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Abstract

Carbohydrate-protein interactions are essential in a multitude of biological recognition 

events. Their importance can be seen in the rapid development of combinatorial 

chemistry to provide useful sources of synthetic carbohydrates as potential ligands for 

biological receptors. This thesis is divided into three main parts, but all are concerned 

with the development of receptors and sensors for carbohydrates.

In the first part, fluorescent dyes used in labeling carbohydrates were investigated. This 

was performed to improve the detection of positive hits arising from specific 

interactions between a carbohydrate and a protein. A study of labeled carbohydrates to 

lectins conjugated to a solid-support shows that succinimidyl 6-(N-(7-nitrobenz-2-oxa- 

l,3-diazol-4-yl)amino) hexanoate (NBD-X) dye provides by far the lowest level of 

nonspecific interactions with immobilized proteins. This observation is in stark contrast 

with the commonly used labeling reagents constituted of charged and aromatic groups, 

for instance, FITC and TAMRA dyes. We encountered some failure with europium 

labeled carbohydrates.

The second part of the thesis is focused on the synthesis of small molecule models of a 

heparin sulfated carbohydrate that is used as an anticoagulant drug. Due to the ionic 

nature of the sulfated carbohydrates, there is still a lot to accomplish in the development 

of receptors for these charged biomolecules. Our aim was to screen a number of 

polyamines supported on polystyrene beads against dye-labeled sulfated carbohydrates.
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We deemed it necessary to halt the project due to disappointing results in the synthetic 

route toward sulfated carbohydrates.

Limitations usually encountered in developing boronic acid-based receptors for 

carbohydrates are imposed by their poor solubility and their restricted complexation to 

carbohydrates that can isomerize to the furanose ring. Cell-surface carbohydrates are 

mostly present in the hexopyranose form. The third part of the thesis focused on 

identifying new monoboronic acids that bind strongly to carbohydrates under aqueous 

physiological conditions and eventually develop ‘oligomers’ of these boronic acids for 

improved binding potency and higher selectivity. Our qualitative and quantitative 

results show that 2-(hydroxymethylphenyl) boronic acids (benzoboroxoles) stand out as 

excellent binding agents for both monosaccharides and glycopyranosides. To explain 

the unusual binding selectivity, preliminary structural studies were carried out.
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Chapter 1 

Introduction

1

1.1 Carbohydrates

Carbohydrates exhibit a wide range of structural and functional diversity in nature. 

These features allow them to fulfill various biological functions such as energy sources, 

structural materials (cellulose), elements of molecular recognition, and also as factors 

determining the structure and role of protein in metabolic processes. Interactions 

between carbohydrates and proteins, both intra and extra cellular, play key roles in the 

above biological functions.

The three-dimensional structure of the carbohydrate is translated by a protein receptor 

into a signal, which determines the fate of a cell or glycoprotein. Such non-covalent 

interactions are present in a number of physiological processes1,2 that comprise cell-cell 

communication,3 fertilization, cell growth, immune response, cancer cell metastasis4,5 

and microbial infections. Studies centered on interactions between carbohydrates and 

proteins (enzymes,6,7 lectins,^11 antibodies12) have revealed that one or two edges or 

faces of the carbohydrate ligands are bound by the protein and that the recognition 

element or epitope is often limited to a disaccharide or at most a trisaccharide unit. 

Thus, oligosaccharides are attractive targets as they are synthetically easily accessible 

and can therefore be used in carbohydrate-based therapeutics.
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Examples of such therapeutics that have reached advanced stages of development are 

the inflammatory sialyl Lewis X tetrasaccharide,13 and glycosphingolipid-protein 

conjugates used in cancer therapy,14 antidiabetic a-glucosidase inhibitors,1516 anti-HIV 

agents17 and heparin analogs.18̂20 Other classes of important carbohydrate-containing 

drugs on the market are bleomycin, gentamycin, amphothericin B, vancomycin and 

etoposide. Many more examples are in late or early stages of clinical development. In 

all of these cases, the removal or modification of the sugar moieties often alters or 

causes complete loss of activity of the drug. Because of the increasing popularity of 

carbohydrate-based drugs, intense research is focused on the development of 

combinatorial libraries of carbohydrates and glycoconjugates.

1.2 Fluorescence labeling

With the development of combinatorial chemistry, the need for efficient screening 

strategies for the discovery of biactive compounds as target drugs has become more 

important. For instance, interactions between carbohydrates and proteins can be studied 

by labeling the protein or carbohydrate (or glycoconjugates) ligands with radioisotopes 

or enzymes.

Fluorescent labels provide the following advantages:21,22

(a) They provide tremendous sensitivity due to their high quantum emission yield

upon excitation. Certain fluorophores can absorb large amounts of energy at specific 

wavelengths and consequently, they provide excellent detection for sensitive 

measurements with tiny amounts of material. For instance, proteins, nucleic acids
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and other biomolecules can be labeled with fluorescent probes to provide highly 

receptive reagents for in vivo assay procedures.

(b) Fluorophores emit at specific wavelengths. So, more that one fluorescent label can 

be used on the protein, nucleic acid or antibody at the same time for the detection of 

specific ligands.

(c) Fluorescent tags avoid the danger and expenses associated with handling radioactive 

substances.

1.2.1 Fluorescence spectroscopy

A fluorescent molecule absorbs energy at a particular wavelength and subsequently 

emits it at another wavelength. The process of absorbing energy is called excitation, 

during which, the quantum energy levels of the electrons of the fluorophore molecule 

increase with photon uptake. A range of energies are absorbed, giving rise to an 

absorption band with a maximum. The extinction coefficient (e, expressed as M"1 cm'1) 

at the absorption peak maximum is a unique characteristic of a fluorophore under a 

given set of experimental conditions.

The excited fluorophore will then release energy22 as heat or as photons of light. The 

electrons of the fluorescent compound will eventually return to the lower, ground-state 

energy level (Figure 1-1). The emission rates of fluorescence are typically 108s 1 so that 

typical fluorescence lifetime is near 10 ns (lx  10'9 s). The Jablonski diagram shown in 

Figure 1-1 depicts the fluorescence phenomenon. The singlet ground, first, and second 

electronic states are represented by S0, S„ and S2 respectively. At each of these
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electronic energy levels, the fluorophores can exist in a number of vibrational energy 

levels. The transitions between the states are depicted as solid vertical lines (Figure 1- 

1), to illustrate the instantaneous nature of light absorption. The Franck-Condon 

principle states that during the electronic transitions in a molecule, the nuclei can be 

assumed to be in the same place before and after the transition. Transitions occur in 

about 10'15 s, a time too short for relaxation through collisions.

When a fluorophore is irradiated with light energy, it is excited to some higher 

vibrational level, in either S, or S2 (Figure 1-1). Molecules in the condensed phase 

rapidly relax to the lowest vibrational level. This process is called internal conversion 

and generally occurs in 1012 s or less. Since fluorescence lifetimes are typically near 

10 8 s, internal conversion is generally complete prior to emission. Hence, fluorescence

O)V-0)c111

Singlet excited states

s2 :

Absorption

Sq 1 
Ground state o

Internal
conversion Intersystem 

crossing
Triplet excited states

" Tj

Fluorescence

Phosphorescence

Figure 1-1. Electronic transition22 energy-level diagram (reproduced from reference 

22).
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emission generally results from a thermally equilibrated state, that is the lowest 

vibrational state of

According to Stoke’s law, the emission wavelength is always longer and thus of lower 

energy than the wavelength of excitation.23 The ratio of total photon emission over the 

entire range of fluorescence to the total photon absorption is called quantum yield (Q). 

Quantum yields range from 0-1. A larger quantum yield means a larger emission or 

luminescence. Under fixed environmental conditions, a particular fluorophore has a 

constant extinction coefficient and quantum yield, characteristic of its photochemical 

behavior. For a fluorophore to be suitable for analytical studies, the quantum yield21 

must be high and its fluorescence spectrum must be sufficiently separated from its 

excitation spectrum to ensure good signal isolation. The separation between the 

maximal absorbance wavelength and the emission wavelength maxima is called Stoke’s

Stoke’s Shift

Emission Peak 
(Fluorescence)

Excitation or 
Absorption PeakoCO

<D
>

Wavelength

CD
¥
<
CD
aco
c3Woa>
S3oa>

Figure 1-2. Typical spectral scan21 (modified from reference 21) of a fluorescent 

compound showing its absorption peak and its emission peak at different wavelengths.
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shift. The greater the Stoke’s shift (>100 nm), the better the signal isolation and 

therefore there is less interference from Rayleigh-scattered excitation light.

1.2.2 Aromatic fluorescent compounds as labels for biomolecules

Fluorophores are divided onto two classes, intrinsic and extrinsic. Intrinsic 

fluorophores are those that occur naturally. Extrinsic fluorophores are those which are 

added to a sample that does not show any luminescent properties, also called fluorescent 

labels or tags. The structural motif of a compound that brings about fluorescence is the 

presence of a planar aromatic ring system. The fluorescence quantum yield (0F) of 

larger ring systems is typically greater than smaller ring systems.

Fluorophores are gaining popularity in labeling biomacromolecules24,25 (nucleic acids, 

proteins, DNA). They are commercially available in several analogue forms, each with 

a different reactive group able to couple to specific functional groups or target 

molecules, for example the amines, sulfhydryl, or histidine side chains in proteins 

(Figure 1-3).

Conventional fluorescent tags are derivatives of fluorescein, rhodamine, coumarin, and 

Texas Red. Fluoresceins and rhodamines are widely used because of their favorably 

long absorption maxima at 480 nm and 560 nm, respectively and their large molar 

extinction coefficients (e), near 80,000 NT1 cm '1 (Table261.1). The long wavelength of 

the emission photons minimizes the problems of background fluorescence from 

biological samples and eliminates the need for quartz optics.
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S=C=N

COOH

N=C=S

TRITC HO FITC
s o 2ci

DNS-CI

NH(CH2)5C -0 -N

BODIPY FL Cq-SE NBD-X

Figure 1-3. Reactive probes for conjugation with biomacromolecules. TRITC, 

Tetramethylrhodamine 5-(and 6-)isothiocyanate; FITC, fluorescein 5-isocyanate; DNS- 

CI, Dansyl chloride; BODIPY FL Q-SE, 4,4-Difloro-5,7-dimethyl-4-bora-3a,4a-diaza- 

sindacene-3-propionic acid, succinimidyl ester; NBD-X, succinimidyl 6-(N-(7- 

nitrobenz-2-oxa-l,3-diazol-4-yl) amino) hexanoate.

Table 1.1 Fluorescence spectral properties26 of commonly used extrinsic probes.

Fluorophore
\

Absorption

(nm)

e

( M 'W 1)

Emission

(nm)

0F

Quantum yield

DNS-CI > 340-350 4,300 510-560 0.1-0.3

BODIPY FLC3-SE21 502 77,000 510 0.03

FITC 492 72,000 516-525 0.3-0.85

TRITC 535-545 107,000 570-580 0.3

NBD-X27 465-469 22,000 534-538 -
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1.2.3 Lanthanide chelates

In recent years, time-resolved fluorometry2830 (TRF) involving carbohydrates and their 

derivatives, labeled with chelated lanthanides, has been gaining popularity as an easy 

and sensitive analytical method. Time-delayed fluorometry is a detection technology 

based on the unique abilities and the luminescence properties of the lanthanide chelates 

using pulsating excitation light. As shown in Figure 1-4, through a delay time of 200 

ps, no luminescence measurement is taken. Background fluorescence is eliminated 

since its lifetime in the order of ns has decayed. Thus, a good signal to noise ratio is 

obtained.

The chelates are formed using lanthanides such as europium (Eu) and samarium (Sm).

 Cycle (1 ms)--------
Flash Excitation (340 nm)

CDOa
<DOCrt<D
C

1
hJ

Background Fluorescence

Eu Chelate 
LuminescenceDelay

Time
Counting
Time

200 600 1000
Time/ps

Figure 1-4. Time-delayed fluorometric measurement31 of a europium label 

(reproduced from reference 31).
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Lanthanide chelates are highly luminescent and have a very long luminescence decay 

time and large Stokes’ shift. Because the lanthanide chelates can be measured as 

sensitively as radioisotopes32,33 and are stable and easy to handle, they are widely used 

as tracers31 in biological sciences.

For instance, Eu-labeled antibodies are used in time-resolved fluoroimmunoassays (TR- 

FIA).29,30 Polycarboxylates34 (Figure 1-5) such as DTPA anhydrate 1 and Nj(p- 

isothiocyanatobenzyO-diethylenetriamine-A^A^yVjA^-tetraacetic acid 2 form eight- 

coordinate complexes with europium, which emit little luminescence. However, after 

immuno-reactions, the europium can be dissociated29,30 from the complex using an 

enhancement solution (trioctylphosphine oxide, 2-naphthoyltrifluoroacetone, Triton X- 

100) to form a new and highly luminescent chelate 3 (Figure 1-5). This technology is 

referred to as dissociation enhanced lanthanide fluoroimmunoassay (DELFIA). Other 

types of ligands that form chelates with europium are beta-diketones35,36 4, which emit 

high luminescence and they react directly with proteins. Aryl amines also form 

luminescent chelates, for example, Quantum-Dye (QD) 5.

TR-FIA immunoassays have found numerous applications37'40 in the field of 

glycobiology such as binding specificity studies of lectins. Activities41 of 

glycosyltransferases and glycopeptidase have been measured using Eu-labeled lectins. 

Lee42 and co-workers have reported binding and inhibition assays of carbohydrate- 

recognition domain of rat serum mannose-binding protein coated on microtiter plates
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using QD-labeled neoglycoprotein, QD-Man-BSA. Their methodology has yielded 

results comparable to those obtained using radiolabeled Il25-Man-BSA.

° Y n n'

V

COOH

,N

O
NCS

^COO 

— ^ N ^ C O O "

^cocf ^cocr

h=0
C E u fO - [R r (CH2)7CH3
7 -0  (CH2)7CH3 CI02S

3

SCN NCS

5

Figure 1-5. Common protein labeling reagents used for TR-FIA.30,43
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1.3 Lectins: carbohydrate-binding proteins

Lectins44̂*6 are carbohydrate-binding proteins with no catalytic ability. Furthermore, 

they are not products of the immune response but they mediate a variety of biological 

processes, such as cell-cell and host-pathogen interactions. They are usually oligomeric 

proteins composed of subunits, usually with one sugar binding site per unit. Lectins are 

found in plants, animals, microorganisms and viruses. Lectins are classified into five 

groups (mannose, galactose/N-acetylgalactosamine, N-acetylglucosamine, fucose and 

N-acetylneuraminic acids), according to the specificity of monosaccharide towards 

which they exhibit high affinity. Interest in lectins has increased since the 1960’s due to 

their usefulness in detecting and studying carbohydrates in solution and cell surfaces. 

Lectins immobilized on agarose (a linear polysaccharide support) are typically used for 

fractionation and purification of glycoproteins.47

1.3.1 Concanavalin A (Con A)

Lectin Con A was the first lectin to be isolated48 in 1919, from jack bean (Canavalia 

ensiformis), by Sumner who later reported the sugar specificity of lectins. Con A was 

also the first lectin to be sequenced,49,50 and to have its three-dimensional structure51,52 

determined by X-ray crystallography. Since then, Con A has been the most 

extensively53 studied lectin. In solution, Con A exists as a dimer47,54 below pH 5.2, and 

as a tetramer above pH, 7.0. Each identical subunit47 binds one saccharide and two 

metal ions (Mn2+ and Ca2+), both of which are necessary for carbohydrate binding. Each 

monomer consists of a sandwich53,55 of two p sheets which are responsible for forming
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dimers or tetramers of Con A through hydrogen-bonding between different amino acids 

found on the lectins.

Lectins in general bind reversibly to monosaccharides and oligosaccharides with 

typically modest binding constants in the range9,47,56'58 of 10"3 to 106 M. In the 1980’s, 

Brewer59 and co-workers have identified the trisaccharide methyl-3,6-di-0-(a-D- 

mannopyranosyl)-a-D-mannopyranoside (6) as the tightest binding oligosaccharide, 

which fills up the entire site of the carbohydrate recognition domain of the Con A lectin. 

The binding was reported to be roughly 100 times tighter than for the monosaccharide, 

methyl a-D-mannopyranoside (7) shown in Figure 1-7. N-linked-glycoproteins47,56,59 

with a trimannose fragment display greater binding due to extended binding 

interactions.

Figure 1-6. Methyl-3,6-di-0-(a-D-mannopyranosyl)-a-D-mannopyranoside (6) and

methyl a-D-mannopyrahoside (7), carbohydrate ligands for lectin Con A.

In the crystal structure of Con A bound to the trisaccharide 6 , ring C o f  

( a - ( l -» 6)-Manp) resides in a monosaccharide binding domain (Figure 1-7) of the

OH

B 6
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Figure 1-7. Crystal structure60,61 of concanavalin A complexed with methyl-3,6-di- 

0-(a-D-mannopyranosyl)-a-D-mannopyranoside (6). (PDB code = IONA)

lectin Con A; 3, 4, and 6-hydroxyl groups have been found to be critical for tight 

binding.53,61'62 The dissociation of the trisaccharide 6 (Kd= 2.0 x 10'7 M)39 from the lectin 

would occur less easily when compared to the monosaccharide 7 (Kj = 1.2 x 10'4

57,58,63

1.3.2 Peanut Agglutinin (PNA)

Another lectin of the same legume family is PNA (peanut agglutinin), isolated64 from 

peanuts (Arachis hypogea) and first65 characterized by Sharon and co-workers. This 

110-kDa lectin is a homotetramer6367 at neutral pH (Figure 1-8). It shows an unusual 

open quartenary structure of four sugar binding sites each containing one divalent cation 

of Ca2+ and Mg2+ per subunit. PNA is specific for D-galactopyranosyl65 end groups and
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its binding constants at room temperature, are in the range68 of 10'3 M for 

monosaccharides such as methyl-galactopyranosides and 10'7 M for the T-antigen, 

which is a glycopeptide. Because PNA lectin has a strong affinity65,68'71 for (3-D- 

galactopyranosyl-(l—»3)-2-acetamido-2-deoxy-galactopyranose (8) (Figure 1-9), which 

is also found in the tumor-associated T-antigenic disaccharide (Thomsen-Friendenreich 

antigen), the lectin has valuable clinical applications, for example, in the screening of 

cancerous malignancies. As depicted in Figure721-10, the ligand P-D-galactopyranosyl

Figure 1-8. The crystal structure60,63'72 of peanut agglutinin T-antigen complex. (PDB 

code = 2TEP)

OHHO
HO AcHN

E D

8

Figure 1-9. |3-D-Galactopyranosyl-(l->3)-2-acetamido-2-deoxy-galactopyranose (8).
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-(l-»3)-2-acetamido-2-deoxy-galactopyranose (8) [Gal (l-*3)GalNAc] is found with 

the non-reducing sugar unit,65 ring E, in the carbohydrate recognition site, forming 

hydrogen bonds either directly or via water molecules72 (w) with the amino acids of the 

lectin. Ring D is hydrogen bonded mainly to the extended site of PNA lectin.

Asp

OH
NH

'- • { Leu ]

Figure 1-10.72 Gal|3(l-»3)GalNAc in the combining site of peanut agglutinin 

(reproduced from reference 72).

1.4 Receptors for charged carbohydrates

Charged complex carbohydrates fulfil many important biological functions. For 

example, heparin, the polysulfated oligosaccharide has powerful anti-coagulating 

properties. More research is being done to investigate the medicinal properties of 

sulfated and other polyanionic carbohydrates. The use of receptors and sensors will 

help in better understanding their roles, and thus may prove useful in medical therapy.
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1.4.1 Polyamine sensors for negatively charged carbohydrates

Because of their cationic nature under physiological conditions, polyamines are known 

to bind strongly through ion-pairing to polyanionic biomolecules such as proteins, 

oligonucleic acids and sulfated oligosaccharides such as heparins.73 The pKa’s of each 

amine on putrescine, and spermidine are given in Figure 1-11.74

Spermidine ((pIQ: 10.9,9.8, 8.3)

Figure 1-11. Natural polyamines74 present in animal and plant cells with pKa 

values.75’76

and screened them against sulfated dyes as targets for multivalent ion pairing. These 

dyes were serving as charge models for sulfated biomolecules such as polysulfated 

heparin oligosaccharide78 and therefore might help in the development of ligands and 

sensors for these biologically important carbohydrates (Figure 1-12).79

An example of a polysulfated polysaccharide is heparin (Figure 1-12A). Heparin is 

made80 pharmaceutically as an anticoagulant drug to prevent and treat cardiovascular 

diseases. The sulfated polysaccharide consists of a carbohydrate backbone78'80 made of 

alternating 1,4-linked uronic acid (D-glucuronic acid or L-iduronic acid) and

H2N nh2

Putrescine (pIC,: 10.8,9.6)

Our group (Manku and Hall) optimized the synthesis of split-pool polyamine libraries77
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OH

~0 2C

Figure 1-12. Repeating disaccharide unit79 in (A) heparin and (B) chondroitin sulfate, 

glucosamine residues.

Heparin inhibits78,80 blood coagulation through activation of antithrombin III (ATIII), a 

glycoprotein that physiologically inhibits coagulation. Heparin binding sites, 

commonly observed on the external surfaces of proteins, correspond to shallow pockets 

of positive charges.

Another sulfated carbohydrate (part of the glycosaminoglycans- GAGs), important in 

cell-cell communication, is chondroitin sulfate. It is found localized81 on cell surfaces 

and in the extracellular matrix. Polyamine sensors or reporters for these types of

carbohydrates would help in better understanding their biological functions.
\'

The screening of synthetic polyamines against heparins would also aid in the 

development of receptors and drugs that would suppress cancer-related events.78,80,82 In a 

cell, polyamines assemble82 through a biosynthetic pathway that can be inhibited by
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a-difluoromethylornithine (DFMO). However, cell-surface heparan sulfate proteo

glycans help in the uptake83"86 of extracellular polyamines, thus canceling the cytostatic 

effect of DFMO. It was proposed by Belting and co-workers82 that a combined 

inhibition of heparan sulfate assembly and polyamine synthesis may represent an 

additional strategy for cancer therapy.

1.5 Boronic acid sensors for saccharides

1.5.1 Determination of binding constants

The need for small receptor molecules that bind with high selectivity and affinity with 

biomolecules is greatly felt in diverse areas of medicinal and clinical chemistry. In 

contrast to biopolymers such as polypeptides87,88 (proteins and amino acids) and nucleic 

acids89'90 (DNA and RNA), not much progress has been made in the development of 

receptors for oligosaccharides. This is due to the multiple stereocentres and ability of 

carbohydrates to exist in either furanose or pyranose forms, rendering molecular 

recognition and chemosensory detection9194 of carbohydrates more challenging.

Existing detection methods for saccharides, such as enzyme assays, suffer from 

numerous disadvantages95,96 such as poor stability, heat and pH sensitiviy of the enzyme 

and consumption of substrate during the process. Although less sensitive than protein- 

based biosensors, synthetic chemosensors can be more reliable and stable under a wider 

range of conditions.
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Complex formation between an aromatic boronic acid and different polyols was first 

mentioned in 1957 by Kuivila and co-workers.97 Thence, boronic acids became an

have already been used for the generation of selective transporters98"101 of nucleosides, 

saccharides and nucleotides, and as inhibitors of proteases,102'105 thus affirming their 

relative non-toxicity in the human body. There is a growing interest in developing 

sensitive detection methods involving boronic acids to bind selectively and with high 

affinity to saccharides. Boronic acid saccharide sensors can have numerous 

applications in medicinal therapy, for example in glucose92 detection during the 

diagnosis of diseases such as diabetes. Boronic acid receptors can also be used in 

industry, for monitoring fermentation processes.

example of synthetic sensors93 that could be used with carbohydrates. Boronic acids

B(OH)2

,+

9

Scheme 1.1
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HO,

Scheme 1.2

The main feature of boronic acids as sensors is that they are capable of binding 

reversibly in a covalent fashion to diol functionalities (Scheme 1.1) found in some 

carbohydrate molecules. Both the boronic acid 9 and its ester 11 are considered acids 

because of their Lewis acidic character imparted by the open shell of the boron atom, 

which can accept a lone pair of electrons.

In an aqueous solution, phenylboronic acid can exist in the neutral trigonal planar form 

9 or the tetrahedral anionic form 12 (Scheme 1.2). The equilibrium would be 

determined by the pKa of the acid. Similarly, the boronate ester can exist in the neutral 

trigonal form 11, and the anionic tetrahedral form 13. So, Ka.trig represents the binding 

constant of the boronic acid 9 which forms an ester in its trigonal form, and Ka_tet 

represents the binding constant of the boronic acid when in the tetrahedral form 12. The
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overall binding constant IQ (Scheme 1.2) is more representative of the binding constant 

of the phenylboronic acid to the diol as all the species are represented.

In 1959, Lorand and co-workers106 did an extensive study on the binding constants 

between various diol-containing compounds and phenylboronic acid. Their study 

showed the lowering of the pH when a boronic acid binds to a diol compound in a 

boronic acid buffered solution. The decrease in pH with the increased addition of the 

diols was correlated with the binding constant of phenylboronic acid, termed as pH 

depression method.106 The numbers listed in Table 1.2 reported by Lorand and co

workers106 are very different from the binding constants of other monoboronic acids 

determined later using spectroscopy. The discrepancy was due to an unclear definition 

of the term “binding constants”. The paper reported essentially as it was assumed 

that no neutral boronate ester 11 existed (or was too negligible to be taken into account) 

because of the decreased pKa of the boron upon ester formation. Thus, K ^ g  was 

omitted in the mathematical derivations. Since, equilibrium between boronic acid 9 and 

boronic ester 12 was an acid-base equilibrium, the only unknown was K^.^, assumed to 

be the same as Kg. Experimental results by Wang and co-workers107 proved this 

assumption to be wrong, and the author expected that under experimental conditions, 

the boronic ester 11 constituted about 20-30% of the complexed form.

Other conventional methods for determining binding constants of boronic acids involve 

UB NMR method108-113 and the measurement of intrinsic fluorescence emitted or
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ultraviolet light absorbed by boronic acids when binding to diols. “ B NMR is however 

based on the same concept that addition of a diol to a boronic acid solution would result

Table 1.2 Equilibrium constants for phenylboronic acid-polyol complexes.

Association constants

Polyols
K,, (M 1) by IQ (M 1) by

pH106 depression ARS107 

spectroscopic 

method (pH 7.4)

HO.

”T SC" —  ^H°  OH OH 
D-fructose

4370 160

HO .OH

uCo
H O -X ^A ^vOH

HO
276 15

D-galactose

OH 
< OH

OH
172 13

D-mannose

on

Hh°o' ^ ^ , o h
OH

D-glucose

110 4.6

OH OH

hô y S ^ 0”
OH OH

2275 120

D-mannitol
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in an increased portion of the boron being converted from the trigonal form to the 

anionic tetrahedral form. A significant shift difference can be seen for the neutral form 

of boronic acid at approximately 30 ppm and the anionic form of boronic acid at about 7 

ppm. The mathematical derivation in the llB NMR method is the same as the pH 

depression method and gives the same Ka_tet. For example, the binding constants109 of

boric acid with glucose and galactose were determined using nB NMR method and 

were found to be in the range of 100 M'1, similar to that obtained by pH-depression 

method. However, the UB NMR method suffers from low sensitivity, difficulties with 

peak resolution, and the requirement for high concentration of the boronic acid.

On the other hand, spectroscopic methods are generally more sensitive than NMR or pH 

determination. The binding event needs to trigger a change in the spectroscopic 

properties of the boronic acid component, for example, CD,114-116 absorption117"120 and
OH O

excited state 
proton transfer

S03Na
O

O O—B“
RB(OH)2

S 0 3NaS 03Na

ARS
pink-red and non-fluorescent yellow and fluorescent

O OH

Scheme 1.3
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fluorescence.m 121125 Therefore, this method is limited to boronic acids that change 

their spectroscopic properties sufficiently for their binding constants to be determined 

this way. To circumvent the problem, a competitive dye displacement assay called the 

ARS (Alizarin Red S) assay developed by Springsteen and Wang107 allows the 

determination of binding constants for non-fluorescent boronic acids. In this system 

(Scheme 1.3), two equilibria are present. One of which involves the formation of 

yellow fluorescent complex between the boronic acid and the pink red dye Alizarin Red 

S. Free ARS is non-fluorescent because of the quenching effect of excited state proton 

transfer from the phenol hydroxyl group to the ketone oxygen of ARS (Scheme 1.3). 

The quenching mechanism does not operate under boronate ester formation with the 

ARS dye. On addition of a diol moiety in the form of a carbohydrate, the yellow 

colored fluorescent complex reverts back to the free dye as the boronic acid complexes 

with the added carbohydrate and is removed from the equilibrium. The resultant change 

in color can be observed and the emitted fluorescence or absorbed UV (ultraviolet light) 

can be measured spectrophotochemically. Treatment of the resulting data yields the 

corresponding binding constants between boronic acids and saccharides (Table 1.2), 

which are significantly different from those obtained by pH-depression method. The 

development of the ARS method allows for the first time the sensitive determination of 

IQ beween a boronic acid and a diol regardless of the spectroscopic nature of the 

boronic acid. The relationship between Ka_tet, Ka„ttrig and Ka has also been described in a 

recent report by Springsteen and Wang.107
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1.5.2 Factors affecting the operating pH of boronic acid based sensors

At physiological pH of 7.4, phenylboronic acid (9) (pKa= 8.8)93,106 exists mostly as the 

free acid. To favor the formation of boronate esters, the pH must be increased to at least 

10 units as shown in Scheme 1.4. However, a neutral pH is required for glucose 

measurements in blood. Reducing the pKa of the boronic acid can allow for the use of 

neutral conditions.

Scheme 1.4

This can be achieved by introducing electron-withdrawing groups on the arylboronic 

acid. The presence of electron-withdrawing groups in the aromatic ring result in better 

stabilization of the developing negative charge during boronate ester formation, for 

instance in 3-methoxycarbonyl-5-nitrophenylboronic acid126 15 (pKa = 6.9) (Figure 1- 

13).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

H<X_,OHD OH
-O H

nv^ HN- 
HO- BH )

HO -^O H

0 2N C 02Me
^NHMe2

16

o
15 17 18

pKa = 7.9 pKa = 5.2 pKa = 2.9127 pKa = 4.0

Figure 1-13. Aryl boronic acids with low pKa values.

Another attractive modification of aromatic boronic acids is the incorporation of an 

orf/zo-dialkylaminomethyl substituent as examplified in boronic acids 16 (pK! = 5.2) 

and 17 (pKx = 2.9) (Figure 1-13). This modification was first reported by Wulff.128 The 

very good fructose-selective fluorescent anthracene-based sensor 17 was designed by 

Shinkai and co-workers.92'107121 It was previously demonstrated by Wulff128 that the 

putative B-N dative bond formation depicted in Figure 4-14 decreased the apparent pKa 

of the boronic acid. It was presumed that upon formation of a boronate ester,

OH
I

OH 
" 6 -OH

16 16a

Figure 1-14. Putative B-N dative bond in boronic acid 16.
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the Lewis acidity of the boron is increased, with a resultant increase in B-N dative bond 

strength, hence a shorter bond. Contradictory studies by Wang129 and co-workers have 

shown that the B-N bond is longer for certain boronate esters than for the free boronic 

acid because of the steric strain involved.

The lone pair of electrons on the benzylic amine moiety was known to quench the 

anthracene fluorescence. The large change in fluorescence intensity associated with 

binding of boronic acid 17 with diols was attributed to the strength of the B-N bond, 

through the modulation of the excited state photoinduced electron transfer (PET). Wang 

and co-workers121,129,130 showed increasing evidence (calculated B-N bond strength) of a 

hydrolysis mechanism versus the B-N mechanism whereby the lone pair of electrons is 

tied up by protonation, thus preventing fluorescence quenching through PET.

Moreover, Anslyn and co-workers131 have recently reported that in the presence of 

methanol, a methoxy group coordinates to the boron atom while the nitrogen is 

protonated, giving the complex illustrated in Figure 1-15.

19

Figure 1-15. Representation of complex 19 between catechol and aromatic boronic 

acid (reproduced from reference 131).
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These findings thus weaken the argument of any B-N interaction in the binding of 

carbohydrates.Wang and co-workers121 also discovered other classes of water-soluble 

sugar-binding boronic acids such as 8-quinolineboronic acid13218 (pK, of the boronic 

acid moiety = 4) shown in Figure 1-13. The carbohydrate complexes of the latter exist 

with the boron in the sp3 hybridization state at pH 7.4. These types of very acidic 

boronic acids can give rise to attractive receptors for carbohydrates at the physiological 

pH of 7.4.

1.5.3 Geometry of saccharides bound to boronic acids

Until recently, there was a debate concerning the geometry of monosaccharides bound 

to the arylboronic acids as several reducing carbohydrates can exist in either the five- 

membered furanose form or the six-membered pyranose form.92,133,134

In 1995, Eggert and Norrild134 studied the complex formation between p-tolylboronic 

acid and D-glucose by ‘H and 13C NMR spectroscopy under aqueous and non-aqueous 

conditions and found that glucose binds mostly in its weakly populated furanose form 

(0.14 % in water). Later, in 1996, Norrild and Eggert135 reported the presence of 

different complexes (Scheme 1.4) formed at high pD upon mixing p-tolylboronic acid 

with fructose. 2,3,6 Tridentate complex 20 was found to be the most abundant form in 

the equilibrating mixture of 1:1 boronic acid and fructose mixture (Scheme 1.5, 82 %). 

A small amount of 2,3 exo and endo isomers (21-exo and 21-endo) were present and in 

all cases the fructose was found in the five-membered ring form. With a high ratio of p-
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tolylboronic acid/fructose such as 2:1 and 4:1 (Scheme 1.5), endo/exo isomers of 

bisboronate complex 22 were formed with fructose in its pyranose form.

D-Fructose
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c h 3
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h o - b '_
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Scheme 1.5
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1.5.4 Development of sensors for glycoconjugates

Carbohydrate conjugates such as glycoproteins and glycolipids exist in nature mainly in 

the pyranose form as glycosylation often occurs at the 1- and 4-OH positions of the 

carbohydrate ring. Many of these carbohydrates are on the surface on mammalian cells 

and can serve as cell markers.136 Over-expression of cell-surface carbohydrates such as 

sialyl Lewis X (sLex) is associated with the development of gastro-intestinal, pancreatic 

and breast cancer.137'138 To increase the selectivity towards glycopyranosides, that is 

carbohydrates in the six-membered forms, one of the strategies would be to incorporate 

two boronic acid moieties in the same sensor molecule that would interact with two 

adjacent diol units on the saccharide.139'140

Following 1H NMR studies in methanol, Shinkai and co-workers proposed the structure 

of the complex between the bis-boronic acid and glucose involving the monosaccharide 

in its pyranose form, giving complex 23a (Figure 1-16).127 Norrild and co-workers,141 

however, found that the six-membered cyclic form of glucose (in methanol) isomerized 

to the five-membered ring in the presence of water resulting in stronger binding to the 

receptor within the proposed complex 23b. Syn 1,2-diol units of furanoses are strongly 

preferred to minimize angle strain in the resulting boronic ester When a coplanar 

boronate ester is formed with non-coplanar diols of a glycopyranoside, a highly 

unfavorable conformational change is induced in the puckered sugar ring.97'142
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Figure 1-16. Complex 23a showing glucose binding to a bis-boronic receptor in its

pyranose form and complex 23b showing glucose bound in its furanose form.141

Recently, Drueckhammer and co-workers143 synthesized a rigid bis-boronic acid (Figure

1-17) based on computational design of the best interspatial arrangement of two boronic 

acids for glucopyranose binding. The authors compared the coupling constants of the 

complex 24a (Figure 1-17) with related reference compounds, the pyranose forms and 

the furanose forms of glucose. Fluorescence experiments were also carried out in 33% 

MeOH/aqueous buffer at pH 7.5 to evaluate the affinity of 24 (Figure 1-16) with 

different monosaccharides.

Figure 1-17. Receptor 24 and complex 24a when glucose is bound in the pyranose143 

form.

B'OH

B -O H

OH H OH H

24 24a
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The selectivity and binding constant were found to be higher for glucose in the pyranose 

form. This selectivity was attributed to the tight bidendate glucose-diboronic acid 

complex 24a.Despite these recent successes, there is still an urgent need for a boronic 

acid moiety that is capable of binding to glycosides or carbohydrates in the pyranose 

form, and which can form a carbohydrate complex under aqueous conditions at pH 7.4 

for in vivo applications.

1.6 Thesis goals

Protein-carbohydrate interactions are responsible for a number of biological processes 

in nature, including cellular recognition by organisms such as viruses or bacteria. The 

search for carbohydrate-based therapeutics has motivated the development of 

carbohydrate and glycopeptide libraries. In order to screen carbohydrates as high- 

binding ligands to specific protein receptors, fluorescent labels are the ideal non-lethal 

tools in the detection of positive hits. The aromatic moieties of fluorescent dyes, 

however, tend to display non-specific interactions with the aromatic residues of proteins 

and the solid-support. The first part of the project will be centered on investigating a 

number of known dye molecules that could be covalently attached to the carbohydrate 

ligand. The non-specific effects of these dyes will be studied in a specific carbohydrate- 

protein interaction, in particular, carbohydrate-lectin interactions on a solid support. 

Semi-quantitative studies will be performed to compare the aromatic fluorescent dyes 

and a europium-based l^ e l  covalently bound to the carbohydrate ligands.
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The second part of the thesis will be focused on the screening of polyamine libraries as 

potential receptors for sulfated saccharides. High concentrations of natural 

polyamines74,144 seem to be vital for the growth of cancer cells and their depletion 

represents a strategy for the treatment of cancer. Small-molecule models of sulfated 

carbohydrates such as heparin, an anticoagulant drug, will be synthesized and they will 

be conjugated with fluorescent labels. The libraries of polyamines supported on 

polystyrene beads will be screened against these fluorescently labeled carbohydrates.

The need for small receptor molecules that bind with high selectivity and affinity to 

biomolecules is greatly felt in diverse areas of medicinal and clinical chemistry. The 

objective of the final part of this thesis is on the identification of boronic acid receptors 

and sensors for reducing and non-reducing sugars. At present, the problems 

encountered with current boronic acids are their poor solubility in water and their 

inability to bind to the hexopyranoside units of complex carbohydrates found on cell 

surfaces. Our efforts will focus firstly on a preliminary qualitative screening of the best 

boronic acids that bind to non-reducing sugars, followed by a quantitative determination 

of their binding constants. Then, by performing structural studies, we can attempt to 

better understand their mode of binding and utilize the multivalency effects of two or 

more boronic acids in a sensor to enhance the binding with hexopyranosides of complex 

carbohydrates. \
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Chapter 2 

Investigation of Non-Specific Effects of Fluorescent Tags in the 

Screening of Labeled Carbohydrates Against Immobilized Proteins

2.1 Introduction

Protein binding to cell-surface carbohydrates plays an important role in many biological 

processes including immune response, cancer cell metastasis, inflammation and 

fertilization.1'8 Many parasitic, bacterial and viral pathogens recognize and adhere to a 

host cell’s surface through protein-carbohydrate interactions. Because of the roles of 

protein-carbohydrate interactions in human disease, 9'11 carbohydrate-based therapeutics 

is an intense area of research. Consequently, there has been growing interest in the 

development of carbohydrate and glycopeptide libraries.12'16 The use of biphasic assays 

based on the binding of soluble, tagged ligands to an immobilized protein target is a 

popular approach. However, the problem of nonspecific interactions between the 

labeled ligand and the solid support or the receptor often makes the screening process 

troublesome, especially with fluorescently labeled substrates that have charged or 

hydrophobic functional groups that would induce false positive results. Yet, 

fluorescence labeling of carbohydrates is still an attractive recourse in the visualization 

of oligosaccharides17,18 during purification19'21 processes or the monitoring of a substrate 

for an enzyme.22
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Fluorescent labels have proved to be useful tools as they have specific wavelengths of 

emission and they enable the monitoring of extremely low concentrations of the 

chemical species. This approach avoids the recourse to hazardous radioactive tags, 

another tool frequently used in biological screening studies.

Unfortunately, most organic dyes embed several aromatic rings that can induce weak 

‘non-specific’ interactions with aromatic units of the protein receptors. Consequently, 

positive hits are hard to distinguish in a definite way from negative ones, especially at 

high concentrations of the fluorescent species.

Therefore, we wanted to describe a semi-quantitative study comparing the non-specific 

interactions of carbohydrates conjugated with aromatic fluorophores23'26 and 

carbohydrates labeled with a fluorescent non-aromatic europium chelate27'29 (Figure 2-1) 

with solid-supported lectins. This model study, described conceptually in Figure 2-2, 

can be of use not only to the field of carbohydrate chemistry but also in the screening of 

other molecules.

Our biphasic screening model consisted of two different lectins immobilized on agarose 

beads, namely PNA9 lectin from peanuts (Arachis hypogaea) and Con A lectin from 

jackbean (Canavalia ensiformis). These lectins were chosen because of their 

commercial availability, low cost, and strong binding affinities10'11 (with a range of 107 

-108 M'1) to saccharides (Table 1). The solid support chosen for this study is beaded 

agarose, which is compatible with water, the ideal biologically relevant solvent for
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reactions involving deprotected carbohydrates. Thus, results with agarose can serve 

as a useful guide for other water-compatible supports such as Tentagel resins or aqueous 

biphasic assays such as ELISA.

O

'C -O -J j  

O
HOOC

FITC

Q,

TAMRA
NMe2

NH(CH2)5C -0 -N  

;N

NBD

0~

CT

Europium chelate

Figure 2-1. Dye reagents used as labels for model carbohydrate molecules and the 

europium chelate that could be conjugated to a carbohydrate moiety.
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(b)

Figure 2-2. (a) Favorable interaction between an agarose-supported lectin and a 

labeled disaccharide, (b) Unfavorable ‘nonspecific’ interactions between an agarose- 

supported lectin and a labeled disaccharide.

Table 2.1 Natural ligands for agarose supported lectins.

Lectins Substrates Binding constants 
M'1

Con A30 Glycopeptide containing 3,6-di-O-a-D- 
mannopyranosyl-a-D-mannopyranoside

2.38 x 107

PNA31 T-antigen 1 xlO7

Therefore, based on the values of binding constants30,31 found in the literature, the 

chosen ligand for Con \  lectin was 3,6-di-O-a-D-mannopyranosyl-a-D-mannopyran- 

oside, with a 2-aminoethyI group to conjugate the fluorescent label and 2-aminoethyl 

((3-D-galactopyranosyl)-(l-^3)-2-acetamido-2-deoxy-a-D-galactopyranoside having the
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core structure of the T-antigen (disaccharide |3-Gal-(l-»3)-a-D-Gal-NAc O-linked to 

serine or threonine) was the ligand of choice for PNA lectin.

2.2 Synthesis of unlabeled ligand for Con A lectin

2.2.1 Retrosynthetic analysis of a  ligand for Con A lectin

The ligand for Con A lectin would be 2-aminoethyl 3,6-di-O-a-D-mannopyranosyl-cx-D- 

mannopyranoside 1. The trisaccharide unit, being part of the high mannose type of N- 

linked glycoproteins, is of great biological importance and has been synthesized by a 

number of research groups. The groups of Furneaux,32 Ogawa,33 Roy34 and Krepinsky35 

synthesized the trisaccharide core of 1 by consecutive addition of 2,3,4,6-tetra-O- 

acetyl-a-D-mannopyranosyl bromide 4 (Scheme 2.1) at the 3- and 6-positions of the 

glycosyl acceptor. Other synthetic approaches used would involve a 2,4-di-O-protection 

in the glycosyl acceptor. The most frequently used method involves tin activation 

followed by allylation to give the 3,6-di-O-allyl compound, which was benzylated. 

Subsequent removal of the allyl groups gave the required 2,4-di-O-benzyl derivative.36,37

In our case, we chose to introduce two mannose rings at the same time within a 2,4 di

protected monosaccharide acceptor. The retrosynthetic analysis (Scheme 2.1) was 

based on the synthesis of the core 3,6-di-O-a-D-mannopyranosyl-a-D-mannopyranose 

developed by Oscarson and Tiden,38 using a different aglycon in 3. Oscarson’s 

approach involved di-ortho esters, which would open regioselectively to give the 

required protection pattern, that is, 2,4-di-O-benzoyl derivative.
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In the double glycosylation of the diprotected monosaccharide 3, the 1,2 trans 

relationship between the 1-Br and 2-OBz in 4 will dictate the stereoselectivity at the 

anomeric centre. The axial orientation of the 2-OBz would allow the carbonyl oxygen 

to donate one of its lone pairs to stabilize the carbocation as the bromide is being 

abstracted.35 This neighboring group participation also facilitates the stereoselective 

nucleophilic attack from the bottom face of the molecule, thus allowing access to the

x v ^ n h 2

1 2

OH BzO

+

Br
3 4

OH

HO
H'_

D-mannose

Scheme 2.1
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desired a-glycoside. Both building blocks would be derived from D-mannose. The 

aglycon containing a terminal amine was required to attach the fluorescent label to the 

carbohydrate molecule. The amine was formed by reduction of an azide group. The 

alternative aglycon would be one bearing a halogen group that could be displaced by 

nucleophilic azide anions.

NaN3, NaOH,
^  ^Br 3 days,rt .N ,

Scheme 2.2

The aglycon 539'41 was obtained in 61% yield, by reaction of azide ions with the epoxide 

intermediate formed in situ. The azide compound 5 was used without any purification 

as the *H NMR analysis provided a clean spectrum39 and it was reported that heating of 

low-molecular weight azides41 during distillation may result in explosions.

2.2.2 Synthesis of 2-azidoethyl-a-D-mannopyranoside (3)

The first step in the synthesis of 2-azidoethyl a-D-mannopyranoside (Scheme 2.3) was 

the acetylation of D-mannose with acetic anhydride and pyridine, resulting in the per- 

acetylated mannose 642,43 present as a 3:1 mixture of a  and (3 anomers. The anomeric 

conformation of l,2,3,4,6-penta-0-acetyl-a,(3-D-mannopyranoside was assigned based 

on the C-H coupling constants of the anomeric carbon: 178 Hz for the a-anomer and
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9

Scheme 2.3 Reagents and conditions: (a) 33% HBr in glacial acetic acid, quantitative 

yield ; (b) AgOTf, 2,4,6-collidine, HOCH2CH2N3, dry DCM, -20 °C to r t , 84%; (c) 0.1 

M NaOMe, MeOH, rt, quantitative yield.

164 Hz for the P-anomer. The anomer mixture 6 was then converted to a suitable 

glycosyl donor, the bromide 7,43 in quantitative yield using 33% HBr in acetic acid.

1.2.3.4.6-Penta-O-acetyl-a-D-mannopyranosyl bromide 7 would then be reacted with 2- 

azidoethanol (5), under Lewis acid conditions with silver triflate44’45 and 2,4,6-collidine. 

It was found that silver triflate as a Lewis acid increased the yield of 2-azidoethyl

2.3.4.6-tetra-O-acetyl-a-D-mannopyranoside 8 to 84% compared to 42% as obtained by 

Chernyak and co-workers39 under boron trifluoride etherate conditions at 0 °C (Scheme 

2.3). De-acetylation of 8 w ith 0.1 M NaOMe afforded pure 2-azidoethyl a-D- 

mannopyranoside 9. In the ‘H NMR spectrum of 9, H-l occurred at 64.81 ppm.
V .

Moreover, from the coupled HMQC spectrum, the coupling constant of H-l with the 

anomeric C-H was determined to be 169 Hz, indicative of an a-anom er in 

mannopyranoside 9. With the aglycon installed, 2,4 protection of the hydroxyl groups 

in 9 was achieved by the formation of an intermediate, 2,3: 4,6-di-O-ethoxybenzylidene
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derivative of the 2-azidoethyl a-D-mannopyranoside using triethyl orthobenzoate and a 

camphor-sulfonic acid-trifluoroacetic acid mixture in dry acetonitrile. It was reported 

by Oscarson and Tiden39 that addition of trifluoroacetic acid as a catalyst followed by 

evaporation forced the reaction to go to completion. These orthoesters (Scheme 2.4) 

were not isolated but they were made to open by treatment with aqueous trifluoroacetic 

acid. According to Lemieux and Driguez,46 the 2,3-ortho ester should open up 

regiospecifically to the 2-0-acyl derivative, whereas the 4,6-ortho ester should give a 

mixture of the 2,4- and the 2,6-di-O-benzoyl derivatives, the relative amount being 

difficult to predict.47 Opening of the di(ortho ester) compounds gave a mixture of 2,4- 

and 2,6-di-0-benzoyl derivatives. In our case, the 2,4 dibenzoyl derivative 3 was 

obtained with a yield of 41% and the 2,6 dibenzoyl derivative 11 was afforded with a 

yield of 48% (Scheme 2.4).

Scheme 2.4 Reagents and conditions: (i) C6H5C(OCH2CH3)3, CSA, TFA, rt, 1 h, (ii) 

aqueous TFA, rt, 30 min.

OCH2CH3

o c h 2c h 3
Ph'

10
OH OR7

\ 3 (4 1 %) 11(48% )
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2.2.3 Synthesis of 2-aminoethyl 3,6-di-O-a-D-mannopyranosyl-a-D-manno- 

pyranoside (1)

To synthesize the donor 2,3,4,6-tetra-O-benzoyl-a-D-mannopyranosyl bromide 4, the 

perbenzoylated mannose48 was made to react with 33% HBr in acetic acid at a low 

temperature of 0 °C.

oh Bzo

D-mannose 12

Scheme 2.5 Reagents and conditions: (a) BzCl, pyridine, DCM, 0°C, 2 h, quantitative 

yield; (b) HBr, DCM, 0 °C, 45 min, quantitative yield.

The protected trimannose trisaccharide was obtained38 (Scheme 2.6) by silver-triflate- 

promoted couplings between 2,3,4,6-tetra-O-benzoyl-a-D-mannopyranosyl bromide 4 

and 2-azidoethyl 2,4-di-O-benzoyl-a-D-mannopyranoside 3 in dry dichloromethane at 

0 °C. After purification, the trisaccharide 2 was obtained in 67% yield in one step. The 

values of C-H coupling (173 Hz) of the anomeric protons obtained from the HMQC- 

coupled spectrum proved that all the mannose rings were in the a-configuration. The a  

glycosidic linkages (1-7*3) and (1-^*6) relationship in the trisaccharide 2 were clearly 

seen in the HMBC spectrum. Mass spectrum also confirmed the molecular structure of 

the protected trisaccharide.
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Scheme 2.6 Reagents and conditions: (a) AgOTf, DCM, 0°C, lh, 67%; (b) (i) 

NaOMe, MeOH, rt, 6 h, (ii) H2/Pd, rt, 24 h, 89%.

The final steps towards the synthesis of 2-aminoethyl 3,6-di-O-a-D-mannopyranosyl-a- 

D-mannopyranoside 1 consisted of the debenzoylation and hydrogenation of the 

trisaccharide 2 at room temperature, resulting in a yield of 89% after work-up. The ‘H 

and 13C NMR spectra of the amine 1 were consistent with the structure of the 

unprotected trisaccharide, which was further confirmed by the high resolution mass 

spectrum.
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2.3 Synthesis of unlabeled ligand for PNA lectin

2.3.1 Retrosynthetic analysis of a ligand for PNA lectin

The unlabeled ligand of choice for PNA lectin was 2-aminoethyl ((J-D-galactopyrano- 

syl)-(l-»3)-2-acetamido-2-deoxy-a-D-galactopyranoside 13. The monosaccharides 

from which the disaccharide would be synthesized were donor 15 and acceptor 16 

(Scheme 2.7).

Ph

AcO
AcO AcHN

O'14

HO .OH

HO
HO AcHN NH.O13

Ph

HO
AcHN

O'
15

AcO .OAc

uL o
A cO -\«—

AcO f
Br

16

HO .OH

H O ~ \^ - ^ ~ O H  
+NH3CI

D-Galactosamine
hydrochloride

HO .OH

UC-O
OH

D-Galactose

Scheme 2.7 Retrosynthetic analysis of the disaccharide ligand for lectin PNA.
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The a-linkage49 in 15 resulted from the steric effect of the benzylidene ring, which 

hindered the approach of 2-azidoethanol from the top face resulting in the a-glycoside 

being the major product. N-galactosamine hydrochloride and D-galactose were the 

starting reagents.

2.3.2 Synthesis of 2-azidoethyl 2-acetamido-2-deoxy-4,6-0-benzylidene-a-D- 

galactopyranoside (15)

The use of N-acetylgalactosamine for the synthesis of a-N-acetylgalactosaminides was 

made difficult due to the collapse of the donor during glycosylation reactions to the 

bicyclic oxazoline derivatives.50

17

Figure 2-3 Oxazoline derivative 17.

Other research groups such as those of Paulsen51 and Lemieux52 performed 

glycosylation reactions using the 2-azido precursor, hence avoiding the interference of 

the 2-acetamido group with the anomeric carbon during the glycosidic bond formation. 

Koganty and Qiu49 also found out that 4,6-0-benzylidenyl-iV-acetylgalactosamine could 

be converted to a suitable acceptor. The latter would react with an alcohol, including 

serine and threonine, forming a-glycosides in moderate to high yields depending on the 

reactivity of the acceptor. We therefore based our synthesis on Koganty’s
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methodology,49 which minimized the number of protecting steps while carrying out the 

glycosylation reaction with the acetamido group at the 2-position.

In Scheme 2 .8 ,2-acetamido-2-deoxy-l,3,4,6-tetra-0-acetyl-|3-D-galactopyranoside 1853 

was prepared in good yield (90%) from acetylating D-galactosamine with acetic 

anhydride and pyridine at room temperature. By performing a deacetylation on 18 with 

NaOMe, GalNac 1954,S5 was obtained with the 4- and 6-hydroxyls free to form a

Ph

NHAc NHAc AcHN

H N = ^  AcHN 
CCI3

AcHN

21 22 15

Scheme 2.8 Reagents and conditions: (a) NaOMe, MeOH, rt, 30 min, 99%; (b) 

PhCH(OMe)2, CSA, CH3CN, rt, 24h, 84%; (c) C13CCN, DBU, DCM, -20 °C, 1 h, 90%; 

(d) HOCH2CH2N3, BFg.OEtj, molecular sieves (3A), -20 °C, 20 min, 61%; (e) 80% 

CH3COOH in H20 , rt, 45 min, 95%.

benzylidene ring with benzaldehyde dimethyl acetal in the presence of camphor sulfonic 

acid at room temperature. It was important to introduce a benzylidene ring in the 

monosaccharide so that the a-anomer was favored when the glycosidation was done
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with 2-azidoethanol. 49 Two trichloroacetimidate groups were then introduced by 

reacting 20 with trichloroacetonitrile49,56 in the presence of DBU as a base at -20  °C. 

The trichloroacetimidate group at the anomeric position served as a donor and the one at 

the 3-position fulfilled the role of a protecting group. This strategy served as a good 

way to generate (l-*3) linkages49 in linear oligosaccharides by reducing the number of 

protection/deprotection steps. In the *H NMR spectrum of 21, peaks of the NH of the 

trichloroacetimidate groups were found at 8 8.73 ppm and 8.47 ppm and in the 13C APT 

spectrum, quartenary carbons (C=N) at 8 163.21 and 160.30 ppm were present. The 

mass spectrum also confirmed the structure of 21.

Glycosylation of 21 was carried under Lewis acid conditions (boron trifluoride etherate) 

with 2-azido ethanol at -20 °C. The reaction was carefully monitored by TLC as the 

second trichloroacetimidate group has a tendency to get cleaved if the mixture was left 

for a longer period of time. After purification of the residue, 2-azidoethyl 2-acetamido- 

2-deoxy-4,6-O-benzylidene-3-0-trichloroacetimidato-a-D-galactopyranoside 22 was 

obtained in a reasonable yield of 61%. In the 'H NMR spectrum, the proton at the 

anomeric position appeared at 8 5.06 ppm with a coupling constant of 3.5 Hz with H-2. 

Moreover, since the coupling constant (C-H) of the anomeric carbon was 173 Hz, an a  

linkage was confirmed. To obtain the glycosyl donor 15, the trichloroacetamidate was 

removed with 80% acetic acid to give the 2-azidoethyl 2-acetamido-2-deoxy-4,6-0- 

benzylidene-a-D-galactopyranoside with a yield of 95%. Absence of the 

trichloroacetimidate proton in the region 8-9 ppm confirmed the structure of 15.
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2.3.3 Synthesis of 2-azidoethyl (2,3,4,6-tetra-0-acetyI-p-D-galactopyranosyI)-

(l-*3)-2-acetamido-2-deoxy-4,6-0-benzylidene-a-D-galactopyranoside (14)

Conversion of 15 into an analogue of the T antigen required regioselective [3- 

galactosylation of 3-hydroxyl. The formation of a (3-galactosidic bond in derivatives of 

T-antigen is usually performed by employing derivatives of iV-acetylgalactosamine as 

glycosyl acceptors, in which the acetamido group is masked as an azido group.57 In 

comparison to the acetamido group, the azido group reduces steric hindrance for 

glycosylation at the adjacent 3-hydroxyl and increases the nucleophilicity of this 

hydroxyl group by avoiding an unfavorable hydrogen-bonding pattern (Figure 2-4).58,59

Figure 2-4. Unfavorable H-bond that reduces the nucleophilicity of the adjacent 

hydroxyl group.

In our case, since acceptor 15 was used, special glycosylation conditions were to be 

used. Different glycosyl donors were investigated with either a bromide or an imidate 

group as a leaving group. Tetra-O-acetyl galactopyranosyl bromide 23,60 synthesized 

from penta-0-acetyl-a,|3-D-galactopyranoside, was reacted61 with 15 at different 

temperatures (-25, -10, 0, 25 °C) using silver triflate as Lewis acid in different solvents 

such as dichloromethane and acetonitrile (Figure 2.9). Under these conditions, no

Ph

o
15
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AcHN

AcHN

R = Ac, 23 
R = Bz, 24

R = Ac, 16 
R = Bz, 25

R = Ac, 14 
R = Bz, 26

Scheme 2.9 Reagents and conditions: (a) 33% HBr/acetic acid, pyridine, DCM, 0 °C 

to rt, 1-2 h; (b) AgOTf, DCM or CH3CN, -25 to 25 °C, 1 h-24 h.

product was formed; in some cases, the a-linked disaccharide was observed in the crude 

mixture. The latter consisted mostly of the hydrolysed donor and the starting material 

15 after purification by column chromatography.

When the same reaction conditions were tried on the benzoyl bromide derivative 25,62 

prepared from perbenzolylated galactopyranoside 24,63 no product 26 was observed 

(Scheme 2.9). Other glycosyl donors were then investigated, with the imidate group as 

the leaving group. The hemiacetal 21M was prepared by removal of the anomeric 

acetate group from commercially available l,2,3,4,6-penta-0-acetyl-a,|3-D - 

galactopyranoside by reaction with hydrazine sulfate at 50 °C, resulting in a satisfactory 

yield of 92% (Scheme 2.10). The imidate group was then introduced65 at the anomeric 

position by treating hemiacetal 27 with sodium and trichloroacetonitrile at room 

temperature.
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23 27 28

Scheme 2.10 Reagents and conditions: (a) NH2NH2.HOAc, DMF, 50 °C, 20 min, 92%; 

(b) Na, DCM, C13CCN, rt, 2 h, 73%.

0-(2,3,4,6-Tetra-0-acetyl-galactopyranosyl)trichloroacetimidate 28 was then obtained 

as the a-anom er with a yield of 32% and the {3-anomer was obtained with a yield of 

41%. However, both the a  and |3 forms of 28 did not react with acceptor 15 under 

different Lewis acid conditions of silver triflate or boron trifluoride etherate in dry 

dichloromethane. Different temperature conditions ranging from -20 °C to room 

temperature were employed but no (3-glycosidic bond was formed.

The acetate groups were then substituted by benzoate groups (Scheme 2.11) to give the 

alternate glycosyl acceptor 30. 1,2,3,4,6-Penta-O-benzoyl-a-D-galactopyranoside 24 

was converted into the bromide derivative which was then hydrolysed in the presence of 

silver carbonate at room temperature to afford the hemiacetal 3062 in 96% yield. The 

imidate derivative 30 was then formed, with a yield of 42%, by reacting compound 2962 

with trichloroacetonitrile and l,8-diazabicyclo[5.4.0]undec-7-ene at room temperature.
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Scheme 2.11 Reagents and conditions: (a) (i) 33% HBr/acetic acid, 0 °C to rt, 2 h, 

96%, (ii) AgC03, 4:1 acetone/water, rt, 30 min, quantitative; (b) CC13CN, DBU, 

CH2C12,0 °C , 30 min, 47%.

When glycosylation was done with the protected monosaccharide 15 and the benzoyl

trimethyl silyl triflate as the Lewis acid,66 no disaccharide was obtained. The reaction 

mixture gave rise to mostly unreacted starting material and hemiacetal 29 , the 

hydrolysis product of 30.

It was therefore deduced that the low nucleophilicity of the 3-hydroxyl in the acceptor 

15 and the steric hindrance caused by the acetamido group prevented the formation of 

the disaccharide at low temperatures and room temperature conditions. The different 

functional groups in the glycosyl donors and different leaving groups did not favor the 

glycosylation reaction. Alternative reaction conditions had to be found that would force 

the poorly nucleophilic glycosyl donor 15 to react.

imidate 30 under different temperature conditions (-25 °C and rt) in the presence of
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2.3.4 Successful synthesis of 2-aminoethyl (0-D-gaIactopyranosyl)-(l-»3)-2- 

acctamido-2-deoxy-a-D-galactopyranosidc (13)

Using modified glycosylation conditions from Lemieux and Tiden,67 where toluene was 

used as the solvent and mercury (II) cyanide as the Lewis acid at a temperature of 

70 °C, the disaccharide 14 was finally obtained in 92% yield (Scheme 2.12). Care had 

to be taken to ensure dry reaction conditions by using molecular sieves (4A) or 

anhydrous calcium sulfate, otherwise the glycosyl donor was hydrolysed to the 

hemiacetal. In the protected disaccharide, the new glycosidic bond formed was the 0 

linkage as seen by the chemical shift 6 at 4.74 ppm as well as by the coupling constant 

of H -l’ with H-2’, which is of the magnitude 8.0 Hz typical of two axial protons. The (3

AcHN

AcHN

23 14

ACn  OAc

AcHN

HO .OH H n OH

AcHN

HO „OH

AcO C HO

31 13

Scheme 2.12 Reagents and conditions: (a) Hg(CN)2, molecular sieves (4A), 

CH3N 02:toluene (1:1), 70 °C, 4-6 h, 92%; (b) 80% AcOH, 50 °C, 2 h, 67%; (c)

(i) NaOMe, MeOH, rt, 6 h, 96%, (ii) H2/Pd, rt, 18 h, quantitative.
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linkage was also confirmed by the C-H coupling constant of the anomeric carbon (161 

Hz), in the coupled HMQC specrum. High resolution mass spectrum analysis also 

confirmed the formula of the disaccharide 14.

The benzylidene ring was then removed by heating disaccharide 14 with 80% acetic 

acid66 to give compound 31 with the 4,6-hydroxyls free. The HMBC spectrum showed 

distinct correlations between C-3 of the a-linked galactopyranoside and H -l’ of the fl

unked galactopyranoside, confirmed by the correlations between C - l’ and H-3. A |3 

(l-»3) linkage was thus confirmed in the disaccharide 31.

The ligand 13 for PNA lectin was obtained in 96% yield after two successive 

deprotection steps, that is, de-acetylation and catalytic hydrogenolysis of the 

intermediate on Pd/C in methanol at room temperature. Mass spectrum analysis again 

confirmed the formula of the disaccharide and the l-*3  linkage was also observed in 

the HMBC spectrum of the intermediate before the catalytic hydrogenolysis step.

2.4 Conjugation of saccharides with fluorescent labels

2.4.1 Conjugation of the saccharides with aromatic fluorescent dyes 

Considerable progress had been made in finding ideal conditions68 for the conjugation 

of fluorescent molecules, also called reporter molecules, with biopolymers such as 

proteins and DNA. These methods serve as an important tool in cell biology and 

immunology. Thus, we thought of adapting these conditions for conjugating26 aromatic
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fluorescent dye molecules to the ethyl amino group of the carbohydrates (1 and 13, 

Scheme 2.13). The labeled carbohydrates would serve as ligands for the agarose 

supported lectins.

<°0Hh

OH
HO;

R =

HO
HO-

. OH 
OH

NH-1
OR

HO ,OHHO ,OH

AcHN

13
NH-

Labeling conditions:
0.19 M NaH0O3, pH 8.5

COOH

NH

HO 1-FITC (69%)

COO"

oII

.o

13-FITC (quant.)

R

1-TAMRA (27%) 
13-TAMRA (46%)

NH(CH2)5C-R

p 0 >
no2

1-NBD (quant.) 
13-NBD (92%)

Scheme 2.13

Under basic buffer conditions at pH 8.5 in water, the amine groups reacted through 

thiourea and amide bond formation to give the desired conjugates, which were purified 

on C-18 columns and lyophilized. The formulae of the conjugates were confirmed by 

the number of aromatic protons present in each conjugate and also by high resolution 

mass spectrum analysis.
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2.4.2 Labeling of agarose-lectin ligands with europium chelates

Europium chelates are viable alternatives to radioisotopes,69'70 especially, since the 

sensitivity of europium detection can be increased under conditions of dissociation 

enhancement.71

Commercially available europium labels28 are generally hydrophobic because of the 

aromatic rings present. However, these are not suitable for labeling small hydrophilic 

compounds such as glycopeptides, often preferable for glycobiological studies. These 

reagents increase the hydrophobicity of glycopeptides and cause undesirable 

nonspecific binding to proteins, glassware, or plasticware.

Therefore, we wanted to synthesize a non-aromatic label, that is a europium chelate, by 

reacting the amine of the linker arm present in the carbohydrate ligands to the anhydride 

derivative of diethylenetriaminepentaacetic acid dianhydride28 (DTPAa). The resulting 

carboxylate will then be made to react with a europium salt under aqueous conditions 

(Scheme 2.14). Purification of the europium-labeled carbohydrates was accomplished 

with Sephadex G-15 columns. The trisaccharide europium derivative 32 was obtained 

in 10% yield and the disaccharide europium salt 33 was obtained with a yield of 12%. 

The hydrolysis of the anhydride before the reaction with the amino group of 1 and 13 

could account for the low yields of the amides.
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Scheme 2.14

The diethylenetriaminepentaacetate (DTPA) derivatives of the carbohydrates are 

weakly fluorescent and therefore, a DELFIA (Dissocation Enhanced Lanthanide 

FluoroImmunoAssay) reagent71 (trioctylphosphine oxide, 2-naphthoyltrifluoroacetone, 

Triton X-100) was used to dissociate the europium from the labeled compound and 

form a highly luminescent Eu3+ chelate (Figure 2-5). The aromatic chelates (Figure 2-5) 

can act as antenna molecules to absorb light and transfer excitation energy to lanthanide 

ions, which significantly increases the luminescence of lanthanides.72
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Figure 2-5. Highly luminescent chelate formed by the DELFIA technique.

2.5 Investigation of non-specificity of aromatic fluorescent labeling on solid

2.5.1 Study of agarose-supported lectins with labeled carbohydrates

In order to investigate non-covalent interactions between the labeled carbohydrates and 

the agarose-supported lectins, we first needed to effect covalent attachment of the 

aromatic dyes to oo-aminobutyl-agarose beads by amide or thiourea bond formation 

(Scheme 2.15). This control study was also performed to ascertain that fluorescent 

beads would be seen and that agarose would not quench any fluorescence under the 

aqueous medium used.

The results were satisfactory. Agarose beads were not fluorescent on their own and 

agarose beads were conjugated with the labeling dyes under basic conditions (Scheme 

2.15). After a number of washing times in a phosphate buffered solution, the labeled 

beads were seen to be fluorescent under the epifluorescent microscope for a certain 

amount of time.

phase
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pH 8.5, aq. NaHC03

0.1-10 equivalents of 
labelling reagent,  FITC

 TAMRA

N NBD

Scheme 2.15

Then, the existence of non-covalent interactions between the solid-supported lectins and 

fluorescent carbohydrates was investigated. Both negative and positive control 

experiments were planned. In the case of the PNA lectin, no binding should take place 

with the labeled trisaccharides of 1 (Con A ligand), hence the latter was the negative 

control. Whereas for Con A lectin, the conjugated disaccharides of 13 (PNA ligand) 

were used in the negative control assays.

To investigate the lowest concentration of the labeled carbohydrate for fluorescence to 

be detected in the confocal microscope, the lectins supported on agarose beads were 

incubated with different concentrations (1 x 10'7-1 x 10 5 M) of the labeled saccharides 

in both the positive and negative controls. However, for a relative comparison between
v ' -

beads from different fluorescent dyes having different molar absorptivities, 10' M was 

the lowest concentration of dye used. After washing the beads with a fixed volume of 

buffer solution to remove any unbound conjugated carbohydrate, the average intensity 

of a lectin bead in the sample was taken from a plot of pixel intensity versus diameter of
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the bead (Figure 2-6). This was repeated for three different beads of the same size (200- 

250 pim) in the sample, thus giving an average of the bead intensity in the sample 

(Tables 2.3 and 2.4).

co ms

■
/

-r n  '< * i""
100 150 200 250

m

Figure 2-6 Average pixel intensity of 8-bit images (0-255) versus the distance in 

pM across the bead (the example shown is a Con A-agarose bead incubated with 10‘4 M 

of the labeled trisaccharide (1-TAMRA).

Table 2.2 Parameters used in laser scanning confocal microscopy.

Dyes

Excitation wavelengths 
(nm) Pinhole (pm)

Con A PNA
FITC 500-535 70.82 75.26

TAMRA 553-596 107.00 56.70a

NBD 559-634 70.82a 70.82a

a a different beam had to be used, of higher intensity with six times the standard 

expansion.
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Due to the different intensities of emission of the dyes and to avoid the problem of 

saturation of the pictures at higher fluorescence, different settings had to be chosen for 

the differently labeled glycosides bound to the agarose-supported lectins (Table 2.2). 

Agarose-supported PNA lectins were less fluorescent than agarose-supported Con A 

lectins. Morever, as discussed in Chapter 1 and indicated in Table 1.1. the large molar 

extinction coefficients of fluorescein in F1TC and rhodamine in TAMRA dye require a 

lower beam intensity than NBD dye.

The tables (Tables 2.3 and 2.4) show the comparison of the positive and negative 

controls of the three dyes for both PNA and Con A lectins. As shown with its high 

level of background fluorescence in the negative controls, TAMRA displayed the 

greatest level of nonspecific interactions. However, compared to FITC and TAMRA 

dyes, NBD labeled carbohydrates showed by far the lowest level of nonspecific 

interactions as demonstrated by the absence of fluorescence in the negative controls for 

both lectins (Figure 2-7).
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Table 2.3 Average intensities3 of the agarose-supported Con A beads treated with 

different concentrations of labeled saccharides 1 and 13.

Cone, of 
labeled 

saccharides 
(10 5 M)

Pixel intensity of beads (units)

FITC TAMRA NBD

+ control 
1-FITC

- control 
13-FITC

+ control 
1-TAMRA

- control 
13-TAMRA

+ control 
1-NBD

- control 
13-NBD

10 222 30 204 152 175 0

5 129 23 104 139 46 0

1 116 0 98 43 22 0

3 Experimental errors are in the range of 5-20%.

Table 2.4 Average intensities3 of the agarose-supported PNA beads treated with 

different concentrations of labeled saccharides 1 and 13.

Cone, of 
labeled 

saccharides 
(105 M)

Pixel intensity of beads (units)

FITC TAMRA NBD

+ control 
13-FITC

- control 
1-FITC

+ control 
13-TAMRA

- control + control - 
1-TAMRA 13-NBD

control
1-NBD

10 250 45 236 81 106 0

5 48 0 105 79 13 0

1 10 0 57 75 8 0

3 Experimental errors are in the range of 3-20%.
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(a) (b)

(c) (d)

Figure 2-7. Fluorescence of the PNA-agarose beads treated with (a) + control in 1.0 

x 10'5 M TAMRA-labeled disaccharide 13-TAMRA, (b) -  control in 1.0 x 10'5 M 

TAMRA-labeled trisaccharide 1-TAMRA, (c) + control in 1.0 x 10'5 M NBD-labeled 

disaccharide 13-NBD, (d) -  control in 1.0 x 10'5 M NBD-labeled trisaccharide 1-NBD.

2.5.2 Binding studies of agarose-lectins with NBD-labeled carbohydrates

To confirm the usefulness of the NBD dye for monitoring interactions between 

carbohydrates and proteins, the dye-labeled glycosides (1 x 10'4 M) were incubated with 

the agarose-supported lectins PNA and Con A. The beads became bright fluorescent 

yellow. The beads were then washed with equal volumes of buffer (PBS for PNA lectin 

and Tris buffer for Con A lectin) after equal intervals of times until the yellow color 

was completely washed out (Table 2.5). For the PNA lectin incubated with the NBD- 

labeled disaccharide, 165 seconds were required for complete washing compared to 405
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seconds in the case of the Con A lectin incubated with the NBD-labeled trisaccharide. 

This result agrees with the above mentioned literature values of binding constants 

reported for the different lectins (c.f., Table 2.1).

Table 2.5 Qualitative study of binding strength of lectins towards NBD-labeled

saccharides (1-NBD with ConA and 13-NBD with PNA).

Time taken to 
wash beads (s)

Volume of 
buffer (mL)

Lectins (pixel intensity of bead)

PNA ConA
15 0.25 163 209
45 0.5 55 169
105 1.0 22 96
165 1.0 0 47
225 1.0 0 24
285 1.0 0 14
345 1.0 0 5
405 1.0 0 0

Therefore, the NBD dye proved to be a labeling reagent that could be used in the 

screening of glycoconjugate libraries that would involve the minimum amount of non

specific interactions, and positive hits could be. distinguished clearly from negative 

ones. The small size of the NBD dye compared to FITC and TAMRA surely 

contributes to this characteristic. The sensitive nature of NBD dye to its environment 

can also account for fluorescence quenching when NBD-labeled saccharides are 

surrounded by lectins. This could result in negligible fluorescence in negative controls.
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2.6 Study of europium-labeled carbohydrates with agarose-supported lectins

2.6.1 Qualitative on-bead assays

The same experiments were performed with agarose-supported PNA lectin (20 pL) and 

europium-labeled disaccharide (O.lmM) in the positive control and europium labeled 

trisaccharide (0.1 mM) in the negative control (illustrated in Figure 2-8). After washing 

away the dye solutions with the appropriate buffer for the respective lectins, the 

enhancement solution DELFTA reagent, was added and after five minutes the agarose- 

supported PNA beads were observed under the epifluorescent microscope. Because the 

europium was dissociated from the carbohydrates immobilized non-covalently to the 

agarose-supported lectin and was forming a red fluorescent complex with the Delfia 

reagent, the red color was seen on the beads only for a short time and was diffusing 

away from the beads. It was thus difficult to localize the red spots on the beads as the 

solution was quickly becoming red.

Different solvents (propanol, tetrahydrofuran, isonitrile, dimethylsulfoxide, 

dimethylformamide, methanol, dichloromethane and monoglyme) were tested so as to 

precipitate the europium complex in the beads. Hence, localization and visualization of 

the red spots would become more definite. Unfortunately, no precipitation was seen.
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Figure 2-8. Fluorescence of europium label enhanced by the addition of DELFIA 

solution at pH 6.

The alternative option was then to immoblize the beads in a gel (more details are given 

in the supporting information)73 that is usually employed in electrophoresis. We can 

then observe the red complex formed between the europium and the Delfia reagent 

while still embedded in, the gel. However, when this was attempted with the agarose- 

supported PNA embedded in the gel, the beads could be seen, and on adding the 

DELFIA solution, the red spots again became diffused into the surrounding solution. 

From these gels, it was hard to confirm specific binding of europium-labeled 

carbohydrates to the agarose- supported lectins.
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2.6.2 Quantitative determination of europium by fiuorimetry

The amount of europium in the carbohydrates covalently attached to the agarose beads 

could not be determined visually. A way to solve the problem will be to quantify the 

amount of europium still bound to the agarose lectin bead by fiuorimetry. After 

washing the lectin beads with the buffer solution to remove unbound europium 

conjugates, the DELFIA solution can be used to dissociate the residual europium in the 

carbohydrate conjugate that is still bound non-covalently to the lectin bead. Thus, 

fluorescence measurements can be used to quantify the europium in the DELFIA 

washings both in the positive controls and negative controls.

A volume of 20 pL of the agarose-supported lectin was incubated and diluted to 100 pL 

of buffer solution containing europium-tagged carbohydrates for 6 hours. The beads in 

the polypropylene tube were rinsed with the appropriate buffer solution ( 4 x 1  mL). 

After shaking the beads with 1 mL of the DELFIA solution for five minutes, the filtrate 

was collected in a quartz cuvette for readings to be taken. DELFIA washings (1 mL 

DELFIA reagent) were repeated three times and the fluorometric readings were taken 

with Xexcitation = 315 nm, Xemission = 630 nm.
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Table 2.6 Fluorometric measurements of DELFIA washings of the agarose- 

supported PNA lectin treated with different concentrations of labeled trisaccharide 32

and disaccharide 33.

Cuvettes

Fluorescence readings3 (units)

0.1 mM 1.0 mM 1.5 mM

+ control 
33

- control 
32

+ control 
33

- control 
32

+ control 
33

- control 
32

1 10 78 51 48 61 319

2 175 212 16 44 61 671

3 53 139 27 148 133 204

a Experimental error is ± 1 unit.

Table 2.7 Fluorometric measurements of DELFIA washings of the agarose- 

supported Con A lectin treated with 1.5 mM of labeled trisaccharide 32 and 

disaccharide 33.

Fluorescence

measurements3

Cuvettes
(units)

1.5 mM

+ control - control 
32 33

1 35 47

2 82 37

3 168 33

a Experimental error is ± 1 unit.
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In both cases, the fluorescence readings for agarose-supported PNA lectin (Table 2.6) 

and agarose-Con A lectin (Table 2.7) were high in case of the negative controls. It 

seemed that the washing protocol was not efficient and it was possible that the 

europium was also bound to the agarose bead, making the studies of non-specificity 

more complicated as both lectins were immobilized on the agarose beads. This 

possibility was confirmed with the following experiment: after washing agarose- 

supported PNA beads incubated with 1 mM of saccharide sixteen times with buffer 

solution (1 mL), the DELFIA washings gave fluorescence readings 953 in the positive 

control and 113 in the negative control. The agarose solid support was thus replaced by 

microtiter plates coated with the lectins.

2.6.3 Quantitative determination of europium by time-resolved fluorometry 

(TRF) using microtiter plates

This methodology made use of microtitration plates which would be coated with the 

proteins, lectins. It was based on a modified version of the ELISA assay (enzyme- 

linked immunosorbent assay), which is a biphasic immunoassay that requires only small 

amounts of proteins and relatively little sugar as the binding ligand.

Enzyme immunoassay methods (ELISA) were first developed for antibody receptors. 

ELISA is based on primary interactions, meaning it measures the direct binding of the 

protein to its antigen. This type of assay has several aims, including the quantitative 

measurement and specificity of antibodies, the amount of antigen or inhibitor activity.
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ELISA methods, being safe and environmental friendly, have found numerous 

applications in immunology, biology and medicine.74

In our projected DELFIA assay, the unlabeled component (lectin) is adsorbed to a 

polystyrene surface, such as the wells of a microtiter plate. The adsorption of the 

unlabeled component to the polymeric support is due to intermolecular attractions (Van 

der Waals forces). Any remaining reactive sites on the ELISA plate are blocked by 

addition of protein (BSA or casein from milk). Labeled ligands, in our case europium- 

labeled carbohydrates would then be allowed to react with the immobilized lectin and 

the unbound labeled carbohydrates were removed by multiple washing steps. Since one 

of the reactants in the DELFIA assay became bound to the plate’s surface, the 

separation of bound and free reagents was easily made by such washing procedures. 

The europium of the carbohydrates would then be dissociated and form a strongly 

fluorescent europium complex by addition of the DELFIA enhancement medium, which 

would then be measured by TRF in the microplate reader (Figure 2-9).
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Figure 2-9. DELFIA assays performed on black-opaque microplates and europium 

fluorescence detected (time-resolved fluorometry) by the microplate reader.

DELFIA assays were performed in triplicate and the experimental sequence was 

modified from Bundle75 and co-workers’s assay as shown below:

1) Attachment of affininity purified lectin to the wells of a microtiter plate (96-well 

format).

2) Washing with the buffer to remove unadsorbed lectin.

3) Addition of 2.5% casein as a blocking protein.

4) Washing with buffer to remove excess casein.

5) Labeled carbohydrates were added to the well and incubation with the 

immobilized lectins was done at different temperatures from -4  °C to room 

temperature.

6) Washings were done to remove the unbound carbohydrates
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7) DELFIA solution was added to dissociate europium from the bound 

carbohydrates and fluorescence readings were taken via time-resolved 

fluorometry.

2.6.3.1 Results for DELFIA assays for immobilized Con A lectin

Different conditions were tried to immobilize the Con A lectins to the black microplate 

as there was no prior procedure for this assay. Immobilized Con A lectin was first 

incubated with labeled carbohydrates for 6 hours at room temperature. The positive 

control consisted of the trisaccharide with the europium label, that is, 32, and the 

negative control was the disaccharide with the europium chelate 33. An average of 

three readings rounded to two significant figures were taken for each control (X,excitation = 

332 nm, X.emission = 616 nm). As seen in Table 2.8, no conclusion could be made from the 

fluorescence readings (they were rounded to two significant figures), as a result of the 

rather high values of fluorescence in the negative controls and the reference control with 

the trisaccharide chelate without europium.

Table 2.8 DELFIA assay for immobilized Con A with labeled and non-labeled 

saccharides (with three buffer washings to remove unbound carbohydrates).

Concentration (M)
Fluorescence readings3 (units)

> + control - control 
trisaccharide 32 di saccharide 33

trisaccharide chelate 
with no europium

10'7 5,700 6,200 5,800
106 7,600 7,300 6,200
105 15,000 25,000 6,300
103 saturation saturation saturation

The experimental errors are in the range of 2-10%.
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Another attempt (Table 2.9) was made to investigate the non-specificity of non- 

aromatic europium chelate with microplate wells filled with a solution of Con A for a 

longer period of time at room temperature for 42 hours as compared to 6 hours for 

Table 2.8. Our expectation of lower fluorescence readings for the negative and 

reference controls as compared to the positive control was not observed.

Table 2.9 DELFIA assay for immobilized Con A with labeled and non-labeled 

saccharides (with two buffer washings to remove unbound carbohydrates).

Concentration (M)
Fluorescence readings3 (units)

+ control - control 
trisaccharide 32 disaccharide 33

Trisaccharide chelate 
with no europium

107 5,800 6,200 5,500
106 6,400 8,800 5,300
10'5 6,300 130,000 5,900
104 5,800 140,000 5,200

“The experimental errors are in the range of 2-10%.

Obviously, the assay was not working as projected. Background fluorescence was too 

high to ascertain specific binding of labeled trisaccharide 32 to the Con A lectin. We 

wanted to investigate if the number of washings performed to remove unbound labeled 

carbohydrates were responsible for the lower fluorescence values in the positive 

controls. From Table 2.10, we still did not see any significant increase in the order of

100,000 for fluorescence readings in the positive controls.
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Table 2.10 DELFIA assay for immobilized Con A with labeled and non-labeled

saccharides (with two buffer washings to remove unbound carbohydrates).

Washings Concentration Fluorescence readings3 (units)

(M)
+ control - control trisaccharide

trisaccharide disaccharide chelate with no
32 33 europium

1 105 2,100 6,200 2,700
1 10A 23,000 8,800 2,700
2 10 s 2,000 2,100 3,300
2 10*4 17,000 15,000 1,900

“The experimental errors are in the range of 2-10%.

These experiments were also repeated for the PNA lectin (Table 2.11), which was 

immobilized on black microplates at -4 °C for 24 hours. Again, we could see no 

significant increase in fluorescence readings for the positive controls.

Table 2.11 DELFIA assay for immobilized PNA with labeled and non-labeled

saccharides (with two buffer washings to remove unbound carbohydrates).

Concentration
(M)

Fluorescence readings (units)
+ control 

disaccharide 33
- control 

trisaccharide 32
disaccharide chelate 

with no europium
107 7,300 5,400 none taken
106 11,000 8,500 none taken
105 53,000 37,000 none taken
10-4 510,000 160,000 4,800
103 saturation saturation none taken

aThe experimental errors, are in the range of 2-10%.

Three other attempts were made at finding conditions for binding the PNA lectin to the 

mircroplate and with a different number of buffer washings.
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Table 2.12 DELFIA assay for immobilized PNA with labeled and non-labeled

saccharides (with three buffer washings to remove unbound carbohydrates).

Concentration
(M)

Fluorescence readings® (units)
+ control 

disaccharide 33
- control 

trisaccharide 32
disaccharide chelate 

with no europium
10'7 5,800 5,200 5,600
10'6 9,200 5,200 6,300
lO5 200,000 5,500 5,300
10-4 290,000 4,900 5,800

The experimental errors are in the range of 2-10%.

Table 2.13 DELFIA assay for immobilized PNA with labeled and non-labeled

saccharides (with three buffer washings to remove unbound carbohydrates).

Concentration
(M)

Fluorescence readings® (units)
+ control 

disaccharide 33
- control 

trisaccharide 32
di saccharide chelate 

with no europium
107 4,800 6,800 6,900
io -6 4,700 6,400 10,000
105 5,100 7,100 5,800
10-4 100,000 81,000 12,000

T he experimental errors are in the range of 2-10%.

Table 2.14 DELFIA assay for immobilized PNA with labeled and non-labeled

saccharides (with one buffer washing to remove unbound carbohydrates).

Concentration
(M)

Fluorescence readings® (units)
+ control 

disaccharide 33
- control 

trisaccharide 32
disaccharide chelate 

with no europium
10'7 : 12,000 14,000 11,000
106 ’ 12,000 12,000 9,600
105 v 16,000 20,000 14,000
10"1 400,000 200,000 13,000

T he experimental errors are in the range of 2-10%.
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The results for both the immobilized Con A and PNA showed no conclusive evidence 

of specific binding to the carbohydrate of high affinity, hence no information could be 

obtained for the amount of non-specificity seen in the use of the non-aromatic dye.

Possible reasons for this failure include:

The lectins were not truly coated on the plates, which were Nunc plates. It is known 

that different lectins prefer certain types of plates for strong binding, and since these 

were black microplates for specific measurement of low fluorescence, the experimental 

conditions differed from the transparent microplates.

Background fluorescence was high in the case of negative controls. The ideal 

background fluorescence should be around 2,000. Special plates, or even the buffer 

solutions, might contain interfering contaminants that affected the fluorescence 

readings. The number of factors affecting these readings were innumerable, hence it 

was tough to pinpoint the exact problem with the assay. Because of time constraints, it 

was decided to abandon this part of the project dealing with the investigation of non

specificity of the europium label as compared to polyaromatic dyes.

2.7 Conclusions

Hydrophobic and other interactions often exist between lectins and dye molecules on 

labeled glycosides, which make specific interactions hard to ascertain. The 

predominantly large and polyaromatic labeling dyes traditionally used are rendered 

impractical because of the difficulty in distinguishing positive hits from negative hits 

especially at high concentrations of the labeled ligands. This study confirmed that
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NBD-X dye was an ideal labeling tool in the screening or monitoring of the binding 

interactions between promising ligands and immobilized protein receptors. Our studies 

suggest that NBD-labeled libraries of synthetic carbohydrates and other small molecules 

could be screened in a reliable fashion against bead and surface-immobilized proteins 

with minimal interference from nonspecific dye interactions. The low molar extinction 

coefficient of the NBD76 dye (e = 22,000 M 'c m 1) compared to the FITC (e = 72,000 M' 

‘cm'1) and TAMRA76 dyes (e = 65,000 M^cm'1) may limit its use in certain cases. The 

use of higher powered beams may be necessary to perform the visualization. The 

different concentrations of the carbohydrate conjugates used in the positive and negative 

controls, however, show that NBD dye exhibits the least amount of non-specificity 

compared to the largely aromatic dyes.

In the case of europium chelates, no conclusion could be derived as to the non

specificity of the label. DELFIA solution was used to dissociate the europium complex 

from the carbohydrate conjugate bound to the agarose bead. The diffusion of the red 

color made it hard to ascertain nonspecific binding. Some europium may have been 

attached to the agarose beads themselves as agarose is a linear polysaccharide (average 

molecular mass about 12,000) through chelating effects from the hydroxyl groups.

Disappointing results were also obtained with the assays performed on the microplates. 

The fluorescence readings were unreliable and non-reproducible. The protocol for 

attaching the lectin to the plates was not working well and hence, there was not much
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difference between positive and negative controls when europium conjugates were 

incubated with the lectins.

2.8 Experimental

2.8.1 General

All chemical reagents were of analytical grade, used as supplied without further 

purification unless otherwise indicated. Solvents used in reactions were distilled under 

an inert atmosphere. Molecular sieves that were stored in an oven (> 200 °C) and 

cooled in vacuo were used. The acidic ion-exchange resin used was Amberlite (H+ 

form). Analytical thin layer chromatography (TLC) was conducted on silica gel (iO-F^. 

Plates were visualized under UV light and/or treatment with 5% ethanolic sulfuric acid 

followed by heating.

The succinimidyl esters of NBD, and TAMRA and the isocyanate ester of FITC were 

commercially available. The lectin gels, Con A-agarose and PNA-agarose were 

commercially available from EY laboratories. Stock buffer solutions for Con A-agarose 

were composed of 0.05 M Tris, 0.15 M HC1 and 0. 004 M CaCl2(pH 7.0) and for PNA- 

agarose, the buffer solutions were made of 0.01M phosphate, 0.15 M NaCl, and 0.005 

M CaCl2 (pH 7.2). The one-bead fluorescence assays were visualized with Leica TLS- 

SP2 multiphoton confocal laser scanning microscope (TLS-MP) located in the 

Biological Sciences Building. For the reading of microtiter plates, the SPECTRAmax 

GEMINI microplate spectrofluorometer was used.
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!H and 13C NMR spectra were recorded on Varian INOVA 400, 500 or 600 MHz 

spectrometers. Chemical shifts were reported in d (ppm) units using 13C and residual *H 

signals from deuterated solvents. 'H and l3C NMR spectra were assigned with the 

assistance of COSY, HMQC and HMBC and TOCSY spectra where necessary. 13C 

NMR spectra of dye-saccharide conjugates tend to show low signal-to-noise ratio due to 

limited quantities of these complex compounds. The two protons of the C-6 of the 

carbohydrates are denoted by Ha and Hb respectively. A Micromass Zabspec TOF mass 

spectrometer provided the electrospray ionization mass spectra. Optical rotations were 

measured using a 1 mL cell with a 1 dm length on a Perkin-Elmer model 241 

polarimeter at 22 °C.

2.8.2 Experimental procedures

HO

2-A zidoethanol (5) is known and its preparation was modified from a known 

litterature39 method using 2-bromoethanol rather than 2-chloroethanol.

2-Bromoethanol (10 mL 14.1 mmol) was added to a stirred solution of sodium azide 

(11.3 g, 17.3 mmol, 1.23 equiv) and sodium hydroxide (0.564 g, 1.41 mmol) in water. 

The mixture was stirred for 3 days at room temperature until complete disappearance of 

the starting material. Anhydrous sodium sulfate (13.5 g) was added and the mixture 

was extracted with dichloromethane (3 x 45 mL) and the combined extracts were dried 

over anhydrous sodium sulfate. Filtration and evaporation afforded 2-azidoethanol 

(7.46 g, 8.60 mmol, 61%) which was found to be sufficiently pure by ‘H NMR to be 

used for subsequent glycosylation reactions. NMR (500 MHz, CDC13) 6 3.80-3.77
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(m, 2H, OCH2CH2N3), 3.45 (t, 2H, J  = 2.0, 5.0 Hz); 13C NMR (100 MHz, CDC13) 5 61.5 

(OCH2CH2N3), 53.5 (OCHjCRjR,). HR-ESMS calcd for C2H5N30 : 87.0483. Found: 

87.0435.

1,2,3y4,6 Pcnta-0-acetyl-a,p-D-mannopyranoside (6)

OAc 
/  OAc

D-Mannose (15 g, 0.083 mol) was dissolved in acetic anhydride (219 mL) containing a 

few crystals of DMAP. Pyridine (294 mL) was added to the solution at 0 °C. Stirring 

was continued at rt for 24 h. The mixture became clear and the solvents were 

coevaporated with toluene (3 x 40 mL). The residue was taken up in ethyl acetate (200 

mL), washed with 2 N HC1 (3 x 50 mL), water (2 x 40 mL), saturated sodium 

bicarbonate (3 x 50 mL) and brine (2 x 40 mL). After drying the organic phase over 

anhydrous Na2S04, the filtered solvent was evaporated to give a yellow white solid 

which was purified by silica gel column chromatography using ethyl acetate:hexanes 

(1:8-»1:1) to give the per-acetylated mannopyranoside as a white solid (32.5 g, 0.083 

mol, quantitative yield) as a 3:1 mixture of a  and (3 anomers: 'H NMR (500 MHz, 

CDC13) 5 6.06 (d, 1H, H-ltx, / la2a = 1.5 Hz, / C.H = 178 Hz), 5.84 ( d, 1H, H-ip, 7ip>2p =

1.0 Hz, yc.H= 164 Hz), 5.46 (dd, 1H, H-2|3, / 2fUp = 1.0 Hz, J2p,3p = 3.0 Hz), 5.33-5.30 (m, 

2H, H-3a, H-4a), 5.30- 5.21 (m, 2H, H-4p, H-2a), 5.11 (dd, 1H, H-3p, 73p>2p = 3.0 Hz, 

/ 3p,4p = 10.0 Hz), 4.30 - 4.22 (m, 2H, H-6a(3, H-6aa), 4.12 (dd, 1H, H-6bp, / 6bp,5p = 2.4 

Hz, J6bMaP = 12.0 Hz), 4.08 (dd, 1H, H-6ba, / 6bot>5a = 2.5 Hz, / 6ba6aa = 12.0 Hz), 4.05- 

3.99 (m, 1H, H-5a), 3.79 (ddd, 1H, H-5|3, 75p,6bp = 2.4 Hz, / 5p,6ap = 5.5 Hz, / 5p,4p = 8.0
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Hz), 2.19,2.15,2.14,2.08,2.07,2.03,2.02,1.98, 1.977 (s, 3H, COCH3); 13C NMR (125 

MHz, CDC13) 5 170.32, 170.29, 169.9, 169.7, 169.5, 169.36, 169.4, 169.3, 168.1,

167.84 (C=0), 90.4 (C -la), 90.2 (C-lp), 72.9 (C-50), 70.42 70.40 (C-5a), 68.6 (C-3a),

68.2, 68.1 (C-2a, C-2p), 65.35, 65.32 (C-4a, C-4(3), 61.89 (C-6a , C-60), 20.6, 20.48, 

20.49, 20.47, 20.45, 20.43, 20.41, 20.39, 20.35, 20.27 (COCH3); HR-ESMS calcd for 

C16H22OnNa: 413.1060. Found: 413.1063.

2,3,4,6 Tetra-O-acetyl-a-D-mannopyranosyl bromide (T)43

OAc
/ O A c

AcO^v MA
A c O - ^ - ^ S

Br

To a stirred solution of the per-acetylated mannose 6 (3.45 g, 8.84 mmol) in dry 

dichloromethane (10 mL) at 0 °C was added 33% HBr ( in glacial acetic acid). Stirring 

was continued at rt for 3 h. After removal of solvents under reduced pressure, the 

residue was dissolved in dichloromethane (80 mL) and added to ice water. The organic 

layer was separated. The aqueous layer was extracted with dichloromethane (2 x 50 

mL). The combined organic extracts were washed with saturated solution bicarbonate 

solution (2 x 80 mL) and brine (2 x 70 mL). The organic portion was dried over 

anhydrous Na2S04, filtered and evaporated to give the bromide 7 (3.63 g, 8.83 mmol, 

quantitative yield) as a solid. : ‘H NMR (500 MHz, CDC13) 5 6.26 (d, 1H, H-l, J l2 =

1.5 Hz), 5.41 (dd, 1H, H-3, / 32 = 3.5 Hz, / 3>4 = 10.5 Hz), 5.41 (dd, 1H, H-2, J% , = 1.5 

Hz, J2 3 = 3.5 Hz), 5.33 (dd, 1H, H-4, 74>3 = J4 5 = 10.3 Hz), 4.30 (dd, 1H, H-6a, J ^ 5 =

5.0 Hz, J6a 6b = 12.5 Hz), 4.18 (ddd, 1H, H-5, 75 6b = 2.5 Hz, J 56a = 5.0 Hz, J5t4= 10.3 

Hz), 4.10 (dd, 1H, H-6b, J6b 5 = 2.5 Hz, J6b>6a = 13.0 Hz); I3C NMR (125 MHz, CDC13) 5
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169.6, 169.5, 169.5 (C=0), 83.1 (C-l), 72.8 (C-5), 72.1 (C-2), 67.9 (C-3), 65.3 (C-4), 

61.4 (C-6).

2-Azidoethyl 2,3,4,6-tetra-0-acetyl-a-D-mannopyranoside (S)43

A mixture of silver triflate (3.14 g, 13.2 mmol), 2,4,6-collidine (0.094 mL, 0.71 mmol,) 

and 2-azidoethanol (1.59 mL, 26.5 mmol) in dry dichloromethane (6 mL) with 

molecular sieves 4A was stirred for 30 min at -20 °C. 2,3,4,6 Tetra-O-acetyl-a-D- 

mannopyranosyl bromide 7 (3.63 g, 8.83 mmol) dissolved in dry dichloromethane (4 

mL) was added to the mixture, which was left stirring for 9 h with the temperature 

rising to rt. Triethylamine (0.3 mL) was added to neutralize the reaction mixture, which 

was diluted with dichloromethane (50 mL), then filtered through celite. The filtrate was 

then washed with water (2 x 40 mL), 1 N HC1 (2 x 40 mL), saturated aqueous sodium 

bicarbonate (2 x 40 mL) and brine (2 x 20 mL). After drying over anhydrous Na2S04 

and filtering the mixture, the solvent was evaporated to give a crude product which was 

purified by silica gel chromatography using ethyl acetate/hexane (1:4 ->1:1) to give 8 

(3.11 g, 7.45 mmol, 84%) as a white solid. [a]D22+ 39.02 (c, 0.62, CHCI3); *H NMR 

(400 MHz, CDC13) 6 5.34 (dd, 1H, H-3, JX2 = 3.0 Hz, J3A = 10.0 Hz), 5.30 (t, 1H, H-4, 

/ 43 = J4 5 = 10.2 Hz), 5.26 (dd, 1H, H-2, J2l = 1.8 Hz, Jv  = 3.40 Hz), 4.85 (d, 1H, H-l, 

Jh2 = 2.0 Hz), 4.27 (dd, 1H, H-6a, J ^ 5 = 5.0 Hz, J6a,6b = 12.4 Hz), 4.11 (dd, 1H, H-6b, 

76b>5 = 2.6 Hz, J6bM = 12.2 Hz), 4.03 (ddd, 1H, H-5, / 5,6b = 2.6 Hz, / 56a = 5.4 Hz, J5A =

9.6 Hz), 3.85 (ddd, 1H, OCH2CH2N3, J  = 3.8, 6.8, 10.6 Hz), 3.65 (ddd, 1H,
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OCH2CH2N3, J -  3.7, 6.1, 10.7 Hz), 3.51-3.39 (m, 2H, OCH,CH,NA 2.14, 2.09, 2.03,

1.98 (COCH,); 13C NMR (100 MHz, CDC13) 5 169.46, 169.4, 169.3, 168.1, 167.84 

(C=0), 97.7 (C-la), 69.4 (C-2), 68.84, 68.81 (C-3, C-4), 67.0 (OCH2CH2N3), 66.0 (C- 

5), 62.4 (C-6), 50.3 (OCH,CH,N,), 20.8, 20.69, 20.66, 20.61 (COCH,). HR-ESMS 

calcd for C^H^NaO^Na: 440.1281. Found: 440.1280.

2-Azidoethyl a-D-mannopyranoside (9)

2-Azidoethyl 2,3,4,6 tetra-O-acetyl-a-D-mannopyranoside 8 (1.62 g, 3.88 mmol) was 

dissolved in dry methanol (9 mL) and 0.1 N sodium methoxide (0.76 mL, 0.076 mmol, 

0.02 equiv) was added to the solution. Stirring was continued at room temperature for 

30 min, after which Amberlite-H+ was added to neutralize the solution. The resin was 

filtered off and the solvent was evaporated to afford 9 quantitatively as a white solid 

(0.97 g, 3.88 mmol). [a]D22+ 54.84 (c, 0.91, CH3OH); ‘H NMR (500 MHz, CD3OD) 6

4.81 (dd, 1H, H-l, / 12 = 1.8 Hz, JC_H = 169 Hz), 3.91 (ddd, 1H, OCH2CH2N3, J  = 4.5,

5.1, 10.6 Hz), 3.85-3.81 (m, 2H, H-6a, H-2), 3.74-3.68 (m, 2H, H-3, H-6b), 3.64-3.54 

(m, OCH2CH2N3, H-4, H-5), 3.40 (t, 2H, OCTLCH.N,. J  = 5.0 Hz); 13C NMR (125 

MHz, CD3OD, 6) 101.8 (C-l), 75.0 (C-4), 72.5 (C-3), 72.1 (C-2), 68.6 (C-2), 67.8 

(OCH2CH2N3), 63.0 (C-6), 51.8 (O C H ^ H ^ ) . HR-ESMS calcd for C8H15N30 6Na : 

272.0859. Found: 272.0856.
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2-Azidoethyl 2,4- and 2.6 -di-O-benzoyl-a-D-mannopyranoside (3) and (11)

OH OBz

3 11

The preparation of compound 3 was adapted from the procedure of Oscarson and 

Tiden with a different aglycon at the anomeric position. Compound 9 (0.066 g, 0.27

mmol) was made into a solution with dry acetonitrile (4 mL). Triethyl orthobenzoate 

(0.16 mL, 0.69 mmol) was added to it, followed by camphorsulfuric acid (40 mg, 0.016 

mmol) and 90% TFA (1.6 mL, 0.022 mmol). The stirred suspension became clear after 

1 h. Triethylamine (0.5 mL) was added and the solvent removed under reduced 

pressure to give diorthoesters. The latter was dissolved in dry acetonitrile (3.5 mL) and 

90% TFA (in water) was added. The solution was stirred for 30 min. The solvents 

were removed by evaporation and the crude was chromatographed using ethyl 

acetate:hexane (1:9—»1:3) as eluant to give three fractions. The first fraction was 2- 

azidoethyl 2,4-0-benzoyl-a-D-mannopyranoside 3 (0.051 g, 0.11 mmol, 41%). Then 

came a 1:1 mixture of 2-azidoethyl 2,4 and 2,6 -di-0-benzoyl-a-D-mannopyranoside 

(0.014 g, 0.030 mmol, 11%) and a pure fraction of 2-azidoethyl 2,6-di-O-benzoyl-a-D- 

mannopyranoside 11 (0.061 g, 0.13 mmol, 48%).

2-Azidoethyl 2,4-di-O-benzoyl-a-D-mannopyranoside (3): [ a ]D22 -50.69 (c, 0.37, 

CHC13); *H NMR (500 MHz, CDC13) 6 8.08-8.03 (m, 4H, Ar), 7.59-7.55 (m, 2H, Ar),

7.46-7.42 (m, 4H, Ar), 5.50 (t, 1H, H-4, J4J = J45 = 10.0 Hz), 5.41 (dd, 1H, H-2, JZ1 =

1.5 Hz, J2J = 3.5 Hz), 5.07 (d, 1H, H-l, Ja  = 1.0 Hz, JC.H = 172 Hz), 4.41 (dd, 1H, H-3,
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JM = 3.5 Hz, J3A = 9.5 Hz), 3.97 (ddd, 1H, H-5, J5M = 2.5 Hz, J5fih = 4.0 Hz, J5A = 6.5 

Hz), 3.92 (ddd, 1H, OCH2CH2N3, J= 3.0, 7.0, 10.5 Hz), 3.79 (dd, 1H, H-6a, J ^ 5 = 2.5 

Hz, = 13.0 Hz), 3.75-3.65 (m, 2H, H-6b, OCH2CH2N3), 3.51-3.35 (m, 2H, 

OCHoCH.N,); 13C NMR (125 MHz, CDC13) 6 167.2, 166.0 (C=0), 133.70, 133.60, 

129.93, 129.90 (Ar CH), 129.2, 129.0 (Ar C), 128.59, 128.53 (Ar CH), 97.7 (C-l), 72.7 

(C-3), 70.9 (C-2), 70.1 (C-4), 68.4 (C-5), 67.1 (OCH2CH2N3), 61.4 (C-6), 50.5 

(O C H ^ H ^ ) . HR-ESMS calcd for HR-ESMS for C22H23N3OgNa: 480.1383. Found: 

480.1384.

2-Azidoethyl 2,6-di-O-benzoyl-a-D-mannopyranoside (11): ‘H NMR (500 MHz, 

CDC13) 8 8.07-8.05 (m, 2H, Ar), 7.90-7.88 (m, 2H, Ar), 7.58-7.55 (m, 1H, Ar), 7.49- 

7.45 (m, 1H, Ar), 7.41-7.38 (m, 2H, Ar), 7.24-7.20 (m, 2H, Ar), 5.38 (dd, 1H, H-2, 721 

= 2.0 Hz, J23 = 3.5 Hz), 4.97 (dd, 1H, H-l, Jl2 = 1.0 Hz), 4.81 (br d, 1H, H-6a, J ^ 6b =

12.0 Hz), 4.53 (dd, 1H, H-6b, J 6b5 = 1.5 Hz, J ^ 6b = 12.0 Hz), 4.22 - 4.15 (m, 1H, H-3), 

3.97-3.93 (m, 2H, H-5, H-4), 3.89 (ddd, 1H, OCH2CH2N3, J= 4.0, 7.0, 11 Hz), 3.64 

(ddd, 1H, OCH2CH2N3, J= 3.5, 6.0, 9.5 Hz), 3.46-3.35 (m, 3H, OCH,CH,N, and OH),

3.01 (br s, 1H, OH); 13C NMR (125 MHz, CDC13) 8 167.1, 166.0 (C=0), 133.32, 

133.26, 129.8, 129.73 (Ar CH), 129.7, 129.4 (Ar C), 128.5, 128.4 (Ar CH), 97.9 (C-l),

72.1 (C-2), 71.2 (C-4),, 70.1 (C-3), 67.7 (C-5), 66.9 (OCH2CH2N3), 63.5 (C-6), 50.4 

(OCH2CH2N3). HR-ESMS calcd for C22H23N30 8Na: 480.1383. Found: 480.1384.
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1,2,3,4,6-Penta-O-benzoyl-a-D-mannopyranoside (12)

BzO 
/  OBz

BzO -^*^|
OBz

was prepared according to a literature procedure.48 To a solution of dry a-D-mannose 

(200 g, 0.011 mol) in dry dichloromethane (7mL) and pyridine (6.8 mL) was added 

benzoyl chloride (16.1 mL,0.14 mol) at 0 °C. Stirring was continued for 2 h and on 

completion of reaction, the solvent was removed by evaporation. The residue was taken 

in dichloromethane (70 mL), washed with 2 M HC1 (2 x 40 mL), water (2 x 40 mL) and 

brine (2 x 40 mL). After drying over Na2S04 anf filtering the solution, the solvent was 

removed under reduced pressure, leaving a crude that was purified by flash column 

chromatography with ethyl acetate/hexane (1:4) as eluant to give 12 (7.78 g, 0.011 mol, 

quantitative yield) as a white solid. *H NMR (500 MHz, CDC13, 5) 8.20-8.19 (m, 2H, 

Ar), 8.09-8.07 (m, 4H, Ar), 7.96-7.94 (m, 2H, Ar), 7.86-7.84 (m, 2H, Ar), 7.67 (br t, 

1H, Ar, J = 7.5 Hz), 7.61 (br t, 1H, Ar, J  = 7.5 Hz), 7.57-7.53 (m, 3H, Ar), 7.49 (t, 1H, 

Ar, J  = 7.5 Hz), 7.45-7.34 (m, 7H, Ar), 7.27 (t, 2H, Ar, J  = 8.0 Hz), 6.63 (d, 1H, H-l, 

JU2= 2.3 Hz), 6.28 (t, 1H, H-4, / 4>3= 74 5= 10.4 Hz), 6.07 (dd, 1H, H-3, JX2= 3.5 Hz, / 3, 

4= 10.4 Hz), 5.91 (dd, 1H, H-2, Jx ,= 2.3 Hz, / 2 3= 3.5 Hz), 4.70 (dd, 1H, H-6a, J ^ 5 =

2.5 Hz, 6b = 12.5 Hz), 4.58 (ddd, 1H, H-5, J5 6a = 2.5 Hz, / 5>6b = 3.8 Hz, J5,4= 10.4 

Hz), 4.50 (dd, 1H, H-6b, J 6a,5 = 3.8 Hz, / ^ 6b= 12.5 Hz); 13C NMR (125 MHz, CDC13, 8) 

165.9,165.32, 165.25, 165.1, 165.8 (C=0), 129.79 (Ar CH), 129.78 (Ar C), 129.76 (Ar 

CH), 129.0 (ArC), 128.8 (ArCH), 128.71 (ArC), 128.65 (Ar C), 128.5, 128.41, 128.38 

(Ar CH), 91.4 (C-l), 71.2 (C-5), 70.0 (C-3), 69.5 (C-2), 66.2 (C-4), 62.4 (C-6). HR- 

ESMS calcd for C41H32OnNa: 723.1842. Found: 723.1844.
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2,3,4,6-Tetra-0-benzoyl-a-D-mannopyranosyl bromide (4)48

BzO 
/  OBz

BzO^\Ml°\

Br

A solution of the perbenzoylated mannose 12 (0.30 g, 0.43 mol) in dry DCM (2 mL) 

was stirred at 0 °C. A solution of 33% HBr (glacial acetic acid, 3 mL) was added to the 

solution, which was stirred for 45 min. The solvents were removed by co-evaporation 

with toluene (2 x 50 mL) and the residue was dissolved in ice-cold DCM (50 mL) and 

neutralized with ice-cold saturated aqueous NaHC03 (20 mL). The organic phase was 

separated and washed with ice-cold water (3 x 40 mL), saturated aqueous NaHC03 (3 x 

20 mL) and brine (2 x 15 mL). After drying over anhydrous Na2S 04 and filtration, 

followed by evaporation of solvent, the bromide 4 (0.28 g, 0.43 mmol, quantitative 

yield) was obtained as a white solid. ‘H NMR (500 MHz, CDC13) 5 8.12-7.92 (m, 6H, 

Ar), 7.84-7.80 (m, 2H, Ar), 7.61-7.20 (m, 12H, Ar), 6.57 (br s, 1H, H-l), 6.27 (dd, 1H, 

H-3, J3i2 = 3.3 Hz, / 3i4 = 10.3 Hz), 6.22 (t, 1H, H-4, 743 = J45 = 10.3 Hz), 5.89 (dd, 1H, 

H-2, / 21 = 1.5 Hz, / 23 = 3.3 Hz), 4.72 (dd, 1H, H-6a, J ^ 5 = 1.8 Hz, J ^ 6b = 12.5 Hz), 

4.63 (m, 1H, H-5), 4.50 (dd, 1H, H-6b, J6bS = 3.8 Hz, J6b,6a = 12.5 Hz); 13C NMR (125 

MHz, CDC13) 5 165.9,165.3, 165.25,164.9 (C=0), 83.1 (C-l), 73.10 (C-5), 72.9 (C-2),

65.0 (C-3), 65.9 (C-4), 61.8 (C-6). HR-ESMS calcd for C34H270 9NaBr: 681.0736. 

Found: 681.0735.
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2-Azidoethyl 2,4-di-0-benzoyl-3,6-di-O-(2,3,4,6-tetra-O-benzoyl-a-

mannopyranosyl-a-D-mannopyranoside (2)

BzO
OBz

BzO^
BzO

OBz
BzO

BzO
B zO -

OBz
OBz

To a mixture of the dibenzoate 3 (1.97 g, 4.31 mmol) and 2,3,4,6-tetra-O-benzoyl-a-D- 

mannopyranosyl bromide (4) (6.08 g, 9.22 mmol) in dry DCM (27 mL) and 4A 

molecular sieves, a solution of silver triflate (2.61 g, 10.2 mmol) in dry toluene (10 mL) 

was added at -20 °C. The mixture was allowed to stir for 4 h at a temperature rising to 

0 °C, then to rt. After complete disappearance of the donor by TLC, triethylamine (0.5 

mL) was added to neutralize the mixture, which was then filtered over celite and 

concentrated. The resulting crude was chromatographed using ethyl acetate:hexane 

(6: l-* 2 :1) as eluant to afford 2 (4.69 g, 2.90 mmol, 67%) as a white solid. [a]D22-59.99 

(c, 0.59, CHC13); ‘H NMR (600 MHz, CDC13) 6 8.30-8.28 (m, 2H, ArH), 8.11-7.99 (m, 

12H, ArH), 7.85-7.82 (m, 5H, ArH), 7.76-7.74 (m, 2H, ArH), 7.71-7.69 (m, 2H, ArH), 

7.61-7.16 (m, 24H, ArH), 7.20-7.16 (m, 3H, ArH), 6.10 (t, 1H, H-4”, Jr x  = Jr x  = 10.2 

Hz), 6.02 (t, 1H, H-4’, J4%y = J4%5, = 9.9 Hz), 5.98 (dd, 1H, H-3”, JTX = 3.6 Hz, JTX =

10.2 Hz), 5.88 (t, 1H, HH, J43 = J4 5= 9.9 Hz), 5.74 (dd, 1H, H-2, J2l = 1.8 Hz, / 2,3 = 3.6 

Hz), 5.73 (dd, 1H, H-2”, / r>r= 1.8 Hz, JT X = 3.6 Hz), 5.71-5.68 (m, 1H, H-3’), 5.37-

5.35 (m, 2H, H - l\  H-2’), 5.19 (d, 1H, H - l , /u = 1.8 Hz), 5.15 (d, 1H, H -l”, Jr x = 1.8 

Hz), 4.67 (dd, 1H, H-3, JX2 = 3.6 Hz, J34= 9.9 Hz), 4.62-4.56 (m, 2H, H-6” , H-6’),
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4.53-4.46 (m, 2H, H-5” , H-5’), 4.40-4.32 (m, 3H, H-6”, H-6’, H-5), 4.18-4.32 (m, 2H, 

H-6 , OCH2CH2N3), 3.81-3.77 (m, 2H, H-6 , OCH2CH2N3), 3.52-3.55 (m, 2H, 

O C H ^ ^ ) ;  13C NMR (125 MHz, CDC13) 5 166.2, 166.07, 166.05, 165.7, 165.5, 

165.28, 165.27, 165.2, 164.7, 164.6 (C=0), 133.6, 133.43, 133.40, 133.38, 133.22,

133.20,133.1,133.0,132.9,132.8,130.2 (ArCH), 130.01 (ArC), 130.0,129.82,129.78, 

129.70, 129.69, 129.67, 129.6 (ArCH), 129.3, 129.20, 129.19, 129.17, 129.07, 128.96 

(ArC), 128.9 (ArCH), 128.8 (ArCH), 99.7 (C - l\  JC.H = 173 Hz), 97.7 (C-l, JC.H = 173 

Hz), 97.4 (C-l”, JC.H = 173 Hz), 76.2 (C-3), 71.8 (C-2), 70.4 (C-2”), 70.2 (C-2’), 69.98, 

69.96 (C-3”, C-5), 69.7 (C-5’), 69.4 (C-3’), 69.0 (C-5”), 68.5 (C-4), 67.2 (OCH2CH2N3),

66.8 (C-6), 66.7 (C-4”), 66.5 (C-4’), 62.7 (C-6’), 62.4 (C-6”), 50.5 (OCHjCHjNj). 

ESMS found for QoH^NaO^Na: 1637.4.

2-Aminoethyl 3,6-di-O-a-D-mannopyranosyl-a-D-mannopyranoside (1)

OH 
/  OH

HO
HO

OH
HO

NH2
HO

H O -
OH

OH

A solution of 2 (4.12 g, 2.55 mmol) was made in dry MeOH (60 mL) and 0.1 N NaOMe 

(0.50 mL, 0.050 mmol) was added to it. Stirring was continued for 6 h at rt. After 

evaporation of the solvent, the crude was dissolved in EtOH and 10% Pd-C (0.15 g) was 

added to it. Hydrogenation was carried out for 16 h. The carbon was removed by 

filtration over celite, which was thoroughly washed with MeOH (15 mL). After
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evaporation of the solvent, the residue was washed with chloroform (3 x 15 mL) to 

remove any methyl benzoate. [a]D22 + 74.43 (c, 0.77, H20); *H NMR (500 MHz, D20 )  5

5.11 (d, 1H, H-l, Jl2 = 1.5 Hz), 4.90 (d, 1H, H-l, Jl2 = 1.5 Hz), 4.86 (d, 1H, H-l, JU2 =

1.5 Hz), 4.14 (brd, 1H, H-2), 4.07-4.06 (m, 1H, H-2), 4.04 -3.97 (m, 2H), 3.97-3.61 (m, 

18H); 13C NMR (125 MHz, DzO) 6 103.2, 100.9, 100.2, 79.3, 74.2, 73.5, 72.0, 71.4,

71.2, 70.8, 70.7, 70.4, 67.6, 67.5, 66.4, 66.0, 61.9, 61.8; HR-ESMS calcd for 

C20H35N3O,6Na: 596.1915. Found: 596.1914.

2-Acetamido-2-deoxy-l,3,4,6-tetra-0-acetyl-{3-D-galactopyranoside (18)

AcO X>Ac
U C - O

A cO ~\-»^*\--O A c
AcHN

To a stirring solution of galactosamine (8.19 g, 21.0 mmol) in acetic anhydride (30 mL) 

was added pyridine (130 mL) at 0°C. Stirring was carried out for 12 h at rt. The 

solvents were removed under reduced pressure by co-evaporation with toluene (3 x 20 

mL). The crude residue was recrystallised from methanol to give the title compound as 

a white solid (13.3 g, 34.2 mmol, 90%). lH NMR (400 MHz, CDC13) 6 5.68 (d, 1H, H-

I, JX2 = 8.8 Hz), 5.36 - 5.32 (m, 2H, H-4,NH), 5.06 (dd, 1H, H-3, J3A = 3.2 Hz, JX2 =

II.2  Hz), 4.43 (dt, 1H, H-2, Jv  = J 2NH= 9.2 Hz, J23 = 11.2 Hz), 4.20-4.06 (m, 2H, H- 

6a, H-6b), 4.00 (dt, 1H, H-5, J5A = 1.0 Hz, J5̂ = J 5fib= 6.6 Hz), 2.15, 2.11, 2.03, 2.00,

1.92 (COCH,), 1.54 (NHCOCH3); 13C NMR (125 MHz, CDC13) 8 170.6, 170.2, 170.0,

169.4 (C=0), 93.1 (C-l), 71.9 (C-5), 70.3 (C-3), 66.4 (C-4), 61.3 (C-6), 49.9 (C-2),

23.4, 20.97, 20.74, 20.71 (COCH,). HR-ESMS calcd for C^H^NO^Na: 412.1220. 

Found: 412.1224.
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2-Acetamido-2-deoxy-a,P-D-galactopyranose(19)

HO /O H

1 ^ -0
ho- X ^ A n-oh

AcHN

A freshly prepared solution of sodium methoxide (0.5N, 6 mL) was added to a stirring 

solution of 2-acetamido-2-deoxy-3,4,6-tetra-0-acetyl-a-D-galactopyranoside (18) (13.2 

g, 33.9 mmol) in dry methanol (25 mL) at rt. When TLC analysis showed completion of 

reaction, after 30 min, Amberlite-H+ was added to neutralize the solution mixture. After 

filtration, the solvent was removed under reduced pressure to yield 2-acetamido-2- 

deoxy-a,p-D-galactopyranoside 19 (a :(3 = 4:1) as a white solid (7.46 g, 33.7 mmol, 

99%). *H NMR (500 MHz, CD3OD) 6 (a  anomer) 5.32 (d, NHCOCH,. J  = 9.6 Hz),

5.12 (d, 1H, H -l, J U2 = 3.5 Hz), 4.20 (dd, 1H, H-2, J2A = 3.5 Hz, / 2>3 = 11.0 Hz), 4.04-

4.00 (m, H-5), 3.89 (dd, 1H, H-4, J4>5= 1.0 Hz, 743= 3.0 Hz), 3.80 (dd, 1H, H-3, J3A =

3.0 Hz, JX2 = 11.0 Hz), 3.71-3.68 (m, 2H, H-6a, H-6b), 1.98 (s, 3H, NHCOCHj); 13C 

NMR (125 MHz, CD3OD) 6 92.87 (C-l), 71.7 (C-5), 70.5 (C-4), 69.7 (C-3), 62.8 (C-6),

52.1 (C-2), 22.7 (COCH3). HR-ESMS calcd for C8H15N 06Na: 244.0797. Found: 

244.0756.

2-Acetamido-2-deoxy-4,6-0-benzylidene-a-D-galactopyranose (20)

Ph

OH

The following experiment was adapted from a known procedure.49 2-Acetamido-2- 

deoxy-a-D-galactopyranose (19) (1.40 g, 6.33 mmol) was dissolved in dry acetonitrile

AcHN
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(15 mL) and camphor sulfonic acid (0.088 g, 38 mmol) was added to the stirred 

solution, followed by benzaldehyde dimethyl acetal (285 mL, 19 mmol). The mixture 

was stirred for 2 h and neutralized with triethylamine. The solvent was removed under 

reduced pressure and the residue recrystallised from 90% ethanol to afford 20 (1.65 g, 

5.33 mmol, 84%) as a white solid (a  anomer). *H NMR (500 MHz, CDC13 + 5% 

CD3OD) 8 7.55-7.49 (m, 2H, Ar), 7.41-7.33 (m, 3H, Ar), 5.53 (s, 1H, PhCH), 5.19 (d, 

1H, H-l, J l2 = 3.0 Hz), 4.27 (dd, 1H, H-2, Ju  = 3.0 Hz, / 2,3 = 10.5 Hz), 4.20-4.00 (m, 

3H, H-5, H-6a, H-4), 3.90-3.75 (m, 2H, H-6b, H-3), 1.97 (s, 3H, NHCOOL); 13C NMR 

(125 MHz, CDC13) 8 171.2 (C=0), 137.7 (Ar C), 128.8, 127.9, 126.3 (Ar CH), 100.9 

(QHsCH), 92.1 (C-l), 75.8 (C-5), 69.6 (C-6), 68.3, 62.3 (C-4, C-3), 51.0 (C-2), 23.4 

(COCH3). HR-ESMS calcd for C15H19N 06Na: 332.1110. Found: 332.1110.

2-Acetamido-4,6-0-benzylidene-2-deoxy-3-0-trichloroacetimidato-a-D- 

galactopyranosyl trichloroacetimidate (21)

CCI3
AcHNHN:

NHCCI3

The following experiment was adapted from a known procedure.49 Compound 20 (5.55 

g, 17.9 mmol) was dissolved in dry dichloromethane (30 mL) under argon at -20 °C, 

and in the presence of 4-A molecular sieves. To this stirred solution was added 

trichloroacetonitrile (43 mL, 0.43 mol, 24 equiv) followed by DBU (1.5 mL, 0.010 mol, 

0.54 equiv). When the solution became clear after 1 h, the solvents were removed under 

reduced pressure. The resulting residue was purified by gradient silica gel
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chromatography using ethyl acetate: hexanes (0:1->1:1, v/v with 1% Et3N) to give the 

title compound as a white solid (9.74 g, 16.3 mmol, 90%). *H NMR (400 MHz, CDC13) 

6 8.73 (s, 1H, NHCC13), 8.47 (s, 1H, NHCC13), 7.52-7.49 (m, 2H, Ar), 7.37-7.32 (m, 

3H, Ar), 6.54 (d, 1H, H -l, = 3.2 Hz), 5.69 (d, NHCOCH3, J  = 8.4 Hz), 5.59 (s, 1H, 

PhCH), 5.38 (dd, 1H, H-3, J3A = 3.2 Hz, 73j2 = 11.6 Hz), 5.12 (ddd, 1H, H-2, Jxl = 3.2 

Hz, J2m = 8.8 Hz, 72i3 = 11.6 Hz), 4.67 (dd, 1H, H-4, JAt5 = 0.5 Hz, / 43 = 3.2 Hz), 4.35 

(dd, 1H, H-6a, 76a,5 = 1.4 Hz, J ^ 6b= 12.6 Hz), 4.07 (dd, 1H, H-6b, 76b,s = 1.8 Hz, / 6b,6a=

12.6 Hz), 3.94 (m, 1H, H-5), 1.90 (s, 3H, NHCOOL): 13C NMR (125 MHz, CDC13) 5

169.6 (C=0), 163.2, 160.3 (C=N), 137.2 (Ar C), 128.9, 128.1, 126.0 (5 Ar CH), 100.5 

(Q H 5CH), 96.6 (C-l, JCH = 181), 91.2, 90.8 (CC13), 73.4 (C-3), 72.0 (C-4), 68.9 (C-6),

64.9 (C-5), 47.6 (C-2), 23.2 (COCH3). HR-ESMS calcd for C19H19N30 6NaCl6: 

617.9303. Found: 617.9309.

2-Azidoethyl 2-acetamido-2-deoxy-4,6-0-benzylidene-3-0-trichloroacetimidato-a- 

D<galactopyranoside (22)

HN: AcHN
CCI3

To a homogeneous solution of 21 (0.23 g, 0.38 mmol) in dry THF (1 mL), at -20 °C, 

under argon, was added 2-azidoethanol (0.045 mL, 0.76 mol, 2 equiv), followed by 

BF3OEt2 (15 mL, 0.038 mmol, 0.1 equiv). Stirring was continued for 15 min and then 

on disappearance of the donor, triethylamine was added to neutralize the mixture. After 

evaporation, the residue was purified by silica gel column chromatography using as
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eluant, ethyl acetate: hexanes (1:1, v/v with 1% Et3N), to afford the title compound (0.12 

g, 0.23 mmol, 61%) as white crystals. *H NMR (500 MHz, CDC13) 6 8.41 (s, 1H, 

C=NH), 7.50-7.49 (m, 2H, Ar), 7.33-7.31 (m, 3H, Ar), 5.78 (d, 1H, NHCOCH3, 7NH,2 =

9.0 Hz), 5.57 (s, 1H, QHjCH), 5.25 (dd, 1H, H-3, 73>4 = 3.5 Hz, 73,2 = 11.5 Hz), 5.06 (d, 

1H, H -l, 7U = 3.5 Hz), 4.95 (ddd, 1H, H-2, J2l = 3.5 Hz,72NH = 9.0 Hz, / u  = 11.5 Hz), 

4.60 (br d, 1H, H-4,743 = 3.5 Hz), 4.28 (dd, 1H, H-6a, J ^ 5 = 1.5 Hz, 76a6b = 12.5 Hz), 

4.10-4.07 (m, 1H, H-6b), 3.92 (ddd, 1H, OCH2CH2N3,7  = 3 ,6,9  Hz), 3.78 (br s, 1H, H-

5), 3.67 (ddd, 1H, OCH2CH2N3 7 = 3,7.5, 10.5 Hz), 3.46 (ddd, 1H, O C H ^ ^ , 7 = 3,

7.5, 10.5 Hz), 3.36 (ddd, 1H, OCH.CH.N,. 7 = 3 ,6 .5 ,9 .5  Hz), 1.92 (s, 3H, NHCOCHA; 

13C NMR (125 MHz, CDC13) 6 169.8 (C=0), 163.0 (C=N), 137.4 (Ar C), 128.8, 128.1,

126.0 (Ar CH), 100.4 (QHsCH), 98.7 (C-l, 7CH = 173 Hz), 91.0 (CC13), 73.7 (C-3), 72.2 

(C-4), 69.2 (C-6), 67.4 (OCH2CH2N3), 62.9 (C-5), 50.5 (O C H ^ H ^ ) , 47.5 (C-2), 23.3 

(COCH3). HR-ESMS calcd for C19H22N50 6NaCl3: 544.0534. Found: 544.0509.

2-Azidoethyl 2-acetamido-2-deoxy- 4,6-0-benzylidene-a-D-galactopyranoside (15)

HO
AcHN

O

2-Azidoethyl 2-acetamido-2-deoxy-4,6-O-benzylidene-3-0-trichloroacetimidate-a-D- 

galactopyranoside (22) (0.11 g, 0.21 mmol) was dissolved in 80% acetic acid (2 mL) 

and stirred at rt for 45 min. On completion of reaction, the solvent was removed by co

evaporation with toluene (2 x 1 0  mL). Purification by silica gel column chromatography 

(dichloromethane:acetone, 8:1 -*  6:1, v/v) then yielded 15 (0.076 g, 0.20 mmol, 95%)
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as a white solid. [a]D22+ 164.8 (c, 0.43, CH3CN); 'H NMR (500 MHz, CDC13) 5 7.50- 

7.48 (m, 2H, Ar), 7.38-7.33 (m, 3H, Ar), 5.80 (d, NHCOCH,. 7NH,2 = 8.5 Hz), 5.56 (s, 

1H, PhCH), 5.00 (d, 1H, H-l, JU2 = 3.5 Hz), 4.46 (ddd, 1H, H-2, J2l = 3.5 Hz, J2m = 9.0 

Hz, 7W = 11.0 Hz), 4.25 (dd, 1H, H-6a, 7 ^ =  1.5 Hz, 76a,6b= 12.5 Hz), 4.23 (br d, 1H, H- 

4, 74,3 = 3.0 Hz), 4.06 (dd, 1H, H-6b, 76b,5 = 1.5 Hz, 76b>6 = 12.5 Hz), 3.92 (ddd, 1H, 

OCH2CH2N3, 7 = 3.0, 7.5, 10.0 Hz), 3.85 (dd, 1H, H-3, J3A = 3.0 Hz, 73,2 = 11.0 Hz),

3.70 (m, 1H, H-5), 3.65 (ddd, 1H, OCH2CH2N3, 7 = 3.0, 7.5, 10.5 Hz), 3.44 (ddd, 1H, 

OCH,CH,N„ 7 = 3, 7.0, 10.0 Hz), 3.36 (ddd, 1H, C O L ^ N , ,  7 = 2.5, 6.0, 9.0 Hz),

2.01 (s, 3H, COCHQ; 13C NMR (125 MHz, CDC13) 5 171.2 (C=0), 137.3 (Ar C), 129.1,

128.2, 126.3 (Ar CH), 101.3 (QHjCH), 98.7 (C-l, 7CH = 174 Hz), 75.4 (C-4), 69.3 (C-

6), 68.7 (C-3), 63.3 (C-5), 67.4 (O C B jC H ^), 50.6 (O C H jC H ^), 50.3 (C-2), 23.4 

(COCH3). HR-ESMS calcd for C17H22N40 6Na: 401.1437. Found: 401.1439.

2,3,4,6-Tetra-O-acetyl-a-D-gaIactopyranosyl bromide (16)

AcO .OAc

lX -0
A c O - \ ^ A  

AcO I 
Br

It was made from a literature procedure60 and was used without further purification. HBr 

(18 mL, 33% in glacial acetic acid) was added to a cooled solution of 1,2,3,4,6-penta-O- 

acetyl-galactopyranoside 23 (3.31 g, 8.48 mmol) in dry dichloromethane (6 mL) at 0 

°C. Stirring was continued for 4 h and the acid removed by co-evaporation with toluene 

(2 x 20 mL). The residue was dissolved in dry DCM (30 mL) and added dropwise to 

ice water (20 mL). The organic layer was separated and the aqueous portion was 

extracted with dichloromethane (4 x 30 mL). The combined organic extracts were
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washed with saturated sodium bicarbonate (3 x 100 mL) and brine (2 x 80 mL) and 

dried over anhydrous sodium sulfate. Removal of the solvent under reduced pressure 

yielded 3 as a white solid (3.47 g, 8.44 mmol, 99.5%) which was used without further 

purification. 'H NMR (400 MHz, CDC13) 6 6.61 (d, 1H, H-l, J lt2 = 4.0 Hz), 5.42 (dd, 

1H, H-4,74 5 = 1.2 Hz, J4_3 = 3.3 Hz), 5 .30(dd, 1H, H-3, J3A = 3.3 Hz, J3 2= 10.4Hz), 

4.95 (dd, 1H, H-2, 72, , = 4.0 Hz, J%3 = 10.4 Hz), 4.40 (apparent t, 1H, H-5, J5<6= 6.8 

Hz), 4.10 (dd, 1H, H-6a, 5 = 6.4 Hz, J ^ 6b= 11.6 Hz), 4.01 (dd, 1H, H-6b, 76b>5 = 6.8

Hz, 76bi6a= 11.6 Hz), 2.1,2.01, 1.96, 1.91 (s, 3H, COCH,); 13C NMR (125 MHz, CDC13) 

6 170.2, 169.9, 169.8, 169.6 (C=0), 88.1 (C-l, 7C.H = 187 Hz), 71.0 (C-5), 67.9 (C-3),

67.7 (C-2), 66.9 (C-4), 60.8 (C-6), 20.6, 20.53,20.47, 20.45 (COCH,). HR-ESMS calcd 

for C14H190 9NaBr. 433.0110. Found: 433.0110.

2,3,4,6-Tetra-0-acetyl-a,(5-D-gaIactopyranose (27)

AcO .OAc

u C -o
A c O O H  

AcO

To a solution of 2,3,4,6 penta-O-acetyl-galactopyranoside (23) (0.25 g, 0.64 mmol) in 

DMF (lmL), was added hydrazine acetate (0.071 g, 0.77 mmol). The mixture was 

stirred for 20 mins at 55 °C until TLC indicated the disappearance of the starting 

material. The mixture was then cooled to room temperature and diluted with ethyl 

acetate (30 mL), which was then washed with brine (2 x 15 mL). The organic layer was 

then dried over anhydrous sodium sulfate and evaporated to give the title product as a 

mixture of anomers (a/p, 2/1) as a white solid (0.21 g, 0.60 mmol, 94%). 'H NMR (500 

MHz, CDC13) 6 5.47 (d, 1H, H-l, 7la>2a = 3.5 Hz), 5.45-5.41 (d, 1H, H-4a, 7 * ^  = 3.0
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Hz), 5.40-5.32 (m, 2H, H-3cx, H-4p), 5.10 (dd, 1H, H-2a, / 2a l0l = 3.5 Hz, J% 3 = 10.5

Hz), 5.08-5.00 (m, 2H, H-30, H-2P), 4.68 (d, 1H, H-l|3,7ip>2p = 7.0 Hz), 4.44 (t, 1H, H- 

5a, 7 ^  = 6.5 Hz), 4.14-4.02 (m, 4H, H-6a , H-6|3), 3.94 (t, 1H, H-5p, 75p>6p = 6.5 Hz), 

2.13, 2.11, 2.06, 2.02, 2.01, 1.96 (s, 3H, CH3); 13C NMR (125 MHz, CDC13) 5 170.8,

170.62, 170.58, 170.5, 170.3, 170.11, 170.07 (C=0), 95.8 (C-10), 90.50 (C -la), 70.9

70.8 (C-5P, C-3a), 70.5 (C-3|3), 68.4 (C-2a), 68.2 (C-4a), 67.3 (C-40), 67.1 (C-20),

66.0 (C-5a), 61.7 (C-6p), 61.4 (C-6a ) , 20.7, 20.61, 20.58, 20.56, 20.53, 20.47

(COCHA HR-ESMS calcd for C14H20O10Na: 371.0949. Found: 371.0954.

2,3,4,6-Tetra-O-acctyl-a- and-|3-D-galactopyranosyl trichloroacetimidate (28)

A solution of 2,3,4,6-tetra-O-acetyl-a-D-galactopyranose (27) (0.33 g, 0.95 mmol) in 

dry dichloromethane was stirred for 2 h at rt in the presence of trichloroacetonitrile (0.9 

mL) and sodium (0.035 g, 1.52 mmol). After completion of reaction, the mixture was 

filtered over celite and concentrated. The residue was eluted from a column of silica gel 

using ethyl acetate: hexanes (0:1-* 1:1) to give two fractions.

The first fraction, a white solid, was the a-anomer (0.15 g, 0.30 mmol, 32%). *H NMR

(500 MHz, CDC13) 5 8.64 (s, 1H, NH), 6.58 (d, 1H, H-l, Jh2 = 3.5 Hz), 5.54-5.53 (m,

1H, H-4), 5.40 (dd, 1H, H-3, 73>4 = 3.0 Hz, J3 2= 11.0 Hz), 5.34 (dd, 1H, H-2, 72>1 = 3.5

Hz, 72i3= 11.0 Hz), 4.41 (t, 1H, H-5, 75 6a = 75>6b = 6.5 Hz), 4.14 (dd, 1H, H-6a, J ^ 5

6.5 Hz, 76a>6b= 11.5 Hz), 5.06 (dd, 1H, H-6b, / 6b>5 = 6.5 Hz, J6b>6a= 11.5 Hz), 2.16 , 2.02,
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2.00, 1.99 (s, 3H, CH3); 13C NMR (125 MHz, CDCl3) 8 170.2, 170.02, 170.0, 169.9 

(C=0), 160.9 (C=N), 93.5 (C-l), 90.8 (CC13), 68.9 (C-5), 67.5 (C-3), 67.4 (C-4), 66.9 

(C-2), 61.2 (C-6), 20.60, 20.57, 20.54, 20.48 (CH3). HR-ESMS calcd for 

CigHjoNOjoNaCl^ 514.0045. Found: 514.0050.

The second fraction was the (3-anomer which was a white solid (0.19 g, 0.39 mmol, 

41%). lE  NMR (500 MHz, CDC13) 8 8.69 (s, 1H, NH), 5.80 (d, 1H, H -l, Jl 2 = 3.5 Hz),

5.46-5.41 (m, 2H, H-2, H-4), 5.09 (dd, 1H, H-3, J3A = 3.5 Hz, JX2 = 10.5 Hz), 4.16-4.14 

(m, 2H, H-6a, H-6b), 4.09-4.06 (m, 1H, H-5), 2.14 , 2.00, 1.98, 1.96 (s, 3H, CH3); 13C 

NMR (125 MHz, CDC13) 8 170.2, 170.1, 169.92, 169.0 (C=0), 161.0 (C=N), 96.0 (C-

1), 90.8 (CC13), 71.7 (C-5), 70.7 (C-3), 67.7, 66.7 (C-4, C-2), 60.8 (C-6), 20.60, 20.58,

20.5 (CH3). HR-ESMS calcd for C16H20NO10NaCl3: 514.0045. Found: 514.0050.

1,2,3,4,6-Penta-O-benzoyI-a-D-galactopyranoside (24)

BzO .OBz

u L o
BzO-X-^A

BzO I 
OBz

To a solution of D-galactose (0.57 g, 3.15 mmol) in dry dichloromethane was added 

pyridine (1.9 mL), followed by benzoyl chloride (4.60 mL, 39.6 mmmol) at 0 °C. The 

mixture was allowed to stir at rt for 4 h. The mixture was co-evaporated thrice with 

toluene and the crude whs diluted with dichloromethane (60 mL). The organic layer 

was washed with 2% aqueous hydrochloric acid (3 x 25 mL), water (2 x 20 mL), 

saturated sodium hydrogencarbonate ((3 x 25 mL) and brine (2 x 20 mL). After drying 

over anhydrous sodium sulphate, filtration and evaporation of the solvents, the crude
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was purified by colum chromatography (eluant, EtOAc: hexane, 1:4) to give the title 

compound as a white solid (2.14 g. 3.05 mmol, 97%). ‘H NMR (500 MHz, CDC13) 6 

8.20-7.10 (m, 25H, Ar), 6.95 (d, 1H, H-l, 71i2= 3.5 Hz), 6.19 (dd, 1H, H-4, 74i5= 1.0,74, 

3= 3.5 Hz), 6.12 (dd, 1H, H-3, Jx4= 3.5 Hz, JX2= 10.5 Hz), 6.03 (dd, 1H, H-2, 72t t = 4.0 

Hz, 7^3 = 11.0 Hz), 4.83 (br t, 1H, H-5,7 5i6a= 75,6b = 6.5 Hz), 4.63 (dd, 1H, H-6a, 76b,5 =

6.5 Hz, 7 ^ =  11.5 Hz), 4.42 (dd, 1H, H-6b, 76b,5 = 6.5 Hz, J ^ 6b= 11.5 Hz); ,3C NMR 

(125 MHz, CDC13) 5 165.9, 165.7, 165. 53, 165.46, 164.50 (C=0), 133.9, 133.7, 

133.44, 133.36, 133.2 (Ar CH), 130.0, 129.9, 129.7 (Ar CH), 129.3, 129.0, 128.97,

128.84 (Ar C), 128.76, 128.7, 128.44, 128.38, 128.3 (Ar CH), 90.7 (C-l), 69.5 (C-5), 

68.54, 68.48 (C-3, C-4), 67.7 (C-2), 61.8 (C-6). HR-ESMS calcd for Q ^ A j N a :  

723.1842. Found: 723.1838.

2,3,4,6-Tetra-O-acetyl-a-D-galactopyranosyl bromide (25)

BzO X>Bz

t C oBzO-X--^
BzO I 

Br

To a solution of 1,2,3,4,6-penta-O-benzoyl-a-D-galactopyranoside (24) (3.02 g, 4.31 

mmol) in dry dichloromethane (3 mL) and acetic amhydride (0.2 mL) was added 33% 

HBr in glacial acetic at 0°C. The solution mixture was allowed to stir for 2 h at rt until 

completion. The mixtiire was cooled and added to an ice-cold solution of saturated 

sodium bicarbonate (30 mL) in dichloromethane (60 mL) which was stirred for 30 min. 

The mixture was separated into two layers, and the organic layer was washed with ice- 

cold water (40 mL), saturated sodium bicarbonate (2 x 30 mL) and brine (30 mL). 

After drying the organic layer over anhydrous sodium sulfate and filtering the mixture,
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the solvent was removed under vacuum to give the bromide as white crystals (2.73 g, 

4.14 mmol, 96%). lH NMR (500 MHz, CDC13) 5 8.07-7.96 (m, 6H, Ar), 7.79-7.76 (m, 

2H, Ar), 7.64-7.59 (m, 2H, Ar), 7.56-7.36 (m, 10H, Ar), 7.47-7.20 (m, 1H, Ar), 6.96 (d, 

1H, H-l, 71i2= 4.0 Hz), 6.10 (br d, 1H, H-4,743= 3.5 Hz), 6.04 (dd, 1H, H-3, J3>4= 3.5 

Hz, J32 = 10.5 Hz), 5.65 (dd, 1H, H-2, J2t, = 4.0 Hz, J2<3 = 10.5 Hz), 4.91 (dd, 1H, H-5, 

7 5,6a= *̂5,6b= 6.8 Hz), 4.62 (dd, 1H, H-6a, 76b5 = 6.5 Hz, 7 ^  = 11.5 Hz), 4.45 (dd, 1H, 

H-6b, 76b, 5 = 6.0 Hz, 76a>6b= 11.5 Hz); 13C NMR (125 MHz, CDC13) 6 165.9, 165.5, 

165.31, 165.27 (C=0), 133.7, 133.33, 133.28, 130.0, 129.9, 129.8, 129.7 (Ar CH),

129.2, 128.8 (Ar C), 128.7 (Ar CH), 128.54 (Ar C), 128.52 (Ar CH), 128.4, 128.3 (Ar 

CH), 88.3 (C-l), 71.8 (C-5), 68.9, 68.6 (C-2, C-3), 68.1 (C-4), 61.6 (C-6). HR-ESMS 

calcd for C34H2V0 9NaBr: 681.0736. Found: 681.0741.

2,3,4,6-Tetra-0-benzoyl-a,|3-D-galactopyranose (29)

BzO ,OBz

UC-0
BzO - \ - ^ A n-OH

BzO

To a solution of 2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl bromide (25) (0.44 g, 0.66 

mmol) in 4:1 acetone-water (10 mL), was added silver carbonate (0.55 g, 1.99 mmol). 

The solution mixture was stirred for 30 min until completion of reaction. The 

suspension was then filtered through celite, and the filtrate was concentrated to give the 

hemiacetal 29 as a white amorphous solid (0.40 g, 0.66 mmol, quantitative yield) which 

was a mixture of the a/p  (1: 3.5) anomers. 'H NMR (500 MHz, CDC13) 5 8.10-8.05 

(m, 3 H, Ar), 8.03-7.92 (m, 5 H, Ar), 7.80-7.74(m, 3 H, Ar), 7.60 (t, 1H, Ar, J  = 7.5 

Hz), 7.56-7.32 (m/13 H, Ar), 7.36-7.18 (m, 1H, Ar), 6.08-6.04 (m, 2H, H-3a, H-4a),
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5.99 (dd, 1H, H-40, 74Pi5p = 0.8 Hz, 3p= 3.5 Hz), 5.84 (t, 1H, H -la , 7la,2a= 7la,OH= 3 

Hz), 5.72 (dd, 1H, H-3a, J3a<4a= 3.5 Hz, 73o, 2a= 10.5 Hz), 5.69-5.67 (m, 1H, H-2a), 

5.62 (dd, 1H, H-2|3, / 2p, ip= 8.2 Hz, / 2p,3p = 10.5 Hz), 5.05 (t, 1H, H-10, J  ip>2p= 7ip,0„ =

8.2 Hz), 4.85 (t, 1H, H-5a, 75a,6aa = = 6.5 Hz), 4.66 (dd, 1H, H-6a|3, / 6ap,5p = 6.8

Hz, 76ap,6bp = 11.5 Hz), 4.60 (dd, 1H, H-6aa, J ^ 5a = 6.5 Hz, J ^ 6ba = 11.0 Hz), 4.43 

(dd, 1H, H-6bj3, y6bp,5p = 6.5 Hz, 76bp 6ap =11.0 Hz), 4.40-4.34 (H-6a , H-5|3), 4.08 (br d, 

1H, 71>oh = 8.2 Hz); 13C NMR (125 MHz, CDC13) 8 167.0, 166.11, 166.08, 166.04, 

165.58, 165.56, 165.49, 165.47, 133.64, 133.62, 133.5, 133.4, 133.33, 133.28, 133.2,

133.1, 129.96, 129.91, 129.9, 129.82, 129.80, 129.77, 129.73, 129.7 (Ar CH), 129.4,

129.3, 129.2, 129.13, 129.11, 129.0, 128.8, 128.7 (Ar C), 128.64, 128.61, 128.45, 

128.42, 128.38, 128.3, 128.2 (Ar CH), 96.3 (C-ip), 91.1 (C -la), 72.4 (C-20), 71.6 (C- 

5(3), 71.0 (C-3(3), 69.5 (C-2a), 69.3 (C-3a), 68.2, 68.0 (C-4(3, C-4ct), 66.9 (C-5a), 62.4 

(C-6a), 62.1 (C-6|3). HR-ESMS calcd for Q ^g O ^N a: 619.1580. Found: 619.1584.

2,3,4,6-Tetra-O-benzoyl-a-D-galactopyranosyl trichloroacetimidate (30)

CCI3

To a stirred solution of 2,3,4,6-Tetra-0-benzoyl-a,(3-D-galactopyranose (29) (0.29 g,

\
0.49 mmol) in dry dichloromethane (3.5 mL) was added trichlotoacetonitrile (1.75 mL, 

17 mmol) followed by DBU (l,8-diazabicyclo[5.4.0]undec-7-ene) (0.073 mL, 0.49 

mmol) at 0°C . The mixture was stirred for 30 min and evaporated. The residue was 

purified by column, chromatography using ethyl acetate:hexanes (19:1) and 0.1% Et3N.

BzO .OBz

u L o
BzO I
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Compound 30 was obtained as white solid (0.17 g, 0.23 mmol, 47%). *H NMR (500 

MHz, CDC13) 5 8.61 (s, 1H, C=NH), 8.07 (dd, 2H, Ar, J  = 0.8, 8.0 Hz), 7.98-7.92 (m, 

4H, Ar), 7.80-7.76 (m, 2H, Ar), 7.59-7.64 (m, 1H, Ar), 7.32-7.55 (m, 10H, Ar), 7.22-

7.27 (m, 1H, Ar), 6.90 (d, 1H, H -l, J  1>2 = 3.5 Hz), 6.14 (dd, 1H, H -4,/45= 1.0 Hz, Jx5=

3.5 Hz), 6.06 (dd, 1H, H-3, JX4= 3.5 Hz, J3 2= 11.0 Hz), 5.94 (dd, 1H, H-2, 72, , = 3.5 

Hz, 723 = 11.0 Hz), 4.85 (dd, 1H, H-5, J 5M= 7.0 Hz, / 5>6b = 6.0 Hz), 4.59 (dd, 1H, H- 

63, 7^5  = 7.0 Hz, 7fe 6b = 11.5 Hz), 4.42 (dd, 1H, H-6b, 76b,5 = 6.0 Hz, J ^ 6b = 11.5 Hz; 

13C NMR (125 MHz, CDC13) 5 165.9,165.6,165.5,165.4 (C=0), 160.6 (C=NH), 133.7,

133.5, 133.3, 133.2, 130.01, 129.99, 129.93, 129.9,129.8, 129.73, 129.69, 129.67 (Ar 

CH), 129.4 (Ar C), 128.93, 128.86 (Ar CH), 128.69 (Ar CH), 128.43, 128.40, 128.36, 

128.3 (Ar CH), 93.8 (C-l, 7C.H = 181 Hz), 90.8 (CC13), 69.7 (C-5), 68.5 (C-4), 68.4 (C-

3), 67.9 (C-2), 62.2 (C-6). HR-ESMS calcd for C36H28NO10NaCl3: 762.0676. Found: 

762.0672.

2-Azidoethyl (2,3,4,6-tetra-0-acetyl-|3-D-galactopyranosyl)-(l-*3)-2-acetamido-2- 

deoxy-4,6-0-benzylidene-a-D-galactopyranoside (14)

AcO
AcO AcHN

The preparation of 14 was a modified procedure from Lemieux et. al.61 A  solution of 

tetra-O-acetyl-galatopyranosyl bromide (16) (2.27 g, 5.52 mmol) in dry toluene (15 mL) 

was added to a stirred mixture of the donor 15 (1.71 g, 4.52 mmol), mercuric cyanide 

(1.30 g, 5.51 mmol) and molecular sieves 4A in a 1:1 (v/v) toluene:nitromethane
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solution mixture (98 mL). The mixture was heated at 70 °C for 5 h. Then, more tetra- 

O-acetyl-galactopyranosyl bromide (16) (0.80 g, 2.0 mmol) was added and heating was 

carried out for 8 h. On disappearance of the donor by TLC analysis, the reaction 

mixture was cooled to rt and filtered with the residue being washed with 

dichloromethane (50 mL). The combined washings and organic layer were washed with 

water (2 x 150 mL), 2M potassium iodide solution (3 x 150 mL), brine (2 x 100 mL), 

and dried over anhydrous sodium sulfate. After filtration and evaporation, the residue 

was purified by silica gel column chromatography (eluant, EtOAc:MeOH, 1:0-* 1:1) to 

give the disaccharide as a white compound (2.95 g, 4.16 mmol, 92%). 'H NMR (500 

MHz, CDC13) 8 7.53-7.51 (s, 2H, Ar), 7.38-7.30 (m, 3H, Ar), 5.63 (d, 1H, NHCQCTL.7 

nh,2= 8.5 Hz), 5.54 (s, 1H, PhCH), 5.37 (dd, 1H, H -4\ 74.5. = 1.0 Hz, 74.3. = 3.5 Hz), 5.19 

(dd, 1H, H-2’, Jr x  = 8.0 Hz, Jr y  = 10.5 Hz), 5.11 (d, 1H, H -l, J l2 = 3.5 Hz), 4.97 (dd, 

1H, H -3\ 73i4. = 3.5 Hz, 73i2. = 10.5 Hz), 4.74 (d, 1H, H -l’, Jvx = 8.0 Hz), 4.66 (ddd, 

1H, H-2,J2l = 3.5 Hz, 72-NH = 8.5 Hz, 723= 11.5 Hz), 4.30 (br d, 1H, H-4,743= 3.5 Hz), 

4.25 (dd, 1H, H-6a, 76a,5 = 2.0 Hz, 76a,6b= 12.5 Hz), 4.14 (m, 2H, H-6’a, H-6’b), 4.06 (dd, 

1H, H-6b, 76b>5 = 2.0 Hz, 76b,6a= 12.5 Hz), 4.00 (dd, 1H, H-3, J3A= 3.5 Hz, 732= 11.5 

Hz), 3.96-3.91 (m, 2H, OCH2CH2N3), 3.89 (m, 1H, H-5’), 3.70-3.65 (m, 1H, H-5), 3.41- 

3.38 (m, 2H, O C H ^ ^ ) ,  2.14,2.02,1.98, 1.96 (s, 3H, COCH3); 13C NMR (125 MHz, 

CDC13) 8 170.3, 170.2, 170.1, 169.7, 169.5 (C=0), 137.6 (Ar C), 128.9, 128.2, 126.2,

126.0 (Ar CH), 101.0 (PhCH), 100.8 (C -l’), 98.5 (C-l), 75.3 (C-4), 73.6 (C-3), 71.1 (C- 

5’), 70.9 (C-3’), 69.2 (C-6), 68.8 (C-2’), 67.4 (OCH2CH2N3), 66.9 (C-4’), 63.4 (C-5),

61.4 (C-6’), 50.6 (O C H ^ H ^ ) , 48.2 (C-2), 23.4, 20.68, 20.66, 20.62, 20.52 (COCH3). 

HR-ESMS calcd for C31H40N4O15Na: 731.2388. Found: 731.2397.
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2-Azidoethyl (2,3,4,6-tetra-0-acetyl-P-D-galactopyranosyl)-(l-*3)-2-acetamido-2- 

deoxy-a-D-galactopyranoside (31)

A r n  OAC HD OH

To a solution of 2-azidoethyl (2,3,4,6-tetra-0-acetyl-P-D-galactopyranosyl)-(l-*3)-2- 

acetamido-2-deoxy-4,6-0-benzylidene-a-D-galactopyranoside 14 (2.81 g, 3.97 mmol) 

in dichloromethane (44 mL), was added 80% acetic acid (15 mL) and the mixture was 

heated at 50 °C for 2 h. The mixture was then cooled, co-evaporated with toluene (3 x 

15 mL). The residue was chromatographed using ethyl acetate:methanol (100:1) to 

afford the title compound (1.65 g, 2.66 mmol, 67%) as a white solid. [a ]D22 + 67.59 (c, 

0.45, CHC13); ‘H NMR (500 MHz, CDC13) 5 5.60 (d, 1H, NHCOCH3, / NH1 = 9.5 Hz),

5.35 (d, 1H, H-4’,74 3. = 3.5 Hz), 5.17 (dd, 1H, H-2’, / 2. ,.= 8.0 Hz,J T?=  10.5 Hz), 4.97 

(dd, 1H, H-3\ / 3.4.= 3.5 Hz, / 3.2,= 10.5 Hz), 4.92 (d, 1H, H-l, J u = 3.5 Hz), 4.62-4.57 

(m, 2H, H -l’, H-2), 4.16-4.05 (m, 3H, H-6a \  H-4, H-6b’), 3.95-3.89 (m, 3H, H-6a, 

OCH2CH2N3, H-5’), 3.82-3.75 (m, 3H, H-5, H-6b, H-3), 3.64 (ddd, OCH2CH2N3, J  =

2.5, 8.0, 10.5 Hz), 3.47 (ddd, 1H, OCH2CH2N3, /  = 2.5, 7.5, 10.0 Hz), 3.32 (ddd, 1H, 

COLCH,N,.7 = 2.5, 6.0, 10.0 Hz), 2.14 (s, 3H, NHCOCH3), 2.03, 2.026, 1.97, 1.95 (s, 

3H, COCH3); l3C NMR (125 MHz, CDC13) 6 170.4, 170.1, 170.1, 169.9 (C=0), 169.4 

(NHC=0), 101.6 (C -l’), 98.1 (C-l), 77.8 (C-3), 71.0 (C-5’), 70.6 (C-3’), 69.9 (C-5),

69.2 (C-4), 68.6 (C-2’), 67.2 (OCH2CH2N3), 66.9 (C-4’), 62.7 (C-6), 61.3 (C-6’), 50.5 

(OCHjCH^j), 47.6 (C-2), 23.3 (NHCOCH3), 20.61, 20.58, 20.57, 20.5 (COCH3). HR- 

ESMS calcd for C24H36 N4Q15Na: 643.2075. Found: 643.2072.

AcHN
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2-Azidoethyl (j3-D-galactopyranosyl)-(l—*’3)-2-acetamido-2-deoxy-a-D- 

galactopyranoside

B 

HO

Sodium methoxide (0.2 N, 0.076 mmol, 0.38 mL) was added to a solution of 2- 

azidoethyl (2,3,4,6-tetra-0-acetyl-P-D-galactopyranosyl)-(l-^3)-2-acetamido-2-deoxy- 

a-D-galactopyranoside (1.19 g, 1.92 mmol) in dry methanol, which was stirred for 6 h 

for complete de-acetylation. Amberlite-H+ resin was added to neutralize the solution, 

which was then filtered. After evaporation of the solvent, a white solid (0.83 g, 1.83 

mmol, 96%) was obtained. [a ]D22 + 78.29 (c, 0.26, CH3OH); ‘H NMR (600 MHz, 

CD3OD) 6 4.91 (d, 1H, H-l, JU2= 3.6 Hz), 4.43 (dd, 1H, H-2, J%x = 3.6 Hz, / „  = 11.4 

Hz), 4.40 (d, 1H, H -l’, Jvx  = 7.8 Hz), 4.18 (dd, 1H, H-4, J45 = 1.8 Hz, / 43 = 3.0 Hz),

3.92 (dd, 1H, H-3, J3A= 3.0 Hz, / 32= 11.4 Hz), 3.90-3.86 (m, 2H, OCH2CH2N3, H-5),

3.81 (dd, 1H, H-4’, J4,,5. = 1.2 Hz, / 4,>3. = 3.6 Hz), 3.76-3.68 (m, 4H, H-6a, H-6b, H-6a’, 

H-6b’), 3.62 (ddd, 1H, OCH2CH2N3, J  = 3.6, 6.0, 7.8 Hz), 3.54 (dd, 1H, H-2’, Jr x  = 7.8 

Hz, J2.,3. = 10.2 Hz), 3.52-3.50 (m, 1H, H-5’), 3.47-3.43 (m, 3H, OCH2CH2N3, H-3’), 

1.97 (s, 3H, NHCOCH3); 13C NMR (125 MHz, CDC13) 8 174.2 (CO), 106.4 (C -l’, JC.H 

=160 Hz), 99.1 (C-l, Jc,H= 171 Hz), 78.9 (C-3), 76.8 (C-5’), 74.8 (C-3’), 72.6 (C-2’),

72.4 (C-5), 70.3 (C-4’), 70.0 (C-4), 67.8 (OCH2CH2N3), 62.9, 62.5 (C-6, C-6’), 77.8 (C-

2), 51.7 (O C H ^ H ^ ) , 50.2 (C-2), 22.9 (NHCOCH3). HR-ESMS calcd for C^H* 

N4OuNa: 475.1652. Found: 475.1658.

AcHN
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2-Aminoethyl (|3-D-galactopyranosyl)-(l-*3)-2-acetamido-2-deoxy-a-D-galactopy- 

ranoside (13)

To a solution of 2-azidoethyl (|3-D-galactopyranosyl)-(l-*3)-2-acetamido-2-deoxy-a- 

D-galactopyranoside (0.81g, 1.79 mmol) in a mixture of MeOH (20 mL) and water (2 

mL) was added Pd-C (10% ,0.1 g) and hydrogenation was carried out with vigorous 

stirring overnight for 18 h. The palladium was removed by filtering the mixture 

through celite, which was subsequently washed with methanol (10 mL). After 

evaporating off the solvents under reduced pressure, the disaccharide 13 was produced 

in quantitative yield as a white solid (0.76 g, 1.79 mmol). [a]D22 + 108.58 (c, 0.50,

AcHN

HO P H  HO .OH

CH3OH); ‘H NMR (600 MHz, CD3OD) 5 4.81 (d, 1H, H-l, J  u = 3.6 Hz), 4.46 (dd, 1H,

H-2, Ju  = 3.6 Hz, J23 = 9.5 Hz), 4.38 (d, 1H, H -l’, Jra. = 7.8 Hz), 4.16-4.15 (m, 1H, H-

4), 3.91 (dd, 1H, H-3, J3A = 3.0 Hz, / 3,2= 9.5 Hz), 3.86-3.84 (m, 1H, H-5), 3.82-3.76 (m,

2H, OCH2CH2N3, H-4’), 3.76-3.72 (m, 2H, H-6’), 3.72-3.68 (m, 2H, H-6), 3.53 (dd, 1H,

J5.6.b = 6.0 Hz), 3.46-3.43 (m, 2H, H-3’, OCH2CH2N3), 2.88-2.85 (m, 2H, OCH2CH?NA

1.97 (s, 3H, COCH3); l3C NMR (125 MHz, CD3OD) 6 174.1(CO), 106.5 (C -l’), 99.3

(C-l), 78.9 (C-3), 76.8 (C-5’), 74.7 (C-3’), 72.5 (C-2’), 72.3 (C-5), 70.3 (C-4’), 70.2 (C-

4), 70.0 (0CH2CH2N3), 62.95, 62.64 (C-6, C-6 ’), 50.2 (C-2), 50.2 (C-2), 42.0

(O C H jC H ^), 22.9 (NHCOCH3). HR-ESMS calcd for C16H3i N2Ou: 427.1928. Found:

427.1928.
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General procedure for conjugating the dye molecules to the saccharide:

To a stirring solution (pH = 8.2) of the saccharide in 0.185 M NaHC03 (0.5 mL), the 

labeling agent in anhydrous DMF (0.5 mL) was added. Stirring was continued for 4-6  

h at rt. The solvent was evaporated and the crude purified using reverse-phase 

chromatography on a C -l8 column. Lyophilisation of the required fractions gave the 

dye-labeled saccharides as fluffy solids.

2-(6-Hydroxy-3-oxo-3/f-xanthen-9-yl)-5-{3-[2-(3,6-di-0-a-D-mannopyranosyl-a-D- 

mannopyranosyloxy)-ethyl]-thioureido}-benzoic acid (1-FITC)

With the trisaccharide 1 (30 mg, 0.55 mmol) and fluorescein isothiocyanate isomer I 

(5.0 mg, 0.013 mmol), the conjugated trisaccharide (7.9 mg, 0.009 mmol, 69%) was 

obtained in as a yellow fluffy solid and as isomers: 'H NMR (500 MHz, DzO) 6 7.75-

OH

HOOC

OH

o

7.70 (m, 1H, Ar), 7.71 (br s, 1H, ArH), 7.54 (d, 1H, Ar, /  = 11.5 Hz), 7.36-7.17 (m, 3H,

ArH), 6.70-6.56 (m, 3H, ArH), 5.10 (br s, 1H, H-l), 5.08 (br s, 1H, H-l), 4.89 (br s, 1H, 

H-l), 4.87 (br s, 1H, H-l), 4.85 (br s, 1H, H-l), 4.20-3.50 (m, 44H); 13C NMR (125

MHz, D20 )  5 184.2, 180.3, 174.2, 158.9, 158.7, 141.35, 138.46, 132.0, 131.9, 131.6,

130.7, 129.8, 126.0, 122.8, 122,5, 113.8, 113.5, 103.8, 102.7, 100.2, 99.7, 78.9, 73.6,
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72.9, 71.6, 70.9, 70.7, 70.3, 70.2, 70.0, 67.0, 66.3, 66.1, 65.9, 65.7, 61.2, 44.6, 39.3. 

HR-ESMS calcd for [M-H] ,C41H47N20 21S: 935.2387. Found: 935.2388.

2-(6-Hydroxv-3-oxo-3//-xanthen-9-yl)-5-{3-[2-((P-D-galactopyranosyl)-(l-*'3)-2- 

acetamido-2-deoxy-a-D-galactopyranosyloxy)-ethyl]-thioureido}-benzoic acid (13- 

FITC)

HO .OH HO OH

H O ^ ^ - o J ^ A  h
HO AcHN I R .N 

O
HOOC

With the disaccharide 13 (20 mg, 0.47 mmol) and fluorescein isothiocyanate isomer I 

(4.2 mg, 0.01 mmol), the conjugated disaccharide (8.80 mg, 0.01 mmol) was obtained 

in quantitative yield as a yellow fluffy solid: (500 MHz, DzO) 5 7.71 (br s, 1H, Ar), 7.55 

(br d, 1H, Ar, J  = 6Hz), 7.38 (d, 1 H, Ar, J  = 8.5 Hz), 7.30-7.24 (m, 2H, ArH,), 6.97 (d, 

1H, Ar, J  = 2 Hz), 6.70-6.64 (m, Ar, 3H), 4.96 (d, 1H, H-l, 7U = 3.0 Hz), 4.40-4.30 (m, 

2H), 4.23 (br s, 1H), 4.04-3.30 (m, 14H), 2.30 (s, 3H, COCH,); 13C NMR (125 MHz, 

D20 )  5 180.9, 174.9, 174.2, 167.5, 160.6, 159.2, 131.8, 130.3, 126.0, 125.2, 123.3,

112.8, 105.2, 103.9, 97.7, 78.1, 75.2, 72.8, 71.1, 70.8, 69.8, 69.0, 68.8, 66.6, 61.1, 48.8,

44.9, 22.5. HR-ESMS cdcd for [M-H], C ^H J^O ^S : 814.2135. Found: 814.2138.
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A-(9-{2-Carboxy-4-[2-(3,6-di-0-a-D-mannopyranosyl-a-D-mannopyranosyIoxy)- 

ethylcarbamoyl]-phenyl}-6-dimethylamino-xanthen-3-ylidene)-dimethyl- 

ammonium (1-TAMRA)

OH
/ O H

%

OH
HO

HO
H O -

. OH 
OH

OOC

NMe,

H

%IIO
_OOC <(,

NMe2 
+

W ith the deprotected trisaccharide 1 (32 mg, 0.58 mmol) and 5- 

carboxytetramethylrhodamine, succinimidyl ester (5.0 mg, 0.0095 mmol), the 

conjugated trisaccharide (3.6 mg, 0.0044 mmol, 46%) was formed as a pink solid: *H 

NMR (500 MHz, D20 )  5 8.31 (d, 1H, Ar, J  = 2Hz), 8.26 (d, 1H, Ar, J  = 2Hz), 8.18 (dd, 

1H, J  = 1.8 Hz, J  = 8.0 Hz), 8.07 (dd, 1H, /  = 1.5 Hz, J  = 8.0 Hz), 7.60-7.54 (m, 2H, 

Ar), 7.24-7.16 (m, 4H, Ar), 6.87-6.80 (m, 4H, Ar), 6.46-6.36 (m, 4H, Ar), overlapping 

doublet at 5.13 (d, J  = 1.5 Hz, H -l) and a broad singlet at 5.11 (H-l), overlapping 

doublets at 4.92 and 4.91 (d, J = 1.5 Hz, H-l), 4.85 (br s, H -l) and 4.81 (d, J  = 2 Hz, H- 

1), 4.20-3.50 (m, 4H), 3.17 (s, 12H), 3.10 (s, 12H); 13C NMR (125 MHz, D20 )  5 202.0,

175.1, 174.2, 170.3, 159.7, 158.7, 157.8, 157.74, 157.66, 141.6, 141.0, 140.8, 139.0,

136.0, 135.1, 134.0, 131.9, 131.8, 131.2, 130.7, 130.6, 129.7, 128.9, 128.1, 115.5, 

114.75, 114.71, 114.6, 113.7, 113.6, 103.3, 100.5, 100.3, 97.02, 97.00, 96.92, 96.91,

79.4, 74.2, 73.6, 73.5, 71.50,73.49, 71.0,70.92,70.85, 70.81, 67.7,67.65, 67.61, 67.58,

66.6, 66.4, 61.91, 61.84, 61.83, 61.80, 61.79, 49.76,40.9, 40.80, 40.6. HR-ESMS calcd 

for [M-H]+ ,C45H58N3O20: 960.3608. Found: 960.3603.
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iV-(9-{2-Carboxy-4-[2-((P-D-galactopyranosyl)-(l-*-3)-2-acetamido-2-deoxy-a-D-

galactopyranosyloxy)-ethylcarbamoylJ-phenyl}-6-dimethylamino-xanthen-3-

ylidene)-dimethyl-ammoniuin (13-TAMRA)

HO -OH HO .OH NMe2

HO AcHN | .  n

_OOC £

NMe2

With the disaccharide 13 (20 mg, 0.47 mmol) and 5-carboxytetramethylrhodamine, 

succinimidyl ester (13-TAMRA) (8.0 mg, 0.015 mmol), the conjugated disaccharide 

(3.7 mg, 0.0041,27% mmol) was formed as a pink fluffy solid: (500 MHz, DzO) 6 8.28-

8.27 (d, 1H, Ar, J  = 1.5 Hz), 8.06 (dd, 1H, Ar, J  = 1.8, 7.5 Hz), 7.58 (d, 1H, Ar, J  = 

8Hz), 7.18 (t, 2H, Ar, J = 9.3 Hz), 6.88 (dt, 2H, Ar, J=  2.5, 5.0 Hz), 6.51 (br s, 2H, Ar), 

4.91 (d, 1H, H-l, J  = 4.0 Hz), 4.48 (d, 1H, H -l’, J  = 8.0 Hz), 4.36 (1H, dd, H-2, J2>1 =

4.0 Hz, 72>3= 11.0 Hz), 4.21 (d, 1H, H -4,J4,3= 3.0 Hz), 4.04 (1H, dd, H-3, JX4= 3.0 Hz, 

73 2= 11.0 Hz), 4.02-3.94 (m, 2H), 3.89 (d, 1H, H-4’, i 4. 3.= 3.5 Hz), 3.88-3.82 (m, 1H), 

3.79-3.64 (m, 7H), 3.62 (dd, 1H, / 3vr= 3.5 Hz, / 3. 2 = 10.5 Hz), 3.51 (dd, 1H, H-2’, J2. 

r= 8.0 Hz, / 2. 3.= 10.5 Hz), 3.14 (s, 12H, CH3), 1.92 (s, 3H, NHCOCH3); 13C NMR (100 

MHz, D20 ) 5 174.7, 165.9 (C=0), 156.5, 151.5, 149.1, 147.5, 147.3, 145.2, 140.2,

138.3,137.6, 137.1, 128.0, 112.7, 105.0 (C-l), 97.9 (C -l’), 77.3, 75.3, 74.6, 72.9, 71.3,
\

70.9, 69.1, 68.9, 61.6, 61.4, 40.4, 39.8, 22.5. HR-ESMS calcd for [M-H]+ 

,C41H5oN40 15Na: 861.3165. Found: 861.3157.
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iV-(2-(3,6-di-<7-a-D-mannopyranosyl-a-D-mannopyranosyloxy)-ethyI)-6-(7-

nitrobenzo[c][l,2,5]oxadiazol-4-ylamino)hexanamide (1-NBD)

.OH
/ O H

OH
HO

HO
H O - ^O

. OH 
OH

-O.
N N\\ ii

N ^ ( C H 2)5N H - ^ j > -N 0 2

The trisaccharide 1 (30 mg, 0.055 mmol) reacted with succinimidyl 6-A-(7-nitrobenz-2- 

oxa-l,3-diazol-4-yl amino) hexanoate (NBD-X) (9.9 mg, 0.025 mmol) to give the 

conjugated trisaccharide (21 mg, 0.025 mmol) in quantitative yield as a yellow fluffy 

solid. *H NMR (500 MHz, D20 )  6 8.35 (br s, 1H, Ar), 6.26 (d, 1H, Ar, J = 9.5 Hz), 5.09 

(d, 1H, H-l, J = 1.5 Hz), 4.86 (d, 1H, H-l, J  = 2.0 Hz), 4.80 (d, 1H, H-l, J  = 1.5 Hz),

4.06-4.10 (m, 1H), 4.07 (dd, 1H, / =  1.8 Hz, 3.5 Hz), 3.98-3.61 (m, 20H), 3.60-3.46 (m, 

3H), 3.37-3.42 (m, 1H), 2.30 (t, 2H, J  = 7.5 Hz), 1.81-1.74 (m, 2H), 1.72-1.64 (m, 2H), 

1.50-1.42 (m, 2H); 13C NMR (125 MHz, D20 )  6 177.7 (C=0), 147.5, 145.2, 144.9,

139.6, 120.4, 103.3 (C-l), 101.1, 100.7 (C-l), 100.3 (C-l), 79.5, 74.2, 73.5, 72.1, 71.5,

71.3, 70.9, 70.8, 70.5, 67.62, 67.58, 67.0, 66.4, 66.2, 61.9, 61.8, 49.8, 39.7, 36.5, 28.1,

26.6,25.9. HR-ESMS calcd for [M-H]+,C32H49N5O20Na: 846.2863. Found: 846.2865.
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lV-(2-((P-D-gaIactopyranosyl)-(l-*3)-2-acetamido-2-deoxy-a-D-galactopyran- 

osyloxy)-ethyl)-6-(7-nitrobenzo[c][l,2,5]oxadiazol-4-ylamino)hexanamide 

(13-NBD)

HO OH HO .OH
lA-O lÂ -O

H O - V - r ^ - O -
HO AcHN I

O
O

The disaccharide 13 (19 mg, 0.045 mmol) reacted with succinimidyl 6-A-(7-nitrobenz- 

2-oxa-l,3-diazol-4-yl amino) hexanoate (NBD-X) (5.1 mg, 0.013 mmol) to give the 

conjugated disaccharide (8.5 mg, 0.012 mmol, 92%) as a yellow fluffy solid : 'H NMR 

(500 MHz, D20 ) 8 8.06 (br s, 1H, ArH), 6.37 (d, 1H, ArH, J  = 9.5 Hz), 4.80 (d, 1H, H- 

1, J  12 = 3.5 Hz), 4.43 (d, 1H, H -l’, Jv,r = 8.0 Hz), 4.29 (dd, 1H, H-2, Jxx = 3.5 Hz,

= 11.0 Hz), 4.20 (d, 1H, H-4, J 43 = 3.5 Hz), 3.95 (dd, 1H, H-3, J3A= 3.5 Hz, / 3,2=11.0 

Hz), 3.92-3.88 (m, 2H), 3.80-3.44 (m, 12H), 3.34-3.27 (m, 1H), 2.29 (t, J  = 7.3 Hz, 4.0 

Hz), 2.01 (s, 3H, COCH3), 1.84-1.75 (m, 2H), 1.71-1.62 (m, 2H), 1.48-1.40 (m, 2H);13C 

NMR (125 MHz, D20 ) 8 177.2, 174.7, 144.9, 144.5, 140.7, 139.2, 139.0, 116.3, 105.1,

100.6, 97.7, 77.6, 75.2, 72.8, 71.0, 70.9, 69.0, 68.8, 66.8, 61.4, 61.2, 49.1, 48.7, 39.2,

36.0, 27.5, 26.0, 25.4, 22.3. HR-ESMS calcd for [M-H]+, C28H42N60 15Na: 725.2600. 

Found: 725.2596.

General procedure for preparing DTPA conjugates

The carbohydrate (0.037 mmol) was dissolved in 0.185M sodium hydrogen carbonate 

solution (0.7 mL) and solid diethylenetriaminepentaacetic acid dianhydride (0.147 

mmol) was added.. The mixture was gently stirred for 6 h at rt, until ninhydrin test 

indicated absence of amines on TLC. The mixture was then applied on a Sephadex G-

(CH2)5NH
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15 column and eluted with water. The different fractions collected were evaporated and 

analysed by ‘H NMR to identify the purified product Water was removed by 

evaporation and lyophilization yielded the carbohydrate conjugate as a white fluffy 

solid.

((2S,3S,4/?,5i?)-2-(l-carboxy-2,5,8-tris(carboxymethyI)-10-oxo-2,5,8,ll-

tetraazatridecan-13-yloxy)-3,6-di-0-a-D-mannopyranosyl-a-D-mannopyranoside

OH

HC
HO

‘OH OH O

nY
OH

Yield, 36%; ‘H NMR (500 MHz, D20 )  6 5.09 (d, 1H, J  = 1.2 Hz), 4.88 (d, 1H, J  = 1.6

Hz), 4.83 (d, 1H, J  = 1.6 Hz), 4.07-4.10 (m, 1H), 4.05 (dd, 1H, J  = 1.6 Hz, 3.2 Hz),

3.98-3.63 (m, 30H), 3.54-3.34 (m, 5H), 3.33-3.18 (m, 3H); 13C NMR (125 MHz, D20 )  5

173.6, 172.8, 172.1, 171.2, 168.6 (C=0), 103.2, 100.6, 100.2 (C-l), 72.0, 71.4, 71.2,

57.6, 57.3, 57.2, 55.1, 53.0, 51.4, 50.8, 39.9, 39.8. HR-ESMS calcd for [M-H]

.C ^ H ^ O ^ : 921.3318. Found: 921.3308.
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((2S,3S,4/?,5R)-2-(l-carboxy-2,5,8-tris(carboxymethyl)-10-oxo-2,5,8,ll-tetraaza

tridecan-13-yloxy)-(p-D-galactopyranosyl)-(l-*3)-2-acetamido-2-deoxy-a-D-

galactopyranoside

HO xOH HO P H  

-Q
AcHN

OH

h r c"°
NY ^ N ^ N— N ^ °

O k ^ P  H O ^ J  OH

OH O

Yield, 40%; *H NMR (500 MHz, D20 )  6 4.88 (d, 1H, H-l, 712 = 4.0 Hz), 4.49 (d, 1H, 

H I ’, Jvr  = 8.0 Hz), 4.33 (dd, 1H, H-2, Jx, = 4.0, JX3 = 11.5 Hz), 4.22 (d, 1H, H-4, 74i3 =

3.0 Hz), 3.98 (dd, 1H, H-3, J3A= 3.0 Hz, J32 = 11.5 Hz), 3.96-3.42 (m, 25H), 3.40-3.30 

(m, 4H), 3.18-3.10 (m, 2H), 2.03 (s, 3H, CH3); 13C NMR (125 MHz, D20 )  5 175.4,

175.3, 173.7, 172.5, 171.2, 168.9 (C=0), 105.5 (C-l), 98.3 (C -l’), 78.03, 75.8, 73.3,

71.7, 71.4, 69.5, 69.4 (CH), 67.2, 62.0, 61.8, 58.0, 57.5,57.44, 57.38, 55.23, 52.4, 51.6, 

50.6 (CH2), 49.3 (CH), 40.1, 40.01. HR-ESMS calcd for [M-H]\ CsoHjoNA,,: 

800.3044. Found: 800.3051.

General procedure for preparing europium complexes from the DTPA conjugates 

of carbohydrates
\ .

To a solution of DTPA conjugate (0.031 mmol) in water (0.7 mL) was added europium

nitrate (0.034 mmol) and the mixture was allowed to stir at rt for 3 h. The mixture was

then purified by sephadex G-15 and the fractions containing the product were analysed 

by *H NMR. The aqueous mixture was evaporated under vacuum and lyophilized to 

give a white fluffy solid as product. Because of the diamagnetic nature of europium, the
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proton peaks were considerably broadened and would give higher values for their 

integration than expected. 13C spectra were therefore not taken as sharp peaks were not 

obtained in the proton NMR spectra.

Europium (III) ((2S,3S,4R,5R)-2-(l-carboxyIato-2,5,8-tris(carboxylatomethyl)-10- 

oxo-2,5,8,ll-tetraazatridecan-13-yloxy)-3,6-di-0-a-D-mannopyranosyl-a-D- 

mannopyranoside (32)

Hz), 4.87 (d, 1H, J = 1.5 Hz), 4.20-3.24 (m, 40 H). HR-ESMS calcd for [M]\ 

C ^ N ^ E u :  1071.2295. Found: 1071.2291.

Europium (III) ((2S,3S,4R,5R)-2-(l-carboxylato-2,5,8-tris(carboxylatomethyl)-10- 

oxo-2,5,8, ll-tetraazatridecan-13-yloxy)-(0-D-gaIactopyranosyl)-(l-*3)-2- 

acetamido-2-deoxy-a-D-gaIactopyranoside (33)

H(
HO

Yield, 28%; *H NMR (500 MHz, D20 )  6 5.11 (d, 1H, J  = 1.5 Hz), 4.90 (d, 1H, J  = 2.0

HO OH HO .OH

HO

V "V
n^ y °

_o
-O o
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Yield, 30%; NMR (500 MHz, D20 ) S 4.96 (br s, 1H), 4.70 (br s, 1H), 4.48-3.20 (m, 

42H), 2.05-1.80 (m, 3H). HR-ESMS calcd for [M]', C30H47N5O20Eu: 950.2021. Found: 

950.2018.

2.8.3 Derivatization of agarose beads with dye molecules

Buffer solution for just the agarose beads consisted of 0.01 M sodium hydrogen- 

phosphate, 0.15 M sodium chloride at pH 7.40. The agarose beads were co-aminobutyl- 

agarose immobilized on cross-linked 4% beaded agarose, 95-165 pmoles. After 

washing 20 pL of gel suspension (1 x 107 moles of amine groups) with phosphate 

buffer solution, the beads were made into a solution with 0.5 mL of 0.19 M NaHC03 

(pH 8.3) in a polypropylene vessel and treated with different equivalents (0.1,0.5, 1, 2,

4 ,6, 8, 10 equiv with respect to the amino groups) of dye solution in DMF (0. 1 g in 0.1 

mL DMF). After 12 h of shaking in an automatic shaker, the beads were washed with

0.19 M NaHC03 ( 2 x 1  mL), methanol (1.5 mL), water ( 2 x 1  mL) and buffer solutions 

(1 mL). A volume of 1 mL of buffer solution was then added to the beads and 6 pL of 

the gel solution was placed on a glass slide to be observed under the epi-fluorescent 

microscope. Different filters were used for the dye-labeled beads and an average count 

was made as to the number of bright beads of the same size seen in the solution.
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2.8.4 General procedure for preparing agarose-lectin assays with labeled 

carbohydrates

A solution of the gel solution (20 pL) was placed in a polypropylene vessel, followed 

by the saccharide solution (10 x 10 5 M, 5 x 105 M, 1 x 105 M) made in the required 

buffer. The mixture was vortexed for 4 h at rt. Then, the resin was filtered and rinsed 

with the buffer solution (lmL) for 30 s. Then a volume (250 pL) of the buffer solution 

was added to the polypropylene vessel containing the lectin-agarose beads which was 

vortexed for 15 s. The gel solution (10 pL) was then placed on the glass slide for 

viewing under the microscope.

2.8.5 Visualization of beads on a gel matrix

1. The gel solution was of the same composition as the gel for electrophoresis. It was 

prepared by mixing 3.3 mL of 30% acrylamide mix, 50 pL of 10% ammonium 

persulfate 4 pL of TEMED (A,A,A,A^-Tetramethylethylenediamine) and 1.65 mL of 

buffer solution.

2. Agarose gel (20 pL) was placed onto one glass plate of a gel caster, left to dry and 

covered with another glass plate.

3. The gel solution was run down the slit between the plates and allowed to solidify for 

thirty minutes. '

4. The plates were then separated from each other and the transparent gel was removed 

gently from the glass plate. A piece of the polymeric gel was broken off and 10 pL of
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DELFIA solution was added. The gel was then observed under the epifluorescent 

microscope.

2.8.6 Solid-phase binding assay of lectins on microtiter plates

Buffers used for

(a) Con A lectin

Tris: 0.05 M Tris, 0.15 M NaCl, 0.004 M CaCl2.

Tris-Tween: Tris + 0.05% Tween-20

(b) PNA lectin

PBS: 0.01 M Na3P04, 0.15 M Na Cl, 0.5 mM CaCl2.

PBST: PBS + 0.05% Tween-20.

A solution of lectin (PNA) dissolved in PBS buffer solution (2.5 pg in 1 mL) was added 

to 96-well plate (black Nunc plate) which was left overnight at - 4 °C (Con A, 2-3 h, rt). 

The microtiter plate was washed five times with PBST (for Con A lectin, Tris-tween). 

Blocking of wells was carried out at rt by incubating the lectin-coated plate with 2.5% 

casein. The plate was washed twice with PBST. A solution of the europium-labeled 

carbohydrate was added to the plate which was left overnight in the refrigerator at -4 °C 

for PNA lectin or at 3-4 h or at rt for Con A lectin. The plate cells were then washed 

three times with PBST (for PNA lectin) or Tris-tween (for Con A lectin). 100 pL of 

DELFIA reagent was added to each cell and left to react for thirty minutes as 

recommended for DELFIA assays and time-fluorescence readings were taken after 5 s 

of automatic shaking in the microplate reader. The wavelengths for excitation and 

emission were 332 nm and 616 nm respectively.
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Chapter 3 

Screening of Polyamine Libraries in the Search for Receptors for 

Polyanionic Sulfated Carbohydrates

3.1 Introduction

As discussed in Chapter 1, natural sulfated carbohydrates exist on the cell surfaces of 

proteoglycans1 (PG), which are protein cores involved in a number of diseases. One 

effective way to treating cancer is to inhibit both polyamine synthesis and heparan 

sulfate assembly2-4 (responsible for the replenishment of amines for cancerous cell 

growth). To date, no research has been done in screening combinatorial polyamine 

libraries for the discovery of unnatural ligands that bind strongly to sulfated 

carbohydrates5 such as heparins or heparan sulfate.

Strong binding by multivalent ion pairing to sulfated carbohydrates depends on the 

separation between amine groups in the polyamine molecule as shown in Figure 3-1. 

Screening of combinatorial libraries provides a quick and easy way to find ligands for 

these sulfated targets in an aqueous medium, a mimic of the physiological conditions 

existing in the human body. Our aim was to synthesize fluorescently labeled water- 

soluble sulfated carbohydrate models of the polymer heparan sulfate. These will then 

be screened against a library of polyamines loaded on polystyrene-based supports, 

which were developed by Manku and Hall6 and tested with sulfated aromatic water- 

soluble dyes.
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Figure 3-1. Screening of polyamine libraries against fluorescently tagged sulfated

sugars.

The models of fluorescently labeled monosaccharide and disaccharide unit of heparan 

sulfate, the polysulfated version of heparin, are shown in Figure 3-2. Succinimidyl 6- 

(N-(7-nitrobenz-2-oxa-l,3-diazol-4-yl)amino) hexanoate (NBD-X) dye would be the 

aromatic dye of choice used to label the sulfated carbohydrates so that the solubility of 

the carbohydrate molechles is not drastically affected by structure of the fluorescent tag 

used. The model saccharides would be monosacccharides and disaccharides that are 

units of heparin which have a linking arm to attach the reporter molecule. Before 

making more complicated versions of sulfated carbohydrates, the screening would be 

tested with simple NBD-labeled polyanionic carbohydrates 1 and 2.
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o
2

R = H or SO3

Figure 3-2. Model fluorescently tagged sulfated saccharides.

3.2 Retrosynthesis of sulfated compound 1

In the synthesis of the trisulfated carbohydrate 1 (Scheme 3.1), the sulfation process 

would be done in the last synthetic steps for the following reasons: (1) sulfated 

carbohydrates need ion-exchange columns for purification purposes; (2) certain 

conditions (harsh basic conditions) can favor elimination of sulfate ions.

Because it was found in the literature7 that the amide NH was not sensitive to sulfation 

conditions, analogue 3, a conjugate of succinimidyl 6-(N-(7-nitrobenz-2-oxa-l,3-diazol- 

4-yl)amino) hexanoate (NBD-X) dye, would be one of the synthons as depicted in 

Scheme 3.1.

In the formation of an a-glycosidic bond in 2-amino glycoside, a non-participating 

neighboring group at the C-2 position is required during the activation of the anomeric 

position (Scheme 3.2), for example, an azido group.8'10 Other neighboring groups that
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favor the formation of a-glycosides are O-benzyl-, Omethoxybenzyl- or thioethers in 

the carbohydrate ring.11 These functional groups are very bulky and cannot participate 

in the stabilization of the anomeric centre by donation of the lone pair of electrons on 

the oxygen (Scheme 3.2).

2-Amino sugar derivatives could be derived from 2-azido carbohydrates that are 

obtained by various methods.12'13 The yields and selectivities of 2-azido derivatives are 

also high. We employed the azidonitration reaction,12 which yielded the corresponding 

2-azido carbohydrates from glycals (Scheme 3.1). Selective reduction of the azide to 

the amine would be carried out either under Staudinger conditions14 (triphenyl 

phosphine) or with hydrogen sulfide. The corresponding amine would then be 

subjected to sulfation.15

To mimic the disaccharide unit in heparin, the hydroxyl group at C-4 was protected, so 

that similar protecting groups were needed for the 3- and 6-hydroxyl groups. For 

instance, tert-butyl silyl groups are known to regioselectively react with hydroxyl 

groups of glycals.16 Thus, commercially available acetylated glycal 7 would be the 

starting material in this synthesis.

3.3 Synthesis of 4-0-benzyl-3,6-di-0-tert-butyldimethylsilyl-D-gIucal (6)

In Scheme 3.3, removal of the acetyl groups from 3,4,6 tri-O-acetyl glucal 7 would 

yield D-glucal 8 . The hydroxyl groups at the 3 and 6 positions were protected 

selectively16"18 with te r t-butyl dimethylsilyl chloride to give the di-protected
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carbohydrate 9 in 80% yield. Benzylation was then done at the 4-position with benzyl 

bromide and sodium hydride conditions. 4-0-Benzyl-3,6-di-O-terf-butyldimethylsilyl- 

D-glucal (6) was thus obtained in 99% yield.

P Ac PH  OTBDMS OTBDMS/   S ' "  w  I D U I V I O  O I B C

Ac0 \  P  ' -  H 0 ' \ ^  — ----- ► BnO
Ac O- * — HO- * — ^  TBDMSO-*— ^  TBDMSO —k - —̂

7 8 9 6

Scheme 3.3 Reagents and conditions: (a) NaOMe, MeOH, rt, 30 min, quantitative 

yield; (b) TBDMSC1, imidazole, DMF, 0 °C, 2 h, 80%; (c) BnBr, NaH, 0°C to rt, 1 h, 

99%.

3.4 Synthesis of 2-A7-(9-fluorenylmethyloxycarbonyl)-ethyl-2-azido-4-0-benzyl- 

2-deoxy-3,6-di-0-ter<-butyldimethylsilyl-a-D-glucopyranoside (14)

With the protecting groups in place, the next step would be the introduction of the azido 

group at the C-2 position in 6 by azidonitration12,18 with cerium ammonium nitrate and 

sodium azide as shown in Scheme 3.4. The work-up had to be modified from the 

literature conditions as the silyl groups were observed to cleave under acidic conditions, 

giving many side products.

The azidonitration reaction furnished the labile nitrate derivatives 10 and 11 which were 

hydrolysed to the compounds 12 (10% yield) and 13 (19-44% yield) respectively with 

thiophenol and diisopropylethylamine.19 When column chromatography was directly 

attempted on the nitrates, low yields of impure compounds were obtained due to the
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silyl groups cleaving. In addition, the isomers were difficult to separate as they were 

eluting very close to each other. As the hemiacetal derivative 13 was the desired 

product, it was deemed safe and more practical to perform the nitrate hydrolysis step 

first before attempting any purification process.

Scheme 3.4 Reagents and conditions: (a) CAN, NaN3, CH3CN, -20 °C to -10 °C, 2 h,

(b) thiophenol, (‘Pr)2EtN, CH3CN, rt, 1 h.

To construct an a  linkage in 2-azido-4-O-benzyl-2-deoxy-3,6-di-0-tert-butyldimethyl 

silyl-P-D-glucopyranose 13, the hydroxyl group at the anomeric position was to be 

transformed to a good leaving group such as the (3-trichloroacetimidate, by reaction with 

potassium carbonate and trichloroacetonitrile20 (Scheme 3.4) under kinetic conditions. 

The glycosidic bond in 5 was of (3 configuration. *H NMR indicated a large coupling 

constant with H-l at 5 5.65 (d, J  = 8.0 Hz). With the acceptor ready for the next 

reaction, a linker with a protected amine group was introduced at the anomeric position.

OTBDMS .OTBDMS

BnO—  
TBDMSO

OTBDMS

BnO
TBDMSO

a BnO'"'
TBDMSO

6

OTBDMS OTBDMS

BnO—
TBDMSO

B n O "
TBDMSO

12 (10%)
OH

N3

13(19-44%)
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Bn O— , a  Bn O— ^
TBDMSO-a - ^ A < - O H  ► TBDMSO-^—

Na N3 ^ r CC'3'‘a
HN

13 5

OTBDMS

b BnO—  
TBDMSO-

NHFmoc

14

Scheme 3.5 Reagents and conditions: (a) K2C 03, CC13CN, DCM, rt, 8 h, 71%; (b) 

BF3.OEt2, THF, HOCH2CH2NHFmoc, 0 °C, 1 h, 34%.

To introduce another amine protecting group at the linker arm, the aglycon was chosen 

to be 2-iV-(9-fluorenylmethoxycarbonylamino)-ethanol. Thus, ethanolamine was 

reacted with 9-fluorenylmethoxycarbonyl-iV-hydroxy-succinimide21 to give the Fmoc- 

protected aglycon in 97% yield under basic conditions with 10% sodium bicarbonate 

solution in tetrahydrofuran at 0 °C.

Glycosyl trichloroacetimidates with non-participating groups at C-2 undergo inversion 

of configuration at the anomeric centre with Lewis acids at low temperatures.8 When 

glycosylation was carried out in dry dichloromethane with trimethylsilyl triflate22 in the 

presence of molecular sieves at 0 °C, the desired product 14 was obtained in 17% yield. 

Some starting material was also recovered (22%). When the reaction was repeated 

using a different Lewis acid, boron trifluoride etherate at -2 0  °C, in dry 

dichloromethane, compound 14 was generated with a low yield of 16%. Boron 

trifluoride etherate as activating agent in dry tetrahydrofuran gave the best yield (37%) 

at 0 °C. Unreacted starting material was also recovered in 15%.
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3.5 Synthesis of 2-iV-(9-Fluorenylmethoxycarbonylamino)-ethyl-2-azido-4-0-

benzyl-2-deoxy-a-D-glucopyranoside (4)

With the glycoside 14 ready, the next step was the removal of the silyl protecting 

groups. A mixture of tetrabutylammonium fluoride and acetic acid was used to 

maintain neutral conditions at -  40 °C. Disappointingly, no product 4 was obtained. 

Instead, a decomposition product was formed, whereby the azido group was lost.

3.6 Conclusion to synthesis of NBD-labeled sulfated carbohydrates

The project was abandoned because of the low productivity of many reactions steps. 

We could see that silyl groups were not the best protecting groups to be used in the 

azidonitration reaction even if they could effect a 3,6 di-protection in the glucal 

derivative. Many side-products were obtained that made purification a lengthy and 

difficult process. The glycosidation step was also limited by the Lewis acid-sensitivity 

of the silyl groups. The azido group was cleaved on attempted removal of the silyl 

protecting groups.

.OTBDMS

B nO -"
TBDMSO

NHFmoc

Bu4NF, AcOH, 
THF.-40 °C, 1h

NHFmoc

14 4

Scheme 3.6
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3.7 Experimental

3.7.1 General

The methods described in Section 2.8.1 also apply here.

3.7.2 Experimental procedures 

D-Glucal (8)

To a solution of 3,4,6 tri-0-acetyl glucal (4.40 g, 16.2 mmol) in dry methanol (18 mL), 

0.1 M solution of sodium methoxide was added. The solution was stirred for 1 h at 

room temperature. Amberlite-H+ was then added to neutralize the solution for 30 min. 

The solution mixture was filtered and the methanol was removed by evaporation to give 

a pale brown solid (2.37 g, 16.2 mmol) in quantitative yield. The spectral data matched 

those of the commercial compound. ‘H NMR (500 MHz, CD3OD) 5 4.94 (d, 1H, H-l, 

/ li3 = 2.0 Hz, J l2 = 6.0 Hz), 3.34 (dd, 1H, H-2, J2X = 2.0 Hz, J2 l = 6.0 Hz), 2.76 (ddd, 

1H, H-3, Jxi = JX2 = 2.0 Hz, Jx 4 = 7.0 Hz), 2.46-2.36 (m, 3H, H-5, H-6a, H-6b), 2.21 

(dd, 1H, H-4, J4X = 7.0 Hz, / 45 = 9.0 Hz); 13C NMR (125 MHz, CD3OD) 6 143.8 (C-l),

102.9 (C-2), 78.2, 68.9, 67.4, 60.1. HR-ESMS calcd for C6H10O4Na: 169.0471. Found;

OH

169.0471.
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3,6-Di-0-ferf-butyldimethylsilyl-D-glucal (9)

OTBDMS

HO "
TBDMSO

To a cooled solution of D-glucal (8) (2.37 g, 16.2 mmol) in dimethylformamide (60 mL) 

at 0 °C, imidazole (5.44 g, 79.9 mmol) and tert-butyldimethylsilyl chloride (5.07 g, 33.6 

mmol) were added consecutively. The mixture was allowed to stir for 2 h. The solvent 

was evaporated and the crude was dissolved in dichloromethane (60 mL) and washed 

with water (2 x 40 mL). After drying over anhydrous Na2S04, filtration and removal of 

solvent, the crude was obtained. Purification by silica gel column chromatography 

using hexane/ethyl acetate (1:10) as eluent afforded a white solid (4.82 g, 12.9 mmol) 

which was obtained in 80% yield. *H NMR (500 MHz, CDC13) 5 6.28 (dd, 1H, H-l, Jl3 

= 2.0 Hz, J 1>2 = 6.0 Hz), 4.62 (dd, 1H, H-2, 723 = 2.0 Hz, J2A = 6.0 Hz), 4.24 (ddd, 1H, 

H-3, Jxl = JX2 = 2.0 Hz, J 3>4 = 6.5 Hz), 3.98 (dd, 1H, H-6a, i 6a,5 = 4.5 Hz, J ^ 6b = 11.0

Hz), 3.89 (dd, 1H, H-6b, 76b>5 = 3.5 Hz, J6bM = 11.0 Hz), 3.85-3.80 (m, H-5), 3.76 (ddd, 

1H, H-4, 740h = 4.0 Hz, / 4-3 = 6.5 Hz, 745 = 9.0 Hz), 2.51 (d, 1H, OH, 7OH,4 = 4.0 Hz), 

0.92, 0.91 (s, 9H, CH3), 0.13, 0.12, 0.09, 0.09 (s, 3H, CH3); 13C NMR (125 MHz, 

CDC13) 6 143.3 (C-l), 103.4 (C-2), 77.9 (C-5), 71.1 (C-4), 69.9 (C-3), 63.2 (C-6), 25.9,

25.8 (CH3), 18.4, 18.1 (C(CH3)3), -4.45, -4.49 (SiCH3). HR-ESMS calcd for

C18H380 4Si2Na: 397.2201. Found: 397.2199.

\

4-0-Benzyl-3,6-di-0-terf-butyldimethylsilyl-D-glucal(6)

OTBDMS

B nO "
TBDMSO
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Sodium hydride (0.365 g, 15.2 mmol) was added to a solution of 9 (1.80 g, 4.81 mmol) 

in dry dimethylformamide (15 mL) at 0 °C, followed by benzyl bromide (1.15 mL, 9.63 

mmol). The ice bath was removed and the reaction was allowed to warm to room 

temperature. After 1 h, on completion of reaction, methanol (2 mL) was added and the 

mixture was concentrated. Dichloromethane (60 mL) was added and the organic 

solution was washed with aqueous NaHC03 (2 x 40 mL) and brine (1 x 40 mL). After 

drying the organic layer over anhydrous Na^C^ and filtration, the solvent was removed 

by evaporation to afford the crude. Purification was carried out using the eluent system 

hexane/ethyl acetate (100:1) on the silica gel column. The title compound was obtained 

as a colorless oil in 99% yield. lH NMR (500 MHz, CDC13) 6 7.42-7.26 (m, 5H. Ar), 

6.32 (dd, 1H, H-l, 7i3 = 1.5 Hz, 712 = 6.0 Hz), 4.83 (d, 1H, PhCH2» 7 = 11.0 Hz), 4.74 

(d, 1H, PhCH2, 7 = 11.0 Hz), 4.65 (dd, 1H, H-2, 723 = 2.5 Hz, 72<1 = 6.0 Hz), 4.36 (ddd, 

1H, H-3, 734 = 1.5 Hz, 732 = 2.5 Hz, 73>4 = 6.0 Hz), 3.97(dd, 1H, H-6a, J ^ 5 = 4.5 Hz, 

76a,6b = 11.5 Hz), 3.94-3.90 (m, 1H, H-5), 3.86 (dd, 1H, H-6b, 76b,5 = 2.0 Hz, 76b,6a = 11.5 

Hz), 3.66 (dd, 1H, H-4, 74i3 = 6.0 Hz, 74,5 = 8.0 Hz), 0.93, 0.92 (s, 9H, 3 x CH3), 0.12, 

0.11 (s, 3H, CH3), 0.08 (s, 6H, 2 x CH3); 13C NMR (125 MHz, CDC13) 5 128.4, 127.9,

127.8 (CH, Ar), 143.4 (C-l), 138.5 (C, Ar), 103.3 (C-2), 78.1(C-5), 76.6 (C-4), 74.0 

(PhCH2), 69.0 (C-3), 62.0 (C-6), 26.0, 25.9 (CH3), 18.4, 18.1 (C(CH3)3), -4.4, -4.6, -5.1, 

-5.3 (SiCH3). HR-ESMS calcd for C25H440 4Si2Na: 487.2670. Found: 487.2671.
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2-Azido-4-6>-benzyI-2-deoxy-3,6-di-0-ferf-butyldimethylsilyl-a-D-galactopyranose

(12) and 2-azido-4-0-benzyl-2-deoxy-3,6-di-0-fe/t-butyldimethylsilyI-a/p-D- 

glucopyranose (13)

OTBDMS

B n O "
TBDMSO B nO -"

TBDMSO

12 13

Compound 6 (1.52 g, 3.26 mmol) was dissolved in dry acetonitrile (25 mL) and the 

solution was cooled to -20 °C. Cerium ammonium nitrate (6.61 g, 12.1 mmol) was 

added to the stirring mixture, followed by sodium azide (0.39 g, 6.06 mmol). The 

yellow solution was allowed to warm to -10  °C. After 2 h, when TLC showed no 

starting material present, a mixture of ethyl acetate (50 mL) and aqueous NaHC03 (25 

mL) was added slowly. The yellow precipitate was filtered over celite and the organic 

layer was separated. It was washed with sodium bicarbonate solution (2 x 40 mL), 

water (1 x 40 mL) and brine (1 x 40 mL). The organic extract was then dried over 

anhydrous Na2S04, filtered and the solvent was evaporated to afford the azidonitrate 

mixture.

For denitration, a solution of the crude in acetonitrile (20 mL) and thiophenol (0.7 mL,

10.1 mmol) was treated With N, A-diisopropylethylamine (0.50 mL, 3.59 mmol). After 

1 h, the mixture was concentrated and the residue was subjected to column 

chromatography with hexane/ethyl acetate (100:1—»1:1). Two main fractions were 

eluted with the first fraction being the glucose derivative 13 (0.75 g, 1.43 mmol, 44%
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yield) as a mixture of a /p  (1:1). Further elution afforded the mannose derivative 12 

(0.17 g, 0.32 mmol, 10% yield) as the a-anomer only.

Mannose derivative 12: *H NMR (500 MHz, CDC13) 8 7.42-7.26 (m, 5H. Ar), 5.73 (d, 

1H, H -l, Jh2 = 1.8 Hz), 4.86 (d, 1H, PhCH2, 7 = 11.4 Hz), 4.61 (d, 1H, PhCH2, 7 = 11.4 

Hz), 4.30 (dd, 1H, H-3, 732 = 3.6 Hz, JX4 = 9.0 Hz), 3.84-3.70 (m, 3H, H-2, H-6a, H-6b, 

H-5), 3.65 (t, 1H, H-4, J43 =, J4<5 = 9.0 Hz), 0.96,0.89 (s, 9H, 3 x CH3), 0.15,0.13,0.05, 

0.03 (s, 3H, CH3); 13C NMR (125 MHz, CDC13) 8 138.4, 128.3, 127.7, 127.6, 127.5, 

92.8, 75.7, 75.0,73.3, 72.5, 65.2, 62.9, 45.9, 25.92, 25.86, 18.4, 18.0 (C(CH3)3), -4.4, -

4.7, -5.2, -5.4 (SiCH3). HR-ESMS calcd for C ^H ^ttA Si.N a: 546.2790. Found: 

546.2792.

Glucose derivative 13 (a/p: 1/1 mixture): *H NMR (500 MHz, CDC13) 8 7.36-7.26 (m, 

10H. Ar), 5.33 (d, 1H, H -la , 7la>2a = 3.0 Hz), 4.84 (d, 1H, PhCH2, 7 = 11.5 Hz), 4.83 (d,

IH, PhCH2, 7 = 11.5 Hz), 4.69 (d, 1H, PhCH2, 7 = 11.5 Hz), 4.66 (d, 1H, PhCH2, 7 =

II.5 Hz), 4.58 (d, 1H, H-ip, 7ip>2p = 8.5 Hz), 4.03 (dd, 1H, H-3a, 73ai2a = J3a<4a= 9.0 Hz) 

3.90-3.74 (m, 5H, H-6aa, H-6ba, H-6aP, H-6bp, H-5P), 3.40-3.52 (m, H-4p, H-4a, H- 

3p), 3.28 (ddd, 1H, H-5a, J= 2.0,4.0,6.0 Hz), 3.23 (dd, 1H, H-2a, 7^  ,a = 3.0 Hz, 72,3 

= 9.0 Hz), 3.15 (dd, 1H, H-2P, 72p,ip = 8.5 Hz, 72p,3p = 9.0 Hz), 0.96, 0.95, 0.90, 0.90 (s, 

9H, 3 x CH3), 0.22,0 . l i  0.09,0.08,0.07,0.06, 0.05,0.04 (s, 3H, CH3); 13C NMR (125 

MHz, CDC13) 8 138.5, 138.3 (C, Ar), 128.33,128.28,127.6,127.43, 127.40, 127.2 (CH, 

Ar), 96.3, 92.2,78.9,78.4,76.2, 75.4,74.7,74.6,72.5,72.1,69.4, 66.3, 62.3, 62.2,
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25.97,25.95,18.2,18.1, -4.0, -4.1, -4.4, -4.8, -5.0, -5.1, -5.3, -5.4. HR-ESMS calcd for 

C25H45N30 5Si2Na: 546.2790. Found: 546.2793.

2-Azido-4-0-benzyl-2-deoxy-3,6-di-0-terf-butyldimethyLsiIyl-p-D-gIucopyranosyl 

trichloroacetimidate (5)

To a solution of 13 (0.47 g, 0.89 mmol) in dry dichloromethane (4 mL) with molecular 

sieves 4A, potassium carbonate (0.80 g, 5.79 mmol) was added followed by acetonitrile 

(0.54 mL, 5.39 mmol) at rt. The mixture was stirred for 8 h at rt. On disappearance of 

starting material on TLC, the mixture was filtered through celite, concentrated and 

subjected to column chromatography. Elution with the eluent system (0.1% Et3N) of 

hexane/ethyl acetate (60:1) and evaporation of organic solvents afforded the title 

compound as a colorless oil (0.42 g, 0.63 mmol) in 71% yield. ‘H NMR (500 MHz,

B n O "
TBDMSO

.OTBDMS

HN

CDC13) 6 8.69 (s, 1H, NH), 7.40-7.24 (m, 5H. Ar), 5.65 (d, 1H, H -l, J u  = 8.0 Hz), 4.82

(d, 1H, PhCH2, J  = 11.0 Hz), 4.73 (d, 1H, PhCH2, J  = 11.0 Hz), 3.87 (d, 2H, H-6a, H-

6b, J  = 2.0 Hz), 3.70-3.54 (m, 2H, H-3, H-4), 3.49 (dd, 1H, H-2, Jv  = 8.0 Hz, J23 = 9.5

Hz), 3.40-3.34 (m, 1H, H-5), 0.97, 0.89 (s, 9H, 3 x CH3), 0.19, 0.10, 0.06, 0.03 (s, 3H,

CH3); 13C NMR (125 MHz, CDC13) 6 161.0 (C=N), 138.3 (C, Ar), 128.5, 127.6, 127.4

(CH, Ar), 96.7 (C-l), 90.6 (CC13), 77.8, 75.3 ((C-3, C-4), 76.4 (C-5), 74.7 (PhCH2),

67.5 (C-2), 61.6 (C-6), 25.9, 25.8 (CH3), 18.1 (C(CH3)3), -4.1, -4.5, -4.9, -5.4 (SiCH3).

HR-ESMS calcd for C27H45N40 5NaSi2Cl3: 689.1886. Found: 689.1888.
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2-iV-(9-Fluorenylmethoxycarbonylamino)-ethanol

HO

To a cold stirring solution of ethanolamine (0.054 mL, 0.90 mmol) at 0 °C in THF, 

10% aqueous sodium bicarbonate (5 mL) was added, followed by 9- 

fluorenylmethoxycarbonyl-A-hydroxysuccinimide (Fmoc-OSu, 0.30 g, 0.89 mmol). 

After 1 h, the turbid mixture was evaporated under reduced pressure and the residue was 

dissolved in ethyl acetate (40 mL). The organic mixture was washed with 1M HC1 (2 x 

15 mL), water (1 x 15 mL) and brine (1 x 15 mL). The organic extract was then dried 

over anhydrous Na2S04 and filtered. On evaporation of solvent, white crystals (0.25 g, 

0.87 mmol) were formed in 97% yield. 'H NMR (500 MHz, CD3OD) 5 7.73 (d, 2H, 

Ar, J = 7.5 Hz), 7.60 (d, 2H, Ar, J  = 7.5 Hz), 7.35 (t, 2H, Ar, J  = 7.5 Hz), 7.27 (t, 2H, 

Ar, J  = 7.5 Hz), 4.75 (s, 1H, NH), 4.32 (d, 2H, J  = 7.0 Hz), 4.16 (t, 1H, J  = 7.0 Hz), 

3.58 (t, 2H, J  = 6.0 Hz), 3.23 (t, 2H, J  = 6.0 Hz); 13C NMR (125 MHz, CD3OD) 8 145.3,

142.6, 128.9, 128.2, 126.2, 121.0, 67.9, 62.1, 48.5, 44.4. HR-ESMS calcd for 

C17H17N 03Na: 306.1101. Found: 306.1104.

2-iV-(9-Fluorenylmethoxycarbonylamino)-ethyl 2-azido-4-0-benzyI-2-deoxy-3,6-di- 

O-ierMmtyldimethylsilyl-a-D-glucopyranoside (14)

OTBDMS

BnO—
tbdmso- ^ - T A

N3I / v. .NHFmoc
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To a stirred solution of the 0-imidate 5 (0.40 g, 0.60 mmol) in dry tetrahydrofuran in the 

presence of molecular sieves 4A at 0 °C. 2-jV-(9-fluorenylmethyl oxycarbonyl)-ethanol 

(0.20 g, 0.71 mmol) was added followed by boron trifluoride etherate (8 pL, 0.063 

mmol) as the promoter. After 1 h, The reaction was quenched with Et3N (0.5 mL). The 

mixture was concentrated and purified by column chromatography with hexane/ethyl 

acetate (100:1^*6:1). Compound 14 (0.16 g, 0.20 mmol) was obtained in 34% yield. 

‘H NMR (500 MHz, CDC13) 8 7.78-7.72 (m, 2H, Ar), 7.60 (d, 2H, Ar, J  = 7.8 Hz), 7.42- 

7.28 (m, 9H. Ar), 4.82 (d, 1H, PhCH2, / =  11.2 Hz), 4.65 (d, 1H, PhCH2, J  = 11.2 Hz), 

4 .44-4.38 (m, 2H), 4.18-4.24 (m, 2H), 3.78-3.68 (m, 5H), 3.36-3.46 (m, 3H), 3.26-3.10 

(m, 2H), 0.96,0.88 (s, 9H, 3 x CH3), 0.19,0.10,0.04,0.02 (s, 3H, CH3); 13C NMR (125 

MHz, CDC13) 8 156.2, 143.9, 138.0, 128.3, 127.6, 127.0, 102.3, 78.4, 75.8, 75.3, 74.8, 

69.4, 67.9, 66.6, 62.1, 47.3, 31.6, 25.94, 25.86 18.3, 18.2, -4.00, -4.33, -5.10, -5.41. 

HR-ESMS calcd for C42H60N4O7Si2Na: 811.3893. Found: 811.3890.
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Chapter 4

Identification of New and Improved Boronic Acids for the 

Development of Receptors and Sensors in Aqueous Recognition of

Carbohydrates

4.1 Introduction

In Chapters 1 and 2, the importance of glycoconjugates in the form of glycolipids and 

glycoproteins was recognized because of their roles in various biological and 

pathological processes. These processes include inflammation, cancer metastasis and 

immune response among others.1 Proteins (in particular lectins) also play a 

complementary role in these natural processes due to their ability to recognize 

glycoconjugates. Small molecules that mimic the roles of proteins such as lectins, will 

prove useful in the development of new therapeutics and diagnostics. Along this line, 

boronic acids, which can form strong reversible covalent bonds with diol-containing 

saccharides can fulfil this role. There has been increased interest in developing 

oligomeric boronic acids that can bind strongly to cell-surface carbohydrate biomarkers 

through the use of multivalency effects.23 These oligomeric boronic acids with the 

ability to mimic lectins have been coined “boronolectins”.1 Oligomeric boronic acids 

can be derived from a mpnoboronic acid that has the following features:

(1) Ease of synthesis

A functional group (e.g, a carboxyl or amine group) must be present to allow 

conjugations of the boronic acid unit to a more complex scaffold.
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(2) High solubility in water

Cell-labeling studies will require the use of an organic co-solvent to solubilize the 

boronic acid sensor. This can be tolerated in in vitro experiments but not in in vivo 

experiments. At present, the “Wulff-type” ort/io-dialkylaminomethyl arylboronic acids4 

(Figure 4-1) are the established standards for the recognition of simple reducing sugars, 

but they tend to have limited solubility in aqueous solutions. As described in Chapter 1, 

the hydrolysis mechanism causes the benzylic amine to be protonated.

OH HO 0H
B 'OH H20

^  R ^
la  lb  H

aqueous media

Figure 4-1. Zwitterionic nature of ort/io-dialkylaminomethyl arylboronic acids.

(3) Ability to bind the pyranose forms of saccharides

As mentioned in Chapter 1, under aqueous conditions, saccharides tend to isomerize5-8 

from the pyranose to the furanose form, which presents vicinal planar diols for tighter 

binding with a boronic acid moiety. A minimum amount of angle strain is present in 

the resulting boronate ester. When non co-planar diols of a glycoside are forced to adopt 

a planar boronate ester conformation, a highly unfavorable conformational change is 

induced in the resulting puckered sugar ring.9'10 Our group6 has shown that even by 

designing libraries of djboronic acids with the combined effect of the “Wulff-type” 

arylboronic acids and electron-withdrawing cyanide groups into the arylboronic acid, no
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trehalose (a non-
reducing
disaccharide)

Ahx

(HO)2B

CN
NC Ka = 1870 M 1 Ka = ~ 0 M 1

AhxCN

Figure 4-2. Binding constants6 of bis-boronic acids with disaccharides.

binding is observed with disaccharides (trehalose, for instance) that cannot isomerize to 

the five-membered furanose ring. In the case of lactulose (Figure 4-2) the 4-hydroxyl is 

free and isomerization to the furanose form can take place. Hence, an increase of the 

binding constants is observed with electron-poor arylboronic acids. However, no 

increase in binding constants is observed for trehalose because it is locked in the
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pyranose forms. Clearly, the search for a monoboronic acid unit that forms esters with 

adjacent diols of hexopyranosides is still ongoing.

4.2 Screening of ortho-substituted arylboronic acids

To achieve recognition of the pyranose form of saccharides, we envisioned11 that 

anchimeric assistance of an ortho group on the arylboronic acid could favor secondary 

interactions with adjacent hydroxyls in hexopyranosides. In the “hemiboronate” 

complex, the secondary interaction could be of covalent nature or through hydrogen- 

bonding forces (Figure 4-3). The ortho substituents depicted in Figure 4-3 range from 

electron-poor (nitro) to electron-rich functional groups (methoxy).

Among the ortho-substituted arylboronic acids shown in Figure 4-3, the most 

challenging to synthesize and purify was undoubtedly or f/zo-phenylenedi boronic acid 

(2c). Compared to the meta and para derivatives, orr/io-phenylenediboronic acid is less 

stable and more difficult to synthesize.12 Several routes were attempted as shown in 

Scheme 4.1. The first route, starting from 1,2 dibromobenzene (4), involved the 

synthesis of the known compound 1,2-bis(trimethylsilyl) benzene13,14 (5), which was 

converted to 1,2 bis-(dibromoboryl) benzene (6) in two steps with boron tribromide as 

reagent, first at -78 °C, then at 95 °C.
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B(OH)2 
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S ' ' 0  Y ° "  PROTEIN (LIPID)

HO ^Y'N dH
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OHHO.
PH

"hemiboronate"
secondary interaction 
(covalent o r H-bond) ?

2a X = H 2e X = o c h 3 2i X = c o 2h 2m X = c h 2o c h 3

2b x  = c h 3 2f x  = n o 2 2j X = C 0 2Et 2n X = c h 2o h
(cyclic form)

2c X = B(OH)2 2g x  = n h 2 2k X = c o n h 2 2o X = CH2NMe2

2d X = F 2h X = n h c o c h 3 21 X = CHO 2p x = c h 2
(anthr)NMe

Me 
(HO)2B- -nB(OH)2 B(OH)2

B(OH)2

C02Me
2c 2n 2p 3

Figure 4-3. Secondary interactions afforded by ortho-substituted arylboronic acids.

The reaction of 1,2 bis-(dibromoboryl) benzene (6)15 with methanol was carried out at 

0 °C to give the easily hydrolyzable methyl ester of the diboronic acid, which then 

provided the crude black mixture of diboronic acid 2c upon acidic work-up. The 

DEAM-polystyrene resin16 developed by our group was used to purify the diboronic 

acid 2c followed by a precipitation with hexane/ethyl acetate. The white solid of pure 2c
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was finally obtained with a low yield of 6%. Loss of material was incurred due to its 

low solubility in organic solvents such as ethyl acetate, tetrahydrofuran and and 

dichloromethane. Other attempts to synthesize ort/io-phenylenediboronic (2c) failed. 

When the bromide groups in 1,2 dibromobenzene (4) were metalated to a Grignard 

reagent, the intermediate was made to react with tri-isopropylborate but none of the 

desired compound 2c was observed.17 The alternative procedure was adapted from a 

patent,18 which involved the reaction between 1,2 dibromobenzene (4),

Br

4

id
MgBr

MgBr

9

5

BBr.

6

2c

Scheme 4.1 Reaction's and conditions: (a) Mg, TMSC1, HMPA, I2, 100 °C, 72 h, 

87%; (b) (i) BBr3 (1 M in hexane), DCM, -78 °C, 4 h, (ii) BBr3 (1 M in hexane), DCM, 

95 °C, 16 h; (c) MeOH, 10% HC1, 6%; (d) Mg, THF, 60-64 °C, 6 h; (e) (i) B (0‘Pr)3, 

THF, -78 °C, 6 h, (ii) 1 M HC1; (f) PdCl2(dppf), KOAc, DMSO, 90 °C, 24 h.
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bis(pinacolato) diboron 8 and [ l , l ’-bis(diphenylphosphino) ferrocene] dichloro- 

palladium (II) dichloromethane adduct at a temperature of 90 °C. However, a crude 

black mixture was obtained and it did not show the presence of the desired product by 

mass spectrometry. ‘H NMR analysis showed a complex mixture of aromatic side- 

products.

4.2.1 ARS (Alizarin Red S) competitive assay

As mentioned in Chapter 1, the ARS assay19,20 provides a quick and colorful means of 

determining whether a boronic acid binds to a saccharide. The complex between the 

boronic acid and ARS produces a yellow colored solution, which serves as the control. 

When the saccharide is added, this sets up another equilibrium whereby there is 

complexation between the saccharide and the boronic acid, and the free ARS released 

produces a red color. So, the higher the binding affinity between a boronic acid and a 

carbohydrate molecule, the more intense is the resulting red solution.

The prearranged cis-diols in fructose account for the strong binding constant between 

fructose and phenylboronic acid. The binding affinity of phenylboronic acid with 

glucose is significantly lower. We wanted to compare the relative affinities, at pH 7.4, 

of a given boronic acid towards different carbohydrates, namely, fructose, glucose, 

methyl a-D-glucopyranpside, methyl cx-D-galactopyranoside and trehalose (depicted in 

Figures 4-2 and 4-4). The initial colorimetric assays were done by Heidi Chau, a 

summer student in our group, and the most promising ones were repeated. In all cases, 

the reddish color was more intense
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HO OH O H OH

OH

D-fructose D-glucose methyl a-D- 
glucopyranoside

OMe

methyl a-I)- 
galactopyranoside

Figure 4-4. Monosaccharides used in ARS competitive assay.

with fructose, showing the greatest binding. The ARS binding assays were done with 

the saccharides and ort/io-dialkylaminomethylphenylboronic acids 2o and 2p. In the 

case of 2p, which contains a nonpolar anthrancene ring, up to 80% methanol was 

required for solubilization, and no color change was observed with methyl a-D- 

glucopyranoside. In the case of the orriio-dimethylaminomethylphenylboronic acid (2o), 

33% of methanol was used. Again, no orange color was observed indicating absence of 

binding. On the other hand, (2-hydroxymethylphenyl)boronic acid 2n gave exciting 

results with the glycosides. An orange colored solution indicating weak binding to the 

model pyranosides was produced. Even the low pKa boronic acid 321 did not show any 

orange color. The pictures below illustrate the color changes of certain boronic acids 

when tested with the saccharides.
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Figure 4-5. Vials of ARS (10‘4 M in 0.1 M phosphate buffer) and cyclic boronic acid 

2n (0.02 M) containing: A, no sugar; B, 0.5 M fructose; C, 0.5 M glucose; D, 1.5 M 

methyl a-D-glucopyranoside.

Figure 4-6. Vials of ARS (10 4 M in 0.1 M phosphate buffer) and phenylboronic acid 

(2a) (0.02 M) containing: A, no sugar; B, 0.5 M fructose; C, 0.5 M glucose; D, 1.5 M 

methyl a-D-glucopyranoside.
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Figure 4-7. Vials of ARS (10 4 M in 0.1 M phosphate buffer) and phenylboronic acid 

(2a) (0.01 M) containing: A, no sugar; B, 0.5 M methyl a-D-galactopyranoside; C, 0.5 

M methyl a-D-glucopyranoside; D, 0.5 M methyl (1-D-galactopyranoside.

Figure 4-8. Vials of ARS (10'4M in 0.1M phosphate buffer) and cyclic boronic acid 2n 

(0.01 M) containing: A, no sugar; B, 0.5 M methyl a-D-galactopyranoside; C, 0.5 M 

methyl a-D-glucopyranoside; D, 0.5 M methyl |3-D-galactopyranoside.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



163

4.2.2 Summary of results of ARS competitive assays

Established standard boronic acids such as 2o, 2p and 3 (with low pKa values) have 

strong affinities with reducing sugars giving rise to red or orange solutions in ARS 

assays. However, they required co-solvents for solubilization and did not show any 

significant binding to the model methyl glycosides. Only the cyclic boronic acid 2n 

indicated weak binding to the glycosides in addition to strong binding with reducing 

sugars. These results confirm that boronic acids with high Lewis acidities do not 

necessarily bind glycosides.

4.3 ‘H NMR studies confirming binding of cyclic boronic acid 2n with

glycopyranosides

The competitive three-component ARS assay is certainly useful as a preliminary 

qualitative assay. To better compare the binding affinities of boronic acids toward 

glycosides, additional evidence was required. To this end, *H NMR titrations that 

would afford quantitative binding measurements at pH 7.4 were attempted. We 

compared the ‘H NMR spectra of aqueous solutions of boronic acid alone, and those of 

the complexed species between boronic acid and methyl a-D-glucopyranoside. The 

complexed boronate ester was formed by saturating the solution of boronic acid with the 

glycoside.

In contrast to glucose and fructose (which will be discussed later in Section 4.4), with 

the glycosides the bound and unbound forms of the different boronic acids were not 

distinguishable by ‘H NMR (i.e., the complexation equilibrium is faster than the NMR
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Figure 4-9. (a) Aromatic region of 'H NMR (500 MHz) spectrum of a solution of

phenylboronic acid (2a) in phosphate buffered DzO solution (0.01 M) at pH 7.4 (b) with 

0.25 M methyl a-D-glucopyranoside at pH 7.4.

time scale). Therefore, it is important to emphasize that the extent of dynamic peak 

broadening does not depend only on the concentrations, but also on the virtual chemical 

shift differences of bound vs unbound boronic acid, which may be large enough to allow 

broadening even in the case of weak binders.
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77.45 7 . 3 5 7 . 3 0

(b)

7 . 4 5 7 . 4 0 7 . 3 5 7 . 3 0 7 . 2 5 7 . 2 0

Figure 4-10. (a) Aromatic region of lH NMR (500 MHz) spectrum of a solution of 

“Wulff-type” boronic acid 2o in phosphate buffered D20  solution (0.01 M) at pH 7.4 (b) 

with 0.25 M methyl a-D-glucopyranoside at pH 7.4.
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i
7 . 4 5  7 . 4 1

(b)

7 . 6 5 7 . 6 6 7 . S 5 7 . 4 5 7 . 3 S7 . 4 9 7 . 3 0 7 . 2 5

(c)

7 . 7 7 . 6 7 . 4 7 . 37 . 5 7. Z 7 . 1 I

Figure 4-11. Aromatic region of ‘H NMR (500 MHz) spectrum of a solution of 2n 

in phosphate buffered DzO solution (0.01 M) at pH 7.4 (a) without any sugar (b) with 

0.25 M methyl a-D-glucopyranoside at pH 7.4 (c) with 0.25 M methyl a-D- 

galactopyranoside at pH 7.4.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



167

m eth y l 6 -deoxy-a-D -gIucopyranoside.

7 .65 7 .6 0 7 .5 5 7 .50 7 .4 5 7 .4 0 7 . 2 57 .3 5 7 .3 0

Figure 4-12. Aromatic region of *H NMR (500 MHz) spectrum of a solution of 2n in 

phosphate buffered D20  solution (0.01 M) at pH 7.4 with 0.25 M methyl 6-deoxy-a-D- 

glucopyranoside.

methyl 4-deoxy-a-D-glucopyranoside.

7 .2 57 .5 0 7 .4 5 7 .4 0 7 . 3 07 . 7 0 7.65 7 .6 0 7 . 5 5 PP®

Figure 4-13. Aromatic region of 'H NMR (500 MHz) spectrum of a solution of 2n in 

phosphate buffered D20  solution (0.01 M) at pH 7.4 with 0.25 M methyl 4-deoxy-a-D- 

glucopyranoside.
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It can be seen by comparing the spectral data (Figures 4-9 and 4-11) that 2n (Figure 4- 

11) is the only boronic acid that shows considerable peak broadening of the aromatic 

peaks with methyl a-D-glucopyranoside when compared with the free boronic acid. 

Peak broadening is even more significant with 2n and methyl a-D-galactopyranoside 

(Figure 4-11(c)). These results further support the formation of a complex only in the 

case of 2n.

As depicted in Figures 4-11, and 4-12, the 4- and 6-hydroxyls of the glycoside are also 

likely to be involved in this association as the aromatic peaks are much sharper with 

methyl 6-deoxy-a-D-glucopyranoside than methyl a-D-glucopyranoside. Presumably 

there is little or no complex formation with the 6-deoxy analogue, which is also 

evidenced with a negative ARS assay (vide supra). To confirm the role of the 4,6 diol 

unit in boronic acid complexation, lH NMR spectra were also taken with a solution of 

2n alone and in the presence of the 4-deoxy analogue (depicted in Figure 4-13). The 

ARS assay gave an orange-colored solution indicative of weak binding of the boronic 

acid 2n with the 4-deoxy analogue. In Figure 4.13, we observe less amount of peak 

broadening of the aromatic peaks of 2n in the presence of the 4-deoxy analogue.

Both ARS assays and *H NMR studies have shown that the 4,6 diol unit in saccharides 

is important in forming a complex with cyclic boronic acid 2n. This interaction, 

however, may not be the only one, as in the 4-deoxy analogue, we still observe some 

interactions with the cyclic boronic acid 2n. More mechanistic studies need to be 

performed to explain this weak binding “phenomenon”.
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4.4 Quantitative measurements by ‘H NMR

Cyclic boronic acid 2n binds glycosides more strongly than established boronic acids. 

Another type of interaction should be present in the cyclic boronic acid 2n which 

accounts for this exceptional binding. Moreover, this type of interaction should also be 

increasing the binding of cyclic boronic acid 2n to non-reducing sugars, such as 

fructose and glucose. We wanted to compare quantitatively the binding constants of the 

cyclic boronic acid 2n with those of phenylboronic acid and the established “Wulff- 

type” boronic acids by doing *H NMR tirations.

4.4.1 Methodology for Ka measurements by ‘H NMR

For the equilibrium between a boronic acid receptor (R) and a saccharide substrate (S), 

assuming a one-site binding,

The ratio [RS]/[R] was found from the ratio of peaks in the ‘H-NMR spectrum.

0 = _ j r s i
[RS] + [R] (1)

The association constant Ka was determined from the Benesi-Hildebrand plot:

1/0 = 1/Ka(l/[S]) + 1 (2)

where 1/0 = 1 + [R]/[RS] and [S] is the substrate concentration at time t.
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Figure 4-14. (a) 'H NMR spectrum of a solution of 2n (0.015 M) at pH 7.4, (b) lH 

NMR spectrum of a solution of 2n (0.015 M) and fructose (0.012 M) at pH 7.4, (c) ‘H 

NMR spectrum of a solution of 2n (0.015 M) and fructose (0.023 M) at pH 7.4.
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2.6

y = 0.0021X + 1.106 
R2 = 0.9918

0 400 600 800200
1/[S]

Figure 4-15 1/0 versus 1/[S] plot for determination of Ka for (2-hydroxymethyl-

phenyl) boronic acid (2n) (0.015 M) with fructose (8-23 mM) at pH 7.4 in 0.1 M 

phosphate buffered D20  solution.

The ratio was measured directly from carefully expanded integrals of relevant peaks on 

the NMR spectra (see Figure 4-14). A plot of 1/0 versus 1/[S] (Equation 2) would then 

give the Kg value as the inverse of the intercept. Each titration was reproduced at least 

once. As can be seen from the example of Figure 4-15, the R2 factor was very 

satisfactory. \
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4.4.2 Binding affinities of cyclic boronic acid 2n com pared to “W ulff-type” 

boronic acids

For the 1 H NMR titrations (Table 4.1), the ideal solvent was D20  in the absence of 

organic co-solvents. However, among the “Wulff-type” boronic acids, 2p proved to be 

more difficult to dissolve because of the lipophilic (or hydrophobic) anthracene ring 

present. Hence, in the case of 2p, 80% CD3OD/ D20  was used. The concentration of 

the buffer had to be reduced to 0.05 mM because of precipitation of the boronic acid in 

a buffered solution of 0.1 M. The pH of the solution was maintained at 7.4.

Table 4.1 Ka measurements3 by *H NMR titrations.

Entry Boronic acid Conditionsb 
(Solvent, pH)

Ka(M-‘)
Glucose fructose

1 PhB(OH)2 D20 , 7.4 c 79

2 PhB(OH)2 D20 , 7.8 c 130

3 2n D20 , 7.0 c 170

4 2n D20 , 7.4 17 610

5 2n D20 , 7.8 c 340

6 2n 80% CD3OD/D20 , 7.4 c 7.3

7 2o 4% CD30D/D20 , 7.4 c 67

8 2o 4% CD30D/D20 , 7.8 c 58

9 2o 33% CD30D/D20 , 7.4 c 120

10 2o 80% CD30D/D20 , 7.4 d 310

11 2p 80% CD3OD/D20 , 7.4 d 2000

3 Values are rounded to two significant figures. Experimental errors are in the range of

3-15%. bIn sodium phosphate monobasic buffer. c'dNot measured. d Likely below 5 M'1 

according to the ARS qualitative assay.
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The use of 0.01 M boronic acid concentration was required for [H NMR titration 

readings. It is known that the addition of 50% methanol to water solution results in 

minimal changes of pH of solution compared to 100% water.22,23 At least two titrations 

were carried out except for entry 2. An average of two K, values was used to provide 

the indicated association constants (Table 4.1). The values of the binding constants 

measured fell within 0-15% of each other.

To test the validity of our experiments, we determined the association constants of 

phenylboronic acid (2a) with fructose at pH 7.4 (entry 1) and 7.8 (entry 2). The 

increase in binding constant with the increase in pH followed the usual trend reported in 

the literature.20 At higher pH, more boronic acid exists in the tetrahedral form (Scheme

1.1, Chapter 1) which complexes more readily with fructose. affects the overall 

binding constant (Keq) more significantly because its value is of greater magnitude than 

King.19,20 Therefore, with a higher proportion of anionic tetrahedral boronate form, the 

binding constant is increased.

The binding strengths of cyclic boronic acid 2n with fructose was determined under 

various pH conditions (entries 3-5, Table 4.1). The optimal pH was deduced to be 

around 7.4, as the binding constant of 2n was greatest at that pH (entry 4, Table 4.1). 

Therefore, depending on the nature of the buffer and the diol,24 this monoboronic acid 

seems to satisfy the requirements of a water-soluble sensor with high binding constant 

at pH 7.4.
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By comparing entries 4 and 9 in Table 4.1, cyclic boronic acid 2n proves to complex 

saccharides more strongly than the “Wulff-type” boronic acid 2o at pH 7.4. In the case 

of boronic acid 2p, no direct comparison could be made as the use of 80% methanol 

was necessary. These conditions resulted in a lower binding constant for 2p. We have 

no mechanistic data at the moment to explain this observation and we will pursue 

further investigations to address this problem.

For an accurate determination of binding constants for the anthracene based ortho- 

dialkylaminomethylphenylboronic acid 2p, solubility was of prime importance. This 

can be seen in Table 4.1, as with an increasing amount of methanol (entries 7 and 9) 

there was an increase in association constant. Moreover, with the higher pH 7.8, an 

increase in binding constant was expected. Instead, a decrease in binding constant was 

observed. This could be attributed to reduced solubility of boronic acid 2p in the 

aqueous solution

A solution of 80% deuterated methanol was used in entries 10 and 11 as boronic acid 

2p (Figure 4-3) was found to be highly insoluble in water. We expected to see a 

binding constant of the same magnitude in entries 10 and 11, as the saccharide binding 

was previously thought to be heavily dependent on the B-N interaction (discussed in 

Chapter 1). However, fhis proved not to be the case (binding constant in entry 11 is 

much larger than entry 10). It turns out that hydrophobic interactions of the anthracene 

ring in 2p play a dominant role in saccharide binding.
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For instance, stabilizing interactions between the carbohydrate’s C-H bonds and the 

aromatic groups are known in the recognition of carbohydrates by both natural and 

artificial receptors. Crystal structures of protein-carbohydrate complexes and NMR 

experiments reveal stacking of aromatic residues on the less polar face of the 

carbohydrate.25,26 For instance, phenol and benzene rings have been found to interact 

with the clusters of C-H bonds of the alpha face of methyl p-D-galactoside (Figure 4- 

17).25 Consequently, it is likely that the anthracene unit of sensor 2p is involved in 

similar interactions, explaining its higher binding affinity compared to 2o.

Figure 4-16. C-H/jt interactions in stabilization process.25

4.5 Binding of cyclic boronic acid 2n to glycopyranosides

It was seen earlier (Section 4.3) that when the cyclic boronic acid 2n binds to 

glycosides, no peaks of the resulting complex were distinguishable by !H NMR, 

implicating a fast equilibrium situation. ARS competitive experiments can provide a 

more sensitive means of determining binding constants as follows.
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4.5.1 Methodology and examples for Ka measurements by ARS method20

In the complex mixture of a boronic acid receptor (R), ARS indicator (I), and sugar 

substrate (S), there exist the following equilibria:

R + 1 ^  RI 

RI +  s  R S +  I

where RI is the boronic acid-ARS complex and RS is the substrate complex.

Equations for association constant determinations are derived as follows:

1/AA = (AK poI0K„)-' 1/[S] + (AK p X ) ’1 (3)

where AK, pc, I„ are all the parameters of the UV spectrophotometer.

Q  =  [I]/[RI] = (A ri- A)/ (A - Aj) (4)

Where A is the measured absorbance, ARI is the absorbance of the receptor-indicator 

complex, and A, is the absorbance of the free indicator.

P = [R] -  l/(Q K ars) -  [l0] /(Q + l)  (5)

where [I0] is total indicator concentration (ARS).

[S ]/P  = (Kars/K a)Q  + 1 (6)

where [S] is the substrate concentration.

The association constant of the ARS-boronic acid (Kars) is the quotient of the intercept 

and the slope in a plot of l/AA versus 1/[S] (Equation 3).

Following the procedure of Wang et al.,20 a 0.144 mM ARS solution was prepared in 

0.1 M phosphate solution buffered at pH 7.4. A solution of 2n (0.15 M) was prepared
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so as to prepare mixtures of 2n (0.0131-0.131 M) and UV absorbances were measured 

at 450 nm as shown in Figures 4.18 and 4.19. Two experiments were carried out to 

determine an average value of Kars. To validate our experimental techniques, we 

reproduced the binding constant between phenylboronic acid and the ARS indicator 

and obtained an average value of 1290 M 1 compared to 1300 M'1 obtained in Dr. 

Wang’s laboratory.20 For the complexation between phenylboronic acid and fructose, 

the binding constant was found to be 158 M'1 very close to the value of 160 M'1 

obtained by Dr. Wang’s laboratory.

3.4

y = 0.0017X + 2.0265 
R2 = 0.99972.6

2.4 ■

10000 200 400 600 800
1/[S]

Figure 4-17.1/AA versus 1/[S] for determination of ARS-boronic acid 2n (K^) 

in the presence ARS (0.144 mM) and 2n (0-0.0131 M) with data being taken at 450 

nm.
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Figure 4-18. [S]/P versus Q plot for for binding of 2n (3.11 mM) to glucose (0.13- 

0.42 M) in the three-component assay with the ARS solution at 0.144 mM 

with data at 453 nm.
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Figure 4-19. [S]/P versus Q plot for binding of 2n (3.11 mM) to methyl a-D- 

glucopyranoside (0.80-1.92 M) in the three-component assay with the ARS solution at 

0.144 mM with data taken at 453 nm.
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Figure 4-20 [S]/P versus Q plot for binding of 2n (3.63 mM) to methyl |3-d- 

glucopyranoside (0.80-1.92 M) in the three-component assay with the ARS solution at 

0.144 mM with data taken at 453 nm.
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Figure 4-21. [S]/P vefSus Q plot for binding of 2n (3.66 mM) to methyl a -D -  

galactopyranoside (0.10-0.50 M) in the three-component assay with the ARS solution at 

0.144 mM with data taken at 453 nm.
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Figure 4-22. [S]/P versus Q plot for binding of 2n (3.66 mM) to methyl J3-D- 

galactopyranoside (0.10-0.50 M) in the three-component assay with the ARS solution at 

0.144 mM with data taken at 453 nm.

According to Equation 6, the y-intercept should be 1, but in our studies, it was not so. 

This could be attributed to the UV instrumental parameters, and when we determined 

the binding constants of phenylboronic acid and fructose according to the description of 

Wang and co-workers, they matched the reported ones (in their case, too, the intercept 

was not l).20

The above graphs yielded the values of binding constants listed in Table 4.2. These 

Ka’s were measured in a sodium monophosphate buffered solution at pH 7.4. From the 

table, we can conclude that the functional group at the anomeric position does not 

influence binding with the cyclic boronic acid 2n. Boronic acid 2n binds with similar 

affinity with glucose and methyl galactopyranoside, which is rather uncommon for a
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monoboronic acid. These affinities are comparable or superior to recently reported 

macrocyclic receptors.27 With these values in hand, it is clear that glycopyranoside 

binding to the cyclic boronic acid 2n does take place, in contrast to the ortho-substituted 

boronic acids, which were investigated.

Table 4.2 IQ measurements* using the ARS UV Assay at neutral pH.

Diol-containing Substrates IQ (M 1)

Alizarin Red. S 1200

Glucose 36

Methyl-a-D-glucopyanoside 22

Methyl-a-D-galactopyanoside 34

Methyl-P-D-glucopyanoside 22

Methyl-p-D-galactopyanoside 34

“Values are rounded to two significant figures. Experimental errors are in the range 3- 

10%.

. 0H  /O H  HO OH HO .O H

H° ^ S ^ O M e  hO ^ £ ,  H O ^ S ^ ° Me
H° O M e  HO H° O M e  HO

methyl a-D- methyl 0-D- methyl a-D-  ̂ methyl 0-D-
glucopyranoside glucopyranoside galactopyranoside galactopyranoside

Figure 4-23. Glycopyranosides used in ARS competitive assay.

Next, we then wanted to determine the pKa of boronic acid 2n as a first step towards 

investigating the binding mode and its pyranoside-binding exceptional behavior.
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4.6 pKa determination and proposed binding mode of cyclic boronic acid 2n to 

saccharides

The acidity of boronic acid 2n could play an important role in its saccharide-binding 

properties. The pKa value and the geometry of the cyclic boronic acid 2n were 

determined using potentiometric (Figure 4-24) and 11 B NMR titrations (Figure 4-25).28 

From the nB NMR curve, we can see that the boron changes its geometry from trigonal 

sp2 form (32 ppm at pH 5) to the sp3 tetrahedral form (7 ppm at pH 11). From Figure 4- 

24, the pKg value obtained by potentiometric studies was determined to be 7.3, which is 

close to the value of 7.15 extrapolated from Figure 4-25. An average of the two values 

(by potentiometry and UB NMR) gave a value of 7.2 for the pKa of boronic acid 2n. 

The pKa of the boronic acid 2n-fructose complex was found to be 5.30 (Figure 4-26), 

which confirms that the boronic acid-fructose complexation is favored under

li

10
♦

/

5 10
V o lu m e /m L

Figure 4-24. pH profile of 2n (0.05 M) upon addition of base (0.025 M NaOH, 0.15 

M NaCl in water).
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Figure 4-25. nB NMR chemical shifts of 2n with increasing pH (10% DzO in HzO, 16 

mM in 0.10 M phosphate buffer). Referenced to Et20-BF3.
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Figure 4-26. nB NMR chemical shifts of 2n with increasing pH (10% DzO in H20 , 12 

mM of 2n and 120 mM of fructose in 0.10 M phosphate buffer). Referenced to Et20 -

b f 3.
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Lewis acidity alone cannot account for the observed saccharide binding behavior. For 

instance, in spite of the low pIC, value of orf/io-dimethylaminomethylphenylboronic 

acid (2o) (6.7)24 compared to cyclic boronic acid 2n (7.2), the latter still has a higher 

binding affinity for fructose and glucose (Table 4.1). Moreover, 2o does not complex 

glyco-pyranosides. Geometrical factors unique to boronic acid 2n may explain its high 

binding affinity.

An X-ray crystal structure of a dimer of 2n was reported by Zhdankin and co-workers29 

in 1999 (Figure 4-27).

O

C7
C6 «Ol

C4
Bl C l

C2 C302

Figure 4-27. X-ray crystal structure of cyclic boronic acid 2n (reproduced from 

reference 29).
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Table 4.3 Structural parameters of boronic acids 2a and 2n.

Parameter Observed bond angles and distances

Cyclic boronic acid 2n29 Phenylboronic acid (2a)30-32

B-C (A ) 1.494 1.568

B-Ol (A ) 1.408 1.378

B-02 (A ) 1.372 1.362

01-B-02 (°) 118.3 -

Ol-B-Cl (°) 110.5 125.0

02-B-C1 (°) 131.2 125.0

2n, C1 -B-02 = 131.2 0 2a, C1 -B-02 = 125.0 0
C1-B-01 =110.5°

Figure 4-28. Outer C-B-O angles (Table 4.3).

If we have a closer look at the structure (Figure 4-28) of boronic acid 2n compared to 

phenylboronic acid (2a), the outer C l-B-02 angle in 2n is greater than in 2a29 due to the 

unusually small C -l-B -O l dihedral angle. This distorted geometry may better 

accommodate the 4,6-diol of hexopyranosides compared to usual boronic acids. 

Moreover, the basicity of O l is higher in 2n than in a usual boronic acid. It was reported 

by Zhdankin29 and co-workers that the five-membered ring is forced out of the plane of 

the benzene ring due to geometrical constraint. With inefficient overlap of oxygen 01 

with boron in 2n, O l is richer in electrons and can participate in stronger hydrogen-
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bonding interactions with the saccharide. We can imagine that with less steric 

hindrance and the possibility of stronger hydrogen-bonding interactions, the complex 

boronic acid 2n-saccharide will be more stable giving rise to a higher binding constant.

Based on all of the above observations, including the requirement for a 4,6-diol, the 

following mechanism can be proposed. The boron atom of 2n exists (plC, = 7.2) largely 

in the sp3 tetrahedral state at pH 7.4. When binding to saccharides, 4,6-diols of 

hexapyranosides form six-membered boronate esters with cyclic boronic acid 2n and 

they may experience less steric strain than in normal boronic acids. This would be due 

to the larger cone angle C l-B -02 in boronic acid 2n. During boronate ester formation, 

there is also less loss in entropy as compared to usual boronic acids as a result of the 

internal alkoxy arm of 2n. Both complexes 10 and 11 are proposed as possibilities.

Figure 4-29. Proposed mechanism for glycopyranoside binding with boronic acid 2n.

OH 10
2n

11
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4.7 Design of diboronic acid-based sensors

4.7.1 Rationale for diboronic acids

Most saccharides have more than one pair of diols that could serve as binding sites with 

a boronic acid moiety. To further enhance binding and especially to enable 

discrimination between various carbohydrates, the concept of multivalent binding of 

carbohydrates by two or more boronic acid moities was suggested.33 Two or more 

boronic acids in a certain spatial arrangement complementary to that of the saccharide 

can bind with high selectivity and specificity. Shinkai and co-workers have 

demonstrated that compound 12 with a hexamethylene spacer between two arylboronic 

acid moieties has high selectivity for glucose.34 This result is important as arylboronic 

acids have a high intrinsic preference for D-fructose over D-glucose.

Along this line, several research groups have adopted this approach for the development 

of diboronic acid based fluorescent sensors34-37 or receptors for cell-surface 

oligosaccharides such as sialyl Lewis X (sLex).23

B(OH)2

Figure 4-30. Bis-boronic acid 12.
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Therefore, to develop more effective sensors and gain better understanding of the 

binding mode of cyclic boronic acid 2n with glycopyranosides, we endeavored to 

synthesize dimers of boronic acid 2n (Figure 4-31) which are expected to bind with 

higher affinities to the hexopyranosides. Consequently, peaks of the complexed 

diboronic acids can be distinguishable in *H NMR spectra.

Carbohydrate

.0— - o .

o—
- O '

OHHO

Spacer

Figure 4-31. Bidentate complex of a bis-boronic acid with a carbohydrate.

4.7.2 Synthesis of monoboronic acid models

The synthesis of dimers having the benzoboroxole unit can be envisaged by introducing 

a reactive group at either the alkyl chain or in the aromatic ring of the benzoboroxole. 

To this end, we took advantage of Falck’s methodology whereby 3-bromomethyl-3-H- 

benzo[c][l,2]oxaborol-l-ol (15) is synthesized (Scheme 4.2) by bromolactonization of 

2-vinylbenzeneboronic acid in the presence of N-bromosuccinimide (NBS). We 

therefore synthesized 2-vinylbenzeneboronic acid (14) by lithiation of 2-bromostyrene 

with butyl lithium at a low temperature (-78  °C), followed by metal exchange with tri

isopropyl borate (Scheme 4.2).
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HOv

B(OH)2 B— O

13 14 15

Scheme 4.2 Reactions and conditions: (a) (i) n-BuLi, dry THF, N2, -78 °C, 30 min, 

(ii) BCOTiOa, dry THF, 4 h; (b) NBS, 0 °C, THF/H20  (4:1), 4 h.

Dimers of the cyclic boronic acid could be synthesized by forming amine or amide 

bonds with the linker. Before planning the synthesis of more complex conjugates, we 

wanted to synthesize monoboronic acid models that will possess the amine group or the 

amide group. These monomers will then be tested qualitatively using the ARS 

competitive assay. Thus, the N,N  dimethyl and piperidine derivatives 16 and 17 were 

generated by nucleophilic substitution of the bromide ions and they were obtained in 

41% yield and 49% yield respectively (Scheme 4.3). The reduced yield was attributed 

to the competitive elimination of the bromide ion by the base shown in Figure 4-32.

HCX
B— O

HO.

16

15

Scheme 4.3 Reagents and conditions: (a) Me2NH, THF, rt, 12 h, 41%; (b) piperidine, 

THF, rt, 12 h, 49%.
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HNR.

HO,
B— O

15

NH2R2Br

18

Figure 4-32. Base-induced elimination of bromide ion.

The model monomers for the diboronic acids with amide bonds in the linker will be 

formed by ammonolysis38 of the bromide derivative 15 (Scheme 4.4), followed by 

acylation of the resulting amine (Scheme 4.5). As seen in Scheme 4.4, the desired 

amine 19 was obtained as an inseparable mixture of tautomers (after HPLC 

purification). This tautomerism originates from the amine coordination to the boron and 

the five-membered boroxole ring opening up to generate the free hydroxyl group. It 

was therefore logical to observe a mixture of amide 21 and ester 22 when the amines 

19/20 was acylated with acetyl chloride at low temperatures. Care had to be taken to 

avoid strongly basic conditions as bromide elimination occurred as shown in Figure 4- 

32.

HO. HO.
B— O B— O

+ .L HHO^-vN

+

19 20

35 % yield as a 4:1 mixture of tautomers 19/20

Scheme 4.4 Reagents and conditions: (a) NH3 (7 M in methanol), pwaves, 60-80 °C, 

20 min.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



191

HO,VB— O
Br a, b

15 21 22, B-N tautomer

37 % yield as a 8:1 mixture of 21/22

Scheme 4.5 Reagents and conditions: (a) NH3 (7 M in methanol), pwaves, 60-80 °C, 

20 min; (b) acetyl chloride, THF, 0 °C to rt, 2 h.

4.7.3 Binding affinity of monoboronic acid models

With the ARS qualitative assay, the amine conjugates 16 and 17 (Scheme 4.3) gave a 

similar color change with fructose, glucose and methyl glucopyranosides as the simple 

benzoboroxole unit 2n, under same concentration conditions. The amide 21 also 

maintained its ability to bind glycosides, but a 25% proportion of tetrahydrofuran was 

required for a clear ARS solution mixture. However, the amines had a stronger color 

change when compared to the amide. A possible reason could be the lower plC, of the 

protonated amine, which is absent in the amide linkage. The binding constants of the 

boronic acid derivatives 16 and 17 could not be determined quantitatively by ARS 

competitive assays due to limited samples.

An ‘H NMR titration experiment was attempted with the boronic acid 17 in DzO, but 

the product peaks were overlapping with those of the free acid. Solvents such as 

DMSO or CD3OD did not improve the situation. Since amide 21 was a mixture, its 

binding constant could not be accurately determined.
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4.7.4 Synthesis of diboronic acids with an amine linkage

As the ability of the boronic acids 16 and 17 to bind pyranosides did not seem to be 

affected by the amine functional group, several attempts to synthesize the amine 

derivatives were made (Equation 4.1). Different bases were used, such as triethylamine, 

sodium bicarbonate and potassium carbonate. Solvents such as dry tetrahydrofuran and 

dimethylformamide were also employed. Various temperature conditions were used, 

such as room temperature and higher temperatures of 60 to 100 °C (Equation 4.1). In 

all the experiments, the predominant product was the elimination side-product 18 

(shown in Figure 4-32) or the starting material that was recovered. When microwave 

conditions were used, the mixture consisted of boronic acid complexed with the amine 

(Scheme 4.6). It seemed that the boronic acid was unreactive to the amine, which may 

be coordinating to it rather than undergoing a nucleophilic substitution reaction to give 

the desired product 23.

H<

x = 4, 6

15 23, n=l
24, n=2

Equation 4.1 Attempted synthesis of diamine diboronic acids.
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Me

H Me

HO, N THO,
B— O MeNH(CH2)4NHMe

jxwaves

Pempidine 

Scheme 4.6

We therefore synthesized the 1,3 diol ester of boronic acid 15 (Scheme 4.7) to make the 

boron electron-rich and sterically hindered and thus force the amine to undergo a 

nucleophilic substitution reaction. Unfortunately, only the starting material was 

recovered after work-up.

HO,
B— O Me

23

Me O — Bs
OH

Scheme 4.7 Reagents and conditions: (a) Neopentyl glycol, reflux in toluene, 12 h; 

(b) MeNH(CH2)4NHMe, THF, pempidine, 65-90 °C, 10 h.

4.7.5 Synthesis of diboronic acids with an amide linkage

All attempts at making dimeric variants of the cyclic boronic acid 2n with the amine 

linkage failed. We therefore chose the other option of making the diamide 27 by 

condensation with adipoyl chloride in one step, generating the desired A,A-diacyl
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+

+

HO,
B— O

H
N

O — B,
OH

27, Peak 1,17%

ho.
b— o

H
N

28, Peak 2, 10%

,OH
'OH

29, Peak 3, 2%

Scheme 4.8 Reagents and conditions: (a) NH3 (7 M in methanol), pwaves, 60-80 °C, 

20 min; (b) adipoyl chloride, NaHC03, THF, 0 °C to rt, 4 h.

derivative in Scheme 4.8. Using microwave conditions, the bromide in boronic acid 15 

was converted to the primary amine by reaction with concentrated 7 M ammonia. This 

amine 19 was obtained as a mixture with its tautomer 20. The mixture was made to 

react with adipoyl chloride at a low temperature of 0 °C. The crude product mixture 

was purified by reverse phase C8 column chromatography (Figure 4-33) using water
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(a)
*16.822 - Peak-2 

15.578 - Peak-1
2500

2000 -

1500-

1000

.18,l500-

V

( b ) ______________ ;______________________
MSD2 TIC, MS File (050916-2V032-0201 .D) API-ES, Pos, Scan, Frag: 80

15.6663000000-

2500000-
15.876

2000000 -

16.940

1500000-

1000000-

18.181
500000-

30 mlr
MSD2 437, EIC=436.7:437.7 (050916-21032-0201 .D) API-ES, Pos, Scan, Frag: 80

15.666- Peak-1

1000000
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800000

16.943- Peak-2 
17.072600000

400000

200000

.18.205- Peak-3

30 mlr25

Figure 4-33. HPLC chromatograms for the purification of diboronic acids 27-29. (for 

analytical conditions, See experimental section) with detection by (a) UV, (b) 

electrospray mass spectrometry.
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methanol as eluting solvents (this work was performed by Mr. Eric Pelletier). To our 

satisfaction, the desired A,jV-diacyl derivative 27, Peak 1, eluted first during HPLC 

purification, and was generated in a low yield of 17%. The tautomer 20 was also 

generated during the ammonolysis reaction (Scheme 4.4). Thus, other diboronic acid 

isomers were formed under the aqueous basic conditions, namely 28 (10% yield) and 29 

(2% yield). In this case as well, the low yielding step is likely the formation of the 

primary amine 19 because of bromide elimination under basic conditions. Due to the 

side-products of O-acylation formed, the desired diboronic acid 27 was obtained with a 

lower yield

4.7.6 Qualitative ARS assay and attempted ‘H NMR titrations with dimers 27-29

We wanted to investigate whether by dimerization, binding to a disaccharide is 

enhanced by cooperative binding of two diboronic acids with adjacent diols of 

carbohydrates. Both dimers 27 and 28 required 30% tetrahydrofuran as a co-solvent for 

the ARS assay, but dimer 29 did not need any. We tested the dimers with fructose, 

glucose, methyl a-D-glucopyranoside and trehalose. Dimers 27 and 28 displayed the 

same color changes as the monomer unit 2n but the color was more intense for 

diboronic acid 27. Diboronic acid 29 did not show any observable color changes with 

the glycosides.

Other disaccharides (Figure 4-34) were then tested with dimer 27 and the monoboronic 

acid 2n. Identical color changes were observed with the dimer 27 and the monomer. 

This could be attributed to the fact that with an excess of the saccharide, which is 25
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times more concentrated than the ARS-diboronic acid complex, the equilibrium of the 

dimer may be driven toward a 1:2 complex with saccharides rather than a 1:1 complex 

as hoped. Overall, it was found that the intensity of the reddish-orange color (binding to 

glycoside) decreases as follows:

Not surprisingly, the dimer 27 and the cyclic boronic acid 2n showed a strong 

preference for disaccharides having of course a fructose ring (lactulose) and next a 

galactopyranoside ring (lactose). Attempted LH NMR studies of the dimer 27 in a 

mixture of 20% deuterated tetrahydrofuran in deuterated methanol showed that product 

peaks with methyl a-D-galactopyranoside were broadened, just as with the monomer 2n 

(Section 4.3, Figure 4-11). Consequently, binding constant with the galactopyranoside 

could not be determined by *H NMR.

Lactulose > lactose > sucrose ~ maltose ~ trehalose.

OH

D-lactulose D-lactose

OH

OH

D-sucroseD-maltose

Figure 4-34. Disaccharides used in the quanlitative ARS assay.
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4.8 Attempted synthesis of a  fluorescent diboronic acid conjugate

The potential of diboronic acid sensors has recently been highlighted in cell-labeling 

experiments2,3 whereby the presence of a carbohydrate associated with cancer or another 

disease can be detected by fluorescence emission of a diboronic acid ligand binding 

strongly to a sialic acid containing carbohydrate. We envisaged the synthesis of such a 

dimer 30 (Figure 4-35) by a solid-phase methodology developed previously by our 

group for the synthesis of oligoboronic acid receptors.6

f P Y E l —  N'

xOH

'O '

H O ' B

30

Figure 4-35. Fluorescently tagged diboronic acid.

In Scheme 4.9, a spacer with a terminal protected amine group was attached to 

chlorotritylpolystyrene resin. By coupling the amine with the Fmoc protected amino 

acid e-aminocaproic acid and subsequent cleavage of the Fmoc group with piperidine, 

intermediate 32 was obtained. Another coupling was carried out with acetic acid under 

the presence of coupling agents, HOBT and HBTU. Diamide 33 was then reduced to 

the corresponding amine derivative 34 with a solution of sodium borohydride.
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^ v w .T r tH N /N x R/ X ‘NH2

31

TrtHN R N 
H

32

TrtHN R N

^ « ~ 'T r tH N / ^ R /VNN'
H

„N.

34
HO,

15

Br
R = (CH2CH20)3CH2CH2

On cleavage, reduced amine recovered 
!H NMR showed no aromatic peaks present

Scheme 4.9 Reagents and conditions: (a) (i) H 02C(CH2)NHFmoc, HBTU, HOBT, 

DMF, 12 h (ii) piperidine, DMF, 12 h; (b) CH3C 02H, HBTU, HOBT, DMF, 12 h; (c) (i) 

1.0 M BH3.THF, THF, 65 °C, 24-48 h, (ii) piperidine, DMF, 65 °C, 16 h;

(d) pempidine, DMF or triethylamine as base, 65 °C.

Intermediate 34 was subjected to a double alkylation of the secondary amines with the 

bromide-containing boronic acid 15 in the presence of a base (pempidine or 

triethylamine). On cleavage of the product from the resin with a 5% TFA v/v solution 

of TFA in dichloromethane, the reduced amine was observed by 'H NMR analysis and 

no aromatic protons were seen. Boronic acid 15 must have more likely undergone 

elimination rather than the expected nucleophilic substitution reaction.
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4.9 Conclusions and future prospects

4.9.1 Conclusions regarding boronic acid receptors for saccharides

Boronic acids play an important role in recognizing and binding to biologically 

important carbohydrates that can serve as cell-markers.22 Along this line, boronic acid 

based receptors for carbohydrates can be used in cancer diagnosis or as transporters of 

drugs into cells.1 However, in vivo experiments require a boronic acid unit that is 

water-soluble and exhibits a high affinity towards carbohydrates at a physiological pH 

of 7.4. Moreover, receptors that can bind to the ubiquitous hexopyranoside units of 

complex carbohydrates are needed.

With the help of Alizarin Red S. competitive displacement assays,19 we have compared 

and identified ortho-substituted arylboronic acids that can bind strongly to glucose and 

glycosides. Ort/zo-hydroxymethylphenylboronic acid (2n) (benzoboroxole) has broken 

the accepted dogma that monoboronic acids can bind only to saccharides that can 

isomerize to furanose forms. These five-membered ring structures present easily 

accessible hydroxyls such as vicinal cis-diols. In contrast to the “Wulff/Shinkai-type” 

ort/io-dialkylaminomethylphenylboronic acids (2o, 2p), the benzoboroxole 2n is more 

water-soluble and binds glycosides at a physiological pH. In addition, 2n exhibits 

higher or comparable binding constants with reducing sugars. Ka measurements by !H 

NMR experiments have shown that “Shinkai-type” boronic acid sensors benefit 

significantly from hydrophobic effects and not only via B-N interactions for binding 

reducing sugars.
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The ‘H NMR experiments (depicted in Figures 4-12 and 4-13) performed with the 4- 

deoxy and 6-deoxy analogues of methyl a-D-glucopyranosides have shown the 

im portance of the 4 ,6-d io l unit in the complexation of o r th o -  

hydroxymethylphenylboronic acid (2n) to the glucopyranoside. More experiments need 

to be done to confirm the mode of binding, possibly with receptors with more than one 

boroxole units.

The Lewis acidity of boronic acid 2n alone cannot explain the oserved glycoside 

binding as strongly Lewis acidic boronic acids such as 2o and 3 do not bind 

glycopyranosides. Certainly, the low pIQ of orfAo-hydroxymethylphenyl boronic acid 

(2n) (pKa = 7.2) plays a role as it exists largely in the tetrahedral sp3 form, which binds 

more readily to the diol moieties of saccharides at a pH of 7.4. We believe that due to 

the inefficiency of the ether derivative 2m , the cyclic boroxole ring of ortho- 

hydroxymethylphenyl boronic acid accounts for this exceptional glycoside binding 

capability. The unusually small C-B-O dihedral angle of ort/io-hydroxymethylphenyl 

boronic acid opens up the cone angle in the resulting tetrahedral diol-boronate complex. 

This geometry may afford a better accommodation of the 4,6-diol unit of 

hexopyranosides compared to the usual boronic acids.

In an effort to develop more effective saccharide receptors embodying more than one 

boroxole unit, we synthesized dimers starting from 3-bromomethyl-3H-benzo[2] - 

[l,2]oxaborol-l-ol. However, under strongly basic conditions, elimination of the 

bromide occurred during the amination reaction, and more importantly the boroxole
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ring opens up to give the B-N form 20 with a free hydroxyl group. The latter competes 

with the amine during acylation reactions. Clearly, more efficient synthetic routes must 

be developed for the synthesis of oligomeric derivatives of the benzoboroxole 2n. To 

this end, another strategy must be devised to introduce another functional group at the 

alkyl chain of ort/zo-hydroxy methyl phenyl boroni c acid derivatives.

4.9.2 Future research into developing more efficient oligomeric boronic acids 

with boroxole rings

The synthesis of oligomers of boronic acids has been recognized as a useful strategy for 

developing saccharide receptors with high selectivity and binding affinity. The 

benzoboroxole skeleton offers several opportunities for functionalization. An 

alternative monoboronic acid synthesized by Snyder and Lennarz39 is 5-nitro- 

boronophthalide (35) depicted in Figure 4-36. It contains an amino group in the 

aromatic ring that can react with other functional groups to assemble complex 

conjugates. Another possible building block is boronophthalidylacetic acid 37 (also 

shown in Figure 4-36). Boronic acid 36 was developed by Snyder and co-workers40 and 

it has a carboxylic acid group in the alkyl chain that can form amide bonds. These 

boronic acids would enable conjugation of boronic acids without involving the bromide 

elimination and ring opening that plagued derivative 15.
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HO, HO,\

B— O B— O

OaN

COOH

35 36

Figure 4-36. Alternative benzoboroxole building blocks.

By having access to higher affinity boronic acid receptors, more insight can be gained 

into the mode of binding of dimers or oligomeric derivatives with oligosaccharides at a 

physiological pH of 7.4. Observable changes in chemical shifts and coupling constants 

will be more drastic and conclusive.

Libraries of oligoboronic acid receptors can be developed with various functional 

groups that can act as a scaffold for attaching dye-molecules. Using the same strategy 

illustrated in Scheme 4.9, polyamine libraries developed by our group6 can be treated 

with an aldehyde or carboxyl derivatives at the alkyl chain of the boroxole.22 Solid- 

supported synthesis can furnish pure boronic acid compounds and can facititate their 

isolation. This is particularly essential as these boronic acids are very polar and water- 

soluble. In addition, they are difficult to purify by column chromatography because of 

their tendency to stick to silica gel. The alkyl spacer also can be varied, as length of 

spacers play an important role in cooperative binding to saccharides.

Current research efforts in our laboratories are being directed (work by Dr. Marie 

Berube, a post-doctoral associate) into synthesizing fluorescent reporter molecules 

based on the boroxole unit for cell-labeling purposes. It has been seen that among the
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glycosides, the galactopyranose ring binds more tightly to ort/io-hydroxymethyl- 

phenylboronic acid (2n). Galactopyranose rings are present in many biologically 

important carbohydrates such as the T-antigen (Chapter 1, Figure 1-9) whose over

expression in cells indicates the development of cancer. The Hall laboratory is 

committed to work toward a general approach to the selective recognition of cell- 

surface glycoconjugates using benzoboroxole derivatives.

4.10 Experimental 

4.10.1 General

The methods described in Section 2.8.1 also apply here with the following additions. 

Alizarin Red S. and phenylboronic acid were purchased from Acros, and were used as 

received. All boronic acids except for 2o, 2p and 3 were purchased from Aldrich 

Chemical Co., Combi-blocks and Frontier Scientific respectively. The water used for 

the IQ studies was distilled and further purified with a filtration system. Quartz cuvettes 

were used in all studies and the ultraviolet absorptions were taken with a Varian-Scan 

400 UV spectrophotometer. All data was plotted using Microsoft Excel. All nB NMR 

were taken with boron trifluoride etherate as external reference.

Microwave reactions were carried out in microwave vials in a Biotage initiator 

automated microwave reactor.

For HPLC analyses and purifications, detection was carried out with a UV diode array 

detector (X = 254 nm), coupled to a ESI-MS detector (fragmentor voltage: 80 eV).

In most cases, the quatenary aromatic carbon bound to boron is not seen in the carbon 

NMR due to extensive peak broadening.
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4.10.2 Experimental procedures 

1,2-Bis(trimethylsilyl)benzene (5)41

It was prepared using the same conditions as Kitamura and co-workers,14 with a 

different starting material, 1,2-dibromobenzene, instead of 1,2-dichlorobenzene. The 

spectral data matched the reported ones. Yield: 67%; ‘H NMR (300 MHz, CDC13) 8 

7.69 (dd, 2H, J  = 5.8,8.8 Hz), 7.34 (dd, 2H, J  = 5.8 Hz, 8.8 Hz), 0.386 (s, 3H), 0.385 (s, 

3H); 13C NMR (125 MHz, CDC13) 8 146.0 (ArC), 135.2, 127.7 (ArCH), 1.9 (CH3). HR- 

MS (El) calcd for C12H22Si2: 222.1260. Found: 222.1258 [M]+.

1,2-Phenylenediboronic acid (2c)

B(OH)2
B(OH)2

The following procedure was modified from the one reported by Kaufmann.15 To a 

stirred solution of compound 5 (0.60 g, 2.70 mmol) in dry DCM (5 mL), was added 1M 

solution of boron tribromide (7 mL, 7.00 mmol) in DCM, at -78 °C. The solution was 

stirred for 4 h and allowed to warm to room temperature. After evaporation of the 

solvent, dry dichloromethane (5 mL) was again added, followed by 1M solution of 

boron tribromide (7 mL; 7.00 mmol) in DCM. The mixture was heated at 95 °C for 16 

h. The solvent was again evaporated and the mixture was dissolved in methanol ( 3 x 5  

mL) and the solvent was removed using rotary evaporator. 10% Hydrochloric acid (1 

mL) was added for complete hydrolysis of the methyl esters of the diboronic acid.
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After removal of solvent and drying under vacuum for 4 h, the black solid was 

subjected to DEAM-resin purification.16 A solution of the black crude mixture in dry 

tetrahydrofuran (15 mL) was added to DEAM-PS (2.35 g, 2.70 mmol, 1 equiv, 

experimental loading: 1.15 mmol g'1) in a pp vessel. The reaction suspension was 

shaken for 1 h at room temperature and the pp vessel was drained. Washing of the resin 

was carried out with dry tetrahydrofuran (3 x 10 mL). The resin-bound diboronic acid 

2c was cleaved by vortexing the resin with 20% H20/THF (3 x 10 mL) for 1 min at 

room temperature. The product containing solution was drained. The filtrates were 

combined, concentrated under reduced pressure and dried under high vacuum for 6 h to 

afford a pale brown solid (60 mg). Attempted precipitation with ethyl acetate/hexane 

and 1% water yielded a pale yellow solid (0.026 g, 0.16 mmol, 6%), which was 

recovered after filtration. ‘H NMR (500 MHz, CD30D/D20 : 4/1) 6 7.90-7.66 (m, 2H), 

7.44-7.30 (m, 2H); 13C NMR (125 MHz, CD3OD/D20: 4/1) 5 134.9, 134.8, 128.7; UB 

NMR (128 MHz, CD30D/D20 : 4/2) 5 28.6. HR-ESMS calcd for C6H8B20 4C1:

201.0292. Found: 201.0291 [M+Clf.

2-Vinylbenzeneboronic acid (15)42

B(OH)2

nBuLi (1.58 M in hexanes, 5.46 mL) was added to a solution of bromostyrene (1.00 

mL, 3.74 mmol) in dry tetrahydrofuran (25 mL) cooled to -78 °C. The mixture was 

stirred for 40 min, then triisopropylborate (3.78 mL, 16.4 mmol) was added slowly to
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the solution over 30 min at -78 °C. The solution was allowed to warm to room 

temperature for 4 h. The reaction was quenched by adding a 50% solution of 

ammonium chloride in water to the mixture at 0 °C. Tetrahydrofuran was removed by 

evaporation and the aqueous mixture was extracted with diethyl ether (60 mL). The 

organic phase was washed with water (2 x 40 mL) and brine (1 x 40 mL). The solvent 

was removed under reduced pressure and the resulting white crystals (1.21 g, 3.74 

mmol, quantitative yield) were used for the next step without purification. 'H NMR 

(400 MHz, DMSO/D20 : 98/2) 6 7.60-7.58 (m, 1H), 7.43 (dd, 1H, J  = 1.2 Hz, 7.2 Hz), 

7.36-7.28 (m, 1H, J = 1.2 Hz, 7.6 Hz, 8.8 Hz), 7.21 (dt, 1H, J  = 1.2 Hz, 7.6 Hz, 8.8 Hz),

7.09 (dd, 1H, J =  9.6 Hz, 17.6 Hz), 5.67 (dd, 1H, / =  1.2 Hz, 17.6 Hz), 5.20 (dd, 1H, /  =

1.2 Hz, 11.0 Hz); 13C NMR (100 MHz, DMSO/D20: 98/2) 6 140.6, 138.0,133.3, 129.0, 

126.9, 124.3, 114.4; “ B NMR (128 MHz, DMSO/D20 : 98/2) 8 29.7. HR-ESMS calcd

for C8H8B 02: 147.0611. Found: 147.0613 [M-Hf. 

9-(/V-methylaminomethyl)anthracene

NH

A solution of 9-anthraldehyde (0.69 g, 3.33 mmol) was made in dry methanol. 

Methylamine hydrochloride (0.25 g, 3.70 mmol) was added to the solution followed by 

triethylamine (6 mL). The mixture was stirred with molecular sieves (3A) and heated at 

40 °C for 4 h. The mixture was cooled and sodium borohydride (0.33 g, 8.77 mmol) 

was added. The resulting solution was stirred at room temperature for 6 h. The mixture
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was filtered through celite and dissolved in dichloromethane (60 mL). The organic 

solution was washed with water (2 x 30 mL) and brine (1 x 30 mL). After drying over 

anhydrous sodium sulfate and filtration, the solvent was removed by evaporation and 

the leftover yellow oil was triturated with hexane and cooled in ice. Filtration afforded 

a yellow colored solid (0.73 g, 3.30 mmol, 99% yield). The'H NMR (500 MHz, CDC13) 

8 8.42 (s, 1H), 8.36 (d, 2H, J  = 8.5 Hz), 8.02 (d, 2H, J  = 8.5 Hz), 7.55 (t, 2H, J  = 7.8 

Hz), 7.47 (t, 2H, J  = 8.0 Hz), 4.71 (s, 2H), 2.67 (s, 3H); 13C NMR (125 MHz, CDC13) 8

131.5, 130.4, 129.2, 127.2, 126.1, 124.9, 124.9, 124.1,47.7, 37.0. HR-ESMS calcdfor 

C16H16N: 222.1278. Found: 222.1276 [M+H]+.

Compounds 20 and 2p were prepared according to literature procedures.43

N,N dimethylaminomethylphenyl boronic acid (2o)

Me Me 
(HO)2B"'n +

Compound 2o, yield: 79%; *H NMR (500 MHz, CD3OD) 8 7.74 (brd, 1H, /  = 5 Hz), 

7.42-7.24 (m, 3H), 4.22 (s, 2H), 2.71 (s, 6H); 13C NMR (125 MHz, CD3OD) 8 138.2, 

135.1, 130.4, 129.5, 64.6, 44.1; IlB NMR (128 MHz, CD3OD) 8 18.0. HR-ESMS calcd 

for C9H14BN02(Na): 202,1010. Found: 202.1011 [M+Naf.

N-(9-Anthrylmethyl)-N-methylaminomethylphenyl boronic acid(2p)
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Compound 2p, yield: 60%; *H NMR (500 MHz, CDCl3/CD3OD: 9/1) 5 8.36 (s, 1H), 

8.06-7.88 (m, 5H), 7.44-7.32 (m, 7H), 4.41 (s, 2H), 3.86 (s, 2H), 3.25 (br s, 2H), 2.18 (s, 

3H); 13C NMR (100 MHz, CDCl3/CD3OD: 9/1) 5 141.4, 135.7, 135.4, 131.3, 131.2,

131.0, 130.0, 129.0, 128.1, 127.74, 127.70, 125.8, 124.8, 124.4, 65.4, 50.3, 41.8; UB 

NMR (128 MHz, CDC13/CD30D : 9/1) 5 28.8. HR-ESMS calcd for C^H^BNO,: 

356.1816. Found: 356.1819 [M+H]+.

3-Bromomethyl-3H-benzo[2][l,2]oxaborol-l-ol (15)

Compound 16 was made from a known procedure44 and its spectral characteristics 

matched the reported data.

Analysis and purification of boronic acids 16 ,17 ,19 ,20,27,28,29 by HPLC:

LCMS/UV analyses were performed on a Hewlett-Packard/Agilent 1100MSD by means 

of one of the following separation methods.

Method A : Column: SB-C8 semi-preparative, 3.5 pm, 9.4 x 250 mm; eluent: 0% 

MeOH (0.05% formic acid) to 25% MeOH (0.05% formic acid) over 15 min, 80%
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MeOH (0.05% formic acid) over 10 min, hold for 5 min and 0% MeOH (0.05% formic 

acid) over 7 min at a flow rate of 3.0 mL/min for the main pump and 0.4 mL at the post 

pump. Peaks were collected based on UV absorptions at 254 nm.

Method B: Semi-preparative purification: Column: SB-C8 semi-preparative, 3.5 pm, 9.4 

x 250 mm; eluent: 40% MeOH (0.05% formic acid) to 80% MeOH (0.05% formic acid) 

over 25 min, then hold for 2 min at a flow rate of 3.0 mL/min for the main pump and

0.4 mL at the post pump. Post run of 5 min, with automated collection of peaks based 

on UV absorptions at 254 nm.

Analysis: Column: SB-C8, 3.5 pm, 4.6 x 50 mm using the same elution protocol as 

above but at a flow rate of 1 ml/min over a run time of 27 min.

3-Dimethylaminometh\l-3//-benzo[c][l,2]oxaborol-l-ol (16)

Compound 15 (0.056 g, 0.25 mmol) was made into a solution with dry tetrahydrofuran 

(1 mL) at room temperature and dimethylamine (2 M in methanol, 1.1 mL) was added, 

followed by a two drops of triethylamine. The mixture was allowed to stir for 12 h, and 

the solvent was removed under reduced pressure. The crude (0.022 g) was subjected to 

HPLC purification to yield a white solid (0.019 g, 0.10 mmol) in 41% yield. Semi

preparative purification was performed using Method A. *H NMR (500 MHz, CDC13 

with a drop of DzO) 6 7.67 (d, 1H, J  = 7.2 Hz), 7.41 (dt, 1H, J  = 1.2 Hz, 7.6 Hz), 7.26-
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7.36 (m, 2H), 5.40 (dd, 1H, J  = 2.4 Hz, 9.2 Hz), 3.19 (dd, 1H, J  = 2.4 Hz, 13.4 Hz), 2.63 

(s, 6H), 2.57 (dd, 1H, J  = 9.2 Hz, 13.4 Hz); 13C NMR (100 MHz, CDC13 with a drop of 

D20 )  5 153.0, 130.63, 130.55, 127.9, 121.2, 77.6, 64.2, 44.6; UB NMR (100 MHz, 

CDC13 with a drop of DzO) 6 30.0. HR-ESMS calcd for C10H15BNO2: 192.1190. Found: 

192.1197 [M+H]+.

3-Piperidin-l-ylmethyl-3//-benzo[c][l,2]oxaborol-l-ol (17)

The same procedure as for the boronic acid 16 was used here with piperidine as the 

amine. A white solid was obtained in 49% yield after HPLC purification. Semi

preparative purification was performed using Method A. *H NMR (400 MHz, CDC13 

with a drop of D20 ) 5 7.44 (d, 1H, J  = 7.2 Hz), 1.0S-1.22 (m, 3H), 5.30 (dd, 1H, J  = 2.2 

Hz, 7.2 Hz), 3.36 (dd, 1H, J  = 2.8 Hz, 13.6 Hz), 2.94 (apparent triplet, 4 H, /  = 5.2 Hz), 

2.73 (dd, 1H, J  = 7.6 Hz, 13.6 Hz), 1.58-1.74 (m, 4H), 1.43 (ddd, 2H, J  = 6.0, 11.6 Hz,

17.6 Hz); 13C NMR (100 MHz, CDC13 with a drop of D20 ) 5 150.0, 130.0, 129.3, 127.6,

121.0,75.4, 63.0, 54.1, 22.8, 21.5; UB NMR (100 MHz, CDC13 with a drop of DzO and 

one drop of CD3OD) 5 20.6. HR-ESMS calcd for C13H19BN02: 232.1503. Found: 

232.1504 [M+Hf. I

3-Methylenebenzo[c][l,2]oxaborol- l(3FT)-ol (18)
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The spectra of the elimination product 18 were as follows' ‘H NMR (500 MHz, CDC13 

with a drop of DzO) 8 8.06 (d, 1H, J  = 7.5 Hz), 7.60 (dt, 1H, J  = 1.0 Hz, 7.5 Hz), 7.42- 

7.38 (m, 2H), 7.04 (d, 1H, / =  5.5 Hz), 6.31 (d, 1H, J  = 5.5 H z ); 13C NMR (125 MHz, 

CDC13 with a drop of D20 )  8 142.4, 141.9, 132.8, 132.3,126.3, 125.4, 109.9; nB NMR 

(100 MHz, CDCI3 with a drop of DzO) 8 19.0. HR-ESMS calcd for C8H6B 02:145.0455.

Found: 145.0454 [M+Hf.

3-Aminomethyl-3H-benzo[c][l,2]oxaborol-l-ol (19) and 3,4-dihydro-2-aza-l-bora- 

naphthalene-l,l,4-triol (20)

19 B-N tautomer 20

This preparation was adapted from a reported experiment.38 A solution of 7 M 

ammonia in methanol (Aldrich; 2 mL) was added to 16 (0.15 g, 0.67 mmol) in a 5 mL 

microwave vial. The mixture was heated at 60 °C for 10 min, and after the removal of 

the solvent, another 2 mL of 7 M ammonia in methanol was added. The mixture was 

then heated again under microwave conditions at 80 °C for 10 min. On evaporation of 

solvent, the solid was purified by HPLC to give a mixture of 19/20 (0.038 g, 0.24 

mmol, 35%) as a white solid. Semi-preparative purification was performed using
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Method A. The amine compounds existed as a 4:1 inseparable mixture of 3- 

aminomethyl-3H-benzo[c][l,2]oxaborol-l-ol 19 and the B-N tautomer 20.

'H NMR of 3-aminomethyl-3H-benzo[c][l,2]oxaborol-l-ol 19:(500 MHz, D20 )  5 7.30- 

7.80 (m, 4H), 5.39 (brs, 1H), 3.58 (d, 7 = 13.0 Hz, 1H), 3.09 (dd, 1H, 7 =  7.0 Hz, 13.0 

Hz); 13C NMR (125 MHz, D20 )  6 151.5 (ArC), 132.3, 131.4, 129.4, 122.5 (ArCH), 77.6 

(CH), 44.8 (CH2); nB NMR (128 MHz, D20 )  6 28.9. HR-ESMS calcd for C8HnBN 02: 

164.0877. Found: 164.0878 [M+H]+.

‘H NMR of the B-N coordinated tautomer 20: (500 MHz, D20 )  6 7.30-7.80 (m, 4H), 

4.49 (t, 1H, 7 =  2.3 Hz), 4.35-4.27 (m, 2 H); 13C NMR (125 MHz, D20 )  6 139.5 (ArC),

134.0,132.5,130.5,128.9 (ArCH), 65.5 (CH2), 51.6 (CH); nB NMR (128 MHz, D20 )  5 

24.3.

The structures of the B-O and B-N coordinated tautomers were based on the following: 

In the B-N coordinated form 20, the CH2 protons at 4.35-4.27 ppm did not have any 

long distance correlations with the aromatic protons and the CH proton of 20 being 

closer to the aromatic ring did. In the B -0 coordinated form in 3-aminomethyl-3H- 

benzo[c][l,2]oxaborol-l-ol (19), the protons of the CH2 and CH groups are close to the 

aromatic rings and they both exhibit spatial correlations with the aromatic protons as 

seen in the TROESY spectrum.
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iV-(l-Hydroxy-l,3-dihydro-benzo[c][l,2]oxaborol-3-ylmethyl)-acetamide (21) and 

acetic acid l,l-dihydroxy-3,4-dihydro-2-aza-l-bora-naphthalen-4-yl ester (22)

The amines 19/20 were formed using the above microwave procedure from compound 

15 (0.19 g, 0.82 mmol) and used without any purification. The amines 19/20 were made 

into a solution with dry tetrahydrofuran (1 mL) and a few drops of triethylamine (0.2 

mL) was added at 0 °C. Acetyl chloride (0.64 mL, 9.00 mmol) was then added and the 

mixture was allowed to warm to room temperature for 2 h. The solvent was removed 

under reduced pressure and HPLC purification afforded 21 as an inseparable 8:1 mixure 

(0.060 g, 0.30 mmol, 37%) of the desired product with the by-product, B-N isomer 22. 

Semi-preparative purification and analysis were performed using Method B.

*H NMR (500 MHz, CDC13) 5 7.70 (d, 1H, J  = 7.0 Hz), 7.40-7.28 (m, 3H), 5.23 (dd, 

1H, J=  3.5 Hz, 8.0 Hz), 5.12-5.17 (m, 1H, B-N form), 4.18-4.28 (m, 2H, B-N form), 

4.03-4.10 (m, 1H), 3.03 (ddd, 1H, J=  3.5 Hz, 8.0 Hz, 12.5 Hz), 1.96 (s, 3H, B-N form), 

1.95 (s, 3H); 13C NMR (125 MHz, CDC13) 6 170.0, 170.2 (B-N form), 153.5 (ArC),

131.9 (ArCH, B-N form), 131.1, 130.6 (ArCH), 128.0 (ArCH, B-N form), 127.9 

(ArCH), 126.8 (ArCH, \B-N form), 121.5 (ArCH), 80.4 (CH), 67.6 (CH, B-N form),

49.4 (CH2), 44.8 (CH2, B-N form), 23.1, 23.0 (CH3); UB NMR (128 MHz, CDC13) 5 

31.6, 27.7 (B-N form). HR-ESMS calcd for C10H12BNO3(Na): 228.0802. Found: 

228.0803 [M+Na]+.

HO,
B— O

21 22
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A'1 r/V6-Bis((l-hydroxy-1,3-dihydr obenzo[c] [ 1,2]oxaborol-3-yl)methyl)adipamide

(27), 1 -hydroxy-1,2,3,4-tetrahydrobenzo[c][l,2]azaborinin-4-yl 6-((l-hydroxy-l,3- 

dihydrobenzo[c][l,2]oxaborol-3-yl)methylamino)-6-oxohexanoate (28) and  1- 

hydroxy-1,2,3,4-tetrahydrobenzo[c][l,2]azaborinin-4-yl-3-hydroxy-l,2,3,4- 

tetrahydrobenzo[d][l,2]azaborinin-4-yl adipate (29)

27

3-am inom ethyl-3H -benzo[c][l,2]oxaborol-l-ol (19) (0.50 g, 3.23 mmol) was 

synthesized under microwave conditions as above and used as a crude substrate without 

further purification. After evaporation of methanol, dry tetrahydrofuran (6 mL) was 

added followed by saturated aqueous NaHC03 (6 mL) at 0 °C. Adipoyl chloride (0.16 

mL, 1.08 mmol) was added and the mixture was stirred for 4 h with the temperature 

slowly rising to rt. After completion of the reaction, the solvent was removed under 

vacuum and purified by HPLC to give three fractions in increasing order of the 

retention time, Peaks 1-3. The first fraction to be detected, Peak 1, was assigned to the 

structure of the desired N,N-diacyl product 27. Semi-preparative purification and 

analysis were performed using Method B.

Peak 1, Compound 27: yield, 17%; 'H NMR (500 MHz, CDC13 with 2 drops of CD3OD 

and 1 drop of DzO) 5 7.63 (d ,1H, J = 7.0 Hz), 7.39 (t, 2H, J  = 7.5 Hz), 7.23-7.35 (m,
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4H), 5.19 (dd, 1H, 7 = 2.5 Hz, 7.0 Hz,), 3.90 (dt, 1H, 7 = 2.5 Hz, 14.5 Hz), 3.13 (ddd, 

1H, 7 = 2.9, 7.5, 10.5 Hz), 1.98-2.15 (m, 4H), 1.29-1.48 (m, 4H); 13C NMR (125 MHz, 

CDCl3 with 2 drops of CD3OD and 1 drop of D20 ) 6 174.2 (C=0), 153.5 (ArC), 131.0, 

130.4, 127.8, 121.5 (ArCH), 80.4 (CH), 44.2, 35.6, 24.8 (CH2); nB NMR (128 MHz, 

CDC13 with 2 drops of CD3OD and 1 drop of DzO) 5 29.7. HR-ESMS calcd for 

C22H26B2N20 6(Na): 459.1869. Found: 459.1879 [M+Na]+.

Peak 2, compound 28:

+ N ̂ 0H
(  | OH

Yield, 10%; *H NMR (500 MHz, CDC13 with 3 drops of CD3OD and 1 drop of DaO) 5 

7.54-7.64 (m, 2H), 7.14-7.38 (m, 6H), 5.11 (dd, 1H 7 =  2.5 Hz, 7=  7.0 Hz), 5.04-4.98 

(m, 1H), 4.02-4.12 (m, 2H), 3.79 (dt, 7 = 3.0 Hz,lH, 7 = 14.0 Hz), 3.06 (ddd, 1H, 7 =,

7.5, 12.5 Hz), 1.98-2.10 (m, 4H), 1.34-1.48 (m, 4H); UC NMR (125 MHz, CDC13 with 3 

drops of CD3OD and 1 drop of D20 ) 5 174.3, 173.7 (C=0), 153.5, 144.3 (ArC), 132.8, 

131.7, 130.9, 130.3, 127.7, 127.6, 126.1, 121.4 (ArCH), 80.3 (CH), 67.2 (CH2), 49.4 

(CH), 44.2, 44.1, 35.5, 35.43, 35.41, 24.89, 24.87, 24.8, 24.7 (CH2); “ B NMR (128 

MHz, CDC13 with 3 drops of CD3OD and 1 drop of D20 )  8 31.4, 27.7. HR-ESMS calcd 

for C22H26B2N20 6(Na): 459.1869. Found: 459.1867 [M+Na]+.

Peak 3, compound 29:
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J-OH 
+ XBS 
N -  OH

Yield, 2%; ‘H NMR (500 MHz, CDC13 with 2 drops of CD3OD and 1 drop of D20 )  8 

7.70-7.60 (m, 2H), 7.42-7.18 (m, 6H), 5.06 (br s, 1H), 4.12 (br s, 2H), 2.18-2.04 (m, 

4H), 1.60-1.50 (m, 4H); 13C NMR (125 MHz, CDC13 with 2 drops of CD3OD and 1 drop 

of D20 )  8 173.8 (C=0), 144.5 (ArC), 133.1, 132.0, 131.26, 131.25, 130.7, 128.0, 126.5,

121.7 (ArCH), 67.6 (CH2), 49.6 (CH), 35.8, 25.0 (CH2); nB NMR (128 MHz, CDC13 

with 2 drops of CD3OD and 1 drop of D20 )  8 27.1. HR-ESMS calcd for 

C22H26B2N20 6Na: 459.1869. Found: 459.1871 [M+Na]+.

Peak 1 is assigned to be structure 27 due to the following reasons:

1. It displays the symmetrical pattern of monomer 2n where the CH2 protons are 

diastereotopic with different chemical shifts.

2. The diastereotopic CH2 protons show each a ddd at 3.13 ppm and at 3.90 ppm, 

showing the existence of an extra coupling with the NHAc of the spacer.

3. From the nB NMR spectrum, Peak 1 has a UB shift at 29.7 ppm, similar to the 

UB shift of 2n at 32.0 and of 15 at 31.5 ppm, under similar solvent conditions. 

In contrast, Peak 2 has a much lower shift at 27.7 ppm.

Methyl 6-deoxy-a-D-glucopyranoside
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H O "

OCH3

Methyl 6-deoxy-a-D-glucopyranoside is a known compound, synthesized by 

benzylidenation45 of methyl a -D  glucopyranoside, NBS46'48 ring opening of the ring 

followed by catalytic hydrogenation47 to give the deoxy sugar whose spectral data49 

matched those found in the literature. *H NMR (400 MHz, CDC13) 6 4.44 (d, 1H, H-l, 7 

= 3.6 Hz), 3.34-3.46 (m, 2H, H-5, H-3), 3.24 (dd, 1H, H-2, 7 = 2.0,4.0 Hz), 3.19 (s, 3H, 

CH3), 2.84 (t, 1H, H-4, 7 = 9.2 Hz), 1.05 (d, 3H, 7  = 6.4 Hz, CH3); 13C NMR (100 MHz, 

CDC13) 5 99.3 (C-l), 76.7 (C-4), 75.3 (C-3), 71.9 (C-2), 67.0 (C-5), 54.6 (CH3), 16.9 

(C-6, CH3). HR-ESMS calcd for C7H140 5(Na): 201.0733. Found: 201.0732 [M+Na]+.

Methyl 4-deoxy-a-D-glucopyranoside

OH

hô i
o c h 3

Methyl 4-deoxy-a-D-glucopyranoside is a known compound, prepared by SN2 

displacement of the 4-methylsulfonyloxy group of methyl 2,3,6-tri-0-benzoyl-4-deoxy-

4-O-methylsulfonyl-a-D-glucopyranoside50 by iodide ions and subsequent reduction51 

and debenzoylation of the resulting methyl 2,3,6-tri-C>-benzoyl-4-deoxy-4-iodo-a-D- 

glucopyranoside. The spectral data of the deoxy sugar matched those found in the 

literature.52 ‘H NMR (500 MHz, DzO) 5 4.83 (d, 1H, H-l, 7 = 4.0 Hz), 3.94-3.86 (m, 

2H, H-5, H-3), 3.66 (dd, 1H, H-6a, 7 =  3.0, 12.0 Hz), 3.58 (dd, 1H, H-6b, 7 = 6.5, 12.0 

Hz), 3.47 (dd, 1H, H-2, 7 =  4.0, 9.5 Hz), 3.40 (s, 3H, CH3), 1.97 (ddd, 1H, H-4eq, 7 =
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2.0, 5.0, 7.0 Hz), 1.42 (q, 1H, H-4ax, J=  2.0, 5.0, 7.0 Hz); 13C NMR (125 MHz, D20 ) 8 

100.8 (C-l), 73.9 (C-2), 69.5,69.1 (C-3, C-5), 64.6 (C-4), 35.0 (CH3). HR-ESMS calcd 

for C A A C N a): 201.0733. Found: 201.0734 [M+Na]+.

!V-(3-{2-[2-(3-Amino-propoxy)-ethoxy]-ethoxy}-propyl)-iV'-ethyl-hexane-l,6- 

diamine

h2n ,̂ N v /^ o

The polyamine was prepared and cleaved from the tentagel resin following the reported 

procedure on solid-phase synthesis.6 1H NMR of crude (400 MHz, CDCl3) 8 3.65-3.54 

(m, 8H), 3.18 (m, 10H), 2.20-1.55 (m, 5H), 1.47-1.34 (m, 2H). HR-ESMS calcd for 

C18H42N3O):348.3220. Found:348.3222 [M+H]+.

4.10.3 Methodology for screening ortho-substituted arylboronic acids (qualitative

ARS assay)20

Solution A: 50 mL of 10'3 M stock solution of ARS solution in 0.10 M sodium 

phosphate monobasic buffer was diluted 10-fold with 0.10 M sodium phosphate 

monobasic buffer in a 500 mL volumetric flask. The pH of the solution was adjusted to

7.4 with 4 M NaOH (a portable pH meter was used, which gave pH values within 0.01 

units). The resultant solution containing 10"* M solution of ARS in 0.10 M phosphate 

buffer at pH 7.4 would be referred to as solution A.

Solution B: The controls were prepared by dissolving the boronic acids (0.10 mmol) in 

solution A in a 5 mL volumetric flask to give 0.02 M solution with respect to the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



220

boronic acid. The pH was adjusted to 7.4 with 4 M NaOH before diluting to the 5 mL 

mark with ARS solution A. For boronic acid 3, a 20% THF/H20  solution was 

employed.

Colorimetric assays were done with these solutions except for the less soluble boronic 

acids that required 10-33% methanol as solvent. The sugar solutions (0.5 M) were 

prepared by adding 0.5 mmol of sugar to the control solution B in 1 mL volumetric 

flasks. The pH was adjusted to 7.4 with 4 M NaOH.

In the case of boronic acid 3, no change of coloration was seen with methyl glycosides.

4.10.4 Determination of Ka for boronic acid 2n

The deuterated buffer solution was made by evaporating off an aqueous solution of 0.10 

M phosphate monobasic solution (at pH 7.4) three times with D20 , and again the pH 

was adjusted to pH 7.4 (with 4N NaOH or saturated sodium phosphate monobasic 

solution). Due to the hygroscopic nature of DzO, a certain amount of water as H20  was 

always present as 1-2%.

The boronic acid 2n (0.38 mmol) was dissolved in 25 mL of deuterated buffer solution 

in a volumetric flask, and before diluting to the final volume the pH was adjusted to 7.4 

(solution A, 15 mM). 4  solution of the sugar (0.15 M) was made by dissolving 0.15 

mmol of sugar in 1 mL of the solution A, and the pH was again adjusted to 7.4. To 700 

pL of solution A was added 40 pL of the sugar solution, and afterwards aliquots of 10 

pL were added to obtain a range of sugar concentrations in the range of 8-26 mM and
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until the boronic acid solution was saturated with the sugar and the percentage error for 

calculating the complexed boronic acid/free acid ratio (Figure 4-14) is too high (i.e., a 

ratio in the range 0.5-4.0 was employed).

4.10.5 Methodology and examples for Ka measurements by ARS method5,6 

Following the procedure of Wang et al.,5 a 0.144 mM ARS solution was prepared in 

0.1 M phosphate solution buffered at pH 7.4. A solution of 2n (0.015 M) was prepared 

so as to prepare mixtures of 2n (0.00131-0.0131 M) and UV absorbances were taken at 

450 nm. Two experiments were carried out to determine an average value of Kars.

4.10.6 Binding of 2n with glucose in the three-component ARS assay

The above 2n solution (15 mM) in ARS was diluted with the ARS solution (0.144 mM) 

to give a 3.1 mM solution in the phosphate buffered solution at pH 7.4. 5 mL of this 

solution was used to make a 2.0 M glucose solution at pH 7.4. By mixing the two 

solutions together in the UV cuvette, a range of glucose concentrations (0.13-0.42 M) 

was obtained. The absorbances were determined at 453 nm and Equations 5 and 6 were 

used to find Ka.

4.10.7 Binding of 2n with methyl a -  and {3-D-glucopyranosides in the three- 

component assay

A solution of 2n in ARS solution (15 mM) was diluted with the ARS solution (0.144 

mM) to give 3.1 mM solution in the phosphate buffered solution at pH 7.4. Then, 5 mL 

of this solution was used to make 2.0 M glycoside solution at pH 7.4. By mixing the
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two solutions together in the UV cuvette, a range of sugar concentrations (0.8-2.0 M) 

was obtained, thus giving values for Q.

4.10.8 Binding of 2n with methyl a -  and {3-D-galactopyranosides in the three- 

component assay

2n (0.037 mmol) was dissolved in 10 mL of ARS solution (0.144 mM) to give a 3.66 

mM phosphate buffered solution at pH 7.4. Then, 5 mL of this solution was used to 

make 2.0 M glycoside solution at pH 7.4. By mixing the two solutions together in the 

UV cuvette, a range of sugar concentrations (0.1-0.5 M) was obtained, thus giving 

values for Q.

4.10.9 Measurement of pKa of cyclic boronic acid 2n

A 0.02 M NaOH solution was prepared by dilution of a 1:1 mixture of NaOH:water 

(for precipitation of carbonates as carbonic acid could influence the pK^ measurement 

under acidic conditions). This solution was used in the titration of 10 mL of 0.01 M 2n. 

Potentiometric studies were conducted with an autotitrator. A Metrohm combined pH 

glass electrode (Ag/AgCl) with 3 M KC1 internal filling was used. Measurements were 

taken at 25 °C. About 70 data points were collected for each titration, and the plC, (the 

pH at half the equivalence volume) was determined by manual extrapolation. Two 

independent titrations were used to determine the p l^  of 2n.
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Chapter 5 

Thesis Summary and Conclusions

The thesis is divided into three main parts with a common trend being the development 

of receptors for carbohydrates. In Chapter 1, we have seen that due to the prevalent 

protein-carbohydrate interactions in nature, glycoconjugate libraries are gaining 

tremendous popularity. Fluorescence is commonly used to study these interactions and 

the different properties of common dyes are discussed succinctly. The importance of 

sulfated carbohydrates is also emphasized due to the important roles they play in the 

medical field. Receptors for these carbohydrates could play an important role in the 

treatment of cancer. The use of boronic acid based sensors and receptors is also 

discussed as they involve reversible interactions and can thus serve as protein (lectin) 

mimics. The major drawbacks associated with the currently used boronic acids are also 

discussed, namely poor solubility of “Wulff/Shinkai-type” boronic acids in aqueous 

media. Likewise, strong binding of monoboronic acids to saccharides is limited to 

saccharides that can isomerize to the furanose forms having readily accessible vicinal 

cis diols (thus forming less strained boronate esters).

In Chapter 2, the study of labeled carbohydrates interacting with lectins conjugated to a 

solid-support shows that succinimidyl 6-(N-(7-nitrobenz-2-oxa-l,3-diazol-4-yl)amino) 

hexanoate (NBD-X) dye provides by far the lowest level of nonspecific interactions 

with immobilized proteins. Commonly used labeling reagents constituted of charged
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aromatic groups, for instance, FTTC and TAMRA dyes, induce non-specific interactions 

with both the proteins and the agarose based solid support. Studies conducted with 

europium labeled carbohydrates failed because of the problem of visualization of the 

europium fluorescence, which was hard to localize on the beads even in the presence of 

the DELFIA enhancement solution. ELISA assays gave disappointing results due to the 

inability to coat the special fluorescent microplates with the lectins.

Chapter 3 dealt with the synthetic steps and problems encountered in synthesizing a 

sulfated disaccharide as a model for heparin, an anticoagulant drug. It was shown that 

even if silyl groups were good at selectively protecting the 3- and 6- hydroxyls of 

glycols, they were not compatible with azidonitration reactions. In these reactions 

where an azido group is introduced at the 2-position, the silyl groups were cleaved, 

making this synthetic step low yielding and the desired product hard to purify. In 

subsequent glycosylation reaction with a protected aminoethyl linker, loss of azide was 

induced under Lewis acidic conditions. Two amino groups in the same molecule and the 

presence of chemically sensitive silyl groups limited the synthetic methodology, which 

was eventually abandoned due to its slow progress.

In Chapter 4, our research efforts focused on identifying new monoboronic acids that 

bind strongly to carbohydrates under aqueous physiological conditions. The long-term 

goal is the development of ‘oligomers’ of these boronic acids for improved binding 

potency and higher selectivity. A preliminary qualitative test was first carried out to 

determine the binding strength between the boronic acid and the carbohydrate
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molecules using the catechol dye Alizarin Red S. Then, NMR titrations were carried out 

to determine the binding constants between the boronic acid and the carbohydrate 

molecules. Our results show that 2-(hydroxymethylphenyl) boronic acids 

(benzoboroxoles) stand out as excellent binding agents for monosaccharides, including 

glucose and these boronic acids exceptionally bind to model glycosides. To explain 

such binding selectivity, structural and mechanistic studies were carried out. pH profiles 

of the boronic acids were determined so as to provide insight into the geometry of the 

boronic acids when bound to the saccharides. Ort/io-hydroxymethyl phenylboronic acid 

was shown to be superior to the well-established dialkylaminomethylphenylboronic 

acids (“Wulff-type”) analogues. This class of benzoboroxoles were shown to bind 

glycopyranosides mainly using the 4,6-diols of carbohydrates. As the majority of 

glycoconjugates present free 4,6-diols, there is great scope to develop a novel class of 

benzoboroxole-based receptors that will be compatible with physiological conditions 

and bind specifically to hexopyranosides. Preliminary efforts for oligosaccharide 

synthesis utilized 3-bromomethyl-3H-benzo[2]-[l,2]oxaborol-l-ol as starting material. 

Unfortunately, SN2 elimination of bromide ions under base conditions limited the 

usefulness of these reactions. Benzoboroxole derivatives with more stable functional 

groups are known in literature and can provide promising routes for the synthesis of 

sensors containing more than one benzoboroxole units.
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HPLC chromatograms for purification of amine 19
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HPLC chromatograms for re-injection analysis of Peak 1 (diboronic acid 27)
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