H2Cl 2:MeOH , 1:0 to 20 : I) to give compound 7.14 as a white foa m

(425 mg, 92 %) : [a]o +64.2° (c 0 .26 , CHC h ); I H NM R (C OCl 3) 07 .42-6.84 (17H , m,

Ar ), 5.53 ( IH, s, CH2P h), 4 .66 and 4 .54 (2H , 2d, l a,b = I 1.3 Hz, CH2A r), 4 .53 ( IH, ddd ,

I n ' =Jvs« =9.8 Hz, 1]',4b' =5.3 Hz, H-3' ), 4.48 (I H, dd , l 4a'4b' = 10.8 Hz, H-4a ' ), 4 .45

(IH , d, l la·.lb· = 13.9 Hz, H-Ia'), 4.8 5 (l H, dd, Jv «: =h ,3 =2.6 Hz , H-2 ), 4 .44 and 4.27

(2H, 2d, l a,b = 11.2 Hz , CH2Ar), 4 .34 and 4 . 19 (2 H, 2d, l a,b = I 1.9 Hz, CH2Ar) , 4.23

( IH, dd, l lb' ,2b'= 2.9 Hz, H-2 ' ), 4 . 15 ( IH, dd, J,,4 = 9.5 Hz, H-3), 4 .0 1 ( l H, dd , H-I b' ),

3.82 (31-1, s, CH30 Ar), 3. 81 (3H, 5, CH30Ar), 3. 80 (3 H, s, CH30Ar) , 3.76 (1H, dd, H

4b ' ), 3.68 ( IH, dd d, l 4,5a = l 4,5h = 2.0 Hz, H-4 ), 3 .58 (2H, br 5, H-I a, H-I b), 3.34 ( IH, dd,

h a,5b = 10 .9 Hz, H-5a), 3.29 ( 1H, dd, H-5b) ; 13C NMR (COCl]) 0 160 .08, /60.05 , 159.95

(3Cipso, PM 13 ), 136.82 ( IC ipso , Ph ), 136.82-1 14.09 (20C, Ar), 101.44 ( IC , CH 2P h), 8 1.66

(C-3), 76. 64 (C-2') , 76.34 (C- 2), 73 .64 , 73 . 10, 72 .5 1 (3 CH 2Ar), 69 .16 (C- 4 ' ), 65.68 (C

3 '), 64 .09 (C-4), 62 . 17 (C- 5), 55.50-55.46 (3CH30Ar), 5 1.34 (C- I '), 43 .68 (C- I) .

MA LOI-TOF MS : m/; 783.31 (M+ + H), 805 .34 (M+ + Na), 821.87 (M+ + K). Ana l.

Calcd for C4oH4601 2S2: C, 6 1.36 ; H, 5.92 . Fo und : C , 61 .19; H, 5.98.
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1,4-Anhydro-1-[[(2S ,3S) -2,4-d ihyd ro xy-3-(sulfooxy)bu tyl]-(S) -ep isu lfoniumylid 

ene ]-D-Iyxitol Inner Salt (7.5)

To a stirred so lution of 7.13 ( 120 mg. 0.1 53 mmol) in TFA ( 10 mL) was added

H20 ( I mL) and the reaction mixture was stirre d at ambient temperature for 2 h. The

reac tion mixture was co nce ntrated and the crude produ ct was purified by fla sh

chro ma tography (CH2C12:MeOH, 3: I to EtOAc:MeOH:H20, 6:3: I) to give compound 7.5

as an amorphous so lid (30 mg, 78 %): [aJD +8.23° (c 0.2 1, 0 20); IH NM R (020 ) 84.85

( 1H, ddd , J s«: = 6.8 Hz, J w;: = 9.6 Hz, Ji .: = 3.0 Hz, H-2), 4.6 1 ( IH, dd , h ,4 = 3.2 Hz , H

3), 4.3 8 (I H, ddd, I n ' = 7.4 Hz, Jvs« = 2.9 Hz, h4b' = 9.6 Hz, H-3' ), 4.34-4.26 (2H, m,

H-2 ' , H-4), 4 .18 ( IE, dd, l 4.5a = 5. 1 Hz, l 5a,Sb = 12.3 Hz, H-5a), 4.02 ( IH, dd , h.Sb = 9.4

Hz, H-5b ), 3.94 (I H, dd , l la' . lb' = 12.6 Hz, J v«» = 3.3 Hz, H-l a ' ), 3.84 (I H, dd, l lb·.2· =

3.5 Hz, H-I b'), 3.83 ( IH, dd , l 4a'4b' = 13.6 Hz, H-4a') , 3.73 (I H, dd , l' a,lb = 13.3 Hz , H

la), 3.72 ( IH, dd , H-4b ' ),3.62 ( IH, dd , H-1b ); 13C NMR (D20) 882.9 1 (C-3'), 76.08 (C 

2) , 75 .34 (C -3), 68 .79 (C-4 ), 68 .0 1 (C-2') , 62.06 (C - I ' ), 60 .32 (C -5), 50 .9 1 (C-4 ' ), 43.84

(C- I); MALOI-TO F M5: m/; 335.04 (M+ + H), 357. 11 (M+ + Na). Anal. Calcd for

C9H18095 2: C, 32 .33; H, 5.43 . Found: C, 32 .02; H, 5.45 .

1A-Anhydro-1- [[(2S,3S)-2,4-dihyd roxy-3-(su Ifooxy)bu ty I]-(R )-episulfoniumylid·

en e]-D-ribitol Inner Salt (7.6)

To a stirred so lution of 7.14 (202 mg, 0 .258 mmo l) in TFA (20 mL ) was added

H20 (2 mL) and the reaction mix ture was st irre d at ambien t temperature for 2 h. The

reac tio n mixtu re was co nce ntrated and the crude produ ct was puri fied by flash

chromatography (C H2C1 2:MeOH, 3: 1 to EtO Ac:MeOH:H20 , 6:3: I) to give compou nd 7.6

as an amorphou s 7.6 (69 mg, 81 %): [aJD +40. 9° (c 0.31,020 ); IH NMR (0 20) 84.57
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( I H, ddd, J 1a,2 = Ji» = 3.3 Hz, J 1h.2=2.0 Hz, H-2), 4.28 ( I H, ddd, J 1a' ,2' =h ',:r = 3.6 Hz,

J 1b',2' =7.1 Hz , H-2' ), 4.26 ( IH, dd, h.4 = 8.4 Hz, H-3), 4.22 ( I H, ddd, h~ ' = h',4b' =3.3

Hz, J n a' = 7.5 Hz, H-3' ), 4.06 (I H, dd, h 5a = 3.2 Hz, J 5a,5b = 12.4 Hz, H-5a), 4.03 ( I H,

dd, J 1a' , lb' = 13.2 Hz, H-I a' ), 3.93 (IH, ddd, J4,5b =5.4 Hz, H-4 ), 3.84 ( I H, dd, H-5b),

3.83 ( I H, dd, J 4a·4b, = 12.9 Hz, H-4a' ), 3.80 ( I H, dd, H-I b), 3.72 ( JH, dd, H-4b '), 3.65

(IH, dd, u. ; = 14.5 Hz, H-I a), 3.40 ( I H, dd, H-I b); I~C NMR (D20) 879.80 (C-3' ),

75.1 9 (C-3) , 73.33 (C-2), 65.4 1 (C-2') , 65. 13 (C-4), 59.74 (C-4'), 57.35 (C-5), 5 1.06 (C

1'),44.3 (C- I ); MALDI-TOF MS: m/; 335.07 (M+ + H), 357.01 (M + + Na). Anal. Calcd

for C9H1 S09S2: C, 32.33; H, 5.43. Found: C, 32. 12; H, 5.67.
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CHAPTER 8:
SYNTHESIS OF NOVEL ANALOGUES OF THE

GLYCOSIDASE INHIBITOR SALACINOL CONTAINING A
PHOSPHATE MOIETY

l SI



8.1 Introduction

The replacement of the carboxylic acid functional group in biologically important

molecules by phosphoric acid continues to attrac t much interest in bioorganic and

medicinal che mis try .l'" Much of the progress in this field has been associated with the

phosphoru s analogues of amino acids. The tetrahedral configurat ion, owing to the

presence of the phosphorus atom, allows these compounds to serve as stable analogues of

the unstable tetrahedral intermedi ates formed in enzy matic processes. Many of these

compound s act as enzyme inhibi tors. Others are very interesting because they unravel

the obscure functions of biologica lly active compounds in living orga nisms. For

exa mple, N-(phosp honoace tyl)-L-aspa rtate (8.1) and O-phosphate serine (8.2) were

shown to be inhibitors of the carbonic anhydrase enzyme (Figure 8.1) .157 The

involvement of carn itine (8.3) and 'Y-am ino-~ -h yd ro x ybutyri c acid (8.4) in the biology of

mam malian cells and some important aspec ts of medicinal treatment has led to the

developm ent of their pharmacolo gically potent phosphate analogues (8.5, 8.6).1 58 The

purinetrione bearing an alkyl phosphate (8.7) was tested and found to be an inhibitor of

I . h 159urnazm e synt ase.' :

The structural modifi cation of known inhib itors represents a promising approach

In the searc h for new glycos idase inhibitors . It would be of interest to synthesize

phosphate derivatives of know n glycos idase inhibitors conta ining other internal anions

such as sulfates and carboxylates and study their inhibitory activities. Hence, we

des igned the phosphate ana logues (8.8 - 8.10 ) of sa lacinol (1.40) as potential glycosidase

inhibitors. These co mpounds will also serve to test the significance of a sulfate and

hydroxyl groups on inhibitory activ ities of glycosidases.
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Figure 8.1 Structures of compounds 8.1 - 8.10 ,1.40.
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8.2 Results and Discussion

Compounds 8.8 - 8.10 could be synthesized by alkylating the anhydro-alditol

derivatives at the ring heteroatom. The alkylation of a protected 1,4-anhydro-4-thio-D-

arabinitol with the cyclic phosphate derived from L-erythritol, would afford compound

8.8 (Scheme 8.1). The reaction is patterned after our earlier synth eses of salacinol (1.40)

and its analogues by opening of cyclic sulfates.

OH

~- - OH
-+ - -

/"-{8; OP03H

HO "'~
Hd OH

8.8 R = Protect ing group L-Cycfic Phosphate

Scheme 8.1 Retrosynthetic analysis of compound 8.8.

In order to check the general reactivity of cyclic phosphates, the cyclic phosphates

(8.11, 8.12) derived from n-erythritol, were prep ared from less expensive D-glucose

(Scheme 8.2) . The D-cyclic phosphates (8.11, 8.12) were synthesized using a similar

protocol as for the synthesis of the D-cyclic sulfate in our laboratory. i" The diol (8.13)

was prepared in three steps from D-glucose. Subsequent treatment of the diol (8.13) with

either p-nitrophenyl phosphorodichloridate or phenyl dichlorophosphate gave the D-

cyclic phosphates 8.11 and 8.12, respectively.
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Ph
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pTsOH
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HO~OH

OH
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I I 0- 'C=OH

02N--O~/PtPI 30% (3 steps)

8.13
Pyr.

61% (mixture of diasteriomers)

8.11

50% (mixture of diasteriomers)

8.12

Scheme 8.2 Synthesis of the D-cyclic phosphates 8.11 and 8.12.

Attempts were made to couple I,4-anhydro-2,3,S -tri-O-benzyl- J -thio-u-arabinitol

(2.3) with the two different D-cyclic phosphates (8.11 , 8.12) . Unfortunately, the reactions

did not proceed as planned. Various conditions were tried but none of them gave any

promising result (Table 8.1). Hence, it appe ars that the opening of the cycli c phosphates

with a thioether is not as facile as compared to their sulfate counterparts ; thus, the

syntheses using cyclic phosphates were abandoned.
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Table 8.1 Attempts at coupling 2.3 or tetrahydrothiophene with the D-cyclic phosphates
(8.11, 8.12).

Reactant 1 Reactant 2 Reaction Conditions Result

2.3 8.12 HFIP / K2C03, 2 days, 75 °C Reaction did

2.3 8.12 Acetone, 2 days , 75 °C not proceed

(startingTetrah ydroth iophene 8.12 HFIP / K2C03, 4 days, 80°C

materials
Tetrah ydroth iophene 8.12 K2C03, 5 days , 80°C

were
2.3 8.11 HFIP / K2C03, 4 days, 85°C

recovered).
2.3 8.11 DMSO-CH3CN (2:3)

K2C03, 5 days, 100 °C
2.3 8.11 CH3CN / K2C03, 7 days, J 05 °C

Tetrahydrothiophene 8.11 HFrP / K2C03, 4 days, 80°C

Tetrahydrothiophene 8.11 DMF, 3 days, 98 °C

We focused, therefore, on the synth esis of simple prototype compounds (8.9,

8.10) related to salacinol (1.40 ) but containing a phosphate anion. Compounds 8.9 and

8.10 were synthesized by the Mitsunobu reaction of N- and S-hydroxyalkyl derivatives of

heteroalditol s with dibenzyl phosphate, followed by catalytic hydrogenol ysis. N-(2-

hydroxyethyl )-2,3,5-tri-O-benzyl -l ,4-dideoxy-1 ,4-imino-D-arabinitol (8.14) was

synthesized in 83% yield from the reaction of the dimesylate (2.4) with ethanolamine

following a literature proceduref" for the synth esis of N-allyl-imino-D-arabinitol

(Scheme 8.3). Treatment of compound 8.14 with dibenzyl phosphate under Mitsunobu

reaction conditions furnished the corresponding 2'-phosphorylated derivative of N-(2-

hydroxyethyl )-I ,4-dideoxy-1 ,4-imino-D-arabinitol (8.15) in 76% yield.
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hydrogenolysis of 8.15 using 10% Pd on carbon afforded the desired product (8.9) as a

white solid in 79% yield .

/ I" '"QOMSOMs
BnO

-,
BnO OBn

2.4

CH 3CN, reflux

83%

r OH

N

Bno~
BnO OBn

8.14

(BnObP(O)OH

THF,O "C - rt
76%

o
I I

/"'-0/ ~'OH
~ OH

HO~
HO OH

10% Pd/C, H2..
MeOH, 80 psi

79 %

o
II

rO/~'OBn
N OBn

Bno~
BnO OBn

8.9 8.15

Scheme 8.3 Synthesis of compound 8.9.

Initially, we anticipated that the sulfonium salt 8.17 could be synthesized directly

by coupling compound 2.3 and 3-bromopropyldibenzyl phosphate (8.18) , After

numerous attempts under a variety of reaction conditions we failed to synthesize

compound 8.17 directly since the nucleophili c sulfur atom attack ed the benzyl group on

the phosph ate moiety to furnish the salt , 1,4-anhydro-2,3,5-tri-O-benzyl-I- [benzyl-

episulfoniumylidene]-D-arabinitol triflate (8.19), as shown in Scheme 8.4.
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BnO OBn
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p
+ -

/'-(Sj OTf

BnO".~
Bnd OBn

8.19

Scheme 8.4 Attempted synthes is of compound 8.17.

The desired sulfonium salt 8.10 was synthes ized from compound 2.3 as shown in

Scheme 8.5 . Reaction of 2.3 with 3-bromo-l-propanol in I, J, I ,3 ,3,3-hexa fluo ro -

isopropanol (HFIP), followed by treatment of the reaction mixture with silver triflate

afforded compound 8.16 in 60% yie ld . Preparation of the phosphate 8.17 from 8.16 was

critical from a s ynthetic point of view as the mode of addition of reactants was found to

be a determining factor for the efficient synthes is of 8.17. Initially, a mixture of

triphenylphosphine, compound 8.16 and dibenzyl phosphate in anhydrous THF at 0 °C

was s tirred for 5-10 min, and then diisopropylazodicarboxylate (DIAD) was added

dropwi se , in accordance with the literature procedure. 161 However, the desired product

was not obtained . We sus pected that triphenylphosphine mu st have reacted with the
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sulfonium salt. A second set of conditions that involved initial stirring of

triphenylphosphine and DIAD in dry THF for 10 min followed by the gradual addition of

dibenzyl phosphate, then compound 8.16, resulted in the consumption of 50% of the

substrate. Finally, stirring triphenylphosphine and DIAD in dry THF at 0 °C for a short

time (2-3 min), followed by the immediate addition of dibenzyl phosphate, followed , in

tum, by the addition of a solution of 8.16 in anhydrous THF dropwise at 0 °C, and with

subsequent stirring at room temperature for 6 h furnished the desired product 8.17 in 81 %

yield . Debenzylation was carried out by hydrogenol ysis using 10% Pd on carbon to

obtain the thioalditol phosphate (8.10) as a viscous oil in 65% yield. The stereochemistry

at the sulfonium center was assigned with the aid of a NOESY experiment which showed

a correlation between H-4 and H-I " suggesting that the side chain and the C-4 substituent

were trans to each other.

S

Bnok

BnO OBn

2.3

i. Br(CH2bOH
HFIP

ii. AgOTf , CH 2CI2,
60 %

~OH
e =

TfO 80

Bnok

BnO OBn

8.16

Ph3P/OIAD
(BnO)2P(0)OH

THF, a "C - rt,

81%

OH
o ~~O'l·,OH

TfO : '+' II
S"V 0

HO~
H0 OH

..
10 % Pd/C
H2 , 80 psi

MeOH
65%

OBn
~O, I/OBn

e - P
TfO 70 II

S 0

Bnok

BnO OBn

8.10 8.17

Scheme 8.5 Synthesis of comp ound 8.10.
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8.3 Conclusions

We have successfully synthesized the polyhydroxy lated imino- (8.9) and thio

alditol (8.10) analogues of the naturally occurr ing glycos idase inhibitor, salacinol ,

conta ining a phosphate group in the side chain. These compounds were screened against

MGA and were found not to be effective inhib itors of this enzyme, whereas salacinol

(1.40) inhibited this enzy me with a K, value of 0.1 9 I1M. I 0 1 Hence, it appears that

hydroxyl and/o r sulfate substituents present on the side chain are cr itical for activity, and

the synthesis of the exac t phosphate analogue (8.8) of salacinol (1.40) will be required in

order to provi de a definite answer to question.

8.4 Experimental Section

p-Nitrophenyl-2,4-0-benzyJidene-D-erythritol-l,3-cyclic phosphate (8.11)

A solution of the diol (8.13) (1.0 g, 4.8 mmol) and Er-N (2.5 mL, 4 equiv.) in dry

CH2C1 2 ( 15 mL) was added dropwise to a solution of p-nitrophenyl

phosphorodichlor idate (1.3 g, 1.1 equiv.) in dry CH2C1 2 ( 15 mL) at 0 DC under N2. The

mixture was stirred at 0 DC for 90 min and then diluted with CH2Cb (20 mL). The

mix ture was was hed with H20 (3 x 10 mL), dr ied over anhydro us Na2S04, and

concen trated . The product was purified by flas h chromatography (CH2CI2:MeOH, 30: I +

0. 1 % Er-N) to give 8.11 as a mixture of diastereomers . Most of the more pola r isomer

8.lla was selectively recrystallized from hexanes and EtO Ac giving faint pink crystal s

(0.63 g, 34 %) . The filtrate was recrystallized using hexanes and EtOAc to afford a

mixture of 8.11a and 8.11b as a white solid (0 .5 1g, 27 %).
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Compound 8.lla: [a]D +60.0 (c 0 .5, CHC],) ; IH NMR (CDC],) 0 8.30- 8.26 (2H, m,

N02-Armeta), 7 .35-7 .48 (7H, m, Ar), 5 .64 (IH, s, CHP h), 4 .58 ( IH, ddd, J 1eq,2 = 5.0Hz,

Jl ax,leq = ]0.3 Hz, Jl eq,p = 23.7 Hz, H-I eq), 4.52 ( IH, dddd, h,p = 0.9 Hz, h,4eq = 5.1 Hz,

h ,4ax =Ji» = 9.2 Hz, H-3), 4.45 ( I H, dd , J4ax.4eq = ] 0.7 Hz, H-4eq ), 4 .43 ( I H, ddd , J1ax,p =

1.0 Hz , J lax,2 = 10.7 Hz H-I ax), 4. 21 ( IH, ddel, H- 2), 3.56 ( JH, dd , H-4ax ); 13C NMR

(C OCl l ) 8 135.71-1 20 .10 (12C, Ar), 102.35 (CHPh), 72.68 (d, IC, h ,p = 6.3 Hz, C-2) ,

72.46 (d, IC, Js» = 6.9 Hz, C-3), 69 ,80 (d , IC, iI, r = 8.7 Hz, C- l), 68.40 (d, IC, J4 ,P =

12.2 Hz , C-4). Ana l. Calcd for C I7H 16NOSP: C, 5 1.92; H, 4 .10. Found : C, 51.84; H, 4 .30.

Compo und 8.11b: ' H NMR (CDC h) 0 8.29-8.26 (2 H, m, N02-Armela), 7.46-7.36 (7 I-I , m,

Ar), 5 .60( IH , S, CHPh), 4. 65 ( IH, dddd , Js» = 0.9 Hz, h,4eq = 5.1 Hz, h ,4ax = Ji .: = 10.1

Hz, H-3), 4,57-4 .47 (2 H, m, H-I ax, H-Ieq), 4. 5 1 ( I H, dd, J4ax,4eq = 9.9 Hz, H-4eq), 4 ,20

( IH, ddd, J 1ax,2 =9.7 Hz , J 1eq,2 = 2.1 Hz H-2) , 3.86 ( IH, del, H-4ax); I1C NMR (COCl l ) 0

129 .71 -120 .10 ( 12C, Ar), 102.22 (CH Ph) , 72.65 (d, IC, Ji » = 7.9 Hz, C-2), 70.51 (d, IC,

h,r =4.8 Hz, C-3), 69 .34 (d, IC, iI,r =7.7 Hz, C- I), 68 .59 (d , 1C, hp = 11.8 Hz , C-4) .

For the mixture of diastereomers: An al. Calcd for C i7 H I6NOsP: C, 5 1.92 ; H, 4.10. Found:

C, 5 1.85; H, 4 .25 .

Phenyl-2,4-0-benzylidene-D-erythritol-l,3-cyclic phosphate (8.12)

Phenyl d ichl orophosphate (0.4 mL, 2.7 mm ol ) was adde d to a s tirred so lution of

the diol 8.13 (0 .5 g, 2.4 mmol ) in pyridine (5 mL). The mixture was stirre d at ambient

tem per ature for 18 h. The reacti on was quenched with H20 (1 .5 mL) and the so lvent was

re moved und er high vacuum. T he product was purifi ed by flash chro ma tograp hy

(Hexanes: EtOAc, 2: I) to gi ve 8.12 as a mi xture of d iastereorn ers (0 .4 g, 50 %).
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Compound 8.12a: IH NMR (CDC h) 87.55-7.20 (I OH, m, Ph), 5.65 ( IH, s, CHPh), 4.58-

4.42 (3H, m, H-leq, H-3, H-4eq ), 4.43 (IH, dd, J is«: = J 1ax,Ieq = 10.4 Hz , H-fax), 4 .17

(I H, ddd, J 1eq,2 = 5.1 Hz, Ji .s = 9.8 Hz, H-2), 3.93 (I H, dd, J4ax,4eq = h ,4ax = 10.4 Hz, H-

11 s:4ax); ' C NMR (CDCh) u 135.98-128.75 ( 12C , Ph), 102.28 (CHPh), 72.90 (d, IC, J: » =

7.2 Hz , C-2), 72.15 (d , IC , JJ,P =6.4 Hz, C-3), 69. 38 (d, IC , hr =8.8 Hz , C-I ), 68 .58 (d,

IC , hr = 12.1 Hz, C-4).

Compound 8.12b: IH NMR (CDC h) 87.55-7.20 ( IOH, m, Ph), 5.60(IH, s, CHPh), 4 .60

( IH, dddd, Js» = 0.9 Hz, h,4eq = 5.1Hz, h,4ax =h 1= 9.7 Hz, H-3 ) 4 .58-4.47 (3H, m, H-

Iax , H-I eq, H-4eq) , 4 .08 (I H, ddd, J 1eq,2 = 6.1 Hz, J 1ax,2 = 9.8 Hz , H-2), 3 .80 (I H, dd ,

J4aX,4eq = 10.5 Hz, H-4ax ); 13C NMR (CDCl 3) 8 130.01-128.75 (12C, Ph), 102.14 (CHPh),

73.03 (d , IC, Ji » =6.4 Hz, C- 2), 70.01 (d , IC, J 3,P =5.6 Hz , C-3 ), 68 .92 (d, IC, hp =7.2

Hz, C-I ), 68.70 (d , 1C , h p= 11.3 Hz, C-4).

For the mixture of diastereomers: Anal. Ca1cd for CI7H,706P: C, 58.63; H, 4 .92. Found:

C, 58. 31 ; H, 5.0 I.

N-(2-hyd roxyethyl)-2,3,S-tri-O-benzyl-l,4-d ideoxy-l,4-imino-D-arabinitol (8.14)

Ethanol amine (2 .1 mL, 34 .6 mmol) was added to a sti rred solution of the

dimesyl ate 2.4 (2.0 g, 3.5 mmol ) in acetonitrile (15 mL) and the mixture was heated to

reflux for 20 h under N2. Th e reaction mixtu re was co ncentrated in vacuum and the

residue was dissolved in EtOAc (30 ml. ) and washed with water (3 x 15 mL) . The

organic layer was dried over anhydro us Na2S04 and co ncentra ted . Purificati on by

co lumn chro matography (EtOAc :Hexanes, 7:3 ) gave compo und 8.14 as a co lorless o il

( 1.28 g 83 %). [ex] g + 1.00 (c = 1.1, MeOH); 'H-NMR (CDCl J ) : 87 .31 (ISH, m, 3 x Ph),
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4.50 (6H , ddd, 1 = 12.0Hz, 3 x CH2Ph), 3 .99 (IH, dd, Ji .: = 1.6Hz, hi =3.7Hz, H-2),

3.89 (I H, bd , 1],4 = 2.5 Hz , H-3) , 3.65-3.52 (2 x 2H, m, H-2' and 5-H ), 3.28 (l H, bd, 11,2

= 3.59Hz, H-I a), 3.10-3.06 (I H, m, H-I 'a), 2 .91 (I H, bd, 14,5 = 3.6Hz, H-4), 2.69 ( I H, dd,

11,2 = 503Hz , 11a, Ib = 10.6Hz, H-I b), 2.61 (I H, d, h a,l'h = 12.6Hz, H-I 'b); I]C-NMR

(CDCI ]): 8 138.39, 138.32, 138 .25 (3 x Cip,o), 128.6-127.8 (15C, 3 x 5, Ph), 85 .2 (C-3),

82.0 (C-2), 71.68, 71.39, 71.04 (3 x CH2Ph), 69.3 (C -4 ), 60 .0 (C-2' ), 57.5 (C-I ), 57.3 (C

I'). MALDI-TOF-MS: m/; 448.04 (M+ + H). Anal. Calcd for C28H]3N04 : C, 75 .14; H,

7.43; N, 3.13. Found: C, 75.44; H, 7. J0; N, 3.40.

N -(2- Di benzylphosphorylethy1)-2,3,5-tri-0-benzy1-1,4-dideoxy-1,4-imino-0

arabinitol (8.15)

To a well-stirred mixture of triphenylphosphine (0.9 g, 3.4 mmol), and

dii sopropyl azodicarboxylate (DIAD) (0.65 mL, 3.4 mmol ) in anh ydrous THF (5 mL) at

o DC, dibenzyl phosphate (0.94 g, 3.4 mmol) was added. After stirr ing the reactio n

mixture for 5 min at 0 DC, a so lution of N-h ydrox yethyl -2 ,3,5-tri -O-benzyl-1 ,4-dideoxy

I,4-imino-D-arabinitol (8.14) (1 .0 g, 2.2 mmol) in THF (5 mL) was added dropwi se at 0

DC und er N2, and the reaction mixture was stirred for 3 h at room temperature. After

compl eti on of the reaction, THF was removed in vacuum and the residue was purified by

column c hromatog raphy (EtOAc:Hexanes, 4 :6) to giv e compound 8.15 as a col orless oil

( 1.2 g, 76%). [a] ~ + 26.0 D (c = 1.0, MeOH); I H-NM R (C DC!]) : 87.25-7 . [7 (25H, m, 5

x Ph ), 5 .07-4.92 (rn, 4H, 2 x POCH2Ph), 4.42-4.29 (6H, m, 3 x OCH2Ph), 4 .10-3.96

(2H , m, H-2'), 3.8 2 ( I H, d. Ji .: = 5.0Hz, H-2 ), 3.73 ( 11-1 , d, 1],4 = 3.7Hz, H-3), 3.42 (2 H,

ddd, 1,'1 ,4= 6.0Hz, 15a, Sb = 9.7Hz, H-5), 3.16 ( IH, d, 11a,Ih = 10.5Hz, H-I a), 3.07 (I H, td,

J v.r = 6.3Hz, h a,l'h = 12.9Hz, H-I 'a), 2 .72 ( IH, dd , h s = 5.7Hz, H-4), 2 .57 (2H , m, H-I b,
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H-I 'b); 13C-NMR (COCl~ ) : s 138 .53, 138.36, 138.31, 136.22, 138.1 8 (5 x C;pso) 128.7

127 .7 (5 x Ph ), 85 .3 (C-3), 8 1.8 (C-2 ), 73.4-7 1.5 (CH 2Ph) 69.44 (d, Jc:r = 5.4Hz,

PO CH2Ph), 68 . 1 (d, 21c.p = 5.7Hz , C-2' ), 58 .0 (C- I), 54 .84 (d, ~lc. p = 6.6Hz, C- I ').

MALOI-TOF-MS: m/; 70 8.3 (M+ + H). Anal. Calcd for C42ftt6N0 7P: C, 71.27 ; H, 6.55;

N, 1.98. Fo und: C, 71 .09; H, 6.50; N, 1.92.

N -(2-Phosphorylethyl) -l ,4-dideoxy- l ,4-imino-D-arabinitol (8.9)

A so lution of compound 8.15 (1.2 g, 1.7 mmol) in meth anol (5 mL ) co ntai ning

10% pa lladium on carb on (0.5 g) was stirre d under 80 psi of hydrogen at room

tem perature for 10 h. T he mixture was dilu ted with 15% aqueo us me thanol, filt ered, and

the so lvent was rem oved in vac uum to give a white so lid. The co mpo und was purified

furth er by column chrom atography (H20:MeOH :H20, 10:3: I) to gi ve 8.9 as a wh ite so lid

(0.35 g, 79%). m.p . 178-1 80 -c. rajg + 2.10 (c = 1.1 , H20); I H-NMR (020 ): s 4.36

( IH, td, 1 2 ,~ = 2,OHz, h i = 4 .3Hz , H-2), 4 , 17 (2H, td, Jr. I ' = 4,8Hz, H-2'), 4 . 12 ( IH, t,

h,4 = 2,7 Hz , H-3), 3.99 (2H, dq , 15,4 = 6.1 Hz , lSa,Sb =12.6Hz, H-5), 3.82 ( IH, dd, It- ,2' =

4.6Hz, H-I 'a) , 3,78 ( 1H, dd, 1 1.2 = 5.0Hz, H-I a) 3.62 (l H, dd, J v 2 = 5.0 Hz, H-I b), 3.60

( IH, m, H-4), 3.5 1 (td, 1H, It-.2' = 4 .5Hz , Jv « . lb = 13.8H z, H-I 'b) ; 13C-NMR (020): ()

75.8 (C -3), 75,6 (C- 4), 73,8 (C -2), 60. 2 (d , 21c.2'. p = 4.7Hz, C-2'), 59 .4 (C- I), 58.3 (C-5),

57 .0 I (d, 'i-, p = 3.9Hz , C- I'). MALOI-TOF-MS: m/r 25 8.2 (M+ + H). Anal. Calcd for

C7H16N07P: C, 32.69 ; H, 6.27; N, 5.45. Fo und: C, 32. 35; H, 6,16 ; N, 5.20.
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1,4-Anhydro-2,3,S-tri-O-benzyl-l-[3-hydroxypropyl- (R)-episulfoniumylid ene]-o

arabinitol tritlate (8.16)

Th e benzyl protected 4-thio- D-arabini tol (2.3) (2 .0 g, 4.8 mmol ) and 3-bromo - l

propanol (0.43 mL, 4.8 mmol) were dissolv ed in 1,1, I ,3,3,3-hexalluoroisopropanol

(HFIP) (2 mL) and the mixture was stirred in a sealed tube at 92 DC for 26 h (prolonge d

heating of the reaction mixture resul ted in the formatio n of s ide products). HF IP was

removed and the resi due was dissolved in C H2Cl 2. S ilver triflate ( 1.2 g, 4 .8 mmo l) was

added and the mixture was sti rred at ambien t temperature for 2 h. T he so lve nt was

removed and the res ulting resid ue was purified by co lumn chro matography

(CHCI ~: MeOH , 20: I) to give co mpound 8.16 as a co lor less oil ( 1.82 g. 60 %) . [a] t' -6 .0°

(c = 1.0 , MeOH); IH-NM R (CDCl ~ ) : 8 7.36 - 7. 17 ( 15H, m, 3 x Ph) , 4 .60-4.47 (6H, m, 2

x CH2Ph, HaCHPh, H-2), 4.40 ( 11-1, d , JA,S = 11.5 Hz, HbCHPh) 5.2Hz, H-2), 4 .22 -4 . 18

(2H, m, H-2, H-I a), 3.97-3.90 (2H, ddd, J 5,4 = 5.0Hz, lsa,5b = 10Hz 5-H ), 3.77 ( IH, dd ,

Jv.r =6.0 Hz, H-3a '), 3.72-3.65 (3 H, m, H-3'b, H-4 , H-I 'a) , 3.622 ( IH, dd , J I,2 =3.5 Hz,

Jl a,lb = 13.0 Hz, I-Hb) 3.48 ( IH, td, Jvr = 6.5 Hz, J v« I 'b = 12.5 Hz, H- I'b), 2. 12- 1.99

(2H, m, H-2 '); 13C-NM R (CDCl ~) : 8 136.94, 136.24, 136.11 (3 x Cip~o), 129.0-1 28.1 (3 x

Ph), 128.3-11 9.6 ( CF~ triflate), 83 .0 (C -3), 82 .5 (C-2), 73 .9 (CH 2 Ph) , 72.6 (CH2Ph), 72 . 1

(CH2Ph) , 67. 1 (C-3'), 66. 5 (C-S), 59 .5 (C-4), 47 .5 (C- l ), 44. 3 (C- I'), 28 .7 (C-2').

MALDI -TOF-MS: m/; 479.03 (M+ - OTf) . An al. Calcd for C~OH'5F307S 2 C, 57.3 1; H,

5.6 1. Fo und : C, 57.23; H, 5.59.
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1,4-Anhydro-2,3,S-tri-O-benzyl-1-[3-dibenzylphosphorylpropyl-(R)

episulfoniumylidene]-D-arabinitol triflate (8.17)

A mixture of triphenylphosphine ( 1.5 g, 2.4 mmol) and dii sop ropyl

azodicarboxyl ate (D lA D, 0.46 mL, 5.2 mmoI ) in anhydrous THF (5 mL ) was stirred at 0

°C for 3 min and then dibenzyl phosphate (1.46 g, 5.2 mmol ) wa s added . After stirr ing

the reac tion mixture for an additional 4 min at 0 DC, a so lut ion 8.16 (1.48 g, 2.4 mm ol) in

THF (5 mL) was added dropwise at 0 °C und er N2, and the reaction mixture wa s stirred

for 3 h at room temper ature. After completion of the reaction, THF was removed in

vacuum and the residue was purified by column chrom atography (CHCh;MeOH, 50 : I) to

give compound 8.17 as a co lor less oil (1.7 g, 81 %). [a] ~' + 3.00 (c = 1.0, MeOH); I H_

NMR (C DC I3): 8 7.36-7 .17 ( 15H, m, 3 x Ph), 4 .94-4.89 (4 H, m, 2 x POCH2Ph ),

4 .60-4.47 (6H, m, 2 x CH2Ph, I x HaCHPh, H-2), 4.31 ( IH, d, JA, B = 12.0 Hz, HbCHPh),

4.18 (IH, d, J 1a,lb= 16.0 Hz, H-Ia), 4.06 (IH, bs, H-3 ), 4.03-3.98 (IH, m, H-3'a), 3 .95 (

3H, m, H3'b, H-5 a, H-4 ), 3.65-3.50 (2H, m, H-5b, H-I 'a), 3.48-3.30 (2H, m, H-I 'b, H

I b), 2.12-1 .99 (2H, m, H-2'); 13C-NMR (CDCl)): 8 136.94, 136.24, 136.11 (3 x C;pso),

129.0-128.1 (3 x Ph ), 128.3-119.6 (CF3 triflate) , 83 .0 (C-3), 82.5 (C- 2) , 73 .9 (CH2Ph),

72.6 (C H2P h), 72 .1 (C H2Ph), 69.93 (d, Jc:» = 5.75 Hz , POCH2Ph) 66.9 (C-4) , 66. 5 (C-5),

65 .07 (d, 2J c , p = 5.75Hz, C-3'), 47 .5 (C- I) 42 .3 (C- I'), 26.9 (d , 3lc , p = 6.1 2Hz, C-2').

MALDI-TOF-MS: m/; 739 .08 (M + - OTf). Anal. Calcd for C44H4SF30' OPS2 C, 59.45; H,

5.44. Found: C, 59.1 I; H, 5.43.
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1,4-Anhyd ro-1- [3-phosphorylpropyl-(R)-episu Ifoniumylidene]- D-arabinitol tri nate

(8.10)

A so lution o f co mpo und 8.17 ( 1.0 g. 1.1 mm ol ) in methanol (5 mL) containing

10% pall adium on carbon (0 .5 g) was stirred under 80 psi of hydrogen at room

temperature for 16 h. The m ixture was filtered, and the solvent wa s removed in vacuum

to g ive the thi o- alditol phosphate deri vative as a viscous oil . The co mpo und was purifi ed

further by column chromatography (H20 :MeO I-l: H20 , 10:3 : I ) to give 8.10 (0 .25 g, 65 %).

[a] ~'" -2 .00 (c = 1.1, MeOH); I H-NM R (020): 04.70 (I H, ddd, 1 2.3= 3.5 Hz, hlb = 7 .0

Hz , H-2 ), 4 .39 ( IH, dd, 1 1.4 =3.0 Hz, H-3 ), 4.09 ( IH , dd, 15,4 =4 .5 Hz , H-5a), 4.03 (21-1,

ddd , 1 3'.2' = 6.0 Hz , H-3' ), 3.97-3 .94 ( I H, m, H-4 ), 3.87 ( I H, dd , 15,4 = 4.4 Hz , H-5b),

3.89-3 .76 (2H, m, H-l) , 3.67- 3.56 (2H, m, H-3 \ 2.25-2.16 (2H , m, H-2'); 13C-NMR

(020) : 0 119.7 (q, 1CF =OCFJ ) , 77 .7 (C-3), 77 .0 (C-2), 69.8 (C-4), 63.5 (d, C-3' 2ie_y , P =

5.0 Hz ), 59.3 (C-5) , 46.1 (C- I), 42 .3 (C- I '), 26 .4 (d. C- 2' , 31c_2·. P = 4.5 Hz) . MALOI

TOF-MS : rn/: 289.2 (M+- OTf) . Anal. Cal cd for C9H IsF30 ,oPS2 C, 24 .66; H, 4 .14. Found :

C, 24.32 ; H, 3.98.
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CHAPTER 9:
GENERAL CONCLUSIONS
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9.1 Swainsonine Derivatives

The syntheses of the sulfonium-ion analogues of swainsonine (2.1) and 7-epi

swainsonine (2.2), in which the bridgehead nitrogen atom is replaced by a sulfonium-ion,

were successfully completed. The synthetic strategy relied on the intramolecular

displacement of a leaving group on a pendant acyclic chain by a cyclic thioether.

Screening of compounds 2.1 and 2.2 against dGMII showed that they were not effective

inhibitors of this enzyme, whereas swainsonine (1.1) is a powerful inhibitor of dGMII.

We noted from the X-ray structure of swainsonine (1.1) bound in the active site of dGMII

that swainsonine (1.1) is present in a trans-fused configuration, while sulfonium salts 2.1

and 2.2 are cis-fused. Hence, it appears that the configuration of the sulfonium center is

critical for activity and the design of new agents should incorporate this feature.

Attempts were made to synthesize the trans-fused sulfonium-ions 3.1 and 3.2 as

potential inhibitors of dGMII. However, it appears that the chosen intermediate, a trans

fused bicyclic allylic sulfonium salt, is not stable. Hence, we abandoned the synthesis of

the trans-fused system and designed compound 4.1, which is cis-fused but bears the

correct stereochemistry at the sulfonium center. Compound 4.1 was synthesized using a

similar protocol used for the synthesis of compounds 2.1 and 2.2. The sulfonium salt 4.1

was screened against dGMII and was found to be a weak inhibitor. We also report the X

ray structure of this compound bound in the active site of dGMII. Hence, the

stereochemistry of the sulfonium center appears critical for activity.

Finally, the sulfonium salt 5.3, which lacks a hydroxyl group at C-5, but possesses

the correct stereochemistry at the sulfonium center, was synthesized. This compound is

the sulfonium-ion analogue of 8-epi-lentiginosine (5.1). The screening of compound 5.3
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again st dGMlI showed that it is a potent inhibitor of this enz yme. Hence, by removing

the hydrox yl group at C-5, the activity of compound 5.3 has furthe r increa sed by 140

folds compared to compound 4.1.

9.2 Australine Derivatives

The syntheses of eight sulfonium compounds (6.4 - 6.11) with structures related

to the naturally occurring pyrrolizidine alkaloid, australine (1.12), in which the

bridgehead nitrogen atom is replaced by a sulfonium-ion, were successfully achieved.

The synthetic strategy relied on the intramolecular attack of a cycli c thioether across a

terminal double bond in presence of a suitable electrophile. We postulated that these

compounds, having a permanent positive charge on the sulfur atom, would mimic the

oxacarbenium-ion like transition state in a glycos idase-catalyzed hydrolysis reaction .

The conformational preferences of these compounds, based on analysis of I H- 1H vicinal

coupling constants and ID-NOESY data is shown in Figure 9. 1. Both steric and

electrostatic interactions control the conformations of these compounds. The ability to

tailor the preferred conformations of these compounds through the judi cious choice of the

type, location and stereochemistry of pendant functional groups could be of significance

in the design of molecule s as candidate glycosidase inhibitors.
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Figure 9.1 Schematic representation of compounds 6.4 - 6.11.

9.3 Salacinol Derivatives

W e have synthesized the analogues of the naturall y occurring glyc osidase

inhibitor, salacin ol (1.40), in which the D-arabini tol ring has been repl aced by D-l yxitol

(7.5) or D-ribitol (7.6) . The synthetic strategy relied on the nucleophilic attack of 1,4-

anhydro-2,3,S-tri -O-p-methoxybenzyl-4- thio -D-lyx itol (7.7) or 1,4-anhydr o-2,3,S-tri-O-p-
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methoxybenzyl-4-thio-D-ribitol (7.8) at the least hindered carbon of the benzylidene

protected L-cyclic sulfate (7.9) derived from L-erythritol.

Screenin g of comp ound s 7.5 and 7.6 agai nst Drosophila melanogaster Golgi-a

mannosidase II (dGMII), an important mannosidase involved in the N-glycosylation

pathway, shows that they were not effective inhibitors. Presumably, what is required is

the presentation of syn hydroxyl groups at C- I and C-2, not C-2 and C-3 to allow the

proper orientation of the molecule in the active site in order to have T6 coordination with

the Zn ion. It is our hypothesis that compounds having T6 coo rdination with the zinc ion

would bind tighter in the enzyme active site when compared to comp ound s having T)

coordination.

Comp ound s 7.5 and 7.6 were also scree ned against reco mbinant human maltase

glucoamylase (MGA), a critical intestin al glucosidase involved in the processing of

oligosaccharides of glucose into glucose itsel f. They were not effective inhibitors of

MGA, demon strating the importance of the D-arabinitol configuration in the heteroc yclic

ring for effective inhibition.

The synthesis of polyhydroxylated imino- (8.9) and thio-alditols (8.10), analogues

of the naturally occurring glycosidase inhibitor, salacinol, containing a phosphate group

in the side chain were also described. T he synthetic strategy relied on the Mitsunobu

reaction of N-and S-hydroxya lkyl derivatives of 2,3,S-tri-O-benzy l- 1,4-dideoxy- I,4

imino -D-arabinitol and 1,4-anhydro-2,3,S-tri -O-benzyl -l -th io-D-arabin itol with dibenz yl

phosphate to yield the corres ponding protected heteroaldit ol phosphates. Finally,

remo val of the benzyl group s by hydrogenolysis resulted in the formation of the desired

products. Screenin g of these phosphate analogues again st both MGA and dGMIl showed
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that they were no t effec tive inhibi tors of the se enzy mes . Hen ce, the hydro xyl and/o r

sulfate substi tuen ts o n the side chain are critica l for activity an d the design of new

inhibitors sho uld incorporate these features .

9.4 Future Work

S wain son ine (1. 1) is trans-fused wh en bo und in the acti ve site of dGM II, w hereas

all bicyclic sulfo nium salts reported in this thesi s are cis- fused . They canno t interconvert

to the trans-confi gurati on as opposed to their nitrogen analogu es si nce sulfon ium

in version has a high barrier. I ID Even thou gh co mpound 5.3 is a rnicro rnolar inhibitor of

dGMII, it is less ac tive than swainsonine (1. 1) (nM) .

In o rder to mim ic the confi guration of swainson ine wh en bo und in the act ive s ite

of GMII, we attemp ted the synthesi s o f the trans-fused systems (C hapter 3) .

U nfortuna te ly, the trans-fused bicycli c sulfonium salt (3.10) was not stable and

und er went a ring-op ening react ion of the six membered rin g to a give monocycli c system.

Th e inst abil ity mig ht be du e to the presence of the dou ble bond in the six -me mbered rin g

which would make the trans- fused syst em stra ined. Hence, in future, an a lte rna tive route

has to be devel op ed to prepare the trans- fu sed bicyc lic sulfonium sa lt (3.2) which would

avoid the for mat ion of the double bond in the rin g sys tem . Compound 3.2 wo uld be more

sta ble than co mpounds wit h a double bond in the rin g .

In addition to the sy nthesis of the t rans- fu sed bicycl ic system, we a lso design ed

the bicyclic sulfo nium sa lt 9.1, whi ch co uld be sy nthesized in future as a po tentia l dGMII

inhibitor. T he trans-fused bicycl o[4 .3.0 ]non ane system is more rigid and planar

co mpared to the cis- fused syste m . Hen ce, an effec tive inhib itor of dG M II, which will

resemble swai nso ni ne (1. 1), has to be more plan a r an d rigid to a llow proper orientat ion of
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the molecule in the active site. This could be achieved by introducing a double bond in

the system. Consequently, we designed the bicyclic sulfonium salt 9.1 in which the

bridgehead carbon atom is Sp2 to force the system to be more planar and rigid as

swainsonine (1.1). The stereochemistry at the sulfonium-ion center is designed to mimic

the nitrogen configuration of swain sonine (1.1) when bound in the active site of dGMJI.

-

CQ-
'+CI
'8

OH
~

OH

9.1

Figure 9.2 Structure of compound 9.1.
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