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ABSTRACT

THE DESIGN, SYNTHESIS AND EVALUATION OF NEW CHEMICAL

ENTITIES FOR THE DEVELOPMENT OF DRUGS AGAINST CANCER,

DIABETES, AUTOIMMUNE DISORDERS AND INFECTIOUS DISEASES

By

Li Gao

The main objective of the work described in this dissertation was to develop strategies for

the design and synthesis of nitrogen heterocyclic systems for use as glycosidase and

glycosyltransferase inhibitors and as protein synthesis inhibitors. Potential applications

include use as antibacterial, antivirai, cancer, diabetes and autoimmune drugs. The

heterocyclic ring systems include bicyclic trihydroxy-Z-thiaquinolizidine ring systems,

bicyclic iminopentitols, 2.5-bis(hydroxymethyl)-3,4-dihydroxypyrrolidines, and

arylsubstituted 5-phenyl-thiomorpholine-3-carboxylic acids. The biological testing

showed the specificity of bicyclic trihydroxy-Z-thiaquinolizidine ring systems against

glycosidases, and they have some antibacterial activity. The bicyclic iminopentitols

containing the structural essence of a ribosyl cation in the form of a l,4-dideoxy-l,4-

iminopentitol can be used as scaffolds for the preparation of riboside hydrolase,

phosphorylase and transferase inhibitors. The arylsubstituted 5-phenyl-thiomorpholine-3-

carboxylic acid derivatives showed promising antibacterial activity. The ease of synthesis



of these heterocyclic ring systems provides access to the development of completely new

classes of glycosidase and glycosyltransferase inhibitors as well as new antibiotics.
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Chapter 1

Glycosidase and Glycosyltransferase Inhibitors:

A Discussion of Mechanism, Mimics and Modes of Inhibition



ABSTRACT

Carbohydrate processing is a central feature of the chemistry of life. Glycosidases and

glycosyltransferases are the critical enzymes that control the breakdown, processing and

synthesis of carbohydrates in biological systems. According to the stereochemistry

outcomes of the enzyme catalyzed reactions, two possible mechanisms have been

proposed as inversion and retention of anomeric configuration. Mechanism studies

including x-ray structures of the enzyme-substrate complex, glycosyl-enzyme

intermediate, and enzyme-product complex, have provided us insight into the different

stages of the enzymatic reaction pathway. This insight is being used in the design of new

chemical entities that can inhibit or regulate the biochemical activity of specific enzymes

in a strategy for producing new drugs. Such drugs will find applications across the entire

spectrum of therapeutics. In this chapter we review the progress made to date on the

identification, design, and evaluation of natural and synthetic glycosidase and

glycosyltransferase inhibitors that mimic the possible transition states and intermediates

purported to be in the reaction pathway for these enzymes.



1.1. Introduction

Glycosidases (or glycosyl hydrolases) and glycosyltransferases are important enzymes

that catalyze the cleavage and formation of glycosidic linkages in biological systems.

They play crucial roles in the biosynthesis and degradation of a large number of

biological structures. These include polysacchrides, oligosaccharides, antibiotics,

glycolipids, glycoproteins, proteoglycans and peptidoglycans. They are also involved in a

number of other processes including the remodeling of cell wall, the damage and repair

of DNA by base excision or transfer, and other toxin mechanisms. Understanding their

roles in the formation of oligosaccharides and glycoconjugates is essential to modulate

the cellular interaction and to develop therapeutic agents.

Oligosaccharides are synthesized in step-wise fashion primarily in the endoplasmic

reticulum and Golgi apparatus (Figure 1.1)', a process that affords significant product

diversityz. Exogenously supplied monosaccharides are taken up by cells and converted to

monosaccharide "building blocks" (typically nucleoside sugars) inside the cell. Several

steps of metabolic transformation might take place en route from an exogenous sugar to a

building block. The building blocks are imported into the secretory compartments where

they are assembled by glycosyltransferases into oligosaccharides bound to a protein (or

lipid) scaffold. Further trimming and elongation by glycosidases and transferases will

give the fully matured form of glycoconjugates. Upon reaching the cell surface, they can

serve as ligands for receptors on other cells or pathogens.



   

Extracellular mllleu

   
  

\1

Glycoconjugate assembly

Cyfml In the secretory compottrmnto

   

Figure 1.1. Glycoconjugate biosynthesis and cell surface recognition. (Images in this

thesis are presented in color)

The N-linked glycoproteins are belived to be involved in cell-cell adhesion,

difi‘erentiation, recognition, regulation, modulation of protein receptors, and so on. They

present a great diversity in their structures, but all the different structures come from a

common precursor, the N-linked core oligosaccharide (Figure 1.2)3. During the synthesis

of N-linked glycans in mammalian cells, this core unit is assembled as a membrane-

bound dolichylpyrophosphate precursor in the endoplasmic reticulum (ER)“, and then

transferred to a growing, nascent polypeptide chain (Figure 1.3). After it is coupled to an

asparagine residue through an N-glycosidic bond catalyzed by an

I' 1 I.

O J
“ m- complex7, three terminal glucoses and one mannose are

trimmed away by glucosidase I, II and mannosidases“. When the glycoprotein moves to



the Golgi, further mannose trimming occurs, and new sugars are added during temiinal

glycosidation by transferases to produce complex N-linked glycans. In one pathway

shown in figure 1.3, GlcNAc, galactose, sialic acid, and fucose are added to the

glycoprotein and only five original sugars lefi. The final oligosaccharide structures

depend on the polypeptides and on which processing glycosidases and transferases are

expressed in the cells.

Glucosldaae l —>   
ER a—mannoaldm I

Glucoeldaee [I

A...“

O= munnooo

s N-ecotylglucoumlno

I

Aflucou

gm...

.=lhl|c.cid

Figure 1.2. The N-linked core oligosaccharide. The symbols for the different sugars are

used in the following figures.



    

Figure 1.3. Biosynthesis ofthe N-linked core oligosaccharide.

1.2. Glysosidase Structure and Mechanism

Glycosidases catalyze the hydrolysis ofthe glycosidic bond, which exists in a wide range

of biological systems. Although all the glycosidases catalyze the same reaction, the

hydrolysis of an acetal, the enzymes present an incredible structural diversity. Over 2000

glycosidases have been identified, and they are grouped to over 90 families according to

the amino acid sequence similarity. The number is growing steadily and updated

regularly and is available on the website http://afmbcnrs-

mrs.fr/~M/CAZY/index.html9. Since the first glycosidase three-dimensional structure

of hen egg-white lysozyme (HEWL) was solved, there have been over 50 structure

representatives for these families available, revealing a large number of different folds.



Some glycosidases are almost entirely composed of [i-sheet, others being primarily a-

helical, and then a range of structures of mixed a-helix and B-sheet in between. This

structure diversity may in part be a reflection of the large variety of the different

substrates being cleaved.

The glycosidic bond is one of the most stable linkage within naturally occurring

biopolymers'o, and the great acceleration of the hydrolysis by glycosidases has made

them some of the most efficient catalysts. Information of the mechanisms has been

obtained from kinetic studies, trapping of the intermediates, and fiom the three-

dimensional structures of such intermediates. The generally believed mechanism”12 of

glycosidic bond cleavage involves acid catalysis with protonation of the exocyclic

oxygen atom at the anomeric center to give a protonated glycoside (figure 1.4).

Subsequent cleavage of the C(l) — 0(1) bond leads to an oxocarbenium ion-like

transition state, in which the positive charge is delocalized over the ring oxygen and the

anomeric carbon. The oxocarbenium intermediate species then reacts with a molecule of

water to form the product. The oxocarbenium ion-like transition state has been confirmed

'3’”, with KH/KD value greater than 1by the a secondary deuterium kinetic isotope effects

(KH and K9 are rate constants for reactions of protium- and deuterium-labeled substrates).

Two possible mechanisms have been proposed according to the stereochemistry

outcomes of the enzyme catalyzed hydrolysis. Glycosidases that catalyze hydrolysis of

glycosides with inversion of anomeric configuration are called inverting enzymes and

glycosidases that catalyze the hydrolysis with retention of configuration are retaining

glycosidases.



OH

“go/$11? HOOS§HI:: e—b I'IO$_>H20 Hogfl‘.

OH OHR OH OH

1 3 4

Figure 1.4. General believed mechanism of glycosidase hydrolysis

The inverting glycosidases catalyze the reaction via a singe-displacement mechanism

involving an oxocarbenium ion-like transition state (figure 1.5). In the active site, the

substrate and a water molecule are bound between two carboxyl groups. One carboxyl

group acts as general acid to protonate the leaving group, while the other one

deprotonates the water molecule to facilitate the nucleophilic attack.

Figure 1.5. General mechanism for inverting glycosidases

II

  

II

I5



/

  

HO o

r'!
5+ \

\ r'o_H

war. : \‘\>."‘/ 6‘ /

A \

"_ I‘

  

Figure 1.6. General mechanism for retaining glycosidases.

For retaining glycosidases, Koshland16 first pointed out a double-displacement

”“749 (figure 1.6) which involves an enzyme nucleophile. In the first step,mechanism

one of the carboxyl group protonates the glycosidic oxygen, and the other one acts as a

nucleophile to displace the aglycon through an oxocarbenium ion-like transition state to



form a covalent glycosyl-enzyme intermediate. In the second step the carboxylate group

deprotonates the incoming water molecule to generate a hydroxyl ion which attacks the

anomeric center of the intermediate. The net result is the retention of the anomeric

configuration. In the mechanism, there are two transition states with substantial

oxocarbenium ion character and one glycosyl-enzyme intermediate. Kinetic studies,

trapping technology and the corresponding three-dimensional structures have provided

invaluable information about the nature of the transition state. The x-ray structures of the

enzyme-substrate complex (Michaelis complex), glycosyl-enzyme intermediate, and

enzyme-product complex, which are stable forms along the reaction coordinate, have

been solved for some enzymes. These give us insight into the different stages of the

enzymatic reaction pathway. Different structures such as natural substrateszo'zz,

nonhydrolyzable thiooligosaccharide substrate analogsn'zg, and 2-fluoro-2-deoxy

oligosaccharide827'30’33 have been used to obtain the enzyme-unhydrolyzed substrate

complexes and the corresponding crystal structures. The introduction of the 2-fluoro

34‘”. The rationale behindgroup is a common strategy for trapping the enzyme complexes

is that the electron-withdrawing 2-fluoro group destabilizes the positive charge that

develops at the transition state. It has also been proposed that replacement by flurine also

removes an important interaction between the 2-hydroxyl group of the substrate and the

enzyme which is involved in the transition state stabilization36'38. The 2-OH is said to

contribute about 20 kJ/mol and 3, 4, 6 positions provide ~10 kJ/mol each for the binding

affinity”. This is unlikely to be the real reason because the effect of fluorine substitution

is very general for all classes of sugars regardless of ring size and the configuration at the

2-position. The 6—2 effect should also be remembered. It is also possible that the 2-

10



oxygen stabilizes the positive charge at the anomeric position. In the absence of any

nucleophile, 1,2-anhydrides (epoxides) are formed by displacing good anomeric leaving

groups such as halides. From the structures of 3-D substrate-enzyme complexes, substrate

distortion is a common feature. Figure 1.730 is the unhydrolyzed substrate complex of a

B-glycosidase CelSA with 2,4-dinitropheny1 2-deoxy-2-fluoro-B-D-cellobioside. The -l

subsite sugar conformation is a lS3 skew-boat conformation, away fi'om the preferred 4C,

chair conformation. This conformation puts the leaving group in the pseudo-axial

orientation, and presents the anomeric carbon to the nucleophile in an appropriate

position for the in-line attack“). Other distortion of substrate in its ground state 4C,

conformation to 4E envelope or 'Ss skew boat conformers has been confirmed by crystal

structure analysis of Michaelis complexes. These conformational changes direct the

scissile bond to an axial orientation, as required by the principle of stereoelectronic

control. However, this distortion is not universal. A number of glycoside complexes have

2"25'27‘28. Even with the same ligandbeen reported without distortion

(thiopentasaccharide), different glycosidases (Cel7B4' and CelSA26) present different

binding modes (chair and skew-boat), but it is also possible these binding modes

represent different steps of the reaction pathway: from an initial binding with the -l

subsite sugar in the chair conformation to the distorted complex to facilitate the

nucleophilic attack. Nevertheless, there is not a ‘requirement’ for substrate distortion to

achieve the transition state with C5, 05, C1 and C2 coplanar and pseudo-axial orientation

for the leaving group. It should be pointed out that the 2,4-dinitrophenyl substituent on

the anomeric oxygen is a very powerful electron withdrawing group and the '83 skew-

boat conformation places the anomeric oxygen in the same relative orientation to the lone

ll



pair in the ring oxygen as is found in a-glycosides. This orientation is stabilized by the

“anomeric effect”.

OH

 

Figure 1.7. Stereographic "end-on" section through the electron density for the

unhydrolyzed substrate complex of CelSA. The enzymatic nucleophile, Glu 228, is

shown, as are the -1 subsite pyranoside ring atoms and the dinitrophenyl leaving group.

Substrate distortion to a skew-boat conformation permits nucleophilic attack "in-line"

with leaving group departure.

The existence of the covalent glycosyl-enzyme intermediate was first illustrated by a

secondary deuterium kinetic isotope effects with substrate for which the second step is

rate determining. The KH/KD values are all greater than 113’42 (ranging from KH/KD = 1.25

for E. coli [3-galactosidase42 to KH/KD = 1.11 for both an Agrobacterium sp. [3-

glucosidasel4 and for Cex‘“), indicating the anomeric center undergoes rehybridization

fi'om sp3 in the tetrahedral covalent intermediate to sp2 in the oxocabenium ion-like

transition state. Now, the covalent intermediate has been confirmed by trapping the

intermediates and the corresponding x-ray crystal structures. The most common

strategy for trapping is to introduce an activated leaving group to the substrate and

incorporate fluorine in the 2- or 5-position35’M. Good leaving groups can lead to the



rapid formation of the glycosyl-enzyme intermediate. The electron-withdrawing 2-fluoro

group can slow down reactions for both steps of glycosylation and deglycosylation. The

net result is the breakdown of the intermediate is slowed to a greater extent than its

formation. Therefore, the intermediate accumulates, making the trapping possible. A

number of three-dimensional structures of such intermediate have been solved30‘38’47'53,

and they have unambiguously revealed the covalent linkage between the anomeric carbon

and the oxygen of the nucleophile. Figure 1.8 is the schematic figure of the covalent 2-

fluoro-2-deoxy-cellotriosyl-enzyme intermediate of CelSA'". The sugar rings are in the

relaxed chair conformation without distortion, which is observed in most of the glycosyl-

enzyme intermediate. The nucleophile is Glu 228 and the acid/base catalyst is G1u139,

which is hydrogen bonding to a water molecule. This water molecule is 3.1 A away fi'om

the anomeric carbon, and is well positioned for the nucleophilic attack. All the hydroxyl

groups are involved in the hydrogen bonding to the enzyme residues. The 6-OH is

relatively flexible, and it has two possible conformations, with OH pointing out or

backwards. Comparing the two CelSA complexes with unhydrolyzed 2,4-dinitrophenyl 2-

deoxy-2-fluoro-B-D-cellobioside and the covalent intermediate, we can see there is very

little change of the atomic movement except the ‘migration’ of the anomeric carbon

(from skew-boat to chair). A feature of these complexes is the static nature of the protein.

The protein enzyme residues remain almost the same position and conformation with the

exception of the nucleophile which rotate to avoid a steric clash with 2-F substituent in

the trapped intermediate.
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Figure 1.8. Schematic figure of the covalent 2-fluoro—2-deoxy-cellotriosyl—enzyme

intermediate of CelSA active site. Experimentally detemrined H atoms are indicated in

blue, those with weak density in green and those for which no electron density was

observed in red.

The covalent glycosyl-enzyme intermediate was also obtained for hen egg-white

lysozyme (HEWL)5°, the first glycosidase with 3D structure solved. The intermediate

between the HEWL (E35Q) mutant enzyme and substrate 2-acetamido-2-deoxy-B-D—

glucopyranosyl-(l -+4)—2-deoxy-2-fluoro-B—D-glucopyranosyl fluoride (NAGZFGlcF) was

characterized by x—ray crystallography. The mutant enzyme in which the catalytic

acid/base carboxylate residue had been replaced by the corresponding amide is used to

reduce the rate of the reaction since no acid/base catalysts are available. Figure 1.9 is the

structure of the HEWL (E35Q) covalent glycosyl-enzyme formed by reaction with

NAGZFGlcF. It is clear that the covalent linkage (~1.4 A) is between or and o52 of





nucleophile Asp 52, and the -1 pyranose ring adopts an undistorted 4C, chair

conformation, as seen earlier and in the structures of most hexopyranose covalent

intermediates observed. This covalent glycosyl-enzyme intermediate puts an end to a

long-lived controversy and discards the ion-pair intermediate hypothesis found in all

textbooks.

 

Asp 52 Asp 52

Figure 1.9. Structure of the covalent intermediate in the HEWL reaction. Maximum

likelihood / aA—weighted 2Fo — Fc electron density for the covalent glycosyl-enzyme

intermediate ofHEWL, contoured at 0.4 electrons per A.

In most trapped intermediate structures, the undistorted chair conformation is

observed27’38’4"48’5°’52’53, but in the x-ray structure of 2-deoxy-2-fluoroxylobiosyl-ch

(BCX-ZFXb) intermediate“, a distortion of the sugar ring was observed51’54’”. One

xylose moiety remains the normal chair confirmation, while the other one, through which

the sugar is linked to the enzyme via an ester bond, is distorted into a 2’5B boat

conformation (Figure 1.1011). This conformation of the ring allows its C5, 05, C1, and

C2 atoms to achieve a nearly planar geometry. It is reasonable to assume that the enzyme

may distort the substrate to a transition state conformation with C5, 05, C1, C2 coplanar,

15



and shorten the distance between the nuclophile and anomeric carbon to the length of a

glycosidic bond. Since the formed intermediate has this feature of coplanarity, the

formation and hydrolysis of this species should be considerably facilitated (Figure

1.10b). It should also be noted, however, that if the original 4C, conformation were

retained, there would be two unfavorable trans-annular (1,3) interactions between the

acyl group and the axial H-3 and H-5 protons. One of these is relieved in the 2'SB

conformation. Note also that this would not occur with a glucoside because the bulky

hydroxymethyl group would be forced to take the unfavorable “flagpole” position. Such

distortion is not cormnon in the covalent glycosyl-enzyme intermediate, but it was also

observed in the covalent 2-fluoromannotriosyl-mannanase intermediate, which adopts a

conformation close to the °S2 skew boat”. The same steric argument holds here again

except that the hydroxyrnethyl group on carbon 5 will clash with the fluoro group. To

lessen this interaction, twist boat conformation is preferred. This is normally less stable

than the chair conformation and implies that the attack of the carboxylate group cannot

proceed if the ring is locked in a 4C, conformation. Together with structures of Michaelis

complexes, those glycosyl-enzyme intermediates provided important information about

transition state structures and reaction mechanism.
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Figure 1.10 Active-site structure of Bacillus circulans xylanase trapped as a covalent 2-

fluoroxylobiosyl intermediate (a) and implications for the transition state (b).

For enzyme complexes with product, no significant density could be observedzmo. This

presumably results from the absence of specific stabilizing interactions at that end of the

molecule. However, there is no evidence for any distortion of the reducing end ring away

from a chair conformation.

1.3. Glycosyltransferases Structure and Mechanism

Glycosyltransferases catalyze the transfer of sugars from activated sugar donors to other

molecules. The substrates for glycosyltransferases are relatively structurally complex.

The molecules to which these enzymes transfer sugars, the glycosyl acceptors, include all

17



categories of biopolymers-oligosaccharides, proteins, nucleic acids, and lipids-as well as

numerous natural products such as vancomycin, erythromycin, and daunomycin“.

Although the acceptor substrates of glycosyltransferases vary widely and include many

classes of oxygen and nitrogen nucleophiles, the donor substrates usually share common

features with sugars attached to a nucleoside diphosphate or monophosphate which is the

l eaving group. Figure 1.11 is some examples ofcommon glycosyl donors.
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Figure 1.11. Structures of common glycosyl donors.

There is a myriad of glycosyltransferases all using similar activated sugars. Therefore, the

S'I><:cificity of these enzymes lies in the structures of the acceptors. Because of their

ELllrction and product structure diversity, glycosyltransferases display a high level of

diversity in terms of their primary sequences. There are currently >7000 known

glycosyltransferase sequences in the databank and they have been classified into dozens

0f different families. Although there are a large number of different sequences, only two
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fundamental folds57’58 have been uncovered according to the available crystal structures

of glycosyltransferases, and sequence analysis has suggested that this situation will hold

true for a large number of the structurally uncharacterized families”. Until now, 21

glycosyltransferase structures from 14 different families have been reported, with 9

belonging to one superfamily, GT-A superfamily, and 8 to the other GT-B superfamily.

The GT-A superfamily includes most of the Glycosyltransferases found in Golgi

apparatus and endoplasmic reticulum. This superfamily, best represented by family GT-2

SpsA fi'om Bacillus subtilis (Figure 1.12)60’6', is characterized by a single Rossman fold

domain, strong dependence of metal ions (most commonly Mn2+) and sidechain residues

fi-orn the protein. The metal ion is essential to catalysis, and it helps anchor the

pyrophosphoryl group of the sugar donor in the enzyme active site. The sidechain

residues are often called ‘DXD motif‘. The GT-B superfamily does not have such a motif

and no metal ion has been identified clearly in the 3D structures. A typical example for

GT-B superfamily is family 28 MurG from E. Coli. The crystal structure of MurG shows

two similar Rossman domains, and each of the Rossman fold all! open sheet structure is

Separated by a deep cleft in which the substrates bind62’63 (Figure 1.12).

SpsA MurG
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Figure 1.12. Ribbon diagrams of SpsA (PDB code lQG8) from B. subtilis representing

GT-A superfamily and MurG from E. coli complexed to UDP-GlcNAc (PDB code

1 NLM) representing the GT-B superfamily. Residues important for substrate binding,

specificity, ion binding, and catalysis are shown in black. In SpsA the manganese ion is

shown as a dark gray sphere and in MurG substrate is shown in light gray.

Glycosyltransferase-mediated reactions are thought to proceed through an oxocarbenium-

ion-like transition state, similar to that proposed for glycosidase reactions““. The a-

secondary deuterium isotope effects on sucrose synthetasem, rabbit glycogen

synthetase“, B4Gal-Tl69, and a-l,3-fucosyltransferase V65 supported a mechanism in

which the anomeric carbon of the donor sugar possesses considerable sp2 character. An

ab initio computational study70 of the binding site has been performed supporting the

formation of an oxocarbenium species and characterizing the transition state structure.

Like the glycosidases, there are two basic mechanisms, an inverting and a retaining

pathway. The inverting glycosyltransferases catalyze reactions through a single

displacement with base activation of the acceptor. The retaining glycosyltransferases are

Shggested a double-displacement mechanism via a covalent glycosylenzyme

intermediate, but no evidence has been found for the covalent intermediate on retaining

u‘arisferases. The existence of this intermediate in transferases has been challenged by

Withers et. a1", and led to the revisit of the earlier suggestion of an ‘internal return’ (SNi)

11'lcechanismsn‘n (Figure 1.13), in which the departure of the leaving group and attack of

the nucleophile occur on the same (a) face of the glycoside, leading to a late

ONiocarbenium ion-like transition state.
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Figure 1.13 Two possible reaction schemes for retaining glycosyltransfereases. (A) A

base-catalyzed double-displacement mechanism via a covalent intermediate with the

enzyme. (B) An SNi-like mechanism involving a late oxocarbenium ion-like transition

state.

1 -4. Inhibitors of Glycosidic Bond

1 -4.]. Glycosidase Inhibitors

Glycosidase inhibitors are invaluable tools for mechanistic studies. We have seen 2-

fllioro compounds as probes for the elucidation of intermediate and transition state

S‘l:]'uctures. Glycosidase inhibitors are also important targets for drug discovery. Several

eExtremely debilitating and eventually fatal diseases such as diabetes, arthritis and several

Ql-gan disorders are caused or mediated by carbohydrate processing. Inhibition of

itltestinal a-glucosidases can be used against diabetes by lowering the blood glucose

1evels. Inhibitors of glycoconjugate processing glycosidases can disrupt the biosynthesis

of glycoproteins and glycolipids and hence cell-cell or cell-virus recognition. Therefore,
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means of inhibiting or regulating glycosidases and glycosyl transferases, especially by

small organic molecules, are much sought after in drug development.

A number of natural products which show glycosidase inhibition have been isolated from

plants and microorganisms. Most of them resemble the natural carbohydrate, but an

irnino group replaces the endocyclic oxygen atom. They are believed to be able to mimic

the ground state conformation and the positive charge character of the transition state

upon protonation of the basic nitrogen atom. These natural occurring sugar mimics are

classified into five structural classes": polyhydroxylated piperidines, pyrrolidines,

indolizidines, pyrrolizidines, and nortropanes. These natural occurring glycosidase

inhibitors have provided important information for potent inhibitor design and have

presented new challenges for the organic synthesis. A large number of newly designed

g1ycosidase inhibitors have been based on the mimicry of the charge and shape of the

proposed transition state. We will discuss some of the natural glycosidase inhibitors and

the designed transition state analogues. Analogs that mimic the positive charge build-up

in transition states as well as analogues which do not mimic the charge of the proposed

hf‘ansition states will be discussed. The position for the positive charge build-up includes

elidocyclic oxygen (9), anomeric center (10), and exocyclic oxygen (11).

(Hon/K) (Hon/K). (Horn/fl

H98

9 10 11

1.4.1.1. Inhibitors that mimic a positively charged endocyclic oxygen
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The glycosyl oxocarbenium ion 9 is believed to be an important character of the

transition state of glycosidases, so mimics of the cation 9 are thus potentially transition

state analogs. The natural occurring nojirimycin family is an important class of this kind

 

ofinhibitors.

OH OH OH OH

O NH NH "‘9‘.

HO HO HO HO

"7&3... @0. $$ ..

OH OH OH OH

Glucose l Nojirlmycln 12 Deoxynojlrlmycln 13 Me-Deoxynojlrlmyeln 14

"a
OH’ HO OH 2,

&
Nx ’NH

H0 30 N HO
HO

HO HO HO

Bu-Deoxynojlrlmycln 15 Castanospermine l6 Deoxymannonojlrimycln l7 Swalnsonlne l8

Nojirimycin 12 was discovered as the first manual glucose mimics, with a nitrogen atom

in the place of the ring oxygen”, and it is a potent inhibitor of a- and B—glucosidases from

a variety of sources“. The more stable form l-deoxynojirimycin (DNJ)77 13 and l-

deoxymannojirimycin (DMJ)7M’0 17 were also isolated and showed potent inhibitory

activities against glycosidases. DNJ is a potent inhibitor of all kinds of glycosidases

(Table 1.1)”, but it is more selective to a-glucosidases and its inhibitory effect on

t3l'lammalian u-glucosidases opened the possibility of a therapeutic application for DNJ.

I‘iowever, despite the excellent a-glucosidase inhibitory activity of DNJ in vitro, its

efficacy in vivo was only moderate“. Therefore, a large number of DNJ derivatives were

prepared in the hope of increasing the in vivo activity. Much of the work on chemical
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modification has been focused on N-substitution82’83. N-methyl-DNJ and N-butyl-DNJ

show better inhibition than DNJ, but longer alkyl chains do not show further increase in

activity84’85. Some natural bicyclic polyhydroxyheterocycles were also discovered and

“‘89 18 are typical1' solated. The indolizidine castanosper'rrrinegf“87 16 and swainsonine

examples. These compounds have less obvious structure relationship to monosaccharide

but in each case the configuration of hydroxyl groups on the ring can be compared to

those of sugars. Castanospennine can be considered a bicyclic derivative of DNJ, with an

ethylene brige between the hydroxyl group and the ring nitrogen. Castanosperrnine is an

excellent a-glucosidase inhibitor. Swainsonine is believed to be associated with DMJ,

and showed inhibition against a-mannosidases (Table 1.1). The inhibition spectra of

castanospermine, swainsonine and N-alkylation derivatives of DNJ showed they are more

potent or more specific glycosidase inhibitors than the corresponding deoxynojirimycins

and they have been targeted as anti-HIV, anticancer, antimicrobial etc. agents.

Table 1.1 Inhibition constant K, (uM) of some natural inhibitors

\
 

Enzyme and source 12 13 16 18

Q—glucosidases

Yeast 6.3 12.6 >1500

Rice 0.01 0.0l 0.015

Sucrase (Rabbit intestine) 0.13 0.032

Sucrase (Rat intestine) 0.00055

B-glucosidases

Aspergillus wentii 0.36 2.7 0.9

I‘
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7 Sweet almonds 0.89 47 1.5

Calf liver (cytosol) - 210

Calf spleen (lysosomes) 4.5 180

Human placenta (lysosomes) 7

a-mannosidases

Jack beans 0.001

Almonds >1000

Rat liver (lysosomes) 0.07

mannosidase 1 AIR

Rat liver (Golgi ves.) >1000

B-mannosidases

Aspergillus wentii >2000

 

Castanospermine has been found to inhibit lysosomal a- and B-glucosidases and disturb

the lysosomal catabolism of glycogen90 and glycolipids”. These syndromes resemble the

genetic disorders Pompe's and Gaucher's disease, respectively. Both castanospermine and

DNJ inhibit processing a-glucosidases I and 119293, but castanospermine is more effective

against a-glucosidases I than DNJ“. Castanospermine and the N-alkylation derivatives

Me-DNJ have also been shown to exhibit antimetastatic activity by inhibiting platelet

aggregation of metastatic cells as well as reducing adhesion of tumor cells to the vascular

endothelium95’96. Furthermore, these compounds have been shown to inhibit cellular

tI‘ansformation by altering oncogene glycosylation”. For the inhibition of HIV,

castanospermine, DNJ, and synthetic N-butyl-DNJ (Bu-DNJ) are potent inhibitors of HIV



replication and HIV-mediated syncytium formation in vitro°8"0°. Bu-DNJ has been

developed as an anti-HIV agent. It has been reported that a major mechanism of action of

Bu-DNJ as an inhibitor of HIV replication is the impairment of viral entry at the level of

post-CD4 binding, due to an effect on viral envelope components'm. Bu-DNJ is also a

specific inhibitor of the glucosyltransferase-catalyzed biosynthesis of GlcCer, the first

step in the biosynthetic pathway of GlcCer-based GSLsgg. This discovery constitutes

great progress toward the treatment of this group of severe diseases. DMJ and

swainsonine, which act on the later stages of N-linked oligosaccharide processing, have

no effect on the secretion of infectious virus'oo'm'. Swainsonine has no effect on Golgi a-

mannosidase 1'02, but it is a potent inhibitor (IC50=0.2 ,uM) of rat liver Golgi a-

mannosidase II, and swainsonine is the first compound that was found to inhibit

glycoprotein processing. Swainsonine is also a potent inhibitor of lysosomal a-

mannosidasem . The inhibition spectra of these azasugars revealed broad inhibition to all

kinds of glycosidases, and poor in vivo activity. In the therapeutic applications, potent

and specific inhibitor for one of the glycosidases could be more desirable. This requires

I'I'lore understanding of the enzyme properties and the action of the known inhibitors.

The three-dimensional structures of glycosidase complexes with DNJ and

eEitstanospermine have been solved and have revealed different binding modes. The

Structure for the complex")4 of DNJ with glucoamylase (Aspergillus awamori) has

provided information about the structural arrangement of functional groups and

interactions of the inhibitor in the active site. Glucoamylase catalyzes the removal of B-

D-glucose from the nonreducing ends of starch and other oligosaccharides, and it is an

105.l06

inverting glycosidase . Upon binding, the overall conformation of the protein in the
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complex is essentially the same as the native structure at pH 6.0. The important residues

in the active site remain the same conformation and position, as seen earlier. There are

two molecules of DNJ bound in the active site with one associated with strong electron

density and representing the principal site of interaction. In the primary site, DNJ retains

the chair conformation (Figure 1.14) instead of half-chair which is the assumed transition

state conformation. In the active site of complex, 2-, 3-, 4- and 6- hydroxyl groups

occupy the approximate positions of water molecules in the free enzyme. Only one water

molecule (water 500) is present in the active site of the complex. This water molecule

forms hydrogen bonding to the oxygen of Glu400, 6-OH and ring nitrogen of DNJ, and it

is well oriented towards the C1 atom of the inhibitor (Figure 1.14). Therefore, it is

reasonable to assume that this water molecule is the nucleophile of the general base

catalyzed mechanism and that Glu400 is an important catalytic residue of the enzyme. In

the structure of 2-fluoro-2-deoxy-cellotriosyl-enzyme intermediate of CelSA, the 6-OH

presents two possible conformations, but here the 6-OH is locked to only one

conformation: upwards relative to the base of the active site to hydrogen bond Asp 55

and water 500. Mutation of Asp 55 to Asn or 'l‘yr, and of Arg 54 to Lys or Tlrr leads to a

complete loss of activity, indicating the essential role of these hydroxyl groups.
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Glu 400

 

 

Figure 1.14. Schematic of the active site of glucoamylase II. NOJl and N012 are l-

deoxynojirimycin at the primary and secondary site, respectively.

I07

The structure of the Exo-B-(l,3)-gluconase (Exg from Candida albicans) bound with

l08

castanospermine showed a different binding mode . Castanosperrnine is larger and less

flexible than DNJ due to the fused 5-membered ring bridged by ethylene between the

9
86‘”) shows anitrogen and C6. The crystal structure of the unbounded castanospermine

chair conformation of the pyranose ring and an approximate envelope conformation of

the 5-membered ring. However, in the complex with Exg, it presents a twisted boat

conformation in which the positions of C3, C4, C5, C6 and N are almost superimposable

on the equivalent atoms in the chair form, but C2 and C1 are displaced upwards relative
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to the base of the active site pocket (Figure 1.15). This conformation would facilitate the

departure of the leaving group and it can be considered a precursor to the transition state,

which is assumed to be a half-chair. The ring nitrogen forms close contact to the oxygen

of the nucleophile Glu229, consistent with an ionic interaction. The imino group also

shows good tetrahedron geometry, indicating protonation which would be expected at the

crystal pH of 6.0. Series of tight H-bonding contacts to the 2-, 3-, 4- hydroxyl groups lock

the castanospermine into place. Those hydroxyl groups also occupy the positions of water

molecules in the free enzyme. An important residue Glu 227 points centrally at the C3-

C4 bond so that each of its carboxylate oxygen atoms interacts with a hydroxy group. The

6-OH lies axially, and interacts with two water molecules. The protein again undergoes

very little change upon binding, except residue Asn 146 and Tyr 255, which are not

involved in the binding. Asn rotates away for the ligand in order to avoid a clash with C2

which has moved upwards to a twisted boat conformation. Because of the rigidity caused

by the 5-membered ring in castanospermine, Tyr 255 hydroxyl group moves 0.7 A away

to avoid the steric clash with C7. Again, conformations of protein, especially those of

important functional groups remain unchanged to achieve tight binding.



 

N146 E192

H135

Figure 1.15. Stereoscopic images of the difference (Fo- c) electron density contoured at

the 30 level, and corresponding to castanospermine bound in the active site. Surrounding

Exg residues are included with water molecules shown as bold circles.

Castemospermine and derivatives of deoxynojirimycin are considered selective inhibitors

for a-glucosidases, because they mimic the positive charge character of the ring oxygen

at transition state, which is believed to be an important feature of the a—glucosidase

transition state. However, it is questionable whether they are real transition state

analogues because they do not have the expected half-chair confirmation. Therefore,

inhibitors that mimic both the positively charged ring oxygen and the half-chair

confirmation have been developed.

The five-membered azasugars which is expected to be more flexible than six-membered

rings were synthesized by C-H Wong et all"). The five-membered ring has more flattened

chair confirmation and the positive charge can be mimicked by the positive charged

imino group, so compound 19 showed better inhibition against a-glucosidase (K,= 2.8
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pM'” for a-glucosidase) than DNJ and compound 20 showed strong inhibition to a-

galactosidase from coffee bean at pH 5.5 (K, = 0.05 ,uM). The x-ray crystal structurel '0 of

compound 19 indicated an envelop conformation of the five member ring. Figure 1.16

shows the proposed transition state for a-glucosidase and the positive charged compound

20. Therefore, five-membered azasugars are better transition state analogs than six-

membered ring azasugars. However, it is noted that compound 20 is a less potent

inhibitor to a-galactosidase compared to l-deoxy—D-galactonojirimycin 21 (K, = 1.6

nM)l 12, which has a chair conformation.

OH

on on on 0”

HO OH HO OH HO

OH

19 20 21

OH

OH

nu,+

HO

OH

20' H+

   

Figure 1.16. Proposed transition state structure for the u-galactosidase reaction.

Compound 20 is a mimic of the galactosyl cation.
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Glycosidase inhibitors with spZ-hybridized anomeric carbon and ring nitrogen have been

designed to meet the flattened chair confirmation requirement. Series of glucoimidazole-

113-117 118-120 121

, glycotriazole -type inhibitors have been synthesized.. glycopyrrole

However, most of them only showed weak or modest inhibition. The stronger inhibition

observed for compounds 28-32 (Table 1.3) was suggested to come from the interaction

of 2-NH3+ or ester function and the nucleophilic carboxylate of the enzymel '9.

Table 1.2. K, values in uM for compound 22-27.
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Table 1.3. K, values in uM for compound 28-34.

 

 

OH R fi-glucosaminidase‘ fi-glu'ase"

N \ COzCH3 l9 -

"(I-l 28 Ac

O __

NHR 29 H - 12 (pH 6.8)

30 CF3CO 10 -

OH

H2. N \ 31 Ac 20 -

O __

NHFI 0026": 32 H ‘ 21(pH6.8)

33 CF3CO 13 -

OH

N\
u/ \ N

HO

@J

NHAc 34 0.2

3 Bovine kidney B-glucosaminidase. b Caldocellum saccharolyticum B-glucosidase.

 

122 4123

Compared to the imidazole analogue 26 and tetrazole analogs 27 & 3 , compounds

22-25 & 28-33 are relatively poor inhibitors, and they lack a basic nitrogen atom at the

glycosidic position. This might be essential to the strong inhibition and we will talk about

this kind of inhibitors later.

A class of five-membered imidazole compounds is also synthesized and tested (35-

37)121,124. Compound 36124 showed strong inhibition against a-mannosidase with ICso =

10 pM, K,= 5 pM), while other compounds are poor inhibitors. This is probably due to the

correct configuration of hydroxyl groups in 35.
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A new class of glycosidase inhibitors which contain cyclic sulfonium ions is worth

mentioning. The natural products salacinol 38125"26 and kotalanol 39m, the herbs used in

India transitional medicine for diabetes, are among the most potent glycosidase

inhibitors. The permanent positive charged sulfonium ion may contribute to the high

'28 of salacinol showed a unique spiro-affinity to the enzyme. The x-ray crystal structure

like configuration of the inner salt comprised of l-deoxy-4-thioarabinofuranosyl

sulfonium cation and 1’-deoxyerythrosyl 3’-sulfate anion. This characteristic structure

may account for the strong inhibitory effect of salacinol.

on on on on on on

s+\/'\/\ 5+ on
HO HO

so, oso; onO
I
I
I
I
I
I

Salaclnol 38 Kotalanol 39

1.4.1.2. Inhibitors mimicking the charge build-up at the anomeric center

The positively charged anomeric carbncation 10 has not been paid much attention until

the mid-90s because its resonance form oxocarbenium ion 9 is believed to be a more

important feature of the transition state. In 1994, 8015 et al.'29"30 proposed that mimics of
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the cation 10 could be transition state analogues. One way of incorporating a positive

charge at the anomeric center is to introduce a basic nitrogen to the anomeric position,

and replace the ring oxygen with methylene group in the corresponding sugar.

Isofagomine 41 (l-aza suagr), named after the natural product fagomine 40, was

synthesized. It has nitrogen at the anomeric position and glucose configuration, while the

2-OH was removed because ofthe possible instability of the hemiaminalsl3 '.

OH OH on on

HO NH HO NH

HO HO NH HO NH w

' OH

OH

40 41 42 43

OH OH OH H
I

HO NH HO NH N OH

HO O

OH on on H

13 21 44

The inhibition studies showed that isofagomine 41 is a powerful glucosidase inhibitorI32

(Table 1.4), especially for B-glucosidase, with K, value 440 times lower than that

obtained for DNJ 13. Other l-aza sugars with different configurations were also

synthesized and tested by Ichikawa et a1.'33 They were found to be very potent and

specific against the corresponding B-glycosidases, with K, values in the nanomolar range

(Table 1.4).

Table 1.4. Inhibition constant K, in ,uM for isofagomines.
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enzyme 41 13 42 21 43 44

(rt—glucosidasea 86 l 2.6

Isomaltasea 7.2 l 1

B-glucosidaseb 0.1 l 47

a-galactosidase° 50 0.0016

B-galactosidased 0,328 8 1

B-galactosidasee 0,004

B-galactosidasef 0,2 1 25

u-fucosidaseg
4 0.029

a-fucosidaseh 6.4 0.0013

 

“ From yeast.7 From almonds. c From Green Coffee Bean. d From Saccharomyces

Fragilis. e From Aspargillus Oryzae. I From E. Cali. 8 From bovine kidney. h From

human placenta.

The galactose type l-aza sugar 42 is an extremely potent inhibitor of B-galactosidase,

with a K, value of 4.1 nM. The inhibition spectra of isofagomines are complementary to

those of DNJs, which show selective inhibition against corresponding a-glycosidases

(Table 1.4) by mimicking the positive charge developed at the ring oxygen. This

complementary inhibition profile of DNJ and isofagomines is explained by the different

positions of the positive charge build-up of the transition state and the interaction of

inhibitors with the carboxylate groups of the enzymesl34'l36. For a-glucosidase, the

oxocarbenium ion 9 is believed to be an important state, and the catalytic nucleophile

carboxylate is located close to the [3 face of the pyranoside ring (Figure 1.17a), thus the

protonated nitrogen atom is well positioned to form a hydrogen bond or a salt bridge with

the anionic catalytic nucleophile. For B-glyosidases, 3 C-1 cation 10 is more important for
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equatorial glycoside cleavage, with greater share of positive charge at anomeric carbon,

which is better suited to interact with the catalytic nucelophile of a B-glyosidase (Figure

1.171)).

e.

 

Figure 1.17. Pr0posed favored binding interaction of DNJ in a-glucosidase (a) and

isofagomine in a B-glucosidase (b).

The thermodynamic studies'37 of binding of isofagomine 41 and DNJ 13 to B-glucosidase

indicated very different binding modes for these two inhibitors (Table 1.5). The AH and

AS values were obtained by measuring K, at different temperatures and plotting —an, vs

l/T in a Van’t Hoff plot. The data show a negative enthalpy and small entropy for DNJ,

which indicates that the binding of DNJ to B-glucosidase is favorable in terms of bond

energies, while the entropy is relatively unimportant. This energy could be obtained from

forming a hydrogen bond between 2-OH and the enzyme as well as a strong hydrogen

bond or a salt bridge between the catalytic carboxylic acid group of the enzyme and ring
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nitrogen. For isofagomine, the enthalpy is positive and the large entropy indicating the

binding of 41 is driven by the large increase of disorder, which can compensate for the

positive enthalpy.

Table 1.5. Thermodynamic parameters for the binding of the two inhibitors to almond B-

 

glucosidase at pH 6.8

K, (,uM, 25°C) AH (kJ/mol) AS (J/mol K)

OH

HO NH

110*
OH 26.3 -25.7 1.3

OH

HO

"° NH 0.27 58.6 323.8

 

A recent study of a new inhibitor noeuromycinI38 49, an analogue of isofagomine with

the 2-OH present, showed that the anomeric nitrogen can interact effectively with a-

glycosidases as well. This is contrary to the belief that anomeric positive charge is only

important to B-glycosidases. Noeuromycin (49) was tested for inhibition of glycosidases

(Table 1.6) and was found to be a remarkably strong glucosidase inhibitor. The K, values

were all in the nanomolar range and between 2 and 4000 times smaller than those of 41.

Evidently the incorporation of the 2-hydroxyl group increases inhibition profoundly. The

inhibitor 49 was also considerably more potent against glucosidases than the inhibitors

13, 21 and 19 resembling oxocarbenium ion intermediate 9 (Table 1.6). It is remarkable

that in contrast to 41 the inhibitor 49 inhibits both [3- and a-glucosidase strongly. The D-

galacto- (50) and L-fuco- (51) isomers of 49 were also glycosidase inhibitors in the
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nanomolar range. The galactose analogue 50 is much more potent against a-galactosidase

than isogalactofagomine 42, while its inhibition of three B-galactosidases varied from 4

times more potent to 9 times less potent than 42. The L-fucose analogue 51 was 1000

times more powerful than isofucofagomine 43 against a-fucosidase. It is clear that the

incorporation of the 2-hydroxyl group contributes very tight binding to both 01- and B-

glycosidases. It was suggested that similar to the interaction between the anomeric

136,139

nitrogen and the nucleophilic carboxylate of B-glycosidases , a salt bridge also exists

between this nitrogen in 49, 50, 51 and the carboxylate of (it-glycosidases (Figure 1.18).

 

on on on

HO NH

..o& “0% ”9:;
NH NH OH

OH

41 42 43

on on on

HO
NH

H

0" OH OH

49 50 51

Table 1.6. Inhibition constant K, in nM"

enzymes 41 49 42 50 43 51

a-glucosidaseb 86000 22 - - - -

isomaltaseb 7200 25 - - - -

B-glucosidasec l 10 69 - - - -

a-galactosidased - - 50000 742 - -

B-galactosidasee - - 328 91 - -

B-galactosidasef - - 4 35 - -
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B-galactosidaseg - - 200 397 - -

a-fucosidaseh - - - - 4000 4.7

(r—fucosidasei - - - - 6400 3,2

 

“ -: inhibition not measured. D From yeast. 6 From almonds. d From Green Coffee Bean. 8

From Saccharomyces Fragilis. IFrom Aspargillus Oryzae. g From E. Coli.. h From bovine

kidney. ' From human placenta.
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Figure 1.18. Proposed binding of 49 in the active site of a B—glucosidase (a), in this case

from white clover and a retaining a-glucosidase (b).

The importance of the charge-mimicry of transition state has been demonstrated by

azasugar analogs. Although it is assumed that protonated azasugars bind to the enzymes,

no direct evidence of the protonation state of azasugars has been obtained until recently.

The 1.0 A resolution three-dimensional structure of Ce15A from Bacillus agaradhaerens

in complex with compound 52 was solved by Davies al et '40.
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Figure 1.19 is the schematic representation of the interactions. It reveals that the imino

sugar is protonated within the active site. The carboxylate oxygen of Glu 228 is 2.6 A

form N1 of 52, indicating a close Coulombic interactions between the protonated

isofagomine and the negatively charged nucleophile. It is also noted that glucose and

isofagomine moieties are in undistorted 4C, (chair) confirmations. This is the first direct

observation of the protonation state of an azasugar glycosidase inhibitor upon binding.

 

  

0231101234

29A

OI-l“(mix/30A\w_-

WkN’H\3.1A Tyr202

H9 \M
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Figure 1.19. Schematic representation of the interactions observed between CelSA and

the cellobio-derived isofagomine (52). All hydrogen atoms shown have been observed

experimentally. Only the -l subsite interactions are shown in detail. Distances around N]

are indicated.

1.4.1.3. Inhibitors which mimic the positively charged exocyclic oxygen
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Since glycoside cleavage of an ordinary O-glycoside involves protonation of the

exocyclic oxygen of the glycosidic bond, an early transition state may have a

considerable charge at this atom. Thus, stable compounds that resemble the positively

charged ion 11, may be regarded as transition-state analogues. Compounds that have an

amine in place of the exocyclic oxygen are the most common transition-state analogs of

this kind.

Some natural inhibitors which contain an exocyclic nitrogen have been isolated. The

main classes of this type of compounds are the trehazolins 53, the allosamidines 54,

acarbose 55. The trehazolins exhibit powerful specific inhibition of various trehalases;

the allosamidines inhibit various chitinases, and acarbose is a very potent a-glucosidase

 

  

inhibitor'“.

OH

éio

HN HOfiO’fi/mo

7 OH OH I

0 OH

"”’OH

HO OH
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Glycosylamine are classical mimics of the protonated substrate. However, these

compounds are not stable and hydrolyze very quickly under assay conditions'”.

Nevertheless, a fucosylamine was synthesized and found to be a potent inhibitor (K, =

I43

0.75 ,uM) against a-L-fucosidase from bovine kidney . More stable forms have been

investigated, including glycosylamidines'“, C-(glycopyranosyl)methylamines”5"“,

amino-substituted (R/S)-phenylglucosides”mm"5°. No powerful inhibition has been

8'44 showed selectiveobserved except for compounds 56-60. Glycosylamidines 56-5

inhibition against glucosidases, especially B-glucosidases. Compounds 59147 and 60'49 are

quite potent and selective inhibitors against B-galactosidases and a-glucosidases.

Table 1.7. K, values in ,uM

 

Compounds 56-58 (x-glual a-glub [i-gluc [i-glud a-galc [i-galf

on

0
H190 0T‘Ph

0H NH; 21 >2500g 73 0.094 - -

Hon

HO O 0

011 mph - - 41 390 47 7.8
2

HaC

H o
morph

on "Hz. - - 1100 11 - -

' No inhibition at 2500 pM.“ Yeast a-glucosidase.b Aspergillus niger a-glucosidase.c

Almond B—glucosidase.d Aspergillus niger B-glucosidase." Aspergillus niger a-

galactosidasefE. coli [3_--galactosidase.’g Less than 50 % inhibition at 2500 ,uM.
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OH OH

0 H o

"mecnzph 9'0

OH OH

H2N Ph

59K.=2.3pM 60 K.=38pM

(E. coli lacZ fl-galactosidase) (yeast a-glucosidase)

Another important class of compounds is aminocyclopentanes. They have a

stereochemistry similar to the stereochemistry of either gluco-, manno-, galacto-, fuco-,

or xylopyranose. Great progress has been made and some strong and specific inhibitors

have been synthesized. The amino(hydroxymethyl)cyclopentanetriols 61-63 with

different substituents R have shown powerful inhibition against mannosidases,

glucosidases, and galactosidases, with inhibition constants in the milimolar or

micromolar range. There is a review by Siriwardena et. all5 ' about this class of inhibitors.

 

61 62 63

1.4.1.4. Inhibitors that mimic positive charge in several places (Mimics of 9 & 11)

Both the endocyclic oxygen positive charge and the exocyclic positive charge have been

shown to be important features of glycosidase transition states. It is reasonable to assume

that stable compounds which mimic both the positively charged ion 9 and 11 are better

transition state analogs.

44



O W0

\\/

(Hot/g \ (H01n/\fi

HOB

9 11

Ganem Group first synthesized amidine derivatives (64 and 65) of D-glucose‘sz‘lsz‘, which

combine the charge distribution at endo- & exocyclic oxygen and the desired

conformation of glucosyl cation 9. The amidine derivatives 64 and 65 have nitrogen in

place of both endo-and exocyclic oxygens, so the positive charge can be delocalized

among these two positions and anomeric center (66). The spz-hybridized anomeric carbon

provides the flattened chair conformation of the assumed transition state. Inhibition

testing found that amidine 64 and 65 are potent, broad-spectrum inhibitors of

glycosidases (Table 1.8). It showed similar inhibition against B-glucosidase, B-

galactosidase and u-mannosidase, and the N, N-dimethyl derivative 65 is less potent than

64.

OH OH

HO N HO N

11
NH2 N/

OH on I

 

Table 1.8. K, values in pM for compound 64-68.

 

Enzymes [i-glucosidasea B-galactosidaseb a-mannosidaseC

64 8 8 9

65 83 83 ° 40

67 8.4 l 9 3. l
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68 13.8 19 12

a Sweet almond B-glucosidase. b Bovine liver B-galactosidase ° Jack bean a-mannosidase

 

More stable forms amidrazone 67 and amidoxime 68 have been synthesized and

testedm‘lss. They all showed broad spectra inhibition of glycosidases. Despite the large

difference in the pKa values of amidine 64 (pKa = 10.4), amidrazone 67 (pKa = 8.7), and

amidoxime 68 (pKa = 5.6), their inhibition against B-glucosidase (sweet almond) is at the

same scale. This let Ganem et. a1 propose that it is the shape, not the charge of transition

state more important for binding to B-glucosidase.

OH OH

67 68

Another important class of inhibitors which mimic the flattened chair conformation and

the positive charge at both positions consist of an azasugar fused with heterocyles such as

136,156. A

triazoles or imidazoles series of compounds can be obtained by introducing

different substituents at the heterocyles, and they are more stable than amidines and their

derivatives. The natural product nagstatinl57"” (69) was shown to be an N-

acetylgalactosamine fused with a substituted imidazole, and it is a strong N-acetyl-B-

glucosaminidase inhibitor (Table 1.9). Other compounds which have different
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98136,156,159

configurations and different substituents have been synthesized by Vasella and

”1'60"“ respectively. As can be seen in Table 1.9, the imidazoles areTatsutas’s groups

potent inhibitors of various glycosidases and more selective than the amidines and their

derivatives. Also, the 1,2,4-triazoles are potent and selective inhibitors though they are

not as strong as the imidazoles.

Table 1.9. K, values in pM for compound 69-75.

 

Enzymes a- [3- [3- B- a- B- NAc- NAc-

glua giub gluc gald manc manf B- u- -

glug galh

O

"fi/l11%" 69 >334 >334 0.013 63

1-1 N \

m 70 59 0.1 0.02

OH

o/égj
"0 —N 72 0.034

N \

"0 j 73 319 11 0.006 10

74 85 14
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75 285 65 0.4

H

OH0

N \

"0 air—7. 76 0.5 0.008 >500 370 60 125

mICso value. aYeast a-glucosidase. bAlmond B-glucosidase. cCaldocellum saccharolyticum

B-glucosidase. dE.coli B-galactosidase. °Jack bean a-mannosidase. fSnail B-mannosidase.

gBovine kidney N-acetyl-B-glucosaminidase. hChicken liver N-acetfl-a-glucosaminidase

The selectivity and strength of inhibitors may be enhanced by introducing substituents

mimicking the aglycon. Introduction of the hydrophobic and flexible phenethyl

substituent to the imidazole derivative 70 increased the inhibition of C. saccharolyticum

B-glucosidase, leading to the strongest known inhibitor of a B-glucosidase (K, = 0.11

nM)l65.

OH

Ph

—N

OH

77

1.4.1.5. Inhibitors which do not mimic charge

Because the proposed transition state has considerable sp2 hybridization with half-chair

conformation, a number of nonbasic analogs have been developed to mimic this feature.

8-A1donolactones and lactams have been found long time ago to be able to inhibit

glycosidases because they resemble the transition state geometrically. Recently

Nishimura’s group synthesized and studied all possible D-stereoisomers of hexono-l,5-

lactam and found D-manno isomer 78 was a good inhibitor of both a-mannosidase (jack

bean K, = 68 yM) and B-mannosidase (snail K, = 9 ,uM) as well as B-glucosidase, and B-
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galactosidase. The gluco, manno, galacto, talo and ido isomers were able to inhibit

almond B-glucosidase'“. The D-glucosaminolactam 79 is also a good inhibitor of [i-

glucosidase (C. saccharomyces K, = 0.7 ,uM)'67.

OH 0"

Ho 03H" H30“ S& "E"

Ho 0 NH, 0

7s 79

A new type of lactams were introduced by Wither’s group in which the nitrogen is in the

anomeic position similar to the isofagomines and the carbonyl group in the 2-positionl68.

The rationale of this design is to incorporate the important 2-OH group to the l-N-

iminosugars and provide planarity for this molecule, if these lactams bind as the

protonated iminol tautomers. The D-galacto analogI69 (80) showed strong inhibition

against B-galactosidase from Aspergillus oryzae, and xylobiose analog inhibits Cex-

xylanase with K.- = 0.34 ,uM. However, the atomic-resolution structure of lactam with

xylanase XynlOA fi'om Streptomyces lividans revealed that the lactam is bound to the

enzyme as the amide tautomer, which is consistent with the free energy cost of amide-

iminol isomerization (~45 kJ/mol) (Figure 1.20).

OH

OH

HO NH

80
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Figure 1.20. Amide-iminol isomerization

Other neutral compounds indcluding phosphonates, phosphonamidesI70 and

thioalditols|7l have been studied, but they were found to be poor inhibitors of

glycosidases.

1.4.2. Glycosyltransferase Inhibitors

Glycosyltransferases are essential in the oligosaccharide synthesis. Abnormal cell surface

glycosylation characterizes several cancers such as ovarian cancersm, breast cancerm’

175 6

, prostate cancer17 , and colon cancerm'I78 among a host of others such as

oropharyngeal cancer, leukemias and Hodgkin’s diseasem'lss. Many infectious diseases

are also mediated by glycosylation. Therefore, different strategies have been explored to

identify potent inhibitors of glycosyltransferases in order to modulate the formation of

oligosaccharides and glycoconjugates, study functions of these biopolymers, and develop

pharmaceutical agents. These strategies include design of analogs of donor molecules'sq‘

195 196-200 66.201 -204

, acceptor molecules transition state mimics and glycosyl-enzyme

intermediateszos. A few successful examples have been reported, but rational design of

transferase inhibitors still remain a difficult task because of the intrinsic features of

glycosyltransferases: complex transition state with sugar donor, acceptor oligosaccharide

where the sequence and linkage are extremely critical; weak binding of the enzyme with

their natural substrates (usual Km values are in the mM range); and few structural data.
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A remarkable donor analog of sialyltransferase has been reported by Schmidt et. a1'95 .

The donor substrate for sialyltransferase, independent of their source and their acceptor

specificity, is cytidine monophosphate N-acetylneuraminic acid (CMP-NeuSAc). By

incorporating a flattened neuraminyl residue, phosphonate, and a cytidine

monophosphate (CMP) residue, a powerful sialyltransferase inhibitor (81) can be

obtained. The inhibition constant is in nanomolar range (40 nM). Other analogs with a

simple aryl or hetaryl moiety instead of the neuraminyl residue can also give potent

inhibitors“. Therefore, a flat pyranosyl ring mimic, phosphonate and CMP residue are

important for a potent sialyltransferase inhibitor.

""2

\N AcHN ll
fl ! “\\\\P\-O.NC’

__ _ N o HO __ —"

= o- ‘ J. '
HO : o H ‘a, ll 0

OO 9 o N
AcHN 2 OH O

HO OH OH

OH OH

CMP-NeuSAc 81

Because donor sugars are common substrates for glycosyltransferases, as mentioned

earlier, the specificity of transferases largely resides on the recognition of the acceptor

structures. One approach to specific glycosyltransferase inhibitors is to design the

acceptor analogs. A simple strategy is to remove the reactive hydroxyl group of a

glycosyltransferase oligosaccharide acceptor since presumably this hydroxyl group is not

essential to the binding of the acceptor. Palcic et 21] prepared eight acceptor analogs for

different glycosyltarnsferases‘96 where the reactive hydroxyl groups were replaced by

hydrogen. Four analogs showed competitive inhibition against the corresponding
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glycosyltransferases, and the inhibition constants were in the range of the Km values, with

greater values. The other four analogs showed no inhibition, which is suggested to be

lack of the critical hydrogen bonding between this acceptor hydroxyl group and the

enzyme.

A peptide acceptor analog has been reported by Imperiali et. alZOO. The compound 82 is a

nanomolar inhibitor of the oligosaccharyl transferase (OT), which is acting on the

Asparagine-linked glycosylation. This class of cyclic peptide provided the first example

of a readily available and adaptable family ofpotent protein glycosylation inhibitors.
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In 1999, Ichikawa et. al205 reported a rationally designed a-l,3-ga1actosyltransferase (a

1,3-GalT) inhibitor 83. They proposed since a 1,3-Ga1T is a retaining tarnsferase, a

double displacement with formation of a glycosyl-enzyme intermediate is the possible

mechanism (Figure 1.21). Molecules with nitrogen at the anomeric position should be

able to mimic the glycosyl-enzyme intermediate by forming an inhibitor-enzyme

complex via a favorable electrostatic interaction. The pyrophosphate moiety and the

uridine residue are replaced with a vicinal diol and a 5’-thio-uridine respectively, to avoid

an unnecessary negative charge on the molecule and to increase the stability of the

designed inhibitor. Compound was found to be a potent and selective a 1,3-GalT



inhibitor with K, value 4.4 ,uM, but not of B 1,4-GalT which is an inverting tamsferase

and does not involve a glycosyl-enzyme intermediate with a nearby carboxylate. It is

noted that l-deoxygalactonojirimycin has no inhibition against a 1,3-GalT, nor [3 1,4-

GalT, indicating the importance of the position of the imino group.
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OH OH

O OH OH OH
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Figure 1.21. Proposed reaction mechanism ofa 1,3-Ga1T and possible interaction

between the l-N-iminosugar-based inhibitor and the enzyme.
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14‘207'209 in the biosynthesis of cell surface oligosaccharideFucosyltransferases are critica

since many of them are fucosylated and these fucose-containing structures accumulate in

a large variety of human canceresz'm' '. Inhibition of these enzymes is important to study

the oligosaccharide and to develop anti-inflammatory and anti-tumor agents. C-H Wong

et al."6 reported a synergistic inhibition of human a-l,3-fucosyltransferase V (Figure

1.22). The azatrisaccharide 85 which incorporate a fuconojirimycin moiety to the

acceptor substrate was synthesized to mimic the proposed transition state with substantial

oxocarbenium ion character. This azatrisaccharide alone cause moderate inhibition

against fiicosyltransferase with 5.7 mM. However, in the presence of 0.03 mM GDP, it

showed dramatically increased inhibition with ICso 0.031 mM. It was suggested that the

azatrisaccharide form a complex with GDP via electrostatic interactions between the

positively charged amino group and the negatively charged phosphate oxygen. This can

mimic the transition state of the enzymatic reaction (Figure 1.23).
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Figure 1.22. Structure of sialyl Lewis x. and the azatrisaccharide. a-l,3-

fucosyltransferase V catalyze the addition of fucose to LacNAc or sialyl LacNAc.
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Figure 1.23. Proposed model for the synergistic inhibition of a—l,3-fucosyltransferase V

by the combination of an aza sugar and GDP and the proposed mechanisms of hydrolysis

fucosylation by 01- 1,3-fucosyltransferase V.
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ABSTRACT

Purine nucleoside phosphorylase, nucleoside hydrolase and phosphoribosyltransferase are

important enzymes that are involved in the salvage and regulation of purine and

pyrimidine pools. They are all basically N-glycanases like glycosidases and glycosyl

transferases. Kinetic isotope effect studies support the conclusion that oxocarbenium ions

are features of the transition states for all these enzymes. A large amount of work has

been devoted to development of effective inhibitors against these enzymes. The potential

use of such inhibitors includes the development of antiviral, cancer and autoimmune

drugs as well as drugs against certain neurological disorders. In this chapter, the

structure-based design of inhibitors and transition state-based analogs of these three

enzyme classes and related enzymes are reviewed
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2.1. lndroduction

Purine nucleoside phosphorylases (PNP) are the enzymes that catalyze the cleavage

(phosphorolysis) of the glycosidic bond (C-l’ to N-9) of ribo- and 2’-deoxyribo-

nucleoside to form the purine base and a-D-(deoxy)riboside-1-phosphatel. The main

substrates of PNP are inosine (figure 2.1), guanosine and 2’-deoxyguanosine. PNP is an

important enzyme in the base salvage pathway. It has been discovered that lack of PNP

can result in human T-cell immunodeficiency”. Because PNP is the only enzyme that

degrade 2-deoxyguanosine, if it is inhibited, 2-deoxyguanosine can be transported and

phosphorylated by deoxycytidine kinase to deoxyguanosine triphosphate (dGTP)“. The

dGTP can accumulate in the blood because of the high level of deoxycytidine kinase, and

low activity of nucleotidases, that degrade dGTP. High levels of dGTP in T-cells can

cause inhibition [of ribonucleotide reductase, which is responsible for the cellular

formation ofdCDP and dUDP. This prevents DNA synthesis for T-cell proliferations'lo.

HQ -, N. O HO.

\/o"fi".~;~/ PNP \; 0‘ ,

-1” ‘ N (,NH > ,’ 'OP032' + Hypoxanthine

HO ,I HO

0. .0

[P.f

-O O‘

lnosine Ribose-1 phosphate

Figure 2.1. PNP catalyzed reaction
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Undesirable T-cell activation and proliferation result in psoriasis, rheumatoid arthritis, T-

cell leukemias and lymphomas, transplant tissue rejection, and other type IV autoimmune

disorders. Consequently PNP inhibition has become a very important target for the

development of drugs for a variety of diseases including cancer and autoimmune

diseasesI "'4.

Nucleoside N-riboside hydrolases (nucleoside hydrolases) are enzymes that catalyze the

hydrolysis of the N-ribosidic bond of purine and purimidine nucleoside. Figure 2.2

shows the hydrolysis of inosine catalyzed by nucleoside hydrolase. Nucleoside

hydrolases are found in protozoan parasites and bacteria (rihA, rihB and rihC genes in E.

coli)”, but not in mammalian cells”. Nucleoside hydrolases play important roles in

protozoa because they provide free bases to DNA and RNA synthesis for these

organisms”. The protozoa have no ability for de novo purine biosyntehsis, therefore, the

required bases are completely obtained from the host by a base salvage pathway.

Nucleoside hydrolases are essential for the base recovery, and they have been found in

the purine salvage pathway of the trypanosomes including Crithidiafasciculate'g"9. Their

specific role in the protozoa made them an important target for antibiotic design. The role

of nucleoside hydrolases in bacteria is not well understood but they could be important

during infection because the organisms could use the host nucleosides to make its own

genetic material.
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Figure 2.2. Nucleoside N-riboside hydrolases catalyzed reaction

Hypoxanthine-guanine phosphoribosyltransferases (HGPRTases) catalyze the transfer of

5’-phosphoribose from 5’-phosphoribosylpyrophosphate to the purine base hypoxanthine

to form a nucleoside 5’-phosphate (inosine monophosphate) and pyrophosphate (figure

2.3). HGPRTases are manganese dependent enzymes and they are critical in both the

base de novo and salvage pathway to obtain hypoxanthine, guanosin, or xanthine for the

synthesis of DNA and RNA in protozoa parasites. Human HGPRTase does not use

xanthine as substrate. Deficiency of human HGPRTase results in Lesch-Nyhan

syndrome. Hyperuricemia and neurological disorders are features of this disease”.

Because of their key roles in the nucleotide metabolism, they are also targeted as a drug

strategy in antimicrobial, antiparasite and anticancer therapeutics.
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Figure 2.3. Hypoxanthine-guanine phosphoribosyltransferases catalyzed reaction

The three kinds of enzymes are all basically N-glycanases like glycosidases and

glycosyltransferases, and they are involved in the salvage and regulation of purine and

pyrimidine pools'z. They also are involved in base excision repair and in the inactivation

2'22. Therefore, a large amount of work has been devoted to studies ofof ribosomes

enzyme mechanisms, transition states to seek powerful inhibitors for those enzymes.

Vern. L. Schramm etc. have developed methods for the determination of the transition

state structures by kinetic isotope effect studies at multiple positions in the substrate

molecule”26 . The methods include measuring kinetic isotope effects at every position in

a substrate molecule that might be perturbed at the transition state, computing a truncated

transition state structure with bond lengths and angles matching the isotope effects, and

then optimizing the structure for the transition state. The results showed oxocarbenium

ions are features for all these enzymes. The difference exists in the degree of the

oxocarbenium ion formation and the nucleophilic displacement”. PNP and HGPRTase

catalyze reactions with inversion of configuration at the anomeric center. According to

28-31

Schramm , the transition state of PNP has bond order 0.4 to the leaving group, but
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bond order < 0.04 to the incoming nucleophile. In nucleoside hydrolasel6’32‘33, the

oxocarbenium ion is nearly fully developed, with C—l ’ rehybridized almost completely to

sp2, and the attack of the water nucleophile is late well behind N-ribosidic bond breaking

with approximately 0.03 bond order from the attacking oxygen to Cl’. An SNI type

reaction is more likely. Schramm proposes that for all these enzymes, the nucleophilic

displacement occurs relatively late in the reaction coordinate. As we will see later, this

conflicts with the finding that placing a nitrogen atom at the anomeric position in

transition state inhibitors leads to better binding and better inhibition. According to the

Schramm’s model: the low bond order to the anionic nucleophile with significant bond

order to the leaving group causes the ribosyl group to be electron deficient, with partial

oxocarbenium character; the N-7 of the purine ring in these transition states is protonated

or hydrogen-bonded to assist the departure of the leaving group; The pKa of this group is

elevated toward 7 or above as the ribosidic bond is broken. Figure 2.4 illustrates the

substrate inosine, PNP transition state, nucleoside hydrolase and HGPRTase transition

states according to Schramm. The PNP transition state is reached when the Cl ’-N9 bond

distance is elongated to 1.77A from 1.44A in inosine, with 3.0A from the anomeric

carbon, and the phosphate anion is proposed to play an important electrostatic role in the

transition state stabilization.
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2.2. Structure-based Design of PNP inhibitors

Structure-based design and structure-activity relationships have been used for the PNP

inhibitor design34'39. It is based on the three-dimensional structure of the native PNP and

computer-assisted molecular modeling. The catalytic site of PNP containing substrates or

product analogs or weak inhibitors was sequentially filled with newly designed analogs

followed by subsequent structural and kinetic characterization and refinement of catalytic

site contacts. A number of 9-substituted deazaguanine derivatives were designed to

search for the potent inhibitors with favorable interaction with PNP active site including

purine binding site, the hydrophobic pocket and the phosphate binding site. The N-9 was

replaced with carbon because no interaction was identified between N-9 and PNP

residue, and 9-deazainosine itself binds 15-20 times more tightly than inosine“). A

linkage to carbon instead of nitrogen is desirable because such a linkage cannot be

cleaved by N-glycosidases of any sort. Compounds with substitution at the 9-position by

aromatic, alicyclic and heteroalicyclic groups attached through a methylene group were

found to be good inhibitors34 (Figure 2.5) even if the substituents bore no similarity to a

sugar residue and an equivalent of a positively charged glycosyl ring oxygen or anomeric

carbon was not present. Aryl groups such as thienyl. furanyl, pyridyl and phenyl provided

potent inhibitors. The 3- and 4—substituted phenyl group gave low leo values in the

nanomolar range, but compounds with 2-chloro and 2-hydroxylphenyl groups are poor

inbitors. This is probably due to the displacement of the 9-deazaguanine moiety from its

optimal binding position resulting in disturbing of the noncovalent interactions.

Cyclopentyl, cyclohexyl, tetrahydrothienyl, dithianyl derivatives which have greater

hydrophobicity also showed equal potency when assayed in 1 mM phosphate. They all
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have favorable interaction with the purine and hydrophobic binding sites of PNP, and

they can penetrate the cells more easily.
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Figure 2.5. PNP inhibitors

To increase the binding affinity of the inhibitors, functional groups which can interact

with the PNP phosphate binding site can be introduced. A potent PNP inhibitor, acyclovir

diphosphate“ (ACVdir) (Figure 2.6) was found to be a bisubstrate inhibitor binding in
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the purine binding site and in the phosphate binding site with some interaction of the

ACV side chain with the hydrophobic pocket”. Some 9-substituted guanines were

investigated as phosphate mimics with the functional end being sulfonic acid, carboxylic

acid, sulfonamide, carboxamide and nitrile”. The result showed that the sulfonic acid and

the carboxylic acid end groups interact significantly with the phosphate binding site, but

both of them bind more weakly than the phosphate (Figure 2.6). The sulfonamide,

carboxamide, and the nitrile have no interaction with the phosphate binding site. It was

suggested that the only phosphate mimics that bind like phosphate are themselves ionic,

probably with limited ability to penetrate cell membranes.

ICs» (FM)

0 p g X ‘ f lmM Po4

HN ”‘7'“ M.;, HN' ”P r N 13 P0311; 0.044

H2",NN Hail/”N . "I 14 803‘] 0.18

HO 3 30.1,“...«0» \\ 15 SOZNHZ 100

O. o i” 16 coon 8.0

2:120:13iphmphate ”X 117 CONH2 200

Figure 2.6. Phosphate mimics for PNP inhibitors

More hydrophobic mimics were developed to improve the cell penetration and oral

activity (Figure 2.7). Compound 18 was found to be a good inhibitor with IC50 35 nM.

Derivatives with different substituents were studied and compound (8)-20 with 3-

chlorophenyl and -CH2COOH group has IC50 of 5.9 nM, whereas the corresponding (R)-

isomer was 30-fold less potent36‘37.
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Figure 2.7. More hydrophobic mimics.

2.3. Transition State Inhibitor

The transition state studies have guided the transition state analog inhibitor design.

Chemically stable compounds with the same molecular shape and volume, incorporating

the key transition state features should provide inhibitors with high affinity to the target

enzymes. Because of the oxocarbenium ion feature of the transition state, l,4-dideoxy-

1,4-imino-D-ribitol compounds which can be largely protonated at pH 7 (pKal = 65)”,

should be potent transition state analog inhibitors ofboth PNP and nucleoside hydrolases.

‘3 . . . .

”‘44“, am1drazone 2547, and nicotinamide-Compounds such as phenyl iminoribitol 24

based analog 2646 were studied and revealed potent (nM) inhibitors of the Crithidia

fasciculata nucleoside hydrolase such as p-bromo or p-aminophenyl iminoribitol.
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Further investigation of the substituted iminoribitol led to the conclusion that for more

potent inhibition of PNP, hydrolases, and transferaes, the R1 group needs to better mimic

the purine base of the substrate. Therefore, a family of Immucillins (1mm) was designed

and synthesized specifically to mimic the transition state structures. ImmH (31, (lS')-1-(9-

deazahypoxanthin-Q-ylH,4-dideoxy-l,4-imino-D-ribitol) and Iran (32, (18)-1-(9-

deazaguanin-9-yl)-l,4-dideoxy-l,4-imino-D-ribitol) were developed first”5 '. In the

structure of ImmH, The ring oxygen is replaced by imino group, the same strategy in the

glycosidase inhibitor design. It mimics the partial positive charge of the

ribooxocarbenium transition state upon protonation. The C-C ribosidic bond instead of C-

N bond would mimic the lengthened C-N linkage in transition state and provide chemical

stability against breaking. The N7 of ImmH has greater pKa (9.8), and can be easily
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protonated, similar to inosine at transition state and unlike N7 in the substrate (pKa=l.2).

These features cause immucillins in the picomolar range inhibitors (Figure 2.8), and

immucillin-H is currently in the phase I/II clinic trials for the treatment of T-cell

leukemia.
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Figure 2.8. ImmH family.

The crystal structure of PNP complex with immucillin-H and P04 has been solved“.

Together with the PNP-substrate (Michaelis complex )52 and PNP-product structures”,

they have provided important information about the structural details of the catalytic

mechanism. Figure 2.9 is the noncovalent interactions in the active sites of bovine PNP

complexes. The structure of the PNP-ImmH-PO4 resembles the structures of

PNP°inosine°SO4 (reactant) and PNP-hypoxanthine'ribose l-PO4 (products), but

PNP-ImmH-PO4 complex involves closer contacts between the protein and 11an

(Figure 2.9). Five direct hydrogen bonds to the purine base and two additional hydrogen

bonds in a proton-transfer bridge characterize the PNP interactions in these complexes.

Six of these seven contacts are shortened in the PNP'ImmH-PO4 complex compared to the
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Michaelis complex. The ribose and phosphate moieties also form closer interactions with

the enzyme. This results in high affinity of ImmH and decreased protein dynamics. The

distance between N9 of inosine or hypoxanthine to 04 of the phosphate group, called

reaction coordinate distance, is 4.8131 in PNP-ImmH-PO4 complex, while they are 5.6 and

5.2.31 in the Michaelis and product complex, respectively. This shorter distance indicates

tight binding between PNP and the inhibitor. It also ruled out an SNl mechanism in which

approximately 6A is required for the formation of a fully developed oxocarbenium ion

transition state while the shorter distances are associated with significant bond orders to

leaving and/or attacking groups. There is no direct interaction fi'om protein to stabilize

the partial positive charge developed at transition state, but neighboring groups play

important roles in the transition state stabilization. The distance between 04 of the

phosphate and N4’ of ribosyl group is 2.8/31 in PNP-Iran°PO4 complex, which is

significantly shorter than the 04-04’ sulfate interaction in the PNP-substrate structure.

This stabilization of transition state provided by neighboring group phosphate ion is

different from the glycosidases and glycosyltransferases, in which a pair of enzymatic

carboxylates stabilizes the oxocarbenium ion transition state.
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Figure 2.9. The structures of bovine PNP with substrate analogues (inosine+SO4),

transition-state complex (lmm-H+PO4) and products (hypoxanthine+ribose l-PO4) bound

at the catalytic sites. Hydrogen bond distances are shown in angstroms. Red indicates

bonds that shorten significantly and blue indicates bonds that lengthen significantly in the

conversion of (a) to (b), and of (b) to (c).

One important feature of these complexes is the immobilization of the nucleophile

phosphate. It forms 10 relatively well positioned H-bonds from main chain atoms, side

chain atoms, a water molecule, and the 2’- and 3’-hydroxyl groups of the ribosyl group.

Therefore, the nucleophile is ‘fixed’ in the binding site and the C1 ’ of ribosyl group has

to ‘migrate’ towards the nucleophile oxygen (04 of phosphate). Comparison of

PNP°inosine-SO4 to PNP-ImmH-PO4 revealed that the enzyme brings the iminoribitol C1 ’

0.9 A nearer to 04 of phosphate in the PNP-ImmH-PO4 complex (Figure 2.10:!) Thus,

formation of the transition state involves the electrostatically driven migration of the

ribooxocarbenium carbon from the purine ring towards the phosphate. The transition state

is reached when the Cl ’-N9 bond has lengthened from 1.44 to 1.77 (Figure 2.1%), while

the 5’-hydroxyl of the ribosyl group remain immobile. This migration of the anomeric

carbon also occurs in the glycosidases and glycosyltrnasferases. It reflects the ability of

enzymes to accomplish atomic motion of reactive groups in the protected environment of

the catalytic site3 '53.
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Figure 2.10. Superpositions of the reactants (green), bound transition state analogues

(white with blue nitrogens and red oxygens), and products (gold) in the active sites of

bovine PNP (a) are compared with the superpositions of reactants, experimentally

determined transition states, and products (b). Distances (in angstroms) shown in (b) are

deduced from transition state analyses for PNP.

To favor the ribosyl oxocarbenium ion formation, there is a significant distortion of the

ImmH geometry (Figure 2.11). The conformation of the iminoribitol moiety changes

fiom a C2’-endo to a C4’-endo on formation of the complex. The N9-Cl’-CZ’-H2’

dihedral angle is near 0° in the bound ImmH, which is consistent with the favored

transition state conformation with orbital overlap between the breaking N9-Cl ’ bond and

C2’-HZ’ bond of inosine. This angle is 42° in the unbounded ImmH. The 5’-hydroxyl is

anti to the ribosyl group in the free conformation, but adopts a syn conformation when

bound to PNP. This conformation place the 5’-oxygen 2.7 A above 04’ or N4’, with 04

of phosphate 2.8 A below the oxocarbenium oxygen. This ribosyl ring oxygen (04’) is

sandwiched by two electron-rich oxygens, favoring release of electron fi'om 04’,

cleavage ofthe C1’-N9 bond, and formation ofthe oxocarbenium ion transition state.

91



bound /free ImmH

a b

l

M) .

A/

35187 75

Figure 2.11. Conforrnations of free and bound immucillins are from the small molecule
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' .I ' L L 'L h n 27,54-56

f r J
and ribosyl hydrolases57'58The purine and pyu'

adopt the similar migrating oxocarbenium mechanism. The pyrophosphate in

[L [L 'L J" “ as“ is immobilized by two bidentate magnesium ions in a scaffold

of 12 noncovalent interactions. It is important to note that the scenarios outlined above

are rationalizations and inferences based on the X-ray crystal structures which themselves

cannot provide direct proof of the pathways leading up to the structures. Detailed

molecular dynamics analyses that can support these inferences are still outside of

computational reach because ofthe significant length scales and time scales involved.

Analogs of ImmH have also been developed to seek for powerful inhibitors of PNP,

hydrolases, and other ribosyltransferases. Iran 31 and 11an 32 are very potent

inhibitors of PNP. 11an 31, ImmG 32, and ImmA 33 are inhibitors of nucleoside

hydrolase“’”. 5’-phosphate ImmH 34 and ImmG 35 are the most potent inhibitors known

of several purine ,L L 'L " “ 6° (table 2.1).
r ""J
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Table 2.1. Inhibition constants for nucleohydrolase and HGPRT

 

Ki (nM) IUa IAGF Human HGPRT Malaria] HGPRT

ImmH 42 24

ImmG 84 l 10

ImmA 7 0.9

ImmHP 1 .8 1.0

ImmGP 4.6 14

 

a [U = inosine-uridine nucleoside hydrolase from Crithidia fasciculate. b IAG = inosine-

adenosine-guanosine nucleoside hydrolase from Trypanosoma brucei.

Because early studies on transition state analogs of AMP-N-ribosylhydrolase revealed

that formycin 5’-phosphate 36 is a powerful inhibitor6"62, 8-aza-immucillins 37-39 were

synthesized to study the effect of the extra nitrogen on the inhibition by modifying the

pKal of the 7-NH residue”. The result showed that 8-aza-immucillins are powerful

inhibitors for mammalian PNPs, comparable to the parent immucillins (table 2.2).

Immucillin 38 was inactive against human and bovine PNP. Perturbation of N-7
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interactions with target enzymes by the extra 8-nitrogen has little effect on PNPs but

cause weaker inhibition on nucleosides hydrolases.

 

fl 9 H o 11 NH: H
Ho 0J \ KN" Ho H N: ; {NH HO. H N\’ » 4." HO H N" f-CONHa

V 7 ‘ ‘1 N\ «f? . ,N. ‘ . ,N. ‘ 7\

\f / N 7' \\ 47') N7 \Y / N' “ \ 7) NH,

HO" ’OH no“ ”on HO“ ”OH no“ "on

36 37 3s 39

Table 2.2. Inhibition constants

K (nM) Human PNP Bovine PNP IU IAG

ImmH 0.072 0.023

37 0.104 0.042 1600 13900

38 150 14000

39 0.096 0.060 4800 3700

 

The structure-activity relationship studies of immucillin analogs have been carried out to

obtain more potent inhibitors“. Modifications at the 2’-, 3’- or 5’-positions of the

azasugar moiety or at the 6-, 7-, or 8-positions of the deazapurine, as well as methylene-

bridged analogs resulted in poorer inhibitors than the parent immucillins for human PNP.

This reflects the close mimic of the transition state features by immucillins.

Immucillins have been established to be the most potent PNP inhibitors reported. [1an

is a 23 pM inhibitor for bovine PNP but a 2~3 fold weaker inhibitor for the human PNP.

Because of the different binding affinity of ImmH with human and bovine PNPs48’65, the

transition state structure of human PNP was examined. Despite an 87% amino acid
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identity between these two enzymes“, transition state of human PNP showed the more

dissociated nature between the ribosyl group and the leaving purine, with bond length

greater than 2.5131, and the necleophile is also farther for human PNP than for bovine

PNP. These led to a further developed oxocarbenium ion transition state with more

positive charge character at Cl’. Figure 2.12 is the transition state structures for bovine

and human PNP. This has guided the design of the second generation of PNP inhibitors“

68, which are specifically targeted to human PNP. Figure 2.13 is the second generation

inhibitor DADME (4’-deaza-l ’-aza-2’-deoxy-l ’-(9—methy1ene))-immucillin-H, DADME-

immucillin-G, and 8-aza-DADME-immucillin-H. 1n the structure of DADME-

immucillin-H, the nitrogen (immino group) is moved from the 4’ position to the

corresponding Cl’, which mimics the more positive charged anomeric position in the

transition state. The methylene bridge between the deaza purine and ribosyl analogues

groups of DADME-immucillin-H separates the two parts with 2.5 A in distance, which

makes the inhibitor similar to the more dissociated transition state. The inhibition studies

showed greater binding affinities of DADME-immucillins to the human PNP (Figure

2.13), and they are the most powerfiil PNP inhibitors yet described. Comparing the

structures of PNP transition state, ImmH, and DADME-ImmH, we can conclude that

closer match to the transition state in both electrostatics and geometry are required to

achieve high affinity to the enzyme. Although those chemically stable analogs are

imperfect mimics of the enzyme transition state because of their covalent nature,

strategies based on the understanding of the transition state nature can be developed to

approach the goal of the transition state inhibitors.
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Chapter 3

Trihydroxy-Z-Thiaquinolizidine Derivatives as a New Class of

Bicyclic Glycosidase Inhibitors
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ABSTRACT

Trihydroxy-2-thiaquinolizidines, a new class of bicyclic dideoxy-iminohexitol

glycosidase inhibitor derivatives with nominally the D-gluco, L-ido, D-manno and L-gulo

configurations were synthesized. X-ray analyses indicated that the preferred

conformation for D-gluco and D-manno derivatives was a flat trans- fused system.

Unlike deoxynojirimycin, compound with D-gluco configuration was selective for a-

glucosidases (yeast and rice) and showed no inhibitory activity towards B-glucosidase

(almond), a-galactosidase (green coffee beans), a-galactosidase (E-coli) and a-

mannosidase (jack bean), while L-ido derivative was specific for B-glucosidase (almond).

Possible reasons for the specificity will be discussed.
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3.1. Introduction

Glycosidase inhibitors such as deoxynojirimycin 1 and castanospermine 2, generally

known as iminoalditols or azasugars and their derivatives have great promise for

numerous medical applications"3 ranging from diabetes“5 and other metabolic disorders

through antimicrobials7'9, cancer"), autoimmune diseases”"4, and neurological

disorders”. Despite this, they have not realized their full clinical potential. This is largely

because of a lack of commercially viable syntheses and difficulty in preparing a

comprehensive palette of variant structures. Many of the possible drug candidates are

available in only small exploratory amounts.

   
deoxynojirimycin castanospermine Swainsonine

Azasugars are carbohydrate pyranose or furanose analogs in which the ring oxygen atom

is replaced with a nitrogen atom. This presents a significant synthetic challenge to

organic chemists. Bicyclic systems such as castanospermine (2) and swainsonine (3) are

especially interesting because of their potency as glycosidase inhibitors. Their structural

rigidity and the added interaction of the second ring might be contributing factors to this.

This second ring increases the difficulty of the synthesis. A number of chemical and

16-31

enzymatic syntheses of azasugars have been reported in recent years . Several

strategies have been used to introduce a basic nitrogen atom in the ring of
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deoxynojirimycin and its derivatives. These strategies include chemo-enzymatic method,

arninomercuration, double-reductive amination, N-alkylation, reductive double-alkylation

and triple reductive amination. Some representative methods are described below:

3. l . 1. Chemo-enzymatic Synthesis

The chemo-enzymatic approach has been extensively developed by C.-H. Wongzz‘zs. It is

generally a two-step process involving an enzymatic aldol condensation and a catalytic

intramolecular reductive amination. The asymmetric synthesis of 1 and 8 is shown in

figure 3.1. However, this method of synthesis involving enzymes is not a general method

and it is limited by scale-up problems.

 

 

Et 9H

+ :

magi/on + E N "" = 03" '

3 2) PD? aldolase ; "3

OH OH OH

4 s 6: R 7:8

C
I) phosphatase H

- H - " " + H ' H
2) H2, Pd/C HO HO

OH

, 1:L2~l:¢l

overall yield 48% ~ 64%

Figure 3.1. Chemo-enzymatic synthesis of l and 8
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3. 1.2. Aminomercuration26

The intramolecular aminomercuration is illustrated in figure 3.2 for the case of D-

glucose. A one-pot, reductive ring opening and reductive amination afforded an

aminoalkene. When this key intermediate was reacted with mercuric trifluoroacetate in

anhydrous THF, a 3:2 mixture of bromomercurials 11 and 12.was isolated. The major

cyclization product 11 could be transformed to l-deoxynojirimycin 1 by reductive

oxygenation (NaBH4-DMF-Oz) and hydrogenolytic deprotection. In this synthesis, only

one of the bromomercurials (11) can give the desired product, which results in a low

yield of deoxynojirimycin l. The mercury toxicity is also a problem.

Znmoms", BnO ”“3“ agrococrp,“

Bus“,91% :Tm

an”) 03:!

10

r) NaBHrDMF-O;

2) up I’d/C

Figure 3.2. Aminomercuration

3.1.3. Double Reductive Amination27’28

The double reductive amination of dicarbonyl sugars with primary amines and sodium

cyanoborohydride in methanol allowed for the syntheses of l-deoxynojirimycin, 1-

deoxyrnannojirimycin and N-alkylated derivatives (figure 3.3).
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C4H9NH2 55% 95 5
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Figure 3.3. Double reductive amination

3.1.4. Intramolecular N-Alkylation30

In this approach, the cyclization to furnish the ring nitrogen was achieved by a direct

intramolecular N-alkylation of a primary amino group by mesyl displacement in a

partially protected hexitol prepared in several steps fiom diethyl tartrate. This approach

for the synthesis of l in enantiomerically pure form is illustrated in figure 3.4.
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Figure 3.4. N-Intramolecular alkylation

3.1 .5. Reductive Double-alkylation3|

A reductive double-cyclization has been employed in the synthesis of analogs of the

mannosidase inhibitor swainsonine (3). The synthesis of the ring-expanded derivatives

(30, 31) of swainsonine started from D-arabinose. Protection of hydroxyl groups, Wittig

reaction and Mitsunobu reaction afforded the azide 26. Epoxidation with mCPBA yielded

two diastereomeric epoxides. The epoxide group and a chlorinated carbon were the two

nucleophilic centers involved. Upon reduction, primary amines were generated, which

.were cyclized to give quinolizidines 30 and 31 (figure 3.5). This synthesis yields the

bicyclic azasugars, however, the diastereoselectivity is not high and it still suffers fi'om

the drawback that separation of the diastereoisomers has to be performed (28 and 29).
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30 31

Figure 3.5. Reductive double-alkylation. i, BrPh3P(CH2)4Cl, KN(TMS)2, 71%; ii, HN3,

PPh3, DEAD, 84%; iii, mCPBA, 88%; iv, a, 112, Pd/C, EtOH; b, K2CO3, EtOH, reflux; 0,

separate diasteromers; v, H2 (45psl), Pd/C, HCl, MeOH, 99%.

3.1.6. Triple Reductive Amination (TRA)29

A triple reductive amination involving three carbonyl groups and an amine was used for

the synthesis of the bicyclic aza sugars castanospermine 2 (figure 3.6) and swainsonine 3.

It was suggested that initial amination occurred at one of the carbonyl groups, and the

resulting carbinolamine underwent sequential intramolecular reactions with the remaining

carbonyl groups at a faster rate than competing intermolecular processes. The TRA

approach is efficient for the synthesis of compounds with bicyclic indolizidine

lll



framework, but the preparation of the precursor with aldehyde and ketone functionalities

is not an easy exercise.

  

 

Figure 3.6. Triple reductive amination i, (a) Swem oxidation; (b) 03, CH2C12, -78°C then

Ph3P; (c) THF-9M HCl 74% for 3 steps; ii, NH4HC02, NaCNBH3, MeOH, 78%; iii, 10%

Pd-C, MeOH-HCOOH, 80%.

3.2. Results and Discussions

3.2.1. Synthesis of Trihydroxy-Z-thiaquinolizidine Derivatives

We explored the possibility of synthesizing bicyclic analogs of iminohexitols such as

deoxynojirimycin and related compounds in which 0-6 were replaced by a sulfur atom.

We also envisaged bridging the 6-position to the ring nitrogen with a two-carbon

fragment to form a trihydroxy-Z-thiaquinolizidine ring system thus increasing rigidity and

increasing lipophilicity. Such systems have never been reported before but hold great

promise because the formation of a carbon-carbon bond is circumvented as in 2, 3 and 30.

The presence of sulfur (closely related to oxygen) at a position that is normally
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oxygenated is also a decided advantage. If such systems could be reached using a general

' strategy, analogs with differing configurations at the various carbon centers and differing

substitution patterns could be made, increasing the chance of obtaining compounds with

usefirl therapeutic potential. A total of four such systems (36a, 36b, 51a, and 51b) were

prepared corresponding to the D-gluco, L-ido, D-manno, L-gulo configurations.

 

Figure 3.7 shows the synthesis for the “D-gluco” and “L-ido” compounds. It starts from

the B-methyl-D-glucopyranoside. Triphenylphosphine and carbon tetrabromide

selectively converted the primary hydroxyl group to a bromo group. The hydroxyl groups

at C(2), C(3), C(4) positions were protected by acylation using pivaloyl chloride

(trimethylacetyl chloride). The selection of protecting group was based on the tolerance

of the chromium oxidation and the subsequent reactions. Normal protecting groups such

as acetals, being attacked, methyl ether and benzyl ethers are unsuitable under this

condition. Methyl and benzyl ethers have been reported to be attacked by chromium

trioxide in acetic acid”. Ester groups are stable as the protecting group. Pivaloyl groups

were selected over acetyl groups because of the partial deacylation of acetates by

aminoethanethiol, resulting in difficulty in purification and low yield. Oxidation of the

113



peracylated 6-bromo-6-deoxy-glycoside 39 with chromium trioxide in acetic acid

afforded a 5-ulosonic acid ester 40. The oxidation of acetylated B-glycopyranosides by

chromium trioxide has been reported by S. J. Angyal and K. James33 to afford 5-keto

esters, independent of the configurations on C2, C3, or C4. The oxidation is specific to B-

glycopyranosides, while a-glycopyranosides are not attacked. Treatment of 40 with 2-

arninoethanethiol yielded the aminal 41 directly which underwent reduction by

NaBCNH3 and cyclization to the desired lactam 42a and the L-ido isomer 42b. The

recyclization to form lactams occurred spontaneously over one day. On adding sodium

carbonate, the rate was accelerated of lactam formation. There was some variability in the

actual amount formed ranging from traces to 2.521 in favor of the D-gluco analog.

Reduction of the lactams with borane yielded clean amine products, with protecting

groups intact. The crude product underwent deacylation by methoxide to afford the D-

gluco and L-ido compounds.
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Figure 3.7. Synthesis of products with D-gluco and L-ido configurations. i. Ph3P, CBr4,

pyridine, 85%; ii. PivCl, pyridine, 84%; iii. Cr03, AczO, HOAc, 97%; iv. HS(CH2)2NH2,

CH3OH; v. NaCNBH3, CH3OH; vi. NazCO3, CHC13, 74% for 3 steps; vii. BH3-THF; viii.

NaOCH3, CH3OH, 71% for 36a and 75% for 36b for 2 steps.

Products with the D—manno and L-gulo configurations (51a and 51b) were also obtained

in the same fashion starting from B-methyl-D-mannoside (figure 3.8). The D-manno

lactam 49a and L-gulo lactam 49b was obtained in 4:1 ratio in favor of the D-manno

lactam. Reduction of lactams and deprotection yielded products 51a and 51b in good

yields. Besides the bromo function, the leaving group at the C(6) position can also be

mesyl and other groups that are stable under chromiun oxidation conditions. Therefore,

this synthetic strategy is a powerful method to synthesize bicyclic azasugars with

different configurations starting from methyl B-D—glycopyranosides. The ease of

synthesis can lead to the generation of a large family of bicyclic azasugars, with

possibilities of identifying active compounds against glycosidases.
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Figure 3.8. Synthesis of products with the D-manno and L-gulo configurations. i. Ph3P,

CBr4, pyridine, 84%; ii. PivCl, pyridine, 80%; iii. Cr03, AczO, HOAc, 91%; iv

HS(CH2)2NH2, CH3OH; v. NaCNBH3, CH3OH, 81% for 2 steps; vi. BH3-THF; vii.

NaOCHg, CH3OH, 73% for 51a and 71% for 51b for 2 steps.
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 Figure 3.9. X-ray structure of 7(.S'),8(R),9(R),10(S)-tr..L.,1.-.“, 2 ‘L ' " T 36a

and 7(R),8(R),9(R),10(S)-u'l..,--... ., 2 5111 showing the trans-type ring

junction and overall flat geometry.

Products 36a and Sla were recrystalized in water to give colorless crystals. X-ray

crystallography analysis (figure 3.9) indicated two six-membered rings with relaxed

chair conformation for both D-gluco and D-manno products. A trans-diequatorial type

fusion between the rings gives the molecules an overall flat geometry. The expected

intermediate oxocarbenium species is very flat because of the double bond character

between the ring oxygen and C-1 (Figure 3.10).
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Figure 3.10. Structure of oxycarbenium intermediate in the hydrolysis of glucosides from

an ab initio calculation showing equipotential contours.

The sulfur atom at 6—position can be derivatized easily to give the corresponding sulfone

or sulfoxide. From lactam 42a, mCPBA oxidation afforded the clean product 52 and after

reduction of the lactam and deprotection, the sulfone can be obtained in 84% yield from

the lactam 42a without purification of the intermediates (figure 3.11).
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Figure 3.11. Synthesis of 2,2-dioxy-7(.S'),8(R),9(R),10(S)-trihydroxy-2-thiaquinolizidin-

2-one. i, mCPBA, CHzClz; ii, BH3, T‘HF; iii, NaOMe, MeOH, 84% yield overall.

3.2.2. Inhibitory Activities of Trihydroxy-2-thiaquinolizidine Derivatives against

Glycosidases

The inhibitory activity is evaluated by the dissociation constant K, of the inhibitor. The

enzyme inhibition is described by the Michaelis - Menten rate law. The scheme that

corresponds to competitive inhibition is figure 3.1234.
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Figure 3.12. Enzyme inhibition scheme.

The dissociation constant for the inhibitor is

_ [El [IL

Ki ‘ [E11 eq. 1

 

By steady-state assumption, the resulting Michaelis-Menten equation is

 

Vmu [S]

V = [I] where KM =M

Km(1+?i‘)+lsl k1

eq. 2

A lineweaver - Burk plot can be used to determine the inhibition constant K). Taking the

reciprocal of equation 2, we obtain

1_KM
 

[I] 1 +1
( _ _+

V VIIIIX lg [S] vaX eq. 3

The slope of the line will be

K IM(1+ ll

vmax Ki )

Slope =

eq. 4

Thus, K, can be determined by plotting the slope values vs. [ I ]. The resulting secondary

plot will have Y-axis intercept of KM/Vmax and a slope of KM/Vmax Ki. The value of K, is

the intercept /slope of this plot.
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Enzymes were assayed according to standard procedures35 by following the hydrolysis of

nitrophenyl glycosides spectrophotometrically except a-glucosidase (rice). A series of

enzyme assays using a-glucosidase (yeast), a-glucosidase (rice), B-glucosidase (almond),

err-galactosidase (green coffee beans), B-galactosidase (E. Coli), a-mannosidase (jack

beans) were carried out to study the inhibitory activities of compound 36a, 36b, 51a, 51b

and 54. The corresponding p-nitrophenyl glycopyranosides were used as substrates for a-

glucosidase (yeast), B-glucosidase, a-galactosidase, B-galactosidase, a-mannosidase.

Each assay was performed in a phosphate or an acetate buffer at the optimal pH for each

enzyme. Inhibition studies were performed by adding the inhibitor to a final

concentration of 0.05 mM to llmM to the respective buffer solutions along with enzyme.

The solutions were incubated at 37°C before adding substrates to the reactions. The

release of product, p-nitrophenyl alcohol was monitored at 400nm. For a-glucosidase

(rice), maltose was used as the substrate, and the assay was based on the glucose

oxidase/peroxidase enzyme procedure (figure 3.13). The glucose released from maltose

can be oxidized by glucose oxidase to generate D-gluconic acid and hydrogen peroxide.

Under the catalysis of peroxidase, hydrogen peroxide will react with dianisidine to give

the oxidized form with brown color. The absorbance of the solution was determined at

500 nm for oxidized o-dianisidine.

Glucose

Oxidase

D-glucose + H20 + 02 _—_’ D-gluconic Acid + H202

Peroxidase

H202 + o—Reduced Dianisidine -———> Oxidized o-Dianisidine (Brown)

Figure 3.13. glucose oxidase/peroxidase enzyme mechanism
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Figure 3.14. Lineweaver-Burk plot for the determination of inhibition constant for 36a

Figure 3.14 is the double reciprocal plot of initial rates and substrate concentrations (l/vo

vs 1/[A]) for inhibitor concentrations of 0 mM, 0.6 mM, 2.1 mM, and 6.3mM for

7(S),8(R),9(R),l0(S)-trihydroxy-2-thiaquinolizidine (36a) using yeast a-glucosidase and

p-nitrophenylglucoside as substrate. Figure 3.15 is the plot of slope from figure 3.14 vs

inhibitor concentration [1] (mM).
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Figure 3.15. Slope from figure 3.14 vs inhibitor concentration

So the K, value for (Jr-glucosidase (yeast) is

K, = intercept / slope = 0.485 / 1.46 = 0.33 mM

Figure 3.16 and 3.17 are similar plot for 3621 where the enzyme is rice a-glucosidase and

the rate is monitored by a coupled enzyme reaction in which freed glucose from maltose

is oxidized to gluconic acid by glucose oxidase. The concentrations of compound 36a are

0, 0.42 and 8.87 mM, and the inhibition constant is 0.9 mM.
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For B—glucosidase, a-galactosidase, B-galactosidase, a-mannosidase, no significant

inhibition was observed for 36a at this inhibitor concentration range. Compound 36b was

tested against a-glucosidase (yeast), B-glucosidase and a-mannosidase. It showed

opposite inhibition pattern to compound 36a. It only inhibits B-glucosidase with K, value

1 mM without inhibiting (Jr-glucosidase and (rt-mannosidase. Figure 3.18 is the double

reciprocal plot of initial rates and substrate concentrations using yeast a-glucosidase and

p-nitrophenylglucoside as substrate.
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Figure 3.18. Lineweaver-Burk plot for the determination of inhibition constant for 36h

Compound 51a and 51b were also tested for a-mannosidase (jack beans) and no

inhibition was observed. Compound 54 was tested against a-glucosidase (yeast) and

some inhibition was observed with K; value 1.32 mM (Figure 3.19).
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Figure 3.19. Lineweaver-Burk plot for the determination of inhibition constant for 54

Table 3.1 is the inhibition constants (mM) for compounds 36a, 36b, 51a, 51b and 54.

The results indicate that compound 36a is a specific inhibitor of a-glucosidase. This is

consistent with the study that deoxynojirimycin type inhibitors with nitrogen atom at the

ring oxygen position are more selective for a-glucosidase26’36'38. According to the

stereoelectronic requirements, in a-glycosidases, the positively charged leaving group

and the lone pair of the ring oxygen are positioned antiperiplanar and cooperatively

facilitate the glycosidic bond cleavage. Thus, oxocarbonium ion 56 can be formed

directly, with the positive charge development at the endocyclic oxygen (figure 3.20).

Under the assumption that deoxynojirimycin type inhibitors including compound 36a

were protonated in the active site, those results suggest that an oxacarbonium ion 56 is

important for enzymes catalyzing axial glycoside cleavage (rt-glucosidase). For B-

glycosidases, the glycosidic bond cleavage cannot receive aid form the lone pair of the



ring oxygen, so the ring could flip to a boat (58) or other conformations (59) to facilitate

the bond cleavage. Substrate distortion is generally the case for B-glycosidases.

Compound 36a with its rigid bicyclic structure, is locked in its trans-fused chair

conformation, so it cannot flip or change to other conformations. Therefore, it showed no

inhibition against B—glucosidase. In contrast, compound 36b showed specific inhibition

against B-glucosidase while no inhibition for a-glucosidase. This is probably because of

the change of the conformation caused by the inverted stereochemistry of the second ring.

With the axial position of the second ring, conformation 61 is not stable for compound

36b. This whole molecule may flip to conformation 62 with the second ring in equatorial

position while the hydroxyl groups in axial position. This is the kind of conformation

which puts the B-glycosidic bond in axial position to facilitate the cleavage by

stereoelectronic control.

OH OH

36:! 61 62

Table 3.1. Inhibition constants (mM) for compounds 36a, 36b, 51a, 51b and 54

 

enzymes 36a 36b 51a 51b 54

(at-glucosidase (yeast) 0.33 ni nd nd 1.32

(rt-glucosidase (rice) 0.9 nd nd nd nd
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B-glucosidase (almond) ni 1.0 nd nd ni

a-galactosidase ni nd nd nd nd

(green coffee beans)

B-galactosidase (E. Coli) ni nd nd nd nd

(rt-mannosidase (jack beans) ni nd ni nr nd

ni, no inhibition observed in this concentration range

nd, not determined
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Figure 3.20. Stereoelectronic requirements for cleavage of u- and B-glycosidases.

The activities and specificities of the known aza-bicyclic systems and key monocyclic

systems are shown in table 3.2. Compared to deoxynojirimycin, compound 36a is a
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relatively weak inhibitor, but it showed specificity for a-glucosidase. No inhibitory

activity towards B—glucosidase (almond), a-galactosidase (green coffee beans), or-

galactosidase (E-coli) and a-mannosidase (jack bean) was observed. Compared to 6-

deoxy derivatives 63 and 64, compound 36a showed superior activity against a-

glucosidase. One of the major problems with the use of iminosugars and their derivatives

as inhibitors is the lack of specificity. Hence compound 1 in table 3.2 has low K, values

but shows poor specificity. Compound 36a showed very specific activity against a-

glucosidase, and 36b showed specificity against B-glucosidase. The specificity comes

from the structural rigidity, which prevents 36a fi'om distortion to boat or other

conformations that are important for B-glucosidase. Compound 36b could flip to other

conformations to put the second ring in equatorial position and favor B-glucosidase

binding. Compound 51a showed no activity against o—mannosidase (jack beans). This is

probably because of the rigid structure and the second 6-member ring, which interfere the

hydrogen bonding between 2-hydroxyl group and the enzyme.

Castanospermine is one of the most active bicyclic systems. It showed poor activity

against yeast a-glucosidase but strongly inhibited the rice enzyme. However, it showed

non-selectivity by inhibiting almond B-glucosidase. It has relatively flexible structure

compared to 36a and 36b, and it presented a twisted boat conformation of the 6-member

ring when bounded to Exo-B—(1,3)-g1uconase39. This distortion can not be made for

compound 36a which has a trans-diequatorial type fusion between the rings. Compound

30, which is the slightly ring-expanded version of the potent a-mannosidase inhibitor

swainsonine (3) showed complete loss of inhibition of a-mannosidase (table 3.2). As a

general rule, decalin-type bicyclic systems show much reduced or no inhibitory activity
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compared to their acyclic or octahydroindene-type analogs. Therefore, one important

conclusion that can be made is that structural flexibility leads to nonspecific inhibitory

activity. Monocyclic systems generally showed poor specificity by inhibiting both a- and

B-glycosidsaes because of their flexible structures. Castanospermine (2) and the

thiaquinolizidine described here (36a) are the most impressive of the reported bicyclic

aza-type iminosugar derivatives with a nitrogen atom at the ring junction.

Thiaquinolizidine 363 was superior against and selective for a-glucosidases compared to

Castanospermine. Thiaquinolizidines therefore represent a significant advancement in

this area.

Table 3.2. Activities (Ki mM) of the known aza-bicyclic systems and key monocyclic

 

 

 

systems

Enzymes W T

Hoflfl Ho "" “fl”.
0H HOHO "H m OH

OH OH

122 634° 64 6522

a-glucosidase

Yeast 8.67*10'6 ni ni [4'] 3.69‘104

1.56x10'31221 ni [‘2]

Rice ni

Rat intestinal ni

maltase

Rat intestinal ni

isomaltase

Rat intestinal ni

sucrase .

Type I (calf 1*10'° 7.0210'8

liver)

B-glucosidase

Sweet almond 1.8*10‘5 7.8X10‘4 [32] 25*10'3 [4” 4.3*10‘5

[(350 1.4't10'3

I421
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Human liver 97% inhibition

at conc.1mM

with substrate

0.5mM [‘3]

a-D-

mannosidase

Jack bean 4* 104 ni [4']

ni [42]

“-

galactosidase

Green coffee ni [4']

bean ICso 4.44*10"’

[421

B-D-
galactosidase

Jack bean ni ni [4']

row 3.6"‘10*5

[421

Table 3.2. continued

Enzymes

s

0H

36a 2‘“ 66“5 303'

a-glucosidase

Yeast 3.3*10“‘ >1500uM IC50>2000

Rice 9*10“ 1.51108

Rat intestinal 5.5* 10' '0

sucrase

B-glucosidase

Sweet almond ni l.5"'10'6 ni IC50>2000

Human liver

a-D-

mannosidase

Jack bean ni IC50>2000

a-

galactosidase

Green coffee ni ni

bean
 

ni, no inhibition observed.
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3.2.3. Antibacterial Activities of Trihydroxy-Z-thiaquinolizidine Derivatives

Compounds 36a, 51a and 54 were tested against five gram-positives strains S. aureus

43300, S. aureus 29213, E. faecalis 51299, E. faecalis 29212, B. subtilis PY79 and six

gram-negative strains E.aerogenes 49469, E. coli 25922, E.coli DH5 alpha, E. cloacea

49141, P. aeruginosa 27853, Salmonella sp.35664. Among the 11 strains tested, three of

them showed inhibition of growth by these compounds, and they are all gram-positive

strains. All three compounds showed inhibition against S. aureus 43300 (figure 3.21).

Compound 51a and 54 showed inhibitions against E. faecalis 51299 (figure 3.22), while

only compound 54 has inhibitory activity against E. faecalis 2921 (figure 3.23). The

inhibition pattern all showed the initial drop of the reading, followed by slow decrease.

Compound 54 is the most active in the three compounds, and both 54 and 51a can inhibit

E. faecalis 51299 very well. At concentration 0.49 ug/mL, both compounds have over

50% inhibition of the bacterial growth. The 50% inhibition of the other two strains can be

reached at 125 ug/mL or 250 ug/mL. Compared to compound 36a, 54 has a sulfone

functional group, which is a very important factor for its antibacterial activity. Further

modification should lead to more active compounds against bacteria.
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Figure 3.21. Inhibitory activity against S. aureus 43300

E. faecalis 81288 against compda.
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Figure 3.22. Inhibitory activity against E.faecalis 51299

134



E. faecalis 28212 against compound 54
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Figure 3.23. Inhibitory activity against E. faecalis 292129

3.3. Experimental Section

3.3.1. General Procedures

Melting points were measured. on a Ficher-Johns melting point apparatus. Optical

rotations were measured (1 = 589 nm) at room temperature using a Jasco P-IOlO

polarimeter. IR spectra were recorded on a FT-IR instrument. The 'H (and '3C) NMR

spectra were recorded at 500 (125.5) MHz on a Varian VXR spectrometer. The HRMS

FAB mass spectra were obtained using a Jeol HX-l 10 double-focusing mass

spectrometer operating in positive ion mode.

3.3.2. Inhibition Assay

Inhibitory potency was determined by spectrophotometrically measuring the residual

hydrolytic activities of the glycosidases against the corresponding nitrophenyl a- or B-D-
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glucopyranoside except (Jr-glucosidase (rice). The glycosidases used were (rt-glucosidase

(yeast), a-glucosidase (rice), B-glucosidase (almond), a-galactosidase (green coffee

beans), B-galactosidase (E. coli) and a-mannosidase (jack beans). All enzymes were

purchased from Sigma. (it-Glucosidase, B-glucosidase assays were performed in 50 mM

phosphate buffer, pH 6.8 at 37°C. a-Galactosidase assays were performed in 50 mM

phosphate buffer, pH 7.3 at 37°C. B-Galactosidase assays were performed in 50 mM

phosphate buffer, pH 5.0 at 37°C. a-Mannosidase assay was performed in 50 mM acetate

buffer, pH 4.5 at 37°C. Inhibition studies were performed by adding the inhibitor to a

final concentration of 0.05 mM to 11 mM to the respective buffer solutions along with

enzyme. The solutions were incubated at 37°C before adding substrates to the reactions.

The absorbance of the resulting mixture was determined at 400 nm (for p-nitrophenol).

For (rt-glucosidase (rice), maltose was used as the substrate, and the assay was based on

the glucose oxidase/peroxidase enzyme procedure. The assay was performed in sodium

acetate buffer at pH 4.0 at 37°C. The inhibitor was added to a final concentration of 0.4

mM and 8.9 mM to the substrate solution. The enzyme was added to the solution at 37°C,

and the reaction was stopped afier 10 and 30mins by dilute perchloric acid solution.

Pipette the glucose oxidase/peroxidase solution into the reaction mixture, and incubate at

37°C for 30mins. The absorbance of the solution was determined at 500 nm for oxidized

o-dianisidine.

3.3.3. MIC Testing Procedure

Compounds were assayed according to the standard MIC testing procedure for

antimicrobials. Inhibitory potency was determined by spectrophotometrically measuring
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the growth of the bacteria at 600 nm. The organisms used were five gram-positives

strains S. aureus 43300, S. aureus 29213, E. faecalis 51299, E. faecalis 29212, B. subtilis

PY79 and six gram-negative strains E.aerogenes 49469, E. coli 25922, E. coli DH5 alpha,

E. cloacea 49141, P. aeruginosa 27853, Salmonella sp.35664. Serial dilutions are made

of the compounds in bacterial growth media M-H media. The concentration range from

250ug/mL, to 0.49ug/mL, Opg/mL. Bacteria were grown to reach 1.5><10° cfu/mL and

then added to the dilutions of the compounds. The solutions were incubated at 37°C and

the grth of the bacteria was monitored at 2, 5, l4, l8, and 24 hours.

Methyl 6-Bromo-6-deoxy-B-D-glucopyranoside (38) To a stirred solution of methyl [3-

D-glucopyranoside 37 (10.15g, 50mmol) in anhydrous pyridine (300mL) at 0°C were

added triphenylphosphine (26.2g, lOOmmol) and carbon tetrabromide (24.87g, 75mmol).

The resulting mixture was protected from moisture and stirred at 0 °C for ten minutes,

then was allowed to warm to 65 °C and was stirred for 4 hours. Methanol (lOmL) was

added to decompose any excess of reagent. The solvent was removed by evaporation and

the residue was purified by column chromatography (CHzClz, followed by 20:1

CHzClz/MeOH). Crystallization from methanol--hexanes afforded white crystalline solid

(10.96g, 85%), mp. 139-140 °c, lit. mp. 154°C, [(11120D = -27.6° (c 0.22, H20).

Methyl 6-Bromo-6-deoxy-2,3,4-tri-0-pivaloyl-B-D—glucopyranoside (39) Pivaloylation

of 38 (6.73g, 26mmol) by trimethylacetyl chloride (28.8mL, 32.4mmol) in pyridine

(300mL) at room temperature for 2 days afforded an white solid 8 (11.2g, 84%), mp.

109-110°C, [11120.3 = -2.4° (c 0.31, CHC13). IR (CH3CI) vm 2971.7, 1745.6, 1140.9 cm".
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lH NMR (500MHz, CDC13) 8 5.29 (1H, t, J=9.5 Hz), 4.99 (2H, t, J=9.7 Hz), 4.42 (1H, d,

J=8.0 Hz), 3.70 (1H, m), 3.50 (3H, s), 3.39-3.12 (2H, m), 1.14 (9H, s), 1.13 (9H, s), 1.08

(9H, s); 13’C NMR (125.5MHz, CDC13) 8 177.14, 176.63, 176.51, 101.36, 73.7, 71.9, 71.2,

70.8, 57.1, 38.8, 38.7, 30.6 ppm; HR-FABMS (M + H+) Calcd. 509.1750, found

509.1736.

6-Bromo-6-deoxy-2,3,4-tri-O-pivaloyl-D-xylo-S-ulosonicacid methylester (40). To a

solution of 39 (1g, 1.96mmol) in acetic acid (100m1.) and acetic anhydride (lOmL),

chromium trioxide (1.18g, 11.8mmol) was added and the suspension was stirred at room

temperature for 3 hours. The mixture was then poured slowly into cold water (500mL).

The water was extracted 5 times with CHzClz and the combined organic phase was

washed with brine, saturated sodium bicarbonate and dried (N32SO4), concentrated. The

resulting residue was passed through a small pad of silica gel to give 9 as a colorless oil

(lg, 97%), [a]2°p = +36.5° (c 0.12 CHC13), IR (CHzClz) vmax 2975.85, 1743.63, 1132.00

cm". '11 NMR (500MHz, CDC13) 5 5.72, (1H, t, J=4.8 Hz), 5.57 (1H, d, J=4.5 Hz), 5.23

(1H, d, J=5.0 Hz), 4.12 (1H, d, J=14.0 Hz), 4.01 (1H, d, J=13.5 Hz), 3.72 (3H, s), 1.25

(9H, s), 1.21 (9H, s), 1.18 (9H, 3); '3C NMR (125.5MHz, CDC13) 6 194.5, 177.1, 176.9,

176.8, 167.1, 72.9, 70.2, 69.4, 52.7, 38.9, 38.8, 38.7, 31.6, 27.0, 26.9 ppm; HRFABMS

(M + W) Calcd. 523.1543, found 523.1530.

7(S),8(R),9(R),10(S)-Trihydroxy-2-thiaquinolizidin-6-one (42a) and

7(S),8(R),9(R),10(R)—Trihydroxy-2-thiaquinolizidin-6-one (42b) A solution of 40 (7g,

13.4mmol) and IIS(CH2)2NH2 (1.24g, 16.1mmol) in methanol (250 mL) was stirred at
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room temperature for one hour, followed by addition of sodium cyanoboron hydride

(1.26g, 20mmol). The reaction mixture was stirred overnight and sodium carbonate was

added to facilitate the lactam cyclization. Afier stirred for several hours, the suspension

was filtered and acetic acid (2mL) was added and concentrated. The residue was purified

by column chromatography (10:1 Hexanes/Acetone) to yield two lactam diastereomers

42a and 42b (4.64g, 73.6%), the ratio is 2.5 : l.

Lactam 42a (3.31 g, 52.6%) was given as a white solid, mp. 188-190 °C, [a]2°p = +12.6°

(c 0.1 CHClg), IR (CHCI3) vm, 1744.54, 1685.34 cm“. 'H NMR (500MHz, CDC13) 5

5.53 (1H, t, J=10.5 Hz), 5.30 (1H, d, J=l 1.0 Hz), 5.19 (1H, dd, J=10.5, 8 Hz), 4.94 (1H,

dt, J=13.5, 3 Hz), 3.53 (1H, ddd, J=9.8, 8.4, 3.4 Hz), 2.87 (1H, td, J=14.3, 2.5 Hz), 2.66

(1H, td, J=13.0, 3.0 Hz), 2.61-2.49 (3H. m): 1.21 (9H, s), 1.17 (9H, s), 1.12 (9H, 5); '3C

NMR (125.5MHz, CDC13) 8 177.4, 177.1, 176.6, 164.3, 70.4, 69.4, 67.8, 60.2, 44.7, 38.9,

38.7, 31.8, 27.1, 26.6 ppm. HRFABMA (M + H“) calcd. 472.2369, found 472.2379.

Lactam 42h (1.33g, 21.0%) was given as a white solid, mp. 179-181°C. 1R (CH2C12)vma,,

1741.07, 1679.15, 1137.70 cm"; 'H NMR (500MHz, CDC13) 8 5.76 (1H, t, J=10.3 Hz),

5.27 (1H, dd, J=11.5, 6.3 Hz), 4.78 (1H, m), 4.02 (1H, ddd, J=1 1.8, 6.3, 2.0 Hz), 3.07

(1H, t, 12.3 Hz), 2.98-2.88 (3H, m), 2.50 (1H, d, J=13.0 Hz), 2.35 (1H, m), 1.20 (9H, s),

1.17 (9H, s), 1.14 (9H, s); 13C NMR (125.5MHz, CDC13) 8 177.42, 176.82, 163.67, 67.66,

67.03, 59.23, 47.05, 38.90, 38.69, 27.74, 27.11, 27.06, 26.96, 26.34 ppm. FABMS (M +

H“) calcd. 472.2369, found 472.2.

7(S),8(R),9(R),1 0(S)-Trihydroxy-Z-thiaquinolizidine (363)
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A solution of lactam 42a (2g, 4.24mmol) and BH3-THF (20mL, 1.5M) in anhydrous THF

(30mL) was refluxed for 4 hours and the TLC and NMR showed the completion of the

reduction. The solvent was removed and methanol was added and concentrated for 3

times. The residue was dissolved in methanol (30mL), followed by addition of NaOMe

(0.15g, 2.8mmol). The reaction was stirred for 8 hours and concentrated. The residue was

applied to an ion exchange column (Dowex 50WX8-400, 30g), which was washed with

water (50 mL) and eluted with NH40H (50mL). The elution was concentrated and

purified by column chromatography ( 15:1 CH2C12/MeOH) to afford a white solid (0.62g,

71% ), mp. 235-237 °C; [@1200 = + 20.2° (c 0.06 H20); IR (KBr) v“m 3355.78, 3275.61

cm"; 'H NMR (500MHz, cock) 8 3.50 (1H, ddd, J=11.0, 9.1, 4.9 Hz), 3.25 (1H, t,

J=9.3 Hz), 3.12 (1H, dt, J=12.5, 3.0 Hz), 3.06 (1H, t, J=9.5 Hz), 2.93 (1H, dt, J=14.0, 2.5

Hz), 2.84 (1H, dd, J=11.5, 5.0 Hz), 2.75 (1H, td, J=13.0, 3.0 Hz), 2.52 (1H, m), 2.45 (1H,

t, J=12.3 Hz), 2.43 (1H, m), 2.19 (1H, t, J=l 1.3 Hz), 2.13 (1H, td, J=10.0, 2.5 Hz); l3C

NMR (125.5MHz, CDCl3) 8 77.9, 74.1, 68.5, 65.6, 59.4, 55.7, 29.3, 26.3 ppm. HR-

FABMS (M + H+) calcd. 206.0851, found 206.0849.

7(S),8(R),9(R),10(R)-Trihydroxy-2-thiaquinolizidine (361)) was obtained by the same

method as 36a from lactam 428 (75% from 42b). 'H NMR (500MHz, 020) 8 3.51-2.42

(2H, m), 3.06 (2H, d, J=10.0 Hz), 2.90 (4H, dd, J=26.0, 12.5 Hz), 2.82 (2H, t, J=10.5 Hz),

2.60 (2H, dd, 1:120, 4 Hz). 2.20 (2H, d, .I=14.0 Hz). HR-FABMS (M + H‘) calcd.

206.0851, found 206.0849.

Manno-derivatives were obtained in the same fashion as gluco-derivatives.
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Methyl 6-Bromo-6-deoxy-B—D-mannopyranoside (45) was given as white solid (84%).

lH NMR (500MHz, D20) 8 3.91 (1H, d, J=2 Hz), 3.75 (1H, d, J=2.5 Hz), 3.73 (1H, d,

J=2.5 Hz), 3.571 (2H, dd, J=11.8, 5.8 Hz), 3.569 (1H, d, J=1.5 Hz), 3.46 (3H, s), 3.43

(1H, m); 13c NMR (125.5MHz, 1520) 8 101.41, 74.89, 72.83, 70.47, 68.96, 57.24, 32.95

Methyl 6-Bromo-6-deoxy-2,3,4-tri-O-pivaloyl-B-D-mannopyranoside (46) was

obtained as white solid (80%). 'H NMR (500MHz, CDCl3) 8 5.41 (1H, dd, J=3, 0.75 Hz),

5.24 (1H, t, J=10 Hz), 5.08 (1H, dd, J=10, 3 Hz), 4.57 (1H, d, J=1 Hz), 3.68 (1H, m),

3.49 (3H, s), 3.47-3.39 (2H. m), 1.24 (9H, s), 1.15 (9H, s), 1.09 (9H, s); l3C NMR

(125.5MHz, CDCl3) 8 177.28, 177.22, 176.80, 99.74, 73.82, 70.85, 68.31, 68.21, 57.18,

39.06, 38.84, 38.75, 31.08, 27.16, 27.04, 27.02 ppm. HRFABMA (M + H+) Calcd.

509.1750, found 509.1748.

Methyl 6-Bromo-2,3,4-tri-0-pivaloyI-S-keto-ester (47) was obtained as colorless oil

(91%). lH NMR (500MHz, CDC13) 8 5.73 (1H, dd, J=8.5, 3 Hz), 5.71 (1H, d, J=2.5 Hz),

5.01 (1H, d, J=9 Hz), 4.13 (ll-I, d, J=14 Hz), 4.00 (1H, d, J=13.5 Hz) 3.69 (3H, s), 1.24

(9H, s), 1.21 (9H, s), 1.15 (9H, s); ”C NMR (125.5MHz, CDCl3) 8 194.78, 176.90,

176.85, 176.59, 167.76, 73.16, 68.99. 68.85, 52.75, 38.91, 38.81, 38.69, 38.91, 38.81,

38.69, 31.38, 26.96, 26.86, 26.84 ppm. HRFABMA (M -'r H+) Calcd. 523.1543, found

523.1545.
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Lactam 49a was obtained as white solid (65%). 1H NMR (500MHz, CDCl3) 8 5.67 (1H,

d, J=3.5 Hz), 5.39 (1H, m), 5.01 (1H, m), 4.99 (1H, t, J=3 Hz), 3.66 (1H, dt, J=11.5, 2

Hz), 2.99 (1H, m), 2.85 (1H, td, J=13, 2 Hz), 2.74 (1H, td, J=13, 2.5 Hz), 2.59 (1H, dt,

J=13.5, 2 Hz), 2.46 (1H, m), 1.22 (9H, s), 1.21 (9H, s), 1.20 (9H, s); 13C NMR

(125.5MHz, CDCl3) 8 176.94, 176.86, 176.36, 163.27, 69.43, 68.18, 66.51, 62.75, 46.54,

38.91, 38.85, 38.81, 31.06, 27.18, 27.08, 26.98, 26.66 ppm. HRFABMA (M + Hi) calcd.

472.2369, found 472.2366.

Lactam 49b was obtained as white solid (16%). 'H NMR (500MHz, cock) 8 5.65 (1H,

d, J=2.5 Hz), 5.34 (1H, t, J=5 Hz), 5.31 (1H, m), 5.04 (1H, dt, J=8.5, 3 Hz), 3.77 (1H, m),

2.79 (1H, td, J=13.5, 2 Hz), 2.68 (2H, m), 2.53 (1H, m), 2.39 (1H, dt, J=13.5, 2 Hz), 1.25

(9H, s), 1.20 (9H, s), 1.18 (9H, s); l3C NMR (125.5MHz, CDCl3) 8 177.12, 176.66,

176.23, 165.11, 67.13, 66.90, 66.34, 58.60, 44.57, 39.14, 38.94, 38.85, 28.78, 27.19,

27.11, 27.04 ppm. HRFABMA (M + 11+) calcd. 472.2369, found 472.2367.

7(R),8(R),9(R),10(S)-Trihydroxy-2-thiaquinolizidine (51a) was obtained as white solid

(73% from 498). lH NMR. (500MHz, D20) 8 3.93 (1H, m), 3.43 (1H, dd, J=10, 3.5 Hz),

3.35 (1H, t, J=9.5 Hz), 3.06 (1H, dt, J=12.5. 3 Hz), 2.90 (1H, dt, J=8.5, 2.5 Hz), 2.81-

2.74 (2H, m), 2.51-2.44 (2H, m), 2.39-2.32 (2H, m), 2.05 (1H, t, J=9 Hz); 13C NMR

(125.5MHz, D20) 8 73.90, 71.15, 67.48, 66.24, 59.37, 55.87, 28.77, 26.02 ppm.

HRFABMA (M + W) calcd. 206.0851, found 206.0851.

7(R),8(R),9(R),10(R)-Trihydroxy-2-thiaquinolizidine (51b) was obtained by the same

way as 5111 (71% from 49b). 'H NMR (500MHz, 020) 8 3.97 (1H, m), 3.87 (1H, s), 3.69
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(1H, d, J=2.0 Hz), 3.10 (1H, d, ./=12.5 Hz), 2.84 (2H, dd, J=13.5, 11.0 Hz), 2.76 (1H, m),

2.61 (2H, m), 2.44 (2H, t, J=11.0 Hz), 2.36 (1H, d, J=14.0 Hz). HRFABMA (M + H*)

calcd. 206.0851, found 206.0850.

2,2-dioxy-7(S),8(R),9(R),10(R)-Trihydroxy-2-thiaquinolizidin-Z-one (sulfone 52)

Lactam 42a (0.5g, 1.1mmol) was dissolved in 30mL dichloromethane, and cooled to 0°C.

SmL dichloromethane solution of m-chloroperbenzoic acid (0.65g, 70% w/w) was added

to the reaction in several portions. After stirred at room temperature for half an hour,

saturated sodium bicarbonate solution was added to neutralize the reaction. The product

was extracted by dichloromethane for 3 times and the combined organic phase was

washed with saturated sodium bicarbonate, brine and dried (Na2804). The resulting

sulfone 2 was obtained as white solid and was used to the next step without purification.

lH NMR (500MHz, CDCl3) 8 5.59 (1H, t, J=10 Hz), 5.41 (1H, d, J=10.5 Hz), 5.28 (1H,

m), 4.99 (1H, dt, J=10.5, 3.5 Hz), 3.89 (1H, m), 3.23-3.01 (5H, m), 1.19 (9H, s), 1.17 (9H,

s), 1.10 (9H, s); 13C NMR (125.5MHz, CDCl3) 8 177.54, 177.09, 176.35, 164.22, 69.13,

68.97, 67.53, 57.06, 54.58, 50.03, 40.41, 38.81, 38.79, 38.68, 27.03, 26.97 ppm.

2,2-Dioxy-7(S’),8(R),9(R),10(S)-Trihydroxy-2-thiaquinolizidin-Z-one (sulfone S4)

A solution of sulfone 52 (0.40g, 0.08nunol) and BH3-THF (5.0mL, 7.5mmol) in

anhydrous THF (lOmL) was refluxed for 8 hours and NMR showed the completion of the

reduction. The solvent was removed and methanol was added and concentrated for 3

times. The residue was dissolved in methanol (ISmL), followed by addition of NaOMe

(0.10g, 1.8mmol). The reaction was stirred for overnight and concentrated. The residue
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was applied to an ion exchange column (Dowex 50WX8-400, 2g), which was washed

with water (30 mL) and eluted with 2N NH40H (30mL). The elution was concentrated to

afford a white solid (0.15g, 84%). lH NMR (500MHz, D20) 8 3.56 (1H, m), 3.53 (1H, m),

3.30-3.23 (4H, m), 3.14 (1H, t, J=9.5 Hz), 3.01 (2H, m), 2.85 (1H, m), 2.58 (1H, m), 2.27

(1H, t, J=11.5 Hz); 13C NMR (125.5MHz, D20) 8 76.88, 73.11, 68.50, 63.03, 57.99,

52.25, 52.06, 49.98 ppm. HRFABMA (M + W) calcd. 238.0748, found 238.0748.
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Chapter 4

Design and Synthesis of Iminopentitol Scaffolds for the

Preparation of Riboside Hydrolase, Phosphorylase and

Transferase Inhibitors
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ABSTRACT

Two bicyclic molecular scaffolds containing the structural essence of a ribosyl cation in

the form of a l,4-dideoxy-l,4-iminopentitol (or pentose “aza-sugar”) have been prepared.

These molecules, with a carboxymethyl substituted dihydroxyhexahydro-pyrrolothiazine

or pyrrolobenzothiazine contain provision to facilitate the attachment of analogs of

departing and incoming groups at the anomeric position with the correct orientation. This

would allow the facile preparation of glycosyl transferase and glycosidase inhibitors

covering several families of enzymes that are important drug targets for a variety of

disease treatment applications.
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4.1. Introduction

Iminopentitols, especially those with the D-ribo configuration, are extremely valuable for

the development of glycosidase and glycosyltransferase inhibitors across the entire

spectrum of possible applications. They are literal mimetics of furanosidic oxocarbenium

ion species and they closely mimic the transition states of pyranosidic species. Glycosidic

linkages in nucleosides and nucleotides are involved in all kinds of important processes.

The ribooxocarbenium species are key features for N-glycanases including nucleoside

3, hypoxanthine-guanine phosphoribosyltransferases4 (HGPRTases) andhydrolases"

purine nucleoside phosphorylasess'8 (PNP). Examples of ribo iminopentitols that have

been successfully used as inhibitors are immucillin—H (”9,10 and its derivatives.

H H

H i 7) -. H ‘11 ,2 ‘\
,N, ~ N" ,N, “ .- . .33" NH

K,
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\/ \/ \ :7“ (I

\ / N \ l N \
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ImmH 1. ImmG 2

Naturally occurring iminopentitols, that have the D-ribo (3) as well as L and D-arabino

configurations (4 and 5 respectively) have been isolated from several sourcesI "'4.
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1,4-iminopentitol l,4-1minopent1tol l,4-iminopent1tol

Some synthetic schemes have been developed for the preparation of the D-ribo

iminopentitols. Examples are described below:

George W.J. Fleetl5 first reported the synthesis of 1,4-imino-D-ribitol 3 from sugar

lactone 6. D-gulonolactone was converted to pyrrolidine by reduction of the lactone to

diol, followed by recyclization with benzylamine. Periodate oxidation of the diol 10 and

reduction of the resulting aldehyde afforded the imino-D-ribitol (figure 4.1).
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Figure 4.1. Synthesis of l,4-imino-D-ribitol 3.i,acetone, dimethoxypropane, 85%;ii
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LAH, 87%; iii, Methanesulphonyl chloride; iv, BnNH2, 77%; v, 80% acetic acid, 93%;

vi, a, H104; b, NaBH4, 71%; vii, H+, 86%; viii, H2, 78%.

In the synthesis of l,4-dideoxy-1,4-imino-L-lyxitol (figure 4.2) and 1,5-dideoxy-1,5-

imino-D-ribitol (figure.4.3) reported by K. H. Park'°, a partially protected chiral 3,4,5-

trihydroxy-l-pentene (13) was used as the starting material. The diastereoselective

epoxidation of this chiral synthon afforded the key intermediate (15). Conversion of the

epoxide to an amino alcohol via an azide, hydroxyl activation and cyclization yielded the

desired products.

"a

OMOM 5mg"

13 i4 15

MOMC; puou HQ, .011

0M8 OMOM . 3. . .e' '- 4'

OM VII VIII

TBS 2 N3 , N M.,/0733 ' Z N xmy/OH

.-. H

8M0M H

16 17 18

Figure 4.2. Synthesis of 1,4-dideoxy-1,4-imino-L-lyxitol. i, mCPBA, CH2CI2; ii, NaN3,

NH4C1, MeOH/H20 (82'1), reflux, 12 h; iii, MOMCl. N -ethyldiisopropylamine, CH2C12, 0

°C - rt, 12 h; iv, 70% ACOH, rt, 8 h; v, TBDMSCl, Imidazole, DMF, rt, 10 min; vi, MsCl,

Et3N, THF, 0 °C, 10 min; vii, H2, 10% Pd/C, MeOH, 0.5 N NaOH, rt, 10 h; viii, Dowex

50W-X8, MeOH, reflux, 12 h.
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Figure 4.3. Synthesis of 1,5-dideoxy-l,5-imino-D-ribitol. i, MsCl, Et3N, CH2Cl2, -40 °C,

20 min; vii, H2, Pd/C, MeOH, 0.5 N NaOH, rt, 9 h; viii, Dowex 50W-X8, MeOH, reflux,

12 h.

In the synthesis reported by Hassner, The asymmetric synthesis of l,4-dideoxy-l,4-

imino-D-ribitol was achieved utilizing the stereoselective addition of allylphenylsulfone

to a chiral N-sulfinyl-Z-furfuryl imine and ring-closing metathesisl7 (figure 4.4).
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Figure 4.4. Synthesis of 1,4-dideoxy-1,4-imino-D-ribitol. i, allylphenylsulfone, LDA,

THF, -100 °C; ii, TFA, MeOH, 0°C; iii, t-BuOH, THF, 0°C; iv, (a) allylbromide, K2CO3;

(b) Sml2-THF, HMPA, -20°C; v, (a) N-TBCBT; (b) [C12(Pcy3)2Ru=CHPh]; vi, Cat. Os04,

NMO, t-BuOH; vii, (a) 2,2-DMP, Cat.p-TSA; (b) Cat. Ru02, NaIO4; (c) CH2N2; viii,

DIBAL-H, -78°C; viiii, (a) 80% TFA, (b) aq HCl.

The synthesis of han and its derivatives started from imine 331°, derived from 1,4-

dideoxy-l,4—imino-D-ribitol. Assembling of the 9-deazapurine on the preformed aza-C-

glycoside afforded the desired product (figure 4.5).
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Figure 4.5. Synthesis of ImmH. i, a, NCS, pentane; b, LiTMP, -78°C; ii, a, CNCH2MgX

or CNCH2Li; b, (Boc)20; iii, a, t-BuOCH(NMe2)2, DMF, 70°C; b, THF, HOAc, H2O; iv,

H2NCH2C00Et.HCl, NaOAc, MeOH; v, ClC02Bn, DBU, CH2Cl2, reflux; vi, a, H2,

Pc/C, EtOH; b, H2NCH=NH.H0Ac, EtOH, reflux; vii, TFA.

Imino sugars hold tremendous promise as well as tremendous challenges for drug

development targeting glycosyl transferases and glycosidases. Unfortunately, none of the

ones obtainable from natural sources are readily functionalizable in ways that can

augment their activity or enhance or alter their specificity. There is therefore a great need
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for scaffolds and the synthetic methodology that allow the development of drugs that

target these enzymes. There is no general strategy for the preparation of imino-sugar

based transition state nucleoside sugar mimetics. Aromatic groups, carboxylic acid,

alcohol or amino groups strategically placed at the anomeric position are not present in

the naturally occurring or synthetic compounds that have been described in the literature.

Those functional groups allow modifications and functionalizations that alter binding or

specificity. None of the naturally occurring or synthetic candidates contain ring systems

in positions that allow the modification of the solubility, polarity, dipole moment,

polarizability or general steric bulk or shape of candidates without affecting the

recognition role of the hydroxyl groups. These considerations are all important in tuning

the biological properties of drugs. Therefore, our strategy for developing inhibitors to

enzymes that process ribosides through the formation of an oxocarbenium intermediate is

to tether the aglycon analogue structures to the irninoalditol moiety so that the two are in

a relative orientation reflecting bond making and breaking at the transition state (figure

4.1). Structures that integrate the key structural features of the ribosyl cation and have

provision for the easy integration of the glycosidically linked components were therefore

developed. To this end, synthetic strategies aimed at preparing the hexahydro-

pyrrolothiazines 40 and 4111 were designed. The ester function can be readily transformed

to a free acid making the coupling to a variety of aglycon analogues via ester, amide or

other linkages possible. Alternatively the carboxylate group can be converted to an

alcohol function thus expanding the number of linkage possibilities. The phenyl ring can

be easily modified to tether aglycon analogs, the length and type of tether can be adjusted

to provide the flexibility. The aromatic moiety also provides aspect of the environment of
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purine base in PNP and related enzymes. A related compound with the targeted structure

4211 was prepared to facilitate conformational studies through crystallography and to

allow evaluation of the ring fusion on the biological activity of the iminopentitol
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4.2. Results and Discussions

4.2.1. Synthesis of Iminopentitol Derivatives

The synthesis of compound 40 starting from D-ribose 43 is illustrated in figure 4.7.

Treatment of D-ribose with methanol and an acid catalyst yielded the methyl glycoside

44 which was converted to the 5-bromo-5-deoxy riboside 45 by treatment with carbon

tetrabromide and triphenylphosphine. Compound 45 was transformed to its 2, 3-

dipivaloyl derivative 46 oxidation of which with chromium trioxide yielded the 5-bromo-

5-deoxy-4-ulosonic acid methyl ester 47. Chromium trioxide can oxidize both a- and 13-

protected ribosides to keto esters”. Therefore, both isomers can be used as the starting

materials unlike the case with the pyranosides where only the B-isomer can be oxidized.

Reaction of 47 with L-cysteine methyl ester hydrochloride in mild base followed by

reduction with cyanoborohydride yielded the lactam 48 and uncyclized product 49. The

lactam 48 was readily reduced with borane and deacylated to the desired compound 40.
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Figure 4.7. Synthesis of compound 40. i. HCl/MeOH; ii. Ph3P, CBr4, pyridine, 86.7% for

2 steps; iii PivCl, pyridine, 91.1%; iv. Cr03, AC2O, HOAc, 96.6%; v. (1) cysteinmethyl

ester hydrochloride, NaHC03, CH3OH, (2) NaCNBH3, CH30H; (3) Na2C03, CH2C12,

32% for 3 steps; vi. (1) BH3-THF; (2) Na0CH3, CH30H, 81% for 2 steps.

The synthesis of product 41a was attempted by treating the 5-bromo-5-deoxy-4-ulosonic

acid methyl ester 47 with aminothiophenol followed by the reduction, cyclization and

deprotection. Lactams 50a and 50b and some uncyclized product were formed with the

L-lyxo configuration lactam 50b as the major product (figure 4.8). This was indicated by

a small ~3Hz coupling constant of the three protons of the aza-ribo moiety.
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Figure 4.8. Synthesis of compound 41b. i. (1) 2-aminothiophenol, CH30H; (2)

NaCNBH3, CH30H; (3) Na2CO3, CH2C12, 67% for 2 steps; ii. (1) BH3-THF; (2)

NaOCH3, CH3OH, 90.9% for 2 steps.

A similar scheme (figure 4.9) was used in an attempt to prepare compound 42a except

that aminoethanethiol was used instead of cysteinernethyl ester. In this case two other

products were obtained namely the compound with the alternative configuration of the

carbon at the ring junction (52b) and an elimination product 53. Conditions under which

the elimination product was not formed were developed. Basic conditions were avoided

by adding sodium cyanoborohydride / trifloroacetic acid at the same time as the

aminoethanethiol. Only lactam 52a and 52b were formed with the desired compound

being the minor component (20% yield for lactam 52a) based on the coupling constants

of the three protons of the azasugar ring. The formation of the elimination product was
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suppressed the sooner sodium cyanoborohydride was added after mixing compound 47

and the aminoethanethiol.
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Figure 4.9. Synthesis of compound 42b. i. HS(CH2)2NH2, CH30H; ii. NaCNBH3,

CF3COOH, 57% for 2 steps; iii. (1) BH3-Tl-IF; (2) NaOCH3, CH30H, 85% for 2 steps.

The crystal structures of compounds 41b, 42b and 53 were obtained (figures 4.108, b,

and c). This allowed the definitive identification of the correct stereochemistry of the

intermediate lactams. The X-ray structure of compound 53 confirmed the presence of a

double bond. It also indicated that the ethylene fragment bridging the two heteroatoms in

53 could take either of two possible orientations. These structures are invaluable from a

computation and modeling perspective. They provided information on the geometry
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about the ring junction, and allowed more than one geometrical perspective on how

attaching an aglycon analogue to 40 and 41 (a or b) would satisfy the geometric

constraints of an actual substrate. They also served as benchmarks in the evaluation how

reliably semi-empirical methods and molecular mechanics methods described the

geometry and conformational preferences of this class of molecules. Although in one

case the desired D-ribo analog was not obtained as the major product, the evaluation of

geometric constraints on the placement of the aglycon moiety was still favorable based

on the x—ray analysis and computational studies.
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b c

Figure 4.10 (a) Ortep drawing of X-ray structure of 41b. (b) Ortep drawing of X-ray

structure of 42b. (c) Ortep drawing ofX-ray structure of53.

As reported earlier, the structures of the PNP imino-sugar inhibitor Imm-H (l,4-dideoxy-

l,4-imino-1-(S)-(9-deazahypoxanthin-9-Yl)-D-ribitol)8 and a formycin-A derivative (1-

C-(7-amino-1H-pyrazolo[4,3-d]pyrimidin-3-yl)-l,4-anhydro—D-r’ibitol)19 bound to the

active site of the enzyme have been determined by X-ray crystallography. These

structures were used as starting points for determining the proper orientation of the

aglycon and deciding the structural and geometric requirements of the tether and the

aglycon analogue. Figures 4.11s shows the crystal structure of ImmH and figure 4.11b

shows the superimposition of the crystal structures of 42b and ImmH. The asterisk

indicates the hydrogen atom that is replaced by a carboxymethyl group in compound 40

or a phenyl group in 41 (a or b). Molecular mechanics models based on these X-ray



structures indicate that the choice of cysteine isomer (L or D) could be used to position

the aglycon analog at the appropriate position above (as is the case with PNP inhibitors)

or below the plane ofthe iminopentitol ring respectively. The phenyl group of 41 (a or b)

can also be attached to a variety of aglycons at the proper orientation. The sulfur atom in

42b is at the same position as the 5-OH of the inhibitors shown in figures 4.11. This

provides another possibility for modifying this structure at a strategic point by oxidizing

the sulfur to a sulfoxide or a sulfone. The negative charge of the sulfone oxygen can

stabilize some transition states where the 5-position of the sugar ring might be

phosphorylated.

 

Figure 4.11. (a) X-ray derived structure of l,4-dideoxy-1,4-imino-1-(S)-(9-

deazahypoxanthin-9-Yl)-D— ribitol (b) Comparison of X-ray structure 42b and 1,4-

dideoxy-1,4-imino-1-(S)-(9-deazahypoxanthin-9-Yl)-D- ribitol.

4.2.2. Inhibitory Activity of Iminopentitol Derivatives

Compounds 40, 41b and 42b were tested against bacterial produced B-ribosidase. The

mechanism of action of B—ribosidase also features the ribooxocarbenium ion transition

state, similar to riboside hydrolase, phosphorylase and related enzymes. In this assay,
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3’,4’-dihydroxyflavone-4’-B-D-ribofi.1ranoside 54 (UHF-riboside) was used as the

substrate”. This chromogenic substrate can be hydrolyzed by B-ribosidase-producing

bacteria to release 3',4'-dihydroxyflavone, which forms a chelate with iron (55). The

assay was performed in phosphate buffered saline (PBS) at pH 7.0. P. aeruginosa 27853

and Salmonella sp. 35664 strains were used to produce B-ribosidase. Both whole cell and

lysed strain were tested. Inhibition studies were performed by adding the inhibitor to a

final concentration of 0.2ug/uL to l5ug/uL to the respective buffer solutions along with

DHF-riboside and ferric ammonium. citrate. Each strain was grown and added to each

bufier solution containing substrate and inhibitor. The solutions were incubated at 37°C

and the absorbance of this complex 55 was determined at 387 nm.

r

Riboae O x ;.,

0Na 0'

55

Figure 4.12. (a) Structure of 3',4'-dihydroxyflavone-4'-B-D-ribofuranoside sodium salt 54

and (b) the putative chelate 55 formed with iron afier enzymatic hydrolysis.

Figure 4.13 is the absorbance of the chelate 55 produced in the lysate assay with

inhibitor 41b concentration from 0 ~ 15 ug/uL and figure 4.14 is the similar plot for the

whole cell assay. The results showed compound 41b has good inhibitory activity against

B-ribosidase produced from strain. About 70% inhibition at concentration l5 ug/uL
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(67mM) at 24 hours for both whole cell and lysate was observed. At concentration 7.5

ug/uL, about 50% inhibition was observed. Compound 40 and 42b have no significant

inhibition for the same strain. These results suggest that phenyl group in compound 41b

represents an important factor for the activity. The phenyl ring increases the

hydrophobicity of the inhibitor, which enhance the affinity towards enzyme. The

increased hydrophobicity also makes it easy to penetrate the cell membrane. The same

inhibition observed for compound 41b in the lystate and whole cell experiments

demonstrates the easy uptake through the cell envelope. It is also important to note that

with increasing concentration of the inhibitor, lysate experiment showed inhibition

gradually, while the whole cell experiment showed inhibition only afier certain inhibitor

concentration. It suggests that the inhibitor needs to reach some concentration in the cell

to start inhibition.

The activity of compound 41b against ribosidase demonstrated that these iminopentitol

scaffolds can provide key features of the ribosyl cation, which represents an important

state of a variety of nucleoside related enzymes. These scaffolds are also easy to couple

with all kinds of aglycon analogs, such as bases and phosphate groups. It opens up

possibilities to the preparation of a wide range of biological important compounds.
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Figure 4.13. Aabsorbance of the chelate 55 produced in the lysate assay with inhibitor

41b concentration from 0 ~ 15 ug/uL
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Figure 4.14. Absorbance of the chelate 55 produced in the whole cell assay with inhibitor

41b concentration from 0 ~ 15 ug/uL

In conclusion, novel hetero bicyclic aza-sugars 40 and 41b have been designed and

synthesized. The relatively easy synthesis constitutes a general approach to bicyclic

structures with either natural or unnatural stereochemistry. This strategy provides an easy

access to preparation of iminopentitol scaffolds for ribosidase, phosphorylase and related

enzyme inhibitors. With an iminopentitol moiety, an ester function or phenyl group and a

heteroatom, sulfur, a variety of aza-sugar with different aglycon and their analogues can

be synthesized. Those functional groups make the preparation of compound libraries with

different aglycon analogues possible.

Based on computational and modeling studies, the conformation of the iminopentitol ring

in these bicyclic systems and the general presentation of the hydroxyl groups and the

additional ring residue match closely the structures of the known inhibitors. The

inhibition studies show the activity of this kind of compounds against B-ribosidase, and

indicate the importance of the ribooxocarbenium ion mimicry and hydrophobicity for the

inhibition. These iminopentitol scaffolds therefore provide key features of the ribosyl

cation and easy integration of an aglycon component. The possibility of obtaining the L-

lyxo conformation and the fact that such derivative is still active against ribosidase really

expand the scope of this approach.

4.3. Experimental Section

4.3.1 . General Procedures
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IR spectra were recorded on a Nicolet 710 FT-IR instrument. The 1H (and '3C) NMR

spectra were recorded at 500 MHz (125.5 MHz for 13-C) on a Varian VXR spectrometer.

The HRMS FAB mass spectra were obtained using a Jeol HX-l 10 double-focusing mass

spectrometer operating in positive ion mode.

4.3.2. Inhibition Assay

Inhibitory potency of 40, 41b and 42b were determined by spectrophotometrically

measuring the residual hydrolytic activities of the bacterial produced B-ribosidase. The

bacteria used to produce B-ribosidase were P. aeruginosa 27853 and Salmonella

sp.35664. both whole cell and lysed strains. 3’,4’-Dihydroxyflavone-4’-B—D-

ribofuranoside 54 (DHF-riboside) was used as substrate”. The assay was performed in a

PBS buffer at pH 7.0, 37°C. Serial dilutions were made of the inhibitors to a final

concentration of 0.2pg/ul. to lSug/uL in each assay solution. Each strain was grown to

mid exponential phase and removed from the media and rediluted in PBS buffer.

Inhibition studies were performed by adding each strain to the respective buffer solutions

along with DHF-riboside, ferric ammonium citrate and inhibitors. For compound 41b,

10% DMSO solution was used to increase the solubility. The solutions were incubated at

37°C and the absorbance of the complex formed between released 3',4'-dihydroxyflavone

and iron was determined at 387 nm at time 15min, 30min, 45min, 60min, 75min, 90min,

105min, 2hours, 2.5hours, 3.0hours, 4.0hours, 4.5hours, Shours, 20hours, and 24hours.

Methyl S-Bromo-S-deoxy-D-ribofuranoside (45) A solution of D-ribose 43 (15g,

0.1mol) and hydrochloric acid (lSmL) in methanol (lSOOmL) was stirred at room
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temperature for 20 hours, followed by addition of sodium carbonate (5g, 0.06mol). The

reaction mixture was stirred for 2 hours and two thirds of the solvent was removed at a

temperature of less than 30°C. The mixture was filtered and concentrated. The resulting

methyl D-riboside 44 was obtained as yellow oil and was used without further

purification. To a stirred solution of 44 (5g, 30rnrnol) in anhydrous pyridine (300mL) at

0°C were added triphenylphosphine (16.0g, 60mmol) and carbon tetrabromide (18.0g,

50mmol). The resulting mixture was protected from moisture and stirred at 0°C for ten

minutes. The mixture was then allowed to warm to 65°C and was stirred for 6 hours.

Methanol (lOmL) was added to decompose any excess reagent. The solvent was removed

by evaporation and the residue was dissolved in dichloromethane and was then passed

though a pad of silica gel. Dichloromethane was removed by evaporation and the

resulting residue was dissolved in toluene and the product was extracted with water for

several times. Removal of water afforded the expected mixture of methyl S-Bromo-S-

deoxy-a- and B-D-ribofiiranoside 45 (6.0g, 86.7%, (1:0 = 3:1). IR (CHCl3) vmax 3387.18,

2933.49, 1121.60, 1088.32, 1025.91 cm". The mixture was used in the next step without

separating the anomer: Methyl S-Bromo-S-deoxy-a-D-ribofuranoside IH NMR

(500MHz, D20) 6 4.86, (1H, s), 4.19-4.113 (2H, m), 4.02 (1H, d, J=5 Hz), 3.64 ( 1H, dd,

J=11, 4.3 Hz), 3.53 (1H, dd, J=1 1.5, 6.3 Hz), 3.35 (3H, s); l3C NMR (125.5MHz, D20)

108.14, 81.73, 74.62, 73.12, 55.44, 34.22 ppm. Methyl S-Bromo-S-deoxy-li-D-

ribofuranoside IH NMR (500MHz, D20) 8 4.97, (l H, d, J=4.5 Hz), 4.22 (1H, m), 3.93

(1H, m), 4.15-4.11 (1H, m), 4.01 (1H, m), 3.57 (2H. m), 3.38 (3H, 3); '3C NMR

(125.5MHz, D20) 103.68, 82.98, 71.68, 70.98, 55.77, 33.45 ppm.
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Methyl S-Bromo-S-deoxy-Z,3-di-0-trimethylacetyl-D-ribofuranoside (46)

Pivaloylation of 45 (2.0g, 8.8mmol) by trimethylacetyl chloride (4.34mL, 35.0mmol) in

pyridine (1 SOmL) at room temperature for 2 days afforded a white solid 46 (3.2g, 91.1%),

IR (CHC13) vm 2972.45, 1739.35, 1162.70, 1139.15 cm'l. The mixture was used in the

oxidation step without separating the anomer: Methyl 5-Bromo-5-deoxy-2,3-di-0-

trimethylacetyl-a-D-ribofuranoside 1H NMR (500MHz, CDCl3) 5 5.25, (1H, m), 5.20

(1H, d, J=4.5 Hz), 4.82 (1H, s), 4.28, (1H, m), 3.47 (2H, t, J=6.5 Hz), 3.37 (3H, s), 1.19

(9H, s), 1.16 (9H, s); 13C NMR (125.5MHz, CDCl3) 177.12, 176.93, 106.24, 80.04,

74.90, 74.05, 55.21, 38.82, 38.67, 33.52, 27.05 ppm. Methyl 5-Bromo-5-deoxy—2,3-di-

0-trimethylacetyl-B-D-ribofuranoside lH NMR (500MHz, CDCl3) 8 5.17, (1H, d, J=4

Hz), 5.04 (1H, m), 4.90 (1H, m), 4.22 (1H, m), 3.64 (1H, dd, J=11, 4 Hz), 3.55 (1H, dd,

J=11, 4.5 Hz), 3.35 (3H, s), 1.19(91-1, s), 1.18 (9H, s); l3c NMR(125.5MHz,CDC13)

177.76, 177.47, 101.02, 80.46, 74.05, 71.96, 55.59, 38.82, 38.66, 33.06, 27.05 ppm.

Methyl S-Bromo—S-deoxy-2,3-di-0-trimethylacetyl-D-erythro-4-pentulosonic acid

methyl ester (47) Chromium trioxide (2.43g, 24.3mmol) was added to a solution of 46

(3.2g, 8.1mmol) in acetic acid (100mL) and acetic anhydride (lOmL). The suspension

was stirred at room temperature for 2 hours. The mixture was then poured slowly into

cold water (500mL). The water was extracted 5 times with CHzClz and the combined

organic phase was washed with brine, saturated sodium bicarbonate and dried (NaZSO4).

The solution was passed through a small pad of silica gel to remove coloration due to

chromium salts and dried to give 47 as a colorless oil (3.2g, 96.6%). IR (CHC13) vm

2975.59, 1745.62, 1125.06 cm'l. lH NMR (500MHz, CDCl3) 5 5.86, (1H, d, J=3.0 Hz),



 

5.70 (ll-I, d, J=2.5 Hz), 4.08 (1H, d, J=l3 Hz), 4.01 (1H, d, J=12.5Hz), 3.76 (3H, s), 1.24

(9H, s), 1.20 (9H, s); 13C NMR (125.5MHz, CDCl3) 5 195.60, 176.62, 176.36, 166.72,

74.88, 71.54, 52.86, 38.83, 38.71, 31.28, 26.87 ppm; HRFABMA (M + H+) Calcd.

409.0862, found 409.0863.

7(S),8(R),9(S)-bis(trimethylacetoxy)-6-oxo-hexahydro-pyrrolo-[1,4]-thiazine-4-

carboxylic acid methyl ester (48) A solution of 47 (1 .Og, 2.4mmol), sodium bicarbonate

(0.25g, 2.4mmol) and cysteinmethyl ester hydrochloride (0.5g, 2.9mmol) in methanol

(100 mL) was stirred at room temperature for one hour, followed by addition of sodium

cyanoboronhydride (0.23g, 3.7mmol). The reaction mixture was stirred overnight and

concentrated. The resulting residue was dissolved in dichloromethane and sodium

carbonate was added to facilitate the lactam cyclization. After stirred for overnight, the

suspension was filtered and the dichloromethane solution was washed by brine and dried

(NaZSO4), concentrated. The residue was purified by column chromatography (6:1

Hexanes/Ethyl acetate) to yield lactam 48 (0.3g, 32.0%) and the uncyclized product 49

(0.5g, 53.0%).

Lactam 48 was given as a white solid. IR (CHC13) vmax 1745.80, 1728.75, 1161.29 cm‘

'.'H NMR (500MHz, CDCl3) 5 5.61 (1H, m), 5.58 (1H, d, J=5.5 Hz), 4.13 (1H, dt,

J=11.5, 3.5 Hz), 3.78 (3H, s), 3.13 (1H, dt, J=l4, 2.3 Hz), 2.88 (1H, dd, J=13.8, 4.3 Hz),

2.69 (1H, dd, J=13.5, 11.5 Hz), 2.43 (1H, dt, J=13.5, 2.3 Hz), 1.23 (9H, s), 1.23 (9H, s);

13C NMR (125.5MHz, CDCl3) 5 176.94, 176.89, 169.25, 168.55, 69.05, 68.07, 55.07,

52.88, 52.33, 39.11, 38.82, 28.59, 27.21, 27.07, 26.63 ppm; HRFABMA (M + H+) Calcd.

416.1743, found 416.1742.
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Compound 49 was given as a white solid. IR (CHC13) vm 1740.01, 1736.18, 1155.51

cm“. 'H NMR(500MH2,CDC13)5 5.38 (1H, d, J=7.5 Hz), 5.16 (1H, dd, J=9, 3 Hz),

3.71 (3H, s), 3.70 (3H, s), 3.36 (1H, m), 2.64 (1H, m), 251-2.31 (4H, m), 1.22 (9H, s),

1.15 (9H, s); '3(: NMR (125.5MHz, CDC13) 8 177.14, 176.93, 171.43, 167.36, 73.79,

70.30, 59.34, 56.00, 52.32, 52.18, 38.86, 38.75, 29.40, 28.42, 27.00. 26.97 ppm;

7(S),8(R),9(S)-dihydroxy-hexahydro-pyrrolo—l1,4]-thiazine-4-carboxylic acid methyl

ester (40) A solution of lactam 48 (0.16g, 0.42mmol) and BH3-THF (3.5mL, 5.3mmol) in

anhydrous THF (lOmL) was refluxed for 8 hours and NMR showed the completion ofthe

reduction. The solvent was removed and methanol was added and concentrated for 3

times. The residue was dissolved in methanol (20mL), followed by addition of NaOMe

(0.06g, 1.1mmol). The reaction was stirred for overnight and concentrated. The residue

was applied to an ion exchange column (Dowex 50WX8-400, 2g), which was washed

with water (30 mL) and eluted with 2N NH4OH (30mL). The elution was concentrated

and purified by column chromatography (15:1 CH2C12/MCOH) to afford a white solid

(0.08g, 81%); lH NMR (500MHz, CDC13) 8 4.34-4.30 (1H, m), 3.98 (1H, m), 3.69 (3H,

s), 3.43 (1H, d, J=11 Hz), 3.23 (1H, d, J=9.3 Hz), 2.98 (1H, dd, J=l4, 4 Hz), 2.84 (1H,

dd, J=13.8, 3.3 Hz), 2.79-2.74 (1H, m), 2.71 (1H, d, J=13 Hz), 2.43 (1H, d, J=13 Hz); l3C

NMR (125.5MHz, CDC13) 6 173.53, 72.50, 68.62, 59.11, 58.60, 55.42, 52.29, 28.46,

26.47; HRFABMA (M + H“) Calcd. 234.0800, found 234.0799.

Lactam 50a and 50b A solution of 47 (2.0g, 4.9mmol) and 2-aminothiophenol (0.73g,

5.9mmol) in methanol (150 mL) was stirred at room temperature for one hour, followed
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by addition of sodium cyanoboronhydride (0.56g, 7.3mmol). The reaction mixture was

stirred overnight and concentrated. The resulting residue was dissolved in

dichloromethane and sodium carbonate was added to facilitate the lactam cyclization.

After stirred for overnight, the suspension was filtered and the dichloromethane solution

was washed by brine and dried (Na2S04), concentrated. The residue was purified by

column chromatography (10:1 Hexanes/Ethyl acetate) to yield two lactam diastereomers

Product 50a (0.13g, 9.6%) was given as a white solid. IR (CHCl3) vm 2973.71, 1738.05,

1145.55 cm". IH NMR (500MHz, CDCl3) 8 8.06 (1H, d, J=8 Hz), 7.15-7.06 (3H, m),

5.63 (1H, t, J=7.5 Hz), 5.51 (1H, d, J=7 Hz), 4.34 (1H, m), 3.17 (1H, t, J=12 Hz), 2.96

(1H, dd, J=13, 2.5 Hz), 1.27 (9H, s), 1.25 (9H, 8); '3C NMR (125.5MHz, CDC13) 8

177.42, 177.22, 165.28, 132.20, 126.11, 125.75, 124.76, 123.42, 72.97, 71.27, 54.66,

38.87, 38.74, 27.10, 26.95 ppm; HRFABMA (M + H+) Calcd. 406.1689, found

406.1689.

Product 50b (0.71 g, 57.4%) was given as a white solid. IR (CHC13) v“rm 2972.76,

1742.61, 1155.27 cm'l.; lH NMR (500MHz, CDCl3) 8 8.72 (1H, dd, J=8.5, 1 Hz), 7.14

(1H, dd, J=8, 1.5 Hz), 7.10 (1H, td, J=8, 1.5 Hz), 6.99 (1H, td, J=7.5, 1.5 Hz), 5.72 (1H,

t, J=4.8 Hz), 5.65 (1H, d, J=5.5 Hz), 4.32 (1H, m), 3.14 (1H, dd, J=13, 10.5 Hz), 2.88

(1H, dd, J=13, 2.5 Hz), 1.24 (9H, s), 1.21 (9H, 8); '3C NMR (125.5MHz, CDCl3) 8

177.14, 176.94, 166.79, 133.69, 127.32, 125.76, 124.51, 121.12, 120.41, 68.96, 67.89,

57.38, 39.18, 38.87, 27.16, 27.08, 25.01; HRFABMA (M + H+) Calcd. 406.1689, found

406.1691.
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1(S) 2(R), 3(S)-dihydroxy-2,3,3a,4-tetrahydro-lH-pyrrolo-[2,l-c][1,4]benzothiazine

(41b) A solution of lactam 50b (0.40g, 1.0mmol) and BH3-THF (3.3mL, 5.0mmol) in

anhydrous THF (lOmL) was refluxed for 4 hours and the TLC and NMR showed the

completion of the reduction. The solvent was removed and methanol was added and

concentrated for 3 times. The residue was dissolved in methanol (20mL), followed by

addition of NaOMe (0.20g, 3.8mmol). The reaction was stirred for 8 hours and

concentrated. The residue was purified by column chromatography (15:1 CH2C12fMeOH)

to afford a white solid (0.2g, 90.9%). IR (CHC13) vm, 3113.94, 1124.86 cm". 'H NMR

(500MHz, CD3OD) 8 6.93 (2H, d, J=7.5 Hz), 6.48 (1H, td, J=7.5, 1 Hz), 6.41 (1H, d, J=8

Hz), 4.37 (1H, m), 4.11 (1H, t, J=3.8 Hz), 3.80 (1H, dt, J=10.5, 3 Hz), 3.51 (1H, t, J=8.5

Hz), 3.15 (1H, t, J=8.5 Hz), 2.96 (1H, m), 2.85 (1H, dd, J=12.5, 3 Hz); 13C NMR

(125.5MHz, CD30D) 8 146.55, 130.93, 129.84, 119.67, 119.18, 115.14, 77.05, 74.25,

65.67, 55.75, 27.99 ppm; HRFABMA (M + H*) Calcd. 224.0745, found 224.0745.

7(S),8(R),9(S)-hexahydro-bis-trimethylacetoxy-1H-pyrrolo-[l,4]-thiazin-6-one (52a)

and 7(S),8(R),9(R)-hexahydro-bis-trimethylacetoxy-1H-pyrrolo-[l,4]-thiazin-6—one

(52b): A solution of47 (0.8g, 2.0mmol), HS(CHz)2NH2 (0.18g, 2.3mmol) and NaCNBH3

(0.18g, 2.9mmol) in methanol (50 mL) was stirred at room temperature for 24 hours and

then concentrated. The resulting residue was dissolved in dichloromethane and washed

by brine, dried (NaZSO4) and concentrated. Compound 52a and 52b were isolated by

column chromatography (4:1 Hexanes/Ethyl acetate).

Product 52a (0.12g, 20%) was obtained as a white solid. IR (CHC13) vmax 1739.70,

1717.38, 1160.52, 1136.98 cm". lH NMR (500MHz, CDCl3) 8 5.34 (1H, d, J=7 Hz),
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5.09 (1H, dd, J=7, 2.3 Hz), 4.44 (1H, dt, J=13.5, 2.8 Hz), 3.60 (1H, dt, J=11, 2.5 Hz),

3.02 (1H, m), 2.75 (1H, d, J=13 Hz), 2.62-2.51 (2H, m), 2.42 (1H, m), 1.20 (9H, s), 1.16

(9H, s); l3C NMR (125.5MHz, CDCl3) 8 177.41, 177.06, 166.64, 70.12, 68.15, 62.27,

42.24, 38.83, 38.76, 30.10, 27.11, 26.97, 26.41 ppm; HRFABMA (M + H) Calcd.

358.1689, found 358.1688. Product 52b (0.40g, 57%) was obtained as a white solid. IR

(CHC13) vw 1739.61, 1705.31, 1141.03 cm". ‘H NMR (500MHz, CDCl3) 8 5.50 (1H, t,

J=5 Hz), 5.43 (1H, dd, J=6, 1.5 Hz), 4.43 (1H, dt, J=13.5, 2.8 Hz), 3.88 (1H, m), 2.97

(1H, m), 2.72-2.64 (2H, m), 2.52 (1H, m), 2.40 (1H, dt, J=13.5, 2.5 Hz), 1.21 (9H, s),

1.20 (9H, s); 13C NMR (125.5MHz, C1103) 8 177.03, 176.89, 167.72, 68.78, 67.47,

57.69, 42.23, 39.08, 38.82, 27.31, 27.20, 27.12, 26.97 ppm; HRFABMA (M + 11+) Calcd.

358.1689, found 358.1685. The formation of the elimination product 53 was favored by

delaying the addition of sodium cyanoboronhydride. A solution of 47 (1.9g, 4.6mmol)

and HS(CH2)2NH2 (0.43g, 5.6rmnol) in methanol (150 mL) was stirred at room

temperature for one hour, followed by addition of sodium cyanoboronhydride (0.44g,

7.0mmol). The reaction mixture was stirred overnight and concentrated. The resulting

residue was dissolved in dichloromethane and sodium carbonate was added to facilitate

the lactam cyclization. Afier stirred for several hours, the suspension was filtered and the

dichloromethane solution was washed by brine and dried (Nasta), concentrated. Three

products (19, 24.1%; 20, 8.4%; 21, 26.5%) were isolated by column chromatography (4:1

Hexanes/Ethyl acetate). Product 53 (0.44g, 26.5%) was obtained as a yellow solid. IR

(CHC13) vmax 1741.94, 1153.58 cm". lH NMR (500MHz, CDCl3) 8 5.83 (1H, d, J=6.5

Hz), 5.72 (1H, s), 5.47 (1H, d, J=-'6.5 Hz), 4.20 (1H, m), 3.67 (1H, m), 2.94-2.89 (2H, m),

1.26 (9H, s), 1.18 (9H, s); ”C. NMR (125.5MHz. CDCl3) 8 177.37, 177.08, 167.65,
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130.16, 100.02, 67.98, 67.26, 39.91, 38.91, 38.90, 27.14, 26.98, 24.07 ppm; HRFABMA

(M+) Calcd. 355.1454, found 355.1451.

7(S),8(R),9(S)-dihydroxy-hexahydro-lH-pyrrolo-[l,4]-thiazine (42b) A solution of

lactam 52b (0.24g, 0.67mmol) and BH3-THF (2.2mL, 3.4mmol) in anhydrous THF

(lOmL) was refluxed for 3 hours and the TLC and NMR showed the completion of the

reduction. The solvent was removed and methanol was added and concentrated for 3

times. The residue was dissolved in methanol (20mL), followed by addition of NaOMe

(0.10g, 1.9mmol). The reaction was stirred for 8 hours and concentrated. The residue was

applied to an ion exchange column (Dowex 50WX8-400, 5g), which was washed with

water (30 mL) and eluted with 2N NHaOH (30mL). The elution was concentrated to

afford a white solid (0.1g, 85.0%). iH NMR (500MHz, D20) 8 4.23 (1H, m), 4.07 (1H,

m), 3.22 (1H, dt, J=12, 2.5 Hz), 2.86-2.74 (3H, m), 2.52 (1H, dt, J=13.5, 3 Hz), 2.49 (1H,

m), 2.44 (1H, m), 2.33-2.25 (2H, m); 13C NMR (125.5MHz, D20) 8 71.92, 67.35, 67.02,

60.90, 53.86, 26.41, 26.28 ppm; HRFABMA (M + H+) Calcd. 176.0745, found 176.0745.
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Chapter 5

A Facile Approach to Chiral 2,5-Di-Substituted Pyrrolidines
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ABSTRACT

Chiral 2,5-di-substituted pyrrolidines, so called homoazasugars or aza-C—glycosides, are

an important class of molecules because of their inhibitory activity against glycosidases

and their stability towards chemical and enzymatic degradation. Synthesis of this type of

molecules is normally difficult because of the multiple chiral centers and the nitrogen

atom in the ring. Here we describe a new strategy for the synthesis of 2,5-

dihydroxymethy1-3,4-dihydroxypyrrolidines from different methyl 2-acetamido-3,4,6-tri-

O-acetyl-2-deoxy-B-D-pyranosides. It is the most efficient route demonstrated to date and

provides an easy access to more complicated homoazasugars.
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5.1. Introduction

Iminopentitols (five membered ring azasugars) have become an important class of

molecules as glycosidase inhibitors. They display envelope conformations which are

more flexible conformations than those shown by their six membered ring counterparts,

so they can mimic the proposed half chair and related transition states more closely. Of

the azasugars developed, those having a hydroxymethyl group or a polyhydroxylated

carbon chain linked to the anomeric carbon, so called homoazasugars or aza-C-glycosides

(2,5-disubstituted pyrrolidines) are especially interesting because they retain the same or

higher biological activity of the parent azasugars. They present the possibility of

preparing glycoside analogs which are not suscepitible to cleavage because a carbon to

carbon bond now replaces the O-glycoside linkage. Natural homoazasugars have been

isolated and synthesized. Typical examples are 2,5-dideoxy-2,5-imino-D-mannitol 1

(DMDP), australine 2, alexine 3 and hyacinthacine C. 4. They have either cis or trans

hydroxymethyl substituents at C-2 and C-5, combined with either cis or trans hydroxyl

groups at C-3 and C-4, and they all have potent activity against glycosidases.
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Because of its biological importance, several synthetic approaches have been developed

for DMDP 1”. The first synthesis was reported by Fleet in 1985L8 who employed D-

glucose as the starting material (figure 5.1). Protection with acetone followed by O-

benzylation at the 3-position gave the protected sugar 5. The 5,6-O—isopropylidene group

was replaced with a carbonate residue to yield 6. Acidic cleavage of the 1,2-O-

isopropylidene acetal in methanol furnished the a,B-methyl-glucosides. The primary

hydroxyl group of the (rt-isomer was protected and the 2-position was triflated.

Subsequent displacement of the triflate group at C-2 with azide gave the key intermediate

7. Compound 7 was reduced to a primary amine which underwent cyclization to C-5 via a

double displacement at that center in which an intermediate epoxide was formed. There

was overall retention of configuration at C-5. Subsequent deprotection converted 10 into

DMDP 1. This synthesis is relatively long and only the a-isomer from the mixture after

methanolysis of the 1,2-acetal can be used for the subsequent reactions.
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Figure 5.1. Synthesis of DMDP. i, (a) acetone, W; (b) BnCl, NaH; ii, (a) 0.5% HCl in

MeOH. room temp, 12 h; then (MeO)2CO, NaOMe, reflux; iii, (a) Dowex 50W-X8,

MeOH; (b) szO (1.1 eq) in CHzClz, -20°C, 20 min, then NaNg, (3 equiv) dimethyl

forrnamide, 50 oC, 2 d; (c) MeOH with a trace of NaOMe. room temp; iv, (a) BzCl; (b)

MsCl; v, NaOMe (2 equiv), DMF, 50°C, 5 h; vi, palladium black, H2, EtOH; remove

catalyst, then 50 °C overnight; PhCHzOCOCl, ether, H20 containing NaHCO3; vii,

CF3COOH - H20 (1:1), room temp, 1 h; then NaBH4 in EtOH - H20; ix, palladium

hydroxide, H2, EtOH.

Derivatives of DMDP have been synthesized and tested. Wongg‘IO reported the synthesis

of 2(R),5(S)-bis(hydroxymethyl)-3(R),4(R)-dihydroxypyrrolidine 17, the 5-epimer of

DMDP 1 (figure 5.2). This compound was synthesized via a thermodynamically
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controlled fructose-1,6-diphosphate (FDP) aldolase reaction with racemic 2-azido-3-

hydroxypropanal and dihydroxyacetone phosphate (DHAP). The azide group was then

reduced and the ketone group underwent an intramolecular reductive amination. In the

aldol reaction two diasteriomeric products are formed but they can be interconverted

through enolization and only one product (the thermodynamically favorable one) is

eventually formed. This compound exhibits a broad spectrum of inhibition against

glycosidases with K; in the micromolar range. However, this method of synthesis

involving enzymes is not a general method and it is limited by scale-up problems.
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Figure 5.2. Synthesis of 2(R),5(S)-bis(hydroxymethyl)-3(R),4(R)-dihydroxypyrrolidine. i,

MCPBA, CH3CN, 92%; ii, NaN3, NHaCl, MeOH/HZO, reflux, 90%; iii, NaIOa, 0°C, 5min;

iv, DHAP/FDP aldolase; v, acid phosphatase, pH 4.7, 37 °C, 78% from 11; vi, Hz/Pd,

50psi, 97%.

Another synthetic approachll (figure 5.3) to compound 17 starts from 2-O-triflate 18,

derived from L-gulono-1,4-lactone'2. The nitrogen was introduced to the molecule via

azide displacement of a triflate. A protected lactone intermediate 22 bearing a suitably
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located triflate group and in which the azido group has been reduced to an amino group

was eventually formed after several steps. Ring opening of the lactone with base allowed

the intramolecular displacement of the triflate group by the amino group to form the

nitrogen heterocycle. Subsequent reduction and deprotection afforded the desired product

17.
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Figure 5.3. Synthesis from L-gulono-1,4-lactone. i, 0.97 eq. NaN3, DMF, 2.5 h, 75%; ii,

TBDMSOTf, pyridine, CH2C12, 85%; iii, (a) AcOH / H2O (4:1), 99% (b) TBDMSCl,

imidazole, DMF, 76% (c)Tf2O, pyridine, CH2C12, 95%; iv, H2, Pd-black, EtOAc, 99%; v,

NaOAc, MeOH, 74%; vi, (a) LiHBEl3, THF; (b) 1% HCl in MeOH, 90%.

A more general strategy for the synthesis of 2,5-dihydroxymethyl-3,4-

dihydroxypyrrolidines using a thiazole-based aminohomologation protocol of furanoses
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was reported by Dondoni’s groupms. This method (figure 5.4) starts fiom 2,3,5-tri-O-

benzyl-furanose 24. The hydroxylamine 25 was obtained as a single a-isomer by treating

the furanose with N-benzylhydroxylamine. The open-chain form (26) of the

hydroxylamine was reacted at -70°C with 2-lithiothiazole to afford the product as a

mixture of diastereoisomers. Subsequent reductive dehydroxylation using a Zn-Cu

couple'6 and cyclization yielded the product 31. Reduction and deprotection can afford

the final homoazasugar 33. Other 2,5-Dihydroxymethyl-3,4-dihydroxypyrrolidines with

different configurations (1, 34, and 35) were also obtained by the same fashion starting

from different furanoses. This strategy is more general than other methods, however, it

still suffers fi'om the drawback of the separation of the diastereoisomers, such as 29 and

30, and the use of lithium reagent is not desirable.
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Figure 5.4. Synthesis of 2,5-dihydroxymethyl-3,4-dihydroxypyrrolidines. Th = 2-

thiazolyl. Reagents: i, BnNHOH, 88%; ii, (AcO)2Cu, Zn, 8% for 29, 78% for 30; iii, Tf20,

pyridine, 65%; iv, TfOMe; then NaBH4; then AgNO; in MeCN-H2O, 54%; v, H2, 20%

Pd(OH)2/C; then Dowex (OH'), 86%.

The 2,5-Dihydroxymethyl-3,4-d1hydroxypyrrolidines are not only potent glycosidase

inhibitors, they are also important precursors for the synthesis of more complicated aza—
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C-glycosides, such as inhibitors of nucleoside hydrolasesn‘w, hypoxanthine-guanine

phosphoribosyltransferases20 (HGPRTases) and Purine nucleoside phosphorylases”24

(PNP). In the synthesis of PNP inhibitor immucillin-H (42)25‘26 and its derivatives, 1,4-

imino-D-ribitol was synthesized first following Fleet’s method”, and the extra carbon

was installed later by addition of CNCH2Li to the imine. Assembling of the 9-

deazapurine on the preformed aza-C-glycoside afforded the desired product (figure 5.5).
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Figure 5.5. Synthesis of ImmH. i, (a) TBDMSCl; (b) Acetone, H+; ii, (a) NCS, pentane;

(b) LiTMP, -78°C; iii, (a) CNCH2MgX or CNCH2Li; (b) (Boc)20; iv, (a) t-

BuOCH(NMe2)2, DMF, 70°C; (b) THF, HOAc, H2O; v, (a) H2NCH2COOEt.HCl, NaOAc,
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MeOH; (b) ClC02Bn, DBU, CH2C12, reflux; (c) H2, Pc/C, EtOH; (d) H2NCH=NH.H0Ac,

EtOH, reflux; (e) TFA.

5.2. Results and Discussions

Our research goal is to develop a simple and general strategy to synthesize

homoazasuagrs, especially the 2,5-dihydroxymethy1-3,4-dihydroxypyrrolidines. The

desired approach is to use natural carbohydrates as the starting material. Natural

glycosarnines were chosen because of their intrinsic chirality and the available acetarnido

group which could provide an amino group that is normally obtained by displacement of

a leaving group with azide and reduction. Starting from protected glycosamines, a

chromium oxidation-borane reduction strategy was developed and dihydroxypyrrolidines

17 and 34 and 43 were synthesized quickly and efficiently.

I7 34 43

The syntheses of the 2,5-dihydroxymethyl-3,4-dihydroxypyrrolidines start from methyl

2-acetamido-3,4,6-tri-0-acetyl-2-deoxy-B-D-pyranosides. The D-gluco derivatives are

readily available from a variety of highly abundant sources such as chitin. The

commercially available methyl 2-acetamido-3,4,6-tri-0-acety1-2-deoxy-B-D-

glucopyranoside 44 was converted to pyrrolidine 17 in just two steps (figure 5.6).

Chromium oxidation of glucopyranoside 44 followed by borane reduction yielded a

single isomer 17. The oxidation of acetylated B-glycopyranosides by chromium trioxide
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has been reported by S. J. Angyal and K. James28 to afford 5-keto esters, independent of

the configurations on 02, C-3, or C-4 and we have used this method in previous

syntheses. In the present synthesis, the oxidation gave the S-keto ester 46 as an

intermediate. Deacylation of the 2-acetamido group to form a free amino group

proceeded oxidation. Some of the N-deacetylated intermediate 45 was actually isolated

and the proton NMR spectrum showed signals for three O-acetyl groups. After it is

formed, the 5-keto function can cyclize to the 2-amino group to form a hemiaminal. The

hemiaminal can be acetylated to give the product 47. This product was obtained as a

mixture of diasteroisomers with 3:2 ratio. Both diasteroisomers can be reduced by borane

to yield the final 2,5-dihydroxymethyl-3,4-dihydroxypyrrolidines 17 with overall 78%

yield.
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Figure 5.6. Synthesis of compound 17. i, 003, HOAc, AC2O; ii, BH3, THF, 78% for two

steps.

Compounds 34 and 43 were obtained from methyl 2-acetamido-3,4,6-tri-0-acety1-2-

deoxy-B-D-allopyranoside. This starting material was synthesized from its gluco-isomer

(figure 5.7) through an oxidation-reduction sequence to invert the stereochemistry at the

C-3 position. The starting glucopyranoside 44 was deacetylated first. Treatment of the

triol with benzaldehyde dimethyl acetal gave the 4,6-aceta1 49 with the 3-OH free. This

hydroxyl group can be oxidized to ketone by chromium trioxide-pyridine system29 or

dimethyl sulfoxide (DMSO)-acetic anhydride (AC20). Both oxidations worked well in

this synthesis, but the chromium oxidation was more efficient. In less than 10 minutes,

the reaction was done and the yield was over 90%. The DMSO-AC2O oxidation took

longer time and some competing reactions to give small amounts of byproducts were

observed. Reductions of the ketone to give 3-axia1 hydroxyl group of 51 were tried under

different conditions. Products with axial and equatorial products are possible. The desired

product has the axial orientation. Table 5.1 shows the ratio of products with equatorial

versus axial hydroxyl group. Sodium borohydride and lithium borohydride gave the

equatorial hydroxyl as the major product, while cyanoborohydride gave the opposite

result. The reason for this is that for a smaller borohydride, it tends to attack from the

axial position, while cyanoborohydride tends to attack from the equatorial position.

Another possible reason for cyanoborohydride is it can form some complex with oxygen

at 3-position and nitrogen at 2-position to form a five membered ring, so it locks the

oxygen at axial position. The reduction result also showed that at lower temperature,
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more equatorial product 49 can be obtained, and solvent has little effect on the ratio of

the products. This is probably because lower temperature favors the equatorial attack and

the formation of the complex is not favored.

Table 5.1. Product ratios under different conditions.

 

 

Conditions equatorial : axial (49 : 51)

NaBHa/MeOH, room temp. 3 : 1

NaBHa/MeOH, -10°C ~ 0°C 4 : 1

NaBH4/20%[CH3(CH2)3]NHS04 3 : 1

MeOH/Propanol, room temp.

NaBH4/20%[CH3(CH2)3]NHSO4 2.5 : 1

MeOH/Propanol, -lO°C ~ 0°C

NaBHa/ [CH3(CH2)3]NH804 7 : 1

Propanol, -78°C

LiBHa/MeOH, room temp. 5 : 1

NaBCNH3fMeOH, room temp. 1 : 4

NaBCNH3/MeOH, -10°C ~ 0°C 1 : 2

NaBCNH3/Propanol, room temp. l : 3.5

 

With compound 51 in hand, methyl 2-acetamido-3,4,6-t1i-0-acetyl-2-deoxy-B-D-

allopyranoside was obtained by acid deprotection and acetylation. Subsequent chromium

oxidation afforded the desired five membered ring product 54 as an imine form instead of

the hemiaminal. Borane reduction of this imine yielded two isomers with hydroxymethyl

group up (43) or down (34) at 5-position. Acetylation of the mixture and separation by

chromatography yielded products 55 and 56.
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Figure 5.7. Synthesis of products 55 and 56. i, K2CO3, MeOH; ii, Benzaldehyde

dimethyl acetal, H2804, DMF, 74% for two steps; iii, CrO3-pyridine, CH2C12, 91% or

DMSO-AC2O, 82%; iv, NaCNBl—l3, MeOH, 76%; v, 5% HCl, MeOH; vi, A020, pyridine,

75% for two steps; vii, Cr03, HOAc, AC2O; viii, BH3-THF; viiii, AC2O, pyridine, 69% for

This synthetic approach we describe here is a quick and easy way to get 2,5-

dihydroxymethyl-3,4-dihydroxypyrrolidines from different methyl 2-acetamido-3,4,6-tri-
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0-acety1-2-deoxy-B-D-pyranosides. It is the most efficient route demonstrated to date.

Here we take advantages of the multiple chiral centers of carbohydrate and the amino

group of the glycosamines to form homoazasugars which are normally difficult to

synthesize. More complicated homoazasugars should be synthesized through this strategy

and more glycosidase inhibitors should be obtained. In this approach, different oxidations

and reductions have been applied at different stages. Chromium oxidation showed its

efficiency in the ketone and ketoester formations. Different borohydrides are useful in

reducing the 3-ulose to invert the stereochemistry of the hydroxyl group to yield the

desired product.

5.3. Experimental Section

General Procedures: Melting points were measured on a Ficher-Johns melting point

apparatus. Optical rotations were measured (7» = 589 nm) at room temperature using a

Jasco P-lOlO polarimeter. The 'H (and '3C) NMR spectra were recorded at 500 (125.5)

MHz on a Varian VXR spectrometer. The HRMS FAB mass spectra were obtained using

a Jeol HX-l 10 double-focusing mass spectrometer operating in positive ion mode.

2(R),5(S)-Bis(hydroxymethy1)-3(R),4(R)-dihydroxypyrrolidine (17) To a solution of

methyl 2-acetomido-3,4,6-tri-0-acety1-2-deoxy-B-D-glucopyranoside 44 (0.5g, 1.38mmol)

in acetic acid (50mL) and acetic anhydride (5an), chromium trioxide (0.42g, 4.2mmol)

was added and the suspension was stirred at room temperature for 5 hours. The mixture

was then poured slowly into cold water (300mL). The water was extracted 5 times with

CH2C12 and the combined organic phase was washed with brine, saturated sodium
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bicarbonate and dried (Na2S04), concentrated. The resulting residue was passed through

a small pad of silica gel to give 47 as a colorless oil (0.44g, 95%). The mixture was used

in the next step without separating the diasteroeoisomers.

A solution of47 (0.1 g, 0.3mmol) and BH3-THF (10mL, 1.5M) in anhydrous THF (lOmL)

was refluxed for 4 hours and the TLC and NMR showed the completion of the reduction.

The solvent was removed and methanol was added and concentrated for 3 times. The

residue was purified by column chromatography (6:1 CH2Cl2/Me0H) to afford a

colorless oil (0.04g, 82%). 1H NMR (500MHz, CD3OD) 8 3.98 (1H, dd, J=6.0, 4.0 Hz),

3.95 (1H, t, J=4.0 Hz), 3.76-3.59 (4H, m), 3.06 (1H, dd, J=10.0, 4.5 Hz), 2.72 (1H, dd,

J=7.5, 4.0 Hz); 13C NMR (125.5MHz, CD3OD) 8 77.07, 76.71, 69.84, 65.12, 61.09,

60. l 6ppm.

Methyl 2-acetamido-4,6-benzylidine-2-deoxy-B-D-glucopyranoside (49) To a solution

of methyl 2-acetamido-3,4,6-tri-0-acetyl-2-deoxy-B-D-glucopyranoside 44 (lg,

2.77mmol) in 20mL methanol and 0.5mL water was added potassium carbonate (2.5g,

l8mmol), and the suspension was stirred at room temperature for 12 hours. The mixture

was then diluted with 50mL methanol and 25mL water and was passed through a mixed

bed column (Dowex MR-3). The elution was concentrated and dissolved in 200mL

anhydrous DMF. Benzaldehyde dimethyl acetal (0.15g, 1.0mmol) and 30 1.1L of sulfirric

acid were added and the solution was stirred at room temperature for 16 hours. The

mixture was then poured into ice containing 2.5g of potassium carbonate and stirred until

all the ice melted. The mixture was filtered, washed with water and dried to yield white

solid (0.66g, 74%). IH NMR (500MHz, DMSO) 8 7.79 (1H, d, J=9.0 Hz), 7.45-7.43 (2H,
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m), 7.37-7.36 (3H, m). 5.59 (1H, s), 5.24 (1H, d, J=5.5 Hz), 4.38 (1H, d, J=8.5 Hz), 4.20

(1H, q, J=5.0 Hz), 3.72 (1H, t, J=10.0 Hz), 3.57 (1H, m), 3.73 (1H, m), 3.53 (1H, t, J=9.0

Hz), 3.41 (1H, t, J=9.0 Hz), 3.33 (3H, s), 1.81 (3H, s); 13c NMR (125.5MHz, DMSO) 8

169.13, 137.74, 128.77, 127.95, 126.30, 102.36, 100.64, 81.27, 70.52, 67.86, 65.95, 55.93,

23.04 ppm. HR-FABMS (M+H+) Calcd. 324.1446, found 324.1447.

Ketone 50: Chromium oxidation: Chromium trioxide (1.24g, 12.4mmol) was added to a

stirred solution of pyridine (1.96g, 24.8mmol) in 20mL dry dichloromethane. The

mixture was stirred for 15 min and 49 (1g, 3.1mmol) in 10mL dichloromethane was

added with stirring at room temperature. Acetic anhydride (1.26g, 12.4mmol) wad added

immediately and the reaction was stirred for another 10 min. The reaction mixture was

diluted with ethyl acetate and passed through a short column of silica gel. The product

was eluted with ethyl acetate and acetone, concentrated to yield a white solid (0.9g, 91%).

'H NMR (500MHz, DMSO) 8 7.44-7.39 (5H, m), 5.68 (1H, s), 4.68 (2H, m), 4.47 (1H, t,

J=8.0 Hz), 4.38 (1H, q, J=5.0 Hz), 3.89 (1H, t, J=10.0 Hz), 3.64 (1H, m), 3.43 (3H, s),

1.89 (3H, s); l3C NMR (125.5MHz, DMSO) 8 169.29, 137.05, 129.08, 128.13, 126.25,

103.46, 100.39, 80.91, 68.18, 65.65, 60.71, 56.41, 22.46 ppm. HR-FABMS (M+H‘)

Calcd. 322.1291, found 322.1292.

MDSO-AC2O oxidation: To a solution of 49 (0.5g, 1.6mmol) in 10mL DMSO was added

acetic anhydride (0.95g, 9.6mmol) and the solution was stirred at room temperature for

12 hours. The solution was then poured into ice water containing 3g potassium carbonate.

The mixture was filtered, washed with water and dried to give a white solid (0.41 g, 82%).
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Methyl 2-acetamido—4,6—benzylidine-2deoxy—fl-D—allopyranoside (51) Sodium

cyanoborohydride (0.39g, 6.2mmol) was added to a mixture of 50 (lg, 3.1mmol) in

300mL methanol. The reaction was stirred at room temperature for 2 hours and

concentrated. The two diastereoisomers were separated by flash chromatography (1:1

ethyl acetate/hexanes) and 51 was obtained as white solid (0.76g, 76%). lH NMR

(500MHz, DMSO) 8 7.44-7.40 (5H, m), 5.62 (1H, s), 5.40 (1H, d, J=4.0 Hz), 4.55 (1H, d,

J=8.5 Hz), 4.23 (1H, q, J=5.0 Hz), 3.94 (1H, m), 3.85 (1H, m), 3.73 (1H, m), 3.68 (1H, t,

J=10.0 Hz), 3.28 (3H, s), 1.82 (3H, s); I3C NMR (125.5MHz, DMSO) 8 169.29, 28.76,

127.94, 126.34, 124.88, 100.61, 100.26, 78.53, 68.30, 67.21, 62.79, 56.10, 22.68 ppm.

HR-FABMS (M+H*) Calcd. 324.1446, found 324.1445.

Methyl 2-acetamido-3,4,6-tri-0-acetyl-2-deoxy-li-D-allopyranoside (53) To a solution

of 51 (0.5g, 1.6mmol) in 100ml. methanol was added 5mL hydrochloric acid and solution

was stirred at 5°C for 1 hour. Potassium carbonated (5g) was added and stirred for 10min,

and the mixture was filtered and the solution was concentrated. The residue was

dissolved in 20mL pyridine and 15mL acetic anhydride. The solution was stirred at room

temperature for 2 hours and concentrated. The residue was purified by flash

chromatography (4:1 ethyl acetate/hexanes) to give a colorless oil (0.42g, 75%). 1H NMR

(500MHz, CDCl3) 8 5.58 (1H, t, J=3.0 Hz), 4.99 (1H, dd, J=9.5, 3.0 Hz), 4.60 (1H, d,

J=8.0 Hz), 4.29 (1H, m), 4.23 (2H, d, J=4.0 Hz), 4.03 (1H, m), 3.49 (3H, s), 2.16 (3H, s),

2.09 (3H, s), 1.994 (3H, 8), 1.991 (311, s); 13C NMR (125.5MHz, CDCl3) 8 170.76,

169.66, 169.65, 169.06, 100.32, 70.50, 69.22, 66.83, 62.45, 56.35, 50.19, 23.28, 20.79,

20.74, 20.54 ppm. HR-FABMS (M+-H*)Ca1od. 362.1451, found 362.1450.
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54, 34 and 43 were synthesized following the same method as 47 and 17.

2(S),5(S)-Bis(acetoxymethyl)-3(R),4(S)-diacetoxypyrrolidine (55) and meso-

bis(acetoxymethyl)-3,4-diacetoxypyrrolidine (56) The mixture of 34 and 43 were

acetylated and separated by flash chromatography (2:1 ethyl acetate/hexanes) to give 55

(0.05g, 47%) and 56 (0.02g, 22%).

55: lH NMR (500MHz, CDCl3) 8 5.43 (1H, m), 5.39 (1H, m), 4.49 (1H, dd, J=1 1.5, 4.5

Hz), 4.43 (1H, m), 4.38 (1H, m), 4.30 (1H, dd, J=11.0, 4.0 Hz), 4.26 (1H, m), 4.21 (1H,

dd, J=10.0, 3.0 Hz), 2.16 (3H, s), 2.12 (3H, s), 2.09 (3H, s), 2.07 (3H, s), 2.04 (3H, s);

13C NMR (125.5MHz, CDCl3) 8 170.62, 170.13, 169.70, 169.47, 73.15, 69.87, 63.36,

61.10, 61.08, 56.86, 20.80. 20.76, 20.63, 20.44 ppm. HR-FABMS (M+H+) Calcd.

374.1451, found 374.1450.

56: 'H NMR (500MHz, CDCl3) 8 5.18 (1H, d, J=4.0 Hz), 4.05 (1H, d, J=2.5 Hz), 4.04

(1H, d, J=1.5 Hz), 3.16 (1H, m), 2.08 (3H, s), 2.07 (3H, s); l3C NMR (125.5MHz, CDCl3)

8 171.05, 170.86, 72.60, 63.84, 63.38, 20.84, 20.72 ppm.
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Chapter 6

5-Substituted Thiomorpholine Carboxylic Acids: A Compound

Class with Promising Antibacterial Activity
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ABSTRACT

Because of the development of bacterial resistance, new classes of antibacterial agents

are in great need. Nitrogen heterocyclic systems with aromatic substituents are typical

features of the known antibiotics.The oxazolidinones and the quinolones are two

examples of such drugs. The oxazolidinones, with their novel structures and unique

mechanism, have been developed as a newest type of antibiotics based on structure-

activity relationship studies. A series of enantiopure arylsubstituted 5-phenyl-

thiomorpholine-3-carboxylic acid derivatives were synthesized from L- and D-cysteine in

just one step. These molecules have key structural features of known antibacterial drugs.

Biological testing was performed on these compounds and the results showed promising

antibacterial activities. Compounds with electron-withdrawing 2-NO2 substituent are the

most active among the series. These compounds can be a good starting point for

development of a new class of antibacterial agents and provide the opportunity for a

completely new drug class.

205



6.1. Introduction

The growing incidence of bacterial resistance to antibiotics has been a serious problem in

recent years. Drug resistance, especially multiple drug resistance, has become a primary

health concem'. There is a great need for new class of antibiotics that are more potent

and less prone to resistance development. Heterocyclic systems with nitrogens in rings

and aromatic substituents are often good antibiotics. Two common such types of

antibiotics are quinolones and oxazolidinones. Typical examples of quinolones are

Nalidixic acid, Ciprofloxacin 1 and Levofloxacin. Ciprofloxacin, which has nitrogen

heterocyles, fluoro substituent and other firnctionalities, is the best known drug in this

class. The mechanism of action of quinolone antibiotics is tied to the activity of two

enzymes, DNA gyrase and DNA topoisomerase IV. Both enzymes are essential enzymes

for bacterial growth. Ciprofloxacin targets these two enzymes and eliminates their

functions. It also actively poisons cells by trapping these two enzymes on DNA as

drug/enzyme/DNA complexes in which double-strand DNA breaks. Ciprofloxacin has

been used as an antibiotic for a long time, but its effectiveness has been compromised by

bacterial resistance.

F COOH

|

0 2

Ciprofloxacin 1
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The oxazolidinones are a new class of antibacterial agents. They represent a new

development in the effective treatment of Gram-positive bacterial infections including

those caused by strains resistant to other antibiotics. Linezolid (Zyvox, Pharmacia

Corporation, Peapack, NJ), the first marketed member of this class, is the first

antibacterial drug in the last 30 years. It showed good efficacy with an impressive

antibacterial spectrum. This includes activity against gram-positive organisms

Staphylococcus aureus, Streptococcus pneumoniae, and Enterococcus spp, which pose a

considerable threat to health. They also showed activity against vancomycin-resistant

Enterococcus faecium, and E. faecium related bacterernia3. This is related to their unique

mechanism of action. It has been generally accepted that oxazolidinones are protein

synthesis inhibitors“, and they interact with ribosomes. However, there are still some

debates as to their mode of action. Different results have been reported about more

detailed mechanism. In one study, oxazolidinones were found to bind to the SOS

ribosomal subunits, and to inhibit N-formylmethionyl-tRNA binding in a cell-free system

using purified ribosomes from E. Cold. It was then determined that linezolid inhibits

protein synthesis at the initiation step by preventing binding of the N-forrnylmethionyl-

tRNA to the 708 ribosome7. This is different from other antibiotics such as the

macrolides and streptogramins that act on the elongation step of protein synthesis.

However, another study revealed that oxazolidinones do not interfere with translation

initiation during mRNA binding or during formation of 30S pre-initiation complexess. Its

mode of action targets at a late step during initiation. 1t inhibits the puromycin-mediated

release of 35S-formylmethionine from 70S initiation complexes in a dose-dependent

manner. A more recent study suggested that oxazolidinones inhibit bacterial protein
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biosynthesis by interfering with the binding of initiator fMet-tRNAiM“ to the ribosomal

peptidyltransferase P-siteg.

.QQJO

F kiNl-l

)=O

Linezolid 2

Oxazolidinones have been developed through structure-activity relationship. The core

structure of oxazolidinones is a simple heterocyclic system that is not found frequently in

drug structures. The 3-, 4-, 5-substitutions can lead to all kinds of derivatives of

oxazolidinones. The structural simplicity and possible variations allow the performance

of comprehensive structure-activity relationship studies. Such structure—activity

relationship studiesIO led to the development of the first commercial drug of this kind,

linezolid, and will guide additional oxazolidinones marketed in the future.

/l2k X = a heteroatom (often 0 or N)

R R= alkyl or aryl

XR

Studies from a group at Du Pont were the first in recent times to highlight the potential

importance of oxazolidinone compounds. There were two main candidates, Dup-721 and

Dup-105”"2, which originated from a series of racemic 5-halomethyl-3-phenyl-2-
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oxazolidinones. Compound 3 is one example of this class”. Further modifications led to

the enantio pure analog 4, which showed some in vitro and in vivo activity”. From a

study of a series of compounds, some structure—activity rules began to appear. Activity

was determined to be a function of the size and nature of the 5-substituent, the nature of

the 3-substituent, and the configuration at the 5-position.

(0)..

O J°L ° )1
S N O S N 0 =3

/ Lh. H2", Lh.
CI OH

3 4

OH >—Nj\o 0°91 Hie

LLNH /OLt1er

r=° re
DUP-721 5 DUP—IOS 6

This finding is illustrated in Figure 6.1. If the molecule is oriented with the

oxazolidinone group to the left and the carbonyl group pointing up then the active

molecule is the isomer in which the substituent at the 5-position is coming forward

(proximal) and not the one in which it is receding (distal)'5. In the case of linezolid this

corresponds to the (S)-isomer. It is important to note that if the acetarnido group in

linezolid were changed to an acetoxy or thioacetarnido group, the Cahn—Ingold—Prelog

designation would be (R), hence the distal and proximal orientations are used here. The 4-

substitution on the ring has no significant effect to the antibacterial activity, and usually it

has deleterious or indifferent effect. Another structure-activity feature of oxazolidinones
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was that the 3-substituent was invariably a phenyl group. It was observed that molecules

containing 3-aryl substituents with 2,4 and 2,5 disubstituents had weak or no antibacterial

activity. 3,4-Disubstituted or 4-monosubstituted compounds had good activity provided

l'°. It was also observed that conjugated electron-withdrawingthe 3-substituent was smal

substituents in the 4-position of the phenyl group also had increased activity compared to

nonconjugated analog of similar lipophilicity.

N-Aryl group required for activity

/
/ O

{l\ N 2

3 '0 Proximal

rue

C-5 acylaminomethyl group

essential for good activity

A

—
>
1
m
m

"
'

2
:

Figure 6.1. Typical features for oxazolidinone antibacterial activity.

Therefore, further modifications are focused on the 3-substututed N-aryl group. Three

subclasses of oxazolidinone analogs have been developed by Pharrnacia:

piperazinylphenyloxazolidinones (for example, PNU-97665)”, indolinyloxazolidinones

(for example, PNU-97456)’8 and the troponylphenyloxazolidinones (for example, PNU-

97786)'9’2°. Piperazine derivatives were selected as the candidates because of the

excellent in vitro and in vivo activity, as well as ease of synthesis. It was found that

electron withdrawing fluorine atom at the meta position of the phenyl ring enhanced the
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antibacterial activity and other desirable properties. These results led to the

monoflurophenyl congener PNU-100592 (eperazolid)2"22, thiomorpholine derivative

PNU-10048923 and morpholine analog PNU-100766, which became known as

linezolidmz.

O
HO O

m 52 1.EcA. ..Qio 5}" .

F WNH WNH

7=° )=°
PUN-97665 PUN-97456

H3CHN i

o O O " °

,. LL
N3=O

FUN-97786

Synthetic access to oxazolidinones has become a matter of high priority. Synthetic

“’26 (transition metal and enzymatiC),
strategies including asymmetric catalysis

biotransformation”, and chiral pool approachesm’29 have been reported. The introduction

of the chiral center at S-position of the ring is an important and general feature for the

development of the synthetic strategies. Methods in which a chiral 3-carbon fragment or

synthon is coupled to an ativated nitrogen compound dominate the literature on

oxazolidinone synthesis.

In the large-scale preparation of Linezolid (figure 6.2), a 3-carbon synthon l-chloro-2,3-

dihydroxypropane was reacted with a carbamate 9 to form a 3-aryl-5-hydroxymethyl-2-
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oxazolidinone 10. The primary hydroxyl group is then transformed to an acetarnido group

by reacting with meta-nitrophenylsulphonyl chloride, and amonia, followed by

acetylation to form the 5-acetamidomethyl group”.

.. on i
F—QNosz—\=’—> OCNEQNHZEBZC—l>K2C03 0, NQNH OBn

2. PdlC, H2 90%

overall F

 

F

7 9 Ho \H

r. cr\)“\/OH

2. KOIBII

3. LDA

I.NH4OH,

MeOH 45°C

2. Ac20, 15th,NsCl O/\N

Linezolid ‘—0 INKS5".overall NL—kofl

85% overall

0N8

Figure 6.2. Large-scale preparation of Linezolid

A different approach was used in the preparation of DUP-721 (figure 6.3). In this

synthesis, an isocyanate 12 was reacted with glycidyl butyrate 13 in the presence of tri-n-

butylphosphine oxide to yield the N-arylated oxazolidinone nucleus directly. The

hydroxymethyl group is then deacylated and transformed to the acetarnidomethyl group

by the same process involving mesylation, displacement by azide, reduction, and

acylation described earlier.
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Figure 6.3. Synthesis of DUP-721

The introduction of commercially important methods for preparing optically pure 3,4-

dihydroxybutyric acids and various 3- and 4-carbon derivatives3l'33 has opened up the

way to the preparation of optically pure oxazolidinones. The 3-hydroxy-y-butyrolactone

16 can be easily converted to enantiopure 3,4-dihydroxybutyramides 17. In one method”,

the 4-trityloxy derivative of this butyramide was subject to Hoffmann rearrangement to

form 5-trityloxymethyl-2-oxazolidinone 19 (figure 6.4). In another method”, protection

of enantiopure 3,4-dihydroxybutyramides with alkyl or arylboronic acids followed by

Hoffmann rearrangement yielded the free 5~hydroxymethyloxazolidinones 22 directly

(figure 6.5). These are new intermediates that can be used for the quick and efficient

synthesis of oxazolidinone families. This is an important new development since

enantiopure 3,4-dihydroxybutyramides are available in only two steps from starch,

lactose, maltose, and hemicelluloses.
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Figure 6.4. Synthesis of 5-trityloxymethy1-2-oxazolidinone
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Figure 6.5. Synthesis of 5-hydroxymethyloxazolidinones
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Oxazolidinones have showed promising potential to bacterial resistance with their novel

structure and unique mechanism. However, incidences of resistance to linezolid have

been observed in clinical isolates of Staphylococcus aureus and Enterococcus 3p”. A

promising approach to developing new antibiotics is to combine two pharmacophores of

two different classes of antibiotics in one molecule. This offers the possibility to

overcome the current resistance by targeting two different active sites. A series of

oxazolidinone-quinolone hybrids has been synthesized and studied37’38. These hybrids

that combine features of linezolid and ciprofloxacin may act on DNA replication and

protein synthesis simultaneously, and offer the opportunity to achieve a broader spectrum

towards resistance development. These two systems were connected through a variety of

spacers and the structure-activity relationships were studied with variations of spacer,

oxazolidinone substructures and quinolone substructures.

O

o F \ COOH

H 0% —X I / I

R,’"\,“..-K/N‘<\:)—spacor V 'f

R:

oxazolidinone-quinolone hybrids

The strategy for the synthesis of these hybrids was first to link the oxazolidinone to the

central spacer, followed by coupling to the quinolone intermediates. A typical example is

illustrated in figure 6.6 for the synthesis of MCB 3570. The synthesis of oxazolidinones

followed the general scheme of linezolid synthesis.
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Figure 6.6. Synthesis of MCB 3570. i, spacer as O-mesylate, DMF, 70°C, 12h, 75%; ii,

H2, Pd/C MeOH, EtOAc, 2h, RT, 100%; iii, N-methylpyrrolidinone, 1-cyclopropyl-7-

chloro-6-fluoro-I,4-dihydro-4-oxo-1,8-naphthyridine carboxylic acid (commercial),

iPrzEtN, 80°C, 3h, 80%.

The biological testing results showed that substituent variations on the quinolone and

oxazolidinone moieties had moderate effect on the antibacterial activity. However,

different spacers have dramatic effect on the activity as to acting primarily as a quinolone

216



or as an oxazolidinone, or retaining both activities. Hybrids containing 6-membered ring

spacers normally have weaker activity than 4- or 5-membered ring spacers, and 5-

membered ring spacers give the most potent antibacterial activity. Compounds with 3-

hydroxymethylpyrrolidinyl spacers displayed the most potent and balanced dual mode of

action. MCB 2936 and MCB 2900 which contain the two diastereomeric 3-

hydroxypyrrolidinyl spacers showed different antibacterial activity: The quinolone

character dominates in the (S)-diastereoisomer (MCB 2900) while the oxazolidinone

character dominates in the (R)-diastereoisomer (MCB 2936). MCB 3570, MCB 3650,

MCB 2900 and MCB 3355 were highly active against linezolide as well as ciprofloxacin

resistant Gram-positive strains (MICs $0.25 ug/ml).

O

o F \ COOH

. -—-- mWQW “IF

Spacers

O /°/,h'/\ \o/llh' \O’E /O

‘C a,

MCB 2936 MCB 2900 MCB 3570 MCB 3650 MCB 3355

6.2. Results and Discussions

6.2.1. Synthesis of 5-Substituted thiomorpholine carboxylic acid derivatives

Our goal is to synthesize heterocyclic compounds incorporating features of known

antibiotics, especially oxazolidinones and ciprofloxacin, by a simple synthetic strategy

that readily allows preparation of compound libraries. Biological testing of those
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compounds should provide information for the development of structure-activity

relationships and provide a starting point for further modification of the structures to

develop compounds with good antibacterial activity. Therefore, compounds with

substituted phenyl group and nitrogen, sulfur heterocyclic structure are designed and

synthesized (figure 6.7). They have some features of the known antibiotics linezolid and

ciprofloxacin. With amino, sulfur, and carboxylate functional groups, these compounds

can be fitrther modified to generate a large number of library molecules for structure-

activity relationship study. One important advantage of these structures is their easy

synthesis with stereospecific character. All those compounds were synthesized in one

step and were obtained as single isomers in very high yields.

COOH sCOOl'l

OCN‘FQ—NEQNH pmfiom

70 H A

Linezolid Ciprofloncln

Figure 6.7. General structures of synthetic targets and known antibiotics

Figure 6.8 shows the general procedure for the preparation of arylsubstituted 5-phenyl—

thiomorpholine-3-carboxylic acids from L-cysteine and a phenacyl bromide. The

enantiomers of these compounds can also be synthesized from D-cysteine (figure 6.9). In

218



this synthesis, the active a-bromo group is easily displaced with sulfiir, and the

intramolecular reductive amination leads to the heterocyclic ring. The stereoselectivity is

induced by the chiral cycteine moiety. Because of this, the reduction by sodium

cyanoborohydride proceeds stereoselectively with hydride addition from the less

hindered side.

0 COOH

3" NH: NaHC HN

\ as NaCNgli

l + argon/mo \ S

/ / COOH l

R be teine 85-94‘Vo / /
_ Y5

34 Fl

27: H R =

28: 2'-ocn3

29: 4'-OCH3 35: H

30: 2'-No2 36: 2'-0CH3

31: 3'-N02 37: 4'-OCH3

32: 4'-N02 38: 2'-No2

33: 4'-Br 39: 3'-N02

4o: «v-No2

41: 4'-Br

Figure 6.8. Synthesis of arylsubstituted S-phenyl-thiomorpholine-B-carboxylic acids

from L-cysteine.
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29: 4'-OCH3 43: H

30: 2'-N02 44: 2'-OCH3

31: 3'-N02 45: 4'-OCH3

32: 4'-N02 46: 2'-NOz

33: 4'-Br 47; 3'-N02

48: 4'-N02

49: 4'-Br

Figure 6.9. Synthesis from D-cysteine

6.2.2. Antibacterial Activities of the Arylsubstituted 5-Phenyl-thiomorpholine—3-

carboxylic Acids

The arylsubstituted 5-phenyl-thiomorpholine-3-carboxylic acids were tested for their

antibacterial activity against five gram-positive bacterial strains S. aureus 43300, S.

aureus 29213, E. faecalis 51299, E. faecalis 29212, B. subtilis FY79 and six gram-

negative strains E.aerogenes 49469, E. coli 25922, E.coli DH5 alpha, E. cloacea 49141,

P. aeruginosa 27853, Salmonella sp.35664. These compounds were assayed according to

the standard MIC testing procedure for antimicrobials. The minimum inhibitory

concentration (MIC) of an antibacterial is defined as the maximum dilution of the product

that will still inhibit the growth ofa test microorganism. Serial dilutions were made of the

inhibitors in bacterial growth media. The test organisms are then added to the dilutions of

the products, incubated, and scored for growth. The gram-negative strains only showed
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weak inhibition by these compounds, but they inhibited gram-positive strains very well.

Among the five gram-positive strains, S. aureus 43300, S. aureus 29213, E. faecalis

51299 and E. faecalis 29212 were inhibited (Figure 6.10-6.13). All seven compounds

derived fi'om L-cysteine showed inhibition against E. faecalis 51299 and E. faecalis

29212 at the initial dilute concentration, and remain the same kind of inhibition even with

the increasing concentrations of the inhibitors. Compound 38 which has the electron-

withdrawing 2-nitro substituent showed good activity against S. aureus 43300 and S.

aureus 29213. It reached 77% inhibition at the concentration of 250 ug/mL against S.

aureus 43300, and 57% inhibition against S. aureus 29213 at this concentration.
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Figure 6.10. Inhibitory activity against S.aureus 43300
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Figure 6.11. Inhibitory activity against S.aureus 29213

E. meals 51250
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Figure 6.12. Inhibitory activity against E. faecalis 51299 for compound 35-41
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Figure 6.13. Inhibitory activity against E. faecalis 29212for compound 35-41

Figure 6.14 and figure 6.15 show the inhibition activity of compounds 43-49. Compared

to compounds derived from L-cysteine, 43-49 are less active. They only showed

moderate inhibition against E faecalis 51299 and E faecalis 29212. Compound 46 with

2-N02 is still the most active derivative, with 58% inhibition at concentration 250ug/mL

and 72% inhibition at this concentration.

In conclusion, arylsubstituted 5-phenyl-thiomorpholine—3-carboxylic acids can be easily

synthesized in a stereoselective manner and provide easy access to compounds for the

library screen approach. The preliminary biological testing of the fourteen compounds

has showed antibacterial activity against some gram-positive strains and compounds

which are derived from L-cysteine generally have better antibacterial activity than their

enantiomers. Compounds with electron-withdrawing 2-N02 substituent are the most

active among the series. It can also been easily modified to many different types of
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groups including fluoro group. These compounds can be a good starting point for

development of a new class of antibacterial agents and provides the opportunity for a

 

 

completely new drug class.
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Figure 6.14. Inhibitory activity against E. faecalis 29212 for compound 43-49
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Figure 6.15. Inhibitory activity against E. faecalis 51299 for compound 43-49

6.3. Experimental Section

6.3.1. General Procedures

Optical rotations were measured (2. = 589 nm) at room temperature using a Jasco P-lOlO

polarimeter. IR spectra were recorded on a FT-IR instrument. The 1H (and 13C) NMR

spectra were recorded at 500 (125.5) MHz on a Varian VXR spectrometer. The HRMS

FAB mass spectra were obtained using a Jeol HX-l 10 double-focusing mass

spectrometer operating in positive ion mode.

6.3.2. MIC Testing Procedure

Compounds were assayed according to the standard MIC testing procedure for

antimicrobials. Inhibitory potency was determined by spectrophotometrically measuring
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the growth of the bacteria at 600 nm. The organisms used were five gram-positives

strains S. aureus 43300, S. aureus 29213, E. faecalis 51299, E. faecalis 29212, B. subtilis

FY79 and six gram-negative strains E. aerogenes 49469, E. coli 25922, E. coli DH5 alpha,

E. cloacea 49141, P. aeruginosa 27853, Salmonella sp.35664. Serial dilutions are made

of the compounds in bacterial growth media M-H media. The concentration range from

250pg/mL, to 0.49ug/mL, Oug/mL. Bacteria were grown to reach 1.5><106 cfiI/mL and

then added to the dilutions of the compounds. The solutions were incubated at 37°C and

the growth of the bacteria was monitored at 2, 5, 14, 18, and 24 hours.

6.3.3. Synthesis from L—cysteine

To a stirred solution of sodium bicarbonate (0.84 g, lOmmol) in 2:1 methanol/water (60

mL) was added L-Cysteine 34 (0.61 g, 5mmol) at room temperature. To the mixture, was

added the substituted phenacyl bromide followed by addition of sodium

cyanoborohydride (0.47g, 7.5mmol). The reaction mixture was stirred for 2 hours after

which NMR spectroscopy indicated the completion of the reaction. The solvent was

removed by evaporation and the residue was applied to an ion exchange column (Dowex

50WX8-400, 10g), which was washed with water (100 mL) and eluted with ammonium

hydroxide (100mL). The eluate was concentrated to yield a crystalline residue of

arylsubstituted 5-pheny1-thiomorpholine-3-carboxylic acids.

-H (35): was obtained as white solid (1.05g, 94%). lH NMR (500MHz, CD3OD) 5 7.50

(2H, d, J=7.0 Hz), 7.42-7.36 (3H, m), 4.29 (1H, dd, J=1 1.5, 2.5 Hz), 3.75 (1H, dd, J=11.0,

3.0 Hz), 3.13-2.96 (3H, m), 2 64 (1H, d, J=14.0 Hz); I3C NMR (125.5MHz, CD3OD) a

226



173.84, 140.61, 130.09, 129.91, 128.13, 64.32, 64.00, 32.42, 28.86 ppm. HR-EIMS (M+)

Calcd. 223.0667, found 223.0664. [a]20|) = -325 ° (c 0.1 1N HCl).

2-OMe (36): was obtained as white solid (1.19g, 94%). IH NMR (500MHz, D20) 6 7.32

(1H, t, J=8.0 Hz), 7.26 (1H, d, J=7.5 Hz), 6.99 (1H, d, J=8.5 Hz), 6.96 (1H, t, J=8.0 Hz),

4.45 (1H, dd, J=11.0, 2.0 Hz), 3.78 (3H, s), 3.72 (1H, dd, J=11.5, 3.0 Hz), 3.02-2.84 (3H,

m), 2.56 (1H, d, J=14.0 Hz); I3C NMR (125.5MHz, CD3OD) 8 174.17, 156.54, 130.70,

127.45, 125.95, 121.47, 112.08, 62.30, 57.99, 55.86, 29.21, 27.60 ppm. HR-EIMS (M+)

Calcd. 253.0773, found 253.0775. [(11209 = 230 ° (c 0.2 1N HCI).

4-OMe (37): was obtained as light yellow solid (1.1g, 87%). 1H NMR (500MHz, CD3OD)

8 7.40 (2H, d, J=8.5 Hz), 6.95 (2H, d, J=9.0 Hz), 4.23 ( 1H, dd, J=1 1.5, 2.5 Hz), 3.79 ( 1H,

s), 3.72 (1H, dd, J=1 1.5, 3.0 Hz), 3.10-3.03 (2H, m), 2.95 (1H, m), 2.63 (1H, dt, J=14.0,

2.0 Hz); l3C NMR (125.5MHz, CD3OD) 8 177.86, 158.74, 135.18, 128.23, 114.54, 63.04,

62.07, 55.75, 32.36, 28.77 ppm. HR-EIMS (M+) Calcd. 253.0773, found 253.0770. [a]2°D

= -26.3 ° (c 0.1 1N HCl).

2-N02 (38): was obtained as yellow solid (1.15g, 86%). IH NMR (500MHz, D20) 8 7.93

(1H, d, J=8.5 Hz), 7.70 (2H, m), 7.51 (1H, m), 4.54 (1H, dd, J=11.0, 2.0 Hz), 3.65 (1H,

dd, J=11.0, 3.0 Hz), 2.96-2.80 (3H, m), 2.71 (1H, d, J=14.0 Hz); 13C NMR (125.5MHz,

CD3OD) 8 176.08, 148.42, 134.66, 129.73, 128.00, 125.35, 63.01, 57.99, 30.96, 28.23

ppm. HR-FABMS (M+H+)Ca1cd. 269.0596, found 269.0595. [(11200 = -66.7 ° (c 0.1 1N

HCl).



3-N02 (39): was obtained as light yellow solid (1.2g, 90%). lH NMR (500MHz, CD3OD)

5 8.40 (1H, s), 8.19 (1H, dd, J=8.0, 2.0 Hz), 7.89 (1H, d, J=7.5 Hz), 7.64 (1H, t, J=8.0

Hz), 4.34 (1H, dd, J=1 1.0, 2.0 Hz), 3.68 (1H, dd, J=11.0, 2.0 Hz), 2.99-2.86 (3H, m),

2.62 (1H, d, J=13.5 Hz); 13C NMR (125.5MHz, CD30D) 5 175.54, 149.84, 144.60,

134.64, 131.17, 128.18, 122.95, 64.11, 63.57, 33.21, 29.55 ppm. HR-EIMS (M+) Calcd.

268.0518, found 268.0513. [n19D = 477 ° (0 0.15 IN HCl).

4-N02 (40): was obtained as light yellow solid (1.24g, 93%). 1H NMR (500MHz, D20) 5

7.99 (2H, d, J=8.5 Hz), 7.44 (2H, d, J=8.5 Hz), 3.97 (1H, d, J=1 1.0 Hz), 3.46 (1H, dd,

J=1 1.0, 2.5 Hz), 2.78 (1H, d, J=13.5 Hz), 2.67-2.56 (2H, m), 2.37 (1H, d, J=13.0 Hz); 13C

NMR (125.5MHz, D20) 5 178.06, 150.34, 147.01, 127.81, 124.21, 62.70, 62.03, 32.33,

28.82 ppm. HR-FABMS (M+H+) Calcd. 269.0596, found 269.0595. [a]209 = -18.40 (c 0.1

1N HCl).

4-Br (41): was obtained as light red solid (1.283, 85%). IH NMR (500MHz, CD3OD) 5

7.57 (2H, d, J=8.5 Hz), 7.43 (2H, d, J=8.5 Hz), 4.33 (1H, dd, J=11.5, 2.0 Hz), 3.77 (1H,

dd, J=11.5, 2.5 Hz), 3.10-2.95 (3H, m), 2.69 (1H, d, J=14.0, Hz); 13C NMR (125.5MHz,

CD3OD) 5 174.06, 138.08, 132.36, 129.00, 122.83, 62.44, 62.08, 31.05, 27.64 ppm. HR-

EIMS (1W) Calcd. 300.9772, found 300.9777. [(11209 = -234 ° (c 0.1 1N HCl).

6.3.4. Synthesis from D-cysteine

To a stirred solution of sodium bicarbonate (0.084 g, lmmol) in 2:1 methanol/water (15

mL) was added D-Cysteine 42 (0.08g, 0.5mmol) at room temperature. To the mixture,



was added the substituted phenacyl bromide (0.5 mmol) followed by addition of sodium

cyanoborohydride (0.047g, 0.75mmol). The reaction mixture was stirred for 2 hours after

which time NMR spectroscopy indicated the completion of the reaction. The solvent was

removed by evaporation and the residue was applied to an ion exchange column (Dowex

50WX8-400, 10g), which was washed with water (20 mL) and eluted with ammonium

hydroxide (20mL). The elute was concentrated to yield a crystalline residue of

arylsubstituted 5-phenyl-thiomorpholine-3-carboxylic acids.

-H (43): was obtained as white solid (0.10g, 91%). lH NMR (500MHz, CD3OD) 5 7.50

(2H, dd, J=8.0, 1.5 Hz), 7.45-7.39 (3H, m), 4.37 (1H, dd, J=11.5, 2.5 Hz), 3.80 (1H, dd,

J=11.5, 3.0 Hz), 3.13-3.00 (3H, m), 2.73 (1H, dd, J=14.5, 2.0 Hz); 13C NMR (125.5MHz,

D20) 5 173.82, 138.18, 129.44, 129.41, 127.36, 127.00, 62.49, 62.27, 30.43, 27.27 ppm.

HR-FABMS (M+H+) Calcd. 224.0745, found 224.0744. [(11200 = + 32.9 ° (c 0.1 1N HCl).

2-OMe (44): was obtained as white solid (0.118g, 93%). 'H NMR (500MHz, 1320) s 7.29

(1H, t, J=8.0 Hz), 7.23 (1H, d, =7.5 Hz), 6.97 (1H, d, J=8.5 Hz), 6.93 (1H, t, J=7.5 Hz),

4.47 (1H, d, J=1 1.0 Hz), 3.75 (3H, s), 3.73 (1H, dd, J=1 1.0, 3.0 Hz), 3.02-2.82 (3H, m),

2.58 (1H, d, J=14.5 Hz); l3C NMR (125.5MHz, 1320) 5 173.88, 156.47, 130.73, 127.39,

125.56, 121.39, 112.00, 62.19, 57.99, 55.75, 29.04, 27.43 ppm. HR-FABMS (M+H+)

Calcd. 254.0851, found 254.0851. [612% -- +237 ° (c 0.1 1NHC1).

4-OMe (45): was obtained as white solid (0.119g, 94%). IH NMR (500MHz, D20) 5 7.26

(2H, d, J=8.5 Hz), 6.88 (2H, d, J=8.0 Hz), 4.21 (1H, d, J=1 1.0 Hz), 3.75 (l H, dd, J=12.0,
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3.0 Hz), 3.67 (1H, s), 3.03-2.84 (3H, m), 2.52 (1H, d, J=14.0 Hz); 13C NMR (125.5MHz,

020) 8 173.03, 159.62, 129.93, 128.70, 114.76, 62.22, 61.98, 55.56, 29.97, 27.00 ppm.

HR-FABMS (M+H+) Calcd. 254.0851, found 254.0850. [(11209 = +27.8 ° (c 0.1 1N HCl).

2-N02 (46): was obtained as yellow oil (0.118g, 88%). 'H NMR (500MHz, D20) 5 7.89

(1H, d, J=8.5 Hz), 7.65 (2H, m), 7.46 (1H, m), 4.54 (1H, d, J=10.5 Hz), 3.64 (1H, dd,

J=1 1.5, 3.0 Hz), 2.93-2.77 (3H, m), 2.67 (1H, dd, J=13.5, 2.0 Hz); 13C NMR (125.5MHz,

CD3OD) s 177.96, 150.38, 138.18, 134.43, 129.77, 129.44, 125.06, 64.72, 59.47, 33.75,

30.42 ppm. HR-FABMS (M+H*) Calcd. 269.0596, found 269.0595. [(11200 = +68.4 ° (c

0.1 1N HCl).

3-N02 (47): was obtained as white solid (0.12g, 90%). 'H NMR(500M1-Iz, 1320) 5 8.16

(1H, s), 8.04 (1H, d, J=8.0 Hz), 7.69 (1H, d, J-—7.0 Hz), 7.49 (1H, t, J=8.0 Hz), 4.19 (1H,

d, J=11.5 Hz), 3.59 (1H, d, J=11.0 Hz), 2.84-2.71 (3H, m), 2.55 (1H, d, J=13.5 Hz); 13C

NMR (125.5MHz, CD3OD) s 175.85, 148.19, 142.15, 133.72, 130.39, 123.63, 121.96,

62.53, 61.66, 31.17, 27.99 ppm. HR-FABMS (M+H*) Calcd. 269.0596, found 269.0597.

[camp = +19.5 ° (c 0.15 IN HCl).

4-N02 (48): was obtained as light yellow solid (0.119g, 89%). lH NMR (500MHz, D20)

5 8.13 (2H, d, J=8.5 Hz), 7.54 (2H, d, J=8.5 Hz), 4.33 (1H, d, J=11.0 Hz), 3.69 (1H, dd,

J=1 1.5, 2.5 Hz), 2.93-2.79 (3H, m), 2.64 (1H, d, J=13.5 Hz); l3C NMR (125.5MHz, D20)

5 174.68, 147.77, 146.32, 128.12, 124.42, 62.29, 61.79, 30.72, 27.60 ppm. HR-FABMS

(M+H*) Calcd. 269.0596, found 269.0595. [er-0., = + 19.4° (c 0.1 1N HCI).
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4-Br (49): was obtained as white solid (0.137g, 91%). 1H NMR (500MHz, D20) 5 7.29

(2H, d, J=8.0 Hz ), 7.10 (2H, d, J=7.5 Hz), 3.99 (1H, d, J=11.0 Hz), 3.51 (1H, d, J=10.5

Hz), 2.83-2.71 (3H, m), 2.77 (1H, d, J=13.5, Hz); 13C NMR (125.5MHz, D20) 8 174.51,

138.44, 132.25, 128.88, 122.57, 62.37, 61.99, 31.06, 27.66 ppm. HR-FABMS (M+H+)

Calcd. 301.9850, found 301.9849. [111300 = +239 ° (c 0.1 1N HCl).
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