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Influenza is an enveloped virus, consisting of two surface glycoproteins, 

neuraminidase and hemagglutinin. The viral receptor is a glycoconjugate of which sialic 

acid is the terminal sugar. Neuraminidase catalyses the cleavage of the terminal sialic acid 

from the adjoining carbohydrate moiety, thereby assisting the virus to spread, and infect 

new cells.' Thus development of neuraminidase inhibitors has been of great interest. 

Our studies are based on synthesis of new potential neuraminidase inhibitors. The 

synthetic strategy that was adopted for the preparation of the potential inhibitors, required 

the introduction of glycine ethyl ester at CI of 1,4-lactone derivatives of N-

acetylneuraminic acid. Furthermore, the rate of the ring opening of the 1,4-lactones was 

studied via proton NMR. Structural determination of the lactones are reported using 

specialized NMR techniques (Inverse Detected Single Quantum Filtered Long Range 

Spectroscopy). Conformational studies of the lactones were also determined with 

computational models. 
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CHAPTER 1. 

INFLUENZA NEURAMINIDASE 
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1.1 Overview 

Influenza, is a contagious short-lived viral infection that infects the upper 

respiratory tract in humans. The virus replicates in a straight forward manner to produce an 

acute inflammatory disease focused in the trachea.^ Influenza is responsible for some of 

the worst world epidemics in human history, one of which killed more than 20 million 

people between 1918-1919 in Europe.^'' 

Over the past 50 years the disease has been essentially unvarying, and despite all 

that has been learned about the virus since its isolation in 1933 by W. Smith,^ no method of 

effective cure has yet been found. Vaccination against the virus has been unsuccessful 

primarily due to antigenic variation in hemagglutinin and neuraminidase, two surface 

glycoproteins found on the viral surface.'^ 

1.1.1 Structure and Composit ion of  the Influenza Virus 

The structure of the influenza virus is shown in Figure 1.' The influenza viral 

particles, or virions, are usually roughly spherical with an average diameter of 90-100 nm. 

The virus is surrounded by an outer lipid bilayer envelope which is derived from the host 

cell during maturation.® Inserted into the envelope, are surface projections or spikes 

radiating outwards. The spikes on the outside are of two kinds of glycoproteins, the rod 

shaped hemagglutinin (because it is responsible for clumping or agglutinating red blood 

cells), and the mushroom shaped neuraminidase, which is an enzyme.^'^-® There are 

approximately 1000 hemagglutinin projections per influenza virion, and they are 

responsible for attachment of the virus to host cells.'® Neuraminidase, as the name 

indicates, cleaves A/-acetylneuraminic acid from nascent viral glycoproteins and host cell 

membrane glycoproteins.^''' 
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Inside cfae virus, on cfae inner stafacs of die lipid failayer, diers is a rnan±c layer 

formed by a aon-giycosyiated procein Ml, woicii surrounds the aucieocapsid. The 

nucieocapsid consists of eight different singie-stranded RNA stnmds associated with 

protein and RNA poiymerase. Each RNA strand encodes a different component of the 

virion RNA There are three different poiymerase proteins, PB1, P32 and P.^. Segment 

one codes for RB2, segment two for RBI, segment three for P.-^. segment four for 



hemaggludnin (HA), segment five for Nucieoprotein (NP), segment six for neuraminidase 

(NA), segment seven for Ml, and M2, and segment eight for NSl and NS2. A brief 

summary of the gene assignment is shown in Table 1.1.-

Table 1.1 The Stractural Proteins of Influenza A Viruses 

Proteins Average Poiypetide Molecule Strucmral Function 

molecular length per features 

weight virion 

PBl -86JOO- 757 20-60 basic transcriptase activity; 

86400 protein initiation 

PB2 85,800 759 20-60 basic host ceil RNA cap 

protein binding 

PA -82,400- 716 20-60 acidic transcnptase activiiy; 

83,000 protein ciiain elongation 

HA -77,000 -548 500 glyco binds virion to cell 

protein receptor: entry to cell 

NP 56,101 482-498 1000 coiled encapsidates RNA in 

fTlamgnrs RNP's 

NA tetramer 466 100 glyco \^on release and 

-22,0000 protein desiaHr^irion of virion 

surface proteins 

M 27,861 252 3000 bounds viral core; 

major virion protein 
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1.1.2 Invasion of  the Host  Cel l  and Replication 

Infection of a cell by the virus is initiated by adsorption.® This process occurs 

when the virus particle attaches to the cell surface. Attachment of host cell to the virus cell 

takes place when the hemagglutinin recognizes a receptor site, AAacetylneuraminic acid, on 

the host cell, and allows binding to occur. After adsorption, the hemagglutinin molecule is 

split into two parts Hi and H2, by a protease enzyme supplied by the cell. The splitting is 

essential for penetration of the virus into the host cell.^ As penetration progresses, the 

virus moves into the host cell's cytoplasm, where it sheds it's coats. The core is then 

transported to the cell nucleus where replication begins at once with help from the genetic 

machinery of the cell.^-^*'^^ Within a few hours of penetration, the virus moves to the 

periphery of the cytoplasm underlying the cell membrane, where it is wrapped in a lipid 

coat, as it is being extruded through the plasma membrane to emerge on the cell surface. 

There the virus will remain until the enzyme, neuraminidase releases the virus, thus 

enabling it to invade and destroy the next appropriate cell that it encounters.®-^^ 

Each invasion is lethal to the host cell. The dead cells that are formed due to virion 

invasion are shed into the respiratory passages. The resulting gaps in the epithelium are 

covered by the underlying stratified cells, which within a few weeks are restored by new 

cells. Permanent damage may result when bacteria takes advantage of the epithelial gaps, 

and invades the walls of the bronchi, where they may eventually reach the bronchioles and 

lung alveoli.'^ 

Since there has been little success in vaccines against the virus, different approaches 

have been taken in the development of anti-influenza drugs. The determination of the 

crystal structures of the two influenza virus surface proteins, hemagglutinin and 

neuraminidase, has provided different opportunities for the design of new inhibitors.'^^® 

This thesis will primarily focus on the development of new anti-influenza drugs, 

concentrating on the synthesis of potential inhibitors of the neuramindase enzyme. 
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1.2 Structure of  Neuraminidase 

Neuraminidase accounts for 10% of the visfole spikes projecting out from the viral 

surfaced" There are approximately 50 to 100 neuraminidase spikes per virion. When 

viewed under the microscope, the aeuraminidase spikes exMbic a mushroom shaped 

appearance (Hg. They have a box-like head 80x80x40 A, that is attached to the 

membrane by a narrow sraik 100 A in length. The neuraminidase spike has a total 

molecular weight of 240,000. It is a tetramer consisting of four 60,000 dalton 

polypeptides.^ 

^suzaainltlass Tetzsaer 

TIT fl«» 
Stalk 

Figure 1.2 Diagrammatic Representation of Neuraminidase 
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Each 60KD monomer of neanminidase is composed of six topologicai, idearical j3-

sheets arranged like the blades of a propeller. The three-dimensional smicmre of 

neuraminidase has been sradied using X-ray crysrallogrMhy (Figs. 1.3-1.5). The six j3-

sheets of the propeller fold are labeled, as are the N- and C- termini of the head.^ 

Figure 1.3 Diagram of Polypeptide Folding in Nearaminidase SubuniL View 

form above. 



Figure 1.4 Diagram of Polypeptide Folding in Nemaminida.se SubuniL View 

&om the side. 

Hgure 1.5 The Neuraminidase Tetramer (showing anti clockwise from top 

left, carbohydrate attachment sites, putative calcium ligands, 

selected regions of upper surface vanation. and conserved active 

site residues srurounding the NeuAc binding site). 
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The active site of neuraminidase has been determined by locating the substrate, N-

acetylneuraminic acid (NeaAc), in the molecule. This was done by obtaining an electron 

density difference map between neuraminidase crystals soaked in Oo nm NeuAc.^^ The 

substrate binding site was found to be a large pocket on the top kirface of each subuit 

surrounded by charged residues (scheme 1.6).^^-^ 

figure 1.6 Conserved Amino Acid Residues Sunounding the NeuAc 

Binding Site in N2 Neuranainidase. (* glu 119, asp 151, glu 227, 

asp 243, glu 277, asp 330, glu 425. * arg 118, arg 152, arg 224, 

his 274, arg 292, lys 350. * tyr 121, leu 134, trp 178) 
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1.3 Function of  Neuraminidase 

Neuraminidase plays a role in the catalytic cleavage of the a ketosidic linkage 

between a terminal sialic acid residue and an adjacent oligosaccharide chain (scheme 1.1). 

The neuraminidase enzyme preferably cleaves the a 2->3 linkage between terminal N-

acetylneuraminic acid and the adjacent sugar.^^ It can also cleave the a 2->6, and less 

frequently a 2->8 linkages. 

Host Cell HQ OH 
OH HO. 

O-GLYCOPROTEIN (UPID) 

AcHN 

HO 

NEURAMINIDASE 

HQ OH 
OH 

HO Host Cell + 
COOH 

AcHN 
HO-GLYCOPRO-

HO 

Scheme 1.1 Catalytic Qeavage of Terminal 7\^-acetylneuraminic Acid 

The functional role of neuraminidase in viral replication appears to be related to the 

ability of the virus to free itself from sialic acid-containing structures.^'^^ The cells of the 

respiratory tract are a common target for infection by influenza viruses, and because these 

cells are bathed in mucosal secretions rich in sialic acid-containing macromolecules, 

entrapment of the virus in these secretions by the action of hemagglutinin is likely in the 
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absence of neuraminidase activity Therefore neuraminidase activity permits transport 

of the virus through mucin present in the respiratory tract, enabling the virus to find its way 

towards the target epithelial cells. 

Neuraminidase also destroys the hemagglutinin receptor on the host cell, thereby 

aiding the release of progeny virus particles from infected cells and preventing progeny 

viral particles firom reabsorbing to the infected cell.^-^^ Support for the release role has 

come from experiments using anti-neuraminidase antibodies which do not interfere with 

adsorption of the vuns, but which prevent release of newly synthesized virions. Padgett 

and Walker came to a similar conclusion by showing that a strain of the influenza B/Lee 

virus with low neuraminidase activity is more slowly released from the cells than the stock 

Lee virus with a higher neuraminidase activity. 

Another role for neuraminidase, is the prevention of virus aggregation. The 

neuraminidase is responsible for the removal of ^-acetyl neuraminic acid from the envelope 

of the viron, thus eliminating receptors on the surface which could cause the virus to 

aggregate.^'^^ Thus neuraminidase is a multifimctional protein which is an important target 

protein from the point of view of attempts to prevent influenza infections in humans. 



CHAPTER 2. 

SYNTHESIS OF NEURAMINIDASE INHIBITORS 
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2.1 Introduction 

Influenza virus is still a major concern to public health because of its ability to 

constantly alter its surface antigens and thereby not allow the immune system to fimction at 

its best potential. For instance, in the course of an infection, the immune system only 

develops antibodies specific to a particular strain, and is essentially not capable of coping 

with a different strain, which will have a new set of antigens.^ Vaccines have been 

unsuccessfiil due to antigenic variation of hemagglutinin and neuraminidase. Two different 

mechanisms generate antigenic variation in hemagglutinin and neuraminidase: antigenic 

drift and antigenic shift. Antigenic drift involves a series of spontaneous point mutations 

that occur gradually, resulting in minor changes in viral cell surface glycoproteins. 

Antigenic shift results in the sudden emergence of a new subtype of influenza, bearing a 

hemagglutinin and, or neuraminidase dramatically different from that of the preceding 

virus. The influenza vims also rapidly develops resistant strains, which consequendy slow 

down the progression of drugs effective against the virus. 

So far there are a few clinically effective anti-influenza virus agents, but they all 

have the disadvantage of possessing a narrow field of activity.'^ The clinically used drug, 

amantadine and its analog rimantidine are only effective against the influenza A virus and 

not the influenza B virus.^^ The selectivity of the drug is based on the fact that it acts by 

blocking the ion channel fimction of the virus protein M2 which is only found in the A 

strain.^®'^^ With this problem in mind, a different approach has been taken for the design 

of new and specific anti-influenza viral agents. The design of these new and-influenza viral 

agents focuses entirely on the two surface glycoproteins, hemagglutinin and neuraminidase 

(E.C.3.2.1.18), which are displayed on the viral envelope.The work presented 

herein will predominately focus on the design of drugs directed toward inhibition of the 

neuraminidase enzyme, which plays a critical role in the infection. Neuraminidase is 

essentially responsible for transportation of the viras through the mucin layer to the target 
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epithelial cell,'-^^ it also plays a role in releasing the mfectious virus from the infected 

cell.^^'^® Neuraminidase inhibitors would hopefully affect the rate of infection, by 

impeding the establishment and progression of infection by influenza virus. 
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2.2 Design of known inhibitors 

In order to design neuraminidase inhibitors, it is important to know the active site, 

and the mechanism of action of the enzyme. From the crystal structure of neuraminidase, 

the active site has been determined. Figure 2.1 shows a diagram of sialic acid bound to 

neuraminidase.' 

Figure 2.1 Sialic Acid Bound to Neuraminidase 

To have better understanding of the mechanism of the catalytic pathway, studies were done 

on antibodies that reduced the enzyme activity. Experiments showed that most of the 

monoclonal neuraminidase antibodies only inhibit the enzyme activity against large 
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substrates-^®'^^-^^ Unfortunately, some of these antibodies failed to inhibit enzyme activity 

against smaller substrates.^® On the other hand, the monoclonal antibody NC41 did 

manage to inhibit enzyme activity toward smaller substrates such as ^-acetyl-neuraminyl-

lactose (m.w.500) by 75%. Based on this result, it was concluded that the inhibition of the 

enzyme is not due to steric hindrance. A more likely explanation may be formulated based 

on the knowledge that the binding of the antibody NC41 locks the neuraminidase in an 

unfavorable configuration, therefore, making the enzyme inactive.-®-^^ 

Scheme 2.1 shows the enzymes catalytic pathway. It is postulated that a salt bridge 

forms between the carboxylate group of the substrate and the positively charged arginine 

371 residue located on the wall of the active site of the enzyme. This interaction distorts the 

substrate firom a conformation into a half-chair conformation, which initiates cleavage 

of the aglycon substrate, and leads to the formation of an oxocarbonium ion with a positive 

charge at There are other charge-charge interactions between the carboxylate of 

the substrate and the arginines 118 and 292 which also contribute to distortion of the 

molecule.'^ Recent smdies of kinetic isotope effects, by Chong et al have also provided 

evidence for the formation of an oxocarbonium ion in the neuraminidase mechanism of 

action.^® 



ArgllS 

Glull7 

Asp149 
Asp150 

(. Arg371 Trpl77 

O Arg292 
Tyr409 
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Glu275 

Induction of the Oxocaifoonium ion 
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Asp149 
AsplSO 
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Glu275 
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Asp149 
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O 

H 
Ile221 
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Arg371 

° Arg292 
Tyr409 
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yH' 
Arg292 

Tyr409 

Stabilization of the Oxocarfoonium ion 

Release of the Product 

Scheme 2.1 Mechanism of Catalysis for Neuraminidase 
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So overall, the catalytic pathway for neuraminidase consists basically of 3 major steps.^' 

1. The first step involves binding, where the carboxylate group distorts from 

an axial position into a pseudo equatorial position due to the charge/charge 

interactions to the arginines 118,292, and 371. 

2. The second step is the stabilization of the oxocarbonium ion, which 

involves proton donation from the solvent and formation of the endocyclic sialosyl 

cation transition state intermediate. 

3. Finally the last step, is the formation and release of A/-acetylneuraminic acid. 

Knowing the catalytic pathway, opened up possibilities for designing 

neuraminidase inhibitors. By making use of the computer program GRID (a program that 

determines probable interaction sites between probes with various functional group 

characteristics and the enzyme surface), and the crystal structure of the influenza 

neuraminidase,^®-'^ it has been possible to identify several key regions of the active site 

that appear to be necessary to the binding of the natural substrate. Also several other 

regions are of interest in the design of inhibitors for neuraminidase.^^ The data predict that 

Neu5Ac2en (2), the unsaturated analog of sialic acid is a rather potent inhibitor, even more 

so than NeuAc. One explanation for the Neu5Ac2en being more potent than NeuAc, is that 

the carboxylate is ahready pre-positioned pseudo-equatorial in the unsaturated sugar, hence 

it will have a stronger binding affinity to neuraminidase. The remaining interactions 

observed for the binding of sialic acid to the enzyme are also found in Neu5Ac2en. For 

instance, the 4-hydroxyl group is directed towards a sub-cavity within the active site, the 

walls of which are lined with glutamic acids 119 and 227, thereby increasing the H-

bonding interactions.'-^ The iV-acetyl group is also located in a hydrophobic pocket, and 
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the glycerol chain is hydrogen-bonded to glutamic acid 276 through the Cg and Cg 

hydroxyls.^^ 

This information may be used to design more potent neuraminidase inhibitors using 

different approaches. Apart from the obvious method, that would require screening the 

surface of the enzymes binding pocket to find sites where greater binding energy would 

result firom stronger interactions, a different method involves calculating the interaction 

energy between different chemical probes and the enzyme active site. Experimental results 

have shown that stronger interactions take place when the 4-hydroxyl group on the sugar is 

replaced with a more basic substituent.'^-^^ Replacement of the 4-hydroxyl group by an 

amino group produced a significant increase in the overall binding interaction due to salt 

bridge formation with the side chain of the carboxylic acid group of glu 119. When the 

same 4-hydroxyl group is substituted with an even more basic guanidinyl group, an even 

tighter binding affinity is observed due to the lateral binding through the terminal nitrogens 

of the guanidino group with the carboxylates of both glu 119 and glu 227 (scheme 2.2).'^' 

COOH 

AcHN 

Scheme 2.2 Neuraminidase Inhibitors 



Sabesan et al. have done modeling studies on these compounds, and they could 

indeed see that the 4-amino group of the NeuSAc, irrespective of whether the NeuSAc was 

maintained in a chair or a boat conformation, was within 3.S A distance of the carboxyl 

oxygens of glu-l 19 and asp-lSl.'^^ This proximity should enable the establishment of salt 

bridges between the amino group and the carboxyl groups of these amino acids and should 

result in tighter binding.''^ Direct measurements (Table 2.1) of enzyme inhibition have 

provided further confirmation that the 4-amino and 4-guanidino substituted NeuSAc2en 

have high affinity inhibition for the influenza virus, neuraminidase. The Ki of these 

compounds are 20 and 5000 times, respectively, greater than that for NeuSAc2en.^'^^ 
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Table 2.1 List of measured inhibition constants for various inhibitors (using 

2'-(4 methyl umbelliferyl)-^-acetylneuraminic acid as the 

substrate). 

Compound Ki(M) 

Neu5Ac (1) 10"^ 
Neu5Ac2en (2) 4x i(r^ 

4-amino-Neu5Ac2en (3) 4x 10-® 

4-guanidino-Neu5Ac2en (4) 3x 10"^^ 
4-epi-amino-Neu5Ac2en (5) 3 X 10"^ 

HQ COOH OH 
HO 

OH 

AcHN 

HO 

1 

HQ OH 
HO COOH 

AcHN 

R 

2R = 0H 
3R = NH2 
4R = NH(C=NH)NH2 

HQ 
OH 

HO COOH 

AcHN 

5R = NH2 
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The 4-g;uanidino-Neu5Ac2eii (4) in particular shows dramatic inhibition of the influenza 

virus in cell culture, with IC50 values well below those of amantadine and Neu5Ac2en. 

The 4-aiiiino and 4-guanidino-Neu5Ac2en analogs are the most potent neuraminidase 

inhibitors reported. Their inhibitory activity on neuraminidase works both in vitro and in 

vivo against influenza virus replication.^^ 

2.3 Synthesis of Potential Neuraminidase Inlilbitors 

The previous section describes how von Itzstein etal. have succeeded in designing 

potent inhibitors against neuraminidase. Scheme 2.2 showed why the basic arginine 

residues 118,292, and 371 are crucial in keeping the substrate molecule in place, and how 

the replacement of the 4-hydroxyl group with the amino residues allows additional ionic 

interaction with the two gluatamic acids 119 and 227. However, Sabesan suggested that 

the additional ionic interaction could be stronger than the charge-charge interaction between 

the CI carboxylate group and the arginine residues, and cause the entire substrate to shift 

away from the basic arginine groups, and henceforth weaken the carboxylate-arginine 

interaction as shown in Scheme 2.3. 
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AcHN 

COOH 
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'Glu -227 

Arg - 371 

,Arg - 292 

Arg-118 

a) Weaker charge-charge interactions 
between COOH and the arginine residues 

R = H,(C=NH)-NH2 

,'Arg - 371 

,.-Arg-292 

Arg -118 COOH 

AcHN 

HN 
I 
R::-|---G1u-119 

•*Glu -227 

b) Stronger charge-charge interactions 
between extended COOH and the 
arginine residues 

Scheme 2.3 Representation of a Weaker Charge-Charge Interaction 

In the Gervay lab, we have proposed a method that will allow the strong ionic 

interactions between the amino group and the glutamic acids without compromising the 

strong charge-charge interactions between the carboxylate group of the substrate and the 

arginine groups found on the wall of the active site. Our target molecule (scheme 2.4) 

overcomes this problem by inserting a peptide linker, allowing the carboxylate group to be 
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further away from the substrate and closer to the arginine residues located on the walls of 

the active site. 

AcHN 

RQ 

RO 

COOR 

HO O 

Scheme 2.4 Target molecule 7 

Peptide bond formation 

Our next criteria was to determine the best route for formation of the peptide bond. 

Several examples of peptide bond formation have been reported."^^ A reagent frequendy 

used to bring about peptide bond formation is 1,3 dicyclohexylcarbodiimide (DCC). DCC 

is basically the anhydride of disubstituted urea, and when treated with water, it is converted 

to N, A/-dicyclohexylyurea (DCU). DCC is usually treated with a free carboxylic acid and 

a free amine. The DCC reagent behaves as a dehydrating agent, removing the -OH from 

the carboxyl group, and -H from the amino group, to couple the two groups by forming an 

amide bond (scheme 2.5). In principal the DCC is used to couple amino acid groups by 

converting the carboxyl group into a reactive acylating agent. 
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II 
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? O 
CHCI3 II 

Ri-NH-CH-C-HN-qH-C-0R4 + ^  \-N—C—N—> 
R2 R3 — I ' 

H H 

Peptide bond DCU 

Scheme 2.5 Formation of Amide Bond with DCC 

A different method for the synthesis of amides involves the use of 

triphenylphosphine and bromine or chlorine.'^ The procedure involves refluxing 

triphenylphosphine, bromotrichloromethane, the carboxylic acid, and the amine for two 

hours. The route used for the synthesis of the amide is outlined in scheme 2.6 

(C6H5)3P + BrCClj + RCO2H + 2R"R'NH • 

O 
II 

RC-NR'R" + (C6H5)3P0 + HCCI3 + R'R'N^Bf 

Scheme 2.6 Formation of Amide Bond with Triphenylphosphine 

Both of these methods were attempted in the laboratory for the synthesis of the 

glycine ester of iV-acetylneuraminic acid. Scheme 2.7 shows the attempted route using 

DCC as the coupling reagent.'^^-'^® The synthesis begins with the methylation of N-
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acetylneuramminic acid under acidic conditions, to give the methyl glycoside methyl ester 

(2.7b), which is then protected at the 8 and 9 positions using 2,2-dimethoxypropane, in 

prescence of acid to give the desired selectively protected compound (2.7c).'^^ The -OH 

groups at the 4 and 7 positions were specifically left unprotected in order to allow further 

manipulation at those positions. Treatment of the methyl ester, methyl glycoside of sialic 

acid with NaOH removed the methyl ester, to give the corresponding free carboxylic acid 

(2.7d).'^ Synthesis of compound 2.7e was attempted by adding pentafluorophenol and 

DCC to the sialic acid methyl glycoside. The reaction was stirred in pyridine at room 

temperature for a couple of hours, after which, the hydrochloride acid of glycine ethyl ester 

and Huniqs base were added to the reaction mixture, and stirring was continued for another 

48 hours at 70°C. The reaction was then quenched and purified via flash column. The 

reaction proved to be unsuccessful, as only the DCC mixed anhydride compound was 

obtained. 
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AcHN 

AcHN 

OOMe 

Scheme 2.7 Failed Introduction of the Glycine with DCC. 

Henceforth a different approach was attempted for the introduction of the amide bond. 

The procedure required synthesizing an acid halide, which could then be further reacted 

with the amino acid to form the amide bond. The approach used was based on the 

procedure done by Barstow and Hruby.'*^ The procedure involved stirring a mixture of 
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acylated iV-acetylneuraminic acid, triphenylphosphine, and tetrachloromethane in 

chloroform at room temperature, overnight (scheme 2.8). This procedure also proved to be 

unsuccessful, and only unreacted starting material was recovered. 

HO HO, OMe OH 
OH OH HO. 

COOH MeOH 
AcHN AcHN 

DOWEXH^ 

reflux 48hrs 
(53%) 

HO HO 
2.8b 

2.8a 

NaOH Acetic anhydride 

COOH 
pyridine, 0°C 

I6h 
AcHN 

AcQ OMe AcQ OMe OAc OAc 
AcO, 

COCI COOH 
AcHN AcHN 

AcO AcO CCI4. CHCl 2.8e 2.8d 

(not obtained) 

Scheme 2.8 Failed Synthesis of the Acid Chloride. 

Our final attempt to introduce the peptide bond involved ring opening of 1,4-

sialyllactone with the glycine ethyl ester. The following scheme 2.9 is a representation of 

the retrosynthesis. 
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COOH 

COOMe AcHN  ̂ AcHN COOH 

Scheme 2.9 Retrosynthesis of Target Molecule 7 

The chemical synthesis of 7 (scheme 2.10) begins with the enzymatic synthesis of 

A/-acetylneuraminic acid (2).'*' Treatment of iV-acetylmaimosamine with sodium pyruvate 

in the presence of A^-acetylneuraminic acid aldolase enzyme for 4-5 days, afforded, N-

acetylneuraminic acid following purification via an ion-exchange column. The N-

acetylneuraminic acid (2) was esterified with methanol under mild acidic conditions to give 

the a and P methyl glycoside, methyl ester of NeuAc. The desired a anomer was 

separated by crystallization, to give compound 3 in 53% yield. Deprotection of the methyl 

ester in aqueous sodium hydroxide, followed by neutralization with Dowex-50W X 8 (H"'") 

gave the methyl glycoside 4.^ The methyl glycoside was converted to the 1,7 lactone (5) 

and 1,4 lactone (6) using well established methodologies reported by Sato et that 



involved treatment of 4 with benzoyl chloride in pyridine for 18 hours, followed by work

up and purification. The ring opening of 6 was best achieved by treating the compound in 

DMSO for 10 days at 100°C in the presence of 3 equivalents of the glycine ethyl ester 

hydrochloride, and 3.1 equivalents of 4-dimethylaminopyridine G^MAP), which afforded, 

methyl-5-acetamido-7,8,9-tri-0-benzoyl-6-anhydro-2-0-methyl-3,5-dideoxy-D-glycerol-I>-

galacto-non-glycine ethyl ester (7) following workup and purification. The reaction 

conditions for the ring opening of the 1,4 lactone (6) to form the peptide bond with the 

amino acid proved to be critical because of the possibility of unwanted side reactions (this 

will be discussed in more details in section 2.4). Deprotection of 7 was performed under 

the conditions reported by von Itzstein et al.^^ Compound 7 was readily converted to 8 

(methyl-5-acetamido-6-anhydro-2-0-methyI-3,5-dideoxy-D-glycerol-D-galacto-non-

glycine) by sequential treatment with Amberlite-IRA 400 (OH") resin and aqueous sodium 

hydroxide, followed by neutralization with Dowex-50W X 8 CH"*") resin and lyophilization, 

in an overall yield of 70%. 
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Scheme 2.10 Synthesis of methyl glycoside glycine ester of A/-acetylneuraminic acid, 8 
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The same experimental conditions were repeated using a different 1,4-lactone (9) with a 

benzoyl group at the anomeric position, versus the methyl glycoside. The lactone was 

treated with the glycine ethyl ester, to yield compound 10. Scheme 2.11 shows the 

retrosynthetic pathway. 

BzQ OBz OBz 
BzO 

AcHN 

HO O 
10 

BzQ 
HQ OBz OH OH BzO. 

HO, 

DBz 

COOH AcHN 
AcHN O 

HO 
2 9 

Scheme 2.11 Retrosynthesis of T arget Molecule 10 

Sialic acid was converted to the 1,4 lactone (9)^® which involved treatment of 9a with 

benzoyl chloride in pyridine for 18 hours, followed by work-up and purification. The ring 

opening of the lactone was best achieved under the same conditions as 6, by treating the 

1,4-sialyllactone in DMSO for 10 days at 100°C in the presence of 3 equivalents of the 

glycine ethyl ester hydrochloride, and 3.1 equivalents of DMAP, which afforded, methyl-

5-acetamido-2,7,8,9-tetra-0-ben2oyl-6-anhydro-3,5-dideoxy-D-glycerol-D-galacto-non-

glycine ethyl ester 10 (isolated yield of 26%) following workup and purification. 

Deprotection of 10 was attempted under the conditions reported by von Itzetein et al.^^ 
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The basic conditions required for the deprotection proved to be too harsh for the protected 

sialic acid/glycine amino acid complex 10, thereby resulting in a retro aldol condensation. 

HQ. 

HO, 
OH 

OH 

AcHN, 
COOH 

HO 

BzQ 

BzO 

AcHN 

1,4 Lactone 9a 
(25%) 

BzQ (7.8eq) 
pyridine 

• 
18hrs, r.L 

NHAc 

OBz 

OBz 

1,7 Lactone 9b 
(33%) 

glycine ethyl ester 
hyrochloride 

9a • 
DMAP(3.1eq) 

DMSO, 100°C, 9 days 
(26%) 

BzQ 

BzO 

AcHN 

OBz 

HO 

10 

COOEt 

Scheme 2.12 Synthesis of benzoyl glycoside glycine ester of A/'-acetylneuraminic acid, 10 
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2.4 Rates of Ring Opening of 1,4-Sialyllactones 

The rate of the reaction is expressed as the change in the concentration of the 

product in a certain amount of time. The ring opening rate of sialyllactone 6 with glycine 

ethyl ester hydrochloride was monitored by NMR. One equivalent of the methyl 

glycoside 1,4 lactone (6) was reacted with 3 equivalents of glycine ethyl ester 

hydrochloride acid, and 3.1 equivalents of DMAP in DMSO at 1(X)°C under argon for 10 

days (scheme 2.10). The experiment was repeated three more times with different 

experimental conditions (Table 2.2). In the second experiment the reaction was also run in 

DMSO but no base was present in the reaction. In the remaining two experiments, 

different deuterated solvents were utilized instead of DMSO, in the presence of DMAP. 

All the reactions were monitored by NMR to determine the most favorable conditions 

that would allow the glycine amino acid to open up the lactone. 

Table 2.2 Different conditions for ring opening of 1,4-sialyllactone with 

glycine ethyl ester. 

Expt. Amino Acid Base Solvent 

1 glycine ethyl ester DMAP DMSO 

2 glycine ethyl ester no base DMSO 

3 glycine ethyl ester DMAP pyridine 

4 glycine ethyl ester DMAP acetonitrile 

All the four experiments were run at 1(X)°C for 10 days. 

In experiment 1, the rate of the reaction was monitored by observing and integrating the H3 

resonances of both starting material (5 2.35ppm) and product (6 2.19ppm). A 

representative log plot of the formation of methyl glycoside of A/-acetylneuraminic glycine 
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amide ethyl ester (7) is displayed in Figure 2.2. The ring opening of the lactone exhibited 

first-order kinetics. The slope of the plot gives a rate constant fc = 2.82xl(H(s"l). 

O 3 'O O 

e 

y = 0.63497 + 2.8164e-4x R'̂ 2 = 0.963 

D Ln[product] 

10000 20000 

Rxn Time (min) 

Figure 2.2 Plot of Ln[product 7] vs Time 

In experiment 2, where the glycine ethyl ester was used without DMAP in DMSO, the 

reaction was also followed by NMR spectroscopy to detect the ring opening of the lactone. 

Product formation was not observed in the NMR spectra. In this experiment, only 

decomposition of the materials was observed. 

For the remaining two set of experiments, different solvents were used. However, 

NMR spectroscopy showed that both pyridine and acetonitrile had no effect on the opening 

of the 1,4-lactone with glycine ethyl ester. 
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2.5 Conclusion 

Our strategy for the preparation of 7 and 10 was a significant improvement on the 

previously reported DCC coupling method,^^*'^ which produced unwanted side reactions 

and unreacted DCC, that was rather cxmibersome to isolate. From the NMR experiments, 

we concluded that the 1,4-sialyllactone was best opened with the glycine in DMSO with 

DMAP for 9-10 days. Compound 7 was then taken a step further and deprotected under 

basic conditions to give the deprotected sialic acid / glycine compound complex 8. Further 

studies are currently underway to determine the potential of 7,8 and 10 as anti-influenza 

drag candidates, depending on their binding affinity to neuraminidase. 

Compound 7 could also have been prepared by treating the 1,7 lactone with the 

glycine ethyl ester, to give the protected sialic acid with the amino acid but with the 

hydroxyl group free at the 7 position rather than the 4 position. We chose the 1,4 lactone 

because it gave the desired intermediate with only the 4-OH unprotected, which could 

prove useful for further studies that might allow manipulation ot the C4 position. This 

strategy would result in new target molecules, which are potential analogs of potent 

neuraminidase inhibitors. 



CHAPTER 3. 

STRUCTURAL DETERMINATION OF SIALYLLACTONES 

VIA NMR 
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3.1 Introduction 

During the past decade or so there has been considerable progress in the 

methodology of magnetic resonance with pulses supplanting continuous-wave irradation.^^ 

Frequently, heteronuclear two-dimensional NMR has been used for the correlation of 

protons and carbon chemical shifts. Some 2-D techniques are particularly useful in 

biological systems because only those protons which are coupled to enriched nuclei will 

give rise to signals. The experiment works by suppression of signals not coupled to an X-

spin. This can be achieved by polarization transfer from X nucleus to proton using 

specialized pulse sequences.^ 

This chapter will focus on some of the basic principles of a specialized inverse 

NMR experiment, that was utilized to give additional structural information on the 1,4 and 

1,7-sialyllactones used in the synthesis of potential neuraminidase inhibitors. We shall also 

explore whether the sialyllactones or their derivatives could be used as a molecular scaffold 

in the design of high-affinity neuraminidase inhibitors.^^*^'^ 

3.2 Inverse detected single quantum Altered long range 

spectroscopy 

The inverse detected single quantum filtered long range spectroscopy (INSQLRID) 

developed by Bodenhausen, is a specialized NMR experiment. INSQLRID is also known 

as "Selective Isotope Filtered 1-D Proton Experiment" which is basically a 1-D HSQC. 

This particular experiment works by setting the X frequency to a specific peak in the X 

spectrum and optimizing the delay for a certain coupling constant value (in Hz) between the 

carbon and the proton. A 1-D proton spectrum can be obtained which contains peaks for 

those protons which have 2- and 3-bond couplings to the selected carbon. The coupling 

constant value can be changed to accommodate protons which have 4- or even 5- bonds 

away from the selected X nucleus.^^ This type of experiment enables the observation of 



insitu lactone formation, and it was used for the structural characterization of the 

sialyllactones. The pulse sequence used for the experiment is shown below. 

a be d e f 
1H: 90° - 1/4J - 180° - 1/4J - 90° - ti/2 - 180° - ti/2 - 90° - Acq 

13c: 180° 90° 90° 

The proton 90° pulse produces magnetization in the x-y plane which is affected by 

coupling to the (long-range) of interest during the two 1/4J delays. At the end of the 

second delay the signal is exactly in antiphase with respect to the This means that the 

doublet (split by the would give a spectrum with the first peak "up" and the second 

peak "down" if the acquisition was started at this moment ("b" on the diagram). This is 

because the two components of the doublet have slightly different proton frequencies and 

rotate at slightly different rates in the x-y plane. This difference hits a maximum at a total 

delay time of 1/2/. The simultaneous and 180° pulses in the middle of this delay 

period prevent the chemical shift of the doublet from having any effect, so that only the 

coupling constant J is important. It turns out that this antiphase situation is the ideal 

moment to get transfer of magnetization fi:om to The simultaneous and 90° 

pulses cause transfer of magnetization so that these pulses (point "c") have antiphase 

magnetization on carbon rather than proton. Thus if you started the acquisition at this point 

you would see nothing in the spectrum, but a spectrum would give you a doublet 

(split by ^H) with the left half "up" and the right half "down". The next delay period, with 

a total delay marked ti, is a remnant of the 2D experiment and has no effect. The ti delay is 

set to a minimum amount such as 3 msec. So at point "d" we have the same situation as at 

point "c", a carbon doublet which is antiphase with respect to its coupled proton. The 

simultaneous and 90° pulses then cause transfer of this magnetization back to 
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proton, so that at point "e" acquisition leads to a spectrum of the doublet which is 

antiphase with respect to its coupled 

Jc-H 

"Sr 
13C 

a b c d e f 

Scheme 3.1 Spectra showing the effect of the INSQLRID pulse sequence 

The goal is to select the signals from protons which are coupled to and 

eliminate all of those that are not coupled to the of interest. This is accomplished by 

alternating the phase (polarity) of the final 90° pulse. Because the signal we want to 

see went through a special pathway: to to ^H, the final transfer firom to is 

reversed when we reverse the polarity of the final 90° pulse, resulting in a signal of 

opposite sign (spectrum "f'). If these signals were all added together at the receiver, they 

would cancel and we would see nothing. If instead they are alternately added to and 

subtracted firom the accumulated FID signal, they will combine constructively and the 

signal will build up. The protons which are not T-coupled to the carbon of interest will take 

a trivial pathway: to to and will not be affected by the alternation of the phase of 

the final 90° pulse. Thus when the FID signals are alternately added to and subtracted 

fi"om the FID memory, these signals will cancel out and average to zero. This general 

strategy for selecting desired signals and rejecting others based on their history of 

magnetization transfer is called "phase cycling" 



The experiment selects only those protons which are /-coupled to a single carbon of 

interest by making the pulses "soft"; i.e. low power and long duration. This makes 

them more selective so that they excite only a narrow range of carbon chemical shifts, 

centered on the sleeted frequency. Each pulse has the same total amount of power as a 

"hard" 90° or 180° pulse, but the power is delivered over a longer period of time at a lower 

power level. For example, a typical "hard" 90° pulse at full transmitter power might 

last 16 msec. With an attenuator (25decibel) inserted in the transmitter cable line, the length 

of time required to get a 90° flip of the magnetization might be 125 msec. The same 

amount of power is delivered at about 8 times longer period, resulting in a "soft" or 

selective pulse. 

A more mathematical explanation of selectivity involves the Fourier transform of the 

pulse. A pulse can be drawn as a rectangle with a function of time; The Rf power turns on 

and a certain amount of time later (the "pulse width"), is turned off. A typical "hard" pulse 

has a very short duration at a very high power. This time-domain graph can be converted 

to frequency-domain using the Fourier transform, just as an FID signal in the time domain 

can be converted by an FT to the frequency-domain spectrum. The FT of a pulse is the 

"excitation profile", i.e. a graph of the effectiveness of Rf power delivered to the nucleus as 

a function of chemical shift. The center of the excitation profile is the chemical shift 

corresponding to the transmitter frequency setting. It turns out that the FT of a rectangular 

pulse gives the frequency-domain function sin(x)/x, also called the "sine" function. The 

sin portion makes the squiggles above and below the line, and the 1/x factor makes it die 

away quickly as you move away from the center frequency.^® For a hard pulse, the "sine" 

fianction is very broad, covering a wide range of chemical shifts within the central point. In 

a normal experiment, a hard pulse is required to excite all of the nuclei equally, 

regardless of the chemical shift. For a soft pulse, the "sine" envelope narrows, giving a 

narrow range of carbon chemical shifts that are excited. Thus the pulse is selective (Figure 
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3.2). The longer the pulse width, the more selective the pulse, but the power level has to 

be reduced accordingly to maintain the same "flip angle" effect on the magnetization of the 

nuclei.^®'^^ 

a) 

b) 
d) 

Figure 3.1 Hard Pulse Versus Soft Pulse 
a) Short (hard) pulse 
b) The power spectrum of the Fourier transformation of (a). 
c) Long (soft) pulse 
d) The power spectrum of the Fourier transformation of (c). 

Structural determination of the 1,7 lactone (3.2e) and the 1,4 lactone (3.2f) was 

confirmed via the "Inverse Detected Single Quantum Filtered Long Range Spectroscopy". 

The information was obtained from the resulting antiphase multiplets, that corresponded to 

a particular proton assignment on the ID proton spectrum. The INSQLRID experiments 

were performed using a program described by Bolton et al.^^ The parameter details of the 

experiment are described in chapter 4. 

The synthetic strategy that was adopted for preparation of the labeled lactones 

required the introduction of labeled pyruvic acid, fifty percent of the pyruvic acid was 

enriched at position CI and the other fifty percent was enriched at position C2. The 
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enzymatic preparation of the labeled sialic acid (3.2b) was achieved by the same method 

used by Prestagard.^ The iV-acetylneuraminic acid (3.2b) was esterified with methanol in 

acidic conditions, after which the methyl ester was deprotected with sodium hydroxide, and 

acidified with Dowex resin to give the methyl glycoside of A^-acetylneuraminic acid 

(3.2d).'^^ The synthesis of the enriched 1,7 lactone (3.2e) and 1,4 lactone (3.2f) 

was successfully completed as detailed in scheme 3.2, by treatment of 3.2d with benzoyl 

chloride.^® The lactones were deliberately not 100% enriched at position 1 and 2 to avoid 

I3c-l3c splitting that would result. The proton NMR with peak assignment and the 

coupling constants of the labeled lactones are described in the experimental section. 
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Scheme 3.2 Synthesis of Enriched Sialyllactones. 
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Figure 3.2 Inverse NMR of Enriched 1,7 Sialyllactone 3.2e. 

For the 1,7 lactone, when the frequency was irradiated at the Ci (166.0 ppm), the 

protons that appear on the ID proton spectrum are H7 (3-bond coupled to Ci), OMe and 

H4 (4-bond coupled to Ci). Based on the structure of the lactone, He and Hg are also 4-

bond coupled to Ci, but these peaks do not appear on the spectrum, indicating that these 

nuclei are not strongly coupled to Ci. With the frequency irradiated at the C2 (95.0 
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ppm), Hsax and Hseq (2-bond coupled to C2), He and H4 (3-bond coupled to C2), and H5 

(4-bond coupled to C2) appear on the proton spectrum. However H7 which is four bonds 

from C2 Gike H5) does not appear on the spectrum. 

— 1 , 4 - l a c t o n e  3 . 2 f  

T T T r T T T T T T 

9  8 7  6 5 4 3  2 i  

ppm 

Figure 3.3 Inverse NMR of enriched 1,4 Sialyllactone 3.2f. 

BzO 

BzO 

AcHN 

Similarly for the 1,4 lactone, when the frequency was irradiated at Ci (169.0 ppm), 

the ID proton spectrum obtained from the inverse experiment, showed only the protons 
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(Hsax. Hseq, H4, and OMe) that were 3- and 4- bonds coupled from the selected carbon, 

Ci. When the frequency was irradiated at C2 (97.0ppm), the proton spectrum 

showed the Hsax, Hseq, H4 and OMe protons (3-bond coupled to C2). The proton H7 (4-

bond coupled to C2) also appeared in the spectrum. Despite H5 also being within four 

bonds of C2 and Ci, no coupling to this nucleus was observed. 
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3.3 Computational Studies of Siaiyllactones 

The design of neuraminidase inhibitors could additionally be facilitated by the 

ability to accurately model the conformation of such compounds. Previous smdies 

developing neuraminidase inhibitors focused on the use of unsaturated sialic acid analogs 

as scaffolds to decrease conformational changes needed for binding as well as optimizing 

functional groups to improve enzyme-ligand interactions.^^ For instance, compound 3 Ja 

is a potent neuraminidase inhibitor.^^ 

Conformational studies of siaiyllactones 3.3b and 3.3c were performed using two 

conformational search methods (Monte Carlo and WIZARD), four molecular mechanics 

force fields (OPLS, MM2, MM3, AMBER) and three different solvent models 

(chloroform, water and no solvent) in order to compare computational results to 

experimental coupling constants derived from NMR data.^ 
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The conformations of the 1,4 and 1,7-lactones of sialic acid generated by the 

different methods were utilized to calculate weighted average coupling constants. The 

experimental coupling constant values shown in Table 3.1 are for the per-benzoylated 

methyl glycoside (33b) in chloroform, and the di-benzoylated methyl glycoside {33c) in 

methylene chloride (the complete proton assignment of the lactones is discussed in the 

experimental section). These experimental results were compared to the computational 

coupling constants for two different conformational search methods, the four molecular 

mechanics force fields and the three different solvent models.^ 

Table 3.1 Experimental Coupling Constant Results for Benzoylated Sialic 

Acid 1,4 and 1,7-lactone 

3a/4 3e/4 4/5 5/6 6/7 7/8 8/9 8/9' 

Lactone Solvent (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) 

3.3b CHCI3 5.5 0.0 0.0 0.0 0.0 9.4 4.5 0.0 

3.3c CH2CI2 0.0 0.0 0.0 0.0 0.0 5.9 3.5 5.6 

The best results for the 1,4-lactone (3.3b) were obtained by conformational search using 

the genetic algorithm implemented in WIZARD with subsequent minimization using the 

MM3 forcefield and chloroform solvent model (average absolute error = 0.7). For the 1,7-

lactone, the best results were also obtained using WIZARD, with minimization using MM3 

forcefield, and water solvent model (average absolute error = 1.7).^ Table 3.2 shows the 

best weighted average coupling constants values obtained from the conformational search. 
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Table 3.2 Best Results for Benzoylated Sialic Acid 1,4-lactone 

Conformational Search by WIZARD and Monte Carlo Method 

3a/4 3e/4 4/5 5/6 6/7 7/8 8/9 00
 

avg. 

Forcefield Solvent (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) abs. 

error 

MM3 CHCI3 5.5 0.9 0.8 9.8 0.3 5.4 2.2 6.2 0.7 

WIZARD 

MM3 None 4.9 1.3 I.O 10.4 0.9 7.0 5.9 3.9 1.2 

MonteCarlo 

Table 3.3 Best Results for Benzoylated Sialic Acid 1,7-lactone 

Conformational Search by WIZARD and Monte Carlo Method 

3a/4 3e/4 4/5 5/6 6/7 7/8 8/9 8/9' avg. 

Forcefield Solvent (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) abs. 

error 

MM3 Water 3.2 2.9 2.1 0.8 0.2 9.5 3.2 5.3 1.7 

WIZARD 

MM3 None 3.3 3.1 2.2 1.0 0.3 3.5 3.0 3.3 1.9 

MonteCarlo 

Table 3.4 summarizes the two computational methods which were most successful at 

reproducing the experimental coupling constants. These results indicate that 

conformational search performed with the genetic algorithm implemented in WIZARD 
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followed by minimization with the MM3 forcefield is an appropriate scheme for 

calculations involving these carbohydrates although it is not the only combination which 

provided reasonable results.^ 

Table 3.4 Summary of Most Successfiil Computational Schemes. 

Monte Carlo WIZARl D 

Molecule Solvent Method Avg. Abs. 

Err. 

Method Avg. Abs. 

Err. 

3.3b CDCl, MM3/none 1.2 MM3/CHCI3 0.7 

3.3c CD2CI2 MM3/none 1.9 MM3/water 1.7 

The minimum energy conformation found using the optimal conformational search scheme 

for both the 1,4- (3.3b) and the 1,7-sialyllactone (33c) mimics the conformation of sialic 

acid bound in the neuraminidase active site. Root mean square fits on the heavy atom 

positions are approximately 0.5 A, indicating that sialyllactones or their derivatives could 

be used as scaffolds in the design of neuraminidase inhibitors. Figure 3.4 shows the 

comparison between the lowest energy conformation of sialyl-1,4-lactone with the bound 

conformation of sialic acid. Figure 3.5 shows the comparison between the lowest energy 

conformation of sialyl-1,7-lactone with the bound conformation of sialic acid.^ 
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Hgure 3.4 1,4-Sialyllactone Overiaid on Sialic Acid 

rigure 3.5 1,7-SiaiyIlactone Overiaid on Sialic Acid 
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All Experimental calculations on the conformational search and minimization were 

performed by A. Parrill.^^*^^ 

3.4 CoQclusion 

Due to recent improvements in probe design and phase-cycling schemes, inverse 

correlation has become a powerful way of selectively detecting protons coupled to a 

particular X nucleus. The inverse INSQLRID experiment was usefiil in elicidating 

structural properties of the 1,4 and 1,7-sialyllactones. The computational studies done on 

the lactones also gave coupling constants that were relatively close to the experimental data. 

WIZARD reproduced the experimental coupling constants more closely than Monte Carlo. 

Based on the structural and conformational data obtained from the NMR and the 

computational studies, the design of neuraminidase inhibitors could be facilitated. 



CHAPTER 4. 

EXPERIMENTAL SECTION 
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General Procedures 

Reaction product solutions were concentrated using a Buchi 461 water bath 

rotary evaporator. 

Analytical thin-layer chromatography was performed on EM Separations 

Technology pre-coated, glass-backed silica gel 60 F-254,0.25mm plates. 

Column chromatography was performed using EM Science silica gel 60, particle 

size 0.040-0.063mm. 

Visualization of spots was done by dipping the plate in Ammonium 

molybdate stain solution (900ml of water, 100ml of concentrated H2SO4, Ig of 

Ce(S04)2, and 50g of ammonium molybdate), followed by heating on a hot plate. 

and magnetic resonance spectra were recorded on 250AM and 500AM 

Bruker and the Unity 300 spectrometers. 

Pyridine was distilled from calcium hydride. 

Methanol was distilled from magnesium and iodine. 

Optical rotations were measured at 589nm on a Perkin Elmer 241 MC 

polarimeter. 

Mass Spectra were obtained by the Midwest Center for Mass Spectrometry, 

Lincoln, Nebraska. 



4.2 Experimental Section 

iV-Acetylneuraminic Acid (2) 

The procedure was similar to G. M. Whiteside et al.^^ 

A solution containing 1.5 g (6.0 mmol) of i^-acetylmannosamine 1, 6 g of sodium 

pyruvate (52 mmol), and 25 mg of sodium azide in 25 mL of distilled water was prepared. 

The solution was placed in a graduated cylinder (100 mL) and stirred with a magnetic 

stirring bar. The pH of the solution was adjusted to 7.5 with dilute NaOH solution. A 

second solution containing a pinch of N- acetylneuraminic acid aldolase III enzyme and 10 

mg of bovine serum albumin in 4 mL distilled water was prepared and added to a wet 8" 

dialysis bag (MW cut off 12 - 14000). The dialysis bag was placed in the graduated 

cylinder containing the iV-acetylmannosamine reaction mixture. The bag was allowed to 

stir in the solution at room temperature for 3 to 5 days. On a daily basis, the pH of the 

solution was adjusted to 7.5 with dilute NaOH. After 4 days, about 85% of the N-

acetylmannosamine had been converted to A^-acetylneuraminic acid. Purification of 

compound 2 was done using ion - exchange chromatography (AG lX-2 resin, formate 

form) with a 0-2N gradient of formic acid. 

Data for 2: C11H19O9N ^H NMR (250 MHz, D2O) 5 1.82 (apparent t, / = 13.1 Hz, 

Hsax). 2.01 (s, Ac), 2.25 (dd, J = 13.1, 4.9 Hz, Hseq), 3.49 (dd, J = 9.2, 1.1 Hz, H7), 

3.53-3.46 (m, /= 11.6, 6.3, 2.5 Hz, Hg), 3.56 (dd, J= 11.64, 6.25 Hz, H9), 3.79 (dd, J 

= 11.6, 2.5 Hz, H9' ), 3.88 (apparent t, / = 9.9 Hz, H5) 3.99 (dd, J = 9.9, 1.1 Hz, He), 

4.06-3.91 (m, H4). 

Methyl - Ester of iV-Acetylneuraminic Acid (3) 

The procedure was similar to that of R. K. Yu et al.'*® 

A^-acetylneuraminic acid (2) (1 g, 3.23 mmol) was dissolved in 150 mL of distilled 

methanol. Dowex 50 (H"^) resin (2.0 g) was added to the solution, and the resulting 



mixture was refluxed with stirring under Argon for 48 hours. The Dowex 50 (H"'") resin 

was filtered and washed with cold methanol. The filtrate and washings from the resin was 

evaporated in vacuo to give a yellow syrup. The product (903 mg, 83%) was a mixture of 

the a and p anomers which were crystallized in a small volume of ethyl ether - methanol 

(3:1). On standing in the cold, 540 mg of the a anomer cystals were obtained, resulting in 

a 55% yield of compound 3. 

Data for 3: C13H23O9 N NMR (250 MHz, D2O) 5 1.74 (dd, J = 13.0, 11.3 Hz, Hsax), 

2.00 (s, Ac), 2.35 (dd, J = 13.2, 4.77 Hz, Hseq), 3.23 (s. Me), 3.57 (d, J = 9.4 Hz, H7), 

3.62 (dd, / = 12.0, 5.8 Hz, H9), 3.79-3.77 (m, Hg-), 3.82 (s. Me), 3.85-3.82 (m. He, 

Hg), 3.86 (d, J = 8.7 Hz, H5), 3.98 (dd, J = 11.0, 4.3 Hz, H4). 

Methyl Glycoside of A/^-Acetyneuraminic Acid, (4) 

The procedure was similar to that of R. K. Yu et al."^ 

The a methyl glycoside methyl ester of A^-acetylneuraminic acid 3 (500 mg, 1.48 mmol) 

was dissolved in 15 mL of 0.06N NaOH. The mixture was stirred at room temperature for 

3 hours. Then the mixture was neutralized with Dowex 50 (H"^) resin and lyophilized to 

give a white powder 4, (432 mg, 90%). 

Data for 4: C12H21O9N ^H NMR (250 MHz, D2O) 5 1.69 (dd, /= 13.0, 11.2 Hz, Hsax), 

1.99 (s, Ac), 2.32 (dd, J = 13.2, 4.8 Hz, Hseq), 3.21 (s. Me), 3.52 (d, / = 9.5 Hz, H7), 

3.60 (dd, J = 11.9, 5.7 Hz, H9), 3.79 (dd, J = 12.2, 5.7 HZ, H9O, 3.82-3.76 (m. He, 

Hg) 3.88 (d, J = 10.2 Hz, H5), 3.97 (dd, J = 11.3, 5.0 Hz, H4). 
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Benzoylated 1,7 Lactone (5) and 1,4 Lactone (6) of AT-Acetyneuraminic 

Acid; 

The procedure was similar to S. Sato et al.^° 

7 mL of dried pyridine was added to 4 (280 mg, 0.866 mmol). Benzoyl chloride (0.78 

mL, 6.76 mmol) was added dropwise to the reaction mixture over a period of 30 minutes, 

at 0°C. The reaction mixture was stirred under nitrogen and it was allowed to warm to 

room temperature. Stirring was maintained at room temperature for 18 hours. Ice cold 

water was then poured into the reaction flask, and the mixture was extracted with ethyl 

acetate. The extraction step was repeated four times. After the fifth extraction, the organic 

layer was washed with brine and water, and dried over magnesium sulfate. The resulting 

mixture was evaporated in vacuo to give a yellow syrup. The residue was separated and 

purified by silica gel column chromatography. A solvent mixture of 7:3 (benzene: acetone) 

was used. The different eluents collected were evaporated in vacuo to give 5 - acetamido, 

4 , 8 ,  9  -  t r i  -  O  -  b e n z o y l  - 2 - 0  -  m e t h y l  -  3 ,  5  d i d e o x y -  D  -  g l y c e r o  - J J - D -  g a l a c t o  -  2 -

nonulopyranoson - 1,7 lactone, 5 Rf = 0.39, (70 mg, 14%) and 5 - acetamido, 7, 8, 9 - tri 

- 0 - benzoyl -2 - 0 - methyl - 3, 5 dideoxy - D - glycero - fi - D - galacto - 2 -

nonulopyranoson -1,4 lactone, 6 Rf = 0.26, (267 mg, 51%) 

Data for 5: C33H31O1 iN NMR (250 MHz, CDCI3) 5 1.89 (s. Me), 2.09 (dd, J =7.8 

Hz, H3), 4.38 (s, H5), 4.56 (dd, J =12.5, 4.1 Hz, H9), 4.85 (s. He), 4.89 (dd, J = 12.5, 

4.5 Hz, H9O, 5.37 (s, H7), 5.56-5.53 (m, Hg), 6.32 (d, J = 7.8 Hz, NH), 7.90-7.06 (m, 

phenyl H's); 

13c NMR (300 MHz, CDCI3), 8 169.6, 165.7, 165.3, 164.5, 162.2, 134.4, 133.6, 

133.4, 133.1, 130.4, 130.3, 129.9, 129.8, 129.6, 129.5, 129.4, 129.1, 129.0, 128.7, 

128.6, 128.5, 128.5, 128.3, 128.2, 95.1, 76.1, 71.4, 71.1, 67.9, 61.8, 51.8, 48.2, 

34.2, 22.9; HRMS (FAB) calcd for C33H31O1 iN 617.1897. Found 640.1804 (M + Na+). 



Data for 6: C33H31O11N iR NMR (250 MHz, CDCI3) 6 1.90 (s. Me), 2.19 (dd, J = 13.1, 

5.4 Hz, Hsax), 3.26 (dd, J =10.1,12 Hz, H5), 3.41 (apparent t, / = 13.1 Hz, Hseq), 3.42 

(s. Me), 4.39 (dd, J =12.4, 6.1 Hz, H9), 4.69 (d, J =10.1 Hz, He), 4.85 (d, J =5.4 Hz, 

H4), 4.87 (dd, J =12.4, 2.6 Hz, H9O, 5.57 (d, J =7.1 Hz, H7), 5.88-5.85 ( m, Hg), 6.24 

(d, J = 7.2 Hz, NH), 7.91-7.22 (na, phenyl H's); 

13c NMR (300 MHz, CDCI3), 5 170.9, 170.1, 166.4, 165.9, 165.2, 134.1, 133.5, 

133.1, 129.9, 129.6, 129.5, 129.3, 129.1, 128.7, 128.5, 128.3, 128.1, 97.4, 72.1, 

69.9,  69.7,  63.1,  52.3,  51.3,  32.4,  23.1;  HRMS (FAB) calcd for  C33H31O11N 

617.1897. Found 640.1802 (M + Na+). 

Methyl Glycoside of ^-Acetylneuraminic Glycine Amide Ethyl Ester (7). 

100 mg (0.16 mmol) of the 1,4 lactone (6) was dissolved in 5 mL of deuterated dimethyl 

sulfoxide. 33 mg (0.243 mmol) of glycine ethyl ester hydrochloride, and 30 mg (0.248 

mmol) of dimethyl amino pyridine were added to the solution. The reaction mixture was 

allowed to stir at 100°C for 9 days under argon. The rate of the reaction was monitored by 

IH NMR on a AM 250 Bruker. After seven days the product was poured into distilled 

water and extracted with ethyl acetate. The ethylacetate extract was evaporated in vacuo to 

a dark brown syrup. The syrupy residue was separated and purified by siUca gel column 

chromatography, ethyl acetate : methanol, stepwise elution from 100:0 to 95:5, 

(Rf=0.323). The first eluate washed away the impurities and remaining starting material. 

The second eluate was evaporated in vacuo to give compound 7 (40 mg, 34%yield). 

Data for 7: C37H40O13N2 [aj^o +0-09° (c 2.6, CHCI3); ^H NMR (250 MHz, CDCI3) 6 

1.27 (t, / = 7.2 Hz 3H, CH3), 1.57 (apparent t, J =12.4 Hz, H3ax), 1.98 (s, 3H, Ac), 

2.56 (dd, J =13.3, 4.7 Hz, Hseq), 3.07 (s, 3H, OMe), 3.56 (dd, J =18.6, lO.OHz, H5), 

4.06 (apparent t, J =4.6 Hz, 2H, glycine CH2), 4.21 (d, J =A.l Hz, H4), 4.21 (q, J =7.1 



Hz, 2H, CH2), 4.33 (d, J = 4.3 Hz, Hg), 4.51 (dd, /= 12.7, 5.2 Hz, H9), 5.01 (dd, J = 

12.7, 2.1 Hz, H9O, 5.81 (d, J = 5.2 Hz, Hg), 5.81 (s, H7), 5.86 (d, 7= 10.0 Hz, NH), 

8.10-7.23 (m, 15 phenyl H's). 

13c NMR (300 MHz, CDCI3) 5 171.7, 169.3, 168.0, 166.2, 166.0, 165.6, 133.8, 

133.69, 133.3, 130.2, 129.8, 129.7, 129.4, 129.2, 128.7, 128.6, 128.4, 100.0, 70.8, 

70.5, 69.5, 67.1, 62.9, 61.6, 54.0, 51.1, 41.2, 40.2, 29.7, 23.5, 14.2; HRMS (FAB) 

calcd for C37H40O13N2 720.2530. Found 743.2412 (M + Na+). 

Methyl Glycoside, glycine ester of iV-acetylneuraminic acid (8) 

The procedure was similar to M. von Itzstein et al.^^ 

To a solution of 7 (40 mg, 0.07 mmol) in anhydrous MeOH (20 mL), Amberlite IRA 4(X) 

(OH") ion exchange resin was added. The mixture was stirred at room temperature for 4 

hours. The resin was filtered and washed with methanol. The filtrate and washings were 

combined and evaporated in vacuo to give a yellow solid. The material was taken up in 

0.06N NaOH (5 mL) and stirred at room temperature for 3 hours, after which the pH of the 

mixture was adjusted to 4.0 with Dowex - 50 X8 (H"'") resin. The Dowex resin was 

filtered off, and distilled water (25 mL) was then poured into the reaction flask, and the 

mixture was extracted with ethyl acetate (25mL X 5). The aqueous layer was collected and 

lyophilized overnight to a white powder (12 mg, 45% yield). 

Data for 8: C14H24O10N2 -0.16° (c 1.3x103, H2O ); ^H NMR( 500 MHz, D2O) 5 

1.54 (apparent t, / = 12.6 Hz, Hsax), 1.89 (s, 3H, Ac), 2.20 (dd, / =12.6, 5.0 Hz, Hseq), 

3.07 (s, 3H, OMe), 3.45 (d, J =9.5 Hz, H7), 3.51 (dd, J =12.1, 5.6 Hz, H9), 3.67 (dd, 

J =12.1, 1.9 Hz, Hg'), 3.73-3.70 (m, Hg), 3.76 (apparent d, / = 8.1 Hz, 2H, glycine 

CH2). 3.90-3.86 (m, H4, H5, He). 



13c NMR (250 MHz, D2O) 5 171.5, 169.5, 168.1, 95.9, 67.3, 66.4, 64.6, 63.2, 60.0, 

48.5, 47.2, 37.6, 36.2, 18.7; HRMS (FAB) calcd for C14H24O10N2 38.1431. Found 

381.1508 (M + H+). 

Benzoylated 1,4 Lactone (9) of iV-Acetyneuraminic Acid; 

The procedure was similar to S. Sato et al.^° 

20 mL of dried pyridine was added to 2 (1.0 g, 3.3 mmol). Benzoyl chloride (3.0 mL, 

25.8 mmol) was added dropwise to the reaction mixture over a period of 30 minutes, at 

0°C. The reaction mixture was stirred under nitrogen and it was allowed to warm to room 

temperature. Stirring was maintained at room temperature for 18 hours. Ice cold water 

was then poured into the reaction flask, and the mixture was extracted with ethyl acetate. 

The extraction step was repeated four times. After the fifth extraction, the organic layer 

was washed with brine and water, and dried over magnesium sulfate. The resulting 

mixture was evaporated to give a yellow syrup. The residue was separated and purified by 

silica gel column chromatography Rf = 0.2. A solvent mixture of 6:4 (hexane ; acetone) 

was used. The different eluents collected were evaporated in vacuo to give 5 - acetamido, 

7, 8,9 - tri - O - benzoyl -2-0 - methyl - 3, 5 dideoxy D - glycero -fi-D - galacto -2-

nonulopyranoson -1,4 lactone, 9 (575 mg, 25%yield). 

Data for 9: C39H33O12N iR NMR (250 MHz, DMSO) 5 2.07 (s, 3H, Ac), 2.33 (dd, / = 

12.6, 5.6 Hz, Hsax), 3.51 (apparent t, / = 12.6 Hz, Hseq), 4.06 (d, J = 9.2 Hz, H5), 4.40 

(dd, J =12.3, 6.3 Hz, H9), 4.72 (dd, J =12.3, 3.3 Hz, Eg'), 4.75 (d, J =5.3 Hz, H4), 

4.86 (d, J =9.2 Hz, He), 5.60 (d, J =8.1 Hz, H7), 7.73-5.70 ( m, Hg), 7.95-7.41 (m, 

phenyl H's), 8.39 (d, 7= 9.24 Hz, NH); 



13C NMR (300 MHz, CDCI3), 5 170.8, 168.3, 166.4, 165.9, 165.2, 164.0, 134.1, 

133.9, 133.2, 133.0, 130.2, 130.0, 129.8, 129.6, 129.4, 128.8, 128.5, 128.4, 128.3, 

128.2, 96.0, 78.2, 72.6, 69.6, 69.2, 62.9, 51.2, 32.4, 29.2, 23.2. 

Benzoyl Glycoside of iV-Acetylneuraminic Glycine Amide Ethyl Ester (10). 

2(X) mg (0.282 mmol) of the 1,4 lactone (9) was dissolved in 10 mL of deuterated dimethyl 

sulfoxide. 139 mg (0.865 nrniol) of glycine ethyl ester hydrochloride, and 116 mg (0.950 

nmiol) of dimethyl amino pyridine was added to the solution. The reaction mixture was 

allowed to stir at 100°C for one week under argon. The rate of the reaction was monitored 

by NMR on a AM 250 Bruker spectrophotometer. After seven days the product was 

poured into distilled water and extracted with ethyl acetate. The ethyl acetate extract was 

evaporated in vacuo to a dark brown syrup. The syrupy residue was separated and 

purified by silica gel column chromatography, ethyl acetate : methanol, stepwise elution 

from 100:0 to 95:5, (Rf^.36). The first eluate washed away the impurities and remaining 

starting material. The second eluate was evaporated in vacuo to give compound 10 ( 59 

mg, 26%yield). 

Dataforl0:C43H42Oi4N2 +0-08° (c 2.0x103, CHCI3); NMR (250 MHz, 

CDCI3) 5 1.27 (t, 7 = 7.1 Hz 3H, CH3), 1.98 (s, 3H, Ac), 3.82 (dd, J =17.9, 8.0 Hz, 

H5), 4.12 (apparent d, J =5.8Hz, 2H, glycine CH2), 4.23-4.17 (m, H4, CH2), 4.46 (dd, 

J = 12.3, 7.2 Hz, H9), 4.58 (d, / = 2.7 Hz, He), 4.86 (dd, 7= 9.8, 2.7 Hz, H7), 4.93 

(dd, J = 12.3, 2.8 Hz, H9O, 6.01-5.95 (m, Hg, NH), 8.08-7.38 (m, 15 phenyl H's). 

13c NMR (300 MHz, CDCI3) 5 171.98, 169.82, 169.41, 166.32, 166.17, 165.35, 

161.69, 145.11, 133.65, 133.56, 133.22, 133.16, 129.97, 129.91, 129.71, 129.61, 

129.30, 128.99, 128.89, 18.52, 128.28, 109.96, 70.11, 69.07, 66.78, 63.57, 61.31, 



60.36, 51.08, 41.23, 29.61, 23.02, 20.96; HRMS (FAB) calcd for C43H42O14N2 

810.2636. Found 833.2543 (M + Na+). 

Methyl - Ester of Labeled Sialic Acid (3.2c) at Carbon One and Two. 

The procedure was similar to that of R. K- Yu et al.^® 

A 50/50 mixture of sialic acid 3.2b (100 mg, 0.32 mmol) resulting from 50 mg of sialic 

acid labeled with at position one and 50 mg of sialic acid labeled with at position 

two, was dissolved in 20 mL of absolute methanol. Dowex 50 (H+) resin (0.25 g) was 

added to the solution, and the resulting mixture was refluxed with stirring under Argon for 

48 hours. The Dowex 50 (H"'") resin was filtered and washed with cold methanol. The 

filtrate and washings from the resin were evaporated to give a yellow syrup 3.2c (ICX) mg, 

90%). 

Data for 3.2c: C13H23O9 N NMR (250 MHz, D2O) 6 1.74 (dd, 7 = 13.0, 11.3 Hz, 

H3ax), 2.00 (s, Ac), 2.35 (dd, J = 13.2, 4.8 Hz, Hseq), 3.23 (s. Me), 3.57 (d, J = 9.4 Hz, 

H7), 3.62 (dd, J = 12.1, 5.8 Hz, H9), 3.82 (s. Me), 3.85-3.82 (m. He, Hg) 3.79-3.77 

(m, H9') 3.86 (d, / = 8.7 Hz, H5), 3.98 (dd, J - 11.0, 4.3 Hz, H4). 

Enriched Methyl Glycoside of iV-Acetyneuraminic Acid, (3.2d) 

The procedure was similar to that of R. K. Yu et al.'^ 

The ester of sialic acid 3.2c (100 mg, 0.296 mmol) was dissolved in 1.5 mL of 0.06N 

NaOH. The mixture was stirred at room temperature for 3 hours. Then the mixture was 

neutralized with Dowex 50 (H*^) resin and lyophilized to give a white powder. ( 90 mg, 

94%) 

Data for 3.2d: C12H21O9N ^H NMR (250 MHz, D2O) 5 1.69 (dd, 7 = 13.0, 11.2 Hz, 

H3ax). 1.99 (s, Ac), 2.32 (dd, J = 13.2, 4.8 Hz, H3eq), 3.21 (s, Me), 3.52 (d, J = 9.5 Hz, 



Ht), 3.60 (dd, J = 11.9, 5.71 Hz, Hg), 3.79 (dd, / = 12.2, 5.7 Hz, H9O 3.82-3.76 (m. 

He, Hg) 3.88 (d, / = 10.21 Hz, H5), 3.97 (dd, J = 11.25, 5.0 Hz, H4). 

Enriched Benzoyiated 1,7 Lactone (3.2e) and 1,4 Lactone (3.2f) of N-

Acetyneuraminic Acid; 

The prcx:edure was similar to S. Sato et al.^° 

1.8 mL of dried pyridine was added to 3.2d (100 mg, 0.309 mmol). Benzoyl chloride 

(280 |iL, 2.40 mmol) was added dropwise to the reaction mixture over a period of 30 

minutes, at 0°C. The reaction mixture was stirred under nitrogen and it was allowed to 

warm to room temperature. Stirring was maintained at room temperature for 18 hours. Ice 

cold water was then poured mto the reaction flask, and the mixture was extracted with 

chloroform. The extraction step was repeated four times. After the fifth extraction, the 

organic layer was washed with brine and water, and dried over magnesium sulfate. The 

resulting mixture was evaporated to give a yellow syrup. The residue was separated and 

purified by HPLC with 8:2 solvent mixmre of benzene:acetone. The different eluents 

collected were evaporated in vacuo to give 5 - acetamido, 8, 9 - di - O - benzoyl -2 - O -

methyl - 3 - 5 dideoxy D - glycero -fi -D- galacto - 2 - nonulopyranoson - 1,7 lactone, 

3.2e. Rf = 0.32, (30 mg 19%), and 5 - acetamido, 7, 8, 9 - tri - O - benzoyl -2 - O -

methyl - 3, 5 dideoxy D - glycero - j3 - D - galacto - 2 - nonulopyranoson - 1,4 lactone, 

3.2f. Rf = 0.26, (21 mg, 11%) 

Data for 3.2e: C26H27O10N [ol]"d +0.04° (c 1.6x10^, CHCI3); ^H NMR (500 MHz, 

CDCI3) 5 2.00 (d, J = 7.3 Hz, H3), 2.15 (d, 7= 7.0 Hz, H3), 3.41 (s, OH), 4.19 (dd, J = 

8.1, 4.0 Hz, H5), 4.2 (d, 7 = 4.0 Hz, H4), 4.48 (br s. He), 4.60 (dd, J = 12.3, 5.6 Hz, 

H9), 4.94 (dd, J = 12.3, 3.5 Hz, H9.), 5.02 (d, / = 5.9 Hz, H7), 5.67 (ddd, J = 5.9, 5.6, 
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3.5 Hz, Hg), 6.13 (d, J = 8.3 Hz, NH); HRMS (FAB) calcd for C26H27O10N 514.1669. 

Found 515.1786 (M + H+). 

Data for 3.2f: C33H31O11N [a]\ -0.06° (c 1.2x103, CHCI3); ^H NMR (500 MHz, 

CDCI3) 5 2.33 (dd, J = 12.4, 5.5 Hz, H3ax), 3.25 (dd, J = 10.7, 6.8 Hz, H5), 3.50 (dd, J 

= 12.4, 5.4 Hz, H3eq), 4.51 (dd, J = 12.6, 5.8 Hz, H9), 4.81 (d, J = 9.7 Hz, He), 4.91 

(dd, J = 5.4, 5.5 Hz, H4), 4.98 (dd, J= 13.6, 2.5 Hz, H9), 5.56 (d, J = 7.6 Hz, H7), 

5.99 (ddd, /= 7.6, 5.8, 2.5 Hz, Hg), 6.2 (d, J = 6.8 Hz, NH); HRMS (FAB) calcd for 

C33H31O11N 618.0991. Found 619.2054 (M + H+). 

Parameters for the INSQLRID experiment; 

02=8700 

Dl=l 

Pl=8.6 (IH 90°) 

D2=0.08, 0.06 

P2=17.2 (2xPl) (IH 180") 

P3=16.4 (13c 90°) 

P4=32.8 (2xP3) (13C 180°) 

S1=0H 

SI=4K 

NE=64 

TD=4K 
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