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ABSTRACT 

The stereochemistry of oxidation by D-galactose oxidase of = 
the primary carbinol group is that in which the pro-~ hydrogen is 

abstracted. This has been deduced from the primary kinetic deuterium 

isotope effect observed in the oxidation of substrates of predomin-

antly ~ or ~ chirality conferred by stereoselective deuteration. In 

addition, an examination of the reaction products shows that the 

hydrogen (or deuterium) equivalent to the pro-~ hydrogen is los~. 

An investigation of the role of the substrate-specifYing 

4-hydroxy-group of R-galactose and derivatives, using a series of 

4-deoxy analogues indicates that OH-4 is not involved in hydrogen-

bonding in the enzyme-substrate complex. 

The synthesis of various substrates utilized in this stereo-

chemical study, and characterization of products of the oxidation is 

described. 



Ph.D. Chimie 

RESUME 

LA STEREOCHIMIE DE L'OkJrnATION PAR LE 

D-GALACTOSE OXYDASE 
~ 

La stereochimie de l'oxydation du groupement carbinole 

primaire par le ~-galactose oxydase implique le depart de l'hydrogène 

pro-~. Ceci resulte de l'effet cinetique initial de l'isotope deuterium 

observe dans l'oxydation de substances de predominance configurationelle 

li ou ~ obtenue par deuteration stereoselective. De plus, l'ana2yse des 

produits de réaction met en evidence le départ de l'hydrogène (ou 

deutérium) correspondant à l'hydrogène pro-~. 

A partir d'analogues de la serie du déoxy-4, l'étude du rôle 

des produits possedant un groupe hydroxy-4, specifique à la réaction 

du ~-galactose et de ses dérives~ indique que le OH-4 ne présente pas 

une liaison hydrogène dans le complexe enzyme-substrat. 

On y decrit aussi la synthèse de divers produits utilises au 

cours de cette étude stéréochimique ainsi que la caracterisation de 

leurs produits d'oxydation. 
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PREFACE 

The stereochemistry of enzyme reactions is not a new subject 

in itself, but has recently received increased attention in the wake 

of recent developments that permit the application of physical techni

ques to a wide variety of problems. A deeper understanding and appre

ciation of stereochemical principles has certainly also been a major 

stimulus of studies on the stereochemistry of biological and chemical 

systems. 

This thesis has its roots in the powerful potential of the 

NMR technique for the solution of stereochemical problems. The 

objective here has been to define specifically what happens to the 

substrate, rather than how the enzyme directs the particular stereo

chemical course of the reaction. Hopefully, the conclusions reached 

in this thesis, by contributing to a more detailed knowledge of one 

enzyme reaction will aid in a broader understanding of the nature of 

enzymic transformations. 
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Py 
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Triflyl 

u.v.; UV 
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3
CO
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5

CH2-
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melting point 
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5
-
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INTRODUCTION 

General Remarks 

The ease with which enzyme reactions catalyse complex 

reactions is an old standing fascination, and the urge to unravel 

the mystery of enzyme reactions has never faded. 

Enzyme reactions proceed at low activation energies and 

for most, at tempe rature as low as 25-30°C. The yield of enzyme 

products (turn over number) and the specificity of enzyme reactions 

is unique. Certainly enzymes constitute the most effective chemical 

reagents available to man. 

This the sis represents an attempt to provide new know

ledge about one particular enzyme reaction. That is, a description 

of the three-dimensional spatial interaction (stereochemistry) of the 

enzyme ~-galactose oxidase with its substrates is presented. 

l 

No attempt has been made to study the three dimensional 

structure of the ~-galactose oxidase en~yme itself in solution or the 

solid state. Rather the study has been confined to the stereochem

istry of substrates in solution with the assumption that the topology 

and stereochemistry of the active site of the enzyme will bear resem

blance to that of the substrate, though in the transition state, reac

tion and action (Newton) will be mutual between the enzyme and the 

substrate (1). 
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The enzyme-~-galactose oxidase 

(i) Discovery - While working on ~-galactose metabol-

ising enzymes Cooper and co-workers (2) reported an enzyme from the 

mold Polyporous circinatus which they claimed to catalys~ the conver-

sion of ~-galactose (1) to a ~-galactonolactone (2) in the presence of 

molecular oxygen. 

2 ( 1.4) 

Because of the reactivity of ~-galactose, and the inert

ness of other monosaccharides tested, this newly found enzyme was given 

the trivial name ~-galactose oxidase. These workers were uncertain as 

to whether the enzyme was excreted extracellulary or had been leached 

out as a result of lysis of the mycelial hyphae. Horecker et al. (3,4) 

have suggested, however, that ~-galactose oxidase is an extracellular 

secretion. 

Although ~-galactose oxidase can also achieve rapid oxida

tion (4) of ~-galactopyranosyl residues contained in oligosaccharides 

such as the tetrasaccharide stachyose, or polysaccharides such as guaran, 

its natural function has not been described so far. 

Other important features that have been noted for ~-galac

tose oxidase are that the enzyme carries a flavin (flavin mononucleotide, 
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FMN) as the prosthetic group and that it is a metalloenzyme containing 

zinc (2,4). However, neither of these possibilities has been con-

firmed or refutedj in conjunction with one aspect of the present work 

it is assumed that ~-galactose oxidase is a flavo enzyme (Chapter III). 

(ii) Basic reaction - It is now certain that ~-galactose 

oxidase from Polyporous circinatus does not catalyse conversion of D-

galactose to ~-galactonolactone as previously held by Cooper's group (2)j 

instead, as shown by Horecker et al. (3,4), the enzyme specifically cata-

lyses the aerobic oxidation of the primary carbinol of ~-galactose to 

give an aldehyde and hydrogen peroxide. 

H~ 0" 
H 4(OH ~ galactose 0 

oXidase,o; H "" ":\ 
OH 

OH + OH 

4 

The aldehyde products isolated and characterised in this study (Chapter IV) 

give further support to their findings. 

Under the present systematic enzyme classification, ~-galac

tose oxidase is an 02-oxido-reductase 1.1.3.9 (5), in that it is an oxi

dising enzyme acting on a -CHOH grouping, with the latter donating elec-

trons to the molecular oxygen acceptor. 

In~, the ~-galactose oxidase reaction must be coupled 

to peroxidase or catalase in order to decompose the hydrogen peroxide which 

is produced and which inhibi ts the reaction (Chapter IV and V) (2-4). 
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(iii) Substrate specificity of D-galactose oxidase -

The specificity of ~-galactose oxidase for ~-galactose and ~-galac

tose derivatives unsubstituted at 0-4 has stimulated the use of D-

galactose oxidase for a variety of purposes. Thus the enzyme has 

been used to modify ~-galactopyranosyl residues (6,7); to introduce 

tritium labelling into ~-galactose oxidase-treated residues C8-10), 

and for systematic analysis and detection of ~-galactose containing 

moieties (11-17). The enzyme is now commercially produced and sold 

as "Galactostat" (Chapter III) for medical diagnosis. 

(iv) Role of OH-4 of D-galactose - That the epimer 

4 

of ~-galactose at C-4, ~-glucose is not reactive (2-4) is a clear 

indication that OH-4 is critical to the enzyme reaction. The import

ance of OH-4 of ~-galactose and its bonding characteristics to the en-

zyme surface is the subject of Chapter V • In addition, the investi-

gations of Horecker's group (4) established that the ~-galactopyran-

osyl residue is essential for neither the straight chained 

titol (2) nor ~-galactofuranose (~) is reactive. 

galac-

Selection of a stereochemical model for the D-galactose oxidase reaction. 

The selection of a model mole cule for this study was depen

dent upon several requirements. It was important that the substrate 

should react sufficiently weIl that reaction rate parameters could be mea

sured easily, that substantial yields of enzyme products could be isolatcd 

l 
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and characterised, and that the molecule be easily examined by physico-

chemical techniques such as NMR, IR, UV and mass spectroscopy. It was 

desirable that the model substrate exist in one forme Thus ~-galactose 

itself was not particul~ly weIl suited for the purpose because in aque-

ous solution it mutarotates to~ and ~ forms. Furthermore, as has been 

pointed out by Perlin (18), the product of ~-galactose oxidase oxidation 

is meso, ~-galacto-dialdohexose; on equilibration, both of the terminal 

aldehyde groups participate in ring formation of D- and ~-galacto-dialdo-

hexose. 

Methyl ~-~-galactopyranoside 

Methyl ~-~-galactopyranoside (~) appeared to satisfy most 

of the above requirements. It is easily synthesized and, starting with 

appropriate compounds, chemical modifications can be performed on the 

glycon moiety. The reactivity of this substrate is three times that 

of ~-galactose, although only half of that of stachyose (4); hence 

6 

OH 
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dilute substrates can be measured. Also, the methoxy-hydrogens of 

the aglycon, provide a ready handle for use in conjunction with NMR 

spectroscopy and to be retained in the identification of reaction pro-

ducts or in locating unreacted substrate and derivatives. Thus, 

throughout this project, almost all of the stereochemical aspects of 

~-galactose oxidase have been based on methyl i-~-galactopyranoside, 
- -
and modified forms of it as substrates. 

Stereochemical and topographical approach by ~-galactose oxidase at 

the reaction centre. 

The study of enzyme specificity, stereochemistry and me-

chanism may be simplified if a knowledge of the exact spatial arrange-

ment of the various groups at the active site of the enzyme is avnil-

able. Such information is lacking for ~-galactose oxidase. An alter

native method for tackling enzyme stereochemical problems is the in-

direct procedure of modifying substrates and observing changes in the 

response of the enzyme. Prelog (19) has illustrated this approach by 

assembling stereochemical segments of molecules which react, or do not 

react, with lactate dehydrogenase. In this way the geometry of the ac-

tive site of the enzyme was deduced. In the present study this use of 

chemically-modified substrates has enabled sorne assessment to be made 

of the topological approach of ~-galactose oxidase towards its sub

strates (Chapter V). Related methods of studying enzyme stereochem

istry have been discussed (20-23). 
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Deuterium as a label 

Topological aspects of enzyme reactions can also be stu-

died by tagging substrate molecules with labels whose spatial arrange-

ment is known, and by observing their fate in the course of the enzyme 

reaction. This is the subject of Chapter DI and IV. 

The discovery of a stable hydrogen isotope, deuterium (24), 

led to its wide application in the study of biological and chemical me-

chanisms. This type of application has been accelerated by the avail-

ability of reagents such as lithium aluminium deuteride (LiAID4) and so

dium borodeuteride (NaBD4), which reduce ketones, aldehydes,nitriles, 

esters, alkyl halides and a number of other functional groups. 

Deuterium in a polyatomic mo1ecu1e confers virtual1y the 

same physica1 properties as do es hydrogen (protium) even though deuterium 

is a slight1y sma11er atom (25-26). However, in reactions invo1ving 

c1eavage of a bond containing a hydrogen atom, there is a retardation in 

rate when the hydrogen is substituted by deuterium. This is attributable 

to the low zero point energy (1/2 hv) of deuterium as compared with hydro-

gen; it means that more activation energy has to be expended to loosen 

and break a C-D than a C-H bond. This effect of introducing deuterium is 

discussed in Chapter DI in relation to dehydrogenation by ~-ga1actose oxi-

dase. 

In utilizing NMR spectroscopy as in the studies described 

here, deuterium offers an important advantage in that it absorbs at a fre

* quency wide1y different from that of protium , and gives no interference. 

*There is now a growing interest (27)in deuterium chemical sh~ts; but for 
the present purposes it was not necessary to measure deuterium spectra. 
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Consequently, complex proton spectra can be simplified by replacing a 

proton by deuterium. Thus in a system such as (Y-CH2-X), replacement 

of one hydrogen by deuterium (Y-CHD-X) results in only one signal due 

to protium, although it is somewhat broadened due to the quadrupole 

effect of deuterium and a geminal coupling to protium of about (0.8-1 Hz) 

(28-29). 

Prochirality 

The subject of prochirality is well documented (30-34). 

Mention of this subject, to be dealt with in Chapter III and IV, will be 

brief here. Chiral molecules do not have rotational axes and 

cannot be superimposed on their mirror images. Most chiral molecules 

have chiral centres, also known as dissymmetric centres; a tetrahedral 

chiral carbon atom is bonded to four different groups. 

If hydrogen and deuterium are considered as two different 

groups then by substitution of one hydrogen atom by deuterium, as on 

the carbinol methylene carbon of ethanol, a chiral centre is generated 

(1). The methylene carbon of ethanol is therefore spoken of as a pro

chiral centre (35). Essentially a prochiral centre is a potential chiral 

centre. The ligands ~, ~' (~= ~') attached to a prochiral centre 

(A~~'bc) are termed as prochiral groups. If replacement of an ~ ligand 

gives rise to a chiral centre of ~ configuration (Cahn, Ingold, Prelog)(36) 

then ~ is a pro-~ group (30,35). Similarly if replacement of an ~' ligand 

gives a chiral centre of ~ configuration then~' is termed a pro-~ group. 

A EE9-~ or P!9-~ group can be an atom such as a methylene 

hydrogen of ethanol or a group of atoms, such as the CH2C02H group of 
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citric acid. Thus, a1though the E!9-B and pro~ hydrogens of ethano1 

are chemica11y and magnetica11y indistinguishab1e, they are subject 

to differentiation enzymica11y as has been demonstrated with yeast a1-

D a' • • , • • a-c-b H-C-OH 

C~3 1 
7 C 

Ethanol-1- Q. (§) a prochiral centre 

coho1 dehydrogenase (37) and 1iver alcoho1 dehydrogenase (30). 

When a prochira1 centre is f1anked by a chiral centre, an 

addi tiona1 e1ement of dissymmetry is introduced. According1y the pro-

chiral groups are now rnagnetically non-equiva1ent. As will be shown 

1ater (ChapterIII,IV) for methy1 ~-D-ga1actopyranoside, the two pro-

tons of C-6 are enzyrnica11y as we11 as magnetica11y non-equiva1en.t in 

the ~-ga1actose oxidase reaction. 

The prochiral hydrogens of ethano1 (~) and the prochira1 

groups of ci tric acid (.2,), or glycero1 qg) bec orne chiral or dissymmetric 

in the presence of an enzyme because they experience chiral environ-

ments provided by the enzyme. Thus, the phosphory1ation of glycero1 in 

rats (38) or with glycero1 kinase (39) in the presence of ATP resu1ts 

in the formation of only ~~-glycerOPhosphate*(B-~-glycerophosphate)(ll). 

Other aspects of enzyrne-prochiral centre interactions also have been 

described (40) 

* Configuration assignment according to Swick and Nakao (38). 

--., 
, 
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Hs , , , 
H.- C--()H 

1 
8 CH 3 

ÇH~OOH , , 
HOOC-C-OH 

9 !H 2COOH 

Prochirality also applies for double bond systems (30) 

of the type R R'C:! where X--o, C, N or other atome Here prochirality 

10 

exists because addition to the double bond systems can take place from 

either face, ~ (35)(~ for rectus) or si (35)(si for sinister) to 

give two different stereoisomers. This possibility has been illustrated 

for acetaldehyde (30) and in Chapter nIis de aIt with in relation to 

10 

glycerol kinase 
• ATP 

yH~H 

Ho-C-H ?
~H2o-P-O-

11 8 

1,2:3,4-di-Q-isoproPYlidenè-~-~-galacto-hexodialdopyranose (12) 

Stereospecificity 

If in an enzyme or chemical reaction only one stereoisomer 

is consumed or formed, that reaction is considered to be stereospecific. 

In the reaction of ethanol-l-~ (§) only the E!2-B hydrogen is ab-

stracted (37). This reaction is therefore stereospecific, as are 
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/ 

CH 3 
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most enzyme reactions (33). The stereospecificity and stereochemistry 

of ~-ga1actose oxidase at the prochira1 centre is the subject of 

Chapters III and IV. 

A reaction proceeding ta give or consume a mixture of ste-

reoisomers is defined as "stereose1ective", and can be qua1ified as 

highly stereose1ective or of low stereose1ectivity depending on the pro-

portions of stereoisomer formed or consumed (41). Stereose1ectivity 

is more appropriate ta chemica1 than ta enzymic reactions. 



CHAPTER l 

SYNTHESIS OF SUBSTRATES FOR A STERIDCHEMICAL STUDY 

OF THE PROCHIRAL· CENTRE 

OF ~-GALACTOSE AND METHYL ~-~-GALACTOPYRANOSIDE 

Having considered some stereochemica1 aspects of dehyd-

rogenation by ~-ga1actose oxidase, it was decided to synthesize 6! 

or 6~ isomers of ~-ga1actose and methy1 ~-~-ga1actopyranoside using 

deuterium to confer chira1ity upon the primary carbino1 group. The 

simp1est way to achieve this was to reduce an appropriate a1dehyde -

in this case It2:3,4-di-Q-isopropy1idene~-~-ga1acto-hexodia1do-1,5-

pyranose (12) or the 6-~-ana1ogue (12) with a suit able deuteride or 

hydride donor. Two processes were eva1uated for the reduction of 12 

or 12: one invo1ves the use of enzymes, and the other, chemica1 

asymmetric induction. Another possibility considered invo1ves nuc1eo-

phi1ic disp1acement of suitab1e 1eaving groups at C-6 or C-1 by deu-

teride (see page 22). 

For high optica1 yie1ds (or purity) (42) , enzymic methods 

are certain1y bes~. Enzymes, being chiral reagents themse1ves, are 

product stereospecific and, to same extent, substrate stereospecific, 

and therefore do not le ad to noticeab1e racemization. Thus Vennes1and 

and coworkers (37) have demonstrated an in vitro stereospecific enzyndc ----

12 

reduction of aceta1dehyde-1-~ and 1ater carried out a 1arge-sca1e prepa-

ration of chiral ethano1-1~ (43). Furthermore, Mosher and coworkers 

have emp10yed a1coho1 dehydrogenase (YADH) from active1y fermenting yeast 

to reduce n-butana1-1-i to n-butano1-1-i (44), trimethy1 aceta1dehyde-1-i 
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(CH3)3CCDO) to neopentyl alcohol-l-i (45), and benzaldehyde-l-§ to ben-

zyl alcohol-~-d (44). In all instances the products were of high 

optical purity. It appeared then that the radical attached to an alde-

hyde was not important. However, an attempt during the present study 

to apply the YADH method of Mosher et al. (44) was unsuccessful, although 

in a control experiment benzaldehyde was reduced. 

H 
YADH NADH+H+ 1 

., 
HO-C-D 

!H 3 

4 

YADH NAD+ 

E thanol-1-.Q. (~ ) 

The failure of YADH to reduce 12 suggests that the topology 

of 12 does not favour formation of an enzyme-substrate complex necessary 

for reaction to take place. Prelog (19) has shown for example, that not 

all ketones are attacked by horse liver alcohol dehydrogenase, nor by an 

oxo-reductase enzyme isolàted from the microorganism, Curvularia falcata. 

ASymmetric Induction 

The generation of a new chiral centre next to an existing 

one to give two diastereoisomers varying in proportion is usually referred 

to as "asymmetric induction" (46,47). In the reduction 'Jf 12 with sodium 

borohydride, for instance, two 6-carbinol diastereoisomers ~ and ~ are pro-

duced, with the latter predominating. This is because C-5 of 12 is a 
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chiral centre and its three different substituents each exert a dif-

ferent steric effect on nucleophiles adding to the adjacent carbonyl 

moiety. 

With acetaldehyde, the carbonyl group of which is flanked 

by a symmetrical methyl group, no asymmetric induction is observed 

when simple nucleophiles such as deuteride or hydrogen cyanide are 

added. In this case both ~ and ~ isomers are produced in the same pro

portion and the product is therefore a racemic mixture (Fig. 1). 

~ ~-attack b ~!i-attack 

Ethanol-1-~ ~B) Ethanol-1-g (~) 

FIG. 1. R,acemic product of deuteride addition to acetaldehyde. 
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In the reduction of acetaldehyde with sodium borodeuter-

ide for instance, deuterium approaching from the si-face (35) experi-

ences the same steric interaction with the methyl group as offered by 

the ~-face (35); the result is a 1:1 ratio of R and ~ isomers, and 

the optical yield,* which is a measure of the excess of one enantio-

mer over the other, is zero. However, the situation can be changed if 

instead of using a simple nucleophile donor, a complex optically-active 

one is used. Asymmetric induction will then arise. Thus the use of 

deuterated isobornyloxy-magnesium bromide (48) on acetaldehyde affords 

chiral ethanol-l-~. A modification (49) of this reagent where a mi x-

ture of a ketone, lithium aluminium deuteride and aluminium chloride 

is used also affords chiral carbinols (50,51). The use of chiral 

Grignard reagents which transfer a ~-substituted hydride in a fashion 

15 

similar to the Meerwein-Ponndorf reduction, leads to synthesis of chiral 

n-butanol-l-~ (52) and benzyl-l-~ alcohols (44,53). 

Various models (54-56) have been proposed to account for 

the unequal proportions of enantiomers formed in this process; most of 

these stress the importance of repulsive interactions on the development 

of the transition state. The foremost model of asymmetric induction is 

commonly referred to as "O:ams-rule ll , and has been extended by Prelog (57) 

to include addition to carbanyl groups separated from the chiral centre 

by two atoms as in the asymmetric synthesis of altrolactic acid (53). 
Cram and Elhafez (54) noted that when a carbonyl group is 

flanked bya carbon bearing threesubstituents varying in size; small (S) medi-

* If F+ and F- are the mole fractions of the new enantiomers, and if F+ is the predominant isomer then the enantiomeric purity isœ+ - F-)/(F+ + F-) and is synonymous with optical purity p:a/A where œ is the specific rotation of (F+ + F-) and A that of pure enantiomer F+ or F- (42). 

1 
Il 
f , 

\ 
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um (M) and large (L) - then the incoming nucleophile adds preferably 

to the carbonyl group from the side flanked by the smallest substitu-

ent (S), i.e., the group offering minimal non-bonded interaction with 

the incoming nucleophile (14). The orientation of the carbonyl group 

was not considered in detail. It was assumed that the carbonyl oxygen 

would be orientated between the smallest (S) and the medium sized (M) 

substituents, and that addition would proceed from the side nearest 

(S). Most compounds tested conformed to this model. 

A different model was proposed by Cram and Kopecky (55) 

more specifically to predict the stereochemistry of addition to car-

bonyl groups flanked by a chiral centre that carries an amino, a hyd-

rOÀ71 or 0ther group capable of complexing with the metal of the Gri-. 

gnard reagent or metal hydride. A favourable transition state in this 

case waS depicted as a rigid five-membered ring (12.). This modeJ. was 

15 

Z-R 

M~S 
L H 

14 

R' 
HO,----1·0H 
L--~ 

5 R 

M~S 
H~R 

L 

16 
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satisfactory in some instances, a1though in others the open chain mode1 

(14) appeared to have greater va1idity (59). In dea1ing with 1,2 

additions to ~-halo-carbonyl compounds, Cornforth ~~. (56) proposed 

a dipolar model (16) in which the halogen and the carbony1 oxygen are 

anti-perip1anar. With two ~-dipoles the carbonyl carbon becomes po-

1arized and an addition reaction is faci1itated. 

16 

In attempting to account semiquantitative1y for the pro-

ducts resu1ting from addition to carbony1 groups direct1y bonded to 

chiral centres, Karabatsos (60) offered a different version of the mode1s 

discussed above. He regarded the stereoisomeric ratio (A!B) of addition 

products to be a measure of the degree of interaction between the carbony1 

oxygen and the 1argest group (1) (~oX1Z) on the one hand, and with 

the medium sized group (M) on the other (M~)(18). Knowing A and B 

then permitted the free energy change associated with these interactions 

to be gauged from the equation: 
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17 

~R 
L R' 

---+ A 

18 

R~-M 
Y. 

---+ B 

If Karabatsos's model (60) is valid, the diastereoiso-

meric ratio obtained in the reduction of (12) with sodium borohydride 

should be a measure of the extent of interaction between c-4 and 0-5 

wi th the carbonyl oxygen, and the expected diastereoisomeric ratio should 

be greater than unity. This is not observed with 12, where A < B. 

It must be said that problems are encountered in the actual rating of 

group sizes (46), also when electronegative atoms are present on the 

chiral centre next to the carbonyl group, such as in 12, they may exert 

overriding effects (61) especially on a solvation of the transition 

state, coupled with interactions other than those between (M++O) and 

(L..o) • The rate of bond making and bond breaking in the transition 

state (see below) may bring about differences in the diastereoisomeric 

ratios. 

In support of his product-specificity model, Karabatsos 

has consolidated his studies with those of others on rotational isomer-

-r 

18 
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. b t 2 3 b b b d ~sm a ou sp -sp car on-car on on s. Thus for acetaldehyde, micro-

wave studies (62) show a preferred conformation in which the carbonyl 

oxygen nearly eclipses with a hydrogen (19), i.e. a dihedral angle of 

only 9° between them. 

~~ 
20 RI' R2 = H, R3 = CH3 

21 Rl,R3 = H, R2 = CH
3 

H 22 Rl,R3 CH
3

, R2 = H = 
23 Rl,R2 = CH

3
, R3 = H 

Propanal (63,64) and isobutanal (65) appear to show a preference for 

rotamers in which a large substituent eclipses the carbonyl oxygen; 

i.e. ~ rather than i1 and 22 rather than ~ respectively. Accord

ing to microwave ~4,66) and electron diffraction (65) spectroscopy 

rotamers 24 and ~ are equally populated for cyclopropane carboxalde-

hyde in the gas phase. For glycidaldehyde, microwave spectra suggest 

rotamer 26 to predominate over 27 in the gas phase as weIl as in the 

liquid state (67). 

o 

24 25 26 27 

19 
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( The findings of microwave spectrosc opy for these compounds 

must be cautiously interpreted since, when it cornes to complex compounds 

as seen above, the method begins to falter. In any case the energy 

difference between preferred and unpreferred rotamers is small and of 

the order of 1200 cals/mole at most. NMR spectroscopy, according to 

Karabatsos ~ al. (67-70) is also inadequate to provide an exact descrip

tion of such sp2_sp3 C-C rotational isomerism. The gauche J HH associ

ated with such rotamers is usually small, usually less than 3 Hz and to 

sorne extent solvent dependent. Infrared spectroscopy (71) favours rota-

mer 28 over ~ for chloroacetaldehyde, which is at variance with Kara-

batsos NMR data, and the matter remains unresolved. 

H~H 
';tbl 
28 29 

Compounds claimed to have a conformation analogous to 28 

in the ground state were used by Cornforth et al. (56) to synthesize ole-

fins with over 70% stereoselectivity, and led to the successful synthesis 

of all-trans squalene (72). Recent application of this same approach 

(73) at low temperature (-70 to -90°) gave olefins with over 70% stereo-

selectivity. As shown in Cornforth model 16 , addition to the carbonyl 

group is from the side of the smallest group to give a chlorohydrin in 

high optical yield. It is possible that in the transition state the ar-
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rangement of groups in the vicinity of the carbonyl group may be quite 

different from that in the ground state, but this is not highly likely 

since extra energy has to be expended to stabilize structures already 

unstable in the ground state. According to the Curtin-Hammett principle 

(74), and as envisaged by Karabatsos (60), the conformation in the tran-

sition state has to bear resemblance to reactants and products as if no 

bond making or breaking has actually taken place. One can argue then 

that the ~-relationship between the carbonyl oxygen and the chloro-

group (28) in ~-chlorocarbonyls is also reflected in the chlorohydrin 

obtained. 

The topology of ~ (page 29) in the vicinity of the car-

bonyl function can be taken as analogous to that of 16 when the polar 

group, which is also the medium group (M), is the pyranose ring oxygen, 

e-4 is the largest group (L), and H-5 the smallest. The anti-periplanar 

arrangement of 0-5 and the carbonyl oxygen could then lead to attack 

from the ~-face and to a predominantly ~ product. As visualized in 

Fig. 2, the nucleophile is a hydride and is transferred in a cyclic tran-

sition state (75). 

FIG. 2 

\, 
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\ 
By contrast, §i-attack of the carbonyl function of 12 

can be considered to take place as shown in 2Q. It is possible that 

2Q would be favoured by the twist (76) conformation of the pyranose 

moiety which, from models, appears to minimise crowding. However, this 

process must have a transition state that is energetically less favour-

able since it culminates in the minor diastereoisomer, i.e. 25% for so-

dium borohydride reduction,and 33% for Grignard processes (77-79). Six 

membered ring transition states involving Grignard reagents have been 

proposed (80) for other systems. However, the possibility that 12 has 

o~o 

~~~. o 

H 
0syfyC4 

D~H 
As 

30 6B. product 

a srnall population of a rotamer with 0-6 cis to 0-5, such that addition 

to the carbonyl rnoiety by a nucleophile takes place frorn the si-face to 

give the 6 B. prod11ct, cannot be ruled out. 

~12 displacernent methods 

Introduction of deuterium into a secondary position can be 

achieved by displacing appropriate leaving groups with a deuteride donor; 

examples appear in the literature in which secondary halides (81) and sul-

phonates (81,82) are displaced with lithium aluminium deuteride. How-
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ever, the incorporation of deuterium and a hydroxy-group simultaneously 

and stereoselectively with formation of a primary carbinol function, 

is difficult. Conceivably, this could be done by epoxidation of a 

highly stereoselectively deuterated alkene, followed by opening of the 

epoxide with lithium aluminium hydride (83,84) or lithium borohydride 

(85) also with high stereoselectivity. The deuterated alkene could likely 

be synthesized (86), but epoxidation of an alkene usually leads to a mix-

ture, and the problem is compounded by the fact that ring opening of the 

epoxide follows Markcwnikoff's rule to give mainly a secondary alcohol 

Lithium borohydride appears to slightly favour primary alcohol 

formation, but onlya few examples of this have been reported (88). 

mCI~H..c~H 

+ ~H 
H H 

Markownikoff ~-Markownikoff 

In view of these difficulties, synthesis of a highly stereo-

selectively deuterated ~-galactose-6-~ starting from a glycoseen such as 

21 (89-91) was not undertaken; but the reaction is perhaps worthy of an 

attempt, preferably using Brown's (92) asymmetric hydroboration reaction, 

which circumvents formation of the unwanted secandary alcohol encountered 

in epoxide ring opening. Probably the main limitation here would be acqui-
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sition of the specifically deuterated glycoseen. 

A synthetic pathway which holds promise for the synthe sis 

of highly stereoselectively deuterated primary carbinols has been de-

scribed by Maradufu, M8.ckie and Perlin (93)(Fig. 3). Initia1ly it in-

volved SN2 halide displacement at the anomeric center of a poly-Q-acetyl-

glycosyl halide (94). With a suitably substituted glycosyl halide such 

as ~ displacement of the secondary bromide at C-l by deuteride occured (32a) 

with inversion. Carbon-l was now bonded to a deuteriurn atom and an ether 

oxygene Conversion of the ring oxygen to a hydroxy- function without af-

fecting the chirality at C-l was then achieved by a suit able degradation 

involving the C-4, C-5 bond, yielding k-threose-4-~ (4~). Accordingly, 

by starting with ~-glucose or ~-galactose it should be possible to syn

thesize a highly stereoselectively deuterated ~-galactose-6-~, i.e., via 

synthesis of L-threose-4-d and subsequent chain extension to the aldo-
= -

hexose-6-È,. 

HO 
CH 20H 

AcO 
liA 1 D4 -. 

D 

r 32a 
H 
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1 Treil Py 
2 AC201 Py 

32a--------------.~~ 
3 HBrl Ac OH 

• 

Ac 

H20, HeO; 
(resin) 

L -Th reose .. 4 -.. ~!J 45 ) 
FIG. 3 

Stereoselective synthesis of isomers of p-galactose-6-i 

Figure 4 shows the reaction sequence taken to synthesize 

~-galactose-6-i predaminantly 6E (22), and also its methyl ~-~-glyco-

side-6-i (~). Oxidation of 1,2:3,4-di-Q-isopropylidene-~-~-galacto-

pyranose (22) was effected with methyl sulfoxide (DMSO) triethylamine 

and S03/pyridine, a reagent described by Parikh and Doering (95) and 

used for the preparation of ~ by Cree, Mackie and Perlin (96). The 

main product of this reaction was the required aldehyde, 1,2:3,4-di-Q-

isopropylidene~-~-galacto-hexodialdose (12). However, examination 

of the reaction mixture showed the presence of a very small proportion 

--/ 

25 
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Bz 

40 

• NaBOt 

• BzCI/Py 

HDOBz 

Me 

SOJPy 

l·NaOMe /MeOH 

NaOMe/MeOH +- . 

H 

39 

26 

+ Acetone / H+ 

H 

l,. Ac/) / NaOAc 

2.HBr/ AcOH 

3.A92C~ / MeOH 

HDOAc 

Me 

FIG. 4. Synthesis of enzyme subst.rates: ~-galas:ose-6-~ (~) and its methyl ..ê.-~-glycoside-6-~ ~ and a:erivatives. 
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of another compound slD.w:moving on tlc and staining strongly with~,4-

dinitrophenY1b7cIraz.ine reagent. The NMR spectrum of this minor 8.1-

dehydic byproduct was consistent with structure 22 and also with the 

spectra of similarly constituted compounds (97). 

12 . 

o 
Il 

-CHa-C-CHa 
~ 

36 

27 

Present also in the reaction mixture, and later isolated on a silica gel 

column, was a fast moving fraction which was identified as 1,2:3,4-di-Q

isopropylidene-6-O-(methyl thio)-methyl-D-galactopyranose (~)(page30) - = 
inasmuch as its NMR parameters were indistinguishable from those of 21 

obtained in the oxidation of .22 wi th DMSO-acetic anhydride (98). 

Reduction of 12 with sodium borodeuteride in ethanol-water 

gave 1,2:3,4-di-Q-isopropylidene~-~-galactopyranose-6-~ (37) purifica-

tion being effected through its crystalline 6-Q-acetate (~). The mass 

spectrum of ~ did net show the presence of the molecular ion peak but, 

as is usual (99) with acetonide derivatives, loss of one methyl group led 

to an intense peak of (M-15)ma1Ss units. Based on the relative intensi-

ties of this latter peak in the maBB spectra of the deuterated and non

deuterated compound, it waB found that the deuterium content at c-6 of ~ 

" 
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was 98%. According to the mass spectrum of 2§. or 21. none of the major 

fragmentation patterns (99) common to compounds of this class involve 

loss of ~ or ~ in preference to deuterium at the prochiral centre. 

Alkaline hydrolysis of ~ gave 21. which on acid hydrolysis 

gave ~-galactose-6-.<.! (2,2). Compound 22 was then converted to methyl ~-

~-galactopyranoside-6-.<.! (~), a portion of which was used for the deter

mination of relative configuration (see next part) and for the synthe sis 

of various other derivatives for NMR spectral studies. 

28 

Synthesis of the diastereoisomeric form of ~-galactose-6-~ 

(41) started with the conversion of ~-galacturonic acid (42) into 1,2:3,4-

di-Q-isopropylidene-~-~-galactopyranose-6,6-.<.!2 (~). Oxidation of the 

latter as above with DMSO, triethylamine, sulphur trioxide-pyridine com-

pl ex gave the aldehyde, 1,2:3,4-di-Q-isopropylidene~-~-galacto-hexodial-

dopyranose-6-d (13). - - Reduction of the latter with sodium borchydride 

afforded 44 which was purified by acetylation to 48. -- -- From the mass spec-

trum of the latter, using (M-15) peak, a deuterium content at c-6 of 98% 

was estimated. Alkaline hydrolysis of 48 gave 44, and then acid hydrolysis 

liberated ~-galactose-6-~ (41) which is diastereoisomeric with~. Pro

duct 41 was used for relative configuration studies (page 38) and also was 

converted into me Ghyl ~-~-galactopyranoside-6-~~)and derivatives of it. 

Purification of ~ was similarly effected through its acetate 

~ (i.e., 1,2:3,4-di-Q-isopropylidene-6-Q-acetyl-~-~-galactopyranose-6,6-

s!2),the mass spectrum of which showed deuterium content at c-6 of 98-99%. 

Conversion of 46 into methyl i-~-galactopyranoside-6,6-g2 (47) was per

formed in the same way as for ~ to ..2!± (Fig. 5). 
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H 
l.AC20/NaOAc 

2.HBr/AcOH --. 
3.A92C03/MeOH 

Me 

FIG. 5. 

+ 1. NaOMe/MeOH 

1 2. H30+ 

4.NaOMe 1 MeOH 

H 
Acetone 1 H+ 

4--

2.CH2N2 

43 
-+- 3. liAI 0 .. 

1 1. NaOMe IMeOH 

+ 2. DMSO , Et3N; 803 1 Py 

Me 
,. Ac

2
0 / NaOAc 

2.HBr'Ac OH 
4--

3.A92COfMeOH 
... NaOMe/MeOH 

H 

Synthesis of enzyme substraœs:, D-ga1actose-6-d (41) and its 
methy1 Ji-~-glycoside~, and or ~-ga1actose-6,6-~2 and its 
methy1 B-D-g1ycosideQ±Z. --= 

H 

H 

-î 
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Sorne observations bearing on the mechanism of methyl sulphoxide oxidation 

During the methyl sulphoxide oxidation of the 6,6-dideu-

tero compound, i2, the dark brown colour that usually develops during 

these oxidations, and found with 12, was not observedj instead, the re

action mixture was pale yellow. Also, instead of the rapid evolution of 

heat that accompanied the oxidation of 22 only a graduaI warming of the 

reaction mixture took place. Particularly noteworthy was the fact that 

with the deuterium present a higher proportion of the (methyl thio) methyl 

ether (2Ç), about 20%, was produced. 

51 R = H 

50 R = 0 

Varying proportions of this ether (100) (i.e. 21) are formed 

in methyl sulphoxide oxidationsj depending on the activating reagent. 

In the presence of acetic anhydride 21 is formed al~ost exclusively (98) 

from 22, whereas relatively little is formed when the oxidation is pro

moted by ~,N'-dicyclohexylcarbodiimide-pyridinium phosphate (91), or phos

phorus pentoxide (]OO). T'nese variations and the present finding that the pro

duct ratio of the sulphur-trioxide promoted oxidation is subject to an iso-
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tope effect, may be considered together in terms of the mechanism of 

the methyl sulphoxide oxidation of alcohols (101-107). 

The first step is considered to involve the formation 

of an alkoxyl sulphonium salt (~) and this is followed by the gene-

ration of a ylid (22)' A proton is then transferred within the 

latter by a cyclic process as shown, with liberation of an aldehyde 

and dimethyl sulphide. 

R-~H ..... 0,' /CH3 

H CH 2-H 

52 

Bose 
--+ 

. 0 +.rH 
R-CH1 ~S~· 3 

1/ 1 
H ~- ®CH 2 

-+- RCHO 
+ 

CHaSCH3 
53 

The failure of 22 to decompose into products immediately 

may result in the formation of side products such as the methyl thio-

methyl ethers (2Q or 21). It is possible that the delay imposed by 

the deuterium isctope effect on the oxidation of ~ to 12 alters the 

course of the reaction slightly to give 2Q in an almost two to three 

parts of undeuterated 21. 

Reactions leading to si de products such as ~ or 2h are 

collectively termed"Pummerer rearrangements"(107) and four mechanisms 

(108-115) have been advanced to account for them. In the first one 

the ylid 22 dissociates to form an intermediate ~ which is attacked 

byan alcohol to give a rearranged product (such as 21). 

31 
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(?CH2R 

1+ --+ 
/S~ 

CH3 eCH2 

53 
54 

This mechanism bas been s~bstantiated by a labelling experiment (109). 

Using 14C it was shown tbat labelled 22 when mixed with 22 and subject-

ed to ylid forming conditions undergoes label-interchange. 

56 

14 

~OCH3 

CO~-qi·+ 

14 

O
yCH3 

" j §-Cii, 

55 Acetonel 
2,6 - Lutidine 

According to the second possibility the ylid 22 dissociates but remains 

caged by the solvent and the rearrangement is therefore intramolecular. 

The third mechanism is a cyclic one as illustrated in Figure 6. It 

could plausibly be applied to the formation of 2Q because it May be ar-

32 
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gued that if the C-D bond of ylid 2Z does not participate easi1y in the 

cyclic breakdown to a carbony1 product, then the alternative is an in-

ternal disp1acement and addition, as shown 

RCO.:::O .......... S ,...CH3 RCOO 
1 l "1 
OI----ICH2 

RCD/.O~ ........ CH3 

f--ebH2 
-. ., 

57 RCO~S........cH3 RC020CH2 
1 \..II} 1 
o CH2 CH;P 

FIG. 6 

It is possible therefore to suggest that both the rate determining step 

and the course of the reaction are associated with the rate of removal 

of a proton by the carbanion of the y1id. 

A fourth mechanism that has been proposed has been effec-

tive1y discounted by Durst (107) and will not be considered here. The 

second seems to hold in sorne other systems (116-117). The first also 

May not apply for 2Q since the intermediate ion ~ could be attacked by 

other nucleophile3 (such as Et
3

N) which are present in excess over 

alcoho1 i2; however, it cannot be ruled out entire1y. 

33 
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CHAPTER II 

DETERMINATION OF CONFIGURATION AT CHIRAL C-6 

OF ~-GALACTOSE-6-~ (22) and (41) 

General remarks 

Absolute configuration refers to the exact arrangement of 

atoms of a mole cule in space. The determination of absolute or rela

tive configuration is of paramount importance in biological and organic 

chemistry because the reactivity of compounds especially in biological 

systems,depends very much on the arrangement of atoms and groups in a 

particular order. 

There are various methods for determining configuration. 

34 

A theoretical method is due to Brewster (118) and has been applied to 

predict the configuration of deuterated chiral centres such as those in 

ethanol-l-~ and butanol-l-i. The classical X-ray diffraction method 

(119) to determine absolute configuration is of litt le utility for com

pounds whose chirality is due to the presence of deuterium for, as yet, 

it is not possible to differentiate between deuterium and hydrogen by X

ray diffraction. However, neutron diffraction analysis has been success

fully applied to determine the absolute configuration of glycolic acid

~-~ (120) and this compound has been used in turn to correlate the chi

rality of other deuterated compounds through comparison of their optical 

rotatory dispersion curves. 

A chemical approach has been described (121), although it 

probably needs to be tested vigorously. It is based on the specifie ro

tation of ~-phenylbutyric acid produced in the esterification of a deute-

rated alcohol with chiral ~-phenylbutyric anhydride (121). Such a me-
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thod may be difficult to apply, however, to a complex compound contain-

ing several chiral centres. 

Enzymic methods can also be used to determine the configu-

ration of a deuterated chiral centre, and are reliable. If an enzyme 

is known to react with an! isomer, for instance, a compound of unknown 

configuration will only react if it has an B configuration. A number 

of stereospecific enzymes and their substrates have been dealt with in 

recent reviews (30,33,122). 

NMR spectroscopy is a method of broad applicability for the 

study of relative configuration. With the relative configuration deter-

mined, the absolute configuration at the chiral centre of a compound may 

then be defined by reference to a structurally analogous compound of 

known stereochemistry. As shown below, the NMR method is readilyfeasible 

when the chiral species is contained in a six-membered ring which, by 

virtue of its substituents, is biased to exist in one energetically favour-

able chair conformation. In this way it becomes possible to sort out equa-

torial and axial protons since their respective NMR parameters are known 

Thus, in cyclohexane (124), tetrahydropyran (125) and pyranose mo-

nosaccharides (123), the absorption of an equatorial proton is usually at 

lower field than an axial one, and the vicinal splitting for axial-axial 

trans protons is larger than for an equatorial-axial or equatorial-equator-

ial arrangement. 

Configuration of ~-xylose-5-~ at C-5 

/ 

( 
Guided by the above NMR characteristics, Lemieux and Howard 

(126) determined the configuration at the C-5 chiral centre of a sample of 
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~-ocylose-5-È.' This was possible because the H-5 resonance signaIs of 

1,2,3,4-tetra-Q-acetyl-~-~-xylopyranose (~) are weIl separated and can 

be distinguished as to equatorial and axial, and because the absolute 

configuration of the other asyrnmetric centres of ~-xylose are known. Ac

cordingly, the chirality at C-5 of D-xylose-5-d was worked out and found 
=. -

to be a mixture of ~ and~, with the former isomer predominating. 

Horton and coworkers (127) have reported that ~-~-xylose tetraacetate at 

room ternperature exists as a mixture of two chair forms Cl and lC (~) 

in the proportion of 5:1. This fact modifies the quantitative inter

H 

ACO'~O~ 
AcO H,_OAc 

OAc 
C1 

t:i Ac 

58 1C 

pretation of Lemieux and Howard's results, because these authors con-

sidered only the Cl conformation, but not their main conclusions. 

In the present work ~-xylose-5-~ was used as one means of 

36 

determining the absolute configuration of ~-galactose-6-È.' The start-

ing mate rial for the preparation of ~-xylose-5-È. differed slightly from 

that used by Lemieux and Howard (126). In their study, the introduc-

tion of deuterium at C-5 of ~-xylose was achieved by reducing 1,2-Q-iso

propylidene-3-Q-tenzyl~-~-~-pentodialdofurano
se with lithium alumi

nium deuteride in ether. In the current work 1,2-Q-isopropylidene-~-~

xylo-pentodialdose (22) was reduced with sodium borodeuteride in ethanol-

water. The use of lithium aluminium deuteride in ether also gave the 

same results as Lemieux and Howard's as shown by converting the deuter-

ated pentoses into f-~-xylopyranose-5-~ tetraacetate and comparing their 

NMR spectra. In each instance, the predominant isomer was 5~, although 

the ratio of B:~ was not exactly the same. It may be noted that 1,2-Q-

-7 
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t H.IO. 

62 

t AC20/NaOAc 

63 

1 Hell MeOH .. 

~ BzCl1 Pv 

BZOOC~O~ 
Bz "cHO 

HO 

3.6 parts 
_--~ 71 

1.0part 
72 

FIG. 7 Synthesis and degradaticn of ~-xylose-5-~ 
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isopropylidene-~-~-~-pentodialdofuranose resulting from the perio

date cleavage of 1,2~-isopropylidene~-~-glucofuranose is a mixture 

of a dimer and an acetal; it was found, however, that reduction 

of either the pure dimer or the acetal with lithium aluminium deuter

ide, gave the predominantly li-iaomer. 

With the absolute configuration of ~-xylose-5-i being 

known, correlation of the configuration at the primary carbon of D

xylose-5-.!! with that of ~-galactose-6-i (22),(41) was mediated through 

degradation processes which led to the formation of ~-threose-4-~ 

from each compound. These conversions were carried out such that the 

deuterated chiral centres were untouched. Figure 7 shows the degrada

tion of 1,2-Q-isopropylidene-~-~-xylose-5-i (61) to ~-threose-4-~ (62) 

which, on acetylation, gave tri-Q-acetyl~-~-threose-4-.!! (~). 

Configuration of D-galactose-6-i (22), (41) at c-6 

The lead tetraacetate oxidation method of Perlin and 
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Brice (128) was used to degrade ~-galactose-6-~ (22) or (41) to ~-thre

of'e-4-i (64) or (.§2) .. respectively,which was acetylated to give the 

corresponding triacetate (66) or (67). Conversion of ~-galactose-~,~'

.!!2 (68) into tri-Q-acetyl~-~-threose-4,4'-.!!2 (~), was also carried out 

for structural and NMR studies. 

The NMR spectrum of tri-Q-acetyl~-~-threose (lQ)(Fig. 9) 

clearly shows the absorption signaIs due to the c-4 hydrogens. Assign

ments for the ring protons of 70 are also given, and are supported by 

comparison of the spectrum of 70 with that of 69 to verify the lo:.ation 

of the H-4 signaIs, (Fig. 9), as weIl as by the pertinent splitting 
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FIG. 8 Degradation of ~-galactose-6-~ (~) and (41) to ~-threoge-4-d 
(64) and (22) and the partial NMR spectra: A of 66 and/or b3; 
B of 67 in CDC1
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FIG. 9 Partial NMR spectra (100 Hz, 1000 Hz sweep width): 
A of .<!-!4-threose-4, 4-~ 2 triacetate (69); B of 
.<!-~-threose triacetate (70) in CDC1 3: 
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patterns. 

In Fig. 8(A) the partial NMR spectrum of a-D-threose-4-d - = -
triacetate (63) derived from D-xylose-5-d is presented. It can be seen - = -
that (63) is composed of two isomers 71 and 72, differing in chirality 

at c-4. Since the predominant isomer of D-xylose-5-d is 5R, it follows = --

41 

that the signal centred at 4 ppm (with a splitting of 4.3 Hz) and larger 

in area than the signal at 4.5 ppm (with a splitting of 6.4 Hz) arises 

from the c-4 hydrogen of the 4li isomer (71). Hence the 4~ isomer is 

72 and its c-4 hydrogen producing the weaker resonance registers its 

signal at 4.5 ppm. The NMR spectrum of 66 is indistinguishable from that 

shown in Fig. 8(A). This near identity of the spectrum of 63 with that of 
66 indicates that the latter also has 4li as the predominant isomer (71) 

and that its parent molecule, D-galactose-6-d (33), is also predominantly = - -
6li. Therefore 33 exists as a mixture of 6li and 62. wi th the 6li isomer 
predominating in a ratio of 3.6:1. 

The partial NMR spectrum of 1,2,3-tri-0-acetyl-a-D-threose-- -= 
4-i (67) prepared from ~-galactose-6-i (41) is shown in Fig. 8(B). 

Comparison of the signal at 4.5 ppm with that at 4.0 ppm clearly indicates 
that the predominant isomer now is 4~, and, therefore, that the parent 

precursor (41) is a mixture of 62. and 6li in the ratio of 3:l. 

An alternative basis for establishing the chirality at c-6 

of ~-galactose-6-i (33 or 41) is provided by the synthesis of ~threose-
4-d (4s) (93) (page 24). In this instance, a deuterated carbon of ~ confi-
guration incorporated into a molecule having a stable C-l chair conforma-

tion has been interconverted into a primary function as c-4 of L-threose-4-~ = -
The close correspondence of the NMR spectrum of tri-0-acetyl-œ-L-threose-4-d - -= -
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(4~) with that of its enantiomer, tri-Q-acetyl-~-~-threose-4-~ (4B)(11) 
thus verifies the conclusion reached above with regard to the assignment 

of chirality. 

Optica1 purity of ~-galactose-6-~22 and 41 

The clear separation of the H-4 signaIs in the spectra of 

&2, 66, and 67 by about 0.5 ppm permitted the measurement of optical 

purity of deuterated 66 and 67. Prior to this finding, examinations 

of the spectra of a number of derivatives of 22 and 41 and of ~-galac

tose, name1y, diacetonide, ~-pentaacetate, methyl ~-~-galactopyranoside 

and its tetraacetate, and galactitol hexaacetate, showed that the H-6 

signaIs either overlapped or were otherwise incompletely distinguish

able. Hence these compounds furnished only a qualitative estimate of 
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the pattern of deuteration. Also, in the spectrum of methy1 ~-~-galacto

pyranoside tetrabenzoate (12) dissolved in deuterated benzene-~6,the H-6 

signals are well separated (Fig. 23), but the closeness of the H-l sig

nal ta that of HS interferes slightly with the exact quantitative estima

tion of the contribution of the latter. 

The spectra of 66 and 67 revealed that the pattern of deute

ration in 22 and 41 is not that of a mirror image relationship. In 33 

the ratio of ! and ~ isomers at c-6 is 3.6:1, whereas that of 41 is 1:3. 

The slight increase in the proportion of the R isomer in J2 as compared 

with that of the ~ isomer in 41 may be due ta a slower transfer of the 

deuteride from NaBD4 ' than of a hydride from NaBH4, ta the carbonyl com

pound. Presumably, this rate difference allows more time for an optimum 

arrangement of the reactants in the transition state. This finding accords 
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with the report that the rate of transfer of a deuteride is slower than 

of a hydride (129) and that the rate determining step in borohydride 

reductions involves transfer of a hydride (75,130); this being the 

case, higher optica1 yields are expected when deuteride, rather than 

hydride, is used as the nucleophi1e (51). 

Mass spectra of ~-~-threose triacetate and tribenzoate 

Mass spectral studies on deuterated specimens of ~-threose 

tribenzoate and triacetate were conducted to see if fragmentation 

invo1ves the specific 10ss of deuterium or hydrogen depending on the 

configuration of the most 1ikely 1eaving fragments. The specific 

departure of deuterium or hydrogen in most mass spectral studies cannot 

be fully assessed, in view of the widely observed deuterium-hydrogen 

scrambling or randomization. Nevertheless, the e1imination of acetate 

groups for instance in the fragmentation of per-~acety1ated monos ac-

charides, which in most cases probably takes place through cyclic six-

membered ring intermediates (131), could conceivably favour abstraction 

of one hydrogen atom rather than another (e.g. as in 74). 

(buH,-o 
+~O~H3 

74 

-AcOH 

43 

Interpretation of the mass spectrum of ~-threose triacetate 

has been aided by use of mono and dideutero analogues, i.e., ~-threose 

triacetate-4-.9:, (66,67) and 4,4'-.9:,2. This study shows that none of 

the major fragmentation patterns involve 10ss of the c-4 hydrogens 
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(Fig. 10). As is usua1 with per-Q-acety1ated monosaccharides (131), 

no mo1ecu1ar ion peak was detected and the most intense peak was that 

due to 10ss of an acety1 fragment (CH
3

CO) ~/~ 43. Other peaks of mass 

103 and 145 ~/~ representing di and tri-acetoxonium ions were observed, 

in agreement with the results of Biemann and co-workers (131). 

ml e 145 

Loss of an acetate radical gives rise to an intense peak at 

!!Y~ 187, which shifts to 188 mass units for monodeuterated (66) and 

(67) and to 189 for the dideutero compound (69). Subsequent 10ss of 

acetic acid gives rise to a peak of moderate intensity at m/~ 127. 

This latter ion suffers loss of ketene (CH2=C=O) to give a product of 

mass 85, which is shifted to 86 and 87 for the corresponding mono- and 

dideuterated analogues. The resulting ketone probab1y does not enolize 

+ + 

~ -CH.COO' ~ 
-AcOH 

Ac ~ • 
OAc 

Ac ~~ 187 ml..!! M+246 
H3 

+ /cH2CO 127 m/~ 

~ 0 FIG. 10 85 !!}! ~ 

--i 
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with subsequent loss of water. Absence of enol-keto tautomerism in 

mass spectral fragments has been observed in other systems. A meta-

stable peak of approximately ID/~ 93.5, probably arising from frag-

ments of low abundance, was also detected in the spectrum of 12. Such 

a possibility has been discussed by Djerassi ~~. (132). 

The mass spectrum of ~-threose tribenzoate also did not 

show recognisable fragments involving loss of the methylene hydrogens 

on c-4. The most intense peak (base peak) for this compound is the 

its appearance compares favorably 

with that of an acetyl group in the mass spectra of monosaccharide ace-

tates (131). Elimination of a benzoate group most likely, as in the 

acetate, from the anomeric carbon, gives an intense peak of mass 311 

(M-121). Subsequent 10ss of benzoic acid (mass 122) is character-

ised by a metastable peak at 114.8 ~/~ (calculated value 114.86) and 
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gives a strong peak at m/~ 189. No other major fragments involving the 

tetrose moiety are observed below mass 189. A relatively weak peak 

of mass 327 (M-l05) representing 10ss of a benzoyl fragment is also ob-

served. The suggested fragmentation pattern for D-threose tribenzoate is 

summarized in Fig. 11. 

.+ o 
~B:'O)) -Ph~· 
~OBZ 

BzO mIe 432 • + 

(~. 
B~( m/~ 321 

-PhCOOH .. 
m* 114.8 
(114.86 ) 

FIG. 11 

~ 
OBz 

ml fi 189 

Î 
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The mass spectrum of D-threose tribenzoate a1so shows a 

remarkab1y strong peak at ~/~ 331 which might be mistaken for a frag-

ment containing the tetrose moiety. However, this peak is ana1ogous 

to the triacetoxonium ion formed from the monosaccharide acetates 

and therefore is ascribed to a tribenzoxonium ion. At a lower mass 

number (m/~ 227) a peak corresponding to a protonated dibenzoxonium ion 

also is registered and, simi1ar1y, para11e1s the protonated diaceto-

xonium ion of monosaccharide acetates. 

rJ)/~ 331 mIe 227 

Biemann and co-workers (131) have suggested that s~ch ions 

arise from the elimination and protonation of acetic anhydride or 

the abstraction of an acetyl group by acetic anhydride to form the tri-

acetoxonium ion; their conclusions have been substantiated by the use 

of deuteration techniques. 



CHAPTER III 

KINErIC STUDIES OF OXIDATION BY D-GALACTOSE OXIDASE 

A knowledge of the relative reactivity of substrates such 

as methyl ~-~-galactopyranoside-6-~ (6B)(~) and -6-~ (6~)(~), ~ and 

~ towards ~-galactose oxidase proved to be of primary importance in 

determining the stereochemistry of the enzymic dehydrogenation process. 

Rate eguation 

47 

It is customary in kinetic studies to formulate a rate equa-

tion expressing the manner of combination of reactants and formation 

of products. Before a rate equation is written down it is helpful to 

have a general idea of the mechanisms of a reaction. This knm·!ledge is 

lacking for galactose oxidase, but a plausible mechanistic description 

has to include the assumption that the enzyme contains an electron acceptor. 

The suggestion of Cooper et al.(2)that galactose oxidase contains a flavin 

(FMN) as an electron acceptor is used here as a reasonable postulate to pro-

vide a working model to enable visualization of the possible mechanism. 

The rate equation can then be written as follows: 

G 

i 
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And in the presence of peroxidase and suitable chromogen, using Chance's 

mechanism (133): 

--...... Eper + B + 

In these equations E is galactose oxidase in the oxidised form, G is ox 

the substrate; E d is galactose oxidase reduced at the flavin moiety re 

(or other electron acceptor); Pl is the aldehyde product; P2 is the 
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second product, in this case hydrogen peroxide; E represents the perper 

oxidase enzyme; BH
2 

is the chromogen in the reduced form and Bits oxi

dised forme (E -G) is the Michaelis enzyme-substrate complex (134); 
ox 

this isomerises internally in the transition state to give a product-like 

intermediate (Ered-Pl ) which then dissociates to give product Pl and the 

reduced enzyme. 

equations 1-3. 

The corresponding reaction constants are also shown in 

The amount of enzyme that is reduced (E d) is proporre 

tional to the product (Pl) and also to the amount of hydrogen peroxide pro

duced, and in turn to the amount of chromogen oxidised. 

Applying steady state (135) conditions for equations 1- 3 , 

we have 

-1 
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But the overall rate v = k:3 [Eox -G] therefore 

Applying steady state condition for equation 2, we have 

But overall rate 

Total amount of enzyme present 

=!.. {k5 + 
k5 

ET = Ered + Eox 

1 

[5] 

[6] 

According to equation[6]the velocity of the reaction is related to the 

substrate concentration [G] and also ta the concentration of oxygene 

Rate studies can be carried out, therefore, by varying either [G] or 

by observing the consumption of oxygene 

In the current study, it was assumed that the amount of 

substrate oxidised (G) is proportional to the amount of hydrogen pero-

xide produced. The latter is conveniently measured spectrophotometric-

ally by use of a chramogen (in this instance Q-toluidine which like the 
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para-analogue (136) is oxidised to a Q-nitroso toluene) giving an absorp-

tion band at 420 nm. Reaction samples were incubated at 37°, and 

measurements of optical density with time were obtained with a Gilford-

Beckmann spectrophotometer. The rate data are reproduced in Fig. 12. 

These curves are virtually straight lines and their slopes give the ini-

tial rate constants (k in Table 1). 

It is evident from Fig. 12 and Table l that methyl ~-~

galactopyranoside is oxidised faster than the dideutero carbinol 47, and 
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that there is an isotope effect of kH /kD = 12. A deuterium iso-

tope effect greater than 3 or 4 is indicative of a primary kinetic iso-

tope effect where the ràte determining step invo1ves cleavage of a C-H 

bond (136-148) 

> 
l
ii) 
Z 
LLI 

30~ 

C 20~ 
.J 
oC( 
o 
~ 
o 10-

FIG. 12 Rates of reaction of ~-ga1actose oxidase on: 1 methyl 
S-D-ga1actopyranos ide - (6); 2 compound 34; 3 compound 
45; 4 methy1 .ê.-~-ga1actopyranoside-6 ,6-~ (47). 

The theoretical kH/kD value calculated on the basis of vibrational zero-

point energy difference between a C-H and a C-D bond is 6.9 (142). 

Other hydrogen-abstracting enzymes that exhibit primary kinetic isotope 

effects are knownj the se are the NADH-dependent dehydrogenasesj yeast 
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alcoho1 dehydrogenase (138,149),maleate dehydrogenase (150), lactate de

hydrogenase (151,152) and liver alcoho1 dehydrogenase (138,153,154). 

The fla vin dependent glucose oxidase shows a primary deuterium isotope 

effect of 10-15 (155). 



Table l Action of ~-Galactose Oxiciase ':>n Methyl .ê.-~-Galactopyranoside 1 

Notation Contribution of Contribution of Rate 
Substrate Rate 2 of k C-H bond cleavage A C-D cleavage B Calculated A+B 

6 0.36 kHS 

34 0.18 0.28 0.007 0.29 
(3.6 E:l .ê,) 

kHI 

(1 
45 0.06 kDl 0.09 0.008 0.10 
R:3 S) - -

47 0.03 kD.) 
(. 

Colorimetrie assay at 420 nm (experimental conditions). 1 

2 Slope of the plot of optical density ~ reaction time as shown in Fig. 12. 
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Stereochemistry and Stereospecificity 

That methyl ~-~-galactopyranoside-6-i predominantly 6~ 

(~) should be oxidised faster than methyl ~-~-galactopyranoside-6-i 

predominantly 6.§. (~) when both substrates contain one deuteriu,il atom 

each at C-~ clearly suggests that the 'hydrogen' abstracted in ~ is 

protium and deuterium in ~ and that the enzyme is stereospecific, in 

its action. 

Since the protium in ~ and deuterium in ~ corresponds 

to the pro-.§. hydrogen (H§) in methyl ~-~-galactopyranoside (~), it 

follows therefore that ~-galactose oxidase abstracts the HS ligand 
- -

irrespective of whether this position is occupied by deuterium or pro-

tium. In the oxidation of ~ where the departing 'hydrogen' is largely 

deuterium the rate is slow (0.06) and approaches that of the oxidation 

of the dideuterio compound (47)(0.03). In the oxidation of ~ the 

departing hydrogen is mainly protium and the oxidation rate is relatively 

fast ('0.18), approaching that of .§. (0.36). These conclusions are sup-

ported by the constitution of the products isolated (next chapter). 

Secondary deuterium isotope effect 

Ideally the rate of oxidation of ~ should be the same as 

that of ~, because in both cases, the departing 'hydrogen' is protium; 

similarly that of ~ should be the same as that of 47 because the species 

abstracted from both substrates is deuterium. Considering that the con-

tribution to the total rate of oxidation of ~ by the 1/4.6 molar frac

tion of the 6.§. isomer is negligible (0.01), and to that of ~ by 1/4 molar 
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fraction of the 6g isomer is also negligible (0.02); that the substrate 

concentration always exceeds that of the enzyme, and that the proportion 

of the enzyme engaged at any moment of the reaction in complexing either 

the 6~ isomer in ~ or the 6E isomer in ~ is negligible; it follows 

that the factor responsible for lowering the rate of oxidation of ~ re-

lat ive to that of methyl i-~-galactopyranoside (0.36 ~ 0.18) must be a 

secondary deuterium isotope effect. 

the magnitude of the secondary deuterium isotope effect. 

An estimation of the primary deuterium isotope effect may 

be made from the relative rates of cleavage of the specifie C-H and C-D 

bonds, assurning that the constitution of the rest of each molecule, and 
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subsequently the product, is the same. This is illustrated in reactions 

A-D below~(! stands for the oxidation of ~, ~ for that of ~, C for that 

of ~ and D for that of !±l. Thus the true prirnary. isotope effect is 

kH§/kDl' which equals 6; and it can be seen from Table l that this is 

also equal to kHl /kD2• 

R 
~C=O 

o 

A 

0 0 

1 k01 R, 1 k0 2 R,_ 
R_--;C, -. /C=O R--,C, --. ;C=O 

H OH H o OH D 

B 0 

-, 
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From reactions A-D the secondary deuterium isotope effect 

can also be estimated, and may simply be considered as the effect of 

deuterium rather than protium becoming the aldehydie 'hydrogen', or 

the effect of the mass of a geminal deuterium in the vicinity of the 

departing 'hydrogen'. The two 

ratios are equal and have a value of 2. 

Spectroscopie studies have shown that there is a change in 

molecular geometry associated with isotopie substitution. According to 

electron diffraction studies, a C-D bond in deuterated methane or ethane 

is about 0.008 atomic units shorter than a C-H bond in the sa me compound 

(156,157). Full deuteration of CH3Cl and CH
3
Br causes shortening of 

the C-Cl and C-Br bonds (158) (secondary isotope effeet). From Raman 

spectra it has been suggested (159) that, on the average, a C-H bond in 

CH
3

D is shorter than in CH
4 

(secondary isotope effect). In NH
3 

(160-

162) and PH
3 

(163), deuteration results in a decrease in the H-N-H and 

H-P-H bond angles. Recent NMR spectral studies on the first row com-

pounds, have shown that a geminally bonded deuterium (as in CHD-X) de-

shields hydrogen (29). For a CH20-CHDO system the deshielding para-

meter of H by D is 0.023-0.029 ppm (apparently the only system of the com-

pounds examined that was solvent dependent) (29) , and for a CH
3
D the de

shielding parameter is 0.001 (29,164). Furthermore, it has been sug-

gested that chemical shifts of about 0.02 ppm correspond to an average bond 

angle-change of 10' or a bond length change of 0.0012 atomie units (29). 

In the NMR spectrum of enzyme enriched (or resolved) methyl 

~-~-galactopyranoside-6-i (6~) benzoylated (page 90), the H-6 doublet is more u~

field than the corresponding ~ quartet of methyl ~-~-galactopyranoside - -
tetrabenzoate by 0.05 ppm and calls for a bond angle change at C-6 in the 

former substrate of 25' and a C-H bond length change of 0.003 atomic units. 
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Apart fram the geome~rica1 change introduced by the iso-

tope, the inductive effect (165-168, 169-170) of deuterium may lower 

the acidity of the departing hydrogen. Also the rehybridisation from 

sp3 to sp2 takes place more readily when the carbinol bears H rather 

than D (171,172). 

One is therefore 1ed to assume that bond angles, bond 

lenths and electron distribution at the deuterated carbinols ~, ~, 

~ are significantly different fram those of the non-deuterated glyco-

side (.i). These geometrica1 changes are sensed by the enzyme and 

bring about retardation of reaction rates in a secondary role. 

In the oxidation of free ~-galactose and its C-6 deuterated 

isomers, the calcu1ated rates were in agreement with those observed 

(172)(Table II); and it was conc1uded that secondary isotope effects are 

marginal. But in the oxidation of glycosides .§., .2i, ~ and ~ there is 

a relatively large difference between rates calcu1ated and observed 
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(Table 1). Perhaps this anomaly arises because ~-ga1actose, being less 

reactive than.§., concea1s a deep-seated secondary isotope effect. 

Mechanism of D-galactose oxidase action 

In the ~-galactose ~xidase reaction two main steps are re

cognised; first, the abstraction of the hydrogen and its transfer to oxy-

gen and, second1y, the decomposition of hydrogen peroxide by peroxidase or 

catalase. The latter reaction is known to proceed via a free radical 

mechanism (174), whereas the former might invo1ve a free radical, hydride 

or proton pathway. 

According to Cooper et al. (2), ~-galactose oxidase contains 



Table II Rates of oxidation of ~-galaetose and deuterated ~-galaetoses by ~-galaetose oxidasel 

S u b s t rat e 

~-galaetose 

D-galactose-6-d (33) 
= (3.6 B,:l§)- -

D-galaetose-6-d (41) 
= (Ig:3.ê) --

2 Rate 
(obs. ) 

0.77 

0.66 

0.28 

~-galaetose-6,6'-~2 (46) 0.10 

Contribution 
due to C-H 

0.60 

0.19 

1. Colorimetrie assay at 420 nm (experimental reaetion). 

Contribution 
due to C-D 

0.02 

0.08 

Rate 
(cale. ) 

0.62 

0.27 

2. Slope of the plot of optieal density ~ reaetion time from 2 to 12 min,; during this ini
tial period each plot was virtually a straight line. The initial concentration in these 
reactions is higher thàn that described in Fig. 12 and Table I. 
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flavin-mononucleotide (FMN) as the prosthetic group. This is sugges-

tive evidence that the oxidation, as for other (175,176) flavin-

mediated electron transfers, does not proceed via a free radical mechan-

ism (177). Brown and Hamilton (177) have suggested that flavins pro-

mote a proton-abstraction process, possibly as depicted in Fig. 13. 

According to this mechanism the carbinol oxygen attacks the fla vin at 

c-4a of 12 to give 76; (not C-2 as was tentatively suggested for a si

milar process for ~-glucose oxidase (155)). 

75 

FIG.13 

1 N 

~::r;1"o 
....-A 4CI 3NH 
5'~, 4 
H"'~ 0 

Hsi-HR 
R 

yy~ 
~ ~ 0 

76 HR 0 / ...... HR 
R 

Such a reaction should be subject to a solvent deuterium isotope effect. 
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In the reaction of ~-galactose oxidase, the rate in D
2
0 is substantially 

slower for.§. than in H20 (kH20 /kD20 = ca. 2 )lhis is an ad di tional indication 

that the reaction proceeds in a manner resembling that shown in Fig. 13. 

In the flavin-catalysed oxidation of ~-amino acids, a pri

mary and also a solvent deuterium isotope effect have been observed (178). 

Brown and Hamilton (177) attribute this solvent effect to the stage at 

which protonation of N-l of the flavin moiety occurs. Once again, since 

both primary and solvent deuterium isotope effects are observed in the D-

galactose oxidase reaction, it is reasonable to propose that this reac-

tion also proceeds with proton abstraction. 

l 



III KINETJC STUDIES 

Since the nature of the proton abstraction process by the 

enzyme is not yet known, electron spin resonance (E3P.) spectroscopy 

should serve to help identify the type of species involved in the 

D-galactose oxidase reaction i.e., a free radical process should be 
= 
readily detectable; otherwise ner,ative evidence would be obtained. 

( 



CHAPTER IV 

PRODUCTS OF THE ACTION OF GALACTOSE OXIDASE 

ON METHYL ~-~-GALACTOPYRANOSIDE 

AND ITS 6-DEUTERO ANALOOUES 

Although the kinetic studies described in the previ-

ous chapter provide a clear indication as to which of the 6-hydro

gens of ~-galactose or methyl ~-~-galactopyranoside is specifically 

removed by galactose oxidase, the stereochemistry of the reaction 

has been confirmed by examining the products of the isotopically

labelled substrates used in those studiës. In addition, this chapter 

deals with sorne characteristics of the oxidation products themselves. 

Reaction conditions used for the preparation of products 

werp similar to those of the kinetic experiments, although on a 

larger scale. In addition, galactose oxidase was coupled with catal-

ase in order to decompose enzyme-inhibiting hydrogen peroxide formed, 

and thereby shift the overall oxidation reaction to the right. The 

course of reaction Was followed conveniently by thin layer chromato-

graphy. 

Undeuterated methyl ~-~-galactopyranoside (~) was exa

mined initially in order to find optimum experimental conditions. In 

a typical reaction, the concentration of substrate was 5x10-2 M. By 

following the reaction by tlc, four products were detected. The fast

est-moving of these was a minor component (~. 3%) having Rf 0.75 

which stained strongly with 2,4-dinitrophenylhydrazine and absorbed 

U.V. light. This behaviour suggested that the product is an ~,~

unsaturated aldehyde, and a further indication of this was obtained 

-i 
59 
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by isolating the compound from a cellulose column and recording its 

u.V. spectrum;it showed X at 250 nm in water characteristic of compo-max 

unds of this class(97). It is of interest to note that no ~,~- unsatu-

rated aldehydes have been detected previously among ~-galactose oxid

ase products. This compound was further investigated (see below) to 

clearly establish its identity. After allowing the enzyme reaction 

to proceed for three hours, the reaction product was worked up so as 

to minimise degradation of sensitive carbonyl compounds. Thus the re

action mixture was stirred with a mixed resin bed (H+ and HC0
3
-) to 

remove buffer cations and anions as well as sorne protein material. The 

ion-free solution, on evaporation gave an amorphous solid contaminated 

with soluble protein material. 

The major fraction of the ~-galactose oxidase reaction pro

duct was undoubtedly methyl ~-~-galacto-hexodialdo-l,5-pyranoside ~1Z). 

Its mobility on a tlc plate was slightly higher (Rf. 0.63) than that of 

H 

77 

79 R = H, J 5,6 7.5 Hz 

ôH-6 = 5.22 ppm 
79a R = Ac 

H 

7 8 J 4 ,5 7. 5 Hz 

ô H-5 = 5.35 ppm 

80 J 5 ,6 7.1 Hz 

ôH-6 4.95 ppm 



61 

IV OXIDATION OF SUBSTRATES 

unreacted ~ (Rf. 0.47), and it·stained with 2,4-dinitrophenylhydrazine 

at room temperature giving a yellow hydrazone which turned brick-red 

upon heating. The intensity of 77 was seen by chromatography to reach 

its maximum in about one hour reaction time. A third component, present 

in minute proportion in some preparations had nearly the same mobility 

as ~ and, also since it did not give a colour reaction with 2,4-dinitro

phenylhydrazine, undoubtedly was unreacted substrate. 

The fourth component (Rf. 0.46) was relatively major and had 

staining properties closely similar to those of aldehyde 77. This 

inferred that the product was either a dimer of 11, or a hydrated form 

of the aldehyde (aldehydrol compound 12.), ei ther of which would be 

expected to react with 2,4-dinitrophenylhydrazine, although its low 

chromatographie mobility favoured the dimeric assignment; this latter 

possibility is substantiated by evidence presented below. 

NMR spectrum of products resulting from the enzyme oxidation of ~ 

The NMR spectrum of the amorphous solid total product in 

deuterium oxide showed no signal in the region of 9-10 ppm corresponding 

to a free aldehyde proton. Instead, a doublet with a splitting of 7.5 Hz 

centred at 5.22 ppm was observed. The signal due to H-6 in the original 

substrate was diminished considerably and those of the other protons, with 

the exception of H-l and H-4, were not clearly resolved. However, wh en 

the sol vent was DMSO-.2:, 6 ' the NMR spectrum showed a moderately strong 

singlet at 9.51 ppm diminishing with D20 exchange and represented a 

free aldehyde signal. In this aldehydic proton resonance region, there 

was also another weak signal at 9.22 ppm, which suggested the pres-

--) 
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ence of an ~,~unsaturated aldehyde for it was accompanied by a broad 

doublet at 6.02 ppm typical of compounds of this class (97). This 

implies that in anhydrous DMSO a fair proportion of 77 exists as a free 

aldehyde and that the presence of an ~,A-unsaturated aldehyde cannot be 

ignored. 

According to Perlin (179), compound 78 in an aqueous solution 

is hydrated, and in this instance also a large vicinal splitting for 

H-4, H-5 (J 4,5 = 7.5 Hz) suggests that H-4, H-5 are ~-diaxially 

disposed. 

Horton et al (180) have studied the spectral behaviour of 

1,2:3,4-di-~-isopropylidene-~~-galacto-hexodialdo-l,5-pyranose (12) in 

deuterium oxide, in chloroform, and in slightly moist chloroform. In 

aqueous media, 12 is easily hydrated to form an aldehydrol (80), and the 

large coupling constant (J = 7.1 Hz) observed for H-6, H-5 suggests that 

H-5 and H-6 have a ~-diaxial relationship. The tendency of aldehydes 

to hydrate in aqueous medium or moist solvents is now a well-known 

phenomenon (181, 182), and NMR spectroscopie studies of various other 

hydrated aldehydes have been described (180, 182). 

Comparison of NMR parameters for the enzyme product (77) with 

those of 78 and 80 suggests that 77 exists mainly as the aldehydrol (79). 

Since there were no other prominent signals in the NMR spectrum of 77, 

it is clear that the compound behaving on tlc as a dimer exists mainly 

as a hydrated aldehyde when in an aqueous system. 

Compounds such as 78, 12., and 80 have prochiral centres at 

c-6 just as do the parent monosaccharides. It should be interesting in 

future to use 170 NMR spectroscopy (183) to tackle the orientation problem 

of prochiral groups at c-6 of these compounds, and possibly the mechan-
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ism of hydration. 

Acetylation of the enzyme products 

Acetylation of the enzyme products was carried out in the 

cold with acetic anhydride-pyridine so as to minimize side reactions 

or decomposition. An attempt to use sodium acetate at 100° as the 

catalysing agent resulted in a poor yield of product. TIc examination 

of the acetylated reaction mixture showed a fast moving,U.V.-absorbing 

spot suggesting the presence of an ~,~-unsaturated aldehyde, a slow 

moving major spot, and a very weak spot corresponding to unreacted sub-

strate (as its acetate). 

These acetylated products were separated by chromatography 

on a column of silica gel. The fastest-moving component (82)~ compris

ing about 25 percent of the total, gave an NMR spectrum (Fig. 14A) indi

stinguishable from that of methyl 2,3-di-Q-acetyl~6-aldehydo-4-deoxy-~

threo-hex-4-eno-l,5-pyranoside prepared by a different procedure (97), 

and its identity was confirmed by preparation of the crystalline 2,4-di-

nitrophenylhydrazone. Since this compound in a non-acetylated form 

(i.e. 81) had been detected as a much more min or component of the ori-

ginal enzymic digest, it must have arisen mainly from aldehyde 1Z by an 

~,~-elimination during acetylation. The isolation of this aldehydic 

derivative gave further proof that the product of the ~-galactose oxi

dase reaction is not a ~-galactonolactone as claimed originally by 

Cooper et al. (2) but a ~-galactohexodialdose as reported by Horecker 

~ al. (3,4). 
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PPM 9 

FIG. 14 

81 R =H 

82 R =Ac 

A 

84 

80% 82 + 20% 83 c 
8 7 

Partial NMR spectrum (100 MHz, 1000 Hz sweep width) 
in CDCl~, of the olefinic aldehyde isolated from 
the acetylated enzyme product: A, spectrum of 82 
from non-deuterated 6; B, spectrum of 83 from -
substrate 34 showing-the highly diminish;d aldehydic 
H-signal due to the presence of deuterium; C, 
spectrum of the olefinic product from substrate ~ 
showing 80% of an aldehydic H-signal. 
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Noteworthy in Fig. 14A is the low field singlet (at 9.26 

ppm) ascribable to H-6. Since this signal is weIl separated from 

all others, and its integral corresponds to one proton, it provided a 

particularly suit able standard with which to compare the corresponding 

signal produced by the deuterated oxidation products. 

Aside frem a few percent (~5) of acetylated ~ the only 

other product found was the slowest moving fraction, amounting to 

about 70% of the total. This material (§2) was crystalline (mp 206-8°) 

and its mass spectrum (see below) corresponded to that expected of a 

dimer of aldehyde 12. 

NMR spectrum of dimer .§2 

The NMR spectrum of §2 (Fig. 15) showed the presence of 

six acetate and two methoxy-groups. This indicated that two molecules 

of compound 'l2.. had been fused together unsymmetrically 50 that each 

parent monomer contributed nonequivalent methoxy and acetate groups. 

The presence of five pairs of proton signaIs retaining the splittings 

65 

of the parent monome~ suggests that the original stereochemistry of the 

pyranose ring is retained. Thus the possibility of having a product re

sulting from an intramolecular hemiacetal linkage between the OH-3 group 

and the c-6 aldehyde can be ruled out, since this would enta il a com

plete change of stereochemistry of the parent monomer from C l to l C 

(86). 

- ) 
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AcO H 
MeO 2# 

85 

H 

OR 89 R=H 

90 R = Ac 

91 R=H 

92 R= Ac 

93 R = H 

94 R = Ac 

, 
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H Me 

--.. ... __ Me H 

C1 1C 
86 

Different ways in which 12 might dimerize can be visualized 

(Fig. 16); the process could take place with each monomer contributing 

a hydroxyl linked to an aldehyde group of the other (A), or else, only 

one monomer need contribute a hydroxy-group and two aldehyde groups, 

one from each monomer,could be involved (B). 

~H 
o 0 

HO~ 
87 

FIG. 16 

Dimerization of ~-hydroxy-aldehydes: 
A Category 1; dimerization proceeding to give a symmetrical 
1,5-oxocane; B: Category II, formation of an unsymmetrical 1,3-dioxane 
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Dimerization of the first category would result in the formation of a 
symmetrical ten-membered ring if OH-3 participates, or an eight-membered 
ring (1,5-oxocane)* if OH-4 participates. Participation of OH-2 appears 
to be impossible because of the distance required, and OH-3 participa-
tion appears unlike1y because the dimer so formed wou1d incorporate a 
strong repulsive interaction between its C-4 substituents (88). 

HO 
''';,--,< 

Me OMe 

88 

This therefore leaves OH-4 as the probable candidate for the dimerisa-
tion process. In this event, it can be seen that OH-4 is ~ to the 6-
a1dehydo group and hence 11 shou1d behave as a ~-hydroxy-a1dehyde. 
Bergmann et ~ (184,185) have noted the possibi1ity that a ~-hydroxy
a1dehyde may dimerise to form an eight-membered ring (186)(a 1,5-oxo-
* 1,5-0xocanes need not be symmetrical because the two hemiacetal hydroxygroups can assume different orientations; the impact of this difference on the overall geometry and therefore NMR spectrum would probably be small. 
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cane)(§1), i.e. dimerisation of the first category. Later SpMth ~ 

&. (187-189) showed experimentally that dimerisation of some ~-

hydroxy-aldehydes can proceed to give six membered 1,3-dioxanes and 

not 1,5-oxocanes. Nevertheless Dreiding Models indicate that dimeri-

sation of 11 could in fact give a rigid 1,5-oxocane in contrast to 

simple saturated and heterocyclic eight-membered rings (190-192), 

which are flexible. 

Dimerisation of the second category (Fig. 16, B) proceeds 

to give a 1,3-dioxane in which only one of the hydroxy-groups is ano-

meric. Schaffer and Isbell (193) noted that the acetate groups of di-

70 

meric 1,2-0-isopropylidene-oc-D-xylo-pentodialdofuranose acetate (2Q) ex-- -= 

hibited different behaviour on saponification. Accordingly, one acetate 

group, presumably the anomeric one because it would be activated by elec-

tronegative neighbouring groups, was hydrolysed faster than the other 

hydroxy-group. The latter, at C-3, is sterically hindered as shown by 

the fact that it is difficult to benzoylate 1,2-Q-isopropylidene~-~-

xylofuranose.* It is therefore reasonable to conclude that the dimeri-

sation of 1,2-Q-isopropylidene~-~-~-pentodialdofuranose , which is 

also a ~-hydroxy-ald~hyde, proceeds in this mannero Although four iso-

mers are possible for the Schaffer-Isbell dimer it appears that steric 

interactions greatly favour one of them, as pointed out by Inch (194) in 

an NMR spectral study of the acetate. The NMR spectrum of paraldol (21, 

~) formed from ~-hydroxy-butanal, is also consistent with a 1,3-dioxane 

ring form (195). 

* Forcing conditions, i.e. long reaction time and excess benzoyl chloride 
achieved 3,5-di-O-benzoylation of 1,2-0-isopropylidene-a-D-xylofuranose-
5-~ (61) (page 37). - - - = 

j 
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By comparing NMR spectral data for dimeric 1,2-Q-isopro-

pylidene-~-~-xy1o-pentodialdofuranose (~) in DMSO and pyridine-~, and for 

its acetate (~) in chloroform-i 6 t and also, of ~-hydroxy-butanal (21, 

~) and its acetylated forms (~, 1±)(195) with the spectrum of the ace-

tylated dimeric ~-galactose oxidase product, the assignment of struc

ture (~) to the latter dimer appears to be a logical conclusion. 

·Structure §2 requires that ring A be independent of the 1,3-

dioxane ring C. Thus the chemical shifts for H-l, -2~ -3, -4 and -5 

should be nearly the same as those found for methyl ~-~-galactopyranoside 

tetraacetate itself (~); this is seen to be the case (Table III). 

Table III also shows 

Table III Chemical Shifts in PPM of Ring Protons of §2 

and Methyl B-D-Galactopyranoside Tetraacetate 22 

in Chloroform-D 

22 dimer 85 ring dimer 85 ring 

A B 

H-l 4.40 4.37 H-l' 4.39 

H-2 5.21 5.27 H-2' 5.18 

H-3 5.00 5.08 H-3' 4.79 

H-4 5.49 5.55 H-4' 4.40 

H-5 3.90 3.81 H-5' 3.39 

that with the exception of H-l' and H-2', which are far from the point 

of fusion of ring B and C, the chemical shifts of the other protons 

of ring B diverge from those of ~. In particular, H-4' absorbs at 

approximately l ppm upfield from H-4 of 22. That is, the OH-4' on 

acquiring an ether function through linkage to ring A attains a tendency 
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to release electrons and in this way H-4' as well as the ~-disposed 

protons H-3' and H-5' adjacent to it are shielded much more than when 

OH-4 is esterified. The shielding effect on H-4 of an electron releasing 

substituent at c-4 as well as on the protons ~ to the substituent, 

i.e. H-3 and H-5 in methyl S-D-galactopyranoside derivatives, has also 
. -= 

been observed with metbyl 4-deoxy-4-iodo-S-D-galactopyranoside and deriva-
- = 

tives (Chapter VI). These chemical shift differences suggest that only 

OH-4' participates in the dimeric linkage and that OH-4 (of ring A) does 

note In addition, H-4' of ring B constitutes equatorial H-5 with respect 

to the 1,3-dioxane ring C. Such protons are known to absorb at higher 

fields than the axial protons on the same carbon (196,197) although in 

cyclohexanes and pyranoses, equatorial protons of a methylene group 

resonate at lower fields than axial protons (124,123). 

In ring A of 85 the coupling parrumeter J
5

,6 is 7.1 Hz which 

suggests that H-5 is ~-axial to H-6, as in aldehydrol I2. where J
5

,6 

is 7.5 Hz. Therefore, the two oxygens of the 1,3-dioxane ring are 

disposed with respect to pyranose ring A in the srume way as in the alde-

* 
hydrol 12... The corresponding protons in .§2. gi ve J 4,5 7 Hz. The chemical 

shift for H-6 of 85 is 5.04 ppm, whereas the corresponding proton of 90 

(H-5) resonates ~t 5.11 ppm. The chemical shift for H-6' is 6.22 ppm. This 

is the region for anomeric proton signals of ~-~-hexopyranose acetates 

(198), e.g. for ~-~-glucose pentaacetate H-l resonates at 6.34 ppm, for 

a-D-mannose pentaacetate at 6.09 ppm, and for a-D-galactose pentaacetate 
-= -= 

at 6.36 ppm. In dimer ~, which has an axial acetoxy-group, the anomeric 

* 
Inch (194) reported that J 4 ~ of 90 is 5.4 Hz, and suggested that free 

rotation accounts for this ~~all value. It is felt here that this 

value could have been erroneously reported, as there is no obvious basis 

for such a decrease. 
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proton resonates at 6.15 ppm whereas the anomeric proton of ~, having 

an equatorial acetoxy-group, resonates at 5.75 ppm. The reported value 

for the corresponding proton in ~ is 6.36 ppm (194). In addition, con

sidering that the Karplus curve holds for 1,3-dioxanes (199,200) then the 

coupling parameter J= 1.3 Hz observed for H-5', H-6' supports a gauche 

disposition for these protons. This value (1.3 Hz) falls in the range 

that is generally encountered with 1,3-dioxanes for J 4 5 (i.e., 0.6-1.9 e, e 

Hz)(196 ,197,20l,202), whereas J4 5 is usually larger (2.6 to 3.2 Hz). a, e 

The anomeric effect (203,204) should also favour an axial acetoxy-group 

at c-6'. 

The anomeric centre, C-5' of ~, has been assigned an axial 

orientation based on a value of J4 ',5' of 0.5 Hz (194). In the current 

study the NMR spectrum of the non-acetylated dimer (~) in DMSO vas 

recorded. A doublet found at 7.44 ppm with a splitting of 4.5 Hz was a-

scribed to the anomeric (0-5') hydroxy-proton. This is characteristic 

of an axial anomeric hydroxy-proton of pyranoses (205-207). An equatorial 

hydroxy-proton has JOg,H_l of 6.7 Hz. Thus on going from 

JO~,H-l = 4.0 - 4.5 hz JO~,H_l = 6.0 - 6.7 Hz 
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.§2. to 2Q. there is no basic change in ring structure nor orientation at 

the anomeric centre. 

When methyl ~-~-galactopyranoside-6-~ predominantly 6R 

(~) was the enzyme substrate, the isolated product corresponding to 

~ gave virtually no signal ascribable to H-6 and H-6', and this gave 

further evidence on the type of proton abstracted by ~-galactose-oxi

dase, i.e., on the basis of the stereochemistry of hydrogen abstrac-

tion defined earlier by the kinetic results, the 6R diastereoisomer 

loses hydrogen equivalent to Hs in the non-deuterated~; deuterium 

which takes the place of ~ is retained to form H-6 and H-6' of the 

dimer (85). 

Stereochemistry of dimerisation 

A stepwise mechanism may be envisaged for dimerisation 

of the ~-hydroxy-aldehyde 12, analogous to that discussed briefly by 

Jedlinski and Majnusz (208) for ~-chloro-~-hydroxyaldehydes. In the 

formation of a compound such as ~ from 12, Dreiding models suggest 

that steric factors favour the addition of ring B OH-4 to the 

c-6 carbonyl group from the si-face, so that the carbonyl oxygen be-

cornes cis with respect to 0~5 of ring A (Fig. 17). The resulting 

hemiacetal hydroxy-group then adds to the carbonyl, which becomes c-6' 

of ring B, again frem the si-face, but with 0-6' ~ to 0-5'. In 

this way a perfect chair conformation is elaborated for the 1,3-dio-

xane ring without twisting any bonds. The same mechanism can be envi-

saged to account for the dimerisation of 1,2-0-isopropylidene-~-D--= 
xylo-pentodialdofuranose (22), in this instance OH-3 and C-5 being 

74 
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involved in the addition reactions • 

H 

OMe 
FIG. 17 

The NMR spectrum of syrupy dimer §2, i.e., before purifi-

cation is the same as that of the pure crystalline dimer, hence the 

mother liquours contained only §2 and no other anomer. Therefore, unlik~ 

the acetylation of 93 (195),only a single anomer is formed during the 

esterification process leading to §2. 

* The mass spectrum of §2 

Additional information on the structure of §2 was obtained 

from mass spectral data which showed characteristic features common to 

per-Q-acetylated hexopyranosides (209) and hexoses (131). Thus, there 

were peaks at 637 and 679 ~/~ corresponding to M+1 and M+43 of hexo-

pyranoside acetates. Also, strong peaks at 145 and 103 ~/~ due to aceto-

xonium ions, found in the spectra of per-Q-acety1ated hexopyranoses but 

not of hexopyr~osides, were also absent from the spectrum of §2. 

* The partial mass spectrum of 85 is shown as Appendix A p. 211. 

-, 
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Several fragmentation patterns have been recognized, and 

are in close accord with the structure assigned to dimer §2. These 

patterns have been arbitrat.ùydesignated A to F, and sorne appear more 

than once due to the complexity and multiplicit,y of'acetate functional 

groups. 

Fig. 18. 

Fragments leading to A ions are schematically shown in 

An intense peak (Al) appears at (M-59) mass units and cor-

76 

responds to a loss of an acetoxy-radical (CH
3

-COO). It appears that the 

latter is derived from the anomeric acetoxy-group at c-6' because glyco

sidic acetates are commonly lost as radicals rather than as neutral ace-

tic acid. The Al ion (M-59=577)+ loses acetic acid, most likely from 

ring ,A to give ion A2 (~/~ 517). This transition gives ri se to an in-

tense metastable peak at 463.3 mass units (calculated 463.3). The fact 

that glycosidic acetates are not eliminated in the form of neutral acetic 

acid suggests that there are not two anomeric acetates, as would be re-

quired for a 1,5-oxocane structure. The third fragment A3 could arise 

from the loss of ketene (CH2:C:O, mass 42) from A2 which suggests that the 

conversion of Al into A2 takes place in the neighbourhood of another ace

toxy-group, most likely that of C-3 or C-3'. In this way a double bond 

is generated next to an acetate group, which then leaves as ketene, accord-

ing to the mechanism proposed by Biemann et al. (131). Glycosidic ace-

toxy-groups whether in a 1,5-oxocane structure or §2 wOüld still lack an 

adjacent acetate group, and their departure would not create conditions for 

loss of ketene. Ion A3 (~/~ 475) loses acetic acid to give ion A4' pre

sumably from ring B, which in turn eliminates ketene followed by acetic acid 

giving ions A5 and A6' respectively. Particularly noteworthy in this A 

series of ions is the fact that in the spectrum of §2 bearing deuterium at 

c-6 and c-6', the lines are aIl shifted upward by two mass units. 
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The B series of ions, shown sehematically in Fig. 19, 

startswith the eleavage of the c-6, C-5 bond to give BI' an ion of 

strong intensity having ~/~ 347, or ~/~ 349 in the speetrum of the 

c-6, c-6' deuterated dimer. The latter value indicates that there 

is no hydrogen-deuterium serabbling in this proeess. Loss of acetic 

aeid then oceurs (B2) followed by ketene to give B3. Presumably, 

the glyeosidie aeetate is spared in these transformations, but is 

then removed as aeetie aeid when B3 is eonverted into B4. Probably 

this oeeurs due to enhanced stabilization afforded by the 1,3-dioxane 

ring; it eannot be lost as an acetate radical sinee this would in-

crease the eharge on B4. Rearrangement of B4 with subsequent frag-

mentation then gives ions B6_7 as shown in Fig. 19. The analogous 

B4 ion among the deuterated fragments is at 187 mass units, but there 

is also a strong peak at 186 mass units whieh is absent in the spec-

trum of ~ suggesting that there is hydrogen-deuterium scrambling at 

this step. 

Ionsforming the C series are eonsidered to arise as shown 

in Fig. 20. Ion Al yields ion Cl of mass 259 and a neutral fragment 

(DO) whieh probably pieks up an aeetyl radical* to give ion D2 of ~/~ 

Cl loses acetic acid to give ion C2 (~/~ 199) and 

loss of ketene from C2 gives C
3 

of mass 157. Fragment Cl can also 

lose a formyl radical to give ion C4 of 230 mass units, and sequential 

78 

elimination of acetic acid and then ketene gives ions C
5 

and C6• 

ions C7 and C8 are also shown. 

Other 

* The triacetoxonium and diacetoxionium ions are formed as a result of 
neutral acetie anhydride picking up an acetyl radical or undergoing 
protonation, respectively (131). 
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If the ion 1eading to fragment D carries a charge 10cated o 

on the pyranose ring A oxygen th en Dl rather than Do could arise. Frag-

mentation of Dl is depicted in Fig. 21. Ion Dl is intense whereas 

D3' D4' D5 are of moderate intensity, and D6 is slight1y more intense 

than the others. Of 1ess significance to the structural study of ~ is 

the fragmentation pathw~ 1eading to the E series of ions. This route 

closely resemb1es a fragmentation scheme described by Heyns and Müller 

(210). Here (Fig. 22) an initial loss of methyl acetate from the parent 

mole cule 85 gives an ion of m/~ 562 (M-74)+ which further suffers 10ss 

of an acetate radical to give rise to ion E2 of m/~ 503. A1ternative1y, 

c1eavage could occur to give an ion of sma11 mass (E
3

, ~/~ 157) which 

loses ketene and gives rise to a stronger peak at ~/~ 115 (E4 ). E2 can 

further disintegrate into smal1er ions involving 10ss of formic acid and 

acetate. 

One other fragmentation pattern to be considered is simi1ar 

81 

to that observed by Biemann and DeJongh (209) for glycosides. A positive 

ion centered on the ring oxygen of ring A of ~ leads to rupture of the 

C-1, C-2 bond of ring A with subsequent 10ss of methy1 formate to give 

ion F1' m/~ 576. Fl ~an then 10se an acetoxy-radical to give ion F2 

(mie 517) or acetic acid to give F3 (m/~ 516). C1eavage of the C-5, c-6 

bond of F2 gives an intense ion F4 at m/~ 170 and a1so one of ~/e 169. 

This by no means exhausts the number of fragmentation patterns that must 

occur. Others that are 1ess prominent but possib1y equal1y important 

may have been overlooked. 

, 
1 
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FIG.21 
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FIG· 22 
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The presence of an ~,~-unsaturated aldehyde in ~-galactose oxidase products 

The presence of an ,g".§.-unsaturated aldehyde (81) among the 

products of enzymic oxidation, and subsequently among those of the acety-

lation process, merited closer study. 

The presence of a carbonyl group at c-6 of 77 and also a ring 

oxygen attached to C-5 makes H-5 more acidic and prone to undergo elimina-

tion along with the ~-disposed c-4 hydroxy-group, even in the enzyme 

reaction medium. Thus, facile elimination is observed with ~-hydroxy-

butanal (211)(and other aldolS) which loses a molecule of water to form 

crotonaldehyde. 

o 
~H 

An enzyme-induced elimination is also possible, if ~-galae

tose oxidase is coupled to a dehydrating enzyme present as an impurity. 

Such an enzyme could ce part of a chain of enzymes, the purpose of whieh 

is to synthesize 4-deoxy-pyranoses. Henee, the c-6 earbonyl group would 

induce elimination, and subsequent reduction of the double bond of 81 

(page 64) by another enzyme using NADH+H+ or NADPH+H+ would give a 

* 4-deoxy-~ or -~-glycoside. An analogous type of reaetion has been 

* Hanessian (214) has pointed out that 4-deoxy-hexoses are not eommon 
in nature; thus it is possible that ~-galaetose oxidase eould be 
linked to another process the nature of whieh is unknown at the moment. 
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observed in the microbial conversion (212) of ~-glucose to 6~deoxy-~

glucose through the intermediacy of an ~,!-unsaturated ketone and a 

model for this transformation has been worked out (213). 

o 

t NADP+ .' NADH+H+ 

+ NAD+ 

Facile elimination during acetylation of the ~-galactose 

oxidase products was also investigated. Separation of the enzyme pro-

86 

ducts, i.e. the free aldehyde and the dimer, was achieved on preparative 

tlc plates. Acetylation of these two fractions separately with acetic 

anhydride- pyridine, followed by purification on silica gel gave 82 and 

dimer .§2. in a ratio of about 1: 2 from the free aldehyde, whereas the 

dimeric fraction gave predominantly dimer 85, with 82 as a minor frac-

tion. Thus these two experiments suggest that elimination can take place 



87 
IV OXIDATION OF SUBSTRAT ES 

with the dimer as weIl as 12 and that dimerisation of the latter can 

occur before or during acetylation; although it is possible also that 

the dimer reverts to the monomer in the acetylating medium. 

Reaction of ~-galactose oxidase with methyl ~-~-galactopyranoside-

-6-& (.2!±) 

Methyl ..ê.-~-galactopyranoside-6-& predominantly 6-B, (.2!±.) 

was treated with D-galactose oxidase under the same conditions as = . 

for the unlabelled substrate ~. The reaction was also followed by 

tIc and the same pattern of produets was observed. That is, present in 

the reaction mixture were small quantities of an ~,~-unsaturated alde-

hyde, the free aldehyde, the unreacted substrate and the dimer. How-

ever, the reaction was slow relative to that of the undeuterated glyco-

side and the spot corresponding to the unreaeted substrate was corre-

spondingly larger. 

Acetylation of the enzyme produets in the usual way followed 

by eolumn chromatographie separation on siliea gel afforded the ~,..ê.-

unsaturated aldehyde .§.2. (page fA) having the same U.V. parameters as 82. 

However, the NMR spectrum of .§.2. showed only a weak signal ascribable to 

the aldehydic proton (Fig. 14B). 

It is evident therefore that ~-galactose oxidase had speci

fically abstracted a protium atome In the unlabelled substrate (§) HS is equ

ivalent to H-6 of pure 6B, of 34. Sinee the predaninant c-6 isomer of 2± 

is 6B, (B,:~=4.6:1) then the relatively small size of the aldehyde proton 

signal at 9.26 ppm was the result of abstraction primarily of deuterium 

from the 6~ diostereoisomer leaving only the hydrogen equivalent to ~ 
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in unlab~lled .2.. The mass spectrum of the 2,4-dinitrophenylhydrazone 

derivative of §2 confirmed that deuterium was present to a level of 

over 85%. 

The second fraction to be separated from the column was, 

again, not the tri-Q-acetyl derivative of the free aldehyde but the ace

tylated unreacted substrate, amounting to about 10% of the total pro

duct. 

The dimer corresponding to §2, but now containing mostly 

deuterium at c-6 and c-6' was the last major fraction to be separated 

from the column. The NMR spectrum of this deuterated dimer has already 

been discussed (page 65). 

Reaction of ~-galactose oxidase with methyl ~-~-galactopyranoside-

6-.9:. (~). 

88 

Compound ~ which is predominantly 6~, was treated in the 

same way as were 2i and .2., but in accord with the results of the kinetic 

experiments was oxidized very slowly. Acetylation of the enzyme pro

ducts in the usual way followed by column chromatographie separation 

afforded the ~,~-unsaturated aldehyde 84, the unreacted acetylated sub

strate and a small quantity of the dimer corresponding to ~. 

Compound 84 now comprised about 7-8% of the total product; 

its IR and U.V. spectra and the m.p. of its 2,4-dinitrophenylhydrazone 

identified it with 82. Its NMR spectrum (Fig. 14c) showed an aldehydic 

proton signal at 9.26 ppm slightly less intense than the same signal in 

Fig. 14A, i.e. approximately 3/4 of a proton. Therefore the missing 1/4 

was due to the presence of the aldehydic deuterium originating in the oxi-
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dation of the 6E isomer present in ~. Abstraction of the rest of 

the deuterium by oxidation of the 6~ component of ~ meant that the 

enzyme had again reacted stereospecifically: that is, deuterium which 

occupied the position of H§ in the unlabelled substrate had been re

moved. 

Considering that the oxidation of ~ was mueh slower than 

of ~ or~, it was of interest to examine the unreacted substrate. 

The NMR spectrum (Fig. 23C) of this glycoside after benzoylation showed 

that the enzyme had achieved virtually a elean resolution of the 6~ dia-

stereoisomer from the 6E in ~. That is the reactive 6E isomer was 

speeifically used up completely, leaving behind the unreactive 6~ dia-

stereoisomer. This is demonstrated by comparison with the NMR spectrum 

of benzoylated ~ and ~ (Fig. 23A, and 23B respeetively); only the re-

gion of the c-6 hydrogens is shown. Signal HA arises from the predomin

ant 6~ diastereoisomer and ~ from the 6R component, the two together 

amounting to one proton of ~. In the spectrum of the non-deuterated 

glycoside (Fig. 23A) ~(equivalent to HA in 45) is a quartet due to 

geminal coupling with H§ and to vicinal coupling with H-5, and the signal 

of the latter (H~ equivalent to ~ in ~ also is a quartet. Introduc-

tion of the deut~riurn replaces the strong H-6 geminal coupling in ~ with 

weak coupling to the isotope, and results in essentially the doublets ob-

served. The NMR spectrum (Fig. 23C) of enzyme treated and benzoylated 

~, however, shows the absence of the signal due to ~ of the 6R diastereo

isomer, and thus confirms the kinetic enzymic resolution of the deuterated 

6R and 6~ diastereoisomers admixed in ~. 

The accessibility of this enzyme-purified methyl ~-~-galacto

pyranoside-6-~ (6&) proved to be of value in the study of rotational iso-
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A 
Hs 

B 
Hs 

3 parts 1 part 

FIG. 23 

c Hs 

5 4 PPM 

Partial NMR spectra (100 MHz, 1000 Hz sweep width) 
in C6D6 of: A, methyl 1-~-galactopyranoside (i) 
tetrabenzoate; B, methyl-1-~-galactopyranoside-6-d 
(45) benzoylated; C, enzyme-purified (or resolvedT 
~, benzoylated. 
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merism about the C-5, c-6 bond of methyl ~-~-galactopyranoside deri-

vatives CChapter VII). With sufficient quantities of the enzyme 

available for a larger-scale preparation it could be used also for 

reinvestigation of the postulated secondary deuterium isotope effect in 

the ~-galactose oxidase reaction (Chap. III). 

Reaction of ~-galactose oxidase with methyl ~-~-galactopyranoside-

Treating ~ with the enzyme in the usual way gave only a 

very small yield of aldehydic products, and since this reaction had 

no stereochemical significance it was not pursued further. 

Summary of the stereospecific hydrogen abstraction by D-galactose 

oxidase 

The preceding discussion is summarised in Fig. 24. Of 

the two prochiral hydrogens at c-6 of methyl ~-~-galactopyranoside 

only the pro-~ hydrogen is abstracted. Although there may be free ro-

tation about the C
5

-C6 bond, this is restricted in the transition state 

leading to the enzyme-substrate complexe In this way the enzyme causes 

the prochiral centre to become chiral, permittine aostracting ?,roups 

on the enzyme surface to be orientated towards H§. 

91 

Although the exact orientation of H§ in the transition state 

can only be speculated upon, it is logical to assume that the energy of 

activation leading to the enzyme-substrate complex could be lower if the 

transition state bears resemblance to the reactants in the ground state. 
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FIG. 24 
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The NMR spectra of a number of methyl l-~-galactopyranoside deriva

tives in non-polar solvents and of methyl 4-deoxy-4-iodO-l-~-galacto

pyranoside in deuterium oxide (Chapter VII) suggests that orientation 

of R-6S lies in a 1,3 cis relationship with the substrate specifying 

C-4 hydroxy-group (Chapter V). Therefore it can be suggested that 

whereas in the reduction of aldehyde 12 the deuteride added preferen-

tially from the less-hindered ~-face, the reverse takes place in the 

enzymic oxidation with R§ leaving from the more hindered ~-face. The 

driving force of the enzyme action may be derived from the steric con-

gestion of groups of atoms within the vicinity of' the reaction sites 

in that the reacting groups are held within a short distance of each 

other. 

Chemical Reduction Enzymic Oxidation 

MyL 
0".--0 

o ~-transfer ~-abstraction 

The analysis of enzym~ products permits the assertion that 

there is no deuterium-hydrogen scrambling in the abstraction process, 

93 

or exchange with the medium. This suggests that the process is concerted. 

The stereochemical course of a number of NAD-dependent de-

hydrogenases such as alcohol dehydrogenase (37), liver alcohol dehydro

genase (126) and muscle lactate dehydrogenase (215) f.avours abstraction 

of pro-li hydrogen, in contrast to the pro-~ nature of ~-galactose oxidase. 

Rence the stereochemical requirements of the se other enzymes must be dif-

ferent from those of D-galactose oxidase. 

- " l 



CHAPTER V 

ACTION OF D-GALAC'lOSE OXIDASE ON SUBSTRATES 

CHEMICALLY MODIFIED AT c-4 

Reactivity of ~-galactose analogues 

Chemical modification of enzymes and substrates can fur-

nish a wealth of information concerning structure-function relation-

ships. Usually such modifications are designed to gain an understand-

ing of the mode of enzyme action at a level of conformational features, 

the nature of enzyme-substrate binding, and of the chemical constitu-

tion of the active site. The subject of chemical modification of en-

zymes for structural studies has been reviewed recently (216,217). 

Modification of the enzyme substrate is relatively the 

easier procedure. Its significance in the carbohydrate field has been 

discussed by Gottschalk (218). The design of drugs, enzyme substrate 

inhibitors, and immunological antigens, and other areas of important 

application involve compounds that have structural features closely re-

sembling those of natural substrates. 

In this stereochemical study of ~-galactose oxidase action 

it was of interest to investigate the significance of the 4-carbinol 

group as a substrate specifying group. Earlier studies on ~-galactose 

oxidase established that chemical modification at C-l, C-2 or C-3 of D

galactose had no drastic effect on the enzyme reaction (4, 219). Thus 

replacement of OH-l by a hydrogen atom, as in 1,5-anhydro-galactitol (~), 

had no effect on the enzyme reaction (4). An anomeric change at C-l 

also is not critical, since both~ and l anomers are oxidised (4). How-

1 

\ 
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ever, lactose (21) was found not to be oxidisable whereas melibiose 

(.2.§.) is. 

The reactivity of 2-deoxy-~-galactose (~) means that 

the hydroxy-function at C-2 is not critical. Also, blocking of the 

hydroxy-function at C-2 or C-3, or both, by etherification as in 2-

Q-methyl and 3-Q-methyl-~-galactopyranose (100 and 1Ql, respectively) 

does not affect the ~-galactose oxidase reaction, (219). Methylation 

of OH-4 to give 102, however, renders the substrate unreactive (219). 

The unreactivity of 1Qg suggests either that the methoxy-

substituent is too large for the space on the enzyme surface, usually 

occupied by the hydroxy-group or that a hydroxyl hydrogen that is nor-

mally essential for hydrogen-bonding with the enzyme is no longer 

available. If by contrast, the enzyme donates a hydrogen for coordi-

nation with 0-4 of the substrate, then this type of binding should be 

less drastically affected. In other words two types of hydrogen-

bonding can take place between the enzyme and the substrate. In the 

first one, !, the hydrogen donor is the substrate and in ~ it is the 

enzyme. 

! Enzyme-X .. --H-O-Substrate 

B Enzyme-X-H-~-Substrate 

H 

x = N, or 0 

Forces other than hydrogen bonding May be important in the 

bonding of enzymes to substrates (220, 221). According to Jencks 

(220) these forces are responsible for Most noncovalent intermolecular 

interactions in aqueous solutions and he has collectively called them 

'hydrophobie forces'; they are probably of the van der Waals-London 

dispersion type. 

95 
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To assess the sensitivity of the enzyme towards the size 

of the substituent at c-4 and the type of affinity that the enzyme 

exercises towards it, substrates were prepared in which OH-4 of ~

galactose is replaced by protic and aprotic groups. The protic groups 

chosen were: amine and thio, both of which are larger than a hydroxy

group. The aprotic groups were: hydrogen, the halogens and the azido 

group; these were expected to participate in weak hydrogen bonding, 

or none at aIl. 

97 

The substrates thus prepared were methyl 4-deoxy-i-D-~

hexopyranoside~ethyl 4-deoxY-i-~-galactopyranoside)(103), methyl 4-

deoxy-4-fluoro (104), 4-amino (105), 4-chloro (106), 4-bromo (lOZ), 4-

iodo (108), 4-thio (109) and 4-azido (110), -i-~-galactopyranosides. 

With the exception of the thio compound (109) of which more will be said 

later, aIl were pure crystalline compounds and readily soluble in water. 

Kinetic studies on substrates 103-11Q were conducted with 

"Galactostat" as described in Chapter III for methyl i-~-galactopyranos

ide and the deuterated c-6 diastereoisomers. For less reactive substrates 

high concentrations were used, and it was assumed that in aIl cases the 

rate equations of Chapter III hold also for these substrates. 

Samples containing substrates were monitored continuously 

and the absorbance was directly recorded at intervals of 9 seconds at 420 

nm using the Beckmann-Gilford coupled spectrophotometer provided with a 

constant temperature compartment. In this way plots of optical density 

against time were obtained directly, and are reproduced in Fig. 25 for 

the substrates which were found to be reactive. Straight line plots were 

obtained for the interval from two to 20 min., at which time the reaction 

was stopped. Initial rate constants (k) were obtained from the gradient 
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of the lines, and by following each reaction at different concentra-

tions it was possible through use of the Lineweaver-Burk (222) plot 

to determine the Michaelis-Menten constant, Km, and the maximum velo-

city, Vm (Table IV). Within experimental error the reactive sub-

strates obeyed the Michaelis-Menten equation, al'though at high con

centrations compou~d ~ deviated slightly and the Lineweaver-Burk plot 

for 105 was not a straightforward case as was apparent for ~ and 104 

(Fig. 26).* 

No reaction with ~-galactose oxidase was observed for the 

bromo, iodo, thio and azido substrates.** Methyl 4-deoxy~-~-xylo-

98 

hexopyranoside showed very low reactivity and Km and Vm values were not 

obtained for this compound. 

Of the deoxy substrates, 10), 104, 105 and 106, the amine com

pound 105 was the most reactive (k--o.22) followed in order by fluoro 104 

(k--o.17) , chloro (106) and 103 (Table IV). The affinity of the enzyme 

towards these substrates is given by the reciprocal of Km (223) and it can 

be seen that it is highest for methyl ~-~-galactopyranoside and lowest for 
the chI oro compound (106). Table IV shows also that Vm, which is a 

measure of the rate of decomposition of the enzyme-substrate complex to 

give prodùcts, is highest for the fluoro derivative 104 and lowest for me-

thyl ~-~-galactopyranoside-6,6-~2 (~). 

* Aqueous solutions of 105 have a pH greater than 7 (ca. 8-9). At the constant buffer concentration used, the pH fluctuations arising from use of different substrate concentrations may not have been sufficiently compensated for by the buffer. The isoelectric point of the enzyme might therefore have been affected by this slight pH fluctuation. 

** The thio (109) bromo (107) and iO~Q (108) derivatives also showed no reaction under the conditions used for preparative work (Chap. IV) using ~-galactose oxidase-catalase system. 
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FIG. 25 Initial rate'reaction of D-galactose oxidase on:1 
methyl Ji-D-galactopyranosÏde (6), 2 methyl 4-amino-
4-deo:lCiY-!=n-galactopyranoside (105).,3 m~thyl 4-de
oxy-4-fluoFo-Ji-R-galactopyranoside ('104)', 4 methyl 4-
chloro-4-deoxy-Ji-D-galactopyranoside. All substrates 
were at a concentration of 2.9 x 10-5 M. 

The role of the 4-hydroocy-group in the binding of ~-galactose by the 

enzyme 

Two properties of the 4-hydroxy-group of ~-galactose may 

be considered in relation to its role as a determinant in the dehydro-
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1 
[5] 

100 

FIG. 26 Lineweaver-Burk plot for initial rate of reaction of D
galactose oxidase on: 1 methyl li-~-galactopyranoside=<.§), 
2* methyl 4-amino-4-deoxY-li-R-galactopyranoside (105), 
and 3 methyl 4-deoxy-4-fluoro-1i-~-galactopyranoside (104). 

*Plotted from values obtained by the least square fit "'ethod 

genation of the sugar by galactose oxidase: namely, its ability to hydro-

gen bond, and its size. 

The fact that methyl 4-deoXY-li-D-galactopyranoside (103) re-= 
acts at aIl, even though very slowly, shows that OH-4 of D-galactose has 

= 
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Table IV Action of D~alactose Oxidase 

on Chemically Modified Substrates (111) 

Substrate 

2. R = OH 

103 = H 

104 = F 

105 = NH2 

106 = Cl 

107 = Br 

108 = l 

109 = SH 

110 = N
3 

Methyl ~-~- gal. 

6 , 6 ' ,g,2 (!!:Z) 

1/Km 

50 

553 

40 

180 

111 

Me 

Vm 

10.0 

1.7 

1.6 

k x 10 

0.015 

1.74 

2.22 

0.04 

101 

! 
i 

j 

l 
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1 
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no essential hydrogen-bonding functionj for it is improbable that 

hydrogen bonded to carbon can participate in hydrogen bonding. 

It is claimed that a fluoro atom bonded to carbon can-

not act as a hydrogen acceptor {224). Hence the relatively high 

reactivity of the 4-deoxy-4-fluoro derivative (104) a1so indicates 

that H-bonding is not a prerequisitè for its oxidation. The enzyme 

has a much lower affinity for 104 than for the ~-galactoside 

(l/Km 50 vs 650, Table IV), but once the enzyme substrate complex 

is formed its breakdown to products is highly favourable (as sug-

gested by the large value of V for 104. Table IV). max The other 

halogens are known to engage in weak intramolecular hydrogen bonding, 

as in the ~-halopheno1s(!1Ê), but only the chloro-analogue (106) 

shows a detectable reaction with the enzyme, and it is far less reae-

tive than 104. 

These various data c one ur , therefore in showing that 

hydrogen bonding is not an important function of the 4-hydroxy-group 

in the oxidation of ~-galactose. 

The reaetivity of methyl 4-amino-4-deoxy-A-D-galacto-
• 

pyranoside (105) as measured by the initial rate constant (k) and the 

maximum ve10city (Vm) is higher than that of methyl A-~-galaetopyran

oside 6,6-~2 (~). 

That is, a1though ~ satisfies the sterie requirement at 

C-4, and aecording1y shows a high affinity, yet the remova1 of the 

102 

deuteride at c-6 retards the overal1 reaetion. These resu1ts indicate 

that the varying reaetivity of ~-ga1aetose oxidase substrates depends 
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o ........ ~ 
\ 
\ 

\ 

x 

112 

First overtone of weak intramolecular hydrogen 
bonding (225) 

X = Cl 6890 cm-l X = l 6800 cm-l 

X = Br 6860 cm-l X = OMe 6930 cm-l 

on factors other than the rate of H-6 abstraction, such as on the 

extent of formation of an enzyme-substrate complexe The latter 

expresses itself in the magnitude of Km and it appears that it is 

related to the size of substituent R of ~. When R is a hydroxy-

group l/Km is large. l/Km is also fairly large when R is a group 

with a size approaching that of a hydroxy-group (e.g. an amino-

group) • The rate of breakdown of the enzyme-substrate complex to 

give products also is important, as expressed by the magnitude of 

Vm, and it has a low value when there is a deuterium isotope effect, 

as in the oxidation of j2. The high value of Vm in the oxidation 

of the fluoro compound 104 probably finds an explanation in the ease 

of internal isomerisation of the enzyme-substrate complex to give a 

product-like intermediate (Ered-Pl ) of equation [1] (page 47). 

103 
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The ~-galactose oxidase-~-galactose complex 

It appears then, that the difference in oxidation rates 

shown by ~-galactose and its 4-deoxy-analogues lies mainly in the 

ease of formation of the enzyme-substrate complexe The rate at which 

the complex decomposes is relatively much more uniforme 

Now, factors that facilitate formation of an enzyme sub-

strate camplex must be the same as those that make the 4-carbinol 

group of ~-galactose crucial in the ~-galactose oxidase reaction. It 

is proposed that these factors bear a connection with the size of the 

substituent at c-4. If the velocities of substrate oxidation given 

in Table IV are plotted against the size, or length, of C-X (where X 

is the central atom bonded to carbon), of the substituent at c-4 of 

Ill, it is seen that the hydroxy-group sits at the apex of the curve 

(Fig. 27). That is, on passing from a hydrogen substituted sub-

strate, through the fluoro to the ideal hydroxy-group the rate in-

creases, and then falls off as the substituents become larger. Hence 

the closer in size the group R of 111 is to the hydroxy-group, the 

more reactive is the substrate. 

Orbital Steering 

In terms of the stereochemical requirements of the enzyme, 

the effect of having a. large or small substituent at c-4 of substrates 

104 

of ~-galactose oxidase presumably is to alter the geometry of the en

zyme at that particular site, so that groups normally juxtaposed in their 
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FIG. 27 
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proper orientation are distorted. Thus as visualized in 113 for the 

OH-4 of methyl A-~-galactopyranoside the group has the ideal size 

to direct or 'steer'* the basic group.:B on the enzyme surface into 

a proper allignment with the reactive hydrogen (H~ at c-6. 

113 114 

115 

In 114 however, the iodine substituent at c-4 is large~ If the enzyme 

attempts to incorporate such a substrate it will be found that its 

106 

basic group :B will be ineffectively remote from ~j hence there will 

be no reaction. At the other extreme, a small group such as a hydro-

gen atom at c-4 will also lead to poor contact with the enzyme surface 

and :B again will not coincide ideally with H
S

• As a result if the 

reaction takes place, it will be slow as in the case of methyl 4-deoxy-

.ê.-~-xylo-hexopyranoside (103). Structure 115 illustrates this third 

case. 

* Terminology according to Storm and Koshland (226)(see below). 

r 
1 
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In essence, illustrations 113-115 correspond in theory 

to Storm and Koshland's the ory of orbital steering (226). This 

the ory attempts to offer an explanation of the special catalytic 

power of enzymes. It suggests that apart from the'importance of pro-

ximity (227)(or propinquity)(221) effects in enzyme reactions, the 

reactivity of the enzyme towards the substrate will be affected by a 

slight change in the size of the orbital introduced by the new atom 

(or group of atoms) in the enzyme or substrate. The change can be in 

the direction of maximising or minimising proper overlap of reacting 

groups. Thus in 114 for instance, the iodo substituent steers the re-

acting groups at the reaction centre away from ~. 

Criticism directed against the validity of Storm and Kosh-

1and's orbital mode1 (226) has come from Capon (228) and Bruice ~~. 

(229). The latter group claims for instance that changes in bond 
o 

length of only 0.03 to 0.16 A should not bring about drastic rate 

changes; also, for polyatomic mo1ecules such a change should be buffered 

or dissipated in the entire molecu1e without having any noticeable effect 

on the orientation of the groups taking part in the reaction. Never-

theless, in the D-galactose oxidase reaction, methyl 4-deoxy-4-chloro-~-

~-galactopyranoside is reactive whereas the bromo ana.logue is not; yet 
o 

the difference in bond 1ength between C-Cl and C-Br is only 0.145A. 

If OH-4 has no hydrogen bonding. function it may therefore be 

regarded as a fil1er or anchor for a particular cleft on the enzyme sur-

face. The nature of its bon ding with the enzyme, which must also apply 

for the amino, fluoro, hydrogen and chloro substituents, is proposed here 

to be hydrophobie (220). Hydrophobie bonding bas been described for 

certain sites of the papain enzyme-substrate complex (230-232) and it 
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seems likely that the bonding of the methyl group of acetaldehyde and 

ethanol in the yeast alcohol dehydrogenase reaction (37) is also hydro-

phobie. 

It is noteworthy that the totally unreactive and slightly 

reactive substrates are not competitive inhibitor.s of ~-galactose oxi

dase. Thus, experiments showed that when methyl ~-~-galactopyranoside 

is mixed with, e.g., methyl 4-bromo-4-deoxy, 4-iodo, or 4-chloro-~-~

galactopyranoside, the rate of the oxidation reaction was as fast as 

108 

in the control experiment without the deoxy substrates.* This suggests 

that the unreactive substrates do not tie up the enzyme in a non-produc-

tive enzyme-substrate complexe 

Finally, it can be said that a multipointcontact theory (233) 

operates for ~-galactose oxidase. The orientation of the crucial OH-4 of 

~-galactose and its ~-glycoside derivatives with respect to the enzyme re

action suggests that the enzyme binds the upper side of the pyranose moi

et y occupied by OH-4. The configuration of OH-3 is also important since 

~-gulose , the epimer of ~-galactose at C-3 is very slowly oxidised, 

(0.08 units compared to 100 units of ~-galactose)(4). Similarly, the 

unreactivity of ~-glycero-~-galactoheptose (219), and the slight rate re

tardation observed with methyl ~-~-galactopyranoside 6-1-(6!)(for which 

a secondary deuterium isotope effect is operative) suggests that the en-

zyme is sensitive to the steric requirements at c-6. In view of these 

facts it appears that Ogston's theory (234) of a three centered enzyme 

binding with the substrate is inadequate to relate to ~-galactose oxidase. 

Gottschalk (233), in discussing the multipoint-contact theory in relation 

* A small rate increase observed with the chloro-substrate, was due 
to the extra contribution of the latter to the total rate. 
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to carbohydrate substrates, concluded that an enzyme may bind the 

lower or upper side of a pyranose (or furanose) ring; as for ~-galact

ose and its glycoside derivatives this must be the upper side. As sug

gested in Chaptera IV and VII, a minimum energy conformation of the 

6-carbinol group also places H[ on the upper side of the pyranose 

ring and hence, presumabIy, in an orientation ideally suited for ab-

straction by the enzyme. 



CHAPTER VI 

SYNTHESIS OF ANALOGUES OF METHYL .§.-~-GALACTOPYRANOSIDE 

CHEMICALLY MODIFIEJ) AT C-4 

Analogues of methyl .§.-~-galactopyranoside substituted 

at c-4 with azido, halogeno, thio- and thiocyano groups were syn

thesized through nucleophilic SN2 displacement of a 4-Q-sulphonyl 

group of a suitably protected derivative ofmethyl .§.-~-glucopyranos

ide (116). 

Displacement reactions of sulphonyloxy-groups in carbo

hydrate chemistry (235-238) and other systems (239) have been very 

widely used. The triflouromethanesulphonyloxy-group (triflyl)(240-

243), which has not been utilized previously as the moiety in such 

carbohydrate reactions, has been employed in an exploratory way in 

one synthe sis described below. Because of its extreme reactivity, 

110 

this group permits the use of relatively gentle reaction conditions 

and, hopefully, will make feasible the introduction of functional 

groups hitherto inaccessible by nucleophilic displacement of sulphonyl

oxy-derivatives now in general use. 

Methyl 2,3,6-tri-O-benzoyl-B-D-glucopyranoside (117) 

Synthesis of most of the compounds described in this 

chapter began with methyl ~-~-glucopyranoside. Taking advantage of 

the unreactivity of OH-4 of glycopyranosides and the ease of alkaline 

hydrolysis of benzoates, selective trimolar benzoylation at low tempera-
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ture affords methyl 2,3,6-tri-Q-benzoyl-A-~-glucopyranoside. Bypro

ducts are the tetrabenzoate (116b), 3,4,6-tribenzoate (118) 3,6-and 

2,6-dibenzoates (119) and (120) respectively. Aside from differences 

in by-product formation (244,245), this parallels the results that 

have been obtained by other workers us~ng the ~ anomers of glueo-(246, 

247) and galactopyranosides (248). 

i-Q-Sulphonylation of 117 

Sinee relatively weak nucleophiles were to be used in 

several of the sulphonyloxy displacement reactions projected, the~-

bromobenzenesulphonyl (brosyl) group, rather than the widely-used, but 

less reactive, methane- or .p.-toluenesulphonyl, was us.ed in the esteri-

fication of 117.* Using pyridine as solvent and the sulphonyl chlor-

ll.l 

ide at 45-55°, methyl 2,3,6-tri-Q-benzoyl-4-Q-(~-bromobenzenesulphonyl)
~-~-glucopyranoside (121) was obtained in quantitative yield. This pro-

duct, then, served as the focal point for most of the reactions repres-
ented in Figure 28. 

Methyl 4-azido-4-deoxy-~-~-galactopyranoside (110) and methyl 4-amino-

4-deoxy-~-~-galactopyranoside (105). 

Compound 121 in !J,E -dimethylformamide (DMF) was solvolyzed 
with a suspension of sodium azide at 95°-100° for 35-48 h. affording 

methyl 2,4,6-tri-Q-benzoyl-4-azido-4-deoxy-~-~-galactopyranoside (~b). 

Under the sarne reaetion conditions, methyl 2,3,6-tri-Q-benzoyl-4-Q-tri
* Use of the even more reactive t~iflyl group was not considered until after most of this work had been completed. 
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flyl-l-~-glucopyranoside (122) gave a comparable yield of ~b in 

only 2-3 hours reaction time. Alkaline de-Q-benzoylation converted 

110b into crystalline methyl 4-azido-4-deoXY-l-~-galactopyranoside 

(110) and hydrogenation over palladium black at room temperature and 

pressure then afforded crystalline methyl 4-amino-4-deoxy~-~-galacto-

pyranoside (105). The NMR spectrum of ~b (Fig. 29A), as weIl as 

those of the acetates UlOa and 105a of gQ and 105), was con-

sistent with a galacto configuration; this is evident Most clearly 

from the small values observable (e.g. Fig. 29A) for J3,4 and J4,5. 
In the spectrum of 105a, signal H-4 showed a coupling of 8 Hz with the 

acetamido hydrogen (the latter could not be exchanged with D20). 

Methyl 4-deoxy-4-thio~-~-galactopyranoside (109) 

The synthe sis of thio sugars by nucleophilic displacement 

has been briefly reviewed by Horton and Hutson (249). The Most com-
mon nucleophiles used in these synthe ses are thioacetate, thiobenzoate 

and thiocyano anions. 

An attempt to displace the brosylate of ~ in DMF with 

thioacetate resulted in the formation of a mixture of difficultly-

separable compounds which was not characterised. However, with thio-

113 

benzoate as the nucleophile solvolysis was achieved in 4-6 h. at a bath 
temperature of 95-100°, and purification of the reaction product on 

silica gel afforded crystalline methyl 2,3,6-tri-Q-benzoyl-4-deoxy-4-

~-benzoyl-l-~-galactopyrano6ide (109b). As noted above in conjunc-

tion with the synthesis of ~b, the NMR spectrum of 109b (Fig. 29C) 

was consistent with the expectation that there had been an inversion of 
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A 

B 
Hs 

c 
Hs 

4 PPM 

FIG. 29 Partial NMR spectra (100 MHz at 1000 Hz sweep width) in 
C6D6 of!: methyl 4-azido-2,3,6-tri-~-benzoyl-4-deoxy
.ê..-~-galactopyranoside (ll.Q.b); !: compound 124b; 
Q.: - compound 109b. 
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the gluco to galacto configuration. One effect of having a sulphur 

atom bonded to c-4 in l09b was a shift of signal H-4 from 6.2 ppm (in 

methyl A-~-galactopyranosid~ tetrabenzoate) to 5.17 ppm, with benzene

% as the solvent. Probably, in l09b the lone pair orbitals of sulphur 

are orientated more directly towards H=4 than occurs in the Q-analogue. 

De~- and ~-benzoylation of 109b to obtain methyl 4-deoxy-

4-thio-A-~-galactopyranoside (109) was not straightforward. When am

monia gas was bubbled through the methano1ic solution of 109b, a mix-

ture of four compounds - reducing to three later - resulted, and these 

persisted even after treatment with ammonia at room temperature or at 

30° for several days. Only after nearly two weeks was 109b converted 

into a single major compound. This crystalline product (109), pre su

mably methyl 4-thio-A-D-galactopyranoside could not be purified by re-

115 

crystallization. The use of lithium aluminium hydride in benzene-ether, 

or of sodium methoxide in Methanol gave results similar to those ob-

tained with ammonia. 

Compound 109 was soluble in Methanol, ethanol and very 

readily in water. Its NMR spectrum in D
2
0 was complex but the H-l and 

H-5 signaIs were typical of the galacto-configuration. Acetylation 

of 109, at room temperature with pyridine-acetic anhydride gave a crystal-

line compound (123a) whose NMR spectrum (Fig. 30) was consistent with 

a galactopyranose structure. The presence of 9 acetoxy-proton signals 

(or 18, if the H-4 or H-5 signal is counted as two protons), and the ab

sence of S- Ac absorption at ( v 1700 cm-l ) in its infrared spectrum, 

clearly indicated that the sulfur atom did not carry an aceto~y-group. 

Of the ring protons H-4 was the Most shielded (Fig. 30), an indication 

that the thic group of 109 ·had acquired an ether or disulphide function, 

~ 
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and was not esterified as in 109b. The mass spectrum of 123a con-

firmed that it has a disulphide-linked dimeric structure. It is 

most likely that prior to acetylation, 109 had been oxidised to 

the disulphide 123, because oxidation of free thiol groups of mono

saccharides to form S-S linked dimers·is of frequent occurrence ·(250-

Bz NHa/MeOH H Me 

• 
OBz 

109 109 

JAC20
1 

~-s 
Py 

Me 
ROH2C 

123 R=H 
OR 123a R = Ac 

Cook and Overend (254) reported synthesis of methyl 4-

deoxy-4-thio-a-D-galactopyranoside, involving alkaline hydrolysis 
-:: 

of methyl 2,3-di-Q-benzoyl-4-deoxy-4-thiocyano~-~-galactopyranoside. 

Their product was a syrup which turned blue on exposure to air, but 

was desulphurised to give methyl 4-deoxy-~-~-xylo-hexopyranoside. 

However, alkaline hydrolysis of methyl 2,3,6-tri-Q-benzoyl-4-deoxy-4-

thiocyano-~-~-galactopyranoside (124b), synthesized in the current 

study through displacement of the brosyl group of 121 with thiocyanate 

ion in DMF, gave products (isolated as an acetylated mixture), indis-

f 
1 

1 
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FIG. 30 Partial N~ffi spectrum (100 MHz, at 1000 Hz 
sweep width) of ~a in CDC1

3
• 

tinguishable from those already described for 109b. In contrast to 

109b, the hydrolysis of 124b proceeded readily. Although the free 

thiol was not isol~ted, no complication was reported in the alkaline 

hydrolysis of methyl 2,3,6-tri-~-benzoyl-4-deoxy-4-thiocyano-~-R

glucopyranoside (255). Thus the reluctance of the axial thiobenzoate 

grouping in 109b to hydrolyse smoothly is pr~bably a stereochemical 

problem. It has been reported that alkaline hydrolysis of methyl 

2,3-di-~-benzoyl, 4,6-di-deoxy-4,6-dithiocyano-~-~-galactopyranoside 

(125b) gave a product which on acetylation yielded ~a; the 

intermediate compound 125 was probably formed but then 

il 
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oxidised in air to a disulphide moiety before acetylation (256). 

In the NMR spectrum of 125a, as in that of 123a, the H-4 signal 

is at high field (4.18 ppm) whereas the other four ring protons 

resonate at low field. 

125b 

125a 

The marked stability of an Q-benzoyl and/or &-benzoyl 

group in 109b invited closer examination, since the hydrolysis of 

similar compounds has not been studied in detail. After treatment 

of 109b with sodium methoxide-methanol for two days, the mixture 

of products was fractionated on a silica gel column. The major com-

pound is probably 126, the triacetate of whichQ26a)gave an NMR 

spectrum showing both aramatic and acetyl proton resonances. Com-

pared to the spectrum of 109b, the signals of H-2, H-3 and H-4 were 

shifted upfield whereas there was little change in the chemical 

shifts of the 6-protons; this suggests that 0-6 of 126a is 

benzoylated and that 0-2, 0-3 and s-4 are acetylated. In addition 
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one acetate resonance appeared at unusually low field (2.2 ppm) , and 

was deshielded further on addition of benzene-~. The other acetate 

resonances were centered at 1.87 and 1.96 ppm and were little affected 

by the change of solvent. 

That a benzoate group should remain on a primary carbinol 

when the secondary ones are cleaved is surprising. ~- or galacto-

hexopyranosides tetrabenzoates or tetraacetates present no such problem 

on saponification. Hence the obstacle to the hydrolysis of 10gb pro-

bably lies in the strong nucleophilicity of the thio anion for carbon 

and the axial orientation of the thiobenzoate group. An axial ester on 

a cyclohexane system is expected to hydrolyse slowly (257). Thus it 

appears that the 4-ë derivative retains the benzoyl group but hands it 

to the primary carbinol in the final stages of the hydrolysis work up, 

probably through the intermediacy of a six-membered ring orthoester 

(126c) 

126c 126 R= H 

126a R= Ac 

This is analogous to the well-known migration of secondary acyl groups 

to primary unsubstituted carbinols of partially acetylated monosacchar-

ides in acid or alkaline media (258-262). 
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Methyl 4-deox:y-4-halo-!-D-galactopyranosides 

Reviews on synthetic methods leading te halogeno 

sugars have been given by Barnett (263) and aanessian (264). 

Few of these methods involve secondary Q-sulphonyl groups, and 

this in itself is a reflection of the difficulty commonly en-

countered in the displacement of secondary sulphonyloxy-groups 

by halide ions. The reaction closely follows the degree of nuc-

leophilicity of the ion (265) although there is an indication 

that, as expected (266), the smaller, chloro- and fluoro ions in 

an aprotic solvent are also good nucleophiles. In view of the 

success with which sulphonyloxy displacement is effected by flu-

oride ion in acetonitrile (267), similar conditions were used in 

the preparation of the compounds described here. 

Methyl 4-deoxy-4-iodo-~-~-galactopyranoside 

Solvolysis of ~ in acetonitrile at 95-100° with a 

six-fold excess of tetra-n-butylammonium iodide caused gradual 

displacement of the brosylate but the reaction was not carried to 

completion because another compound ·(on tlc benzene:ether 9:1) was 

subsequently formed atthe expense of the initial product. The 

latter was isolated by chromatography on silica gel and was crystal-

lized from methanol. Its NMR spectrum is consistent with a galacto 

configuration at c-4 which, together with analytical data, shows that 

the compound is methyl 2,3,6-tri-Q-benzoyl-4-deoxy-4-iodo-~-~-galacto-

120 
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FIG. 31 Partial NMR spectra (100 MHz~ at 1000 Hz sweep width) in C6D6 !: methyl !-~-galactopyranoslde tetrabenzoate. B:· methyl 
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deoxy (lOTb) and D: 4-deoxy-4-iodo (108b)-a~D-galactopyran-
oside trlbenzoates -:- - - = 

Hs 

tA 

3 



( 

122 

VI SUBSTRATES K>DIFIED AT c-4 

pyranoside Q08bl SignaIs for H-3, H-4 and H-5 of (108b) are at higher 

field (Fig. 31.D) than those of methyl A-~-galactopyranoside tetra

benzoate (Fig. 31.A). The upfield Shift of H-4 - and this was ob

served as we1l for C-4 in 13C NMR spectrum - is expected because of 

the relatively high electron density at C-4; that of H-3 or H-5 

must be due to the electronic field of the iodo orbital. The confi-

guration of the iodo-group in 108b seems to be important in this con-

text since no comparable upfield displacements for signals H-3 and 

H-5 are observed in the NMR spectrum of methyl 2,3,6-tri-Q-benzoyl-4-

deoxy-4-iodo-A-~-gluc~yr.anoside (~){succeeding paragraph). 

The second compound (~) produced together with lo8b 

was purified by chromatography and crystallization from ethanol. Its 

NMR spectrum (Fig. 32.C) is consistent with that of a glucopyranoside 

configuration (1g8). That is, the H-4 signal, which in most Q-acyl 

glucopyranose compounds including the starting material 121 absorbs at 

low field, is upfield of the H-2, H-3, H-6 signals. That ~ and 

108b should be produced at the same time, does not require that an SNI 

mechanism was operative but rather that the iodine of the galacto iso-

mer was displaced by iodide ion to give a product U27b) with overall re-

tention of configuration. Racemization of chiral centres during SN2 

reactions involving halogen exchange (268,269) is quite well known~70), 

and radioactive iodine (13II ) exchange studies have shown that an iodine 

atom at c-4 is much more easily dl.splaced in the galacto than in the 

gluco series (271). 

Solvolysis of ~ at a higher bath temperature (100-120°) 

in acetonitrile proceeded to give, in addition to compounds 108b and 

l27b a third compound (128b) as a minor fraction. The NMR spectrum 
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FIG. 32 

A 

Hs 

8 tA 

Partial NMR spectra in CDC13 of A: mcthyl !-!l-glucopyranoside 
tetrabenzoate (l16b). B: of 128b and C: of-127b (100 MHz, 
1000 Hz sweep width). ---
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(Fig. 32.B) of l28b is consistent with a glucopyranose stereochem-

istry, i.e. the coupling parameters for the ring protons are all 

large (8-10 Hz). In addition, it is clear that the brosyl group 

of ~ has been removed (three groups of benzoate proton signals in 

the NMR). The H-3 signal is at higher field than the corresponding 

proton in ~ in the same solvent, and H-4 is at relatively low 

field as in glucopyranose compounds esterified at 0-4. Thus l28b 

is formulated as a 3-deoXY-3-iodo-4-benzoate. It must be formed as 

a result of intramolecular benzoyl migration and displacement by an 

iodo anion, presumably involving the reactive 4-iodide of the galacto 

compound as in the following sequence. 

+ 

Bz 

108b 

BzO 

128b 

OMe 

121 

124 

De-Q-benzoylation of 108b afforded crystalline methyl 4-

deoxy-4-iodO-.ê.-~-galactopyranoside 108. The N!vtR spectrum of the tri

acetate derivative (108a) was consistent with the galacto configuration; 

1. 
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again H-3 and H-5 signaIs are at higher field (Table V) than in me-

thyl ~-~-galactopyranoside tetraacetate. Therefore on going from 

108b to 108, the iodo group was not affected. The conformation of 

108 as seen from its NMR spectrum in D20 is Cl; an axial iodide 

does not change the pyranose conformation. Similarly, de-Q-benzoyla-

tion of ~ gave a product which after subsequent acetylation gave 

an NMR spectrum consistent with the gluco. configuration. 

Compound~, containing a little of the galacto ana

logue (108b), was de Q-benzoylated and the product dehalogenated by 

hydrogenolysis over palladium black.* Purification of the hydrogenol-

ysis product through conversion into methyl 2,3,6-tri-Q-acetyl-4-deoxy

~-~-xylo-hexopyranoside (103a), followed by de-Q-acetylation, afforded 

another required enzyme substrate, i.e., methyl 4-deoxy-~-~-xylo-

hexopyranoside (102). The NMR spectrum of 103a (Table V) was con-

sistent with the assigned structure. 

Methyl 4-bramo-4-deoxy-~-~-galactopyranoside (lOZ) 

Solvolysis of ~ with tetra-n-butylammonium bromide in 

acetonitrile gave results similar to those described for the iodo com-

pound 108. However, SN2 halogen exchange was not as pronounced as in 

125 

the synthesis of 108 and the yield of methyl 2,3,6-tri-Q-benzoyl-4-

bromo-4-deoxy-~-~-galactopyranoside (1Q2P) was relatively much higher. 

De-Q-benzoylation of 1Q2P proceeded without complication to give methyl 

* Hydrogenolysis proceeded more rapidly with the gluco than with the 
galacto diastereoisomer (as monitored by tIc). 
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Table V 

Compound H-1 

103a R = H 4.33 

104a F 4.40 -
106a Cl 4.43 -
107a Br 4.45 

108a l 4.47 

11Q.a N
3 4.37 

105a NHCOC~ 4.20 

&.a OAc 4.42 

a H-4 axial 

b ~ signal at 6.11 vpm 

r-~, 
, , 

~ 

Chemica1 Shifts (6. ~pm) of Derivatives of 111a in CDC1~ (J) 

§ 

H-2 H-3 H-4 H-5 H-6B, H-6S -
4.83 5.00 2.12 3.78 4.23 4.10 

1.60a 

5.28 4.98 4.85 3.80 4.42 4.24 

5.30 5.03 4.51: 4.00 4.39 4.22 

5.22 4.88 4.57 3.82 4.45 4.25 

5.32 4.34 4.66 3.17 4.39 4.11 

5.28 5.08 4.05 3.81 4.37 4.16 

5.01 4.69 3.90 4.20 

5.22 5.02 5.41 3.92 4.25 4.13 

~H20!C 

111a 

OMe 

3.47 

3.50 

3.51 

3.54 

3.52 

3.47 

3.51 

3.52 

Me 

OAc 

2.07 2.04 

2.08 2.07 

2.12 2.10 

2.12 2.10 

2.11 2.08 

2.10 2.08 

2.09 2.05 

2.17 2.06 
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2.05 

2.08 

2.08 

2.07 

2.04 

2.01 

2.05 
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4-bromo-4-deoxy-~-~-galactopyranoside (107). The NMR spectrurn 

(Table V) of its triacetate (10Za) confirmed the structure assigned. 

Methyl 4-chloro-4-deoxy-B-D-galactopyranoside (106) 

When treated with tetra-n-butylammonium chloride in ace-

tonitrile for two days, 121 gave only one product, identified by 

analysis and from its NMR spectrum (Fig. 3J~) as methyl 2,3,6-tri-Q-

benzoyl-4-chloro-4-deoxy-A-~-galactopyranoside (106b). The absence 

of halogen exchange in this reaction is as expected due to the fact 

that chlorine as well as fluorine atoms are not only bad leaving groups 

but also of low nucleophilicity (272). De-Q-benzoylation of 106b 

afforded crystalline methyl 4-chloro-4-deoxy-~-D-galactopyranoside 

(106), characterized further by the NMR spectrum of its triacetate 

(106a)( Table V). 

Methyl 4-deoxy-4-fluoro-A-~-galactopyranoside (104) 

The use of tetra-n-butylammoniurn fluoride prepared accord-

ing to Foster ~ al. (267) in the solvolysis of 121 resulted in virtu-

ally complete loss of the benzoate and brosyl groups. A sample of 

tetra-n-butylammonium fluoride prepared at a pH adjusted to 4.7 or 4.8 

gave the sarne results. 

Marcus and Westwood (273) have recently reported the syn

the sis of methyl 4-deo:xy-4-f1uoro~-~-galactopyranoside from rnethyl 

2,3-di-Q-benzyl-4-Q-(methanesulphonyl)-6-Q-trityl~-~-glucopyranoside. 

The ~-anorner (104) was prepared for the present purpose using the cor-

127 
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responding ~-~-g1uco derivative (129), as shown in Figure 33, except 

that the brosyl group was used instead of mesyl and a reaction time 

of two, rather than five, days was required. 

Hydrogenolysis of 130 over palladium black at room tem

perature and pressure was slow (40 h. having been reported for the 

~- analogue). However, hydrogenolysis after de-Q-tritylation was 

rapid and required less than two hours, to give readily crystalline 

104. This ~odification also avoided the relatively tedious removal 

of triphenylmethane which would be formed if hydrogenolysis of 130 

was undertaken. The NMR spectrum (Fig. 34) of the triacetate (104a) 

of 104 is consistent with a galacto configuration at c-4. Accord,. 

ingly, as was observed for the ~-analogue (273), the geminal coupling 

between H-4 and 19F is 50 Hz; and the trans-disposed H-5 and H-3 

128 

both show a J
19F

, '-Ir value of 25 Hz. Spacings for the two H-4 doublets 

that arise from coupling with H-3 and H-5 are as expected for the 

galacto configuration. The absence of any gluco isomer among the pro-

ducts of hydrogenolysis clearly indicated that the conversion of 129 

to 130 did not involve racemization at C-4. 

Of special interest to the ~-galactose oxidase study are 

two novel features in the NMR spectrum of methyl 2,3,6-tri-Q-acetyl-4-

deoxy-4-fluoro-~-D-galactopyranoside (104a). 
= -

Whereas no long range 

coupling was observed in the NMR spectrum of the ~-anomer (273), 104a 

shows two such interactions each amounting to 1.1 Hz over four bonds 

involving the fluoro atom and H-2 on one hand, and one H-6 on the other. 

Long-range 19F_IH and IH, l~ coupling over four bonds in systems in 

which the nuclei have "W" or "Mt' coplanar relationship is well known 

When the nuclei are in a 1,3-axial-equatorial relationship, 



VI SUBSTRATES MODIFIED AT c-4 

(, 

OMe 

154 i .. PhCHO!Zn 
2.PhCH2CI/ KOH 

H 

OM. 
HO 

116 

Bn 

131 

~ H2/ Pd 

104 

( 

H+/ HzO 
~ 

HBr/AcOH .. 

FIG. 33 

129 

H 

• 
155 

* .. TrCI! Py 
2.BrsCI/Py 

Brs 

OM. 

129 

.~ (C,H.),N F 

130 

Synthesis of methy1 
4-deoxy-4-f1uoro-!-~
ga1actopyranoside (104) 

• 



~, 
r. 
i' 

,..--, 

H2 

FIG. 34 

H3 H1 
H'R~ Hs 

-~ -~ 
- -

5 4 PPM 

Partial NMR spectrum (100 MHz) of methyl 2,3,6-tri-0-acetyl-4-deoxy-
4-fluoro-~-E-galactopyranoside (l04a) in C6D6 at 500 Hz sweep width. 
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coupling is less cammon. However, Hall II & (278) have recently 

reported a value of 1.1 Hz for 4J19 1 in compound ~and 1.5 Hz 
F, H-5 

for compound ~ in addition to one 5J19 L_ over five bonds. These 
F,li 

interactions observed with 104a are also foun,d with methyl 2,3,6-tri-.Q.-

benzoyl-4-deoxy-4-fluoro-B-D-galactopyranoside (lo4b) although the -= . -
splittings are now smaller (0.7 Hz). Since the coupling constants for 

the pyranose ring protons do not change, in comparing 104a and lo4b, 

these long range couplings speak of a combination of stereo-chemical, 

electronic and substituent dependence rather than of stereochemistry 

alone. 

Another, novel, axial-axial fi ve bonds coupling was observed 

in NMR spectra recorded at 100 and 220 MHz for compound 104b. This 

involved, axial 19F_4 and axial H-l and a magnitude of :: 0.5 Hz. Equa

torial 19F_4 and equatorial H-l coupling over five bonds, amounting to 

3.4 - 4 Hz, has been already reported in derivatives of methyl 4-deoxy-

4-fluoro-~-~glucopyranoside (279) and other systems (280). Structure 

133 summarises the long-range coupling observed in both 104a and 12.!t.b. 

The fact that only one H-6 of l04a and lo4b is long-range 

coupled with the fluoro atom raises the question of the orientation of 

131 

substituents at c-6, where the possibility of rapid, free rotation about 

the C-5, c-6 bond exists. 

4 
J19 1__ when H-2 

F,li-2 

That 4J should have the same value as 
19F,~_6 

is fixed on the pyranose ring clearly suggests that 

only one rot amer is overwhelmÏngly preferred. The matter is pursued 

fUrther in the following chapter. 

l' 
1 
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CHAPTER VII 

ROTATIONAL ISOMERISM ABOUT THE C-5, c-6 

BOND OF E-GALACTOSE AND ITS DERIVATIVES 

A. General Remarks 

Of possible significance to this stereochemical study of 

~-galactose oxidase action, is the question of the rotational conforma

tion of the 6-carbinol group of methyl A-~-galactopyranoside, and of 

the modified substrates described in the previous Chapter. Although 

an exact conformation of D-galactose oxidase substrates cannot be 
= 

defined for the transition state of the debydrogenation step, neverthe-

less a knowledge of the ground state stereochemistry may assist in a 

visualization of the geometry of the transition state; for in the 

initial stages of enzyme-substrate complex formation, the ground state 

conformation of the substrate will be important. 

The detailed structure of methyl a-D-galactopyranoside mono-- = 
hydrate in the solid state has recently been described by Gatehouse and 

133 

Poppleton (281). In this molecule the primary carbinol oxygen, which is 

involved also in bydrogen bonding,adopba a disposition that is gauche 

relative to Q-5 and ~ to c-4 (134). In attempting to explain the 

abnormal melting point of the sa.me compound, however, these authors 

consider rota.mer 135 to pl~ a significant role in the transition from 

the solid state to the liquid phase. 
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H 

H H H 

134 135 136 

Mode1 calculations also have been advanced in support of rot amer 134 

for both S1uco and salacto ~anoses (282). In trying to rationalize 

134 

the low solvolytic reactivity of 6-~-sulphony1 derivatives of ~-ga1actose 

as compared with their sluco analogues, it has been suggested that the 

!2-s1uco compounds can adopt rot amers 137-139 easily (28"3). This should 

provide the nuc1eophi1e with more ready access to c-6 than could occur 

wi th the ;Q-galactopyranose ester, because Q.-4 of the latter would 

strongly interact with the nuc1eophi1e. Also, only rotamers 134 and 

135 should contribute appreciably to the transition state of solvo1ysis 

of ~-ga1acto-6- sulphonates. 

H 

137 

H 

138 

H 

H 

139 
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The conformation of the 6-carbino1 group of ~-galacto- and 

~-glucopyranose and derivatives in solution has been the subject of 

controversy. There is no doubt that because of the chiral nature of 

C-5 of these hexoses the 6-hydrogens are chemically and magnetical1y 

non-equiva1ent. Hall & ,&.(284) have presented NMR spectral data in 

favour of rotamer 135, for the substi tuents of the hydroxymethyl group 

of ~~-galactopyranose derivatives. This was based on vicinal coup1ings 

of J
5 

6 (7 Hz), J
5 

6 (5·5 Hz) and seminal J 6 6 (lO.8 Hz), and after 
, 2 , 1 l' 2 

taking electronegativity effects into consideration. Our data (173) 

also appear to favour rot amer 135 for methyl !-~-galactopyranoside 

derivatives in aprotic solvents a1thougb they suggest turther that H§ is 

turned about 25° towards 0-5 from the plane bisecting the C5-H
5 

bond 

because the observed coup1ing of 6-7 Hz is not truly representative of 

135 

~ diaxia1 vicinal couplings. In addition this slight devia'Gion would 

al1eviate eclipsing between H§ and 0-4. 

Lemieux and Martin (285) have used po1arimetry to argue in 

favour of rotamers 134 and 135 (in the ratio of 2:1) for g-galactose 

derivatives and 137 for the ~-glucose derivatives. Althougb their pro

posa1s, based also on 0/0, O/C gauche interactions, seem to ho1d for 

oxygen substituents on the pyranose ring the situation is not as c1ear 

cut for the rot amer population of the hydroxymethyl group. Furthermore, 

Lemieux and Martin (285) tended to discount rotamer 139 on the grounds 

that 0-6 interacts 1,3-diaxially with 0-4. This is reasonab1e, and is 

supported by NMR data (173,198,284). Nevertheless, to account for 

solvent variable optical rotations in ~-glucose derivatives they agree 

with Yamana's proposal (286,287) that rotamer 139 may experience 

h 

~ 
J , 
.! 

l 
li 

·u 
'.:.1 
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stabilization through hydrogen bonding. 

If hydrogen bonding is indeed import~t in rotamel" 139 in 

aprotic solvents, then the observed coupling parameters for methyl 

2,3,4-tri-Q-acety1-!-~glucop,yranoside ~4~ should be different from 

those of methyl-2,3,4,~-tetra-Q-acetYl-!-~-glucoPyranoside ~ in the 

same solvent; for ooly in 140 can the primary carbinol easily participate 

in hydrogen bonding with 0-4. However, this is not observed, because 

the vicinal coupling parameters for 140 and l16a remain the same (Table 

VI - footnote); ooly the relative chemical shirts of Hn and H§ are 

interchanged for ili. and i16a, although this is probably due to the close 

alignment of the carbonyl of the 6-0-acety1 group relative t~ H§ in 116a. 

1 

2 

3 

4 

TABLE VI 

Effect of 0-6 substituents on the chemical shirts of prochira1 

(H6R and H6s ) hydrogens of ~-glucose derivatives m. 

COMPOUND 1 ô~ 2 ôH
S 

3 

140 4 3.62 3.44 

116a 4.08 4.27 

14la 4.57 4.39 

142 3.62 3.42 

143 4.05 4.25 

144 3.28 3.02 

In CDC1
3 

containing 25% C6D6 

Signal with narrow splittings: J 5,6n 2.5 Hz, J 6n ,6§ 12.5 Hz 

Signal with splittings: J 5 ,6§ 4.7 Hz, J6~,6§ 12.5 Hz 

D20 exchanged 
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140 R = H,Rl = OMe 

116a R = Ac, Rl = OMe 

Ac 141a R = Bz, Rl = OMe 

142 R = H, Rl = D 

143 R = Ac, Rl = D 
141 

144 R = trityl, R = D l 

In addition, as reported below, in the NMR spectrum of methyl 4-deoxy-

4-iodo-A-~-galactop'yranoside Uo8) in D20 (Fig. 35) the prochiral 

hydrogens (H
6B

, H6~) show coupling with H-5 to the same extent as with 

the tribenzoate or triacetate of 108 in deuterobenzene or deutero

chloroform (Tables VII-IX). This implies that the basic composition of 

137 

rotamer populations does not change significantly with change of solvent 

for these compounds. 

B. Factors affecting J values of 6-protons of methyl ~-~-galacto-

pyranoside derivatives and analogues 

In an effort to resolve these ambiguities concerning rotamers 

134-136 a comparison was made of the impact of different c-4 substituents ---
on the coupling and chemical shift parameters of H-5, H-6 of methyl 

!-~-galactopyranosides; for the main difference between the E-galacto 

and ~-gluco compounds displaying difference in H-5, H-6 couplings lies in 

the configuration of the substituents at c-4. If then the c-4 substituents 

1 

1 
1 
i 
î 

l 
i , 
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are systematically modified in both series, intermediate coupling 

parameters should be obtained for J H H • The NMR parameters for ~_ 
5' 6 

and H
2 

of chemically-modified methyl !-~-galactopyranoside, and others, 

are shown in Tables VII-IX. 

The chemical shirt of H6n of non-deuterated methyl ~-~

galactopyranoside tetrabenzoate was deduced from the NMR spectrum of 

enzyme-resolved methyl !-~-galactopyranoside 6-S (6§) tetrabenzoate 

(Chapter IV), and found to be at lower field than H6~. It is seen that 

coupling between H6R and H5 maintains a relatively constant value for 

the c-4 modified substrates. 

TABLES VII-IX 

Some NMR spectral data (at 100 MHz) for deri vati ves of methyl ê..-~

galactopyranoside and c-4 substituted analogues (145) 

Hs 

145 

138 

1 
l 
.~ 

~ 
; 
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RI J 5,6B 

F 7.0 

Cl 6.7 

Br 6.6 

l 7.0 

OBz 6.4 

SBz 7.0 

S-CN 7.0 

N=N=N 6.8 

TABLE VII 

J 5,6§ J 6fi ,6§ t5~ 

6.0 11.5 4.64 

5.4 11.5 4.67 

5.1 11.4 4.62 

5.0 11.6 4.58 

6.2 11.2 4.74 

5.5 11.2 4.84 

5.0 11.6 4.53 

6.1 Il.2 4.54 

Values of J are in Hz; 
Solvent, C6D6 
R = benzoate (145) 

:i 

<: 
H 
H 

~ 

~ 
8 
H 
0 

15H
12 

ât5(ppm) t5H-2 ~ 
H 
01 

~ 
4.45 0.19 6.15 ~ 

Ol 
:s: 

4.43 0.24 6.20 0 
'%J 

4.36 0.26 6.18 Ol 

Iii 
4.25 0.33 6.10 ~ 

§ 
4.36 0.38 6.27 Ol 

4.43 0.41 6.08 

4.20 0.33 5.92 

4.40 0.12 6.10 

those of 6 in ppm 

f-J 

~ 

J 
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Rl J5,6~ 

Cl 6.0 

Br 6.6 

l 6.6 

OBz 1 5.2 

OBz *1 9.0 

SBz 7.9 

TABLE VIII 

J 5,6§ J6R ,6S - -

5.9 11.8 

5.8 11.7 

5.9 11.6 

6.1 9.8 

6'.0 13.4 

5.4 12.2 

* CS2 as solvent 

Solvent: CDC13 
R = benzoate (,145) 

6~ 

4.76 

4.75 

4.73 

4.68 

4.55 

4.78 

6H§ 6~-6HS 
=/16 -

4.58 0.17 

4.55 0.20 

4.46 0.27 

4.45 0.23 

4.23 0.32 

4.52 0.26 

couplings in Hz, chemical shifts in ppm 

1 compound 6b 

(") 

6H-2 

5.83 

5.83 

5.83 

5.85 

5.62 

5.60 

<: 
H 
H 

!:tI 
0 
1-3 

~ 
H 

~ 
H 
m 
0 

~ 
!:tI 
H 
m s: 
0 
~ 

en 
51 m 

~ 
m 

1-' 
+:"' 
o 

. j.~ 
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TABLE IX 

R1 J 5 6R , - J 5 68 , - J 6!!,6§ 6~ 6H
l2 

H 6.0 4.5 11.5 4.23 4.10 

F 6.4 6.2 11.5 4.42 4.24 

Cl 6.6 6.0 11.6 4.39 4.22 

Br 6.5 6.0 11.7 4.45 4.25 

l 6.8 5.8 11.5 4.39 4.11 

Ac 7.5 5.5 11.4 4.25 4.13 

801vent: CDC13 and R = OAc (in 145) 

J in Hz and ~ in ppm 

6~-6H§ 

=b.6 

0.11 

0.18 

0.17 

0.20 

0.27 

0.12 

ri 

6H-2 

4.86 

5.28 

5.31 

5.22 

5.32 

5.22 

i:i 
H 

!lj 
0 

~ 
8 
H 

~ 
~ 
H 
CIl 
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0 
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fij 
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1 
CIl 

1-' 
-'="' 
1-' 

.... ~.~, .. , .~_.,"~.u~_~~.~-~------________ ._J 



( 

VII ROTATIONAL ISOMERISM OF SUBSTRATES 

This consistency helps to identity the H-6~ and H-6§ resonances pre-

sented in Tables VII-IX. Since, as noted above, the resonances of 

H-6B and H-6§ interchange positions when a comparison is made between 

140 and 116a, caution was exercised in assigning these resonances. Thus 

only parameters for fully benzoylated, or acetylated, or completely non-

esterified compounds and in one particular solvent were used. It may 

be noted that, wi th a few exceptions, J 5 ,6B is always larger than J 5 ,6§ 

as generally assumed. That is, the larger coupling constant of 7 Hz 

reported by Hall and Manville (284) for (135) does not arise from ~ 

* diaxial H-5, H-6§ but from gauche disposed H-5, H-6B. If the Karplus 

curve (288,289) applies fairly closely for these systems, H-6§ should 

be rotated even more than the value of 250 towards 0-5 (cited above) 

such that the torsional angle (dihedral angle) between H-6!! and H-5 is 

about 250 (146). 

146 

* According to the assignment of Hall et al (284), the H-6 proton 
with J 5 6 = 4.2 Hz in the gluco derivative is Hs ; therefore ~ 
has a cdupling of 2.5 Hz with H-5 in the same c~umpound. -

142 
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That exocyclic rotamers deviate from the ethane staggered conformation, 

where substituents are disposed at angles of 180° or 60° with respect 

to each other, seems to be true of several campounds (290). 

The NMR spectral data (Table IX) for methyl 4-deoxy-.ê.-~-~-

hexopyranoside triacetate 103a are noteworthy. This compound is the 

point of convergence between the ~-Sluco and ~-salacto diastereoisomers; 

and the absence of an equatorial OH-4 in the, 'SllicO compoilnds should permit 

0-6 to relax from its position in rot amer 138 to that in 146. In this 

latter position H-6~ originally showing a coupling of J5,6~ = 4.5 Hz in 

rotamer 138 now gives a J value of 4.2 Hz in 147. It is interesting to 

note that Lemieux and Martin (285) have suggested both a rot amer corre-

sponding to 135 and one close to 146 for compound 147, which in the 

vicinity of c-4 and 0-5 

J 5 ,6 = 6.2 Hz 

J 5,6' = 4.2 Hz 

,147 J 6 ,6' = 11.2 Hz 

is akin to methyl 2,3,6-tri-~-acetyl-4-deoxy-.ê.-~-~-hexopyranoside, 

and which also shows nearly the same couplings for the 5 and 6-protons. 

The values of J
5 

6R and J
5 

6s (6.4 and 6.2 Hz respectively) , - , -
become nearly the same in methyl .ê.-~-galactopyranoside tetrabenzoate in 

deuterobenzene-~6' suggesting that there is a degree of flexibility 

(perhaps of about 5°) in the rotation about the C-5, c-6 bond of these 

~-galacto compounds. 
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For most of the compounds listed in Tables VII-IX, the coupling 

constants for the pro chiral bydrogens approximate to about 6 Hz. It 

appears that there is a common position for these prochiral hydrogens. 

In the particular case of methyl 2,3,6-tri-Q-acetyl-4-deoxy-4-fluoro-!-~

galactopyranoside (104a) the fluorine atom exhibits long-range coupling 

of 1.1 Hz with only one H-6 proton, i.e.~. Hence the residence time of 

one particular rotamer, about C-5, c-6 in this instance, must be long 

enough to minimize the contribution of other rotamers. Five-bond long 

range coupling involving pyranose ring fluoro atoms and c-6 hydrogens has 

been observed (277,278), but its stereochemical implications has not been 

rationalized~ Therefore it may be premature here, due to the limited 

data available, to suggest an origin for the stereochemical dependence 

of thia type of 19F_~ long range coupling in metbyl 2,3,6-~tri-.Q.-acetyl-

4-deoxy-4-fluoro-~-~-galactopyranoside. 

C. Factors contributing to anisochronism of 6-protons of ~-glycopyranose 

derivatives. 

a. Other saturated aliphatic Systems. 

Recently Dabrowski and Ejchart (291) have conducted lH and l3C 

NMR spectral studies on the magnetic non-equivalence of carbinols of the 

general formula R1R2C(OH)CH20R (the overall evidence indicates that 

conformer 148 is the most favoured one). Their results indicate that 

variation of Rl and R or R2 and R will cause a difference in the aniso

chronism of the methylene protons. Thus if R2 = Butyl, Rl = R = Me, 

the chemical shift difference 6ô between the geminal protons in 148 is 

-:-1 , 
1 
1 
1 

1 

\ 
1 
1 , 
-1 
1 

\ 
.i 
j 
i 
l 



( 

VII ROTATIONAL ISOMERISM OF SUBSTRATES 

H 

HO*R2 
H OR 

A, 

148 

0.14 ppm, whereas when R is changed to isopropyl, 66 = 0.169 ppm. In 

short their results indicate that anisochronism in compounds of general 

formula 148 is brought about by the gauche interaction between Rand 

either Rl or R2• 

b. Methyl !-~-galactopyranoside derivatives and analogues. 

In like manner, the substituents at c-4 of methyl-~~-galacto

pyranoside and derivatives would be expected to induce anisochronism for 

the prochiral hydrogens of the compounds listed in Tables VII-IX. 

The differences in chemical shifts in ppm between ~ and Hê 

for the compounds in which Rl and R of 0-6 of 145 are varied are shawn 

in Tables VII-IX. The accompanying coupling constants are shown also. 

* Several points e~erge fromthesedata. First, the gradual increase of 

anisochronism as Rl varies from F to l suggests that there is interaction 

* One should consider here the possibility that the rotamer population 
changes, giving riBe to different average values of ô. However, it 
should be noted that in 145, R is equidistant from H-2 Mi.d H (or from 
~~ of rotamer 134). According!y, Bince ~H-2 is nearly const~t (Tables 
VII-IX) 66~,Hg would then be the result of the Rl+4 OR interaction. 
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between the substituents at c-4 and c-6, i.e. between Rl and OR-6 or R 

of 0-6. This interaction cannot be that of an axial substituent de-

146 

shielding an axial proton in a 1,3 cis diaxia! relationship, as is known 

(198) for the effect of an acetoxy or bydroxy-group in carbohydrate 

derivatives, or cyclohexanes (292). For if this was the case, H-2 of 

145 which is in a 1,3 .ill.. diaxial relationship with respect to Rl , also 

should be significantly affected. The data in Tables VII-IX show that 

for most of the compounds listed the chemical shift for H-2 remains 

* nearly constant, except where Rl is thiobenzoate. Therefore changes in 

chemical shifts of ~ and ~ are less likely to arise from interaction 

of Rl with these protons in a 1,3 cis diaxial relationship, as implied 

for rot amers 134 and 135, than from its interaction with 0-6 substituents. 

Rl and R of 0-6 can better interact if c-4 and 0-6 are gauche , as in 

rotamers 135 and 136 than in 134 where they are anti. Rotamer 136 can 

most easily be discounted because of the particularly unfavourable non-

bonded interaction it incorporates. This leaves rotamer 135 and interme

diate rotamers such as 146 as more plausible. The long-range coupling 

4 
J19F , 6B detected in methyl 2,3,6-tri-~-acetyl-4-deoxy-4-fluoro1l-~-

galactopyranoside(104a)is reduced fram 1.1 Hz to 0.7 Hz in the corresponding 

tribenzoate derivative in the same solvent. This is an indication that 

the 6-benzoate group interacts differently than the 6-acetate group with 

neighbouring substituents. 

* There is an indication that the lone pairs on sulphur point away from 
the ring and are probably directed parallel to H-4, causing the latter 
to resonate upfield (Fig. 29, p.114). 

1. 

1 
1 , 
l 
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When RI (in 145) contains oxygen bonded to c-4 several anomalies 

arise. In ~-galactose or methyl .ê.-~galactopyranoside, RI = OH and R = H, 

and OH-4 and OH-6 should not interact strongly enough to produce a field 

gradient (293) at c-6. As a result, in D20 the prochiral hydrogens 

appear almost as a broad singlet. However, when RI = Iodo and R = H, 

there is a sufficient field gradient at c-6 to enable the NMR spectrometer 

to resolve the ~ and HS chemical shifts (Fig. 35). When RI = OAc and 
o - -

R = CH3d,anisochronism for ~ and H§ is slightly larger (0.12 Hz, Table IX). 

The greater bulkiness of the acetoxy, as compared with the OH-group to-

gether with its carbonyl group anisotropy is likely responsible for this 
o 
" slight increase of anisochronism. When RI = OEz and R = Ph-C-, there is 

an additional increase of anisochronism (0.23 p~, Table VIII). The 

benzoate groups are larger and carry an appreciably greater anisotropie 

magnetic field than the OH or acetoxy-groups. 

To sum up, it appears that when RI = OR, anisochronism for ~ 

and H§ is small and is solvent-dependent (compound 2E in Tables VII and 

VIII); for solvents with a large internaI anisotropie magnetic field 

such as benzene or carbon disulphide, anisochronism increases and is sug-

gestive of an appreciable participation by the solvent i~ the interaction 

of an ORI substituent at c-4 and R at 0-6. This solvent interaction, 

probably invol ving 0-4 and 0-6, ~ even change the dihedral angle slightly 

between H-5 and 6-protons, as is probably the case in methyl !-D-galacto-

pyranoside tetrabenzoate with carbon disulphide as a solvent, and contrasts 

sharply (J6S 6R = 13.4 Hz) with the parameters of the same compound in 
-, -

deuterochloroform (Table VIII, Compound 6b). Alternatively, it is possible 
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1 . 
4 305 PPM 

FIG. 35 Partial NMR spectrum (100 MHz) of methyl 

4-deoxy-4-iodo-!-D-galactcpyranoside 
. ' ==. 
~n D20 at 500 Hz sweep w~dth. 

that a solvent can induce interaction of the lone pairs on 0-6 with the 

H-6 protons resulting in a change in the geminal coupling, because geminal 

coupling of Methylene protons is usually affected by lone pair orbitals 

of a heteroatom attached to the Methylene carbon (294,295). By contrast, 

coupling of the ~ and H~ with H-5 in methyl 2,3,6-tri-~-benzoyl-4-deoxy-

4-~-benzoyl-!-R-galactopyranoside remains the same in deuterochloroform 

and benzene-~6. This suggests that the complexation of the solvent with 

atoms bonded to c-4 and c-~ is different for oxygen than for sulphur. 
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Use of different proportions of deuterochloroform and benzene-

.9:.6 reveals a strong dependence of ~galacto rotamers upon the solvent 

when Rl = OR (in 145). In metbyl !-~-galactopyranoside tetrabenzoate, 

when deuterochloroform is the solvent, J5,6~ is slightly larger (6.1 Hz) 

than J 5,6B (5.2 Hz) (Table VIII) and the geminal coupling J 6n,6§ is about 

10 Hz. As the proportion of benzene-.9:.6 increases both ~ and H§ are 

deshielded. In pure benzene-.9:.6 ' J 5 6R becomes slightly larger (6.4 Hz) , -
than J 5 ,6§ (6.2 Hz) and the geminal coupling also increases (to 11~2 Hz). 

With carbon disulphide as the solvent, the observed coupling becomes 

atypical, i.e. J
5 

6R = 9 Hz, J
5 

6s = 6 Hz and J = 13.4 Hz. Thus , _ , _ gem 

carbon disulphide must pl~ a significant role in the complexation of 

groups on 0-4 and 0-6. 

In the NMR spectrum of metbyl 2,3,4-tri-~-acetyl-6-~-trityl

~-E-ga.lactopyranoside in carbon disulphide and deuterochloroform (and 

assuming that the 6-Q-trityl group of E-galacto derivatives like that of 

E-glucose derivatives (page 136) does not interchange H6! and H6~ signals 

from 6-~-benzqyl derivative signals} H§ resonates at :3.01 ppm and ~ at 

3.32 ppm. The coupling parameters are J 5 ,6§ = 8 Hz, J 5 ,6n = 5.7 Hz and 

J 6R 68 = 9 Hz. These data suggest that the trityl group,in trying to 
-' -

* avoid c-4 adopts rotamer 135 such that H§ is almost antiperiplanar to H-5. 

* NMR spectral studies in this laboratory (101) on 6-~-trityl derivatives 
of ~-glycopyranose acetates have shown that the 6-~trityl group produces 
diamagnetic shielding of 4-0-acetyl protons, i.e. there is an inter-
action between the trityl group and the 4-Q-acetyl group. The absence 
of a significant 6-0-trityl diamagnetic shielding of the 4-0-acetyl 
signals of ~-galactopyranose derivatives is consistent with-a steric 
restriction-of the 6-~-trityl group to rotamer 135 as discussed above. 
Polarimetric studies on the same compounds were also consistent with 
rotamer 135 for ~-galactopyranoBe derivatives and rot amer 138 for ~-gluco
pyranose derivatIves (101). With the polarimetric method known as-.(cont'd) 

l 

1 
l 

\ 
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VII ROTATIONAL ISOMERISM OF SUBSTRATES 

These coupling~ were found not to be solvent-dependent, an indication 

that the trityl group, unlike the 6-Obenzoyl group, has no room for 

flexibility at 0-6. 

In conclusion, it appears from this interpretation of the data 

of TableS VII-IX that the substituents of the hydroxymethyl group of 

~-galactose and derivatives in solution are orientated such that 0-6 is 

always predominantly gauche relative to c-4 (135). The preference for 

rotamer 134 in methyl ~-E-galactopyranoside monohydrate, shown by X-ray 

crystallography (281), may well be due therefore to strong hydrogen 

bonding in the solid state, as seen in the partial structure ~~ 

H 

" O------H 
/ " H 9~c ,-

/ 

O,-C7 
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"aromatic chirali ty" (296,297), introduced recently by Nakanishi et al 
(298), into carbohydrate chemistry, an addi tional tool has been pro-
vided for studying rotational isomerism of benzoylated D-glycopyranose 
derivatives and might usefully be examined for the compounds described 
here. 



( 

VII ROTATIONAL ISOMERISM OF SUBSTRATES 

c. Methyl ~~-glucopyranose analogues. 

Anisochronism has been observed also for the prochiral 

hydrogens of the sluco-derivatives and this is in accordance vith 

rotamer 138 in which 0-6 interacts with the c-4 substituents. The 
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sluco compounds examined were methyl 2,3,6-tri-~-benzoyl-4-deoxy-4-iodo and 

4-bromo-4-deoxy, !-~-glucopyranosides, methyl 2,3,6-tri-Q-benzoyl-4-~

triflyl-!-~-glucopyranoside, and methy1 !-~-glucopyranoside tetrabenzoate. 

With the exception of the Q-trif1ate derivative, which exhibited vicinal 

couplings of 4.4 and 3.9 Hz for the prochiral hydrogens, these compounds 

aIl showed the same geminal and vicinal couplings, i.e. J6R 6s = 12.5 Hz, 
-' -
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PART l 

GENERAL METHODS 

Melting points were determined with a Fisher-Johns hot-plate apparatus, 

and are uncorrected. 

Optical Rotations, [a]D' were measured with a Carl Ze~ss pOlarimeter 

. (Model 367732), using the solvents indicated, and at room temperature. 

Microanalyses were performed by Alfred Bernhardt, Elbach über 

Engelskirchen, West Germany. 

Spectroscopy 

Infrared spectra were recorded with solutions, using the 

solvents indicated, and also films on KBr or NaCl discs. Solid samples 

were examined as KB~ discs. A Unicam SP-200G grating infrared spectro-

meter was used. 

Electronic spectra were recorded with a Unicam sp-800 Ultra-

152 

violet spectrometer; unless otherw.ise indicated the solvent was diethyl 

ether. 

Mass spectra were recorded with a double focusing MS 902 AEI 

spectrometer operating at 70 eV with an ion source temperature varying 

r 
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from 100 - 200° C, a trap current of 500 ~A, and an acceleration voltage 

of 8000. 

NMR spectra were recorded with a Varian HA-100 spectrometer 

using an internal lock signal, and also with Varian A60 and T60 spectro-

meters. Spectra at 220 MHz were provided by the Canadian 220 Hz N~ffi 

Centre, Sheridan Park, Ontario. 

Chromatosraphy 

Column chromatography was performed using cellulose powder 

for aqueous systems and silica gel (Macherey, Nagel and Co.) for non-

aqueous systems. Solvents were dried over sodium wire where appropriate 

or over molecular sieves. 

Thin layer chromatography (tlc) plates were prepared from 

silica gel G according to Stahl, and were dried at 100°C for one hour 

and then cooled in a vacuum desiccator. Preparative tlc plates were 

prepared in the same way but with a thicker coating. Visualization of 

tlc plates was effected with 5% conc. sulphuric acid in ethanol or 

2,4-dinitrophenylhydrazine in phosphoric acid and ethanol (reagent C) 

(299); with both reagents, carbohydrates and derivatives showed up as 
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dark spots on a lighter background; ~,~-unsaturated aldehydes and benzoates 

were also visualized with an ultraviolet lampe The sol vents were: 

A, benzene: ether (9:1 v/v); B, n-propanol: ethyl acetate: water (3:2:1 v/v); 

Reagent C is 2,4-dinitrophenylhydrazine in ethanol containing phosphoric 

acid (299). 

Descending chromatography on Whatman No. l paper was used for 

all chromatography work; reducing sugars were detected with silver 

nitrate (300) or with aniline oxalate (301). Solvents for paper chromato-
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grams were butanol:ethanol:water (4:1:5 upper layer) or n-propanol:acetic 

acid:water (6:1:2) (4), unless otherwise specified. 

Gas liquid chromatograpby (glc) was conducted wi th a Hewlett 

Packard F & M 402 gas chromatograph using a silicone gum column (4% U.C.w.) 

on chromosorb. W. 

Acetylation 

Unless otherwise stated, acetylation was conducted at about 4° 

with pyridine-acetic anhydride in the ratio 2:1. Pyridine and excess 

acetic anhydride were evaporated off, toluene was added to the residual 

syrup and evaporated off several times to facilitate the removal of 

pyridine. The procedure used for the preparation of compound ~a is 

typical of acetylations conducted. 

BenzoYlation 

The procedure used to benzoylate compound 104 is typical of the 

benzoylation steps used in this work. 

De-Q.-acylation 

De-Q-acylation was effected with 0.1 M sodium methoxide in 

methanol, the base being introduced dropwise until the solution was just 

alkaline. Unless otherwise stated, de-Q-acylation was conducted at 

temperatures ranging from 0° - 25°. Compounds poorly soluble in methanol 

were solubilized in dry benzene. When de-Q.-acylat~on was complete, the 

solution was neutralized with Amberlite IR-120 (H+) resin. Conversion 

of 10& to 108 is a typical example. 

Evaporations 

All evaporations were carried out under reduced pressure, 

usually at 45°C or below. 
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Petroleum-ether (pet-ether) refers to the material of boiling 

range of 65 - 110°, and ether to diethyl ether. 

PART II 

SUBSTRATES FOR THE STEREOCHEMICAL STUDY AT c-6 OF D-GALACTOSE, -
THE CENTRE OF THE OXIDATION REACTION 

A. METHYL !-R-GALACTOPYRANOSIDE ID 

A.l Methyl !-~-galactopyranoside was synthesized by well established 

procedures (302-306). 

A.2 Benzoylation of ~ afforded the tetrabenzoate (~b), m.p. 135 - 6° 

[al D + 105.1° (c, 2.03 chloroform). 

B. METHLY !-~GALACTOPYRANOSIDE-6-~ (PREDOMINANTLY 6!!.) (34) 

B.l 1,2:3,4-di-Q-isopropylidene-g.-~-galacto-hexodialdo-l,5-pyranose (i!#) 

1,2:3,4-Di-~-isopropylidene-~-~-ga1actopyranose (d2l (prepared 

by de-O-acetylation of the crystalline 6-acetate, m.p. 109 - 110° (307) 

was oxidized with methyl sulfoxide in the presence of triethy1amine-

sulfur trioxide (96). The dÏketal (1.5 g) was dÏssolved in methy1sulf-

oxide (10 ml),triethylamine (3 ml) was then added, fol1owed by a solution 

of sulfur trioxide-pyridine (2.8 g) in methylsulfoxide (10 ml). On 

shaking, the mixture rapidly became warm and darkened (reaction' was complete 

within a few min., as indÏcated by tlc) (benzene:ether (1:1». It was 

~ 
,j 

" .j 

.~ 

i 

;~ 
.. ~ 
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then cooled in acetone-C02 and slowly diluted with chlorofor.m (200 ml), 

then washed successi vely wi th 2N hydrochloric acid, water, dilute 

sodium bicarbonate, water (2x). The dried chlorofor.m solution was 
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concentrated to a syrup (1.14 g), which was chromatographed on a column 

of silica gel with benzene:ether (1:1) 8S eluant to separate the aldehyde 

(12) (1.0 g) from a small amount (50 mg) of accompanying 1,2:3,4-di-.Q.

isopropylidene-6-~-(methylthio)-methyl-~-E-galactopyranose l§!l, and 

also a small quanti ty of the ~,!-unsaturated aldehyde (36) (90 mg). 

Compounds .!!:2. and 36 were isolated in a syrupy for.m and were characterized 

mainly by NMR spectroscopy, 2! from the close correspondence of its spec-

trum with published data (98). The glycal (36), which absorbed in the 

U.V. region, afforded the following NMR data (CDC1
3 

as solvent): 6 9.24, 

singlet (H-6); 6 5.96 quartet (J3,4 = 5.4 Hz, J 2,4 = 1 Hz; H-4); ô 5.62 

doublet (Jl ,2 = 3 Hz, g); ô 4.52 quartet sligbtly broad due to coupling 

with OH proton (J3,4 = 5.4 Hz, J 3,2 = 1.5 Hz, H-3); ô 4.30 broad singlet 

(H-2), 6 2.70 broad multiplet (D20 exchangeable, OH-3), ô 1.4 doublet 

(CH3)2' 

B.2 6-Q-Acetyl-l,2:3,4-di-~-isopropylidene-~-~-galactopyranose-6-i 

(3.6 R : 1 S). (38) - --
To a stirred solution of 1,2:3-4-di-0-isopropylidene-a-D-- -= 

galacto-hexodialdose-l,5-pyranose (~) (1.0 g) in ice-cold ethanol:water 

(1:1) (15 ml), a solution of sodium borodeuteride (0.2 g) in ice water 

(5 ml) was slowly added, and stirring was continued for 30 min (reduction 

complete, as shown by tlc) (benzene:ether (1:1». Excess of Amberlite 
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+ 
IR-120 (H ) resin was added, the solution was evaporated to dryness, 

and boric acid was removed by repeatedly disso1ving the residue in 

methano1, fo11owed by concentration to dryness. The reduction product 

(0.9 g) was acety1ated with acetic anhydride (2.5 ml) in pyridine (5 ml), 

affording crystal1ine 6-~-acetyl-1,2:3,4-di-~-isopropy1idene-~-~-galacto

pyranose-6-~ (0.7 g) (38); m.p. 107 - 1080, [al D - 50.70 (c, 2.15 

ch1oroform) • 

B.3 Methy1 !-~-galactopyranoside-6-~ (~) 

1,2: 3 ,4-Di-~-isopropylidene-g:-~-ga1actopyranose-6-~ (li) 

(prepared !rom the above 6-acetate (38» (1.0 g) was dissolved in 0.1 N 

sulfuric acid (40 ml), the solution was heated at 950 for 45 min~ coo1ed, 

and neutra1ized with barium carbonate. Filtration was faci1itated by use 

of ce1ite, the fi1trate was treated withAmber1ite IR-120 (H+) resin, then 

concentrated, and the residue was crysta11ized with co1d methano1. Yie1d 

of ~-ga1actose-6-~ (33) 0.5 g, m.p. 164 - 1660• The sugar (1.0 g) was 

converted successive1y by well-estab1ished procedures (302-306) into 

1,2,3,4,6-penta-~-acety1-l-~-galactopyranose-6-~, 2,3,4,6-tetra-~-acety1-

~-~-galactopyranosyl-6-~ bromide, methy1 2,3,4,6-tetra-~-acety1-l-~

galactopyranoside-6-~ and final1y to methy1 ~~-ga1actopyranoside-6-~ (34) 

m.p. 176 - 1770 (0.3 g). [al D" 0.00 (c, 1 water). 

Benzoy1ation of (34) afforded the tetrabenzoate (40) m.p. 

134 - 135 0 [aln + 111. 50 (c, 2.14 ch1oroform). 
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C. METHYL !-U-GALACTOPYRANOSIDE-6-g. (PREDOMINANTLY 6,§) (!!.2.) 

C.l 6-~-Acetyl-l,2:3,4-di-~-isopropy1idene-~-~-galactopyranose-6,6'-g.2 (~) 

1,2:3,4-Di-~-isoprop'yliden~-~galacturonic acid (308) (m.p. 

158.5 - 159.5°) was converted to ~e methyl ester with diazomethane. The 

ester (7.5 g) in ether (100 ml) W8S reduced with lithium aluminium deuteride 

(1.0 g) dissolved in ether (150 ml), the deuteride being added over a 

period of 30 min with good stirring and under gentle reflux. Ethyl acetate 

(2 ml) and water (50 ml) were added in succession, followed by acidifica

tion with 2 N hydrochloric acid and dilution with water (100 ml). The 

aqueous layer was extracted wi th chloroform, and the combined chloroform 

and ether solutions Cafter washings with sodium bicarbonate and water) were 

dried, and concentrated. Acetylation of the residue (6.1 g), as above, 

afforded 6-~-acetyl-l,2:3,4-di-~Eopropylidene~-~-galactopyranose-6,6'-~ 

(6.5 g), m.p. 110°, [«]D - 47.4° Cc, 2.04 chloroform). 

C.2 Methyl !-!2-galactopyranoside-6-g. (!!.2.) 

1,2:3,4-Di-~-isoprop'y1iden~-~-galactopyranose-6,6'-g.2 (43) 

(5.2 g) (prepared from the 6-acetate, previous section) was oxidized to 

* the 6-deuterio-dialdose (13) as described under (~) above; yield, 4.0 g. 

This syrupy aldehyde, in ethano1:water (l:l) (30 ml) was reduced at 10° 

with sodium borohydride (0.4 g), the product was purified by chromato-

* In this reaction the proportion of 6-~-methylthiomethyl ether (~) was 
much higher (by almost 25%) than in the oxidation of the undeuterated 
carbinol. 

1 

1 ~ 
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"graphy on silica gel (benzene:ether (1:1) as eluant) (yield, 2.8 g), 

and then acety1ated vith acetic anhydride-pyridine to give 6-Q-acetyl-

1,2:3,4-di-~-isopropylidene-~-~-galactopyranose-6-~; m.p. 109 - 110°, 

[a]D - 48.5° (c, 2.0 chloroform). The latter vas deacetylated and 

hydro1ysed, and the ~galactose-6-~ (41) (0.9 g) obtained vas converted 

via the acetobromo derivative, as described above to methy1 ~-~-galacto-

pyranoside-6-~ (45) (0.3 g); m.p. 167°, [al D 0.0° (c, 1 vater). 

Benzoylation of ~ afforded the tetrabenzoate (~) m.p. 133 -

134° [al
D 

+ 106.6°. 

D. METHYL "ê,-~-GALACTOPYRANOSIDE-6, 6 ' -~ 2 ( 47) 

Hydrolysis of 43 as above (37 to 33) afforded ~-galactose-

6,6' -.9:, 2 (46) • Conversion of 46 as above (33 into 34), via the Rceto

bromo deri vati ve into methy1 !-R-galactopyranos ide-tetraacetate-6 ,6' -.9:, 2 ' 

fol1oved by de-~-acetylation, gave methyl !-~-galactopyranoside-6,6'-~2 

(47), m.p. 175 - 176° [a]D 0.0° (c, 1 water). 

PART III 

CONFIGURATION OF THE PRI~Y 
CARBINOL OF THE SUBSTRATES 

E.l 1,2,3-Tri-~-acetyl-~-~-threofuranose-4-~ (63) from 1,2-0-isopropyli

dene-a-~-xylose-5-~ (2!) 

1,2-~-Isopropylidene-~-~-xylofuranose-5-~ (309) (6.0 g) vas 

converted into 3,5-di-Q-benzoyl-~-xylofuranose-5-~, using conditions for 

n 
j 

1 

1 

\ 
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benzoylation and partial hydrolysis described by Baker and Schaub (310). 

The syrupy dibenzoate obtained (5.6 g), in acetic acid (300 ml), vas 

oxidized vith lead tetraacetate (8.5 g) in acetic acid (250 ml) for one 

h., and after removal of most of the solvent the product vas extracted 

into benzene; yield 4.5 g of syrup. Methanolysis of this syrup vas 

effected vith methanol (200 ml) containing acetyl chloride (1.6 ml), 

160 

under reflux for 18 h., the solution vas neutralized vith silver carbonate, 

concentrated, and the product vas hydrolysed vith 0.1 N sulfuric acid 

(30 ml) at 95° for one h. The hydrolysate, after neutralization vith 

barium carbonate and Amberlite IR-120(H+) resin, vas found by chromato-

graphy to consist mainly of threose; a small proportion of xylose vas 

detected, as vell as some other minor, unidentified, components. By 

column chromatography on cellulose (eluant: one-quarter saturated butanol), 

the threose vas separated out (0.3 g) and then acetylated to yield, finally, 

1,2,3-tri-0-acetyl-a-D-threofuranose-4-d (63); m.p. 118 - 120°. - -= -

E.2 1,2,3-Tri-0-acetyl-a-D-threofuranose-4-d (66 and 67) - -= - - -

g-Oalactopyranose-6-~ (33 or 41) vas oxidized in acetic acid 

solution vith 2 moles of lead tetraacetate per mole (128). The syrupy 

formate ester obtained vas hydrolysed, and the product acetylated vith 

acetic anhydride-sodium acetate, yielding 1,2,3-tri-Q-acetyl-~-~-threo

furanose-4-d (66), m.p. 120 - 121°, [a]D + 35 0 (CHC13); or 67, m.p. 

120 - 1210
, [a] D + 37 ° (CHC13) • 

··f 
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E.3 a-D-ThreofUranose triacetate (70) and tribenzoate (70b) -. - -
12-Threose was synthesized according to Perlin and Brice 

(128), and was benzoylated to give 70b, m.p. 176 - 178° [a]D O.oo(c, 

5 chloroform), or acetylated to give 70, m.p. 120 - 121°, [a~+ 34.5°. 

E.4 1,2, 3-Tri-Q.-acetyl-s.-~-threofuranose-4, 4' -2:, 2 (.§2.) 

Compound ~ was synthesized from R-galactose-6,6'-~ using 

the procedure for converting 33 into 66 above; m.p. 121 - 122°, 

[a]D + 35° (c, 5 chloroform). 

E.5 Oxidation of l,~~isopropylidene s.-~-glucofuranose with lead 

tetraacetate 

Essential1y, the conditions used were those described by Inch 

(194) • 1,2-0-Isopropylidene-a-D-glucofuranose (20 g) was dissolved in 
- - = 

glacial acetic acid (600 ml) and to the solution lead tetraacetate (re-

crystallized from acetic acid) (42.0 g in 1 1. acetic acid) was added. 

At 30 min reaction time,tlc (benzene:ether:methanol 8:1:1) showed the 
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presence of two major compounds. The rest of the work up was carried out 

as in the oxidation of 33, œection Eo 2) and the resulting syrup was 

transferred onto a column of silica gel and eluted with ether. Fractions 

of the fastest moving component, i.e. 1,2-Q.-isopropylidene-3,5-Q-methylen~ 

(5-hydroxy -a-D-xylofuranose) (150), were eluted first, and the dimeric 
-= --

material was subsequently eluted with the same solvent. The crystal1ine 

dimer (89), after recrystal1ization from chloroform-pet-ether had m.p. 

169 - 171°, [a]D + 25.1° (c, 2 chloroform) (lit. (193,194), m.p. 178 - 180°, 

[a]D + 21.0° (c, 1.8 chloroform). 
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E.6 Reduction of 1,2-~-isopropy1idene-3,5-~-methy1ene 

(5-hydroXY-.f!.-~-xy1ofuranose) (l2.Q) 

Compound 150 (5.0 g) disso1ved in ether (50 ml) was added to 

a solution of lithium aluminium deuteride (1 g) in ether (200 ml) main-

tained under 'gent1e reflux. When the reaction was over (t1c, benzene: 
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ether:methano1 (8:1:1», the reductant was decomposed with ethy1 acetate, 

(2 ml) and water (20 ml). The etherea1 layer was decanted off, the 

aqueous mixture centrifuged and the supernatant neutra1ized with Amber1ite 

IR-120 (H+) resin and then concentrated ta a syrup. Remova1 of the iso-

propy1idene group by hydro1ysis afforded a syrupy residue (1.2 g) which, 

aiter freeze drying, was acety1ated with acetic anhydride-sodium acetate. 

This gave crystal1ine ~-~-xy1ose-5-~ tetraacetate (151) m.p. 125 - 1260 

(ethano1) (lit. (311) m.p. 128°). The NMR spectrum of (151) was c1ose1y 

simi1ar to that described by Lemieux and Howard (126) for the deuterated 

compound prepared in a slight1y different fashion. 

E.7 Reduction of ~ - (dimeric 1,2-0-isopropy1idene-~-~-~

pentodia1dofuranose). 

The same procedure as for 150 was fo11awed. Starting with 

0.5 gm of 89 0.4 g of S-D-xy1ose-5-d tetraacetate was obtained. The 
- -= -

NMR spectrum of the tetraacetate c1ose1y resemb1ed that of 151. 

PART IV 

KlNETICS OF DEHYDROGENATION 

BY ~-GALACTOSE OXIDASE 

F. MEASUREMENT OF REACTION RATES FOR ~-GALACTOSE OXIDASE 
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Kinetic measurements were carried out using "Galactostat" 

(Worthington). The "Galactostat" solution consisted of ~-galactose 

oxidase (20 units), peroxidase (2.5 mg) and the chromogen ~-tolidene 

(2.5 mg) in 0.01 M phosphate buffer (50 ml; pH 7.0). One and a half ml 
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of this solution was added to substrate solutions (2 ml) at concentra
tions ranging from 3 x 10-4M to 1.3 x 10-3M for methyl ~-~-galactopyrano-

. . -4 4-2 s1de and 1ts deuterated analogues, and from 5 x 10 M to 1.0 x 10 M 

for the deoxy substrates. Enzyme reaction mixtures were incubated at 

37°C, and absorbance was monitored at 420 nm with a Beckmann spectro-

photometer coupled to Gilford automatic recording accessories, having 

a constant temperature compartment. 

PART V 

OXIDATION OF SUBSTRATES WITH D-GALACTOSE OXIDASE = 

G.l Oxidation of methyl ~-~-galactopyranoside and its deuterated 
analogues (~, !:2., ~) 

In a typical experiment, the substrate (40 mg) was dissolved 

in phosphate buffer (4 ml; 0.2 M, pH 7.0) and incubated with ~-galactose 
oxidase*(5 mg, 125 units) and catalase*(5 mg) at 37°C for 3 h. TIc 

examination ~olvent B)showed the presence of a major product Rf 0.63 as 
compared with Rf 0.47 for the intact glycoside , and two minor products 

(Rf 0.75 and Rf 0.46, respectively). A mixture of Amberlite IR-120 (H+) 
and Dowex-l (bicarbonate) resin was added to the digest with stirring, 

* Purchased from Worthington Biochemicals, New Jersey. 
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the suspension was filtered, the filtrate concentrated and then lyo-

philized. The product (36 mg) was treated with pyridine (0.8 ml) and 

acetic anhydride (0.4 ml) at room temperature for 18 h., the reaction 

mixture was concentrated, and the syrupy residue chromatographed on a 

column of silica gel (eluant-benzene:ether (9:1». This afforded methyl 

2,3-di-~-acetyl.~6-aldehydo-4-deoxY-~threo-hex-4-eno-1,5-pyranoside (82) (10 mg) 

followed by methyl 2,3,4,6-tetra-~-acetyl-!-~-galactopyranoside (3 mg 

from the undeuterated glycoside; 7 mg from 34; 12 mg from ~). The 

subsequent use of benzene:ether (1:4) caused elution of the dimer §2 

(30 mg) m.p. 206 - 208° (ethanol) [al D + 41.6° (c, 2.07 chloroform) 

Anal. Cale. for C26H360l8: C, 49.1; H, 5.7 

Found: C, 48.4; H, 5.7 

The deuterated dimer resulting from the oxidation of 34 had m.p. 210 -

211° (ethanol) [al
D 

+ 47.0° (c, 0.4 chloroform) 

G.2 

Anal. Cale. for C26H340l8 (deuterium)2: C, 48.9; H, 5.4; 

deuterium, 0.6 

Found: C, 49.0; H(+ deuterium), 5.8 

Oxidation of methyl 4-deoxy-4-fluoro-S-D-galactopyranoside (104) 
-= --

The experimental procedure under section G.l for the oxidation 

of 2. was fOllowed, 15 mg of 104 being used. The reaction mixture, after 

the enzyme reaction and work up, showed (tIc, solvent B) the presence of 

an ~,~-unsaturated aldehyde (81) (Rf 0.62) as the major fraction, 

unreacted 104 (Rf 0.46) and an unidentified compound (Rf 0.29). Under 

'. 

} 
'; 

1. 

'. 

i 
.~ 

il ., 
~ 
·i 

j 



VIII EXPERIMENTAL 

these conditions the products of oxidation of methyl A-~-galactopyranoside 

showed Rf 0.62 {compound 8l}, Rf 0.46 {free aldehyde} and Rf 0.27 {dimeric 

product} • 

G.3 Oxidation of methyl 4-amino-4-deoxy-k'~-galactopyranoside {!.Qi} 

The experimental procedure under Section G.2 was used. Tlc 

{solvent B} examination of the enz.y.me products showed the presence of a 

slow-moving compound with aldehydic staining properties; its low mObility 

suggested that the aldehyde was involved in an intermolecular acetal 

formation. Compound 105 had Rf 0.09. 

G.4 g,!-Unsaturated aldehydes among the enzyme products 

Components of the enzyme products from the oxidation of methyl 

~~-galactopyranoside were separated on a preparative tlc plate, acetylated 

{without isolating them from the silica ge~ and purified by column chromato-

graphy. The ~,.§.-unsaturated aldehyde zone afforded {82}. Fractions cor

responding to the free aldehyde gave 82 and the dîmer {~}, whereas slow 

moving dimeric fractions afforded ~and small quantities of 82. Column 

chromatographie separation on cellulose of the enzyme products afforded 

H20 2 81; À 253 nm {e = 6.96 x 10- } 
max 

G.5 2,4-Dinitrophenylhydrazone of methyl 2,3-di-~-acetyl-~-L-threo-

4-deoxy-hex-4-enodialdopyranoside {82} --
The ,g"li-unsaturated aldehyde (10 mg) was dissolved in ether 

{0.5 ml} and to this solution was added 2,4-dinitrophenylhydrazine {O.l M 

~ , 
.1 
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in phosphoric acid-ethanol (299) (3-4 drops). Orange-yellow crystals 

which soon for.med on standing, were washed with ethanol and ether; 

m.p. 148 - 152°, undepressed on admixture with a specimen prepared 

from an authentic sample of the ,g".§.-unsaturated aldehyde (97). The 

mm and mass spectra of the two hydrazones were indistinguishable. A 

higber melting form of this hydrazone (m.p. 167°) which, however, is 

indistinguishable from the current product by NMR and mass spectrometry 

also has been obtained (97). 

PART VI 

SELECTIVE TRIMOLAR BENZOYLATION OF 

METHYL S-D-GLUCOPYRANOSIDE AND SYNTHESIS OF 121 -= -

H.l Metbyl 2,3,6-tri-0-benzoyl-!-~-glucopyranoside (1!1) 

Methyl S-D-glucopyranoside (116) (18 g) dissolved in pyridine 
-= --

(60 ml) was cooled to -10° and benzoyl chloride (31 ml) added dropwise 

to the solution with continued cooling. The reaction mixture was 

stirred at _10° for 10 h. and then the temperature allowed to rise to 

166 

* 25°. Tlc (benzene:ether, 1:1) showed the presence of five major compounds • 

Water was added, the reaction mixture extracted with chloroform, and the 

chloroform l~er was washed successively with 2N HC1,water, 1 N NaHC0 3, 

then water and then dried over MgS04' Evaporation of the chloroform 

* J.M. Williams (248) has noted that at least four major compounds are 
detectable trom this same synthesis; however isolation of the 
benzoylation products has not been reported. 
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afforded a crystal1ine mass which was disso1ved in benzene and transferred 

onto a co1umn of si1ica gel. E1ution with benzene:ether (49:1) afforded 

methy1 ~~-glucopyranoside tetrabenzoate (116b) (4.0 g, 7.1%) m.p. 161 -

162°, [a~+ 26.9° (c, 2.15 chloroform) (lit.(312,313~ m.p. 158 - 160°, 

[alD + 30.9° (CHC1
3
». E1ution with benzene:ether (9:1) gave methy1 

2,3,6-tri-~-benzoy1-!-~-glucopyranoside (117) (16 g, 34%), m.p. 148.5 -

150.5° (chlorofor.m, pet-ether) [a~+ 76.6° (c, 2.0 ch1oroform) (lit.(314) 

m.p. 145.5 - 146.5°, [aID + 82.0° {ch1orofor.m». 

H.2 Methy1 3,4,6-tri-~-benzoy1-!-~-glucopyranoside (118) 

Continued e1ution of the chromatogram (in Section H.1) with 

benzene:ether (9:1) afforded a syrup (1.5 g, 3%), [a1D - 29.1° (c, 14.07 

* chloroform), identified by N.MR spectroscopy as 118 : ô 7.0 - 8.26 ppm 

(three benzoate groups); ô 6.26 ppm, triplet (J3,4 = J4,5 = 9.3 Hz, H-4); 

ô 6.01, triplet (J3,4 = J 3,2 = 9.5 Hz, H-3); ô 4.89, doublet (J1 ,2 = 8.0 Hz, 

H-1); ô 4.83, multiplet (H-6~ and H-6§); ô 4.4, multiplet (H-5); 6 4.27, 

quartet (J2,1 = 8 Hz, J 2,3 = 9.5 Hz, H-2); ô 3.62, sing1et (OCH3). 

Solvent C5D~. 

Acety1ation of 118 afforded a monoacetate (N.MR), m.p. 162.5 -

163.5 0(crysta11ized from methano1), [a]D - 42.0° (c, 2.26 ch1oroform). 

H.3 Methy1 3,6-di-0-benzoy1-B-~-glucopyranoside (~) 

·Further e1ution with benzene:ether (9:1) afforded a compound 

(2.7 g, 4%) identified by N.MR (in pyridine-~5) as methy1 3,6-di-Q-benzoy1-

* Trimo1ar benzoy1ation of the a-anomer affords besides the 2,3,6-tribenzoate, 
the 2,4,6-tribenzoate (248), rather than the 3,4,6-isomer. 
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6-D-g1ucopyranoside; m.p. 155 - 1560 (crystal1ized from ch1oroform--= 

pet-ether) [a]D + 14.80 (c, 2.34 ch1orofo~). 

Acety1ation of 119 afforded the diacetate (identified by NMR) 

m.p. 106 - 1070 (crystal1ized from ethano1), [a]D + 21.5° (c, 2.02 

ch1oroform) • 

H.4 Methy1 2,6-di-Q.-benzoy1-!-1l-g1ucopyranoside (,!gQJ 

168 

E1ution of the si1ica gel chromatogram with benzene:ether (1:1) 

afforded a compound identified by NMR in pyridine-.9:.
5 

as (gQ,) (1.1 g, 4%). 

Recrystal1ization from ch1oroform-pet-ether afforded pure gQ,; m.p. 

177 - 1780 [a]D - 42.1° (c, 1.16 chloroform). 

Acety1ation of ~afforden a diacetate (NMR); m.p. 167 - 168° 

(crystal1ized from methano1), [a]D + 54.8° (c, 2.0 chloroform) (lit.(315) 

m.p. 166°, [a]D + 54.8° (c, 1.34 acetone». 

H.5 Metby1 2,3,6-tri-a-benzoyl-4-~-(~-bromobenzenesulphony1)

l-~-glucopyranoside (121) 

~-Bromobenzenesulphony1 ch10ride (15 g) was added to a solution 

of 117 (18 g) in pyridine (30 ml) at 45 - 50°. The reaction mixture was 

stirred for 24 h., at which time t1c (benzene:ether, 1:1) showed that the 

reaction was complete; water was then introduced dropwise with coo1ing 

fo11owed by ice water. Solid material that precipitated out was c011ected, 

washed with water, and disso1ved in ch1oroform. The ch1oroform layer was 

washed successi ve1y ri th 2N HC1, water, 1 N NaHC03, and water, and then 

dried over MgS04. Evaporation of the solvent gave crystallÏne~. Re

crysta11ization from ch1oroform-pet-ether afforded pure ~ (12.5 g), 
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m.p. 164 - 165.° (decomp.); [al D + 23.2° (c, 2.1 ch1oroform). 

* 

C, 56.3; H, 4.0; 

s, 4.4; Br, 11.0 

Found: C, 56.3; H, 3.7; s, 4.3; Br, 11.1 

PART VII 

SOME OTHER 4-DEOXY-SUBSTRATES 

I. METHYL 4-AZIDO-4-DEOXY-6-D-GALACTOPYRANOSIDE - = 
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I.1 Methy1 4-azido-2,3,6-tri-~-benzoyl-4-deoxy-t-~-ga1actopyranoside (~b) 

Compound 121 (5.0 g) was disso1ved in N,N-dimethylformamide -- --
(DMF) (16 ml) and the solution stirred with a suspension of.sodium azide 

(3 g) at a bath temperature of 95 - 105°. Tlc (benzene:ether, 9:1) after 

12 h. showed that the reaction was about 90% complete, the main product 

~b staining strongly with reagent C. It was found that a more pro1onged 

reaction caused the formation of a slower moving fraction. After fi1tra-

tion, and the removal of more sa1ts by addition of ether, the solution was 

evaporated to dryness. Chromatography of the product on silica gel and 

e1ution with benzene:ether (49:1) afforded crystal1ine 110b (3.5 g, 96%), 

m.p. 157 - 158°. After recrysta11ization from benzene-pet-ether or CHC13-

pet-ether, the m.p. was 158 - 159°; [alD - 69.9° (c, 2 ch1oroform), 

À max 2100 cm-1 (N=N=N) (KBr). NMR spectrum: ô 6.8 - ,8.2 (three 

,benzoates, ô 3.20, (OCH3) H-1 to H-6, H-6' (Fig. 29, p. 114). 

C, 63.3; H, 4.7; N, 7.9 

Found: c, 62.4; H, 4.7; N, 7.5. 

* Analysis by Daess1e Microanalyses, Montreal, Quebec. 
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1.2 Methyl 4-azido-4-deoxy-!-~-galactopyranoside (1!Q.) 

De-.Q.-benzoylation of lli.b (1.0 g) employing the general 

procedure above gave ~ (0.20 g, 49%) which, on recrystallization trom 

methanol-ether containing a 1ittle n-hexane, had m.p. 169 - 172°; 

Anal. Calc. for CTH1305N3: C, 38.4; H, 6.0; N, 19.2 

Found: C, 39.0; H, 6.0; N, 19.7. 

170 

I.3 Methyl 2,3,6-tri-0-acetyl-4-azido-4-deoXY-~E-galactopyranosi~e (l1Oa) 

Acetylation of 110 (40 mg) gave 110a (50 mg, 79%); recrystalliza-- -
tion trom ethanol afforded crystals m.p. 116 - 118°, [Q]D - 60.9° Cc, 1.86 

chloroform) 

1.4 

Anal. Calc. for Clf190~3: Mol. n. 345 

Found: (M-59)+, i.e. (M-CH
3

COO)+ at mIe 286 

+ followed by (M-59-N3) at mIe 244 

* . 
Methyl 2,3,6-tri-.Q.-benzoyl-4-.Q.-triflyl-l-~-glucopyranoside (~) 

Methyl 2,3,6-tri-.Q.-benzoyl-~-~-glucopyranoside (117) (1.0 g) 

dissolved in pyridine (i6 ml) was cooled to 0° and to this solution was 

added dropwise with cooling, trifluoromethanesulphonyl anhydride ({CF3S02)20) 

(0.63 g) (prepared by distillation of trifluoromethanesulphonic acid 

over P2058nd collecting the fraction boiling at 80 - 82°). Tlc {benzene: 

ether (9:l» showed that a considerable proportion of 121 had been 

* trifluoromethanesulphonyl 
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* esterified. The stirred solution was treated with cold water, then 

shaken with chlorofo~ and the organic l~er was washed successively 

with 2N HC1,with water, 1 N NaHC03, water, and finally dried over MgS04' 

Evaporation of the solvent gave a syrup that darkened on standing. This 
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syrup was transferred onto a column of silica gel and eluted with benzene: 

ether (9: 1) ~ Fractions of ~ obtained also darkened on standing, but 

crystallized trom ethanol. Recrystallization from the same solvent 

afforded pure ~ (0.6 g, 48%) m.p. 124-125° (decomp.); [alD + 25.7° 

(c, 1.83 chlorofo~). 

Anal. Cale. for C29H250l0F3S: C, 56.0; H, 4.1; 

F, 9.2; S, 5.2. 

Found: C, 56.4; H, 4.0; F, 8.3; S, 5.0. 

I.5 Displacement of the triflyl group of 122 by azide ion to give 1l0b 

To compound ~ (80 mg) dissolved in !,! -dimethylfo~de 

(5 ml) sodium azide (0.2 g) was added and the suspension heated at 95 -

100° (bath temp.). The reaction was carried out for 6 h. but tlc 

(solvent A) after 2 h. showed that the reaction was nearly complete. The 

reaction mixture was concentrated and the resulting syrup was chromato-

graphed on silica gel (elution with benzene:ether (9:1». The purified 

product crystallized from chlorofo~-pet-ether (50 mg, 75%) and had mixed 

m.p., [al D, NMR and IR spectra indistinguishable from those of ~b. 

* A prolonged reaction time or addition of more (CF S02) 0 caused 
fo~ation of a number of side products among whicrt met~l 2,3,6-tri-0-
benzoyl-4-~-triflyl-!-~-galactopyranoside [a1D + 35.9°(CHC13) and methyl 
2,3,6-tri-O-benzoyl-B-D-galactopyranoside (converted into its 4-acetate 
[al D + 40.2°(CHC13»-have beenisolated. 

~ , 

1 

., 
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J • METRYL 4-AMINO-4-DEOXY-!-~-GALACTOPYRANOSIDE (!Qi) 

Compound lli. (0.20 g) was dissolved in water ( 5 ml), to this 

solution palladium black (60 mg) was added, and the mixture was hydro

genated at atmospheric pressure for 13 h. Tlc (n-propanol:ethyl 

acetate:water, 3:2:1) showed the presence of a slow moving fraction 

(relative to 110). Filtration through a celite pad and removal of the 

solvent gave a solid product) (0.15 g, 85%) m.p. 188 - 189°. Recrystal

lization ~f 0.1 g) fram ethanol gave 105 as granular crystals (86 mg) 

m.p. 194 - 1950 (decomp.), [alD ca. + 0.0° (c, 1 water). 

Anal. Cale. for CTH1505N: C, 43.5; H, 7.8; N, 7.3. 

Found: .c,43.6; H,7.8; N,7.2. 

J.2 Methyl 2,3,6-tri-~acetyl~4-acetamido-4-deoxy-t-~
galactopyranoside (105a) 

Acetylation of 105 (15 mg) with acetic arihydride-pyridine as 

above gave 105a, purified on silica gel with ethyl acetate as eluant. 

The NMR spectrum of 105a is described in Table V) p. 126. 

K. METHYL 4-DEOXY-4-THIO-!-~-GALACTOPYRANOSIDE 
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K.l Methyl 2,3,6-tri-0-benzoyl-4-deoxy-S-benzoyl-!-~-galactopyranoside 

(l09b) 

To compound 121 (5.0 g) in DMF (20 ml) was added potassium 

thiobenzoate (2.2 g) (recrystallized from ethanol). The solution was 

heated at 100 - 105 0 (bath temp.) for three hours (tlc (benzene:ether, 

9:1) showed that the reaction was then complete), cooled and filtered. 

ï' 
\ 
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Ether was added to the filtrate until there was no further precipitation, 

and the solution was recovered and concentrated. A yellow syrup obtained 

was chromatographed on silica gel by eluting with benzene. The fast-

moving fraction (3.0 g) crystallized from ethanol (2.4 g, 56%) m.p. 85 - 87°. 

Recrystallization from cellosolve-methanol raised the m.p. to 87 - 90° , 

[alD + 36.8° (c, 2.2 chloroform). 

C, 67.1; H, 4.8; 

S, 5.1-

Found: C, 66.9; H, 4.8; s, 5.0. 

K.2 Methyl 4-d,eoxy-4-thio-B-R-galactopyranoside (!Q2), and i ts acetate 

dimer (123a) De-O-benzoylation of 109b 

(i) With NH
3 

in methanol 

Dry ammonia gas was bubbled into a solution of 109b (1 g) in 

methanol (200 ml) and the reaction monitored by tlc: a} benzene:ether, 

9:l} - absence of 109b; b} n-propanol:ethyl acetate:water (3:2:l) -

presence of 109. After one week the reaction was incomplete; therefore, 

the temperature was raised to 30° and after 14 days, when a major spot 

was detected, the reaction mixture was concentrated. The addition of 

ether caused precipitation of crude 109 (0.3 g, 89%). Recrystallization 

from methanol or methanol-ether was unsuccessful. 

(ii) With lithium aluminium hydride 

Compound 109b (0.5 g) in benzene (5 ml) was added slowly to 

a suspension of LiAlH4 {excess} in ether. Decomposition of excess LiA1H4 

with ethyl acetate and the addition of water followed successively by 
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centrifugation, treatment of the supernatant with Amber1ite IR-120 (H+) 

resin, and freeze-drying, afforded a clear syrup (0.14 g). Efforts to 

crystallize it failed. The NMR in D20 of this syrup showed the absence 

of benzoate groups: ô 3.7,OCH
3

; ô 4.48, H-l; ô 4.0, H-6~, H-6§ 

(unresolved). 

(iii) With sodium methoxide in methanol 

(a) Prolonged reaction: De-~-benzoy1ation of 109b (0.6 g) 

at room temperature for ten days with sodium methoxide-methano1 gave an 
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impure compound whose NMR spectrum (in D20) showed weak aromatic absorp

tion (ô 8 - 8.4). Other resonances discernable were a doublet at ô 4.8 

(J = 7.8 Hz, H-l); a broad triplet typical of H-5 of galacto-derivatives 

at ô 3.6 (H-5). 

(b) Short interval de-O and de-~-benzoylation of 109b: The 

de-Q-benzoylation of 109b (1.0 g) as above was stopped after two days, the 

solution being neutralized with Amberlite IR-120 (H+) resin, and concen-

trated. Benzoates were extracted into benzene and the aqueous layer was then 

extracted with chloroform. Concentration of the aqueous layer gave a 

residue weighing 14 mg, whereas the chloroform soluble material (0.17 g), 

by chromatography on silica gel (benzene:ether (3:1) as e1uant), afforded 

a minor fraction (7 mg) m.p. 165 - 166° and a major fraction (70 mg). 

The latter, on acetylation and purification on silica gel (benzene:ether 

(9:1) as eluant) afforded a crystalline compound tentatively designated 

as methyl 2,3-di-O-acetyl-6-0-benzoyl-4-deoxy-4-S-acetyl-B-D-galactopyrano-- - --= 
side (126a). Recrystallized from ethanol, l26a had m.p. 146 - 147°, 

[a]D - 50.9° (c, 2.52 chloroform). 

1 
, 
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The NMR spectrum (in CDC13) of 126a showed: ~ 7.2 - 8.15 

(one benzoate group); ~ 5.25, quartet (J3,4 = 1 Hz, J 2,3 = 10 Hz, H=3); 

~ 5.06 quartet (J1 ,2 = 7 Hz, J2,3 = 10 Hz, H-2); ~ 4.28 doublet (J1 ,2 = 

7 Hz, H-1); ~ 4.56 quartet (J6~,~ = 6.8 Hz, J6n ,6§ = 11 Hz, H-6~); 

~ 4.40 quart et (J4 5 = 1 Hz, J 3 4 = 4 Hz, H-4); ~ 4.29 quartet (J5 6s = 
" , -

5.6, J6~,6§ = 11 Hz, H-6§); ~ 4.0 H-5; ~ 3.39 singlet (OCH3); ~ 2.20 

singlet (probab1y S-Ac); sing1ets at ~ 1.97, 1.88 (tvo-OAc). 

Anal. Calc. for C20H2409S: C, 54.5; H, 5.5; s, 7.3 

Found: C, 53.5; H, 4.9; s, 7.0. 

(iv) Acety1ation of ~ 

Acety1ation of the cambined products of de-O-benzoyiation 

(0.12 g) trom reactions i, ii and iii above (be1ieved to be metby1 

4-deoxy-4-thio-!-~-galactopyranoside,109) gave, after purification on - \ 

si1ica gel (vith benzene:ether (1:1) as e1uant), crystal1ine ![la. 

Recrystal1ization from ethano1 afforded 123a (34 mg); m.p. 202 - 203°, 

[a]D - 180.5° (c, 1.13 ch1orofor.m). 

Anal. Ca1c. for C26H38D16S2: C, 46.6; H, 5.7; s, 9.6. 

Found: C, 46.6; H, 5.7; s, 10.4. 

K.3 Methy1 2,3,6-tri-0-benzoyl-4-deoxy-4-thiocyano-ll-~

galactopyranoside (124b) 

175 

To compound 121 (1.0 g) dissolved in ~,!-dimethy1formamide 

(10 ml) potassium thiocyanate (1.1 g) vas added. The reaction mixture at 

95°- 100° (bath temp.) vas stirred for 14 h., after which t1c (benzene: 

/ 
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ether (9:1» showed that the reaction was complete. Ether was used to 

precipitate most of the sa1ts, and soluble materia1 was chromatographed 

on si1ica gel. E1ution with benzene:ether (9:1) afforded a syrupy 

fraction; this crystal1ized from carbon tetrach1oride-pet-ether (0.23 g, 

31%); m.p. 151 - 152°, [a]D - 41.6°(c, 2 ch1oroform; À~~ 2150 cm-1 

(-S-C=N). 

K.4 De-~-benzoy1ation and -S-CN hydro1ysis of ~b 

Treatment of 124b (0.15 g) with sodium methoxide-methano1 gave 

one major spot on t1c (solvent cl. Evaporation of the solvent was fo1-

lowed immediately by acety1ation of the residue, and then purification 

of the product on si1ica gel (e1ution with benzene:ether, 9:1). This 

gave a fast moving fraction (21 mg) obtained as a syrup, and a crysta11ine 

materia1 (19 mg) (e1uted with benzene:ether, 1:1). The Rf of the latter 

was the same as that of ~a. 

PART VIII 

METHYL HALOGENO-~R-GALACTOSIDES 

L. METHYL 4-DEOXY-4-FLUORO-6-D-GALACTOPYRANOSIDE 
-= 

L.1 Methy1 4,6-~-benzy1idene-~-U-g1ucopyranoside (152) 

Methy1 e-D-g1ucopyranoside (14 g) was stirred vigorous1y with 
-= 

zinc ch10ride (10.5 g) and benza1dehyde (40 mls), affording a solid 

mass. The crysta11ine materia1 was washed with water and pet-ether, and 

n ) 
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recrystallized from hot ethyl acetate; m.p. 198 - 202°, [a]n - 98.9° 

(c, 2 pyridine) (lit.(3164 m.p. 199 - 201°; [a]n - 62.3°(c, 1.2 ch1oro

form». 
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L.2 Methyl 2,3-di-~benzyl-4,6-~-benzylidene-A-~-glucopyranoside (~) 

The method of Bell and Lorber (317) for the preparation of the 

~anomer vas used. Compound 152 (7.2 g) vas stirred vith toluene 

(125 ml), povdered potassium hydroxide (63 g) and benzy1 ch10ride (14 ml) 

at a bath temperature of 110 - 120° for 24 h. Tlc (benzene ether, 9:1) 

shoved the presence of only one compound. On coo1ing, the reaction mi x-

ture vas vashed vith vater, tartaric acid solution, sodium bicarbonate and 

vater, and dried over magnesium sulfate. Concentration of the to1uene 

solution to a minimum volume and addition of pet-ether gave a crystalline 

masSe Recrystal1ization from ethano1 gave crystals; m.p. 122 - 123°, 

[a]n- 34.7° (c, 2 ch1oroform) (lit.(318h m.p. 119 - 120°, [a]D - 35.8° 

(c, 3.02 chloroform». 

L.3 Methy1 2,3-di-~-benzy1-!-.~-glucopyranoside (154) 

The method of Bell and Lorber (317) for preparation of the 

~-anomer vas used. A solution containing compound 153 (3.5 g), ~cetone 

(45 ml), vater (10 ml) and 1 N HCl (3 ml), vas heated under reflux, the 

course of the reaction being fo11owed by tlc (benzene:ether (1:1» - absence 

of ~53. and ether - presence of 154 On cooling the solution vas 

neutralized vith BaC03 and treated vith a 1ittle Amberlite IR-120 (H+). 

Evaporation of solvents gave a syrup vhich crystallized from chloroform 

1 
1 
J 
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pet-ether (b.p. 30 - 60°) to give fine needles (1.5 gm); m.p. 124 

126°, [a]D - 20.1° (chloroform) (lit.(318~ m.p~ 122 - 123°, [a] - 13.3° 
(chloroform». 

L.4 Methyl 2,3-di-Q-benzyl-4-Q-(~-bromobenzenesulphonyl)-
6-Q-trityl-l-~-glucopyranoside (129) 

A solution of compound: 154 (l g) in pyridine (15 ml) was 

stirred with triphenylchloromethane (trityl chloride) (1 gm) at a bath 

temperature of 40 - 50° C for 36 hours, and the reaction monitored by 
tIc (benzene). When tritylation was complete, ~bromobenzenesulphonyl 

chloride (1.2 gm) was added and the reaction mixture was heated and 

stirred for an additional 36 h. Ice water was added to the cooled 
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solution, followed by chloroform, and the organic layer was treated with 
hydrochloric acid, water, sodium bicarbonate and waters and dried (MgS04 ). 
Evaporation of the solvent gave a syrup (contaminated with by-products 

from the trityl chloride) which was transferred onto a silica gel column 
and eluted with benzene:pet-ether:ether (1:3:5). A clear syrup of 129 

(4.5 g) was recovered; [a]D - 7.1 0 (c, 3.3 chloroform). 

L.5 Methyl 2,3-di-Q-benzyl-4-deoxy-4-fluoro-6-Q-trityl-t-~
galactopyranoside (130) 

(i) Tetra-n-butylammonium fluoride 

Tetra-n-butylammonium hydroxide (Eastman-Kodak) (10% solution 
in water) was titrated to about pH 4.6 (methyl orange) and th en to pH 4.8 
(pH meter) with hydrofluoric acid (HF) (20% solution in water). The 
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solution was concentrated in vacuo and then freeze-dried for 

4 d~s. 

(ii) Solvolysis of ~ with tetra-n-butylammonium fluoride 

Compound 129 (1 g) was dissolved in acetonitrile (distilled 

over P205) (10 ml). To this solution tetra-n-butylammonium fluoride 

(5.5 g in acetonitrile 10 ml) was added and the solution refluxed for 

two days at a bath temperature of 95 - 100°. The solvent was evaporated 
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off and the residual syrup dissolved in benzene, washed with water, dried 

(MgS04)' recovered by concentration, and chromatographed on a column of 

silica gel with pet-ether: ether (9:1) as the eluant. This afforded 

crystalline 130 (0.22 g) which, after recrystallization from pet-ether 

(b.p. 30 - 60 0 ):ether, gave 130 (0.175 g, 30%), m.p. 137 - 138°, [al D + 

21.6° (c, 3 chloroform). 

L.6 Methyl 2,3-di-~benzyl-4-deoxy-4-fluoro-~-~-galactopyranoside (!dl) 

To a solution of compound 130 (0.5 g) in cold glacial acetic 

acid (15 ml) cold hydrobromic acid (32% in acetic acid) was added. 

Crystalline trityl bromide which formed was filtered off, the solution 

was poured onto a water-ice mixture and the resulting suspension was 

filtered. The filtrate was extracted with chloroform and the latter 

layer treated with 1 N NaHC0
3

, washed with water, and dried over magnesium 

sulphate. Evaporation of solvent afforded a syrup which crystallized 

readily from toluene:pet-ether. Recrystallization from the same solvent 

gave 131 (0.23 g, 76%), m.p. 105 - 106°, [al n - 15.6° (c, 2 chloroform). 

1 
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L.7 Methy1 4-deoxy-4-f1uoro-A-l1-galactopyranoside (!Ql±.) 

Compound m (O. 20 g) in ethano1 (8 ml) was treated wi th 

palladium black (0.10 g) and hydrogen at room temperature and pressure. 

T1c (benzene:ether (1:1» after 2 h. showed that the reaction was com-

p1ete. The mixture was filtered over ce1ite, and the combined fi1trate 
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and washings were evaporated to give a crystal1ine residue. Recrystal1i-

zation fram ethy1 acetate-ethano1 afforded pure 104 (0.10 g, 96%) m.p. 

155 - 156°, [«]D - 21.3° (c, 1 water). 

C, 42.9; H, 6.7; F, 9.7 

Found: C, 43.3; H, 6.4; F, 9.5. 

L.8 Methy1 2,3,6-tri-~-acetyl-4-deoxy-4-f1uoro-A-~-ga1actopyranoside 

(104a) 

A portion of 104 (ca. 25 mg) was acety1ated in pyridine-acetic 

anhydride at room temperature. Evaporation of the acety1ating medium in 

~ afforded a solid product which was purified by passage through a 

si1ica gel co1umn, using benzene:ether as the e1uant (4:1). The crysta1-

1ine product (30 mg, 7g%) obtained after recrysta11ization from ethano1 

had m.p. 95 - 97°, [Q]D - 6.20° (c, 1.7 ch1oroform). 

Anal. Calc. for C13H1908F: Mol. wt. 322; 

Found: (M-60)+, Le. (M-CH3C02H)+ at 262. 

1 
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'.' 



VIII EXPERIMENTAL 

L.9 Methy1 2,3,6-tri-~-benzoyl-4-deoxy-4-f1uoro-A-~-galactoP.1ranoside 

(104b) 

To a stirred solution of 104 (30 mg) in pyridine maintained at 

0°, benzoy1 ch10ride (0.2 ml) was added dropwise, the reaction being 

monitored by t1c (benzene:ether (9:1». 
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Excess of benzoy1 chloride was decomposed by dropwise addition 

of water accompanied with stirring, and the solution was extracted with 

ch1oroform. The chloroform layer was washed with 2 N HC1, water, NaHC03 

and water, and dried over MgS04. The residue obtained after removal of 

the chloroform was passed through a short silica gel co1umn and eluted 

with benzene:ether (9:1). A crystalline material (lo4b) was obtained, 

which upon recrystallization from methanol (40 mg, 51%) had m.p. 134 - 135°, 

[Œ]D + 63.2° (c, 2 chloroform) 

M. METHYL 4-CHLORO-4-DEOXY-a-~-GALACTOPYRANOSIDE (~) 

M.l Metbyl 2,3,6-tri-0-benzoyl-4-chloro-4-deoxy-a-~-galactopyranoside _ -a 

(106b) 

To methyl 2,3,6-tri-~-benzoyl-4-~-(~-bromobenzenesulphony1)

S-D-glucopyranoside (121), (2.0 g) dissolved in acetonitrile (30 ml), -= ---
tetra-n-buty1ammonium ch10ride (5 g) was added, the solution was. refluxed 

for 60 h. and then evaporated to dryness. The residue was chromatographed 

on a co1umn of silica gel with benzene:ether (49:1); the major fraction 

(106b) obtained, crystallized from methanol (1.2 g, 83%); m.p. 131 - 132°, 

[al n + 60.7° (c, 3 chloroform). NMR spectral analysis showed ~ 8.08, 7.02 

(3 benzoates), ô 3.22 (OCH3), ~ H-l to H-6E, H-6§ (Fig. 31, p.121). 
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Anal. Calc. for C2aR2508Cl: Ct 64.1; Ht 4.8; Cl t 6.8. 

Found: C, 64.3; Ht 5.0; Cl t 7.4. 

M.2 Methyl 4-chloro-4-deoXY-k-ll-ga1actopyranoside (1:.9.2.) 

De-~-benzoy1ation of 106b was carried out as for the procedure 
described for 10Bb. Compound 106b (1.0 g) gave 106 (0.32 gt 79%)t m.p. - -
158 - 160°. Recrystallization trom methanol-ether gave needles, m.p. 

158 - 159° t [aJD + 8.7° (Ct 1 water). 

Anal. Calc. for C~1305Cl: C, 39.5; Ht 6.2; Cl, 16.7 

Found: C, 37.9; Ht 6.2; Cl, 15.2. 

M.3 Methyl 2,3,6-tri-~-acetyl-4-ch1oro-4-deoxy-~~-galactopyranoside 
(106a) 

The acetylation procedure above for 104 was used. Compound 

106 (50 mg) gave (106a) (60 mg, 76%); m.p. 96 - 97° (ethanol)t [aJ D + 

30.9° (Ct 1 ch1oroform). 

Found: 

Mol. wt. 338 for 35Cl , and 
Mol. wt. 340 for 37C1 • 

(M-59)+, i.e. (M-CH
3

COO)+ for 35C1 (intense) 
centered at mIe 279; 
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(M-59)+t i.e. (M-CH
3

COO)+ for 37C1 (less intense) 
centered at mIe 281; 

Also (M-60)+t i.e. (M-CH
3

COOH)+ for both isotopes. 
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N. METHYL 4-BROMO-4-DEOXY-~-R-GALACTOPYRANOSIDE 

N.l Methyl 2,3,6-tri-~-benzoyl-4-bromo-4-deoxy-~~-galactopyranoside 

(1QIb) 

(a) SOlvolysis of 1[h at 110 - 120°C bath temperature: The 

conditions for the iodo compound (lOBb) were used. To compound 121 

(2 g) dissolved in acetonitrile (12 ml), tetra-n-butylammonium bromide 

(6.0 g) was added and the solution refluxed for 48 h.; at this time tIc 

indicated the disappearance of ca. 95% of 121. The solution was then 

concentrated to a small volume, ether was added to precipitate salts and 

the filtrate concentrated and transferred onto a column of silica gel 

(eluant; benzene:ether (99:1». The fastest fraction (0.63 g) crystallized 

from methanol (m.p. 148 - 150°). Recrystallization from the same solvent 

raised the m.p. to 151 - 153°. The mother liquors plus the second fraction 

to emerge were rechromatographed on silica gel and eluted with benzene; in 

this instance the major fraction was compound 155, the epimer of 10Tb. 

Crystallization was effected from ethanol; m.p. 132 - 134°. The third 

fraction (0.20 g) was crystallized from methanol, m.p. 132 - 133°; this 

is compound 156. corresponding to 128b. 

(b) Solvo1ysis of 1[h at 95 - 100°: Compound 1[h (6.0 g) was 

dissolved in acetonitrile (30 ml) and heated under reflux with tetra-n-

butylammonium bromide (recrystallized from acetone-ether) (25 g) for 30 h., 

after which time tIc (benzene:ether (9:1» suggested that 95% of 121 had 

reacted. On cooling, the solution was concentrated to a small volume and 

ether added to precipitate out salts. The filtrate was concentrated and 

transferred onto a column of silica gel and separated as above. The 
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fast-moving, major, fraction (1.47 g, 31%) crystallized from methanol; 

(0.8 g, 17%) m.p. 150 - 151°, with recrystallization from methanol 

raising the m.p. to 151-153°. This is compound 1QIb,[alD + 52.7° 

(c, 2 ch1oroform). 

C, 59.1; H, 4.4; Br, 14.0 

Found: Ct 59.7; H, 4.3; Br, 13.6 

The second major fraction contaminated with 10Tb (NMR), 

crystal1ized from ethano1 (0.75 g); it had m.p. 120°. Rechromatography 

with benzene as e1uant and recrystallization from ethanol gave pure 155, 

m.p. 132 - 134°, [al D + 19.4° (c, 1.23 ch1oroform). NMR spectrum 

(CDC13: C6D6' 3:1) cS 8.0, 7.30 ·(3 benzoates), ô 5.83 (H-3); ô 5.40 (H-2); 

ô 4.80 (H-6~) ô 4.60 (H-6ê); ô 4.46 (H-l); ô 4.1 (H-4); ô 3.84 (H-5); 

ô 3. 35 ( OCH3 ) • 

C, 59.1; H, 4.4; Br, 14.0 

Found: C, 59.7; H, 4.3; Br, 13.8. 

N.2 Methyl 4-bromo-4-deoxy-!-~-galactopyranoside (!QI) 

De-Q-benzoylation of 107b (1.5 g) afforded 107 (0.51 g, 75%), 

m.p. 173°; recrystallization from methanol-ether gave crystals, m.p. 

184 - 185°, [al D + 15.2° (c, 1 water). 

C, 32. 7 ; H, 5.1; Br, 31.1 

Found: C, 33.7; H, 4.8; Br, 28.0 
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N.3 Metbyl 2,3,6-tri-a-acetyl-4-bromo-4-deoXY-A-U-galactopyranoside 

(107a) 

Acetylation of 107 (0.1 g) and purification as noted above, 

gave crystals (0.14 g) (recrystallized from methanol-ether), m.p. 99 -

100°, [alD + 39.2° (c, 1.55 chloroform). 

Similarly: 

Anal. Cale. for C13H190879Br: Mol. wt. 382 

Found: (M-60)+ i.e. (M-AcOH)+ at mIe 322 

also (M-60-H 79Br )+ = mIe 242 (very intense) 

and (M_60_79Br)+ = mIe 243 (very intense). 

Anal. Cale. for C13H1908 8~r: Mol. wt. 384 

Found: (M-60)+ at mie 324 

and 81 + (M-60-H Br) = mie 242 

o. METHYL 4-DEOXY-4-IODO-!-~-GALACTOPYRANOSIDE 

0.1 Methyl 2,3,6-tri-~benzoyl-4-deoxy-4-iodo-~~-galactopyranoside 

(10Bb) 

(a) Solvolysis of 121 at 100 - 120°C ~ath temp.) 

To compound 121 (2 g) dissolved in acetonitrile (12 mls), 

tetra-n-butylammonium iodide (4 g) was added and the solution refluxed 

at the bath temperature. The reaction was monitored by t1c (benzene: 

ether, 9:1) which showed that a fast-moving compound formed initia11y 

was being converted into two other, slow-moving compounds. After 30 h. 

185 l 
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the incomplete reaction was stopped, the solvent evaporated off, and the 

residue taken up in benzene. Addition of ether caused precipitation of 

salts. The fi1trate was concentrated and transferred onto a column of 

silica gel. E1ution with benzene:ether '(99:1) afforded in sequence 

crystal1ine (10Bb) (0.34 g), m.p. 163 - 1640 (from methanol); crystal

line 127b, m.p. 130 - 1310 (from ethano1), [al D + 17.80 (c, 1 chloroform); 

crystal1ine 128b, m.p. 146 - 1470 (from methanol), [al D + 3.70 (c, 0.04 

chloroform); and unreacted 121 (0.11 g). 

(b) SOlvolysis of m with tetra-n-butyla.mmonium iodide at 96-100~ 

Compound ~ (6 g) dissolved in acetonitrile (30 ml), was 

refluxed with tetra-n-butyla.mmonium iodide (recrystallized from acetone

ether) (25 g) for 30 h. Work up of the reaction mixture was as above 

(Section 0.1). Co1umn chromatographie separation afforded: 

(i) Syrupy 108b(1.51 g, 30%), crystal1izing from methanol to give 1.1 g 

(22%) of material which after recrystallization from methanol, had m.p. 

163 - 1640, [a]D + 47.70 (c, 2 chloroform). 

c, 54.6; H, 4.1; l, 20.6. 

Found: C, 55.5; H, 4.0; l, 20.5. 

(ii) A mixture of 10Bb and 127b (NMR). A portion of this mixture was 

rechromatographed on silica gel with benzene as the eluant. Pure ~ 

crysta11ized from ethano1 to give crystals with m.p. 131 - 133~ [al D + 

19.90 (c, 0.78 chloroform). 

C, 54.6; H, 4.1: l, 20.6 

Found: C, 54.3; H, 4.0; l, 18.3. 
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0.2 Metbyl 4-deoxy-4-iodo-l-U-galactopyranoside (108) 

A solution of compound 10& (1.0 g) in benzene (10 ml) was diluted 

with methanol (dried over molecular sieves type A-4) and the solution 

. was made weakly basic with 0.1 M sodium methoxide. Tlc (benzene:ether, 

9:1 - absence of 10&; ethanol:etbyl acetate, 1:1 - presence of 108) 

showed that the reaction was complete in 12 h. at room temperature. The 

+ 
solution was treated with Amberlite IR-120 (H ) resin, diluted with water, 

evaporated to remove most of the methanol, and extracted wi th benzene. 

The aqueous layer on concentration gave a sticky crystalline material 

which gave crystals from methanol-ether (0.39 g, 79%), m.p. 195 - 196° 

(decomp.). Recrystallization fram methanol afforded pure 108, m.p. 200° 

(decomp.), [Q]D + 25.5°, (c, 1.0 water). 

Found: C, 28.1; H, 4.2; l, 42.4 

0.3 Metbyl 2,3,6-tri-~acetyl-4-deoxy-4-iodo-~-~-galactopyranoside 

(108a) 

Compound 108 (60 mg) was acetylated as for compound 104. This 

gave crystals (70 mg, 83%), m.p. 87 - 88°(fram ethanol-water), [Q]D + 

76.0° (c, 1 chloroform). 

Anal. Calc. for C13H1908I: Mol. Wt. 430 

Found: (M-60)+ at mie 370 

and also (M-59-l28)+ at 243 (very intense) 

i.e. (M-CH
3
COO-HI)+ 
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P. METHYL 4-DEOXY-&-D-XYLO-HEXOPYRANOSIDE (103) -=- -
Compound 1,glb, containing a sma11 proportion of 108b (NMR 

ana.lysls) (0.60 g) vas d~benzoy1ated according to the procedure for 

10& above. This afforded a syrup containing crystals (0.20 g). The 

mixture vas disso1ved in vater and stirred vith palladium black (0.10 g) 

under hydrogen at 5 - 10° (normal pressure) for 24 h. T1c (ethy1 

acetate:n-propano1, 1:1) shoved that the reaction vas almost complete. 

The acidic solution (due to HI) vas fi1tered through a ce1ite pad, 

and neutralized by stirri,ng it with,Dowex-1 (HC03-) resin, fi1tered 

and then freeze-dried. Acety1ation with acetic anhydride-pyridine 

folloved by purification on a si1ica gel co1umn (e1uant, benzene:ether 

(9:1» afforded methy1 2,3,6-tri-~-acetyl-4-deoxy-!-~-~-hexoside 

(103a) (30 mg), [a]D - 23.2° (c, 2.2 CHC13) (lit.(319~ m.p. 59 - 60 0
, 

[a]D - 23.3° (c, 1.2 chloroform». 

De-~-acety1ation of 103a with sodium methoxide-methano1 as 

188 

above afforded crystal1ine 103, m.p. 146 - 147° (ethy1 acetate) (lit.(319) 

m.p,. 145 - 1470 ». 

Q.1 

PART IX 

OTHER COMPOUNDS PREPARED FOR STUDIES OF ROTATIONAL 

CONFORMATION ABOUT THE EXOCYCLIC C-5, c-6 

BOND OF HEXOPYRANOSIDES 

Methy1 2,3,4-tri-~-acetyl-6-~-trity1-!-~-ga.1actopyranoside 

Methy1 6-~-trity1-!-~-ga1actopyranoside (320) was acety1ated 

i 
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with acetic anhydride-pyridine. Purification of the crude product was 

achieved on si1ica gel with benzene:ether (9:1) as the el~ant. Pure 

fractions crystal1ized from ethano1 giving m.p. 141 - 142~ [aJD - 50.9° 

(c, 2.07 ch10roform) (lit. (320), m.p. 138°, [aJ D - 50.3°}}. 

Q.2 Attempt to synthesize Metby1 2,3,4-tri-~-acetyl-!-~

galactopyranoside 

To methyl 2,3,4-tri-~-acetyl-6-~-trityl-!-~-galactopyranoside 

(0.49 g) dissolved in cold acetic acid, bydrobromic acid (32% HBr in 

acetic acid) was added dropwise unti1 tlc (benzene:ether, 5:1) showed 

the complete absence of starting material. Solid trityl bromide was 
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filtered off and the filtrate poured into water. The resulting suspension 

was again fi1tered off, and the filtrate concentrated to a smal1 volume 

and extracted with chloroform. This extract was washed suc~essive1y 

with 1 N sodium bicarbonate, water, and dried over anbydrous sodium 

sulphate. The residue obtained on evaporation of the sol vent was trans-

ferred onto a co1umnof silica gel and eluted with benzene:ether (1:1). 

Fractions having the swne mobility on tlc (benzene:ether, 1:1) were 

combined; [aJD - 0.8° (c, 14.01, chloroform), and the NMR spectrum 

(C6D6 exchanged with D20) showed overlapping signals with peaks showing 

presence of two OCH
3 

groups. 

Q.3 Metbyl 2,3,4-tri-~-acetyl-6-~-benzoyl~-~-glucopyranoside (~) 

* Metbyl 2,3,4-tri-~-acetyl-!-~-glucopyranoside (140) (0.6 g) 

* Kindly provided by Dr. D.M. Mackie 
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was benzoy1ated according to the procedure out1ined above. A crysta1-

1ine product (141a)was iso1ated and recrystallized from ethano1; m.p. 

131 - 132°, [al D + 16.6° (c, 2 chloroform) {lit.(32~, m.p. 127°, 

[al D + 15.5° (chloroform) and (315) m.p. 130 - 131°, [al D + 15.8° 

( ch1oroform)). 

l.90 
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~. CLAIMS TO ORIGINAL RESEARCH 

(' 
t ' 

1. The synthesis of ~-galactose-6-.2:. of predominantly 6! (and also 6§) 

configuration has been carried out by asymmetric induction, and its 

absolute configuration has been determined. 

2. In steps leading to the synthesis of D-galactose-6-d, it has been 
= -

observed that dimetbyl sulphoxide oxidation is subject to a deuterium 

isotope effect that leads to an increase in the yield of the metbyl 

th~o-methyl ether byproduct. This furnishes novel information about 

the mechanism of oxidation. 

3. Kinetic studies of measurements of'the action of ~-galactose oxidase 

on ~-galactose-6-~ show that there is a primary deuterium isotope effect, 

and that the oxidative process involves abstraction of the pro-~hydrogen. 

This is confir.med by the results of analysis of products of the oxidation. 

A kinetic enzymic resolution of a mixture of 6! and 6~ diastereoisomers 

has been effected through selective oxidation of the 6! carbinol, result

ing in the isolation of material of pure 6~ configuration. 

·4. Secondary, deuterium isotope effects encountered in the oxidation of 

the c-6 deuterated substrates are interpreted in terms of the steric 

sensitivity of the enzyme to the components of the reaction centre, and 

to the chemical behaviour of the deuterated moieties. There is also a 

solvent deuterium isotope effect, implying that the bydrogen abstraction 

process proceeds by proton removal, and is concerted. 

5. The presence of .s!.-!-unsaturated aldebydes . amo,ng enzyme products has 

been demonstrated. Their occurrence is attributed te chemical .s!.-!-

h 

- ·-~--~·_-----~·-'··~"""":·"-~""
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CLAIMS TO ORIGINAL RESEARCH 

elimi~ation initiated through the 6-carbonyl group for;med, rather than 

to the presence of an ~-!-eliminase in the enzyme preparation. 

6. Dimeric enzyme products resulting !rom the oxidation of methy'l 

!-~-galact9PYranoside have been isolated and characterised. The initial 

6-aldehydo products dimerize as !-hy'drox;y-aldehy'des in such a way that 

two aldehyde-groups and one .f!.-hydroxy-group (oH-4) participate in the 

dimeric linkages. 

7. The rate of oxidation of 4-deoxy substrat es (analogues of "methy'l 

!-~-galactopyranoside) bearing aprotic and protic groups at c-4, depends 

much more on the size of the substituent than on its characteristic as a 

donor or proton acceptor. This indicates that OH-4 of D-galactose acts " = 
primarily as a fillerof a particular cleft on the enzyme surface. It is 

proposed that the type of bonding between OH-4 and the enzyme surface is 

'hydrophobie' • 

8. The orientation of OH-4 of D-galactose oxidase substrates and relative 
= 

to that of H~-6 is shawn to be predominantly 1,3-cis, and this is probably 

the most favourable arrangement for abstraction of this proton by the 

enzyme. 

9. A description of the synthesis and characterisation of the various 

4-deoxy-substrates (analogues of methyl !-~galactopyranoside) which were 

utilized for the stereochemical study of ~-galactose oxidase is presented. 

Some of these new synthetic compounds are methy'l 4-amino-4-deoxy-, 4-azido-

4-deoxy, 4-bromo-4-deox;y, 4-chloro-4-deoxy, 4-deoxy-4-fluoro, -4-iodo, 

-~~-galactopyranoside and derivatives. 
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